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Preface

The 22nd Princeton Conference on Cerebrovascular Disease, held in Redwood

City, California, 10–12 March 2000, was hosted by the Stanford University School

of Medicine, with administrative support provided by the Neurosurgical

Laboratories, Department of Neurosurgery. The Conference focused on the

current status and future directions of stroke pathophysiology, diagnosis and treat-

ment, with special emphasis on the cellular and molecular mechanisms of ischemic

cell death and repair, and clinical aspects of imaging, risk factors and therapeutic

strategies in stroke. This 2 day conference was exciting and productive, with a con-

sensus that the goals that were set forth for this meeting had been accomplished,

and perhaps far exceeded expectations. First, the meeting provided a unique forum

for promoting collaborative interaction in stroke research among the attendees.

Second, many of the speakers presented state-of-the-art and up-to-date informa-

tion, and the vigorous interactive discussions among the participants made this

conference a successful and memorable one.

The first three topics in this monograph are directed toward the cellular and mol-

ecular mechanisms of ischemic cell death. Zinc and caspases, which are emerging

as important mediators involved in ischemic cell death, have been fully elaborated

in the two special invited lectures. Other important mediators including oxygen

radicals, NMDA receptors and genes involved in ischemic tolerance are discussed.

Two major concepts, parapoptosis and ischemic white matter injury in culture, are

introduced.

One major area that distinguishes this meeting from other stroke conferences is

that late-breaking news in stroke research was presented, and appears in this book

in Part IV. These hot topics include the gap junction between astrocytes, the aqua-

porin-4 water channel, tetracycline neuroprotection and spreading depression.

Postischemic pathophysiological events are discussed in Parts V and VI.

Hemorrhage and inflammation are two major areas of focus. New concepts in the

role of thrombolytic tissue plasminogen activator and cytokines in postischemic

pathophysiology and injury have evolved from these presentations.

Parts VII and VIII focus on the preclinical utility of gene transfer in stroke, and

xix



neural stem cell transplantation and its involvement in neural plasticity after cere-

bral ischemia. These studies present up-to-date and unique therapeutic strategies

and potentials employing gene transfer and stem cells in clinical stroke.

Diffusion/perfusion magnetic resonance imaging in clinical stroke dominate the

discussions in Part IX. New and innovative approaches using these imaging tech-

niques in addressing acute ischemic stroke, transient ischemic attack and early

recanalization in acute ischemic stroke have been vigorously discussed and

debated.

Finally, a particular section (Part X) is devoted to risk factors, clinical trials and

new therapeutic horizons. This section presents a unique perspective for consider-

ing vascular factors and white matter as the new neuroprotection targets in stroke

clinical trials.

The enthusiasm and excitement reflected in the presentations and the vigorous

interactive discussions among the participants reflect the success of the conference.

This momentum is likely to continue. Tremendous advances in both basic and clin-

ical sciences were demonstrated during the 2 day meeting. It is our hope that these

advances, as communicated through this volume, will provide an impetus for

stroke researchers to maintain and exceed these excitements in advancing our

knowledge in both the basic and clinical sciences of stroke.

P. H. Chan

xx Preface
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1

Zinc toxicity in the ischemic brain

Dennis W. Choi
Center for the Study of Nervous System Injury and Department of Neurology,
Washington University School of Medicine, St. Louis, MO

Growing evidence indicates that the brain’s heightened vulnerability to ischemia,

in large part, reflects a propensity for its intrinsic cell–cell and intracellular signal-

ing mechanisms, normally responsible for information processing, to turn lethal

under ischemic conditions. The most extensively studied example of such a signal-

ing mechanism is that mediated by the excitatory neurotransmitter glutamate. In

health, glutamate mediates most fast excitatory neurotransmission, but, under

ischemic conditions, glutamate floods out from both neurons and astrocytes,

building up in the extracellular space and becoming a killer that facilitates excess

calcium entry into neurons, contributing to their demise.

Two Princeton Conferences ago, that is in Memphis in 1996, I presented then

emerging evidence from my laboratory supporting the idea that another neuro-

transmitter released from excitatory nerve terminals might become a killer in the

ischemic brain: the metal zinc. Besides the “transmitter killer”parallel to glutamate,

I noted that there was also a parallel between zinc and calcium, in that both were

divalent cation metals mediating ischemic neuronal death via excess influx across

the plasma membrane [1].

A substantial body of evidence suggests that zinc is a neurotransmitter/neuro-

modulator [reviewed by refs. 2–4], although this possibility has had, to date, a

rather low profile within the scientific community. The central nervous system con-

tains a pool of relatively free zinc, separate from the zinc tightly bound to metal-

loenzymes and transcription factors in all cells. This free central nervous system

zinc is concentrated in vesicles within central nerve terminals throughout the telen-

cephalon, largely colocalized (albeit in distinct vesicles) with transmitter glutamate.

Consistent with a neurotransmitter role, it is released upon membrane depolariza-

tion in a calcium-dependent fashion and then taken back up.

Little is currently known about the functional significance of the zinc neuro-

transmitter system, probably reflecting a paucity of directed studies. An experience

reported a quarter of a century ago in the neurology literature suggests that acute

zinc depletion through oral chelation can produce profound reversible changes in

3



mentation [5]. Certainly, there are many candidates for relevant target actions of

synaptically released zinc at the micromolar concentrations that it may well

reach [6], as these zinc concentrations can modify the behavior of many important

membrane proteins including transmitter receptors, channels and transporters. Of

particular relevance, given its systematic colocalization with glutamate, extracellu-

lar zinc reduces N-methyl--aspartate (NMDA) receptor activation by both a

voltage-independent reduction of channel opening frequency, and a voltage-

dependent channel block [7]. Modulation of zinc release, therefore, may provide a

mechanism for modifying the relative proportion of NMDA vs. �-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) or kainate receptors acti-

vated by glutamate. It can also enter postsynaptic neurons (see below), whereupon

it may modify signaling, metabolism or gene transcription in a lasting fashion. We

have recently found evidence that brief exposure to non-toxic levels of extracellu-

lar zinc can activate mitogen-activated protein (MAP) kinase and Src family kinase

signaling in neurons, the latter leading to phosphorylation of the NMDA receptor

subunits (NR2A and NR2B) and consequent enhancement of NMDA receptor

activity [8]. Thus normal zinc actions on the NMDA receptor may be biphasic: an

initial direct inhibition followed by more lasting kinase-mediated upregulation.

After transient global ischemia, chelatable Zn2� translocates from nerve termi-

nals into cell bodies of vulnerable neurons, not just in the hippocampus, but also

in the cortex, striatum, amygdala and thalamus [9]. This translocation precedes

neuronal degeneration, and its interruption by the intracerebroventricular injec-

tion of a chelator, ethylenediaminetetra-acetic acid saturated with equimolar Ca2�

(CaEDTA), reduces subsequent neuronal death. Exposure to the high micromolar

concentrations of zinc likely to occur in brain extracellular space after synchronous

cellular depolarization is sufficient to kill cultured neurons, especially if the

neurons are depolarized, a state that facilitates toxic entry of zinc across the plasma

membrane through several routes. Most prominent among these depolarization-

facilitated entry routes are L-type voltage-gated calcium channels, but we now have

evidence for participation of N-type voltage-gated calcium channels, agonist-gated

calcium channels (especially calcium-permeable AMPA receptors when present,

for example, on GABAergic neurons (GABA is �-aminobutyric acid)) and

exchanger-mediated transport (exchanged for sodium, presumably via the

sodium–calcium exchanger) [10]. Lower levels of toxic zinc exposure induce apop-

tosis sensitive to deletion of the bax gene or inhibition of caspases; higher levels

induce explosive necrosis associated with fulminant cell swelling [11,12].

Using mag-fura-5 initially, and later using the lower affinity, albeit non-

ratiometric, indicator dye Newport Green, my colleagues and I have estimated

levels of intracellular free zinc attained in neurons subjected to toxic levels of extra-

cellular zinc, and found them to be on the order of 200 to 300 nM [13]. This is a tre-

mendous concentration of free zinc, many orders of magnitude above the affinity of
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intracellular binding sites on metallothioneins and other metalloproteins. It is plau-

sible that many metabolic disturbances might result from such extreme elevations in

zinc availability within the intracellular milieu, but an especially consequential dis-

turbance may be caused by a reduction in glycolysis, secondary to inhibition of gly-

ceraldehyde 3-phosphate dehydrogenase (GAPDH) [14]. Rather than occurring by

direct interaction with zinc, this inhibition appears to reflect depletion of oxidized

nicotinamide-adenine dinucleotide (NAD�) by some catabolic process sensitive to

inhibition by benzamide. Administration of benzamide, niacinamide or pyruvate

increases NAD� levels, restoring GAPDH function and neuronal ATP levels, and

attenuating zinc-induced death. Interestingly, the neuroprotective effects of niacin-

amide and benzamide in brain ischemia have already been established by studies

motivated by considering the ability of these substances to enhance ATP synthesis

[15] or inhibit poly(ADP-ribose) polymerase activity [16].

In addition to the contribution of zinc toxicity to selective neuronal loss after

transient global ischemia, recent observations from our laboratory spearheaded by

Jin-Moo Lee have suggested that it may contribute to the development of cerebral

infarction after mild transient focal ischemia. Adult male Long–Evans rats sub-

jected to middle cerebral artery occlusion for 30 minutes followed by reperfusion,

developed delayed cerebral infarction reaching completion 3 days after the insult.

One day after the insult, many degenerating cerebral neurons exhibited increased

intracellular zinc, some labeling with an antibody against activated caspase-3.

Intracerebroventricular administration of CaEDTA 15 minutes prior to ischemia

attenuated subsequent zinc translocation into the cortical neurons, and reduced

infarct volume measured 3 days after ischemia. Although the protective effect of

CaEDTA at this end-point was substantial (about 70% infarct reduction), it was

lost when insult severity was increased from 30 to 60 minutes of arterial occlusion,

or when infarct volume was measured 14 days after ischemia. These observations

suggest that toxic zinc translocation may accelerate the development of cerebral

infarction after mild transient focal ischemia. Our preliminary studies have not

demonstrated any protective effects of intracerebroventricular CaEDTA in more

traditional models of focal ischemia, using longer periods of reversible ischemia or

permanent ischemia, in which infarction develops more rapidly (complete within

a matter of hours after insult).

Why might zinc contribute more prominently to neuronal loss after global ische-

mia than after focal ischemia? Further studies will be needed to answer this impor-

tant question, but as a working hypothesis, I am inclined to consider that two

related factors are especially influential. First, it is clear from the work of many

laboratories that NMDA receptor-triggered, calcium-mediated excitotoxicity is

a larger component of focal ischemic injury than global ischemic injury. My

colleagues and I have called this form of excitotoxicity “rapidly triggered” to

emphasize how quickly it can occur; in cortical neuronal cell cultures, 3 to 5

5 Zinc toxicity in the ischemic brain



minutes of sustained NMDA receptor activation is sufficient to destroy most

neurons [17]. In contrast, AMPA receptor-triggered, calcium-mediated excitotox-

icity, a larger component of global ischemic injury, typically occurs more slowly,

requiring hours of sustained receptor activation to induce lethal injury in the same

cell cultures. Thus one could imagine that zinc-mediated injury might have more

opportunity to lead to cell death after global ischemia; whereas after focal ischemia,

more fulminant NMDA receptor-triggered, calcium-mediated injury might super-

vene and render zinc-mediated injury largely invisible to therapeutic interference.

Second, and probably in part responsible for the first factor (the greater involve-

ment of NMDA receptors in focal ischemic injury as compared with global

ischemic injury), extracellular pH in brain tissue does not fall as much in the

penumbra of focal ischemia as it does in global ischemia, where it may reach values

in mid to upper 6s. Not only does this extracellular acidity selectively downregulate

NMDA receptor activation and NMDA receptor-mediated injury [18–20], but it

appears to shift L-type voltage-gated calcium channels toward a zinc-preferring

mode. In recent experiments using whole cell clamp physiology to measure cur-

rents through high voltage-activated calcium channels on cultured cortical

neurons, we confirmed earlier studies that indicated that lowering the pH to 6.4

reduced calcium currents through these channels, but we were surprised to see that

the same pH manipulation markedly enhanced the zinc current through presum-

ably the same channels [21].

The implication of zinc in the pathogenesis of neuronal loss after ischemic

insults raises consideration of several novel therapeutic strategies. In broad catego-

ries, these would include:

1 Reduction of presynaptic zinc stores. For example, through acute reduction of

dietary zinc intake, coupled with oral chelation, as a prophylactic measure before

high-risk surgery or other anticipated ischemic stress.

2 Reduction of zinc release. Can this be accomplished independent of altering glu-

tamate release?

3 Extracellular chelation.

4 Block of postsynaptic entry routes, such as voltage-gated calcium channels,

calcium-permeable AMPA receptors or the sodium–calcium exchanger. Weak

neuroprotective effects of dihydropyridines and other L-type voltage-gated

calcium channel blockers have been observed in previous studies with both

experimental models and human patients. Could these suggestions of benefit

reflect the reduction of zinc toxicity in addition to the intended reduction of

calcium overload? To attain higher levels of neuroprotection, it may be necessary

to concurrently block multiple pathways of zinc entry.

5 Enhancement of zinc buffering, sequestration or export via plasma membrane

transporters.
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6 Elevation of intracellular NAD� or ATP levels.

7 Blockade of zinc-induced apoptosis.

The most logical clinical setting to begin testing anti-zinc strategies for neuro-

protective effect would be that of hospitalized patients resuscitated after cardiac

arrest. No effective neuroprotective treatments are currently available for global

ischemia in humans, and the natural history of cerebral degeneration has a well-

defined relationship to arrest duration. Patients sustaining longer periods of global

ischemia at a normal body temperature prior to effective restoration of cerebral

blood flow inevitably develop serious neurological morbidity due to delayed

selected neuronal death. These patients could be treated immediately with all the

resources of the inpatient setting, and ethical risk/benefit considerations would

justify relatively aggressive experimental approaches. Other settings where toxic

zinc translocation has been identified in animal models and hence, where anti-zinc

approaches might be of clinical value, would include head trauma or sustained sei-

zures [22–24].

Lastly, I will speculate that anti-zinc approaches could find a place in the treat-

ment of stroke, in settings where the ischemic insult is limited. Even if these

approaches cannot by themselves prevent infarction from ultimately occurring,

perhaps they might be useful in buying time, increasing the temporal therapeutic

window for other approaches.

REFERENCES

1 Choi DW & Koh JY (1998) Zinc and brain injury. Annual Review of Neuroscience, 21, 347–75.

2 Frederickson CJ (1989) Neurobiology of zinc and zinc-containing neurons. International

Review of Neurobiology, 31, 145–238.

3 Harrison NL & Gibbons SJ (1994) Zn2�: an endogenous modulator of ligand- and voltage-

gated ion channels. Neuropharmacology, 33, 935–52.

4 Smart TG, Xie X & Krishek BJ (1994) Modulation of inhibitory and excitatory amino acid

receptor ion channels by zinc. Progress in Neurobiology, 42, 393–441.

5 Henkin RI, Patten BM, Re PK & Bronzert DA (1975) A syndrome of acute zinc loss. Cerebellar

dysfunction, mental changes, anorexia, and taste and smell dysfunction. Archives of

Neurology, 32, 745–51.

6 Assaf SY & Chung SH (1984) Release of endogenous Zn2� from brain tissue during activity.

Nature, 308, 734–6.

7 Christine CW & Choi DW (1990) Effect of zinc on NMDA receptor-mediated channel cur-

rents in cortical neurons. Journal of Neuroscience, 10, 108–16.

8 Manzerra P, Behrens MM, Heidinger V, Ichinose T, Yu SP & Choi DW (2000) Zinc exposure

results in the activation of Src kinase and the phosphorylation of NMDA receptor subunits

(NR2A/2B). Society for Neuroscience Abstract, 26, 2145.

7 Zinc toxicity in the ischemic brain



9 Koh JY, Suh SW, Gwag BJ, He YY, Hsu CY & Choi DW (1996) The role of zinc in selective

neuronal death after transient global cerebral ischemia. Science, 272, 1013–16.

10 Sensi SL, Canzoniero LM, Yu SP, Ying HS, Koh JY, Kerchner GA & Choi DW (1997)

Measurement of intracellular free zinc in living cortical neurons: routes of entry. Journal of

Neuroscience, 17, 9554–64.

11 Manev H, Kharlamov E, Uz T, Mason RP & Cagnoli CM (1997) Characterization of zinc-

induced neuronal death in primary cultures of rat cerebellar granule cells. Experimental

Neurology, 146, 171–8.

12 Lobner D, Canzoniero LMT, Manzerra P, Gottron F, Ying H, Knudson M, Tian M, Dugan LL,

Kerchner GA, Sheline CT, Korsmeyer SJ & Choi DW (2000) Zinc-induced neuronal death in

cortical neurons. Cellular & Molecular Biology, 46, 797–806.

13 Canzoniero LMT, Turetsky DM & Choi DW (1999) Measurement of intracellular free zinc

concentrations accompanying zinc-induced neuronal death. Journal of Neuroscience,

19 RC31, 1–6.

14 Sheline CT, Behrens MM & Choi DW (2000) Zinc-induced cortical neuronal death: contri-

bution of energy failure attributable to loss of NAD� and inhibition of glycolysis. Journal of

Neuroscience, 20, 3139–46.

15 Ayoub IA, Lee EJ, Ogilvy CS, Beal MF & Maynard KI (1999) Nicotinamide reduces infarction

up to two hours after the onset of permanent focal cerebral ischemia in Wistar rats.

Neuroscience Letters, 259, 21–4.

16 Eliasson MJL, Sampei K, Mandir AS, Hurn PD, Traystman RJ, Bao J, Pieper A, Wang Z-Q,

Dawson TM, Snyder SH & Dawson VL (1997) Poly(ADP-ribose) polymerase gene disruption

renders mice resistant to cerebral ischemia. Nature Medicine, 3, 1089–95.

17 Choi DW (1992) Excitotoxic cell death. Journal of Neurobiology, 23, 1261–76.

18 Tang CM, Dichter M & Morad M (1990) Modulation of the N-methyl--aspartate channel

by extracellular H�. Proceedings of the National Academy of Sciences, USA, 87, 6445–9.

19 Giffard RG, Monyer H, Christine CW & Choi DW (1990) Acidosis reduces NMDA receptor

activation, glutamate neurotoxicity, and oxygen-glucose deprivation neuronal injury in cor-

tical cultures. Brain Research, 506, 339–42.

20 Tombaugh GC & Sapolsky RM (1990) Mild acidosis protects hippocampal neurons from

injury induced by oxygen and glucose deprivation. Brain Research, 506, 343–5.

21 Kerchner GA, Canzoniero LMT, Yu SP, Ling C & Choi DW (2000) Zn2� current is mediated

by voltage-gated Ca2� channels and enhanced by extracellular acidity in mouse cortical neu-

rones. Journal of Physiology, 528, 39–52.

22 Sloviter RS (1985) A selective loss of hippocampal mossy fiber Timm stain accompanies

granule cell seizure activity induced by perforant path stimulation. Brain Research, 330,

150–3.

23 Suh SW, Koh JY & Choi DW (1996) Extracellular zinc mediates selective neuronal death in

hippocampus and amygdala following kainate-induced seizure. Society for Neuroscience

Abstract, 22, 2101.

24 Suh SW, Chen JW, Motamedi M, Bell B, Listiak K, Pons NF, Danscher G & Frederickson CJ

(2000) Evidence that synaptically-released zinc contributes to neuronal injury after traumatic

brain injury. Brain Research, 852, 268–73.

8 D. W. Choi



2

Central nervous system ischemia: diversity
among the caspases
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Introduction

Ischemic neurons die acutely by osmotically driven rupture of cellular and subcel-

lular membranes by a process called necrosis, but may also die in a delayed manner,

dependent on the activation of a family of cysteine proteases named caspases.

Caspases are synthesized as inactive proenzymes containing three subunits, an N-

terminal prodomain, a large (~20kDa) and a small subunit (~10kDa), which form

heterotetromers on cleavage and activation. Family members show a near absolute

specificity for cleavage at the N-terminal of aspartate residues. At least 14 caspases

have been identified to date, designated 1 to 14. Caspases -1, -2, -3, -7, -8 and -9 are

constitutively expressed in the brain. In the spinal cord, caspases -2, -3 and -8 are

constitutively expressed. Caspases -1, -4 and -5 (caspase-1 family members)

promote cytokine maturation and mediate inflammation whereas caspases -2, -3,

-6, -7, -8 and -9 (caspase-3 family members) promote apoptotic cell death. On acti-

vation, caspase-11, which is found only in mice, promotes both cytokine matura-

tion and apoptosis.

In this review, we will briefly summarize the evidence implicating caspases in

cerebral and spinal cord ischemia. Caspase-driven cell death may have important

therapeutic implications for ischemia as well as for other acute and chronic central

nervous system (CNS) conditions in which cell death is prominent.

Global ischemia

Early evidence for the involvement of caspases in global ischemia came from two

studies showing upregulation of caspase-1 mRNA by reverse transcriptase–

polymerase chain reaction [1] and in situ hybridization [2] beginning 24 hours

after forebrain ischemia in the gerbil (see also Table 2.1). The protein was found at

48 hours [1]. Upregulation of caspase-3 mRNA (in situ hybridization) plus a

9



two-fold increase in DEVD (Asp-Glu-Val-Asp) cleaving activity was identified at

24 hours in rat CA1 hippocampal neurons after 10 minutes of cardiac arrest [3].

These findings were confirmed [4–7], along with additional evidence for increased

caspase-3 protein and enzyme activity within the hippocampus after global ische-

mia. One report, however, failed to show active caspase-3 after global ischemia in

the gerbil by immunohistochemistry, although the constitutive proform was widely

expressed in the CA1 hippocampus [8]. More recently, caspase-9 release from

mitochondria was documented by electron microscopy and fluorescence micros-

copy after canine cardiac arrest [9]. In vitro, caspase-9 forms a complex (apopto-

some) with apoptosis activating factor-1, cytochrome c and deoxy-adenosine

10 N. Plesnila & M. A. Moskowitz

Table 2.1. Literature overview on caspases in ischemic brain injury

Global ischemia

Reference Ischemia (min) Caspase Species Model Finding

8 5 Caspase-3 Gerbil BCAO �

2 5 or 10 Caspase-1 Gerbil BCAO �

1 7 Caspase-1 Gerbil BCAO �

9 10 Caspase-9 Dog Cardiac arrest �

3 10 Caspase-3 Rat Cardiac arrest �

53 12 Caspase-3 Rat 4VO �

4 15 Caspase-3 Rat 4VO �

6 15 Caspase-3 Rat 4VO �

7 15 Caspase-3 Rat BCAO/hypotension �

5 30 Caspase-3 Rat 4VO �

Focal ischemia (MCAO)

Reference Ischemia Caspase Species Model Finding

18 Permanent Caspase-1 Mouse (KO) Filament �

20 Permanent Caspase-3 Rat Filament �

54 Permanent Caspase-3 Mouse Distal �

26 Permanent Caspases -3, -8 Rat Distal �

19 Permanent Caspase-11 Mouse Filament �

17 3 hours Caspase-1 Mouse Filament �

21 2 hours Caspase-3 Mouse Filament �

22 30 min Caspase-3 Mouse Filament �

Notes:

BCAO, bilateral carotid artery occlusion; 4VO, four-vessel occlusion; MCAO, middle cerebral

artery occlusion; KO, knockout.

Source: From ref. 53.



triphosphate, thereby promoting downstream caspase cleavage and activation.

Because cytochrome c release was detected in hippocampal neurons up to 2 hours

after a global ischemic insult [10–12], formation of a mitochondrial death complex

might play a role in delayed neuronal death after global ischemia.

The importance of caspases and cell death in global ischemia was further estab-

lished by pharmacological evidence showing enhanced resistance to ischemic

injury after caspase inhibition (Table 2.2). Himi et al. [13] injected into the gerbil

hippocampus an irreversible pancaspase inhibitor, benzyloxycarbonyl-Asp-CH2-

dichlorobenzene (zD), and achieved near-complete rescue of CA1 neurons after 8

days. Performance on memory tests was better and cleavage of a caspase-3 sub-

strate, poly(ADP-ribose) polymerase, was inhibited. Several other groups con-

firmed these findings [4,6,14]. For example, Chen et al. [4] and Gillardon et al. [6]

showed that cell death was decreased by 30% to 85% in the CA1 region after inhi-

bition of caspase-3. However, Li and colleagues [15] injected zVAD.FMK or

zDEVD.FMK, both as a pre- and post-treatment, but did not find protection, pos-

sibly because a 10-fold lower dose (2�200ng vs. 3�1.5 �g) was used in their global

ischemia model compared with the previous studies.

Focal ischemia

Early evidence for the significance of caspases in focal ischemia came from a pre-

liminary study using repeated administration of a pancaspase inhibitor, z-VAD,

before and after permanent focal ischemia in the rat. Twenty-four hours later, a

50% reduction of total infarct volume was observed [16] (Table 2.2). Hara et al.

[17] confirmed these findings in models of transient focal ischemia (2 hours) in

mice and rats and showed 25% protection 24 hours after zDEVD.FMK injection, a

more selective caspase inhibitor without inhibition of interleukin-1� formation.

The same group demonstrated the importance of caspase-1 by showing neuropro-

tection (45% decrease of infarct volume) using transgenic mice expressing a dom-

inant negative inhibitor of caspase-1 [17]. A similar infarct reduction (�50%) was

also found in caspase-1-deficient animals [18]. However, these data might be diffi-

cult to interpret because caspase-1 null mice do not express caspase-11 [19], which

is also cleaved and activated during cerebral ischemia and seems to be an upstream

modulator of caspase-1 (see below).

Caspase-3 has been implicated in focal ischemic brain damage as evidenced by

increased rat caspase-3 mRNA 1 hour after the induction of permanent ischemia

[20]. Upregulation of murine caspase-3 protein in neurons plus increased enzyme

activity in homogenates was shown by Namura et al. [21] and Fink et al. [22],

respectively, after severe and mild focal ischemia. After a more severe reversible

ischemia (2 hours of occlusion), caspase-3 was maximally active shortly after

11 Caspases in cerebral ischemia
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reperfusion, whereas after mild ischemia (30 minutes) the enzyme was maximally

active only after 12 hours. Consistent with these results and in line with prior find-

ings [23], the infarct volume decreased by 60% at 3 days when zDEVD was admin-

istered up to 9 hours after mild ischemia. Accordingly, severe injury is less

responsive to a delayed application of caspase inhibitors [15,17,24].

In addition to caspase-1 and -3, caspases -7, -8 and -11 and cytochrome c, a coac-

tivator of caspase-9, have been implicated in ischemic brain injury [19,25,26].

Caspase 11, for example, is upregulated and cleaved at least 12 hours after perma-

nent ischemia. Caspase-11 null mice exhibit a 75% reduction in terminal deoxynu-

cleotidyl transferase-mediated uridine 5	-triphosphate-biotin nick end labeling

(TUNEL)-positive cells and a decrease in caspase-3 cleavage within the ischemic

cortex [19]. Velier et al. [26] showed that caspase-8 was cleaved in the ischemic

cortex beginning 6 hours after permanent middle cerebral artery occlusion.

Because caspase-8 processing is at times coupled to tumor necrosis factor-like

receptor activation (e.g., Fas-R, tumor necrosis factor-R), cell surface receptors

may promote ischemic neuronal cell death [27].

Recently we showed constitutive caspase-7 mRNA and protein expression in the

mouse brain. After 2 hours of distal middle cerebral artery occlusion and 24 hours

of reperfusion, caspase-7 mRNA is upregulated and the proform decreased, sug-

gesting increased caspase-7 turnover (Y. Wu, personal communication, 2000).

Not all caspases participate in ischemic cell death, at least as reflected in tested

models. For example, caspase-2 protein levels are unchanged after 2 hours of rever-

sible cerebral ischemia in the mouse, and mice deficient in caspase-2 are not pro-

tected from ischemic brain damage [28].

Neonatal hypoxic–ischemic brain injury

In rodent models, neuronal cell death develops after a delay of 6 to 12 hours and is

paralleled by activation of downstream caspases, as shown by DEVD cleaving activ-

ity [29], and the appearance of active caspase-3 [30] and actin cleavage fragment

[31]. Caspase-1-deficient neonatal mice are more resistant to 70 minutes but not to

120 minutes of ischemia–hypoxia [32], possibly reflecting a role for caspases in

milder forms of cerebral ischemia. Finally, pancaspase inhibitors (BAF) reduced

injured brain tissue by 
50% even when given systemically 3 hours after insult [29].

Spinal cord ischemia

Caspases -2, -3 and -8 are constitutively expressed in the spinal cord [33,34] and

motor neurons can be protected from programmed cell death during development

by caspase inhibitors [35,36].
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The ischemic spinal cord of rabbits and rats shows a large number of TUNEL-

positive neurons and apoptotic cell morphology beginning 12 to 24 hours after

reperfusion [37,38]. In a similar model in the rat, motor neurons also die selec-

tively, but with an even greater delay of more than 2 days; moreover, more than 50%

of motor neurons show DNA fragmentation [39]. Cleavage of caspases -1, -2 and

-3 develops as early as 8 hours after reperfusion. In a novel mouse spinal cord ische-

mia model [40], procaspase-8 was upregulated 3 hours after reperfusion, as shown

by immunohistochemistry and in situ hybridization. Active caspase-8 (p18) was

detected by immunoblot and immunohistochemistry some time between 3 and 18

hours and increased 1 day after reperfusion. A high proportion of TUNEL-positive

motor neurons showed double staining for active caspase-3 and -8 and the anatom-

ical distribution of those markers was overlapping. The peak of active caspase-8-

positive neurons preceded that of caspase-3-positive neurons, indicating that

caspase-8 activation might precede that of caspase-3 [34]. It remains unclear how

the caspase cascade is triggered after spinal cord ischemia, although recent evidence

implicates cell surface receptors as a potential source. Cell surface receptors

promote cell death, for example the Fas (Apo1/CD95) cell death receptor [41], and

have been implicated in focal brain ischemia [42] or during programmed cell death

of motor neurons in the spinal cord [43].

In the immune system, Fas receptor (FasR) and Fas ligand (FasL) are involved in

elimination of mature T cells, infected cells or tumor cells. FasL triggers cell death

by trimerizing FasR at the cell surface. Under these conditions, the cytoplasmic

domain of FasR binds the adapter protein FasR-associated death domain [44].

FasR-associated death domain in turn binds procaspase-8, which can thereby self-

activate [45]. Cleavage of downstream substrates by caspase-8 rapidly triggers

death in cells expressing FasR [46]. FasL can also activate FasR in an autocrine

manner: T lymphocytes committed to die upregulate FasL and FasR and thus

support their own death [47,48].

In the normal spinal cord FasL mRNA was identified by Southern blot analysis

[43,49], while FasR expression was observed in neurons and microvessels by

immunohistochemistry [34]. After spinal cord ischemia in adult rabbits, FasR

immunoreactivity was selectively increased in spinal motor neurons 8 hours to 1

day after reperfusion and preceded typical ladders of oligonucleosomal DNA frag-

ments by 24 hours [50]. Similar results were obtained in a newly developed mouse

spinal cord ischemia model [34]. The latter work provided the first suggestive evi-

dence that FasR upregulation is actually leading to caspase activation and is there-

fore linked to subsequent cell death. A complex containing Fas and procaspase-8 in

ischemic spinal cord was found by immunoprecipitation. Hence, spinal cord ische-

mia appears to augment the death inducing signaling complex thereby first activat-

ing caspase-8 and, later, caspase-3 (see above).
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Conclusion

There is already sufficient evidence to implicate caspases in ischemic pathophysio-

logy and to suggest targeting one or more family members for treatment of acute

CNS injury. Together, the data suggest that caspases are constitutively expressed in

the adult nervous system and become activated after brain and spinal cord ische-

mia. The onset and extent of cleavage depends to some degree on the magnitude

and duration of insult, with evidence favoring a greater role for caspase-mediated

cell death during brief and mild or moderate ischemic injury. The mechanisms

appear to be distinct from necrotic cell death mediated by excitotoxicity, and there

is in vivo and in vitro evidence to suggest synergistic effects that may have impor-

tant implications for combination therapy [51,52]. The two mechanisms of cell

death are, however, not mutually exclusive. The use of caspase inhibitors for

human stroke and spinal cord ischemia will depend on the successful development

of drugs that cross the blood–brain barrier and penetrate CNS cells at sufficient

levels to achieve enzyme inhibition. The expression and activation of other cas-

pases (e.g., caspase-8 and caspase-7) suggest the advantages of developing pancas-

pase inhibitors.
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Introduction

Oxidative stress is a widely recognized but poorly understood component in stroke

and neurodegeneration. Antioxidant enzymes as well as a variety of low molecular

weight antioxidants can be remarkably protective in animal models in stroke,

trauma and neurodegenerative diseases [1–5]. However, the targets and even the

nature of the reactive species themselves have so far been poorly delineated. The

extraordinary reactivity of some oxidants such as the hydroxyl radical has masked

the search for specific targets of oxidative damage in vivo. Growing evidence indi-

cates that oxygen radicals can produce remarkably specific actions far upstream in

signaling cascades that can initiate apoptosis in neurodegeneration [6]. In addition,

oxygen radicals exert an important role in promoting thrombosis and permeabil-

ity increases in the vasculature that can greatly complicate the final outcome from

stroke [7]. In this chapter, we will review how oxidative stress resulting from the

interactions of superoxide with nitric oxide could be involved in damage both to

the cerebral vasculature and to neurons in stroke.

Oxygen toxicity and superoxide

A strong case can be made for molecular oxygen in the air we breathe being the

most dangerous toxin and carcinogen in the environment [8]. From a thermody-

namic point of view, molecular oxygen is capable of oxidizing any biological mole-

cule [9] and routinely does so as the terminal electron acceptor in normal

metabolism. However, the rates of such reactions occurring spontaneously with

oxygen are quite slow, which allows us to exist in an atmosphere containing 20%
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oxygen. Molecular oxygen has a most unusual bonding arrangement, with two

unpaired electrons occupying separate orbitals. In essence, this small molecule

preferentially exists as two free radicals rather than having all of the electrons

paired. Consequently, oxygen can accept only one electron sequentially from bio-

logical molecules at a time. This prevents oxygen from rapidly oxidizing most bio-

logical materials because they have filled orbitals containing two electrons of

opposite spin and giving up only one electron is energetically highly unfavorable.

However, oxygen can be reduced by a variety of enzymes in the body, including

reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidases and

xanthine oxidase, to produce free radicals. The addition of one electron to molecu-

lar oxygen produces superoxide anion. Superoxide was named by Linus Pauling

[10], who predicted that it would be an exceptionally strong oxidant, capable of

grabbing a second electron to form hydrogen peroxide. However, superoxide at

neutral pH is not a strong oxidant because it is negatively charged. Since oxidation

would require withdrawing an electron from another molecule, the overall reaction

would be quite slow because the reaction involves transferring a negative charge to

a small molecule that is already negatively charged (Figure 3.1). While not a general

oxidizing agent, superoxide is quite reactive with iron–sulfur centers commonly

found in mitochondria, which are positively charged and contain electron-rich

sulfurs as ligands [9]. The positive charge attracts and then neutralizes the negatively

charged superoxide anion, which then oxidizes adjacent sulfurs. This is known to

inactivate a variety of enzymes including aconitase and amino acid dehydratases

[11–13].

From the viewpoint of patients recovering from stroke, oxidative stress is gen-

erally bad because it amplifies tissue injury. However, there has also been strong

evolutionary pressure for cells to produce oxygen radicals as antimicrobial

defenses. Because these molecules are generally reactive, they are produced by a

variety of inflammatory cells including neutrophils and macrophages to injure or

kill invading microorganisms and parasites. These inflammatory cells contain

highly active NADPH oxidases that donate electrons from NADPH univalently to

reduce oxygen to superoxide. Activation of these complexes in the vicinity of

invading microorganisms can produce a substantial flux of superoxide and hydro-

gen peroxide [14]. Neutrophils also contain the enzyme myeloperoxidase, which

uses hydrogen peroxide plus chloride to produce hypochlorous acid, the principal

ingredient in Clorox bleach. More recently, it has been recognized that macro-

phages [15–19] and even neutrophils can produce nitric oxide [20]. Nitric oxide

itself is not toxic, but adds a whole new layer of secondary reactive species that can

be generated within these inflammatory cells. Even more surprising, expression of

NADPH oxidases is not restricted to inflammatory cells but is also found in

endothelium and neurons [21,22]. Because of the great importance in surviving
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infection and the huge selective pressures imposed by infectious diseases during

early childhood, it is not surprising that the body produces large amounts of oxi-

dants as antimicrobial defenses at the expense of suffering greater collateral

damage in neurological disease, occurring well past the age of reproduction. There

is growing recognition that inflammation plays a major role in neurodegeneration

as well [23].

Superoxide and stroke

Oxygen radicals can clearly amplify the injury produced by cerebral ischemia. My

own interest in this field began by using the antioxidant enzyme superoxide dismu-

tase (SOD) as a therapeutic agent to treat stroke. SOD was first identified in 1969

by McCord and Fridovich [24] and by the 1980s was being produced in large

amounts by biotech companies as a possible therapeutic agent for intestinal and

myocardial ischemia. A problem with the use of SOD was its rapid clearance by the

25 Peroxynitrite and injury to vasculature and CNS

Figure 3.1 (A) The reactivity of superoxide is surprisingly limited. Transferring an electron to a

negatively charged superoxide is slow because the intermediate has two negative charges.

Consequently, superoxide is slow to oxidize biological materials, including ionized

sulfhydryls (RS�). These are among the groups most susceptible to autooxidation.

(B) However, positively charged metals such as the iron in iron–sulfur proteins can react

rapidly with superoxide. Once the electrical charge of superoxide is neutralized, the

superoxide-Fe adduct can rapidly attach the sulfur.



kidneys, limiting its half-life in vivo to 6 minutes or less. One method to circum-

vent this limited half-life was to conjugate the inert polymer polyethylene glycol

(PEG) to amino groups on SOD. Conjugating an average of 10 to 12 PEGs pro-

duced a high molecular weight form of SOD that would remain detectable in the

circulation with a half-life of greater than 24 hours. We found that PEG-SOD

would substantially protect Mongolian gerbils subjected to bilateral common

carotid artery occlusion [25]. Survival measured at 24 hours was increased when

PEG-SOD was administered at the end of carotid occlusion. PEG-SOD was also

remarkably protective in a model of cerebral ischemia developed by Chung Hsu

[26]. In this highly reproducible model of stroke, the middle cerebral artery was

occluded distal to the circle of Willis and then blood flow was reduced by clamping

both common carotid arteries for a fixed period of 90 minutes. This was one of the

first models that could reliably and reproducibly produce a defined infarct confined

to the middle cerebral territory of rats. In a randomized, double-blinded placebo-

controlled study with 38 to 40 animals per group, intravenous injections of PEG-

SOD could reduce infarct volume by 35% [27]. The placebo control consisted of

PEG-SOD inactivated by treatment with alkaline hydrogen peroxide to selectively

damage one of the histidine ligands to copper in the active site. In a subsequent

study, Hsu showed that the dosage of PEG-SOD was extremely important and that

a three-fold higher concentration of PEG-SOD could make edema even worse

rather than providing protection [28]. This loss of protection could not be attrib-

uted to toxicity of the PEG-SOD itself and remained largely unexplained.

Pharmaceutical companies began to test PEG-SOD as a possible therapeutic

reagent for treating traumatic brain injuries. A phase II trial showed some efficacy

at the same dosage of PEG-SOD as we used in our initial trials [29]. However,

expanded phase III trials subsequently found little or no protective effect of

PEG-SOD [30].

The failure of phase III trials with PEG-SOD points to our limited and even

naïve understanding of the role of free radicals in traumatic brain injury and cere-

bral ischemia. For example, PEG-SOD was injected directly into the circulation

and it is too large to readily cross the blood–brain barrier except at sites of injury

[31,32]. This suggests that PEG-SOD may be active at the level of the vasculature

rather than directly affecting neuronal survival. A second gap in our knowledge is

the target of superoxide that is responsible in increased injury. A third difficulty is

to explain how high doses of SOD are less protective and possibly even increase

brain edema. The last point has become particularly important to understand,

since mutations to SOD have since been discovered to cause selective degeneration

of motor neurons in amyotrophic lateral sclerosis (ALS). To better understand

these issues, it is necessary to consider the normal functions of SOD in greater

depth.
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SOD and the scavenging of superoxide

There are three isozymes of SOD found in vivo. We will concentrate here only on

the cytosolic form of the enzyme, which is a dimer containing 153 amino acid res-

idues and in which each subunit contains one atom of copper (Cu) and one atom

of zinc (Zn). The enzyme is particularly abundant in cells and constitutes 0.5% by

weight of liver and brain. In the spinal cord we have estimated the concentration of

SOD may be as high as 0.7% of total cell protein. The enzyme is distributed

throughout the cytosol and is found in peroxisomes as well as in the nucleus.

Mitochondria contain a distinct 24kDa isozyme of SOD that contains manganese.

We will not consider this enzyme further in this chapter, although it also has a

major role in our understanding of oxidative stress in neurodegeneration [33].

Because CuZnSOD is a relatively small protein and constitutes a large fraction of

total cell protein, its concentration in vivo is surprisingly high, estimated to be

roughly 10 �M [34]. The concentration of oxygen is roughly 200 �M in the blood-

stream and in the range of 30 �M or below in neurons. Given the high concentra-

tions of SOD and limited solubility of oxygen, the concentration of superoxide has

to be incredibly small in vivo.

The catalytic mechanism of scavenging of superoxide by CuZnSOD is remark-

ably simple (Figure 3.2A). Copper normally exists in its oxidized or cupric state

(Cu2�). Superoxide is attracted to the active site of SOD containing the copper, and

an electron is rapidly transferred from superoxide to copper. This generates oxygen

and leaves copper in its cuprous or Cu1� state. When a second superoxide encoun-

ters the enzyme, the electron is transferred from the Cu1� to the superoxide to

produce hydrogen peroxide and regenerates the SOD enzyme in the cupric state.

Both steps of the reaction occur quite rapidly, making SOD the fastest enzyme

known. However, the mechanism is subtler, with the structural zinc atom playing

an important role in the second half of the dismutation cycle. A bridging histidine

spans the copper and the zinc in SOD, which is a unique structure that has not been

identified in any other protein to date. In the oxidized state, the copper is bound to

a total of four histidines including the bridging histidine ligand to zinc. However,

copper becomes reduced, the bridging ligand bound to the zinc detaches and the

copper remains coordinated to only three histidine residues (Figure 3.2B). The

bridging histidine still bound to the zinc atom becomes protonated and the high

positive charge density on the zinc atom makes this proton a strong Lewis acid. This

helps facilitate the second half of the reaction, where an electron needs to be trans-

ferred onto the negatively charged superoxide. The proton can be transferred to the

negatively charged superoxide to form its conjugate acid, HOO·. This intermediate

is a powerful oxidant and will rapidly oxidize Cu1� to regenerate Cu2� SOD into

the native state while producing hydrogen peroxide (the additional proton is
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provided by the solvent). Consequently, the zinc atom plays an important role in

promoting the rapid oxidation of Cu1� in the formation of hydrogen peroxide. The

loss of zinc greatly changes the properties of SOD and makes it toxic to neurons.

The high concentrations of SOD present in cells and its near diffusion-limited

reaction with superoxide raises questions about what can be the biological targets of

superoxide in vivo. Such targets must be both abundant and react rapidly with super-

oxide to have a chance of competing with SOD. One of the few such types of chemi-

cal moieties are iron–sulfur centers found in electron transport enzymes. The

positive charge of the iron helps to attract and neutralize the negative charge on
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Figure 3.2 (A) At a simple level, the catalytic mechanism of SOD can be viewed simply as an

alternating reduction and reoxidation of the copper atom in the active site. (B) However,

the zinc atom plays an important role in neutralizing the negative charge and protonate

superoxide, which then rapidly removes the electron stored on the copper atom. Loss of

this zinc from SOD makes this protein far more toxic.

B

A



superoxide, while the electron-rich sulfur groups provide a substrate that can be

easilyoxidizedoncesuperoxideinteractswiththeironatom.Oneexampleis thecitric

acidcycleenzymeaconitase,whichisslowlyinactivatedbysuperoxideinvivo[11,35].

Nitric oxide and peroxynitrite

However, a major target for the reaction with superoxide became apparent with the

discovery of nitric oxide as a biological molecule [36]. Nitric oxide was originally

described as the endothelium-derived relaxing factor. It can be produced by any of

three different isozymes through the oxidation of a guanidino nitrogen. Nitric

oxide has been shown to activate guanylate cyclase to promote the vasorelaxation

of blood vessels [37,38]. It is also a major modulator of neuronal transmission and

is produced in much greater concentrations throughout the central nervous system

[39–41]. While nitric oxide was originally described as highly reactive and toxic,

further studies showed that nitric oxide itself was relatively inert with most biolog-

ical molecules [42,43]. Its toxicity was derived from the formation of secondary

reactive species. At the low concentrations of nitric oxide produced for single trans-

duction, the molecule is rapidly removed by diffusing into blood vessels where it

reacts with hemoglobin to form met-hemoglobin plus nitrate, or to a lesser extent

nitrosyl(Fe2�)hemoglobin complexes.

Because both nitric oxide and superoxide have unpaired electrons, they react at

near diffusion-limited rates to form peroxynitrite anion. The diffusion-limited

limit implies that essentially every collision between nitric oxide and superoxide

results in the formation of peroxynitrite. Because small molecules can diffuse much

more rapidly than large proteins, the reaction of nitric oxide is several times faster

with superoxide than the scavenging of superoxide by SOD. This allows nitric oxide

to outcompete SOD for superoxide under physiological conditions. The high intra-

cellular concentrations of SOD, estimated to be as high as 10 �M [34], greatly

reduce the formation of peroxynitrite in vitro. However, the formation of peroxy-

nitrite can still occur in the presence of SOD and is even more favorable than a

simple competitive analysis of the relative rate constants would indicate. This point

is essential for understanding how SOD participates in ALS.

Peroxynitrite is a far stronger oxidant and much more toxic than either nitric

oxide or superoxide acting separately. One can consider peroxynitrite to be a binary

weapon assembled from two less reactive intermediates. Peroxynitrite anion is

remarkably stable. We have kept crystals of peroxynitrite for as long as 10 years with

little decomposition. Peroxynitrite anion has a pKa of 6.8, allowing a substantial

fraction to be protonated at neutral pH. The resulting peroxynitrous acid is far

more reactive, with 30% decomposing to form hydroxyl radical and nitrogen

dioxide (•NO2) [14,44]. In addition, peroxynitrite can react with metal ions bound
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to proteins as well as carbon dioxide that catalyzes the addition of nitro (NO2)

groups to nitrate biological molecules. The most common targets include tyrosine,

tryptophan and guanine.

Tyrosine nitration

The ability of peroxynitrite to nitrate biological molecules has been an important

factor for establishing a role for peroxynitrite in many pathological processes. It is

important to distinguish between nitration, nitrosation and nitrosylation (Figure

3.3). Nitration is the addition of an NO2 group to tyrosine or other chemical moie-

ties. In a biological system, molecules with aromatic rings are more susceptible to

nitration than most other biological molecules. These form stable chemical adducts

that are generally removed by degradation of the macromolecule and secretion in

urine. Nitrosation is the addition of a nitroso (NO) group, which occurs most com-

monly on thiols but also is well known on hydroxyl groups and amines. Thiol nitro-

sation is generally a rapidly reversible process and tends to be rather short lived in

biological systems, where an excess of thiols will reduce S-nitroso groups back to

thiols. Nitrosotyrosine can be formed by the addition of the NO to tyrosine radi-

cals, which is readily reversible [45].

Because the nitro group is a stable chemical modification that dramatically

changes the chemical properties of tyrosine, it can have long lasting effects upon

protein function. The nitro group is a large, bulky addition that is strongly electron

withdrawing. This decreases the pKa of the phenol hydroxy group on tyrosine from

10 to approximately 7.5. At neutral pH, approximately 50% of nitrotyrosine is neg-

atively charged. In the negatively charged form, nitrotyrosine is visibly yellow. We
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Figure 3.3 Structure of nitrotyrosine vs. nitrosotyrosine and tyrosine radical plus nitric oxide.

Nitrosotyrosine is relatively unstable whereas nitrotyrosine is effectively a permanent

modification. The NO group on nitrosotyrosine can move between the oxygen and

3	-carbon of the phenyl group.



initially discovered tyrosine nitration by peroxynitrite by observing that proteins

became yellow after exposure to peroxynitrite. This was particularly dramatic with

bovine CuZnSOD. Bovine SOD contains a single tyrosine far removed from its

active site. However, we discovered that at high concentrations bovine SOD cata-

lyzed the nitration of this tyrosine, turning the normally blue-green SOD into a

yellow enzyme that remained fully active. A careful kinetic analysis showed that one

bovine SOD molecule was forming a complex with peroxynitrite that catalyzed the

nitration of a tyrosine on a completely separate SOD molecule. In a mixture of pro-

teins, SOD will catalyze the nitration of many other proteins before it will catalyze

nitration of itself [46]. Curiously, many of the proteins most susceptible to nitra-

tion in such a complex biological mixture appear to be subunits of structural pro-

teins including neurofilaments and actin [47]. The ability of SOD to catalyze

tyrosine nitration by peroxynitrite led us to propose in 1993 that catalysis of tyro-

sine nitration may be the gain of function accounting for the dominant phenotype

of mutations to SOD in ALS [48].

Because antibodies to phosphotyrosine have been extremely useful, we under-

took the development of antibodies to recognize nitrotyrosine [49,50]. Multiple

polyclonal and monoclonal antibodies were successfully generated and are now

commercially available from several sources. These antibodies work particularly

well for immunohistochemistry. We first described tyrosine nitration occurring in

human atherosclerosis, pulmonary lesions resulting from adult respiratory distress

syndrome and myocarditis [49,51–53]. The literature has rapidly grown to include

over 600 publications showing tyrosine nitration is present in a wide range of dis-

eases [54]. Tyrosine nitration is reported to occur in ALS, Alzheimer’s disease,

Huntington’s disease, multiple sclerosis and bacterial meningitis. Specific antibod-

ies raised to nitrated �-synuclein have been shown to colocalize with Lewy bodies

in Parkinson’s disease and related syndromes [55]. Tyrosine nitration also occurs

in stroke [56], although nitration is not particularly dramatic compared with

inflammatory diseases. Curiously, endothelium in blood vessels in both stroke and

traumatic brain injury appears to be the most susceptible cell type to tyrosine nitra-

tion.

An important contribution by the use of nitrotyrosine antibodies has been to

show that substantial amounts of reactive nitrogen species can be produced in

human diseases. In the early 1990s, strong criticisms were expressed that human

monocytes and other human cells did not produce significant amounts of nitric

oxide and therefore nitric oxide was not playing a major role in human disease

[57–59]. The identification of nitrotyrosine immunohistochemically colocalized

with active inflammatory processes provided dramatic confirmation that reactive

nitrogen species were being produced in substantial quantities in a wide range of

disease processes. It turns out that induction of the inducible nitric oxide synthase
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in humans is regulated by mechanisms quite different from that found in rats and

mice. Only recently have some of the complexities of the regulation of nitric oxide

synthesis in humans been partially unraveled [60,61].

Specificity of the nitrotyrosine antibodies can be confirmed by blocking the

nitrotyrosine antibodies with small peptides containing nitrotyrosine. A second

important control is to treat tissue sections or Western blot membranes with the

potent reducing agent dithionite. Dithionite will rapidly reduce nitrotyrosine to

aminotyrosine, which is not recognized by the antibody. Immunoreactivity is lost

after the treatment. The immunoreactivity can be largely restored by reacting a

dithionite-treated sample with hydrogen peroxide plus copper, which reoxidizes a

substantial portion of aminotyrosine back to nitrotyrosine. The presence of nitro-

tyrosine in these tissue sections can be confirmed by hydrolyzing proteins followed

by high performance liquid chromatography analysis of the individual amino

acids. In some human samples, the amount of nitrotyrosine can exceed 1% of total

tyrosines present in proteins isolated from diseased tissues [62]. While there have

been a number of controversies over possible artifactual formation of nitrotyrosine

during tissue hydrolysis, we have found that these artifacts are relatively easy to

control and minimize. Multiple methods have confirmed high levels of nitrotyro-

sine in essentially all tissues. In addition, for some proteins in tissue samples, acid

hydrolysis can destroy a substantial amount of nitrotyrosine during sample prep-

aration. With appropriate cautions followed during sample preparation, tyrosine

nitration is a useful marker for the formation of peroxynitrite and possibly other

oxidants derived from nitric oxide in biological samples.

Although controversial, we believe that tyrosine nitration is an excellent marker

of peroxynitrite formation in vivo. The production of nitric oxide itself does not

result in tyrosine nitration and can substantially inhibit nitration in vitro.

Substantial criticisms have been raised recently about other mechanisms of tyro-

sine nitration occurring in vivo. Two major culprits that might result in tyrosine

nitration include ·NO2 and nitrylchloride, which can be formed by the reaction of

hypochlorous acid with nitrite [63,64]. Within an acute inflammatory lesion,

multiple mechanisms undoubtedly could contribute to tyrosine nitration occur-

ring at once. We have found that while ·NO2 and nitrylchloride can nitrate free

tyrosine in simple phosphate buffers, these oxidants barely nitrate proteins in

complex biological mixtures because they are simply too reactive with other bio-

logical targets to nitrate tyrosine. In contrast, peroxynitrite is quite efficient at mod-

ifying specific tyrosines in certain proteins in cells [65]. In biological systems, not

all tyrosine nitration necessarily results from peroxynitrite, but strong evidence

indicates that peroxynitrite is likely to play a major role in tyrosine nitration.

Wherever tyrosine nitration occurs in tissues, peroxynitrite is a major contributor

even though other nitration mechanisms could also be operative.
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Tyrosine nitration of selected proteins is difficult to identify by simple Western

blotting using nitrotyrosine antibodies. However, immunoprecipitation with

nitrotyrosine antibodies to enrich nitrated proteins has resulted in approximately

20 different proteins that are nitrated in vivo being identified [54]. The first protein

to be identified as nitrated is manganese (Mn) SOD [66], which is the major enzy-

matic defense against superoxide in mitochondria. Peroxynitrite itself rapidly inac-

tivates MnSOD and results in the selective nitration of three different tyrosines of

six in the protein [67]. Tyrosine 34 near the active site of MnSOD has been shown

to be selectively nitrated by peroxynitrite [68]. However, mutation of this tyrosine

to phenylalanine did not prevent the inactivation of MnSOD by peroxynitrite [69].

Still, nitration of MnSOD and the loss of its enzymatic activity is commonly

observed in many different disease processes and strongly correlated with the pro-

duction of nitric oxide.

Nitration of prostacyclin synthase

Ming Zou and Volker Ullrich have identified prostacyclin synthase as being

remarkably susceptible to nitration and inactivation by peroxynitrite [70–72]. This

enzyme converts the product prostaglandin (PG) H2, produced by cyclooxygenase,

into thromboxane. Submicromolar concentrations of peroxynitrite added to endo-

thelium result in almost complete inactivation of this critical enzyme for maintain-

ing antithrombotic activities of endothelium. Liberation of arachidonic acid by

phospholipases can result in the formation of prostacyclin through two steps

(Figure 3.4). The first step involves activation of cyclooxygenase to oxidize arachid-

onate to PGH2. This enzyme contains an iron that must be converted to a higher

oxidation state to oxidize arachidonate. To fully activate the enzyme, biochemists

have found that a small amount of peroxide must be added to the enzyme to initi-

ate the chemical reactions. The biological source of this peroxide tone in vivo has

remained quite mysterious. Marnett et al. [73] showed that peroxynitrous acid, the

protonated form of peroxynitrite, is an efficient activator of cyclooxygenase in

vitro. More recently, they provided evidence that the formation of peroxynitrite in

vivo is critical to the full activation of cyclooxygenase. On the other hand, peroxy-

nitrite can rapidly inactivate prostacyclin synthase, which would take the product

of cyclooxygenase and turn it into the vasodilating and anti-thrombogenic agent

prostacyclin. Consequently, sustained production of peroxynitrite could com-

pletely inactivate prostacyclin synthase activity in seconds, while leading to the

rapid formation of PGH2. Curiously, PGH2 is almost as effective at activating

thromboxane receptors as thromboxane itself. Therefore, the build up of PGH2 due

to inactivation of prostacyclin synthase will produce the same vasoconstricting

effects even in the absence of thromboxane synthase.
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Consequently, endothelium maintains an anti-thrombotic and vasodilating state

through the combined production of nitric oxide and prostacyclin. However,

inflammatory stimuli can activate superoxide production by endothelium [21,74],

thereby forcing endogenous nitric oxide production to be rapidly converted to per-

oxynitrite. Peroxynitrite will increase the peroxide tone that can fully activate cyclo-

oxygenase to oxidize more arachidonate to PGH2, while shutting down the

synthesis of prostacyclin through irreversible inactivation of prostacyclin synthase.

The accumulating PGH2 can act as thromboxane. In this manner, endothelium in

a blood vessel can become strongly prothrombotic and constricted in a matter of

seconds. While this would have negative effects in stroke and myocardial ischemia,

it is an important adaptive response to limit trauma-induced bleeding and the

spread of infectious agents.

Zou and Ullrich [70–72] have demonstrated nitration of prostacyclin synthase

in atherosclerosis and have shown that exogenous PEG-SOD can prevent nitration

of prostacyclin synthase in endothelium treated with pro-inflammatory stimuli.

Given the propensity of endothelium to become positive for nitrotyrosine after

cerebral ischemia, we suggest that nitration of prostacyclin synthase might be an
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Figure 3.4 Dual actions of peroxynitrite on prostaglandin (PG) biosynthesis. Peroxynitrite can activate

cyclooxygenase by providing the peroxide tone needed to put the iron in a highly oxidized

state. This maximally stimulates the formation of PGH2, which is a precursor for

prostacyclin, thromboxane and PGE2. However, prostacyclin synthase is also rapidly

inactivated and nitrated by peroxynitrite, which results in the accumulation of PGH2. PGH2

has many of the same actions as thromboxane and will rapidly promote platelet

aggregation and vasoconstriction. Thus inactivation of prostacyclin synthase alone is

sufficient to cause the physiological actions of thromboxane even in tissues lacking

thromboxane synthase.



important target of peroxynitrite in vivo. Protection of the endothelium may be a

major contributing factor to explain how PEG-SOD was protective in our middle

cerebral artery model of stroke [27].

Nitration of structural proteins

The other major target for nitration appears to be disassembled subunits of struc-

tural proteins. Structural proteins are the most abundant proteins expressed in

cells. For instance, actin comprises about 8% of total brain protein, while neurofil-

aments are the predominant protein expressed in motor neurons. Structural pro-

teins depend upon making many hydrophobic contacts between subunits to form

stable macromolecular structures. Tyrosine tends to be particularly abundant in

such proteins, occurring in 3% to 5% of total amino acids in a number of structu-

ral proteins. The hydroxyl group on tyrosine can hydrogen-bond to water, allow-

ing it to be relatively hydrophilic but also stable within hydrophobic environments.

When structural proteins are disassembled, many of these tyrosines become

exposed to the solvent that greatly increases their susceptibility to nitration. We

found that neurofilament-L, the smallest member of the neurofilament triplet

family, was particularly susceptible to nitration at tyrosines located in the coiled

coil domain [47].

Nitration of structural proteins can have major functional consequences. When

nitrated neurofilaments are mixed with normal neurofilament protein, they greatly

disrupt the assembly into functional neurofilament protein. Structural proteins are

major targets for attack by peroxynitrite and other reactive nitrogen species because

they are abundant, contain tyrosines that are susceptible to nitration, and nitration

may have profound affects upon their ability to assemble into functional proteins.

Tyrosine nitration adds a bulky hydrophilic group and introduces a negative charge

to an amino acid residue that must normally fit tightly with the surface of other

interacting subunits. Therefore, nitration has the capability of disrupting the

assembly of macromolecular structures. Only a few tyrosines on a minority of sub-

units need to be modified to profoundly disrupt the assembly of functional, struc-

tural elements. In addition, nitrated neurofilaments can be found in the spinal cord

of ALS patients as well as in patients suffering from a variety of other neurological

diseases [75–77]. With the limited data available, one cannot say whether tyrosine

nitration of neurofilament-L is more abundant in patients suffering from ALS

versus other diseases [75].

SOD and motor neuron degeneration in ALS

ALS is characterized by the development of a progressive spastic paralysis resulting

from the relentless death of lower and upper motor neurons. It is estimated that the
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adult spinal cord contains fewer than 1 millon to 2 million motor neurons. The loss

of innervation by motor neurons leads to muscle degeneration, resulting in pro-

gressive paralysis. Motor neurons are the only means for the nervous system to acti-

vate muscles and thereby translate thought into action. Their complete loss

eliminates the ability to communicate with the outside world.

In a landmark paper appearing in 1993, an international collaboration led by

Siddique and Brown identified mutations to CuZnSOD as causing ALS in about

20% of familial patients [78]. Familial patients account for only about 10% of all

patients suffering from this disease, so SOD mutations occur in only 2% to 3% of

all ALS patients. No other defects in antioxidant defenses have been consistently

identified in ALS. Of the ALS patients carrying SOD mutations, over 70 different

mutations have been identified to the SOD protein [79]. The vast majority of these

mutations are missense point mutations occurring in all five exons of this small

protein. The SOD mutations are dominant, suggesting that they somehow confer

a gain of function [79]. Overexpression of certain SOD mutations in transgenic

mice results in the mice developing progressive paralysis [80]. In contrast, knock-

ing out the endogenous mouse SOD gene does not result in the development of

motor neuron disease [81], although motor neurons in these mice are more sus-

ceptible to injury.

To better characterize what the toxic gain of function might be for these muta-

tions to SOD, we expressed a variety of the mutants in bacteria and purified the

protein. Expression of the mutants was experimentally difficult to achieve because

they have a much greater tendency to form inclusion bodies that could not be

refolded into active SOD protein. However, small amounts of the protein could be

expressed and purified. Working carefully to incorporate one zinc atom and one

copper atom per subunit, we found that a range of the SOD proteins folded to give

perfectly normal, functionally active CuZnSODs [82]. These SOD proteins scav-

enged superoxide at the same rate as the wild-type enzyme and also catalyzed tyro-

sine nitration by peroxynitrite of neurofilament proteins to the same extent as the

wild-type enzyme [47]. While we could demonstrate no gain of function for the

fully metal-containing form of the enzyme, it became clear that much of the SOD

protein lacking zinc had been discarded during the purification procedures. This

led us to the idea that the ALS mutants may have diminished affinity for zinc

[82,83]. Similar conclusions were reached by Valentine’s group [84].

The ALS-associated SOD mutations occur at sites that structurally weaken the

�-barrel that forms the predominant backbone of the SOD protein [85,86].

Because zinc is held about 7000-fold less tightly than copper by the SOD protein,

structural defects are more likely to cause the loss of zinc relative to copper [82].

Experimentally, we were able to demonstrate that the ALS mutants do have slightly

smaller affinities for zinc as compared with the wild-type protein, and that one can
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roughly order zinc affinity of the SOD mutations with the rate of disease progres-

sion after diagnosis. There is no clear correlation with the age of onset.

The loss of zinc from SOD leads to a visibly distinct protein with different bio-

chemical properties [87]. CuZnSOD is a blue-green protein, whereas zinc-deficient

SOD is azure-blue. When ascorbate is added to the blue-colored zinc-deficient

SOD, the protein quickly becomes colorless for a period of minutes until all the

ascorbate is fully oxidized. The blue color gradually reappears as oxygen is reduced

to superoxide. In the presence of a low concentration of nitric oxide, peroxynitrite

can apparently be made by the reaction of nitric oxide with oxygen being reduced

by the zinc-deficient SOD (Figure 3.5). In effect, zinc-deficient SOD can operate in

reverse, stealing electrons from antioxidants present in the cell to reduce oxygen to

superoxide, and can even catalyze the formation of peroxynitrite. Curiously, the

addition of wild-type CuZnSOD does not slow the formation of peroxynitrite by

zinc-deficient SOD. This is important because it shows how mutant SODs through

the loss of zinc can confer a toxic gain of function involving oxidative stress, even

in the presence of a large excess of wild-type CuZnSOD.

We have been able to show that a similar mechanism can operate within motor

neurons in culture. To do this, we utilized a motor neuron system initially charac-

terized by Alvaro Estévez during his Ph.D. work in Luis Barbeito’s laboratory in
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Figure 3.5 Zinc-deficient SOD is highly toxic to motor neurons because it can generate both

superoxide and nitric oxide. The copper in zinc-deficient SOD rapidly oxidizes intracellular

antioxidants such as ascorbate to become reduced. The reduced copper slowly reacts with

oxygen and nitric oxide to form peroxynitrite, which is able to induce apoptosis in motor

neurons.



Uruguay. Motor neurons are one of the two neuronal cell cultures that can be

grown in essentially pure culture without a mixture of neuronal types. When grown

in the presence of any of several different trophic factors, motor neurons freshly

isolated from embryonic day 15 spinal cords of rats will attach in cell culture plates

and begin to spread neurites [88]. By day 3 an axon becomes clearly distinguished

and by day 7 motor neurons take on what appears to be a mature phenotype of a

motor neuron. If motor neurons are deprived of trophic factors under these culture

conditions, they will still attach to plates and send out neurites for the first 12 to 24

hours. Then apoptosis occurs, with the vast majority of neurons dying within 3

days. Blockade of nitric oxide synthesis within these trophic factor-deprived motor

neurons blocks the increase in apoptosis and keeps motor neurons alive for at least

6 days [88]. Generation of a constant flux of about 100 nM nitric oxide reversed the

protection provided by nitric oxide synthase inhibitors to trophic factor-deprived

motor neurons. However, this low flux of nitric oxide itself was not toxic to motor

neurons cultured in the presence of trophic factors. Consequently, nitric oxide itself

did not cause the death of the motor neurons. In addition, low molecular weight

superoxide dismutase mimics, as well as liposomal delivery of CuZnSOD to motor

neurons, were equally protective, blocking nitric oxide production [89]. As motor

neurons were undergoing cell death, they became immunoreactive for nitrotyro-

sine. These results strongly indicate that trophic factor deprivation resulted in

motor neurons producing peroxynitrite as an essential intermediate leading to

apoptosis in these cells.

The results indicate that trophic factor deprivation somehow was activating a

source of superoxide within motor neurons. So far, we have ruled out xanthine

oxidase as a source of superoxide. More surprising was a recent discovery that nerve

growth factor-deprived sympathetic neurons undergo cell suicide by turning on an

NADPH oxidase [22]. This NADPH oxidase is normally found on the plasma

membrane of inflammatory cells such as neutrophils and macrophages. However,

strong evidence has been found that this oxidase can be expressed in neurons as

well. At present, we do not know whether motor neurons express NADPH oxidase,

but we are actively investigating this.

The ability to deliver SOD entrapped in liposomes enabled us to test the effects

of metal status on the toxicity of SOD in vitro [89]. We expressed four different ALS

mutants as well as wild-type SOD and prepared them to contain both copper plus

zinc, as well as in the zinc-deficient state [87]. Delivery of wild-type CuZnSOD and

any of the four ALS mutant SODs protected motor neurons from trophic factor

deprivation equally well. These results indicate that the ALS mutant genes can yield

fully active enzymes that are protective to motor neurons. However, the zinc-

deficient SODs – whether ALS mutant or wild-type SOD – induce the death of

motor neurons in the presence of trophic factor deprivation. This toxicity was
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blocked by inhibition of nitric oxide synthesis and was accompanied by the accu-

mulation of tyrosine nitration. Copper chelators, such as bathocuproine, could fully

protect against the toxicity of zinc-deficient SOD. John Crow (unpublished results)

has separately shown that the copper from zinc-deficient SOD can be readily

removed by bathocuproine in vitro. Further experiments showed that the apoSOD

was not toxic to the motor neurons [87]. In addition, delivering copper citrate or

copper bovine serum albumin at the same concentrations of the SOD protein was

also not toxic to the motor neurons. These results indicate that copper in zinc-defi-

cient SOD was increasing the death of motor neurons through the formation of per-

oxynitrite. Overall these results indicate that the loss of zinc from either wild-type

or ALS mutant SOD is sufficient to cause the death of motor neurons. This suggests

that mutations to SOD do not directly confer a gain of function on the protein but

rather increase the susceptibility to the loss of zinc, and that the zinc-deficient SOD

is responsible for the dominant gain of function. This provides an exciting connec-

tion whereby SOD may participate in sporadic ALS as well as in familial ALS.

Currently it is not possible to prove that zinc-deficient SOD is present in motor

neurons. No one has been able to measure the amount of zinc bound to different

proteins in vivo for any enzyme system. The problem is even more difficult with

motor neurons, since they constitute less than 1% of the total cell volume in the

spinal cord. Nevertheless, we are working to develop antibodies with phage display

methodologies that bind selectively to zinc-deficient SOD to further test this

hypothesis.

Concluding remarks

In experimental animals, administration of SOD as well as overexpression of the

SOD protein can have profound protective effects in cerebral ischemia, trauma and

in some models of neurodegeneration. Protection by PEG-SOD administered into

the circulation suggests that the endothelium of the blood–brain barrier is an

important target for oxidative stress in stroke. This is in part confirmed by the ten-

dency to see increased nitration of the endothelium in stroke. Recent work by

Ullrich’s group strongly suggests that prostacyclin synthase is a major target of oxi-

dative injury in these models. Nitration of prostacyclin synthase could have pro-

found effects for understanding cerebral vasospasm that can result after trauma,

stroke and subarachnoid hemorrhage.

In addition, nitrative and oxidative stresses directly affect the survival of

neurons. The discovery of mutations to SOD causing ALS shows how surprisingly

selective and subtle oxidative stress might be. Increasing the expression of

CuZnSOD in neurons clearly shows that additional scavenging of superoxide can

have protective effects. However, the loss of a zinc atom can turn this normally
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protective antioxidant protein into a potentially toxic form that appears to work in

reverse to increase oxidative stress at the expense of lower molecular weight anti-

oxidants. Recognition that specific targets of oxidative stress exist points the way

toward identifying these targets, which will help to develop antioxidants as useful

therapeutic strategies to attack cerebral injury.
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Interaction between inducible nitric oxide
and cyclooxygenase-2 in ischemic brain
injury

Costantino Iadecola
Center for Clinical and Molecular Neurobiology, University of Minnesota, Minneapolis, MN

Introduction

Cerebral ischemic injury is the end product of a multitude of pathogenic factors

acting in a coordinated fashion [1]. Thus ionic and chemical changes, initiated by

ischemia-induced energy failure, lead to a wide variety of biochemical and genomic

effects that ultimately result in tissue damage (Figure 4.1) (reviewed by ref. 2).

These biochemical and molecular events are associated with marked cellular

changes (reviewed by ref. 3). While neurons and glia develop swelling, circulating

white cells adhere to cerebral endothelial cells and invade the brain parenchyma.

Furthermore, astrocytes and microglia become activated, while macrophages accu-

mulate in the injured areas [4]. Invasion of the brain tissue by blood-borne white

cells and the activation of microglia contribute to the development of brain damage

[1]. However, the mechanisms by which these inflammatory cells exert their dele-

terious effects are not well understood. Evidence accumulated over the past several

years suggests that nitric oxide (NO) and cyclooxygenase (COX) products are

involved in the mechanisms by which postischemic inflammation contributes to

ischemic brain injury [1]. In this chapter, this evidence will be reviewed and dis-

cussed in the context of the interactions between NO produced by inducible nitric

oxide synthase (iNOS) and COX-2.

Neuromodulatory and neurotoxic actions of nitric oxide

NO is a molecular mediator that is synthesized by the enzyme NOS from L-arginine

[5]. Three isoforms of NOS have been described: neuronal NOS (nNOS), endothe-

lial NOS (eNOS), and iNOS. eNOS is found mainly in endothelial cells, while

nNOS is present in a selected group of neurons [6]. eNOS and nNOS are expressed
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constitutively and their activity is regulated by intracellular calcium [6].

Consequently, nNOS and eNOS produce “bursts” of NO during transient eleva-

tions in intracellular calcium. In contrast, iNOS is not normally present in most

cells, but its expression is transcriptionally induced in pathological states, typically

those associated with inflammation [7]. At variance with nNOS and eNOS, iNOS
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Figure 4.1 Summary of some of the mechanisms involved in ischemic brain injury. The reduction in

oxidative phosphorylation produced by ischemia leads to ionic and chemical changes in

the affected cells, which in turn lead to reprogramming of gene expression. Thus,

immediate early genes, genes encoding for heat shock proteins (HSP), and genes for

proteins involved in inflammation (cytokines, chemokines, adhesion molecules, iNOS,

COX-2, etc.) and apoptosis (p53, Bax, Bad, Bcl-2, etc.) are expressed. These biochemical

and molecular events lead to activation of “executioner” mechanisms that result in cell

death. These include, for example, activation of proteases (calpain, caspases) DNase,

phospholipases, and poly(ADP-ribose) polymerase (PARP). In addition, free radicals

produce direct damage to cell membranes and proteins. The concerted action of these

executioner mechanisms produces structural and functional changes leading to cell

death.



is not regulated by intracellular calcium and continuously synthesizes large

amounts of NO [8]. Therefore, NO production by iNOS is thought to mediate

some of the cytotoxic effects associated with inflammation [9].

NO and ischemic brain injury

There is substantial evidence that NO is involved in ischemic brain injury. The role

of NO has been studied most extensively in rodent models of cerebral ischemia pro-

duced by occlusion of the middle cerebral artery (MCA). Depending upon the cel-

lular compartment in which NO is generated, and on the stage of evolution of

ischemic brain injury, this mediator can have either beneficial or deleterious effects

(reviewed by refs. 10 and 11). Immediately after induction of ischemia the vasodi-

lator effect of NO, produced mainly by eNOS, protects the brain by limiting the

degree of flow reduction produced by the arterial occlusion [12]. However, after

ischemia develops, NO, produced initially by nNOS and later by iNOS, contributes

to the evolution of the brain injury [10]. The following section will focus on the

role of iNOS.

iNOS and ischemic brain injury

Expression of iNOS occurs in the setting of the inflammatory reaction that involves

the ischemic brain (reviewed by refs. 13 and 14). iNOS message, protein and enzy-

matic activity are expressed in the postischemic brain after permanent or transient

MCA occlusion (MCAO) in rodents [15–18]. The expression peaks 12 to 48 hours

after ischemia (Figure 4.2) and occurs in inflammatory cells that infiltrate the

injured brain and in cerebral blood vessels. Recently, iNOS expression was studied

in patients who died within 24 hours after a major stroke. iNOS immunoreactivity

was found within neutrophils and vascular cells in the injured brains [19].

Interestingly, cells containing iNOS immunoreactivity were also positive for nitro-

tyrosine, a relatively specific marker of NO-derived peroxynitrite [20]. This finding

indicates that iNOS is catalytically active in the postischemic human brain. The

observation that iNOS is present in the human brain after stroke suggests that iNOS

expression may be involved in the mechanisms of cerebral ischemia in humans as

well.

The role of iNOS in ischemic stroke has been studied using relatively selective

iNOS inhibitors such as aminoguanidine or 1400GW [21,22]. These drugs were

administered beginning 12 to 24 hours after MCAO, because iNOS is expressed

many hours after the induction of ischemia. It was found that iNOS inhibition

reduced the infarct volume by 30% to 40% [18,21,22]. Importantly, the reduction

in histological damage was associated with an improvement in neurological deficits
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produced by the stroke [23]. Aminoguanidine did not influence cerebral blood

flow, suggesting that the protection is not related to the preservation of postis-

chemic blood flow [21]. These pharmacological data suggest that NO produced by

iNOS contributes to the late stages of ischemic injury.

To provide non-pharmacological evidence of a role for iNOS in ischemic injury,

mice lacking iNOS were used [24]. iNOS null mice did not express iNOS in the

brain after MCAO [25]. It was found that iNOS null mice had smaller infarcts

(�30%) and a better neurological outcome than wild-type littermates [25]. The

reduction of infarct volume was more marked in homozygous rather than in

heterozygous iNOS mice [26]. This observation is consistent with a gene-dosing

effect of iNOS deletion. Because the reduction in cerebral blood flow produced by

MCAO did not differ between iNOS null mice and controls, the protection could

not result from cerebrovascular effects of iNOS deletion [25]. Furthermore, the

reduction in infarct volume could not be attributed to effects on the cellular reac-

tion that occurs after ischemia, because the degree of neutrophilic infiltration and

astrocytic activation was comparable in iNOS null mice and controls [25].

Interestingly, the magnitude of protection resulting from deletion of the iNOS gene

depends on the age of the mice. Thus the reduction in infarct volume is more

marked at 1 or 2 months of age than at 6 months [27]. Although the precise mech-

anisms of the age dependence of the protection conferred by iNOS deletion remain

to be defined, these observations suggest that age is an important variable in studies

of neuroprotection in mice.

50 C. Iadecola

Figure 4.2 Time course of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2)

mRNA expression in brain following transient focal cerebral ischemia produced by

occlusion of the rat middle cerebral artery (MCA) (data from ref. 35).



COX gene expression and inflammation

COX-2 is another gene that is expressed during inflammation. Cyclooxygenases are

rate-limiting enzymes in the synthesis of prostaglandins and thromboxanes [28].

Two isoforms of COX have been described: COX-1 and COX-2. COX-1 is thought

to play a role in platelet aggregation, gastric secretion and renal function, and is

expressed in many cells [29]. COX-2 is constitutively expressed in excitatory

neurons, wherein it is localized to dendritic spines [30,31]. In many organs, COX-

2 expression is upregulated by a wide variety of stimuli, such as inflammatory

mediators and mitogens [32]. In models of inflammation, COX-2 reaction prod-

ucts are believed to be destructive and to contribute to cytotoxicity [33]. The tox-

icity of COX-2 has been attributed to production of reactive oxygen species and

toxic prostanoids [33].

COX-2 and cerebral ischemia

After cerebral ischemia, COX-2, mRNA and protein are upregulated, peaking 12 to

24 hours after ischemia [34–36] (Figure 4.2). COX-2 is expressed in neurons and

vascular cells located at the border of the ischemic territory [35,36]. In neurons,

COX-2 is expressed both in cells that exhibit ischemic changes, and in cells that are

structurally normal [35]. Recently, COX-2 has also been found to be expressed in

the human brain after ischemic stroke [37].

The role of COX-2 in the mechanisms of cerebral ischemia has not been com-

pletely elucidated. In a model of focal ischemia [35], initial data suggest that the rel-

atively selective COX-2 inhibitor NS-398 reduces infarct volume by 20% to 30%

[35]. Furthermore, COX-2 inhibition also reduced neuronal damage in a model of

global cerebral ischemia [38]. The fact that delayed administration of NS-398 (6

hours after MCAO) reduces cerebral ischemic damage supports the notion that

COX-2 is involved in the late stages of ischemic injury. However, evidence that NS-

398 acts exclusively on COX-2 activity is lacking. NS-398, like other COX inhibi-

tors, may also have effects on gene transcription, which may play a role in its

protective effect [39,40].

Interaction between iNOS-derived NO and COX-2

Another line of evidence, suggestive of a pathogenic role for COX-2 in the mecha-

nisms of cerebral ischemia, is provided by studies in which the interaction between

NO produced by iNOS and COX-2 was investigated. iNOS and COX-2 are

expressed with a similar time course and in cells that are close to each other, after

cerebral ischemia [41] (Figure 4.2). The spatial and temporal proximity of iNOS
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and COX-2 suggest that NO – or a derived species, possibly peroxynitrite – could

activate COX-2 and enhance the toxic output of the enzyme (see refs. 42–44)

(Figure 4.3). This possibility is supported by studies demonstrating that selective

inhibition of iNOS reduces COX-2 reaction products in the postischemic brain

[41]. Furthermore, COX-2 reaction products are reduced in iNOS null mice, which

do not produce iNOS-derived NO after ischemia [41]. These data, collectively,

suggest that NO produced by iNOS may “drive” COX-2 activity in the postischemic

brain and increase COX-2 reaction products. Recent experimental evidence
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Figure 4.3 Model of interaction between iNOS-derived NO and COX-2. NO, or a derived species,

possibly peroxynitrite, interacts with COX-2 and increases its catalytic activity. The

mechanisms of the effects have not been elucidated, but they may include: (i) binding of

NO to the heme group of COX-2 resulting in increased enzymatic activity; (ii) reduction of

COX-2 autoinactivation; and (iii) increase in availability of arachidonic acid (AA), the

substrate for COX-2 (see also ref. 44). For abbreviations see Figure 4.2.

Figure 4.4 Potential pathogenic consequences of iNOS and COX-2 in the postischemic brain. iNOS-

derived NO and COX-2 reaction products could contribute to ischemic injury by

independent pathogenic mechanisms (possibility A). On the other hand, the deleterious

effects of NO could be, in part, mediated through COX-2 reaction products (possibility B).

For abbreviations, see Figure 4.2.



supports this hypothesis. If iNOS-derived NO and COX-2 reaction products con-

tribute to ischemic injury by independent pathogenic mechanisms (Figure 4.4A),

then administration of COX-2 inhibitors to iNOS null mice should further reduce

the damage. On the other hand, if the deleterious effects of NO are, in part, medi-

ated through COX-2 reaction products (Figure 4.4B), then COX-2 inhibitors

should not reduce the volume of damage in iNOS null mice. Accordingly, we

administered NS-398 to iNOS null mice and wild-type controls [45]. We found that

NS-398, while conferring neuroprotection in wild-type mice, did not reduce

ischemic damage in iNOS null mice [45]. In contrast, the nNOS inhibitor 7-

nitroindazole reduced the volume of injury in iNOS null mice, suggesting that the

lack of effect of NS-398 was not due to the fact that iNOS null mice were maximally

protected [45]. These findings suggest that iNOS-derived NO must be present in

order for COX-2 to exert its deleterious effects after cerebral ischemia. Therefore,

in this model, COX-2 reaction products are important mediators in the toxicity

exerted by NO generated during postischemic inflammation.

While the interaction between iNOS and COX-2 provides additional evidence

that COX-2 activity may be deleterious to the ischemic brain, the role of COX-2 in

ischemic brain injury is far from clear. It has long been known that COX reaction

products contribute to the regulation of cerebral circulation [46]. Recent data in

COX-2 null mice indicate that COX-2 reaction products participate in the mecha-

nisms coupling synaptic activity to blood flow in the somatosensory cortex [47].

Thus COX-2 inhibition might have effects on cerebrovascular regulation that could

alter the outcome of cerebral ischemia. The cerebrovascular effects of COX-2’s

potential contribution to ischemic injury need to be assessed and characterized

more extensively. Furthermore, COX-2 is expressed in excitatory neurons, wherein

it is likely to play a role in synaptic transmission and plasticity [31]. Therefore,

COX-2 inhibition may have effects on regenerative processes involved in functional

recovery after stroke. Further studies addressing these issues are required to clarify,

in full, the role of COX-2 in ischemic brain injury.

Conclusion

The data reviewed in this chapter suggest that iNOS and COX-2 play a critical role

in the mechanisms of the delayed evolution of ischemic brain injury. However,

iNOS and COX-2 do not produce damage by entirely separate mechanisms and, as

such, they do not act as distinct pathogenic entities. Rather, NO generated by iNOS

seems to be critical for the expression of the damage mediated by COX-2 reaction

products. The evidence suggests that COX-2 reaction products are additional

mechanisms by which NO exerts its cytotoxic actions. The findings reviewed here

support the idea that there are important interactions among the multitude of
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pathogenic factors contributing to ischemic brain injury. These complex interac-

tions should be taken into consideration in the development of treatment strate-

gies combining multiple therapeutic approaches.
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Introduction

Preconditioning to ischemic tolerance is a phenomenon in which brief episodes of

a subtoxic insult induce a robust protection against a lethal ischemic insult. The

beneficial effects of preconditioning were first demonstrated in the heart. It is now

clear that preconditioning can induce ischemic tolerance in a variety of organ

systems, including the brain. Preconditioning stimuli are quite diverse, ranging

from transient ischemic episodes, spreading depression [1], hypoxia [2], anoxia

[3], chemical inhibition of oxidative phosphorylation [4] exposure to excitotoxins

and cytokines [5–8].

There are two temporally and mechanistically distinct types of protection

afforded by preconditioning stimuli; acute and delayed. Acute preconditioning is

protein synthesis independent, mediated by post-translational protein modifica-

tions. Acute preconditioning is short lived, of the order of minutes to hours. Delayed

preconditioning requires new protein synthesis and is sustained for days to weeks.

Elucidation of the molecular mechanisms that are involved in preconditioning and

ischemic tolerance might lead to the identification of drugs that mimic this protec-

tive response and improve the prognosis of patients at risk for ischemic injury.

Neuronal ischemic preconditioning was first reported by Kitagawa and co-

workers [9] in gerbils subjected to sublethal transient global ischemia. CA1 hippo-

campal neurons exhibited reduced neuronal death after a severe ischemic insult 24

to 48 hours later. In the brain, ischemic preconditioning is mediated largely

through the activation of the N-methyl--aspartate (NMDA) receptors through

increases in intracellular calcium and requires new protein synthesis [10–14]. The

acquisition of tolerance in the brain occurs over a relatively long period of time and

persists for days. Requirements for the induction of tolerance depend, in part, on

the experimental model, whether global or focal ischemia, and the animal species

studied [9,15–19].
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Changes in protein expression after preconditioning events

Many investigators have observed changes in protein expression or post-transla-

tional protein modifications after a preconditioning event. Preconditioning selec-

tively induces a decrease in the levels of the NMDA receptor NR2A and NR2B

subunits and a modest decrease in the levels of the NR1 subunit proteins in the syn-

aptosomal fraction of the neocortex, but not the hippocampus [20]. Since ischemic

tolerance is calcium dependent it is possible that restricted calcium influx through

calcium channels may, in part, mediate the protective effects of preconditioning.

RNA editing of the GluR2 subunit of �-amino-3-hydroxy-5-methyl-4-isoxazole

propionic acid (AMPA) receptors determines receptor desensitization and calcium

permeability. After ischemic tolerance, RNA editing of Q/R is unaltered but the R/G

editing of the GluR2 subunit in the hippocampus is reduced by approximately 20%

[21]. The effect of this reversible editing on the development of tolerance, if any, is

not known.

In a rat model of focal ischemia, tolerance can be induced in the cortex [15,16]

by the middle cerebral artery (MCA) suture method. Three 10 minute intervals of

transient ischemia induce robust protection against subsequent 100 minute MCA

occlusion, with a substantial reduction in infarct volumes measured 72 hours later.

This approach does not induce significant changes in regional cerebral blood flow

in the tolerant regions. In this model, the heat shock protein 70 (HSP70) is induced.

Other stress proteins, such as grp75 and grp78 are not significantly altered [22].

Induction of HSP72 is also observed in hippocampal slices exposed to a precondi-

tioning stimulus [23]. After transient global ischemia in rats and gerbils HSP27 and

HSP70 are induced in the hippocampus, neocortex and thalamic nuclei [18,24,25].

It is not known whether induction of HSPs is necessary or sufficient to mediate the

neuroprotection observed in tolerance. In the two-vessel occlusion model of global

ischemia in the rat, protein kinase C� is translocated to cell membranes during pre-

conditioning and is rapidly removed or degraded during the second otherwise

lethal ischemic insult [26].

The induction of tolerance in CA1 neurons of the hippocampus may promote

recovery of vulnerable cells from the initial responses to ischemia, which include

blockade of protein synthesis, disaggregation of polysomes and dissolution of

microtubules [27]. Preconditioning induced expression of Bcl-2 in the CA1 region

of the hippocampus 30 hours after 2 minutes of ischemia in gerbils. The Bcl-2

protein was not detected at 12 hours and maximal expression was observed 4 days

after the ischemic insult [28]. Although Bcl-2 can mediate neuroprotection, the

role for Bcl-2 in tolerance is not yet clear. Cycloheximide induces a robust expres-

sion of Bcl-2 [29], but cycloheximide prevents the induction of tolerance in vitro

[10]. Therefore, expression of the anti-apoptotic Bcl-2 protein may contribute to
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the induction of tolerance, but it may not be necessary for the expression of toler-

ance. Preconditioning markedly attenuates activation of p53 and its target genes

p21 (WAF1/Cip1) and PAG608/Wig-1 [30], suggesting that repression of pro-

apoptotic genes may also contribute to neuroprotection.

Mechanisms of ischemic tolerance

To gain a better understanding of signaling mechanisms, ischemia has been

modeled in culture systems by combined oxygen glucose deprivation (OGD) [31].

Tolerance can be induced in vitro by brief OGD [10,11]. The salient features of

ischemic tolerance observed in vivo [32] can be replicated in this culture model

system: tolerance is dependent on NMDA receptor activation, but not on AMPA or

kainate receptor activation, and requires calcium influx and new protein synthesis

[10,11]. The demonstration of OGD-induced tolerance in vitro has provided a

powerful means of determining which signaling pathways are activated during pre-

conditioning exposure to OGD and assessing the functional significance of these

signaling events.

Nitric oxide (NO)

In a newborn rat model of hypoxic preconditioning, exposure to sublethal hypoxia

for 3 hours renders animals on postnatal day 6 resistant to cerebral hypoxic–

ischemic insult imposed 24 hours later. In this model, preconditioning does not

involve inducible nitric oxide synthase (NOS) or neuronal NOS (nNOS), but is

dependent on NO produced by endothelial NOS to mediate protection [2]. In the

rat hippocampal slice model, nNOS-derived NO is involved in neuroprotection

mediated by anoxic preconditioning [3]. Preconditioning improves electrical

recovery after anoxia in hippocampal slices, with no significant changes in reduced

nicotinamide adenine dinucleotide hyperoxidation [3]. In culture models, a sig-

nificant loss of neuroprotection occurs when NMDA receptor antagonists are

present during the OGD preconditioning stimulus [10,11]. Application of the

NOS inhibitor nitro-L-arginine during the preconditioning episode blocks the

protective actions of preconditioning by ~70%, and coadministration of an excess

of the NOS substrate L-arginine restores protection (Figure 5.1). NO donors

induce tolerance in a dose-dependent manner, indicating that NO is a key media-

tor in processes leading to tolerance against lethal ischemia. The potent and selec-

tive inhibitor of guanylyl cyclase ODQ has no effect on ischemic preconditioning,

nor does the cell-permeable cyclic GMP (cGMP) analog 8Br-cGMP elicit toler-

ance, thus ruling out a role for guanylyl cyclase in NO-mediated tolerance to OGD

[10].
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Figure 5.1 Nitric oxide (NO) mediates OGD preconditioning. Sixty minutes of OGD (60	 OGD) results

in approximately 60% neuronal cell death. Brief (5 minutes), sublethal OGD 24 hours

prior to exposure to 60 minutes of OGD (5	 OGD /60	OGD) results in survival of primary

cortical neurons. OGD tolerance is blocked by the NOS inhibitor nitro-L-arginine (N-Arg)

(100 �M) (5	 OGD�NArg/60	 OGD). Coadministration of excess NOS substrate L-Arg (1

mM) restores OGD tolerance (5	 OGD�N-Arg�L-Arg/60	 OGD). *P�0.001 when

comparing 60	 OGD with 5	 OGD/60	 OGD, or 5	�N-Arg�L-Arg/60	 OGD. Significance

was determined by a balanced two-way analysis of variance (ANOVA) with a Student’s t

test at †P�0.001 when comparing 5	 OGD/60	 OGD with 5	 OGD�N-Arg/60	 OGD. OGD

tolerance can be partially induced by 5 minutes of exposure to 10 �M of the NO donors

diethylenetriamine nitric oxide adduct (DETA/NO), or ethyl-2-hydroxyimino-5-nitro-3-

hexeneamide (NOR3). Significance was determined by a balanced two-way ANOVA with a

Student’s t test at *P�0.001 when comparing 60	 OGD to 5	 DETA/NO/60	 standard error

(SEM) OGD, or 5	 NOR3/60	 OGD. Each point is the mean standard error (SEM) (n�8)

of at least two separate experiments. Each point reflects a minimum of 16 000 to 30 000

neurons counted. (The figure is modified from ref. 10 with permission. Copyright 2000

National Academy of Sciences, USA.)



p21Ras

Functional analysis of OGD tolerance in cortical cultures has been extended to sig-

naling downstream of nNOS activation. Lander and colleagues [33] have previ-

ously shown that p21Ras is a target of NO and is activated by redox-sensitive

mechanisms. Recently, we demonstrated NO-induced activation of p21Ras after

NMDA receptor stimulation in primary cortical cultures [34]. How NO activates

Ras is unknown. Direct activation of Ras may occur via NO-mediated nitrosylation

of a critical cysteine residue [33] or NO nitrosylation of Ras could promote an

interaction with a critical guanine nucleotide exchange factor that leads to Ras acti-

vation. Ras-dependent signaling pathways are involved in gene transcription, reg-

ulation of synaptic plasticity, neuronal growth and survival [35,36]. Robust

activation of Ras is observed during a 5 minute preconditioning exposure to OGD

in an NMDA receptor- and NO-dependent, but cGMP-independent manner.

Inhibition of Ras during the preconditioning event, pharmacologically or with

dominant negative mutants to Ras, completely abolishes the development of toler-

ance (Figure 5.2). Expression of a constitutively active form of Ras is sufficient to

induce protection against lethal OGD. Ras activation mediates preconditioning

and tolerance to OGD [10].

Ras signaling mediates cell survival through activation of the phosphoinositol 3-

kinase (PI3K)/Akt or Raf/Erk effector cascades [37–39]. The PI3K/Akt pathway is

involved in anti-apoptotic signaling in cerebellar granule cells and in peripheral

sympathetic and sensory neurons [40,41]. Neither pharmacological inhibition nor

dominant negative mutants to PI3K have any effect on the development of toler-

ance to OGD, indicating that PI3K activity is not essential for ischemic precondi-

tioning of cortical neurons [10]. However, PI3K/Akt-dependent signaling may be

important for protection of peripheral neurons or spinal cord neurons.

Extracellular-signal-regulated kinases (Erks)

Ras also signals through the mitogen-activated protein kinase (MAPK)/Erk

pathway. In this signaling cascade, Ras engages the serine/threonine kinase Raf,

which activates Mek (MAPK/Erk kinase). Mek, in turn, phosphorylates and acti-

vates p42 and p44 Erks. The sequential interactions in the Ras/Erk signaling

pathway permit regulation, integration and amplification of the initial signals to

promote a graded temporal and spatial response. MAPK/Erk signaling cascades are

linked to diverse neuronal processes, including long-term potentiation, synaptic

plasticity, consolidation of memory, development, cell survival and cell death

[35,42,43]. Ischemic preconditioning requires new protein synthesis and is sus-

tained for long periods of time. It is a form of neuronal plasticity.

Recent reports indicate that Erk signaling may be important for the development

of ischemic preconditioning. Hypoxia stimulates rapid Erk phosphorylation in the
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cortex of rats in an NMDA receptor-dependent manner [44]. Increased phosphor-

ylation of Mek and Erk has been observed in the CA1 region of the hippocampus

in a rat model of global cerebral ischemic preconditioning [45]. We have recently

demonstrated a functional requirement for the Ras/Erk signaling pathway in the

acquisition of tolerance in vitro. Dominant negative mutants to Raf, Mek and Erk2

all blocked the development of tolerance to OGD and the OGD-induced activation

of Erk in primary cortical cultures (Figure 5.3). Conversely, constitutively active Raf
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Figure 5.2 Ras activity is necessary and sufficient for OGD preconditioning. OGD tolerance is blocked

by the Ras inhibitor FPT Inh III (FPT III 250 �M) and by expression of a dominant negative

Ras mutant via adenovirus vector Ad.DN-Ras. Viruses containing the lacZ gene were used

to control for non-specific effects of the recombinant viral systems (data not shown). A

constitutively active form of Ras expressed by an adenoviral vector (Ad.CA-Ras) induces

neuroprotection against 60 minutes of OGD. Each point is the meanSEM (n�8) of at

least two separate experiments. Each point reflects a minimum of 16 000 to 30 000

neurons counted. Significance was determined by a balanced two-way ANOVA with a

Student’s t test at *P�0.001 comparing 60	 OGD with 5	 OGD/60	 OGD, or Ad.CA-Ras-60	

OGD; †P�0.001 when comparing 5	 OGD/60	 OGD with 5	 OGD�FPT III/60	 OGD, or

Ad.DNRas/5	 OGD/60	 OGD. (The figure is modified from ref. 10 with permission.

Copyright 2000 National Academy of Sciences, USA.)
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Figure 5.3 The Raf/Mek/Erk cascade is required for OGD preconditioning. Functional analysis of the

role of Raf/Mek/Erk signaling in OGD preconditioning. Expression of a dominant negative

mutant to Raf (Ad.DN-Raf) in primary cortical neurons blocks the development of OGD

tolerance, and a constitutively active Raf (Ad.CA-Raf) is capable of conferring

neuroprotection against lethal OGD. Significance was determined by a balanced two-way

ANOVA with a Student’s t test at *P�0.001 when comparing 60	 OGD with 5	 OGD/60	

OGD or with Ad.CARaf/60	 OGD; †P�0.001 when comparing 5	 OGD/60	 OGD with

Ad.DNRaf-5	 OGD/60	 OGD. Pharmacological inhibition of Mek with PD98059 (50 �M) or

expression of a dominant negative mutant to Mek (Ad.DN-Mek) prevents OGD tolerance,

and constitutively active Mek (Ad.CA-Mek) induces protection against 60 minutes of OGD.

*P�0.001 when comparing 60	 OGD with 5	 OGD/60	 OGD or Ad.CAMek/60	 OGD;

†P�0.001 when comparing 5’ OGD/60’ OGD with Ad.DNMek-5	/60	 OGD. Expression of

a dominant negative mutant to Erk (Ad.DN-Erk2) blocks OGD tolerance in a manner

similar to its upstream signaling mediators. †P�0.001 when comparing 5	 OGD/60	 OGD

to Ad.DNErk-5	 OGD/60	 OGD. Each point is the meanSEM (n�8) of at least two

separate experiments. Each data point reflects a minimum of 16 000 to 30 000 neurons

counted. (The figure is modified from ref. 10 with permission. Copyright 2000 National

Academy of Sciences, USA.)



and Mek mutants induced neuroprotection against 60 minutes of OGD and were

capable of activating similar levels of Erk phosphorylation. Our results indicate

that all of these signaling mediators, Ras, Raf, Mek and Erk are required for the

development of tolerance [10].

Since induction of neuronal ischemic tolerance is dependent on new protein

synthesis, and the development of tolerance is blocked by cycloheximide [10], the

profound protection derived from preconditioning may result from transcriptional

activation of neuroprotective proteins by the NMDA/NO/p21Ras/Erk pathway

(Figure 5.4). Erk activation can stimulate nuclear transcription factors such as Elk-

1 and the cyclic AMP response element binding protein (CREB) [46]. These

transcription factors stimulate the transcription of immediate early response genes,

which, in turn, induce the delayed response genes that influence neuronal activity

including growth factors, enzymes that synthesize neurotransmitters, synaptic

vesicle proteins, ion channels and structural proteins [47,48]. Elk-1 and CREB are

attractive candidate molecules for mediating the effects of preconditioning.

Alternate activators of neuronal preconditioning

Glutamate receptor activation can elicit the production and release of brain-derived

neurotrophic factor (BDNF) [49], which can signal through activation of the

Ras/Erk pathway [50]. However, BDNF administration for 5 minutes does not

induce OGD tolerance in primary cortical cultures and specific anti-BDNF antibod-

ies or TrkB receptor bodies failed to block tolerance to OGD, thus ruling out a sig-

nificant role for BDNF in OGD tolerance [10]. BDNF may, however, play a role in

spreading depression-induced tolerance [1,51] and recent studies have ascribed a

role for nNOS in mediating the neuroprotection induced by cortical spreading

depression [52,53]. BDNF is markedly neuroprotective against neonatal hypoxic-

ischemic brain injury in vivo [54]. In this model, intracerebroventricular adminis-

tration of BDNF to rats on postnatal day 7 results in phosphorylation of extracellular

signal regulated kinase (ERK)1/2, and pharmacological inhibition of ERK reversed

the neuroprotective effects of BDNF on hypoxic–ischemic brain injury [54].

As in cardiac preconditioning, adenosine may play a role in neuronal precondi-

tioning and acute ischemic tolerance [55,56]. Activation of adenosine receptors

confers a wide time window of ischemic tolerance, lasting up to 72 hours, the early

(immediate) part of which depends on the opening of KATP channels [55,57,58]. It

is not yet known whether there is a signaling pathway similar to that observed in

the heart, and whether there is interaction of this pathway with the NO, Ras/Erk

signaling pathway.

Tumor necrosis factor-alpha (TNF-�) is a preconditioning stimulus that can

induce ischemic tolerance. A transient 10 minute occlusion of the MCA induces
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Figure 5.4 Ischemic preconditioning. Preconditioning can occur in two phases, acute and delayed.

Acute preconditioning is due to post-translational modification of proteins and has a brief

duration of minutes to hours. Delayed preconditioning requires new protein synthesis and

is sustained for days to weeks. Delayed neuronal ischemic preconditioning is mediated

largely through the activation of the NMDA receptors (NMDAR), involves increased

intracellular calcium and requires new protein synthesis. The NMDA receptor is coupled to

neuronal nitric oxide synthase (nNOS) via the scaffolding protein PSD-95 effectively

coupling calcium influx with nNOS activation and NO production. In primary cortical

cultures NMDA receptor stimulation leads to NO-induced activation of p21Ras.

Subsequently, Raf, Mek and Erk are activated. Inhibition of any of these steps during the

preconditioning event is sufficient to prevent preconditioning from developing. It is yet

unknown which transcriptional elements are activated or which protein(s) mediates

tolerance; however, Elk-1 and CREB are attractive potential transcriptional candidates.



expression of TNF-� mRNA [59]. Exposure to TNF-� in vivo induced precondi-

tioning in a time- and dose-dependent manner in mice that were subsequently sub-

jected to MCA occlusion 48 hours after the preconditioning stimulus [7]. In vitro,

TNF-� preconditions primary cortical cultures against subsequent hypoxia or

OGD [6]. TNF-� exposure activates release of the second messenger, ceramide.

Inhibition of ceramide synthase by fumonisin blocks preconditioning [5,6]. Thus

an alternative preconditioning stimulus is stimulation of the ceramide second mes-

senger system. Ceramide has been implicated in intracellular signal transduction

systems regulating such diverse activities as cellular differentiation, activation, sur-

vival and apoptosis. As such, this is another attractive signaling pathway for elicit-

ing long-term neuronal plasticity.

Conclusion

Preconditioning sets in motion a series of signaling cascades that ultimately result

in profound neuroprotection due to expression of newly synthesized proteins.

Preconditioning leading to tolerance is a novel form of neuronal plasticity that may

share common signaling pathways with other forms of neuronal plasticity includ-

ing long-term potentiation, long-term depression and hyperalgesia. However, the

challenge in harnessing the preconditioning pathways is that glutamate, NO or

cytokines, including TNF-�, play an important role in acute stroke in promoting

ischemic damage [15]. In order to develop new therapeutic strategies it is impor-

tant to separate the neuroprotective pathways from the neurotoxic pathways

induced by these stimuli.
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Clinically tolerated NMDA receptor
antagonists and newly cloned NMDA
receptor subunits that mimic them
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Center for Neuroscience and Aging, The Burnham Institute, La Jolla, CA

Excitotoxic and free radical injury to cerebrocortical neurons

In recent years, excitotoxic (glutamate-related) and free radical-mediated

injury/cell death of neurons has been recognized as an important final common

pathway in a variety of neurological diseases, ranging from acute ischemic stroke

and trauma, to chronic neurodegenerative conditions such as Huntington’s disease,

amyotrophic lateral sclerosis, Alzheimer’s disease and human immunodeficiency

virus-associated dementia [1–5]. Many laboratories, including our own, have

shown that neuronal cell death in these maladies is all due at least in part to the

excitotoxic and free radical nature of the insult. We have further demonstrated that

fulminant insults with glutamate and free radicals lead to severe energy depletion

with resultant loss of ionic homeostasis. This produces swelling and cell lysis or

necrosis. Conversely, more mild insults produce only transient energy loss and

result in neuronal apoptosis [6,7]. Moreover, the existence of a final common

pathway for neuronal damage means that a similar therapeutic approach may pos-

sibly be effective for each of these varied insults.

Therapeutic approaches to preventing cerebrocortical neuron injury: glutamate
receptor antagonists

A major type of glutamate receptor-mediated cerebrocortical neuron injury is due

to overstimulation of the N-methyl--aspartate (NMDA) subtype of receptor

[8,9]. Although other glutamate receptors can contribute to excitotoxicity, the

NMDA receptor is particularly important because of its extreme permeability to

Ca2�, which in excess can overload mitochondria and lead to excessive enzyme

activity and free radical formation. Previously, multiple attempts to develop clini-

cally tolerated NMDA receptor antagonists have failed because of problems with
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side effects [5,10]. After all, the NMDA receptor is important in normal function-

ing of the nervous system, for example, in many central nervous system pathways

mediating long-term potentiation, thought to represent a cellular correlate of

learning and memory.

NMDA receptor antagonists: open-channel block and S-nitrosylation

We have developed a series of drugs that interfere only with excessive activation of

NMDA receptor-operated ion channels and leave relatively spared normal, physio-

logical activity [11–13]. In this manner, side effects are avoided. Interestingly, one

such agent that we have developed, the open-channel blocker memantine, is of rel-

atively low affinity and thus spares normal function. However, it is of high selectiv-

ity so it does not block the functioning of other receptor types. Our laboratory has

used this therapeutic approach to prevent apoptosis and necrosis in various neuro-

nal cell types bearing NMDA receptors, including cerebrocortical neurons. In fact,

memantine recently passed a series of five phase III clinical trials for vascular

(multi-infarct) dementia and Alzheimer’s disease in both Europe and the USA. The

drug is now marketed in Europe as a neuroprotectant and is being considered for

approval by the Food and Drug Administration in the USA.

We have also described redox modulatory sites, consisting of several critical cys-

teine residues on the NMDA receptor that appear to act biophysically as they gain

control of the receptor. In simple terms, these sites, similar to memantine blocking

the NMDA receptor-operated ion channel only when it is open for excessively long

(pathological) periods of time, act like a volume control on your television set. By

turning down the volume, we can avoid excessive stimulation of the cell by NMDA

receptors, thus avoiding excitotoxic cell death. Reduction–oxidation (redox)-

related forms of nitric oxide (NO) can react with some of these cysteine residues by

a novel chemical reaction that we and our colleagues have characterized, known as

S-nitrosylation (representing transfer of the NO group to a cysteine sulfhydryl).

This reaction affords neuroprotection to cerebrocortical neurons as well as to other

types of neuron [4,14,15]. We have also combined these redox-active drugs with

channel blockers such as memantine to produce new therapeutic agents, called

nitro-memantines, that act as if they modulate two volume control knobs on your

television set (see Figure 6.1 for sites of action). In this manner, we can not only

target the NO group to the NMDA receptor using memantine, thus avoiding sys-

temic side effects such as hypotension, but also fine tune receptor activity even

more precisely to prevent neuronal cell damage. By combining structure/function

information about the NMDA receptor in this manner and by obtaining crystal

structure information at the sites of drug interaction, we hope to design even better

and safer therapeutic reagents.
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A new family of NMDA receptor subunits that act as modulatory agents

Recently, while studying drug–receptor interactions, we cloned and characterized

a new family of NMDA receptor subunits, termed NR3. In the case of NR3A, the

first family member that we cloned, the subunit acts in a novel manner somewhat

akin to that of memantine and NO-related species to downmodulate NMDA recep-

tor activity by acting as a “volume control”. In this case, when expressed in conjunc-

tion with the previously known NR1 and NR2 subunits of the NMDA receptor,

NR3A decreases the unitary current and the degree of Ca2� permeability of the

channels [16,17]. This is the first ligand-gated channel subunit to be found to man-

ifest this type of regulatory behavior. This new family of subunits may therefore be

of therapeutic importance, and indeed preliminary evidence obtained from NR3A

knockout mice that we have generated suggests that NR3A may protect the young

nervous system from excitotoxic damage during development.
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Figure 6.1 Schematic drawing of the NMDA receptor–channel complex, which is stimulated (left)

by NMDA or glutamate. Glycine acts as a coagonist. There are several modulatory sites

that regulate the degree of cation (Na� and Ca2�) influx. These modulatory sites include:

(i) the channel, where Mg2� or various drugs such as MK-801, phencyclidine and

memantine bind; (ii) a pH-sensitive region where H� exerts an effect; (iii) a polyamine

binding site; (iv) a Zn2� binding site; (v) a redox site consisting of at least five critical thiol

(-SH) groups, one of which reacts predominantly with an oxidized congener of NO

(supplied, for example, by nitroglycerin) and, in some cases, may facilitate disulfide bond

formation.



Events downstream to the NMDA receptor

Additional studies in our laboratory have characterized a series of downstream sig-

naling pathways that lead to apoptosis and are triggered by excessive stimulation

of NMDA receptors in cerebrocortical neurons (Figure 6.2). These pathways

include (i) mitochondrial Ca2� overload with subsequent cytochrome c release

[18], (ii) free radical production (reactive nitrogen intermediates, such as NO, and

reactive oxygen species, such as superoxide anion) [4,6], (iii) p38 mitogen-acti-

vated protein kinase (MAPK) -induced phosphorylation/activation of myocyte
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enhancer factor 2 (MEF2) transcription factor [19,20] and (iv) caspase activation

with DNA fragmentation and apoptosis [21,22]. Interestingly, we have shown that

NO-related species can react not only with critical cysteine residues on the NMDA

receptor but also with a cysteine residue in the active site of caspases to downreg-

ulate excessive enzymatic activity and prevent neuronal apoptosis [15,23]. As men-

tioned above, we have termed this reaction S-nitrosylation, and it consists of

transfer of NO-related species (specifically NO�, with one less electron than ·NO)

to the thiol group of critical cysteine residues on proteins to control their function

[24].

MEF2C, the predominant form of the MEF2 transcription factor family in the

cerebral cortex, was initially cloned in our laboratory [19]. Recently, it has been

found that the stress-activated MAPK p38 can activate MEF2 in an apparently

Ca2�-dependent manner, and that this pathway can lead to apoptosis [25].

Preliminary data suggest that caspase activation can be both upstream (initiator

caspases) and downstream (effector caspases) in the p38/MEF2 pathway.

Interestingly, in transfecting dominant interfering and constitutively active forms

of p38 and MEF2C, we have recently demonstrated that activation of the

p38/MEF2 pathway exerts the opposite effect during neuronal development,

namely preventing apoptosis. In fact, transfection with MEF2C can drive precur-

sor cells into a neuronal phenotype, acting as a master switch in controlling neuro-

nal differentiation [20]. A better understanding of this pathway may well lead to

new antiapoptotic drugs in the central nervous system. For example, p38 antago-

nists are already in advanced clinical trials for a variety of degenerative conditions

such as arthritis, and our preliminary work suggests that they may be useful in pro-

tecting neurons from excitotoxic and traumatic insults [25].

Conclusions and future perspectives

After a series of highly publicized failed clinical trials, NMDA receptor antagonists

were all but given up for dead with regard to neuroprotection in stroke and other

neurological disorders. Recently, we discovered that drugs thought not to work so

well because of their low affinity could be harnessed as neuroprotectants if they

were of high selectivity. In fact, our group has shown that one such drug, meman-

tine, acts only to block excessive (pathological) glutamate effects and leaves rela-

tively spared normal neurotransmission. This drug has now passed five phase III

clinical trials for vascular (multi-infarct) dementia and Alzheimer’s disease and

holds promise for acute stroke therapy as well. Newer drugs using these principles

of clinically tolerated neuroprotection appear to be even more promising in pre-

clinical work. Additionally, we have cloned a new family of NMDA receptor sub-

units that mimic the effects of these drugs by downregulating excessive NMDA
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receptor activity. These new developments have rekindled interest in the NMDA

receptor and have shown that clinical treatment with these drugs, if done in a

manner that avoids the side effects of high affinity agents, can be realized.
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Extensive research over the past several years has led to the elucidation of genetic

and biochemical pathways involved in apoptosis (from the Greek apo�away from,

and ptosis�falling), which is often referred to as the program for cell death.

Concurrently, studies in stroke and degenerative diseases have sought to address

the underlying mechanisms of neural cell death in these disease states. Interestingly,

initial attempts to map the results from apoptosis mechanistic studies onto the pat-

terns observed in neurological diseases have resulted in something of a paradox. On

the one hand, the expression of genes associated with neurodegenerative diseases,

such as mutants of sod1 associated with amyotrophic lateral sclerosis or mutants of

�-amyloid precursor protein associated with Alzheimer’s disease, has been shown

to induce apoptosis in cultured cells [1,2]; on the other hand, studies in vivo have

not disclosed classic apoptosis as the major route of neuronal cell death in any of

the major neurodegenerative diseases [3–5]. Initially, it was thought that this may

simply be because the rate of cell death in neurodegenerative diseases is slow

enough that it is difficult to capture enough neurons in the act of apoptosis (which

is typically a relatively rapid program, occurring over minutes to a few hours in cul-

tured cells) to demonstrate a clear increase in disease states. However, accurate

transgenic models of these diseases have allowed a careful enough evaluation to

identify many dying neurons, with the resultant demonstration that these do not

display the morphological features of apoptosis [3–5].

What are the potential resolutions to this apparent paradox? Several possibilities

exist, none of which is mutually exclusive. For example, several recent reports have

demonstrated that at least some features of the apoptotic program can be activated

at the synapse [6–8]. This phenomenon has been referred to as “synaptosis”,

although it is not yet clear whether neurite retraction actually results from this
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process [9]. Nonetheless, the identification of apoptotic biochemistry in the syn-

aptic regions raises the possibility that classic apoptosis may be largely lacking in

some neurological conditions because the apoptotic program may be activated at

the synapse but not the soma. However, this would then lead to the question of why

the apoptotic program is not activated in the soma under these conditions.

Another possibility is that the analysis of apoptosis may fail to take into account

alternative, non-apoptotic programs of cell death. Is there any basis on which to

believe that such alternative programs may exist? If one assumes that developmen-

tal neuronal cell death is programmatic, and that different morphologies reflect

different biochemical mechanisms, then there is: developmental neuronal cell

death has been described as being of type 1, 2 or 3 [10] (Table 7.1). Type 1 cell death,

also referred to as the nuclear form [11], demonstrates all of the morphological fea-

tures of apoptosis. Type 2 cell death, also referred to as autophagic cell death, fea-

tures autophagosomes apparently derived from lysosomes. Type 3 cell death has

been divided into two subtypes, type 3A and type 3B [12]. Type 3B, which appears

to be much more common than type 3A, has also been referred to as the cytoplas-

mic form [11]. This form of cell death has been described in developing chick

spinal cord motor neurons, duck trochlear nucleus and neonatal rat superior col-

liculus, among other locations. It features cytoplasmic vacuolation, derived pre-

dominantly from the endoplasmic reticulum and, later during the process, from

the mitochondria.

The molecular mechanisms underlying apoptosis have been increasingly well

defined over the past several years. At the heart of the process are the caspases, a

family of cysteine proteases that cleaves at specific aspartate residues [13]. These

proteases have been divided into three groups, based on their substrate preference:

although all groups cleave with Asp in the P1 position, the effector caspases such as
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Table 7.1. Comparison of different types of developmental neuronal cell death

Type 1 Type 2 Type 3

Morphologically Nuclear; apoptosis Autophagic Cytoplasmic; paraptosis

similar designations

Morphological features Chromatin condensation, Autophagosomes Cytoplasmic vacuoles derived

nuclear fragmentation, predominantly from ER and

apoptotic bodies mitochondria

Examples of inhibitors Caspase inhibitors; some 3-Methyladenine ?

Bcl-2 family members

References 11,23 10,16 11,12,17

Notes:

ER, endoplasmic reticulum.



caspase-3 and caspase-7 tend to prefer Asp in the P4 position (i.e., three residues

amino-terminal to the P1 position, after which cleavage occurs) [14]. In contrast,

the initiator caspases such as caspase-8 and caspase-9 tend to prefer aliphatic amino

acids such as Val in the P4 position. The inflammation-associated caspases such as

caspase-1, caspase-4 and caspase-5 tend to prefer large residues such as Trp or Tyr

in the P4 position.

In contrast to apoptosis, the molecular mechanisms underlying types 2 and 3 cell

death are virtually unknown. Recent work has suggested that type 2 (autophagic)

cell death may be mediated in at least some cases by Ras [15,16].

We have recently been studying a programmed form of cell death that is non-

apoptotic by its lack of terminal deoxynucleotidyl transferase-mediated uridine 5	-

triphosphate-biotin nick end labeling staining, lack of apoptotic morphology at the

light and electron microscopic levels, lack of caspase activity (measured as cleavage

of a synthetic substrate, DEVD-AFC (Asp-Glu-Val-Asp-aminofluorocoumarin)),

lack of internucleosomal DNA cleavage, lack of phosphatidylserine flipping (meas-

ured as Annexin-V staining) and lack of inhibition by apoptosis inhibitors includ-

ing p35 (a general caspase inhibitor), zVAD.fmk (a general caspase inhibitor),

Boc-aspartyl-fluoromethylketone (a general caspase inhibitor), and Bcl-xL [17] (S.

Castro-Obregon et al., unpublished data). Morphologically, it is indistinguishable

from the type 3B, or cytoplasmic, form of cell death, featuring cytoplasmic vacuo-

lation that appears to derive primarily from endoplasmic reticulum and mitochon-

dria. Because of this cytoplasmic vacuolation, it resembles cell deaths labeled as

necrotic, but it is programmed, on the basis of its block by inhibitors of transcrip-

tion and translation. These findings raise the question of whether some cell deaths

previously labeled necrotic (e.g., some ischemic neuronal cell deaths), on the basis

of morphology, may in fact be due to an alternative, non-apoptotic program of cell

death. If so, it will be of interest to characterize this alternative program and

develop effective inhibitors.

Our studies began with the evaluation of dependence receptors [18–20], which

are receptors that induce cell death when expressed in their unliganded state, but

inhibit cell death when bound by their ligands. Although most of these appear to

induce apoptosis, we found that one of the candidate dependence receptors,

insulin-like growth factor I receptor (IGFIR), may induce non-apoptotic cell death

[17]. Surprisingly, despite its lack of morphological similarity to apoptosis and its

lack of inhibition by broad caspase inhibitors, we found that IGFIR-induced non-

apoptotic programmed cell death could be blocked by a catalytic mutant of

caspase-9 that functions as a dominant negative (but not by other catalytic mutant

caspases). Furthermore, the expression of caspase-9 was found to induce both

apoptotic and non-apoptotic cell death, and these two forms could be dissected by

the use of caspase inhibitors such as zVAD.fmk and BAF, which blocked caspase-9-

induced apoptosis but not caspase-9-induced non-apoptotic cell death.
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Furthermore, we identified mutations within caspase-9 that blocked apoptosis but

enhanced non-apoptotic cell death [17]. Additional support for a separation of

apoptosis from non-apoptotic programmed cell death was provided by DNA

microarray analysis, which showed almost no overlap between the genes differen-

tially expressed in these two forms of cell death (S. Castro-Obregon et al., unpub-

lished data).

These results suggest that a form of programmed cell death that is non-apoptotic

by criteria of morphology and biochemistry may nonetheless be mediated by a

caspase. Because of the relationship of this form of cell death to apoptosis, we

dubbed this paraptosis, from para (related to) and apoptosis. Despite the overlap of

paraptosis and apoptosis based on caspase-9 involvement, however, paraptosis

does not appear to be induced by classic, apoptotic caspase-9 activity: as noted

above, the two effects could be separated both by caspase inhibitors and by muta-

tions in caspase-9. These results suggest that caspase-9 may actually display two

separable activities, although it is as yet unclear whether the pro-paraptotic activ-

ity is proteolytic, and, if so, whether it is due to cleavage with Asp in the P1 posi-

tion of substrates that mediate paraptosis or whether it is due to cleavage at residues

other than Asp.

It is of interest to ask under what conditions cell deaths with morphological sim-

ilarity to paraptosis may occur. Of course, morphological similarity does not nec-

essarily imply biochemical similarities; however, in the case of apoptosis,

morphologically similar cell deaths have typically turned out to have similar under-

lying proteolytic activation. In the case of paraptosis, morphologically similar cell

deaths have been described during neuronal development [11], in a transgenic

model of amyotrophic lateral sclerosis [3,5], and in some cases of cell death in

simple organisms [21,22]. These latter findings raise the question of whether par-

aptosis may have preceded apoptosis evolutionarily. In addition, as noted above,

some cell deaths assumed to be necrotic, based on morphological criteria, may turn

out to be programmed.
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Apoptotic gene expression in brain ischemia
and ischemic tolerance

Roger P. Simon
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Introduction

It is now clear that the process of apoptotic cell death plays a major role in the

outcome of acute ischemic injury in the brain, and there is evidence that these gene

families may play a role in the phenomenon of ischemic tolerance as well. These

genes and their translated proteins are widely distributed throughout the body and

diffusely represented in the brain. Thus, while their overall death modulatory role

is known, precisely what the activity of a particular apoptotic or anti-apoptotic

gene product might be in a particular cell type in a specific paradigm of ischemia

is not clear, clouding the pathway to therapeutic translation. A few of these central

issues are reviewed below.

Anti-apoptotic gene expression in ischemia and tolerance are not cell-type
specific

These features are clearly demonstrated in focal ischemia. Using the intraluminal

suture method, one can produce ischemic infarction in the caudate putamen while

producing a penumbral effect in the cortex. In such a situation there is widespread

induction of the prosurvival gene product, Bcl-2. However, expression in the

penumbral cortex is almost entirely neuronal, while in the ventral-cortical regions

close to the ischemic core, the predominant cell type expressing Bcl-2 is astroglial.

Bcl-2 is expressed in the infarct core as well where neither neurons nor glia survive.

The cells expressing Bcl-2 there are the endothelial cells of the surviving blood

vessels (Figure 8.1) [1]. Virtually the identical picture is seen in experiments inves-

tigating a newly described Bcl-2 family member with a 46% homology to Bcl-2:

Bcl-w. Thus, cell survival genes are seen in cells in the ischemic brain which will

survive regardless of their cell type. Cells that are committed to die, such as those

in the CA1 sector in global ischemia, express the death modulatory gene bax [2].
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Thus, while dying cells express a gene product that induces death and surviving

cells produce a gene product that is pro-survival, a pure cause and effect relation-

ship has a component of retrospective deduction. The question of cause and effect

is illustrated in ischemic tolerance. In the model of transient focal ischemia induc-

ing tolerance to subsequent prolonged focal ischemia, the tolerance phenomenon

is not seen during the first 24 hours but is present subsequently and is maximal at
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Figure 8.1 Bcl-2 immunostaining in coronal brain sections from rats 24 hours after 60 minutes of

middle cerebral artery occlusion. (A) Contralateral cortex; (B) contralateral caudate;

(C) Bcl-2 induction in neurons (arrows) in frontoparietal cortex; (D) Bcl-2 induction in a

few neurons (short arrows) and vessels (long arrows) in the caudate; (E) Bcl-2 induction

in a few neurons (straight arrows) and mainly in microglia (curved arrows) in the infarct

border zone; (F) the cortical section incubated in the absence of primary antibody for Bcl-

2. Bars�20 �m. (Data from ref. 1.)



3 days (Figure 8.2A) [3]. If one looks for the presence of a putative neuroprotec-

tive protein in this model, its expression should follow the time course of the

induction of tolerance. In this regard the neuroprotective chaperone protein

HSP70 fails such a test as it is robustly induced in cortical neurons by 24 hours.

However, if the effector cell producing the phenomenon of tolerance were to be

shown to be astroglial, then HSP70 is a candidate as its expression in glia is not seen

until 48 hours [3].

Apoptotic gene expression in ischemia and tolerance are not regionally
specific

In focal ischemia with reperfusion, the caudate infarcts and the cortex become

penumbral. The cell survival proteins (Bcl-2 and Bcl-w) are induced in cortical

neurons, presumably providing protection. That neuroprotection is being pro-

vided by Bcl-2 is supported by an increase in the infarction size in the setting of Bcl-

2 antisense administration in vivo (Figure 8.3), which results in an attenuation of

the expression of this anti-apoptotic gene product [4] . If one reduces the duration

of transient focal ischemia in this model, then tolerance is induced in the striatum

(Figure 8.2B). In this circumstance, Bcl-2 (the presumed neuroprotective element)

is shown to be expressed in neurons within the striatum. The tolerance phenome-

non, to subsequent severe transient focal ischemia, can be blocked in the striatum

with Bcl-2 antisense (S. Shimuzu, S.H. Graham & R.L. Zhu, unpublished data).
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Figure 8.2 (A) Ischemic tolerance. Preconditioning (Con) ischemia (30 minutes) significantly reduced

(P�0.05) the volume of hemispheric damage when performed 3 days (d) before 100

minutes of ischemia. (Data from ref 3.) (B) Striatal tolerance. Preconditioning ischemia

(20 minutes) conferred protection against 60 minutes of middle cerebral artery occlusion

(MCAO) when performed 3, 5 or 7 days previously (S. Shimuzu, S.H. Graham & R.L. Zhu,

unpublished data).



Apoptotic gene expression in ischemia and tolerance are not injury-type
specific

The phenomenon of apoptotic gene expression is one that is found in multiple

organ systems. The phenomenon of tolerance is also broadly represented and

perhaps most prominently investigated in the heart [5]. Both apoptotic gene

expression and tolerance occur in paradigms other than focal ischemia. In ische-

mia per se the paradigms to induce tolerance are multiple and include focal ische-

mia protecting against global ischemia, global ischemia protecting against focal

ischemia, focal ischemia protecting against focal ischemia, and global ischemia

protecting against global ischemia [5]. Ischemic tolerance has also been demon-

strated in the spinal cord [6].

Epilepsy is another acute circumstance in which anti- and pro-apoptotic gene

expression is upregulated. In epilepsy, the CA3 sector of the hippocampus is the

most vulnerable and the CA1 less so. In this circumstance the pro-apoptotic gene
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Figure 8.3 The effect of Bcl-2 antisense oligo on infarct volume in rat brains after 1 hour of ischemia

and 72 hours of reperfusion. Antisense, but not sense, oligo increases infarct volume in

both the cortex and caudate putamen, compared with cerebrospinal fluid (CSF)-treated

brains. (Data from ref. 4).



Bax is expressed in the CA3 sector while the anti-apoptotic gene bcl-2 has its

expression in the CA1 sector [7]. This is the opposite circumstance to the pyrami-

dal cell regions expressing the genes in ischemia, demonstrating that a given hip-

pocampal sector is not vulnerable because of the apoptotic gene (pro- or

anti-apoptotic) it is solely capable of inducing, but rather that multiple gene prod-

ucts can be induced from the same cell population. In epilepsy acute cell injury and

death occurs. If one quantifies this effect in the highly vulnerable CA3 sector using

a marker of injury (HSP70 expression) and cell death (acid fuchsin staining), a

dose–response curve between the seizure duration and these markers can be found.

If one then pretreats the animal with an epileptic stimulus and subsequently repeats

the epileptic event one can show the development of a marked degree of tolerance

against epileptic brain injury [8]. As in ischemia, this tolerance is not present in the

first 24 hours but is maximally induced at 3 days and persists through 5 days (Figure

8.4).

Additionally, hyperthermic or hypoxic treatment of neonatal rats protects the

brain from subsequent ischemia. Interestingly, neither of the preparatory stimuli

inducing tolerance produced HSP70 expression [9]. An additional example is the

cross-protection of kainic acid-induced seizures and global ischemia upon neuro-

nal injury from either stressor [10]. Remarkably, ischemic preconditioning protects

against traumatic brain injury as well [11].
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Figure 8.4 Epileptic tolerance. Effects of prior, bicuculline-induced seizures on the expression

of HSP72-like immunoreactivity in the CA3c sector of the hippocampus. (Data from

ref. 8.)



Apoptotic gene expression in ischemia (and perhaps tolerance) is not protein
specific

A host of proteins are upregulated in ischemia and are candidates for programmed

cell death effectors and cell survival proteins in the setting of ischemia and the

induction of tolerance phenomena. Proteins are likely to be responsible in substan-

tial measure as their modulation can alter the outcome of ischemic injury [4] and

protein-sensitive inhibitors block the induction of the phenomenon of tolerance.

In focal ischemia, bcl-2 is upregulated in neurons, glia and endothelial cells that

survive [1]. When one looks at surviving cells in focal ischemia with attention to

the bcl-2 family gene product, Bcl-w, one sees exactly the same pattern; neurons in

penumbral cortex, astrocytes in the transition zone and endothelial cells in the

ischemic core express the survival factor. Further, the survival protein is expressed

in noninjured neurons, i.e., those which do not show DNA fragmentation. Within

a given neuron the Bcl-2 protein is found in the cytosol, but with ischemia it colo-

calizes with a marker for the mitochondrial membrane. Bcl-2 and Bcl-w (and

perhaps Bcl-xL, which has a 42% homology to Bcl-2) function similarly in ischemia

because they share the BH1–3 binding domains that are essential for heterodimer-

ization with pro-apoptotic Bcl-2 family members. In addition, they contain the

transmembrane C-terminal domain, which allows translocation to the mitochon-

drial membrane. Why this redundancy of function among Bcl family members

exists is unknown. However, the similarity of these proteins does not completely

explain their effect in the ischemic neuron. For example, it has been shown that Bcl-

w protects against apoptosis induced by overexpression of Bax or Bad, but not that

induced by the pro-apoptotic Bcl-2 family member Bak or Bik, even though Bcl-w

is able to heterodimerize with all four proteins [12]. On the other hand, A1 protein,

a Bcl-w homologue, although unable to bind to either Bax or Bad remains capable

of blocking Bax- and Bad-induced cytotoxicity [12]. In addition, certain BH

mutants of Bcl-xL that do not bind Bax, retain anti-apoptotic activity [13,14].

Therefore, alternative mechanisms for apoptosis regulation by Bcl-2 family

members exist that are independent of simple binding domains. One such mecha-

nism is the stabilization of the mitochondrial membrane (Figure 8.5), perhaps by

inhibiting the opening of the mitochondrial transition pore, which attenuates cyto-

chrome c release (Figure 8.6) and resultant caspase induction [15,16].
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Figure 8.5 Effects of Bcl-w and cyclosporin A (CsA) on calcium-induced (100 �mol/l) loss of

mitochondrial transmembrane potential (��) in isolated brain mitochondria. �� was

determined by measuring the uptake of rhodamine-123 fluorescence. The protonophore

CCCP (10 �mol/l), served as the positive control (100%) for �� loss. Data are meanSD of

three different experiments. *P�0.05, **P�0.01, ***P�0.0001 vs. calcium-treated group

without inhibitors (analysis of variance and post hoc Fisher’s t tests). (Data from ref. 16)

Inducer

Bcl-w (µg/ml)

Supernatant

Pellet
(mitochondria)

-     Bax    Ca   Bax   Bax    Ca

-        -        -      50     250   250

Cyt c

Cyt c

Figure 8.6 Effects of Bcl-w on cytochrome c (Cyt c) release from isolated brain mitochondria induced

by Bax or calcium (Ca). Mitochondria were incubated with the recombinant Bax protein

(50 �g/ml) or calcium (100 �mol/l) for 1 hour in the presence or absence of Bcl-w at the
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Introduction

Ischemic brain disease is a serious cause of neurological disability, with profound

social and economic consequences. Ischemic strokes in large-vessel territories

damage both gray and white matter. In addition, white matter may be preferentially

injured by infarcts in the distribution of small penetrating arteries [1]. The

pathophysiology of hypoxic–ischemic injury of white matter can be expected to

have unique features in comparison to gray matter because white matter contains

no synapses or neuronal soma, but instead has myelinated axons and oligo-

dendrocytes. One of the important lessons learned is that energy deprivation

engages different mechanisms of injury in glial cells as compared with neuronal cell

bodies or axonal processes [2–4]. A detailed understanding of the mechanisms of

central nervous system white matter injury would be of central importance in

designing more effective neuroprotective and therapeutic strategies for this injury.

To fully protect brain function against anoxia/ischemia, it is necessary to preserve

the functional integrity of white matter as well as gray matter. Surviving neuronal

populations whose axonal connections have been destroyed or disabled would be

functionally useless.

Although white matter is most often severely affected in human stroke, studies

of rodent stroke models rarely note white matter injury. In part this is because a

considerably smaller proportion of the mouse or rat brain comprise white matter.

The mature human brain is approximately 50% white matter [5] whereas far less

of the rodent brain is white matter. In the lissencephalic brain, cerebral infarction

may indeed be confined to the cortical gray matter. Furthermore, special histolog-

ical techniques are required to detect injury to white matter components.

Therefore, therapies targeting gray matter may appear especially effective in
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rodents. Ischemic brain injury in humans might be minimized by therapeutic strat-

egies designed to reduce white as well as gray matter damage. To develop such

approaches, we need more information about the cellular mechanisms of white

matter ischemic injury.

Cell culture approaches to white matter injury

In vitro models are often used to generate hypotheses about brain injury mecha-

nisms and to develop new therapeutic approaches. The major cellular elements of

white matter in the central nervous system are axons, oligodendrocytes, astrocytes,

microglia and endothelial cells. Since each of these cell types is readily isolated, their

vulnerability to hypoxic and toxic insults can be modeled in vitro. This chapter will

focus on current information obtained from culture models that examine hypoxic

injury of white matter cellular elements.

Advantages and disadvantages of cell culture approaches

Cell culture models offer obvious advantages for cell biological studies. Cells may

be examined before, during and after carefully controlled toxicity paradigms.

Direct tissue effects of hypoxia–ischemia can be isolated from effects on the brain

vasculature. Some, but not all aspects of tissue ischemia can be modeled in culture

by energy depletion caused by oxygen–glucose deprivation (OGD) in a sealed

chamber, or by chemically induced energy depletion caused by agents such as

cyanide or 2-deoxyglucose. In vitro models allow more precise control of the dura-

tion and severity of this exposure. Since cells in a tissue culture dish are accessible,

observations can be made of several attributes during an experiment. These param-

eters may be as diverse as electrophysiology, morphology, membrane integrity and

ion, molecule and even organelle changes and movement. Cell culture allows the

control of the extracellular medium and ionic environment as well as direct cellu-

lar drug delivery at specified concentrations, without regard to permeability of the

blood–brain barrier.

Cell culture approaches also allow study of highly purified cellular elements in

isolation. For investigation of white matter injury, relevant cultures include astro-

cytes, oligodendrocytes, microglia, endothelial cells and neuronal axons. Cultures

can be prepared from specified brain regions and from purified cells with specific

phenotypes and maturational stages. Such specificity assists collection of bio-

chemical or molecular data that would be difficult to interpret in more intact

tissue. In common with cell lines, primary cell cultures can be valuable because

they allow a large number of experiments while minimizing the use of experimen-

tal animals.

It is important to keep in mind the substantial limitations of cell culture
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approaches. Tissue dissociation removes all of the three-dimensional cell–cell

interactions that may prove critical in mechanisms of hypoxic death. In white

matter, this applies most immediately to the relationship between white matter

axons, oligodendrocytes and their myelin. Primary cultures are most often derived

from fetal or neonatal tissue, and therefore the maturational properties of cultured

cells may not be representative of those found in the mature brain. There are other

serious potential concerns with the phenotypes and functional properties of cul-

tured cells. For example, astrocytes in culture can be classified as type I and type II,

but type II astrocytes have not yet been identified in vivo. It was recently demon-

strated that oligodendrocyte precursor cells, sometimes used as a source of oligo-

dendrocyte cultures, can become multipotential precursor cells with the addition

of certain growth factors [6]. This could hypothetically lead to the presence of

unexpected cell types, even neurons, in cultures originating from a defined glial cell

type. The complexity of the intact biological system cannot be directly modeled in

vitro. Despite these limitations, in vitro models often provide useful mechanistic

data that can form the basis for in vivo approaches.

Assessing cellular injury in culture models

Most investigations of ischemic injury in cell culture are concerned with death or

damage of a single cell type. Therefore, it is essential to identify the cells of interest.

The cell types derived from white matter can generally be distinguished using

phase-contrast morphological criteria. However, these definitions are not absolute,

and it is always appropriate to confirm cellular identity with more definitive immu-

nocytochemical markers (Table 9.1). Most of these require tissue fixation and per-

meabilization, although some (e.g., O1 [7]) recognize extracellular epitopes that

can be labeled in living cells. The use of immunocytochemical markers for cellular

identification can be difficult if the specific protein is no longer expressed after cel-

lular injury.

The next technical challenge is defining the end-points. Cell death is an obvious

end-point, which can be measured in a number of ways. Compromise in mem-

brane integrity is often an early and irreversible manifestation of cell death. This

may be identified using exclusion dyes, such as trypan blue and propidium iodide.

Release of endogenous intracellular proteins such as lactate dehydrogenase (LDH)

is a measure of overall culture vulnerability. Conversely, cell survival can be assessed

by uptake of fluorescent cytosolic dyes bound to charged groups (such as acetate or

methyl esters) that are cleaved by endogenous esterase and concentrated only in

living cells. Cell death by apoptosis may not involve early disruption of cell mem-

branes. Apoptotic morphology can be demonstrated by transmission electron

microscopy, fluorescence microscopy with nuclear dyes and terminal deoxynucle-

otidyl transferase-mediated uridine 5	-triphosphate-biotin nick end labeling
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(although this is not entirely specific to apoptosis). Apoptotic cell death is also

documented by DNA laddering and cellular activation of caspases.

Most microscopic techniques require that the cells of interest remain adherent

to the substrate at the end of the experiment. Glial cells commonly detach from

culture substrates and therefore may potentially be incorrectly scored as dead.

Another problem commonly encountered in assessment of glial, but not neuronal,

cultures is that cell division may continue during culture. Net cell death must be

balanced against the possibility of increased proliferation after insults. Cell divi-

sion can be assessed with uptake and immunocytochemistry for bromodeoxyuri-

dine.

Vulnerability of individual white matter components

Biochemically, white matter has a three-fold higher lipid content than protein

content, reflecting the fact that the bulk of this tissue is myelin provided by oligo-

dendrocytes [8]. The major cellular components of white matter are similar to

those of gray matter, with the exception that neuronal cell bodies are not present.

Generally speaking, the glial components provide the necessary environment for

axons to function optimally. Compromise of any of these individual components
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Table 9.1. Morphological and immunocytochemical recognition of white matter cellular elements in

primary cultures

Cell type Phase criteria Morphology Markers

Type 1 astrocyte Light Flat, polygonal Anti-GFAP

Type 2 astrocyte Light Flat with long processes Anti-GFAP and A2B5

Oligodendrocyte Dark Round with extensively Anti-Gal-C, O4, O1, anti-MBP

branched processes

Non-reactive microglia Dark Angular with short filopodia Isolectin B4 (less than reactive

(increased movement) counterparts), OX42

Reactive microglia Light Round, sometimes with rough Isolectin B4, OX6

edges (increased movement)

Endothelial cell Light Flat, oval Factor VIII

Neuronal axon Dark Round phase bright halo around SMI31, anti-neurofilament

cell body, with long, smooth, thin

process; axon may originate from

cell body or proximal dendrite

Notes:

GFAP, glial fibrillary acidic protein; Gal-C, galactocerebroside; MBP, myelin basic protein.



will affect the overall function of white matter. The intimate relationship of astro-

cytes with the blood supply makes the role of these cells during ischemic injury par-

ticularly important. Endothelial cells comprising this blood supply may also play

an integral role in white matter integrity during ischemic injury. Microglia serve as

the brain’s immune system and their role during any injury is key to maintaining a

stable environment. The role of each of these components in normal brain func-

tion is so important that injury of any of these cell types in white matter may have

a profound effect upon the function of the brain.

In vitro approaches have been used to examine the vulnerability of each of these

components to ischemic injury. Current evidence from this and other laboratories

suggests different vulnerabilities of each of these components, indicating the most

likely cell targets for treatment. Figure 9.1 shows the relative vulnerability of cul-

tured cortical neurons, oligodendrocytes and astrocytes to OGD. Although these

experiments were performed under very similar conditions, it is apparent that these

cell types differ substantially in vulnerability. Lethal durations of OGD ranged from

about 60 minutes for neurons, to 6 to 8 hours for astrocytes. Mechanisms of these
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Figure 9.1 Comparison of cellular vulnerability to oxygen–glucose deprivation (OGD). Cortical

cultures were exposed to OGD for the duration indicated, and cell death was assessed 1

day later by measurement of LDH release (neurons, astrocytes) or cell counts

(oligodendrocytes). Neuronal and oligodendrocyte cultures included an astrocyte

monolayer. The oligodendrocyte experiments were not continued beyond 3 hours to

avoid possible confusion with astrocyte death. (Neuron and astrocyte data are from ref.

40; oligodendrocyte data are from S.P. Althomsons and M.P. Goldberg (unpublished).)



injuries are also beginning to be elucidated and suggest future directions for par-

ticular therapeutic approaches. These approaches also allow direct assessment of

the vulnerability of each cell type to injury by excessive activation of glutamate

receptors or excitotoxicity. Although excitotoxicity is traditionally a problem

unique to neuronal cell bodies, increasing evidence suggests the possibility that

glial elements may also be susceptible.

Axons

Clearly, the important functional property of white matter is to transmit action

potentials. Axons often extend for great distances from their cell bodies through

different extracellular environments. Axons are highly specialized so that they can

accomplish their functions. For instance, axons depend on local production of

adenosine triphosphate, as energy substrates are not provided by the neuronal cell

body. This metabolic isolation also suggests that axons may suffer energy depriva-

tion in a manner independent of neuronal cell bodies [3]. Damage to the axon is

especially important because the axon is the only component of central white

matter that does not regenerate.

Few cell culture investigations have examined injury of neuronal axons in isola-

tion from their cell bodies. Some methods are available for this task. Variations of

the Campenot chamber [9] have been used extensively to study axon trophism and

metabolism. These models most often use sympathetic or dorsal root ganglion cells

because of their extensive axon elaboration, particularly in the presence of nerve

growth factor. For example, Sattler and colleagues [10] used a Campenot chamber

to observe the pharmacology of intracellular calcium elevation after axon transec-

tion. Ivins [11] used a modified Campenot chamber to observe �-amyloid toxicity

in hippocampal neurites. Smith et al. [12] developed a trauma model of axonal

stretch. In this model, axons are physically separated from cell bodies, though

exposed to the same environment. Cells exposed to axonal stretch were found to be

morphologically highly resilient, though cytoskeletal rearrangements persisted and

may have long-term effects. These models support the significance of axonal insult

upon the integrity of neuronal function, but have not been applied to questions of

ischemic injury.

Recent experiments in our laboratory have examined the vulnerability of corti-

cal neuronal axons to excitotoxic and hypoxic insults. These experiments have been

performed in cultures that include axons together with neuronal cell bodies and

dendrites. Axons were strikingly resistant to exposure to the excitotoxins N-methyl-

-aspartate (NMDA) and kainate. Drug applications that caused immediate cellu-

lar swelling and spine loss in neuronal dendrites resulted in no detectable

morphological change in axons (Figure 9.2) [13], assessed by fluorescent labeling

with DiI or neuronal transfection with derivatives of green fluorescent protein.
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Axons were not uniformly resistant to this form of injury, as they were readily

damaged by application of veratridine, a toxin that activates voltage-gated sodium

channels. Despite their resistance to glutamate receptor agonists, axons in cortical

neuronal culture can be damaged by prolonged OGD, and this injury can be

reduced by application of the voltage-gated sodium channel blocker, tetrodotoxin

(M. J. Hasbani et al., unpublished data). These data suggest that non-myelinated

axons are not directly vulnerable to excitotoxic damage, but are vulnerable to

hypoxic–ischemic injury. In agreement with the studies of Stys and colleagues [14],

these results suggest an important role for the activation of voltage-gated sodium

channels in axonal hypoxic injury.

Oligodendrocytes

While the susceptibility of neurons to ischemic injury has been a central focus of

much research, glial cell vulnerability is also critical. Oligodendrocytes are also
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Figure 9.2 Axons are injured by activation of voltage-gated sodium channels, but not NMDA

receptors. Confocal images show single, cultured cortical neurons labeled with the

fluorescent tracer, DiI. Application of NMDA (30 �m for 10 minutes) caused widespread

beading and spine loss of neuronal dendrites, but did not affect the axon (arrowheads). In

contrast, application of the sodium channel activator, veratridine, caused beading in both

axons and dendrites (arrow). (From ref. 13, with permission.)



vulnerable to ischemic injury, and investigations in cell culture have established

susceptibility through a variety of pathways. The mechanisms of this toxicity are

largely related to oxidative stress and elevated extracellular glutamate; however, the

details of each of these mechanisms are still under investigation.

Free radicals are generated during ischemic injury in the brain (reviewed by ref.

15). In culture, oligodendrocytes are substantially compromised by exposure to

free radicals [16,17]. Heightened vulnerability is thought to be due to the low glu-

tathione content and high iron content of oligodendrocytes [18]. Glutathione is an

endogenous free radical scavenger and iron can mediate the formation of strong

oxidants. This has been directly correlated to the vulnerability of oligodendrocytes

to OGD [19,20].

Cerebral ischemia in vivo is accompanied by an increase in extracellular gluta-

mate [21,22]. In such high concentrations, this amino acid can mediate mecha-

nisms of cell death. Once again, investigations of glutamate toxicity have generally

focused on neuronal injury; however, some investigators have found that glial cells

are also vulnerable in similar ways.

Volpe and colleagues [20] showed that oligodendrocytes can be killed by expo-

sure to glutamate. These investigators reported that glutamate toxicity was medi-

ated not by glutamate receptors, but by activation of a glutamate–cystine exchange

mechanism. This exchanger is chloride dependent, energy independent and utilizes

the natural gradient of higher intercellular glutamate to bring cystine into the cell.

Under normal conditions, cystine is then converted into glutathione, a potent free

radical scavenger. Under conditions of elevated extracellular glutamate the trans-

porter effluxes cystine from the cell, creating a depletion of glutathione. This

reduces the cell’s natural mechanisms for coping with the generation of free radi-

cals. In fact, even basal levels of free radical formation can kill cells deprived of

cystine. In combination with increased free radical formation caused by other

forms of oxidative stress, oligodendrocytes are increasingly compromised by

ischemic injury.

Increasing evidence indicates that receptor-mediated glutamate toxicity can also

occur. Oligodendrocytes express functional non-NMDA glutamate receptors, as

demonstrated by protein, mRNA and electrophysiological assays [23–29]. The

physiological significance of glutamate receptors on glial cells is not fully estab-

lished. Recently, actual glutamatergic synapses were reported on oligodendrocyte

precursor cells in the CA1 region of the hippocampus [30], although the role of

synaptic glial communication is not yet established.

The presence of these receptors on oligodendrocytes makes them vulnerable to

glutamate toxicity. It appears that only non-NMDA ionotropic receptors are rele-

vant to oligodendrocyte glutamate excitotoxicity. Although metabotropic gluta-

mate receptors may be present on a subset of oligodendrocytes, they do not play a
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large role in glutamate toxicity, as distinguished by pharmacology [31,32]. Also,

while NMDA receptor-mediated toxicity is a large field of study, oligodendrocytes

do not exhibit any properties of having these receptors and thus these are not a

likely mechanism of oligodendrocyte vulnerability [31–35].

Current data suggest that glutamate toxicity of immature and mature oligoden-

drocytes is mediated largely by the �-amino-3-hydroxy-5-methyl-4-isoxazole pro-

pionic acid (AMPA) subclass of receptors [25,32–34,36]. This laboratory and

others have demonstrated that AMPA is toxic and that injury can be blocked by

selective AMPA antagonists such as NBQX and GYKI52466, and enhanced by the

AMPA activator cyclothiazide. Further, this pharmacological profile may be seen

under conditions of OGD, indicating its relevance under ischemic conditions [33].

It is not yet known how AMPA/kainate receptor activation kills oligodendrocy-

tes. Calcium entry may be a key component [32,37]. Putative intercellular cascades

may include calpain activation, cyclic AMP activation [38] or apoptosis. Evidence

from this laboratory suggests that an end-point of glutamate receptor stimulation

may actually be free radical formation, thus potentiating the free radical overload

on these cells [39].

Oligodendrocytes are vulnerable to ischemic injury in many of the same ways

that neurons are. Tissue culture investigations have demonstrated that oxidative

stress increases the formation of free radicals, that elevated glutamate initiates

excitotoxicity, further potentiating the formation of free radicals, and that the

ability of the cell to scavenge these free radicals is greatly compromised. All of these

factors lead to loss or impairment of a major component of white matter.

Astrocytes

Cultured astrocytes are strikingly less vulnerable than neurons to hypoxic injury

(Figure 9.1) [40]. Astrocytes are killed in the ischemic core (an area of pan-necro-

sis), but may respond by proliferation and enhanced activity surrounding an

infarct. Although astrocytes express non-NMDA receptors, they are not vulnerable

to glutamate toxicity [41]. This resistance may be due to the very rapid desensiti-

zation of AMPA receptors on cultured astrocytes [42]. In the presence of cyclothi-

azide, which blocks AMPA receptor desensitization, AMPA or kainate triggers

intracellular calcium elevation and astrocyte death within hours. Free radical-

mediated damage may also be less in astrocytes as compared with other cell types.

Astrocytes have substantially more ability to scavenge free radicals through glutath-

ione pathways than do oligodendrocytes [18].

The method of assessing astrocyte injury in tissue culture may be relevant, as well

as the propensity of astrocytes to proliferate. Counts of live and dead cells are a

common method of assessing cell viability. This method often does not account for

proliferation, particularly over a long time course. Since astrocyte proliferation is
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particularly prominent after injury, a more accurate assessment would make use of

bromodeoxyuridine labeling, indicating the production of new cells. LDH release

is a common indicator of cell viability. This method is particularly useful since the

supernatant is analyzed and the health of the same culture may be monitored over

a number of hours. Lyons and Kettenmann [43] found an increase in LDH release

in astrocytes 1 to 7 days after a 2-deoxyglucose OGD paradigm. This did not agree,

however, with the maintenance of cell number.

Microglia

Microglia, like astrocytes, have also been seen to increase around areas of ischemic

injury in the intact brain [44]. The role of microglia in pathological paradigms is

generally assessed as an increase in reactive microglia after injury. The reactive form

of microglia releases a number of factors, particularly inflammatory cytokines, that

affect the injury environment.

Lyons and Kettenmann [43] reported an intermediate vulnerability of microglia

to OGD between astrocytes and oligodendrocytes. The mechanisms of this toxic-

ity, however, are unclear. However, microglia express functional glutamate recep-

tors [45]. This indicates a potential for glutamate excitotoxicity, though this has not

been reported.

Endothelial cells

Endothelial cells are also vulnerable to ischemic injury. The initial cause of a stroke

may produce irreversible damage to these cells by physical means, but in cell

culture, intermediate vulnerability to OGD has also been determined [46]. The

death of endothelial cells during OGD is accompanied by fragmentation of DNA,

suggesting apoptotic mechanisms. This event is also accompanied by a significant

increase in inducible nitric oxide synthase. Blocking nitric oxide synthase is par-

tially protective, suggesting that endothelial cells die by a nitric oxide-dependent

mechanism.

Putting white matter back together: studying cellular interactions in culture

Comparing different types of cell in culture provides clues as to what may occur in

vivo (Table 9.2). We have reviewed experiments performed with individual cell

types in isolation. While such studies provide useful information, they do not

directly examine cellular interactions that might contribute to ischemic white

matter injury.

Understanding these interactions requires either intact tissue or cell culture

models that combine more than one cell type. For example, several studies have

examined interactions between astrocytes and oligodendrocytes. These cells are
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readily maintained in coculture and the presence of astrocytes greatly extends the

survival of purified oligodendrocytes under baseline conditions (e.g., see ref. 47).

Because astrocytes play a major role in regulating the extracellular milieu, they may

be expected to modify the vulnerability of other cells during conditions of energy

depletion. Astrocytes have more than twice the glutathione content of oligoden-

drocytes [18]. In coculture, this increased glutathione content in astrocytes may

help to protect oligodendrocytes from events that generate free radicals, such as

cystine deprivation or epinephrine and norepinephrine toxicity [17,48]. This may

also apply to the free radicals generated during OGD. Astrocytes also play an

important role in maintaining the extracellular glutamate concentration. Cultured

oligodendrocyte precursors can release toxic glutamate concentrations during

OGD [36] and axon cylinders may also efflux glutamate [49]. Astrocytes function

to remove extracellular glutamate under baseline conditions through sodium-

dependent glutamate transporters. These transporters may protect the brain

during glutamate elevation during stroke or contribute by effluxing glutamate to

pathological levels. In the white matter, it is not yet known whether astrocytes

reduce extracellular glutamate or increase it.

Microglia contribute to myelin damage in models of multiple sclerosis, and it

would be valuable to know whether this occurs in ischemic injury as well.

Oligodendrocytes and microglia colocalize in the postischemic brain in vivo [44].

Cell culture investigation has demonstrated that microglia can lyse oligodendroc-

ytes via nitric oxide production [50]. Nitric oxide production in endothelial cells

might further potentiate this mechanism of injury. Coculture of these two types of

cell has not been reported. Microglia can contribute to cellular injury in additional

ways, such as by the release of tissue plasminogen activator [51].
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Table 9.2. Vulnerability to hypoxic or excitotoxic insults in vitro. Relative comparison of

response of white matter components to oxygen–glucose deprivation (OGD) and

glutamate toxicity. Cell body responses are a reflection of viability while dendrite and axon

data, to date, reflect morphological changes

Cell type OGD NMDA AMPA/KA

Neuronal cell bodies ��� ��� �

Dendrites ��� �� ��

Axons � � �

Astrocytes � � �

Oligodendrocytes �� � �

Notes:

���, the greatest response seen; �, no or very little response; NMDA, N-methyl--aspartate;

AMPA, �-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid; KA, kainic acid.



Perhaps one of the most interesting and as yet uninvestigated scenarios is the

effect of glial cell compromise upon axons. Astrocyte regulation of extracellular

free radicals and glutamate during energy depletion could be important in axonal

survival. Recent evidence from an optic nerve model suggests that increasing

astrocyte glycogen can protect axonal conduction during glucose deprivation,

perhaps by transport of lactate from astrocytes to axons [52]. Another important

intercellular interaction is the effect of oligodendrocyte damage on neighboring

axons. In a cortical brain slice OGD model, protection of oligodendrocytes by glu-

tamate receptor blockade also reduced axonal injury [53]. It remains to be deter-

mined whether this occurs because dying oligodendrocytes release toxic

substances or fail to provide normally protective functions. Because oligodendroc-

ytes can myelinate axons in culture [54,55], it may be possible to examine these

interactions in vitro.

Beyond cell culture

Ultimately, detailed cellular interactions of ischemic white matter must be assessed

in more intact model systems. The isolated optic nerve [56] and acute brain [53]

or spinal cord slice [49] preparations offer valuable tools for such investigation. A

key feature is the ability to monitor signal conduction in myelinated axons. Most

of these models involve axon transection and can be maintained for only a few

hours after preparation. These models offer access to cells for monitoring activity

in much the same way as cell culture. They also provide control of the extracellu-

lar medium and delivery of pharmacological agents, although to a more limited

extent than in culture because of diffusion barriers in thick tissue.

Preclinical testing of potential therapeutic effects on white matter requires suit-

able in vivo models. As yet, there are no widely used models of selective injury

to the brain white matter. Many rodent stroke models include damage to both

gray and white matter. The proportion of white matter is small and special histo-

logical techniques are required to note damage to white matter elements. For

example, increased immunocytochemical staining for tau and amyloid precursor

proteins is a sensitive indicator of damage to oligodendrocytes and axons, respec-

tively [57].

The goal of studying white matter ischemia in tissue culture is to divulge what is

injured, how it is injured and, ultimately, how we may intervene and prevent this

damage. Many answers about white matter ischemia have been found using tissue

culture of astrocytes, oligodendrocytes, microglia and axons. This approach allows

for detailed investigation of each component of white matter. The answers that we

may have, however, are not applicable without testing in vivo. Ultimately, the intact

system is the only way to actually test how all of the components interact and affect
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one another. Hopefully, answers from tissue culture may be applied to in vivo

systems and lead to therapeutic interventions for stroke and other excitotoxic dis-

eases.
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Astrocytes are active participants in brain function

Astrocytes are electrically unexcitable cells that traditionally are regarded as the

brain’s support cells. A chief function of astrocytes is to maintain an optimal envi-

ronment for synaptic transmission by tightly regulating interstitial ion and neuro-

transmitter concentrations. Other functions include production of neurotrophins

and cytokines, and astrocytic endfeet are an essential part of the blood–brain

barrier. In development, radial glial cells direct and support the migration of

immature neurons [1]. Several lines of work within the last few years have shown

that astrocytes also participate more directly in neurotransmission [2]. Astrocytes

communicate with one another by calcium signaling and these calcium signals are

transmitted to neurons [3,4]. As such, astrocytes contribute to synaptic transmis-

sion [5]. Recent reports have gone on to demonstrate that astrocytes are potent

modulators of inhibitory transmission in the hippocampus and function as a nec-

essary intermediary in long-term potentiation of GABAergic synapses (GABA is

�-aminobutyric acid) [6].

Astrocytes have traditionally received little attention in the stroke field

Stroke research has paid little attention to astrocytes. During the last decade, the

excitotoxin hypothesis has dominated the field [7,8]. Since astrocytes are not sen-

sitive to glutamate and survive exposure to 10mM glutamate [9], it is not surpris-

ing that astrocytes have been regarded as minor players in the process of ischemic

infarction. Also, astrocytes are highly resistant to ischemic conditions, whereas the

viability of neurons is compromised within minutes [9]. In addition, loss of astro-

cytes during ischemia is in principle not irreversible, since astrocytes may regener-

ate in adults [10]. In fact, the postischemic brain is packed with reactive

hypertrophic astrocytes, though it remains unknown whether these reactive astro-

cytes have the same functional characteristics as non-reactive astrocytes [11].
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The excitotoxin hypothesis revised

According to the excitotoxin hypothesis, ischemic neuronal death is a consequence

of the excessive amounts of glutamate released during brain ischemia [12].

Astrocytes are not directly incorporated into the hypothesis owing to their resis-

tance to glutamate, but it is generally thought that the observed loss of astrocytes

within ischemic lesions is a result of low blood flow [13]. One would therefore

predict that ischemic infarcts might be surrounded by broad border zones of selec-

tive neuronal injury. However, this pattern of injury is not observed. Rather,

ischemic infarcts are characterized by sharp transitions between necrotic tissue

(infarct) and structurally intact tissue with little cellular damage [14] (Figure 10.1).

Several neuropathological studies have in the past searched for the existence of

selective neuronal injury in the infarct surroundings, the ischemic penumbra. The

results have been disappointing in that, although dead neurons can be found in the

penumbra, they are too infrequent and dispersed to support a glutamatergic mech-

anism of ischemic damage [15].
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Figure 10.1 A sharp transition separates an ischemic infarct from its surroundings. Hematoxylin and

eosin-stained section of a cortical infarct 4 days after occlusion of the middle cerebral

artery in a rat [14]. The infarct appears pale and all cell types, including neurons and

astrocytes, have lost viability. The peri-infarct tissue is structurally preserved with only

dispersed neuronal damage.



The relatively all-or-none pattern of cellular damage in focal stroke constitutes

an informative paradox to the excitotoxin hypothesis, which cannot be explained

within its framework. In fact, since astrocytes are more resistant to ischemia than

neurons, the scarcity of dead neurons outside the infarct indicates that neurons

die to a significant extent only in areas where astrocytes are killed. In this chapter,

we will discuss the importance of spreading depression and astrocytic signaling

in the pathogenesis of ischemic stroke. Spreading depression waves are mediated

by calcium signaling in astrocytes [16,17] and contribute to ischemic injury

[18,19].

Definition of spreading depression

Spreading depression, classically described as the spreading depression of Leão, is

a generalized response of vertebrate gray matter to a variety of noxious influences

[20]. It constitutes a slowly moving wave of tissue depolarization in the intact brain

[21]. Spreading depression is experimentally evoked by applying potassium chlo-

ride (KCl) or the excitatory neurotransmitter glutamate to exposed cortical tissue,

or by traumatic injury [22]. Spreading depression is characterized by a reversible

cessation of neuronal activity that propagates slowly (20 to 80 µm/s), and is accom-

panied by a loss of membrane potential and transmembrane ionic gradients [23]

(Figure 10.2). In the neocortex, the propagation of spreading depression can be

tracked by inserting ion- or potential-sensitive electrodes at various distances from

the focus of initiation [23]. Another preparation, the isolated chick retina, has the

distinct advantage of permitting direct visual observation of individual waves of

spreading depression, each of which can be followed under low-power microscopy

as an enlarging dark circle with its center at the site of stimulation [24,25] (Figure

10.3). The reflectance changes that accompany retinal spreading depression are

believed to result from the transient decrease in interstitial volume that accompa-

nies it [26]. This preparation has been used to show that gap junction coupling is

required for propagation of spreading depression [25].
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Spreading depression is spontaneously evoked in focal stroke and head injury

When focal ischemia is induced by occlusion of the middle cerebral artery in rats,

spontaneous waves of spreading depression are generated within the ischemic tissue

[18,27] (Figure 10.4). What triggers these repeated waves of spreading depression

in focal stroke is not established, but increased levels of extracellular K� and gluta-

mate, known to evoke spreading depression in the normal non-ischemic brain, are

characteristically found in the permanently depolarized ischemic core region.

Spreading depression might thus be initiated by K� and/or glutamate diffusion from

the ischemic core into the immediate surroundings. Alternatively, waves of depola-

rization can be generated from transient ischemic foci within the border zone itself

[28]. We have previously shown that tissue swelling and hypoglycemia lower the

threshold for eliciting spreading depression [15]. Since brain ischemia is associated

with edema and a decrease in brain glucose content, it is likely that the threshold for

generation of spreading depression is lower in ischemic than in normal brain.
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Figure 10.3 Spontaneous waves of spreading depression after occlusion of the middle cerebral artery.

Three K� electrodes were inserted in the cortical peri-infarct zone [28].
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Figure 10.4 Spreading depression in the retina ex vivo [25].



Spreading depression increases lesion size

Several lines of evidence have supported the view that spreading depression

increases tissue damage in stroke. First, inhibition of spreading depression

decreases the volume of infarction [18,29]. Second, stroke volume enlarges if

additional waves of spreading depression are experimentally increased in the

ischemic brain [30]. Third, nuclear magnetic resonance (T2-weighted) imaging of

experimental stroke has revealed that the infarct expands stepwise during each

wave of spreading depression [19,31] (Figure 10.5). The contribution of spread-

ing depression to injury is significant. It is estimated that final infarct size

increases by 23% for each wave of spreading depression generated in the ischemic

brain [29].

Spreading depression evokes a widespread inflammatory response

A growing body of work has shown that spreading depression is also associated

with a widespread increase in expression of glial fibrillary acidic protein, microglial

activation and immediate early gene expression [32–34]. The inflammatory

response includes most of the same, but not the opposite hemisphere. In accor-

dance with this, spreading depression cannot cross from one hemisphere to the

other (Figure 10.6). The inflammatory response has been linked to secondary

injury in both stroke and trauma [19].
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Before During SD After

Figure 10.5 Spreading depression (SD) evoked expansion of ischemic injury visualized by T2 nuclear

magnetic resonance imaging. The middle cerebral artery was occluded 30 minutes earlier.

The first panel illustrates the ischemic lesion 30 minutes after artery occlusion. The middle

panel maps the same lesion during a KCl-evoked wave of spreading depression, whereas

the last panel illustrates the lesion after recovery from spreading depression. Spreading

depression caused a stepwise increase in lesion size that only partially recovered. As a

result, the lesion was permanently enlarged. The ischemic lesion appears white, whereas

the normal tissue is dark [31].



Astrocytic calcium signaling as a tool to study spreading depression

The propagation of calcium increments that spread from cell to cell constitute a

newly described manner of intercellular signaling. These calcium waves can spread

over long distances within a population of astrocytes and are transmitted to

neurons [3,4] and endothelial cells [35]. A variety of electrical, mechanical or

physiological stimuli, including exposure to glutamate, can act as triggers for the

induction of astrocytic calcium waves. These stimuli activate phospholipase C,

which in turn promotes an increase in inositol 3-phosphate (IP3) levels and the sub-

sequent release of calcium from intracellular stores [36]. It is generally believed that

the presence of gap junctions is required for the propagation of the wave, and in

fact, it has been assumed that the passage of Ca2� and/or IP3 through the gap junc-

tion channel may contribute to the spread of the calcium signal. However, studies

from our group and others have shown that, in addition to a gap junction-medi-

ated pathway, the calcium wave travels from cell to cell by the release of a puriner-

gic compound, probably adenosine triphosphate, which activates purinergic

receptors and the IP3/Ca2� cascade in neighboring cells [37,38] (Figure 10.7).
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Figure 10.6 c-fos gene expression is increased in the ipsilateral cortex after traumatic brain injury

(arrow) in animals with spontaneous spreading depression waves (SD�), but only in a

small rim around the lesion in animals without (SD�) [32].



The calcium waves travel with the same velocity of propagation as spreading

depression and are triggered by identical stimulation paradigms. It has been sug-

gested that calcium signaling represents the in vitro expression of spreading depres-

sion. Experimental evidence now supports the contention that astrocytic calcium

waves constitute the leading edge of a propagating spreading depression wave. In

particular, astrocytic calcium increments precede the depolarizing wave of spread-

ing depression by several seconds in acutely prepared hippocampal slices [17,39].

Also, spreading depression is highly sensitive to gap junction inhibitors both in the

isolated chicken retina and in the neocortex of live rats. The sensitivity to

N-methyl--aspartate (NMDA) receptor antagonists of spreading depression sug-

gests that glutamate-induced depolarization is a secondary amplification step

required for long-distance propagation of spreading depression as compared with

the small radius of calcium waves. Calcium waves migrate a maximum of 300 µm

as compared with spreading depression, which can expand over the entire span of

neocortex [16].

Astrocytic gap junctions propagate or amplify ischemic injury

For decades it was assumed that dying astrocytes uncouple during the process of

cell death. We challenged this view by demonstrating functional coupling among

ischemic dying astrocytes both in vivo and in vitro [40] (Figure 10.8). Using the

fluorescence recovery after a photobleach technique, we found that astrocytes
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Figure 10.7 Coexistence of two intercellular signaling pathways in astrocytes. Astrocytic calcium waves

are mediated by either (1) diffusion of Ca2�/IP3 via gap junction channels or (2) release of

adenosine triphosphate (ATP) and activation of purinergic receptors [37,38]. Both signaling

mechanisms coexist in astrocytes, but purinergic signaling can be selectively upregulated

after, for example, inflammatory responses. IP3-R, inositol 3-phosphate (IP3) receptor;

P2Y-R, purinergic receptor.



120 J. H.-C. Lin & M. Nedergaard

82 min anoxia Octanol
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Figure 10.8 Gap junctions remain functional in the exposed rat parietal cortex for more than 1 hour

after cardiac arrest. The parietal cortex was loaded with a gap junction-permeable

fluorescence indicator, CDCF. The fluorescence recovery after the photobleach technique

was used to study gap junction coupling in the ischemic brain. Shortly after obtaining a

baseline image of CDCF fluorescence, an argon–krypton laser was used to bleach

fluorescence in a rectangle. The rate of refill of fluorescence is a measure of gap junction

coupling. Left panel, parietal cortex of a rat killed 83 minutes earlier; right panel, cortex of

the same rat exposed to 1 mM octanol (octanol, bleached 76 minutes after cardiac

arrest). Rectangles (dotted lines) in upper panels delineate area selected for photobleach.

Middle panels illustrate the same field immediately after photobleach. Recovery of

fluorescence 40 seconds after photobleach is shown in lower panels (arrows). Rapid refill

is evident in the left panel, indicating that gap junctions remained functional 83 minutes

after cardiac arrest. In contrast, the gap junction inhibitor, octanol, efficiently reduced

coupling in the same animal [41]. Bar�20 �m.



remained coupled for several hours after cardiac arrest. The implication of this

observation is that astrocytes in the ischemic penumbra are linked by gap junctions

to astrocytes within the ischemic core. Intracellular intermediates, including IP3

and Ca2� can thereby freely diffuse from dying to viable astrocytes and vice versa.

These studies served as a basis for demonstrating that gap junctions can propa-

gate and amplify injury to include otherwise viable bystander glial cells [41]. Using

a coculture model, we showed that dying glial cells can kill neighboring glial cells

by a gap junction-mediated pathway (Figure 10.9). We proposed that gap junction-

mediated propagation or amplification of injury might contribute to secondary

injury in ischemia and tested the effects of gap junction blockade in a rat focal

ischemic model. We found that a reduction in gap junction coupling was associated

with both a significant decrease in infarct size and the frequency of spreading

depression [42]. Propagation of spreading depression involves gap junction-

mediated calcium signaling [16]. Thus, spreading depression may mediate

bystander death by mechanisms involving astrocytic signaling.
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Figure 10.9. Gap junction can propagate injury to include otherwise viable glia cells. A coculture

system of Bcl-2-expressing (which increases the cellular resistance to injury) and Bcl-2-

negative C6 glioma cells was used to define the role of gap junctions in bystander death.

Resistant Bcl-2-expressing glial cells survive injury in the absence of gap junction coupling,

whereas less resistant Bcl-2-negative cells die after the same insult. If the Bcl-2-expressing

and Bcl-2-negative cells are coupled by gap junctions, injury expands to include the

otherwise viable Bcl-2-expressing cells. The bystander killing of gap junction-coupled,

Bcl-2-expressing cells is delayed and can be reduced by gap junction inhibitors [41].



Conclusion

The mechanisms of ischemic brain injury are most commonly studied in rodent

models of stroke. In this regard, it is important to note that the rodent brain is com-

posed of a roughly equal number of glial cells and neurons, whereas glial cells out-

number neurons 10 to 1 in the human brain [43]. Thus more than 90% of the cells

in the human brain are glia. The relatively higher ratio of glia to neurons in humans

may help to explain why agents that provide excellent protection against ischemic

injury in rodents have failed so notably in clinical trials. For example, an impres-

sive literature documents the beneficial effects of NMDA receptor antagonists in

experimental stroke models; yet most clinical trials using these same agents have

failed, whether due to lack of efficacy or excessive toxicity. From the perspective of

parenchymal astrocytes, this should not be surprising: NMDA receptors are not

expressed by astrocytes and an NMDA antagonist will therefore target a relatively

smaller population of cells in humans as compared with rats or mice. Indeed, stroke

therapy may benefit from a stronger focus upon glial cells and in particular upon

glial gap junctions.
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Introduction

Abnormalities in brain water balance, such as edema and increased intracranial

pressure, play an important role in the pathophysiology of acute head trauma,

stroke and a variety of neurological disorders [1,2]. However, little is known about

the molecular mechanisms responsible for these alterations in cerebral water

balance. Consequently, at present the therapeutic options are limited to neurosur-

gical decompression, intravenous administration of hyperosmolar agents and ster-

oids, therapies that were introduced more than 40 years ago [3]. There is recent

evidence that molecular water channels called aquaporins, which have recently

been identified in mammals [4,5], may play an important role in brain edema, thus

offering therapeutic alternatives.

Aquaporins are small integral membrane proteins that function primarily as

bidirectional water-selective transporters in many cell types in the kidney, lung and

other fluid-transporting tissues where water flow is driven by osmotic gradients

and hydrostatic pressure differences. The brain expresses at least two members of

the aquaporin family in areas that are known to participate in the production and

absorption of brain fluid. Aquaporin-1 is selectively expressed on the ventricular

surface of choroid plexus epithelium where it may play a role in cerebrospinal fluid

(CSF) production [6,7]. Aquaporin-4 (AQP4) is abundantly expressed throughout

the brain, particularly at the blood–brain and brain–CSF interfaces. AQP4 is

expressed to a much lesser extent in tissue outside of the nervous system [8]. AQP4

expression is seen in astrocytes adjacent to the ependymal and pial surfaces that are



in contact with CSF in the ventricular system and subarachnoid space [9]. Highly

polarized AQP4 expression is also found in astrocytic foot processes near, or in

direct contact with, blood vessels [10].

The specific localization of AQP4 to these anatomical and cellular regions of the

central nervous system suggests a role for AQP4 in cerebral water balance. The

purpose of this study was to test the hypothesis that AQP4 is involved in cerebral

edema. Well-characterized experimental models of water intoxication [11] and

ischemic stroke [12,13] were used to produce cerebral edema in wild-type

(AQP4�/�) and AQP4 null (AQP4�/�) mice. The results indicate that AQP4 dele-

tion in mice is associated with greatly reduced cerebral edema in response to water

intoxication and stroke, with improved clinically relevant indices including survi-

val and neurological status. These results implicate a key role for AQP4 in modulat-

ing brain water transport, and suggest that AQP4 inhibition may provide a new

therapeutic option for reducing brain edema and other pathological alterations in

brain water transport in a wide variety of neurological disorders [14].

Methods

Transgenic mice

AQP4 null mice were generated as previously described [8]. All experiments were

performed on weight-matched littermates produced by intercrossing of CD1

heterozygotes. The investigators were blinded to the genotype for all experiments.

All protocols were approved by the University of California at San Francisco

(UCSF) or Stanford Committees on Animal Research.

Water intoxication

AQP4�/� and AQP4�/� mice received intraperitoneal injections of distilled water

equal to 20% of body weight with desmopressin (0.4 �g/kg). For analysis of mor-

bidity, the mice were evaluated using a 100-point neurological deficit scale, with a

score of zero being normal and 100 representing brain death [14,15]. The time of

death was recorded for Kaplan–Meier survival analysis.

Electron microscopy

Brain ultrastructure was evaluated 30 minutes after water intoxication. Animals

were sacrificed and perfused with 2.0% (v/v) paraformaldehyde and 2.0% (v/v)

glutaraldehyde in a 0.1 M sodium cacodylate buffer. The brains were then removed,

sectioned, postfixed in osmium tetroxide and then embedded in epoxy resin.

Ultrathin sections (60 to 90 nm) were stained with 2% (w/v) uranyl acetate and lead

citrate and examined with a 100s JEOL electron microscope. An astrocytic foot

process cross-sectional area was determined using randomly selected transmission
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electron micrographs containing astrocytic foot processes adjacent to brain capil-

laries from wild-type and AQP4-deficient mice (n�6 each). Images were digitized

and the area of the pericapillary foot processes was measured using the NIH Image

software.

Tissue-specific gravity

Brain tissue water was measured using a gravimetric column as described by

Marmarou et al. [16]. The mice were sacrificed at 0, 15 and 30 minutes after water

intoxication. Multiple 5mm3 brain samples were obtained from coronal sections

from the frontal (n�6) and parietal (n�8) regions. Portions of the liver were also

obtained for comparison of tissue edema. Specific gravities were calculated using

the regression line from the standards. Specific gravity values for all samples were

averaged for each mouse. Specific gravity was converted to percentage of brain

water using reported specific gravity data on mouse brain solids [17].

Permanent focal cerebral ischemia

Adult male AQP4�/� mice (n�10) and the wild-type littermates (n�10) (35 to 45 g)

were subjected to permanent focal middle cerebral artery occlusion (MCAO) as

previously described [18]. Neurological deficits of the experimental animals were

graded on a scale of 0 to 4 as described [19], with minor modification. The criteria

were as follows; grade 0�no observable neurological deficits, grade 1�failed to

extend right forepaw, grade 2�circled to the right, grade 3�fell to the right, grade

4�could not walk spontaneously, grade 5�dead. Neurological deficits were eval-

uated 24 hours after MCAO.

For histological assessment, the brains were removed, rapidly frozen, sectioned

at 500 �m intervals and then stained with cresyl violet. The slides were scanned

with a GS-700 imaging densitometer (Bio-Rad, Hercules, CA) and then the

unstained area, ipsilateral hemisphere or contralateral hemisphere was analyzed

using Multi-Analyst software (Bio-Rad). The volumes of the ipsilateral hemisphere

and contralateral hemisphere were calculated by multiplying each area by the dis-

tance [20]. Hemisphere enlargement (percentage of hemisphere enlargement),

which represents the amount of edema formation, was expressed as [(ipsilateral

hemisphere volume – contralateral hemisphere volume) / contralateral hemisphere

volume]�100.

Statistical analysis

Data are presented as the mean  standard error of the mean (SEM). Statistical

analyses of the neurological deficit scores, tissue-specific gravity, percentage of

hemisphere enlargement and infarct volume were compared between the AQP4�/�

and AQP4�/� mice using t tests. The Wilcoxon signed rank test was used for the
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non-parametric comparison of neurological deficit scores. P�0.05 was considered

statistically significant.

Results

To evaluate the effect of AQP4 deletion on the development of cerebral edema, we

first used the well-established model of water intoxication [3,21]. Water intoxica-

tion was produced in the mice by intraperitoneal infusion of distilled water and

desmopressin. In this model, rapid water infusion causes serum hyponatremia,

which creates an osmotic gradient to drive water entry into the brain to produce

cellular (cytotoxic) edema. The degree of hyponatremia (1105 vs. 1096 mEq/l)

did not differ between the AQP4�/� and AQP4�/� mice. After the water infusion,

the experimental animals exhibited signs of neurological dysfunction secondary to

brain swelling, with a substantial mortality rate (Figure 11.1). The AQP4�/� mice

became uncoordinated with rapid progression to paralysis. In contrast, the

AQP4�/� mice remained mildly lethargic, with significantly better neurological

deficit scores. By 45 minutes, many of the AQP4�/� mice became comatose and

died. At 60 minutes, only 8% of the AQP4�/� mice were alive compared with 76%

of the AQP4�/� mice.

To determine whether the improvement in outcome was due to differences in

brain tissue water content, the specific gravity of brain fragments was measured.

After water intoxication, specific gravity decreased in both groups indicating

increased tissue water content (Figure 11.2B). At 15 minutes there was a signifi-

cantly greater reduction in specific gravity of brain fragments from the
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Figure 11.1 Effect of water intoxication on survival in AQP4�/� and AQP4�/� mice (n�12 each group).

The percentage of surviving AQP4�/� and AQP4�/� mice is shown for each time point.



AQP4�/�mice. At 30 minutes there was a 2.4% increase in water content in

AQP4�/� mice vs. a 1.6% increase in the AQP4�/� mice. Given the highly polarized

expression of AQP4 in the astrocytic foot processes surrounding the brain capillary

[9] and their proposed role in cerebral water transport, these structures were exam-

ined using transmission electron microscopy (Figure 11.2A). Consistent with pre-

vious reports [22], all AQP4�/� mice had evidence of widespread pericapillary
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Figure 11.2 Localization and quantification of cerebral edema after water intoxication.

(A) Transmission electron micrographs showing edematous cerebral cortex at 30

minutes. Note the swollen astrocytic foot process in the brain from AQP4�/� and

AQP4�/� mice (arrows). (B) Specific gravity determination of brain tissue from untreated

AQP4�/� and AQP4�/� mice. After 15 and 30 minutes of water intoxication, there was a

significantly greater reduction (*P�0.02) in tissue-specific gravity in the AQP4�/� mice,

indicating a substantial increase in brain water content compared with the AQP4�/�

mice.



astrocytic foot process swelling by 30 minutes. This was quantified by calculating

the cross-sectional area of foot processes adjacent to brain capillaries. Water intox-

ication increased the average foot process area in the AQP4�/� mice from 0.73

0.10mm2 to 5.781.01mm2. There was significantly reduced (P�0.005) swelling

of the astrocytic foot processes in the water-intoxicated AQP4�/� mice. Only a

small number of minimally enlarged astrocytic foot processes could be identified

in the AQP4�/� mice at 30 minutes, as shown in Figure 11.2A.

We next used a model of focal cerebral ischemia that results in both cellular and

vasogenic edema. The permanent MCAO model was chosen because of its rele-

vance to ischemic hemispheric stroke in humans [12]. The neurological evaluation

of AQP4�/� and AQP4�/� mice after 24 hours of permanent MCAO is summarized

in Figure 11.3. AQP4�/� mice had a slightly higher mortality rate and a significantly

(P�0.01) higher mean deficit score (3.40.4) at 24 hours as compared with the

AQP4�/� mice (2.20.5).

Figure 11.4A shows the typical histological findings in AQP4�/� and AQP4�/�

mice 24 hours after permanent MCAO. Significantly less hemispheric enlarge-

ment resulting from brain edema was seen in the AQP4�/� mice. This was quan-

tified by digitizing serial brain sections and calculating the cumulative area of

hemispheric enlargement. Figure 11.4B shows a significant reduction

(P�0.0001) in hemispheric enlargement in the AQP4�/� mice. The hemispheric

enlargement was 67.53.6% in the AQP4�/� mice vs. 44.31.6% in the

AQP4�/� mice (Figure 11.4C).
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Figure 11.3 Neurological outcome after middle cerebral artery occlusion at 24 hours in AQP4�/�

and AQP4�/� mice. The AQP4�/� mice (�) had a slightly higher mortality rate and a

significantly higher (P�0.01) mean deficit score (3.40.4 (SEM), n�10) compared with

the AQP4�/� mice (2.20.5, n�10).
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Figure 11.4 Histological analysis of AQP4�/� and AQP4�/� mice after ischemia. (A) Representative low

magnification images of cresyl violet-stained brain 24 hours after permanent middle

cerebral artery occlusion. Note the increased swelling and hemispheric enlargement in

the AQP4�/� mouse brain section. (B) Hemispheric enlargement, determined by

quantitative image analysis, was significantly lower in the AQP4�/� mice (P�0.0001,

n�7). (C) Infarct volume, determined by quantitative image analysis, was significantly

lower in the AQP4�/� mice (P�0.02, n�7).
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Discussion

The expression of AQP4 in glial cells at blood–brain interfaces probably accounts

for the glial-specific swelling after acute water intoxication. Most of the previous

studies on cerebral edema focused on ionic mechanisms that regulate the osmotic

equilibrium between brain tissue and plasma where an acute decrease in plasma

osmolality creates a concentration gradient causing cerebral edema. As seen here

and in other experimental studies, the swelling is predominantly localized to the

glial processes around the capillaries with sparing of the neurons [22,23]. This

characteristic swelling of astrocytic foot processes is also found in brain tissue from

head-injured patients [24]. This raises the question as to why there is selective

astrocytic swelling after a systemic perturbation in brain osmolality. Several

complex theories have been proposed to account for this selectivity [23]. However,

a simple alternative explanation suggested by our data is that osmotically driven

water transport in the brain is mediated by AQP4 water channels. The existence of

a glial-specific water transporter has been hypothesized for many years [25].

Immunolocalization studies of AQP4 revealed that it was expressed only in glial

cells and not in neurons [9]. High resolution immunogold electron microscopy has

demonstrated that AQP4 is mostly restricted to the astrocytic foot processes of glial

membranes in direct contact with brain capillaries [10]. Thus the expression

pattern of AQP4 coincides with the known areas of glial-specific swelling.

Decreased water movement caused by AQP4 deletion provides an explanation

for the improved outcome and reduced brain water accumulation in response to

acute water intoxication and stroke. The regulation of water flux and fluid volume

in the brain is critical because of the brain’s enclosure in a rigid cranium. Much of

the acute morbidity and mortality associated with head injury and stroke is a result

of cerebral edema [1]. If not controlled, cerebral edema can lead to mechanical

injury from displacement of brain tissue and metabolic injury from compromised

blood flow as a result of increased intracranial pressure [2]. Previous studies have

shown that the magnitude of cerebral edema and clinical symptoms is proportional

to the quantity of the water retained [25]. Thus decreased tissue water content and

astrocytic swelling in the AQP4�/� mice probably account for the improved neuro-

logical deficit scores and improved survival as compared with the AQP4�/� mice.

Brain edema is also known to be a significant factor in the rapid decline and early

progression to death of patients with significant ischemic infarcts. In a previous

study of MCAO in mice, brain swelling, as measured by hemispheric enlargement,

correlated with the neurological deficit [13]. From our studies it appears that dele-

tion of the AQP4 water channel also reduces edema and improves neurological

outcome after permanent focal cerebral ischemia. Future studies examining the

effects of AQP4 deletion on infarct volume and cellular outcome after permanent

and transient ischemia are warranted.
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Current interventions to treat acute brain swelling include neurosurgical decom-

pression, which permits unimpeded expansion of edematous brain matter, and

hyperosmolar agents, which transiently reduce brain swelling by osmotic extrac-

tion of brain water. Although improved diagnostic and monitoring methods such

as magnetic resonance imaging and intracranial pressure transducers have been

introduced, there has been little change for many years in the treatment of acute

brain swelling. Reduced brain edema in AQP4-deficient mice indicates that the

AQP4 water channel is a potential target for drug discovery. AQP4 inhibitors might

slow the accumulation of edema fluid in the brain, thereby reducing the morbidity

and death associated with many common neurological disorders.
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Neuroprotection with tetracyclines in brain
ischemia models
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Introduction

Several studies have indicated that inflammation, which involves non-neuronal

cells, has an important role in the pathogenesis of acute and chronic brain diseases,

including stroke [1–5]. In global ischemia, delayed hippocampal damage is

observed 3 to 5 days after the insult to CA1 pyramidal neurons [6], suggesting that

mechanisms that develop slowly after ischemia have a role in hippocampal

ischemic cell death. Furthermore, clinically common focal ischemia caused by

occlusion of the middle cerebral artery involves secondary inflammation that sig-

nificantly contributes to the outcome after ischemic insult [1,2,5,7–9]. Several pro-

inflammatory genes or mediators, such as inducible nitric oxide synthase (iNOS),

cyclooxygenase-2 (COX-2) and cytokines, are strongly expressed in the ischemic

brain [2,5,9]. Inflammation is now considered an attractive pharmacological target

because it progresses over several days after acute brain injury, and interference

with inflammatory mechanisms, which are not fundamental for physiological

brain functions, may not result in intolerable side effects [1], as the wide clinical

use of non-steroidal anti-inflammatory drugs demonstrates.

Tetracyclines are well-known bacteriostatic antibiotics with broad-spectrum

antimicrobial activity [10]. In the late 1960s the so-called long-acting, second-

generation tetracyclines, doxycycline and minocycline, were synthesized. These

semisynthetic antibiotics are rapidly and completely absorbed, even in an aged pop-

ulation [11–14], and, compared to many other antibiotics, they have an excellent

tissue penetration into the brain and cerebrospinal fluid [10,15]. Doxycycline and

minocycline are exceptional tetracycline derivatives in that they exert biological

effects that are completely separate and distinct from their antimicrobial action.

These effects include modulation of COX-2 activity [16], inhibition of matrix metal-

loproteinases [17], tumor-induced angiogenesis [18], malignant cell growth [19],

bone resorption [20], depression of oxygen radical release from polymorphonuclear
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neutrophils [21,22], inhibition of iNOS [23,24], and inhibition of protein tyrosine

nitration by scavenging peroxynitrite [25]. Experimental and clinical studies indi-

cate that minocycline and doxycycline may be beneficial in the treatment of periph-

eral inflammatory diseases [26–28]. The drugs are clinically well tolerated and

minocycline is currently considered for treatment of rheumatoid arthritis, a severe

inflammatory human disease [26].

Protection in a global ischemia model

Because tetracyclines have anti-inflammatory properties and are clinically well tol-

erated, we studied whether doxycycline and minocycline could serve as neuropro-

tective compounds against brain ischemia [29,30]. Using a gerbil global ischemia

model, we first screened the effects of the following antibiotics: erythromycin,

tetracycline, doxycycline, minocycline and ceftriaxone, a third-generation cepha-

losporine. The antibiotics were administered intraperitoneally (ip) twice a day,

starting 1 day prior to ischemia, and the treatment was continued until the day the

animals were sacrificed. The screening studies indicated the neuroprotective poten-

tial of doxycycline and minocycline, which together with tetracycline, were taken

to more complete studies in the same gerbil model. We used the dose of 180 to

90mg/kg per day because the treatment did not result in severe side effects and

maximal penetration of the drugs to the brain cerebrospinal fluid was desired.

Twelve hours before ischemia, gerbils were injected ip with 45mg/kg of minocy-

cline, doxycycline or tetracycline hydrochloride. Thereafter, the animals were

injected twice a day, at a dose of 90mg/kg during the first day after ischemia and

45 mg/kg starting 36 hours after ischemia. The postischemic treatment was started

30 minutes after ischemia with 90mg/kg. Both minocycline and doxycycline treat-

ments significantly increased the number of surviving neurons. Six days after ische-

mia the minocycline-pretreated gerbils had 76.7% of the neuron profiles left in the

CA1 pyramidal cell layer, the minocycline-post-treated gerbils had 71.4%, the

doxycycline-pretreated gerbils had 57.2%, and the doxycycline-post-treated gerbils

had 47.1%, whereas in the untreated gerbils 10.5% of the CA1 neurons were left.

The neuroprotection was statistically significant in every animal group. Treatment

with the same dose of tetracycline did not provide any protection. Minocycline and

doxycycline did not reduce the postoperative body temperatures.

To determine whether neuroprotection by minocycline is associated with activa-

tion of non-neuronal cells, we studied glial fibrillary acidic protein (GFAP) expres-

sion, a marker of astrogliosis, and phosphotyrosine immunoreactivity and isolectin

B4 binding, which are markers of activated microglia. The results showed that

expression of GFAP mRNA in the hippocampus was increased to the same extent

in saline- and minocycline-treated gerbils and that immunoreactivity for GFAP was
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similar in these two groups. Instead, microglial activation appeared to be signifi-

cantly reduced in minocycline-treated gerbils. We therefore next studied whether

induction of interleukin-1� (IL-�)converting enzyme (ICE), an apoptosis-pro-

moting gene that is strongly induced in microglia after global ischemia, or iNOS,

an enzyme that is suggested to produce toxic concentrations of nitric oxide in non-

neuronal cells after ischemia [31], are affected by neuroprotective minocycline

treatment. The semiquantitative reverse transcriptase–polymerase chain reaction

showed that 4 days after ischemia, expression of ICE mRNA was attenuated by

approximately 70% and expression of iNOS mRNA by 30% in the hippocampus of

minocycline-treated gerbils. In addition, 6 days after ischemia, NADPH-

diaphorase-reactive cells were seen in the hippocampi of saline-treated, but not

minocycline-treated, ischemic gerbils. Most of the NADPH-diaphorase-reactive

cells resembling microglia were located in the pyramidal cell layer of the CA1 sub-

field and some NADPH-diaphorase-reactive cells with a morphology typical of

astrocytes were detected in the stratum radiatum. Therefore, minocycline also

inhibited NOS activity in astrocytes, even though it did not block astrogliosis.

Protection in a focal brain ischemia model

Because minocycline was more neuroprotective than doxycycline in global brain

ischemia, we decided to continue with minocycline in a focal brain ischemia model

of the rat. Treatment with minocycline (45mg/kg ip twice a day for the first day;

22.5mg/kg for the subsequent 2 days) did not affect rectal temperature, arterial

blood pressure, plasma glucose or arterial blood gases. However, treatment started

12 hours before ischemia reduced the size of the infarct in the cerebral cortex by

76% and in the striatum by 39%. Starting the minocycline treatment 2 hours after

the onset of ischemia resulted in a reduction in the size of cortical (by 65%) and

striatal (by 42%) infarct, a reduction similar to the one obtained with pretreatment.

The cortical infarct size was reduced by 63% even when the treatment was started

4 hours after the onset of ischemia.

Because cortical spreading depression (SD), an energy-consuming wave of tran-

sient depolarizations of astrocytes and neurons, contributes to the evolution of

ischemia to infarction in focal ischemia [32–35], we tested whether minocycline

provides protection by inhibiting cortical SD. In a separate set of rats that were not

subjected to middle cerebral artery occlusion, minocycline did not alter the

number, duration or amplitude of direct current potentials induced by 60 minutes

of exposure to topical 3 M KCl, whereas MK-801, an NMDA receptor antagonist

known to reduce partial ischemic damage by blocking cortical SD, completely pre-

vented KCl-induced direct current potentials.

As non-neuronal cells are characteristically activated in the brain in response to
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ischemic injury [36–38], and minocycline was found to reduce microglial activa-

tion in a global ischemia model, we studied astrogliosis and microglial activation

in a focal ischemia model. Twenty-four hours after 90 minutes of ischemia, a strong

induction of CD11b immunoreactivity was observed around and inside the infarc-

tion core in untreated rats. The immunoreactive cells had an amoeboid shape in

the penumbra zone. Minocycline treatment started 12 hours before ischemia

decreased the number of CD11b-immunoreactive cells and prevented the appear-

ance of the amoeboid-shaped microglia adjacent to the infarction core. Instead,

GFAP-immunoreactivity in the ischemic hemispheres of untreated and minocy-

cline-treated animals was similarly increased. Similar to global ischemia studies,

pretreatment with minocycline also decreased the induced ICE mRNA levels by

83% in the penumbra, indicating that minocycline treatment inhibits expression

of the enzyme needed for IL-1� activation in microglia.

COX-2 is highly expressed in the brain after global and focal brain ischemia and

produces superoxides and proinflammatory prostaglandins (PG) such as PGE2

[7,9,39,40]. In general, expression of COX-2 is reduced by anti-inflammatories and

can be induced by cytokines, including IL-1� (25). Because minocycline treatment

inhibited microglial activation, we studied whether the treatment also affects COX-

2. In gerbil global brain ischemia, we studied the hippocampal expression of COX-

2 mRNA and found that minocycline downregulated the expression by 30% to

40%. The protein levels and activity of COX-2 were studied in a focal brain ische-

mia model. In untreated rats, the PGE2 concentration was increased five-fold in the

ischemic penumbra and was preceded by the induction of COX-2 immunoreactive

neurons. Pretreatment with minocycline reduced the PGE2 concentration in the

penumbra by 55% and almost completely prevented the appearance of COX-2

immunoreactivity at 24 hours.

Protection in a cell culture model

Tetracyclines, including minocycline, efficiently reduce inflammation in the

peripheral system, for example, by inhibiting the function of polymorphonuclear

neutrophils [21,22]. To find out whether minocycline has a direct effect on brain

cells, we studied minocycline in primary neuronal cultures. Mixed spinal cord cul-

tures that consist of neurons (70%), astrocytes (24%) and microglia (6%) and that

are devoid of endothelial cells and peripheral cells were used. When the cultures

were pretreated with 0.02mM minocycline, the neurotoxicity of 500mM gluta-

mate, a major mediator of neuronal death in the brain, was decreased by 85%.

Therefore, we concluded that minocycline provides major neuroprotection against

excitotoxicity in mixed brain cell cultures by a mechanism that is independent of

peripheral systems.
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Conclusion

In light of the present results, minocycline or synthetic tetracycline derivatives

might serve as new therapeutic strategies for the treatment of stroke. The exact

mechanism that mediates the salvage of ischemic tissue by minocycline is unclear,

but inhibition of microglial activation may play a crucial role.
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Introduction

Ischemic brain injury is a leading cause of death and disability [1], with few effec-

tive treatments. Brain tissue can be “preconditioned” so that a subsequent period

of ischemia either worsens or lessens the injury than otherwise would be seen [2].

Thus neural cells and tissues have an endogenous capacity to modulate the extent

of their own injury. Examination of the mechanisms for these dual effects may lead

to more selective cellular and molecular targets for development of new therapeu-

tic strategies against ischemic brain injury. This conclusion follows from the fact

that these dual effects reflect the teleological and composite cellular and molecular

responses of brain tissue. Furthermore, successful treatments derived from their

study seem most likely to be in concert with natural biological capacities and there-

fore have the fewest negative sequelae.

Spreading depression (SD) may be a particularly opportune perturbation for the

study of mechanisms by which the brain can affect its own susceptibility to

ischemic injury. SD itself is non-injurious [3] and almost completely stereotypic

[4]. Thus SD may activate key processes more selectively or specifically than those

begun by ischemia. Also, more detailed biophysical, biochemical and molecular

biological information is available about SD than is available for ischemia.

Intracellular calcium (Cai
2�) changes within neurons are likely to be an impor-

tant initial focus for understanding the mechanisms that initiate not only SD but

also the cellular and tissue-based changes associated with the modulation of

ischemic brain injury. First, neuronal Cai
2� changes are necessary for the initiation

of SD [5]. Second, changes in Cai
2� have ubiquitous signaling capacities in eukar-

yotic cells [6]. Third, Cai
2� and mitochondrial Ca2� changes are recognized to be of

particular importance to selective neuronal vulnerability from excitotoxic injury

[7–15]. Accordingly, we have begun studying the role of Ca2� in SD and
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SD-induced modulation of ischemic injury for the first time using a novel, in vitro

preparation, the hippocampal organ culture (HOTC).

Ischemic tolerance

Brief episodes of brain ischemia make neural tissue more resistant to subsequent

injury than otherwise would occur. For example, 2 minutes of global ischemia

induces tolerance at 24 hours that persists for 2 days against selective neuronal

destruction of CA1 pyramidal cells from a subsequent period of global ischemia

[16]. Furthermore, 20 minutes of focal ischemia followed 24 hours later by global

ischemia reduces injury within the zone of the previous focal reduction in flow [17]

and beyond it in the ipsilateral hippocampus [18]. Brief episodes of global ische-

mia also reduce subsequent damage from focal ischemia [19], and tolerance to focal

ischemia can be induced by preconditioning with brief episodes of focal ischemia

[20]. Finally, recent work has shown bidirectional cross-tolerance between global

ischemia and kainic acid excitotoxicity [21], suggesting that diverse perturbations

to the brain, possibly acting through common mechanisms, can also induce

ischemic preconditioning.

Mechanisms for ischemic tolerance in the brain are beginning to be defined.

Potential processes include glutamate homeostasis [22], and A1 receptors [23] and

adenosine triphosphate-sensitive K� channel activation [24]. Other evidence sug-

gests that expression of gene products including heat shock proteins (HSPs) [25],

manganese superoxide dismutase [26], interleukin-1 [27] and apoptotic-suppres-

sor proteins may be involved in tolerance [2]. The time needed for tolerance to

develop in the brain (
24 hours) and the duration of tolerance support new

protein synthesis as a key element of ischemia-induced tolerance [2]. Much work

has focused on potential “final” mechanisms; however, the initial specific triggers

and subsequent general pathways that can induce tolerance have not been system-

atically examined and remain unknown.

Spreading depression

SD, which has biophysical changes similar to those of ischemia, can modulate

ischemic injury. When SD precedes ischemia by less than a day, injury is greater

than otherwise would be seen [28–30]. However, when SD occurs more than a day

before ischemia, injury is reduced [31–33]. The mechanisms by which SD confers

this dual effect are unknown but may involve anabolic processes since SD induces

expression of HSP27 in astrocytes [34]. HSP27 can increase cell resistance to oxi-

dative injury [35] but, again, the cellular signals that trigger this protein expression

are unknown.
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SD is a widely activating yet benign perturbation of the brain first described more

than 50 years ago. It is classically defined by electrophysiological criteria as a prop-

agating wave (in millimeters/minute) of evoked or spontaneous silence in neuro-

nal activity associated with a large negative DC potential [4]. SD is seen in many

gray matter brain regions including the hippocampus of both lower animals [4] and

humans [35] in response to electrical, chemical or mechanical stimuli [4]. Near

total depolarization of both neurons and glia occurs during the 30 to 60 seconds of

electrical silence seen with SD. This depolarization is associated with a dramatic

shift in interstitial ion concentrations ([“X”]o). [K�]o rises from 3 to about 40mM.

[Na�]o falls from 150 to 57mM. [Ca2�]o drops from 1.2 to 0.01mM and [Cl�]o falls

from 137mM to 47mM [36,37]. [H�]o also changes dramatically, showing first an

alkaline transient, followed by a more long-lasting acid shift [37]. Simultaneously,

carbon dioxide tension rises and [HCO3
�]o rises and then falls [38]. Finally, levels of

glutamate, lactate [39,40] and arachidonic acid [41] also rise in the interstitial space

during SD. These changes are similar to those seen in ischemia [42]. Unlike ische-

mia, SD is never sufficient to cause irreversible injury of brain cells [3]. However,

SD does cause microgliosis and astrogliosis that peak at times associated with SD-

induced worsening or lessening of excitotoxic injury, respectively [43].

Similarly dramatic intracellular changes also occur with SD. K� released from

neurons [44] enters the interstitial space and is taken up by astrocytes [45,46].

Astrocytic K� rises by 50mM during SD. This rise occurs with an equally large (i.e.,

electroneutral) rise in astrocytic HCO3
� [46]. The latter stems from a rise in tissue

carbon dioxide tension [38] and intracellular pH (pHi ) [47,48]. This astrocytic rise

in pHi reaches a peak during maximal depolarization from SD, a time when neuro-

nal pHi is invariant or swings slightly in the more acidic direction [49]. Mechanisms

for these pHi changes remain incompletely defined. The decline in neuronal pHi

may be due to proton flux into the cells [50], while the rise in astrocytic pHi may

be due to depolarization-induced electrogenic HCO3
� transport [51,52]. Acid pro-

duced during SD is likely to be the result of energy expenditure directed at ion

transport needed to restore normal gradients across plasma membranes [53].

Nonetheless, energy stores are maintained during SD. Phosphocreatine falls slightly

and briefly to maintain adenosine triphosphate [4,54]. Thus, although ion concen-

tration and passive membrane electrical properties of SD resemble those of ische-

mia, energy failure is never seen with SD [4]. Lack of energy failure may be a key to

why SD does not injure the brain [55]. What is more important, yet-unknown

aspects of these dramatic interstitial and intracellular SD-induced changes are

likely to be important triggers, not only of SD but of SD-induced changes asso-

ciated with altering the severity of ischemic brain injury. This conclusion stems

from the realization that voltage [46], pHi [56], or Cai
2�[6] changes are often used

by eukaryotic cells as initial signals for the induction of enhanced anabolic activity.

144 R. P. Kraig & P. E. Kunkler



SD and gap junctions

Despite the wealth of data generated about SD over the last 50 years, the underly-

ing biophysical events of SD remain essentially unknown. Two theories initially

proposed by Grafstein and Van Harreveld, respectively, attributed both the initia-

tion and propagation of SD to excessive release of either K� [57] or glutamate

[58,59]. Others believe the process is more complex and consists of a cascade of

events that includes the generalized release of neurotransmitters and neuromod-

ulators [4,60]. Each of these theories is supported by data. For example, it is well

known that both K� and glutamate are released during SD. Furthermore, at least

part of their build up in the interstitial space is due to release from neurons.

However, these theories do not adequately account for the basic electrophysiolog-

ical properties of SD. On the other hand, work by Somjen and co-workers begins

to suggest mechanisms that might account for the basic electrophysiological

changes of SD.

Recently, Somjen and co-workers [61–63] have proposed that the opening of gap

junctions between hippocampal pyramidal cells is essential for SD. Their sugges-

tion is based on observations generated from extracellular potential measurements,

current source density analyses and patch clamp recordings [62]. First, they showed

that a large current sink occurs in the basal dendrites of hippocampal pyramidal

cells with the onset of SD [62]. The source for this sink is unknown but was sug-

gested to lie ahead of the propagating SD wave [62]. Second, Somjen and co-

workers proposed the novel idea that the opening of previously closed neuronal gap

junctions occurs with SD [62,64]. The notion of synchronous electrical interaction

among pyramidal neurons in SD is supported by the finding of such interactions

during seizures [65,66]. Third, Somjen and co-workers produced the first patch

clamp recordings during SD [61,64]. While preliminary, this work reveals no

changes in astrocytic conductance during SD. Astrocytes simply depolarize, prob-

ably due to elevated [K�]o. Pyramidal cells, on the other hand, show a large inward

current that is due neither to K� nor to Na� but may be due to Ca2� [5]. We have

begun to extend these observations from acute brain slices with SD to SD in

HOTCs, where studies can be designed to test the mechanisms by which changes

associated with SD trigger the modulation of subsequent excitotoxic injury.

Gap junctions between pyramidal cells and between astrocytes are known to

exist in the hippocampus [67]. However, direct evidence for the opening of previ-

ously closed neuronal or astrocytic gap junctions during SD is lacking. Changes in

gap junctional connections associated with SD are likely to be labile since their con-

ductance can be influenced by pHi , Cai
2�, and possibly voltage, each of which

change dramatically in SD. Thus, while gap junctions between pyramidal cells and

between astrocytes are expected, the characterization of dynamic changes in these
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connections with SD will begin to define the potential for an immensely powerful

means of non-synaptic communication between neurons and between astrocytes

[66].

The spatiotemporal characteristics of current sources and sinks of SD are

unknown. They are also potentially important signaling mechanisms for SD and

SD-induced modulation of ischemic injury that is under investigation in our labor-

atory. We are using optical current source density analysis techniques on whole

HOTCs or single cells filled with a voltage-sensitive dye [68,69]. This work con-

firms that SD occurs with a massive current sink in the distal dendrites of hippo-

campal pyramidal neurons that may at least in part be due to Ca2� flux.

Furthermore, for the first time, it identifies a large current source. Current flows

out of CA1 pyramidal cells at their basilar somata, axons and probably axon termi-

nals. At least some aspect of this current source appears to be due to chloride flux

into the involved neurons. Finally, as expected, aspects of a current source do

indeed lie ahead of the propagating wave of SD.

HOTCs, SD and Cai
2�

Neural cells do not normally exist in isolation. Instead, they interact with other

brain cells, with the vasculature and with products from still other organ systems.

The notion that interactions necessarily occur between individual brain cell types

and their local environment is likely also to apply to how these cells respond to

degeneration, modulation and possibly the lack of regeneration that follows from

ischemic brain injury. The notion of interaction may be applied equally well to how

ions, molecules, cells and even tissues influence the behavior of neural cells asso-

ciated with, for example, SD and SD-induced ischemic tolerance [70].

Given the high capacity of neural cells to influence, and be influenced by, their

environment, one must decide how best to study SD and its effects. Of course, SD

occurs only within susceptible neural tissues. Animal preparations that include

multiple cell types are essential for interactive cellular phenomena. Whole animals

are indispensable for the definition of the size and extent of changes that occur in

experimental variables during and after SD or ischemia. However, whole animal

studies are limited by their relative inability to manipulate experimental conditions

as compared with in vitro preparations. Brain slices are well suited for acute studies

that examine plasma membrane-based issues of cellular interaction, while mixed

and cocultures are well suited for more long-term studies.

Slice cultures (e.g., HOTCs) may be the most advantageous tissue culture prep-

arations for study of SD and SD-related phenomena, since they possess several dis-

tinct advantages over other biological preparations. First, the HOTC is an intact

area of brain tissue that maintains most cell-to-cell interrelationships found
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in vivo, yet HOTCs survive in vitro for months [71–73]. Thus individual cells

within the HOTC can be followed in space and time over a period that allows

measurements of SD-induced modulation of excitotoxic injury. Also, the gap junc-

tional coupling ratios for pyramidal cell neurons from CA3 or CA1 areas are anal-

ogous in HOTCs to those found in vivo (Figure 13.1). Second, HOTCs possess

functional capacities that parallel their in vivo counterparts. For example, HOTCs

support SD [74], SD-induced gliosis [75] and SD-induced modulation of excito-

toxic injury [76]. Third, neural cell differentiation in HOTCs is comparable to that

seen in vivo. For example in addition to SD, neurons within HOTCs show typical

trisynaptic (e.g., dentate gyrus to CA3 to CA1) neuronal activity [74], electro-

graphic seizures [74], and long-term potentiation and long-term synaptic depres-

sion [72,77].

Astrocytes in vivo show immunopositive staining only for the cytoskeletal

element vimentin during development or when they become reactive in association

with irreversible neuronal injury [78]. Under such a circumstance, these astrocytes

also undergo cellular division [79]. Injury without neuronal death [79] and physio-

logical phenomena such as SD [80] are associated with a lesser degree of astrocytic

gliosis that consists of a transient increase in cell size and increased immunostain-

ing for glial fibrillary acidic protein. In contrast, astrocytes in primary culture are

always vimentin positive and continue to divide [78]. However, astrocytes within

HOTCs show little evidence for vimentin staining or cell division after 21 days in

culture [75], suggesting that these cells are more like astrocytes in vivo than cells

found in primary cultures. Similarly, microglia, though easily activated by a host of

physiological and pathophysiological stimuli [81], are quiescent in HOTCs to a

degree consistent with that seen in vivo [82].

Despite the increased use of HOTCs, SD has never been reported before in these

cultures. This lack is due to at least two facts. First, while acute brain slices easily

support SD [83,84], HOTCs typically do not. A sufficient volume of tissue must be

synchronously depolarized to initiate SD [4]. Perhaps the CA3 volume of cells acti-

vated by bipolar DG stimulation to evoke SD is simply too low in HOTCs, since

they are much thinner (e.g., 50 to 150 �m thick) compared to acute slices (e.g., 200

to 400 �m thick). The second potential reason that SD has never been reported in

HOTCs, may be that brief exposure to low-Cl� Ringer’s is often needed to evoke

SD [74]. Exposure to reduced Cl� Ringer’s is a well-recognized means to increase

the susceptibility of brain tissue to SD [4].

Brief exposure to sodium acetate-based Ringer’s solution, coupled with a single

bipolar electrical stimulus in the dentate gyrus used to evoke a field potential in

CA3, triggers SD in HOTCs [74]. SD in HOTCs occurs with the classic electro-

physiological changes of a slowly propagating interstitial DC potential change asso-

ciated with a transient loss of spontaneous and evoked synaptic activity.
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Figure 13.1 Gap junctional connectivity of CA pyramidal cells in HOTCs. Intracellular staining with

Biocytin was used to detect the degree of gap junctional connectivity between CA3

pyramidal neurons and between CA1 pyramidal neurons. An example of the degree of

gap junctional connectivity is shown. Arrows show cell bodies of three pyramidal cell

neurons in the CA region filled from a single intracellular injection. Microelectrodes for

dye injections were filled with 3% Biocytin and 1% Texas Red in 1M potassium acetate.

Dye was iontophoresed into cells using 0.7 to 0.9nA with a duty cycle of 400 ms at 2Hz

for 5 to 20 minutes. Texas Red confirmed the original cell injected and Biocytin confirmed

the number of cells connected via gap junctions. Results were consistent with those

found in acute brain slices, namely a coupling ratio of 1.71 per injection [94]. Here CA3

pyramidal cell injections (n�90) showed 53% at 1: 1, 31% at 1: 2, 10% at 1: 3 and 6% at

1: 4–7 coupling ratios. CA1 pyramidal cell injections (n�28) showed 68% at 1: 1, 28% at

1: 2 and 4% at 13. Bar�100 �m.



Slowly propagating intracellular and intercellular Ca2� waves are a recently rec-

ognized phenomenon of neurons [85], astrocytes [86] and brain tissues [87], and

may be a concomitant of SD [77]. Although Ca2� waves resemble SD and occur in

HOTCs [87], SD has not been reported in these cultures before our recently com-

pleted study [74]. Furthermore, Ca2� waves occur within astrocytes and between

astrocytes for distances that extend up to 200 �m [88–90]. However, SD can prop-

agate for tens of millimeters [4], so astrocytic Ca2� waves alone cannot explain SD.

Similarly, the Ca2� waves that occur between neurons travel ten times faster than

SD [85], so they too alone cannot explain SD. Results using HOTCs show for the

first time that HOTCs support SD and how these two distinct Ca2� waves relate to

SD. Both Ca2� waves precede SD by seconds. Plate 13.1 illustrates the propagation

of these two waves. The first travels 
100 �m/second along the stratum radiatum

(top image). The second, slower wave spreads with the interstitial DC change at

millimeters/minute but always ahead of it by 6 to 16 seconds (second to fourth

images). Heptanol, which uncouples gap junctions, blocked both types of Ca2�

waves and SD. Thus two types of Ca2� wave occur with the initiation and propaga-

tion of SD. The first might reflect interneuronal changes linked by gap junctions.

This conclusion stems from the fact that Ca2� waves among neurons travel as

rapidly as this first Ca2� wave [85]. Furthermore this more rapid wave travels along

the stratum radiatum, where dendritic gap junctions are found [65,67]. The second

wave might be due to intercellular spread among astrocytes, since it does not follow

a cytoarchitectural pattern and moves at a speed reminiscent of those seen among

astrocytes [86–90].

Figure 13.2 summarizes three major Ca2� changes (and associated waves) that

may be essential for SD and SD-associated changes in brain function. These

changes can be summarized as follows. With initiation of SD, (i) an influx of Ca2�

occurs across neuronal plasma membranes, and neurons become synchronized via

the opening of gap junctional connections from stimulus-induced depolarization.

Neuronal synchronization is associated with a rapidly propagating (i.e., ~100

�m/second) interneuronal Ca2� wave. This influx leads (ii) to a drop in [Ca2�]o ,

that (iii) may be one trigger associated with initiation of interastrocytic Ca2� waves

that propagate at the speed of SD (~3mm/minute), but 3 to 4 seconds ahead of it.

The bases for these Ca2� changes, their role in SD and in SD-induced modula-

tion of excitotoxic injury are now a major focus of inquiry in our laboratories. Our

most recent efforts in this regard involve injection of a fluorescent Ca2�-sensitive

dye into single, identified CA pyramidal neurons within HOTCs. An illustration of

its capacities is shown in Plate 13.2. The images show the propagation of Cai
2�

transients within a single CA3 pyramidal cell from dentate gyrus-evoked synaptic

activity. Cai
2� changes begin from the dendritic tree, progress proximally and even-

tually engulf the soma. Images to the right (1 to 4) were taken before evoked
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stimulation and show small, spontaneous Cai
2� changes that presumably were

occurring within dendritic spines (arrows). Such measurements illustrate that

highly circumscribed and rapid changes in subregional cellular Cai
2� can be meas-

ured in a functioning area of brain tissue. These are reminiscent of similar Cai
2�

changes originally shown in cerebellar Purkinje cells within acute brain slices [91].

Our goal, to study in detail these Cai
2� changes associated with SD-induced mod-

ulation of ischemic injury, requires use of HOTCs. In recently completed work we

have shown that SD induces a robust bimodal rise in pyramidal cell Cai
2� [92].

Furthermore, this Cai
2� change is essential for SD since a blockade of plasma-mem-

brane Ca2� flux blocks the initiation and propagation of SD [5].

Conclusion

The predominant approach to scientific inquiry for at least the past century

has been reductionist. However, shortcomings to this approach to deciphering
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Figure 13.2 Schematic of the proposed three major Ca2� changes of SD. With initiation of SD, (1) an

influx of Ca2� occurs across neuronal plasma membranes and neurons become

synchronized via the opening of gap junctional connections from stimulus-induced

depolarization. Neuronal synchronization is associated with a rapidly propagating (i.e.,

~100 �m/second) interneuronal Ca2� wave. This influx leads (2) to a drop in interstitial

[Ca2�], which (3) may be one trigger associated with initiation of interastrocytic Ca2�

waves that propagate at the speed of SD (~3 mm/minute) but 3 to 4 seconds ahead of it.



“mechanisms” of brain function in health and disease are increasingly apparent

[93]. A special recent section published in Science entitled, “Beyond Reductionism”

suggests that “something may be gained from supplementing the predominant

reductionist approach (i.e., study of isolated cells) with an integrative agenda (i.e.,

study of an isolated tissue where cell-to-cell relationships are maintained)” [93].

The latter is supported by use of HOTCs as outlined here.

SD, SD-induced gliosis and SD-induced tolerance that require days to evolve can

now be examined for the first time in vitro using a novel and highly advantageous

preparation, the HOTC. Thus the experimental advantages of easy access and

microenvironmental control of in vitro preparations can be applied to answer

“mechanistic” questions at the cellular and molecular levels about events that occur

within tissue. Initial support for this contention is evident from studies of Cai
2� in

HOTCs that show sufficient neuronal Cai
2� changes must occur to induce SD.

Further support should come from work recently initiated and designed to explore

how neural Cai
2� changes trigger alterations in inflammatory mediators involved in

the modulation of ischemic brain injury such as cyclooxygenase-2 (i.e., worsening

of injury) and interleukin-1 (i.e., lessening of ischemic injury).
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4 Bureś J, Bureŝova O & Krivánek J (1974) The Mechanisms and Applications of Leão’s Spreading

Depression of Electroencephalographic Activity. New York: Academic Press.

5 Kunkler PE & Kraig RP (2000) Transmembrane calcium flux is essential for spreading depres-

sion in hippocampal organ cultures. Society for Neuroscience Abstracts, 26, 762.

6 Whitfield JF (1990) Calcium, Cell Cycles, and Cancer. Boca Raton, FL: CRC Press.

151 Spreading depression and ischemic tolerance



7 Dykens JA (1994) Isolated cerebral and cerebellar mitochondria produce free radicals when

exposed to elevated Ca2� and Na�: implications for neurodegeneration. Journal of

Neurochemistry, 63, 584–91.

8 White RJ & Reynolds IJ (1996) Mitochondrial depolarization in glutamate-stimulated

neurons: an early signal specific to excitotoxin exposure. Journal of Neuroscience, 16, 5688–97.

9 Schinder AF, Olson EC, Spitzer NC & Montal M (1996) Mitochondrial dysfunction is a

primary event in glutamate neurotoxicity. Journal of Neuroscience, 16, 6125–33.

10 Choi D (1997) The excitotoxic concept. In Primer on Cerebrovascular Diseases, eds. K.M.A.

Welch, L.R. Caplan, D.J. Reis, B.K. Siesjö & B. Weir, pp. 187–90. New York: Academic Press.

11 Tymianski MM & Sattler RG (1997) Is calcium involved in excitotoxic or ischemic neuronal

damage? In Primer on Cerebrovascular Diseases, eds. K.M.A. Welch, L.R. Caplan, D.J. Reis,

B.K. Siesjö & B. Weir, pp. 190–2. New York: Academic Press.

12 Sims NR (1997) Mitochondrial function and calcium sequestration during reperfusion. In

Primer on Cerebrovascular Diseases, eds. K.M.A. Welch, L.R. Caplan, D.J. Reis, B.K. Siesjö &

B. Weir, pp. 1184–7. New York: Academic Press.

13 Siesjö BK, Hu B & Kristian T (1999) Is the cell death pathway triggered by the mitochondrion

or the endoplasmic reticulum? Journal of Cerebral Blood Flow & Metabolism, 19, 19–26.

14 Nicholls DG & Budd SL (1998) Mitochondria and neuronal glutamate excitotoxicity.

Biochimica et Biophysica Acta, 1366, 97–112.

15 Stout AK, Raphael HM, Kanterewicz BI, Klann E & Reynolds IJ (1998) Glutamate-induced

neuron death requires mitochondrial calcium uptake. Nature Neuroscience, 1, 366–73.

16 Kitagawa K, Matsumoto M, Tagaya M, Hata R, Ueda H, Niinobe M, Handa N, Fukunaga R,

Kimura K, Mikoshiba K & Kamada T (1990) “Ischemic tolerance” phenomenon found in the

brain. Brain Research, 528, 21–4.

17 Glazier SS, O’Rourke DM, Graham DI & Welsh FA (1994) Induction of ischemic tolerance

following brief focal ischemia in rat brain. Journal of Cerebral Blood Flow & Metabolism, 14,

545–53.

18 Miyashita K, Abe H, Nakajima T, Ishikawa A, Nishiura M, Sawada T & Naritomi H (1994)

Induction of ischaemic tolerance in gerbil hippocampus by pretreatment with focal ischae-

mia. Neuroreport, 6, 46–8.

19 Simon RP, Niiro M & Gwinn R (1993) Prior ischemic stress protects against experimental

stroke. Neuroscience Letters, 163, 135–7.

20 Chen J, Graham SH, Zhu RL & Simon RP (1996) Stress proteins and tolerance to focal cere-

bral ischemia. Journal of Cerebral Blood Flow & Metabolism, 16, 566–77.

21 Plamondon H, Blondeau N, Heurteaux C & Lazdunski M (1999) Mutually protective actions

of kainic acid epileptic preconditioning and sublethal global ischemia on hippocampal

neuronal death: involvement of adenosine A1 receptors and KATP channels. Journal of Cerebral

Blood Flow & Metabolism, 19, 1296–308.

22 Marini AM & Paul SM (1992) N-methyl--aspartate receptor-mediated neuroprotection in

cerebellar granule cells requires new RNA and protein synthesis. Proceedings of the National

Academy of Sciences, USA, 89, 6555–9.

23 Abele AE & Miller RJ (1990) Potassium channel activators abolish excitotoxicity in cultured

hippocampal pyramidal neurons. Neuroscience Letters, 115, 195–200.

152 R. P. Kraig & P. E. Kunkler



24 Reshef A, Sperling O & Zoref-Shani E (2000) Opening of K(ATP) channels is mandatory for

acquisition of ischemic tolerance by adenosine. Neuroreport, 11, 463–5.

25 Nakata N, Kato H & Kogure K (1993) Inhibition of ischaemic tolerance in the gerbil hippo-

campus by quercetin and anti-heat shock protein-70 antibody. Neuroreport, 4, 695–8.

26 Kato H, Kogure K, Araki T, Liu XH, Kato K & Itoyama Y (1995) Immunohistochemical local-

ization of superoxide dismutase in the hippocampus following ischemia in a gerbil model of

ischemic tolerance. Journal of Cerebral Blood Flow & Metabolism, 15, 60–70.

27 Ohtsuki T, Ruetzler CA, Tasaki K & Hallenbeck JM (1996) Interleukin-1 mediates induction

of tolerance to global ischemia in gerbil hippocampal CA1 neurons. Journal of Cerebral Blood

Flow & Metabolism, 16, 1137–42.

28 Takano K, Latour LL, Formato JE, Carano RA, Helmer KG, Hasegawa Y, Sotak CH & Fisher

M (1996) The role of spreading depression in focal ischemia evaluated by diffusion mapping.

Annals of Neurology, 39, 308–18.

29 Busch E, Gyngell ML, Eis M, Hoehn-Berlage M & Hossmann KA (1996) Potassium- induced

cortical spreading depressions during focal cerebral ischemia in rats: contribution to lesion

growth assessed by diffusion-weighted NMR and biochemical imaging. Journal of Cerebral

Blood Flow & Metabolism, 16, 1090–9.

30 Mies G, Iijima T & Hossmann KA (1993) Correlation between peri-infarct DC shifts and

ischaemic neuronal damage in rat. Neuroreport, 4, 709–11.

31 Kobayashi S, Harris VA & Welsh FA (1995) Spreading depression induces tolerance of corti-

cal neurons to ischemia in rat brain. Journal of Cerebral Blood Flow & Metabolism, 15, 721–7.

32 Kawahara N, Ruetzler CA & Klatzo I (1995) Protective effect of spreading depression against

neuronal damage following cardiac arrest cerebral ischaemia. Neurological Research, 17, 9–16.

33 Matsushima K, Hogan MJ & Hakim AM (1996) Cortical spreading depression protects

against subsequent focal cerebral ischemia in rats. Journal of Cerebral Blood Flow &

Metabolism, 16, 221–6.

34 Plumier J-CL, David J-C, Robertson HA & Currie RW (1997) Cortical application of potas-

sium chloride induces the low-molecular weight heat shock protein (Hsp27) in astrocytes.

Journal of Cerebral Blood Flow & Metabolism, 17, 781–90.

35 Avoli M, Drapeau C, Louvel J, Pumain R, Olivier A & Villemure J-G (1991) Epileptiform

activity induced by low extracellular magnesium in the human cortex maintained in vitro.

Annals of Neurology, 30, 589–96.

36 Kraig RP & Nicholson C (1978) Extracellular ionic variations during spreading depression.

Neuroscience, 3, 1045–59.

37 Kraig RP, Ferreira-Filho CR & Nicholson C (1983) Alkaline and acid transients in cerebellar

microenvironment. Journal of Neurophysiology, 49, 831–50.

38 Kraig RP & Cooper AJL (1987) Bicarbonate and ammonia changes in brain during spread-

ing depression. Canadian Journal of Physiology & Pharmacology, 65, 1099–104.

39 Krivanek J (1961) Some metabolic changes accompanying Leão’s spreading cortical depres-

sion in the rat. Journal of Neurochemistry, 6, 183–9.

40 Mutch WAC & Hansen AJ (1984) Extracellular pH changes during spreading depression and

cerebral ischemia: mechanisms of brain pH regulation. Journal of Cerebral Blood Flow &

Metabolism, 4, 17–27.

153 Spreading depression and ischemic tolerance



41 Lauritzen M, Hansen AJ, Kronborg D & Wieloch T (1990) Cortical spreading depression is

associated with arachidonic acid accumulation and preservation of energy charge. Journal of

Cerebral Blood Flow & Metabolism, 10, 115–22.

42 Hansen AJ (1985) Effect of anoxia on ion distribution in the brain. Physiological Reviews, 65,

101–48.

43 Caggiano AO & Kraig RP (1996) Eicosanoids and nitric oxide influence induction of reactive

gliosis from spreading depression in microglia but not astrocytes. Journal of Comparative

Neurology, 369, 93–108.

44 Grafe P & Ballanyi K (1987) Cellular mechanisms of potassium homeostasis in the mammal-

ian nervous system. Canadian Journal of Physiology & Pharmacology, 65, 1038–42.

45 Kraig RP & Iadecola C (1989) Reduction of astroglial K� accumulation enhances elevation in

cerebral blood flow from neuronal activation. Journal of Cerebral Blood Flow & Metabolism,

9 (Suppl. 1), S207.

46 Kraig RP & Jaeger CB (1990) Ionic concomitants of astroglial transformation to reactive

species. Stroke, 21 (Suppl.), III-184–III-187.

47 Chesler M & Kraig RP (1987) Intracellular pH of astrocytes increases rapidly with cortical

stimulation. American Journal of Physiology, 253, 666–70.

48 Chesler M & Kraig RP (1989) Intracellular pH transients of mammalian astrocytes. Journal

of Neuroscience, 9, 2011–19.

49 Kraig RP & Chesler M (1988) Dynamics of volatile buffers in brain cells during spreading

depression. In Mechanisms of Cerebral Hypoxia and Stroke, ed. G.G. Somjen, pp. 279–89. New

York: Plenum Press.

50 Smith SE, Gottfried JA, Chen JC & Chesler M (1994) Calcium dependence of glutamate

receptor-evoked alkaline shifts in hippocampus. Neuroreport, 5, 2441–5.

51 Bevensee MO, Weed RA & Boron WF (1997) Intracellular pH regulation in cultured

astrocytes from rat hippocampus. I. Role of HCO3
�. Journal of General Physiology, 110,

453–65.

52 Bevensee MO, Apkon M & Boron WF (1997) Intracellular pH regulation in cultured astro-

cytes from rat hippocampus. II. Electrogenic Na/HCO3
� cotransport. Journal of General

Physiology, 110, 467–83.

53 Erecinska M & Silver IA (1989) ATP and brain function. Journal of Cerebral Blood Flow &

Metabolism, 9, 2–19.

54 Mies G & Paschen W (1984) Regional changes of blood flow, glucose, and ATP content deter-

mined on brain sections during a single passage of spreading depression in rat brain cortex.

Experimental Neurology, 84, 249–58.

55 Siesjö BK & Bengtsson F (1989) Calcium fluxes, calcium antagonists, and calcium-related

pathology in brain ischemia, hypoglycemia, and spreading depression: a unifying hypothesis.

Journal of Cerebral Blood Flow & Metabolism, 9, 127–40.

56 Busa WB (1986) The proton as an integrating effector in metabolic activation. Current Topics

in Membrane Transport, 26, 291–310.

57 Van Harreveld A (1959) Compounds in brain extracts causing spreading depression of cere-

bral cortical activity and contraction of crustacean muscle. Journal of Neurochemistry, 3,

300–15.

154 R. P. Kraig & P. E. Kunkler



58 Van Harreveld A (1978) Two mechanisms for spreading depression in the chicken retina.

Journal of Neurobiology, 9, 419–31.

59 Grafstein B (1956) Mechanism of spreading cortical depression. Journal of Neurophysiology,

19, 154–71.

60 Nicholson C & Kraig RP (1981) The behavior of extracellular ions during spreading depres-

sion. In The Application of Ion-Selective Microelectrodes, ed. T Zeuthen, pp. 217–38.

Amsterdam: Elsevier/North-Holland.

61 Somjen GG, Aitken PG, Czeh GL, Herreras O, Jing J & Young JN (1992) Mechanism of

spreading depression: a review of recent findings and a hypothesis. Canadian Journal of

Physiology & Pharmacology, 70, S248–S254.

62 Herreras O, Largo C, Ibarz JM, Somjen GG & Martin del Rio R (1994) Role of neuronal syn-

chronizing mechanisms in the propagation of spreading depression in the in vivo hippocam-

pus. Journal of Neuroscience, 14, 7087–98.

63 Largo C, Tombaugh GC, Aitken PG, Herreras O & Somjen GG (1997) Heptanol but not fluo-

roacetate prevents the propagation of spreading depression in rat hippocampal slices. Journal

of Neurophysiology, 77, 9–16.

64 Czeh G, Aitken PG & Somjen GG (1992) Whole-cell membrane current and membrane resis-

tance during hypoxic spreading depression. Neuroreport, 3, 197–200.

65 Perez-Velazquez JL, Valiante TA & Carlen PL (1994) Modulation of gap junctional mecha-

nisms during calcium-free induced field burst activity: a possible role for electrotonic cou-

pling in epileptogenesis. Journal of Neuroscience, 14, 4308–17.

66 Jeffery JGR (1995) Nonsynaptic modulation of neuronal activity in the brain: electric cur-

rents and extracellular ions. Physiological Reviews, 75, 689–723.

67 MacVicar BA & Dudek FE (1981) Electrotonic coupling between pyramidal cells: a direct

demonstration in rat hippocampal slices. Science, 213, 782–5.

68 Kraig RP, Hulse R, Kunkler PE & Nicholson C (1999) Optical current source densities with

spreading depression in hippocampal organ cultures. Society for Neuroscience Abstract, 25,

2101.

69 Kraig RP, Hulse RE, Kunkler PE & Nicholson C (2000) Optical current source density analy-

ses show that chloride flow contributes to the somatic current source from hippocampal

pyramidal cells during spreading depression. Annals of Neurology, 58, 445.

70 Kraig RP, Lascola CD & Caggiano AO (1995) Glial response to brain ischemia. In Neuroglia,

eds. H. Kettenmann & BR Ransom, pp. 964–76. New York: Oxford.

71 Buchs P-A, Stoppini L & Muller D (1993) Structural modifications associated with synaptic

development in area CA1 of rat hippocampal organotypic cultures. Developmental Brain

Research, 71, 81–91.

72 Muller D, Buchs P-A & Stoppini L (1993) Time course of synaptic development in hippocam-

pal organotypic cultures. Developmental Brain Research, 71, 93–100.

73 Bahr BA (1995) Long-term hippocampal slices: a model system for investigating synaptic

mechanisms and pathologic processes. Journal of Neuroscience Research, 42, 294–305.

74 Kunkler PE & Kraig RP (1998) Calcium waves precede electrophysiological changes

of spreading depression in hippocampal organ cultures. Journal of Neuroscience, 18,

3416–25.

155 Spreading depression and ischemic tolerance



75 Kunkler PE & Kraig RP (1997) Reactive astrocytosis from excitotoxic injury in hippocampal

organ culture parallels that seen in vivo. Journal of Cerebral Blood Flow & Metabolism, 17,

26–43.

76 Kraig RP & Kunkler PE (1998) Spreading depression induces tolerance to excitotoxic injury

in hippocampal organ cultures. Society for Neuroscience Abstract, 24, 2013.

77 Muller D, Djebbara-Hannas Z, Jourdain P, Vutskits L, Durbec P, Rougon G & Kiss JZ (2000)

Brain-derived neurotrophic factor restores long-term potentiation in polysialic acid- neural

adhesion molecule-deficient hippocampus. Proceedings of the National Academy of Sciences,

USA, 97, 4315–20.

78 DeVillis J, Wu DK & Kumar S (1986) Enzyme induction and regulation of protein synthe-

sis. In Astrocytes, vol. 2, eds. S Federoff & A Vernadakis, pp. 209–37. New York: Academic

Press.

79 Petito CK, Morgello S, Felix JC & Lesser ML (1990) The two patterns of reactive astrocytosis

in postischemic rat brain. Journal of Cerebral Blood Flow & Metabolism, 10, 850–9.

80 Kraig RP, Dong LM, Thisted R & Jaeger CB (1991) Spreading depression increases immuno-

histochemical staining of glial fibrillary acidic protein. Journal of Neuroscience, 11, 2187–98.

81 Giulian D (1995) Microglia and neuronal dysfunction. In Neuroglia, eds. H Kettenmann &

BR Ransom, pp. 671–84. New York: Oxford.

82 Czapiga M & Colton CA (1999) Function of microglia in organotypic slice cultures. Journal

of Neuroscience Research, 56, 644–51.

83 Snow RW, Taylor CP & Dudek FE (1983) Electrophysiological and optical changes in slices of

rat hippocampus during spreading depression. Journal of Neurophysiology, 50, 561–72.

84 Psarropoulou C & Avoli M (1993) 4–Aminopyridine-induced spreading depression episodes

in immature hippocampus: developmental and pharmacological characteristics.

Neuroscience, 55, 57–68.

85 Charles AC, Kodali SK & Tyndale RF (1996) Intercellular calcium waves in neurons. Molecular

and Cellular Neurosciences, 7, 337–53.

86 Cornell-Bell AH, Finkbeiner SM, Cooper MS & Smith SJ (1990) Glutamate induces calcium

waves in cultured astrocytes: long-range glial signaling. Science, 247, 470–3.

87 Dani JW, Chernjavsky A & Smith SJ (1992) Neuronal activity triggers calcium waves in hip-

pocampal astrocyte networks. Neuron, 8, 429–40.

88 Nedergaard M (1994) Direct signaling from astrocytes to neurons in cultures of mammalian

brain cells. Science, 263, 1768–71.

89 Wang Z, Tymianski M, Jones OT & Nedergaard M (1997) Impact of cytoplasmic calcium

buffering on the spatial and temporal characteristics of intercellular calcium signals in astro-

cytes. Journal of Neuroscience, 17, 7359–71.

90 Pasti L, Volterra A, Pozzan T & Carmignoto G (1997) Intracellular calcium oscillations in

astrocytes: a highly plastic, bidirectional form of communication between neurons and astro-

cytes in situ. Journal of Neuroscience, 17, 7817–30.

91 Tank DW, Sugimori M, Connor JA & Llinas RR (1988) Spatially resolved calcium dynamics

of mammalian Purkinje cells in cerebellar slice. Science, 242, 773–7.

92 Kunkler PE & Kraig RP (2000) Neuronal calcium changes during spreading depression in hip-

pocampal organ cultures. Society for Neuroscience Abstract, 25, 2101.

156 R. P. Kraig & P. E. Kunkler



93 Gallagher R & Appenzeller T (1999) Beyond reductionism. Science, 284, 79.

94 Church J & Baimbridge KG (1991) Exposure to high-pH medium increases the incidence and

extent of dye coupling between rat hippocampal CA1 pyramidal neurons in vitro. Journal of

Neuroscience, 11, 3289–95.

95 Hinman LE & Sammak PJ (1998) Intensity modulation of pseudocolor images. Biotechniques,

25, 124–8.

157 Spreading depression and ischemic tolerance



14

The role of matrix metalloproteinases and
urokinase in blood–brain barrier damage
with thrombolysis

Gary A. Rosenberg1, Susan Alexander2, Edward Y. Estrada2 &
Mark Grostette2

1 Departments of Neurology, Neuroscience and Cell Biology and Physiology, University of New Mexico,
Albuquerque, NM

2 Department of Neurology, University of New Mexico, Albuquerque, NM

Introduction

Recombinant tissue plasminogen activator (rtPA) benefits patients who have had

an acute stroke, but a delay in treatment for over 3 hours raises the risk of intracer-

ebral hemorrhage [1,2]. Reperfusion of blood into an ischemic region, while pre-

serving metabolic function, results in the production of molecules that may

damage the injured tissue [3]. The cerebral microvasculature is a major site of

injury during reperfusion with a biphasic disruption of the blood–brain barrier

(BBB) seen after reperfusion [4]. Multiple factors have been implicated in the

damage to the microvasculature by ischemia with reperfusion, including free rad-

icals, blood products and proteases. Matrix metalloproteinases (MMPs) are a gene

family of neutral proteases. Once formed and activated, the MMPs attack the basal

lamina around the cerebral blood vessels, leading to the opening of the BBB [5].

MMPs are induced in cerebral ischemia [6–10].

MMPs are secreted in a latent form that requires activation [11]. Plasminogen

activators (PAs) are serine proteases involved in angiogenesis, neuronal growth and

regulation of other proteases through activation processes [12,13]. Brain cells

produce PAs in response to an ischemic injury [6,14]. Urokinase-type plasmino-

gen activator (uPA) is secreted by microglial cells in culture [15]. Urokinase gener-

ates plasmin, which activates MMPs [16,17]. Latent MMP-2 (gelatinase A) is

activated by a membrane-type metalloproteinase (MT-MMP), which is activated

by plasmin [18,19]. Latent MMP-9 (gelatinase B) is activated by stromelysin-1

(MMP-3), which also requires plasmin for activation [20]. Because of the role of

PAs in the activation of MMPs, and the induction of MMPs in reperfusion injury,
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we hypothesized that rtPA use in acute ischemia facilitates the activation of the

MMPs, opening the BBB and increasing the risk of hemorrhage. In vivo studies

were done in rats with middle cerebral artery occlusion (MCAO) by the suture

method with 90 or 180 minutes of ischemia and 24 hours of reperfusion. BBB

integrity was measured by radiolabeled sucrose, and MMPs and PAs by zymogra-

phy. In vitro studies of the effect of plasminogen on the activation of MMPs were

done in mixed glial cell cultures.

Methods

MCAO and the BBB

Twenty Wistar–Kyoto rats were anesthetized with 2% halothane with nitrous oxide

and oxygen. The neck vessels were exposed and a suture was placed in the common

carotid artery and advanced to occlude the MCA, using a described method [21].

The MCAO was maintained for either 90 or 180 minutes, and reperfusion was done

by withdrawing the catheter. After 24 hours the rats were deeply anesthetized with

pentobarbital (50 mg/kg intraperitoneally) and were given an intravenous injec-

tion of [14C]sucrose (10 �Ci ). Ten minutes later the heart was stopped with an

intracardiac injection of saturated potassium chloride and the brain was rapidly

removed and frozen in isopentane cooled with liquid nitrogen.

Three coronal sections of about 5mm were made through the region of the

infarct. The most anterior sections were used to verify the existence of an infarct by

staining the section for 30 minutes in 2% (v/v) 2,3,5-triphenyltetrazolium chloride.

Only those rats showing an infarct were included in the analysis. The cortex and

caudate from the second brain section of the infarcted and non-infarcted hemi-

spheres were used for analysis of BBB permeability. The concentration of

[14C]sucrose in the brain and in a sample of blood removed at the time of death

was measured by liquid scintillation counting. The ratio of sucrose in the brain to

that in the blood was used to estimate the BBB permeability [22]. The third con-

tiguous brain section was used for zymography.

Ten animals each were subjected to 90 or 180 minutes of MCAO and half of each

of the two groups received an intravenous infusion of 10 mg rtPA/kg (Alteplase;

Genentech, Inc., South San Francisco, CA). The rtPA was infused for 30 seconds

with reperfusion.

Zymography

Tissue samples were prepared for gelatin-substrate and casein zymography to

measure for the presence of gelatinases A and B (MMP-2 and -9, respectively) and

for PAs as described elsewhere [23]. In brief, tissue was taken from the ischemic

and non-ischemic hemispheres in a region posterior to that used for isotopic
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measurements. Tissue samples were extracted in 0.2% (w/v) Triton X-100 in 20

mM phosphate buffer at pH 7.2 for 24 hours at 4 °C. The tissue was centrifuged

and the supernatant removed for zymography in 10% (w/v) polyacryla-

mide/sodium dodecyl sulfate-gels with gelatin or casein added. After electropho-

resis at 150 V, gels were rinsed in 2.5% Triton X-100 followed by water and

incubated for 70 hours for gelatinases and overnight for PAs. Proteolytic bands

were visualized by staining with Coomassie G-250 dye. To determine the type of

PA, casein gels were incubated with amiloride (Sigma), an inhibitor of uPA.

Relative molecular masses were determined from protein standards and MMP-2

and -9 standards (Calbiochem). Protein content in the samples was determined by

the Micro BCA assay (Pierce Co., Rockford, IL) and read on a microtiter plate

reader. Zymograms were scanned with an Agfa Duo Scanner using the transpa-

rency mode and an image analysis software program designed for electrophoresis

gels was used to quantify the images (AlphaImage; Alpha Innotech Corp.).

Electrophoresis data were expressed as relative lysis units per microgram protein.

Cell cultures

Glial cultures were established from the cortex of newborn Sprague–Dawley rats

using methods previously described [24]. Briefly, the cortical tissue was pooled

from 12 to 15 rat pups on the day of birth and mechanically dissociated by syringe

needles and a mesh sieve. The cells were pelleted and plated into 75cm2 tissue

culture flasks at a density of approximately 15�106 cells/flask in Hepes-buffered

Dulbecco’s modified Eagle’s medium/F12 medium (Gibco BRL) with 10% (v/v)

fetal calf serum and gentamicin, and grown to confluency in 10 to 14 days.

Confluent mixed glial cultures were subcultured into six-well plates (Falcon) at a

plating density of 5�105 cells/well. Cell cultures were maintained at a viability

greater than 92% as assessed by the trypan blue exclusion method and used for

experiments 3 days after subculturing.

To determine the composition of mixed glial cultures, a portion of the cells were

subcultured onto 12mm round glass coverslips and grown for 3 days. The cells were

fixed with 4% (v/v) paraformaldehyde and stored in phosphate-buffered saline for

immunostaining. Primary antibodies used to identify cell phenotypes included

rabbit anti-bovine glial fibrillary acidic protein (Accurate Labs) to identify astrocy-

tes, mouse monoclonal anti-rat OX-42 (Harlan Sera-Lab) to identify microglia and

A2B5 (Boehringer Mannheim). Cell counts were performed on immunocyto-

chemically stained specimens. An estimate of culture cell types indicated that 67%

were astrocytes, 26% were microglia and 5% to 7% were of the O2–A or neuronal

lineage.

For plasminogen cell stimulation studies, confluent cells were changed to serum-

free media and grown either in the presence or absence of plasminogen (2 �g/ml;
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Sigma) for 24 hours with or without aprotinin (100 �g/ml, Sigma). After 24 hours

the conditioned media were collected and frozen. Enzyme activity was determined

by zymography as described above. Data were expressed in relative lysis units per

number of cells per well.

Statistical analysis

Statistical analysis was done between experimental groups, using a one-way analy-

sis of variance (ANOVA) with the Bonferroni correction for multiple t tests. Results

were expressed as meanstandard error of the mean. The significance level was set

at P�0.05.

Results

Sucrose space

In the rats undergoing 90 minutes of MCAO with 24 hours of reperfusion, the cor-

tical tissue sucrose spaces were similar on the ischemic and non-ischemic sides in

the rtPA-treated and untreated rats. Caudate tissue showed a significant increase in

the sucrose spaces in both the treated and untreated rats (Figure 14.1A). The uptake

of sucrose was higher in the cortical tissue than in the caudate in both the ischemic

and non-ischemic hemispheres.
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Figure 14.1 Blood–brain barrier permeability estimated by the percentage of sucrose space after

either 90 or 180 minutes of MCAO with reperfusion for 24 hours. (A) Values for the cortex

(COR) and caudate (CAU) for the ischemic (ISC) and the non-ischemic (NI) hemispheres

in untreated rats (black bars) and in those treated with rtPA (shaded bars). Both ischemic

hemispheres were compared statistically with the untreated non-ischemic hemispheres

by ANOVA. The caudate of the ischemic rats showed increased sucrose space. (B) Values

for the 180 minute group. Sucrose uptake in the cortex was increased in both the

untreated and treated rats, but the caudate lost the significance seen at 90 minutes in the

untreated group, and showed a large increase with rtPA treatment. Asterisks indicate

significant differences by ANOVA (P�0.05).



After 3 hours of MCAO, the cortical tissue showed a significantly increased

sucrose uptake that was similar in the treated and untreated rats. In the caudate, the

untreated rats lost the statistically significant increase, and the rtPA-treated rats

showed the highest level of sucrose uptake seen in any region (Figure 14.1B). The

difference between the rtPA-treated and the untreated hemispheres was statistically

significant using Student’s unpaired t test (P�0.05).

MMPs

Caudate tissue from the animals that were subjected to 90 minutes of MCAO had

similar levels of MMP-2 in the ischemic and non-ischemic tissue (Figure 14.2A).

Cortical tissue showed a marked rise in the levels of MMP-9 in the untreated

ischemic hemisphere, approaching those of MMP-2. Treatment with rtPA reduced

the MMP-9 levels, resulting in a loss of significance compared to the non-ischemic

165 Thrombolytic blood–brain barrier damage and MMPs

2000

1500

1000

500

0
MMP-2 MMP-9

Caudate – 90 min

Ly
si

s 
u

n
it

s/
µg

 p
ro

te
in

A

Isc-Untreated

Isc-rtPA

Nonisc-Untreated

∗

∗

∗

∗

2000

1500

1000

500

0
MMP-2 MMP-9

Cortex – 90 min

Ly
si

s 
u

n
it

s/
µg

 p
ro

te
in

B

2000

1500

1000

500

0
MMP-2 MMP-9

Cortex – 180 min

Ly
si

s 
u

n
it

s/
µg

 p
ro

te
in

D
2000

1500

1000

500

0
MMP-2 MMP-9

Caudate – 180 min

Ly
si

s 
u

n
it

s/
µg

 p
ro

te
in

C

Figure 14.2 Quantitative zymography for the gelatinases in the regions and times shown. (A) The

caudate at 90 minutes showed no increase in either MMP-2 or MMP-9. (B) MMP-9 was

increased in the cortex at 90 minutes. (C) rtPA-treated rats showed an increase in MMP-2

in the caudate, but no effect of either ischemia (Isc) alone or rtPA treatment for MMP-9.

(D) In the cortex the rtPA treatment increased both the MMP-2 and MMP-9 levels. Note

that the MMPs are reduced at 180 minutes as compared with the 90 minute values,

which are shown on the same scale. Asterisks indicate a statistically significant difference

compared to the non-ischemic (Nonisc) side (P�0.05).



side (Figure 14.2B). Cortical levels at 90 minutes for MMP-2 were statistically

similar in the treated and untreated rats. The levels of MMP-9 in the cortex

approached those of MMP-2.

By 3 hours the levels of MMP-2 were similar on the ischemic and non-ischemic

sides in the caudate and cortex tissue. Treatment with rtPA caused a statistically sig-

nificant increase in the levels of MMP-2 in both areas (Figure 14.2C). MMP-9 in

the caudate was unaffected by the prolonged ischemia, but in the cortex an increase

in the levels of MMP-9 reached statistical significance (Figure 14.2D).

PAs were measured in the casein gels, which showed two bands. The higher rel-

ative molecular mass band appeared at 58kDa, while the lower one appeared at 39

kDa. Amiloride, which blocks uPA, abolished the lower band, but only partially

depleted the upper one. Since the lower band was uPA and the upper band con-

tained both uPA and tPA, measurements were made from the lower band.

In the rats that underwent 90 minutes of MCAO, a significant increase in uPA

was seen in both the ischemic caudate and the cortex (Figure 14.3). Treatment with

rtPA slightly lowered the increase, but the tissue levels remained significantly higher

than those found on the non-ischemic side. At 3 hours the levels of uPA were

similar in the caudate of the ischemic and non-ischemic hemispheres, and the rtPA

caused a significant increase in the levels. In the cortex at 3 hours there was a sig-

nificant increase in uPA in the ischemic, untreated rats, which was unaltered by

treatment with rtPA.
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either 90 or 180 minutes of MCAO with 24 hours of reperfusion. At 90 minutes the

caudate showed an increase, which was not affected by rtPA. A similar effect was seen in

the cortex at 90 minutes. By 180 minutes the levels of uPA were reduced in the untreated

rats in the ischemic caudate and cortex, and rtPA significantly increased the levels

(P�0.05). Isc, ischemic; Nonisc,non-ischemic.



Cell cultures

Mixed glial cell cultures derived from rat cortex were grown in the presence and

absence of plasminogen (2 �g/ml). Levels of 92kDa latent MMP-9 were undetect-

able in the cultures grown in the absence of plasminogen. When plasminogen was

added a small increase that was statistically insignificant was observed. Addition of

aprotinin resulted in increased production of latent MMP-9, which was further

increased in the presence of plasminogen. An active 84 kDa form of MMP-9 was

seen only in the cells treated with both aprotinin and plasminogen (Figure 14.4B).

Control cells grown without plasminogen or aprotinin showed a small production

of latent 72kDa MMP-2, which was slightly increased by plasminogen (Figure

14.4C). Addition of plasminogen to the cell cultures resulted in the production of

the active 62 kDa form of MMP-2, which was blocked by the addition of aprotinin

(Figure 14.4D).
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Figure 14.4 Effect of adding plasminogen to mixed astrocyte and microglial cell cultures. (A) MMP-9

(92kDa) without plasminogen (CON), with the plasmin inhibitor aprotinin (AP), with

plasminogen (PLA) and both plasminogen and aprotinin (PLA�AP). The aprotinin alone

significantly increased the 92kDa. Plasminogen alone also raised the 92kDa, but

not significantly. The combination had the greatest effect. The single asterisks indicate

significant differences compared with the control, and the double asterisks indicate

differences between the two by a t test (P�0.05). (B) Activated MMP-9 (84kDa) was

seen only with plasminogen plus aprotinin. (C) No effect was seen on 72kDa. (D)

Plasminogen alone caused a significant rise in the levels of active MMP-2 (62kDa), which

was completely blocked by aprotinin.



Discussion

We found that 90 minutes of MCAO selectively opened the BBB in the caudate and

that the opening was unaffected by the infusion of rtPA. However, when the time

of MCAO was extended to 3 hours, disruption of the BBB took place in the cortex

and rtPA caused a selective increase in BBB permeability in the ischemic caudate.

At 90 minutes, despite a rise in the levels of MMP-9 and uPA in the cortex, the BBB

remained intact, suggesting that the enzymes were in a latent form. Extension of

the ischemic period to 3 hours caused an increase in MMP-2 and uPA in the caudate

of the rtPA-treated rats that corresponded to the selective opening of the BBB by

rtPA at that site. At 3 hours there was also an increase in MMP-2, MMP-9 and uPA

in the cortex of rtPA-treated rats, but the BBB, which was already opened, failed to

show any further opening. The vulnerability of the caudate to rtPA after prolonged

occlusion of the MCA occurs in association with a combination of factors, includ-

ing the production of MMPs and uPA.

MMPs are secreted in a latent form that requires activation. Studies of activation

mechanisms, which were done in vitro using cell cultures, suggest that plasmino-

gen is required to generate plasmin for the activation of MMP-2. The increased BBB

permeability seen at 90 minutes in the caudate without rtPA treatment, allowed

extravasation of serum components, including plasminogen. Infusion of rtPA after

the BBB was open, may have exaggerated the injury by the plasmin formed from

the extravasated plasminogen. The reason for the selective vulnerability of the

caudate to the action of rtPA is unclear. Other toxic substrates formed in the reper-

fused areas, such as free radicals, lipid peroxidation products and injury to mito-

chondria, may have also contributed to the damage to the microvasculature in the

caudate. Cortical tissue had increases in MMP-2, MMP-9 and uPA, and the opening

of the BBB at 3 hours in the rtPA-treated rats. However, the BBB was already

affected in the cortex in the untreated rats and the infusion of rtPA did not cause a

further increase in the permeability to sucrose.

Regulation of MMPs is tightly controlled at transcription, activation and inhibi-

tion [25]. Transcription of MMP-2 and MMP-9 occurs through different gene pro-

moters. MMP-2 has an activator protein-2 site that is consistent with its role in the

constitutive expression of the enzyme. On the contrary, MMP-9 is produced under

inflammatory conditions, and has activator protein-1 and nuclear factor-�B sites

that respond to immediate early gene products, c-Fos and c-Jun, and to cytokines,

such as tumor necrosis factor-� and interleukin-1�. They are produced as latent

enzymes by astrocytes, endothelial cells, microglia and neurons [26]. Activation is

done by other enzymes and by self-activation [27]. MMP-2 is activated by MT-

MMP, which is activated by plasmin. MMP-9 is activated by MMP-3, which also

requires plasmin for activation [20]. This interplay between the MMPs and PAs is
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an important feature of extracellular matrix disruption in normal and pathologi-

cal processes [28].

The cell cultures showed that plasminogen participates in the activation of

MMP-2 and in the production of latent MMP-9. Aprotinin, which inhibits uPA,

was able to inhibit the activation of MMP-2, implicating plasmin in the activation

of MMP-2. Aprotinin also enhanced the expression of MMP-9 for reasons that

remain to be elucidated.

Conclusion

In summary, an ischemic episode of 90 minutes prior to reperfusion opened the

BBB in the caudate and increased MMP-9 and uPA in the caudate and cortex. Since

MMP-2 was already high in both regions and uPA was increased in both, we would

have expected the increase in BBB permeability to be seen in both regions unless

the MMPs were inactive. The changes in the caudate at 90 minutes reached statis-

tical significance, although the absolute increases in permeability were small. At 3

hours the rtPA selectively increased the sucrose space in the caudate and raised the

levels of MMP-2 and uPA. We propose that plasmin generated from rtPA and uPA

activated MMP-2 and increased BBB damage. Other factors appear to be involved

in the process and further studies will be needed to identify these factors and to

understand their relationship to the MMPs.
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Introduction

Nitric oxide (NO) is now believed to be involved in many physiological events,

especially vasoregulation. In the brain, NO has been implicated in retrograde

neurotransmission, synaptic plasticity and vasomotor control [1–3]. NO leads to

vasodilation by diffusing across all membranes, and interrelates with guanylate

cyclase in the smooth muscle, as its primary receptor target, thus regulating cere-

bral perfusion and cerebral blood flow (CBF) [3–5]. NO is rapidly synthesized on

demand by nitric oxide synthase (NOS), which is present in a wide variety of

tissues, including endothelial cells. Three isoforms of NOS are described, and all of

them are expressed in the brain. The constitutive, endothelial and neuronal NOSs

are believed to be primarily responsible for cerebral perfusion [6].

In neurons, NO release is stimulated by the excitatory amino acid glutamate via

N-methyl--aspartate receptors. The NO then acts as a retrograde or orthodox

neurotransmitter. Endothelial cells may supply tonically released NO that influ-

ences cerebral resistance vessels; however, the presence of NOS in glial and neuro-

nal cells makes it likely that the coupling of CBF and neuronal activity is achieved

via NO activity. The vasodilatory function of NO may be reduced after subarach-

noid hemorrhage (SAH), due to reduced NO production or a disturbance of the

basal vasomotor balance. Endothelial NO is profoundly reduced in some forms of

experimental ischemia, leading to compensatory induction of NOS [7].

Hemoglobin derived from the blood and oxyhemoglobin in the subarachnoid

space (after SAH) binds to NO, thereby reducing its vasodilating effect.

NO, a free radical with an extremely short half-life of only few seconds, is diffi-

cult to study [8]. Therefore, NO breakdown products or metabolites are studied

routinely instead in plasma and cerebrospinal fluid (CSF) [9], or in brain tissue
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using direct tissue analysis or microdialysis. In two animal studies, vasospasm

could be reversed after experimental SAH by infusing NO donors [10,11]. In this

pilot study, we used microdialysis to test the relationship between NO metabolites,

endothelin-1, and brain tissue oxygenation measured in the same brain region in

patients after severe SAH.

Patients and methods

Patients

The studies were approved by the Committee for Conduct of Human Research at

Virginia Commonwealth University. Patients were selected for this study when

their Hunt and Hess (H & H) grade was 3 or greater or when they developed clin-

ically significant vasospasm. All patients were treated according to a standardized

protocol and underwent cerebral arteriography prior to occlusion of the ruptured

aneurysm. All patients had a ventriculostomy catheter placed for intracranial pres-

sure monitoring and for CSF drainage. Middle cerebral artery blood flow velocities

were studied as needed using transcranial Doppler. Xenon CBF studies were done

after treatment of the aneurysm and whenever vasospasm was suspected.

Significant vasospasm was diagnosed by deterioration of the neurological exam, by

xenon CBF studies and by cerebral arteriography.

Neurochemical monitoring

A triple lumen transcranial bolt tapped into the skull under local anesthesia was

used to grip and immobilize the ventricular catheter, a microdialysis probe (CMA

Microdialysis, Acton, MA), and a “neurotrend” or “paratrend” oxygen sensor

(Codman, Randolph, MA) [12]. The neurotrend (paratrend) sensor was used for

continuous measurements of ptiO2, ptiCO2, pHti and brain temperature.

A custom-built 10 mm flexible, microdialysis probe, 0.5mm in diameter (molec-

ular weight cut-off of 20 000 daltons), was used for measuring extracellular NO

metabolites. It was perfused at 2 �l/minute using sterile 0.9% (w/v) saline, allow-

ing 60 �l dialysates to be collected every half hour using a refrigerated (4°C), auto-

mated collector system (CMA 170, CMA Microdialysis). When possible, placement

of the microdialysis probe and oxygen sensor system was in the vascular territory,

which had the highest probability of developing ischemia and/or vasospasm. This

was usually in the ipsilateral middle cerebral artery distribution, or in the territory

of the anterior cerebral artery.

Nitrite and nitrate measurements

For total NO (nitrite and nitrate) measurements, a dialysate fraction (25 �l) was

incubated with 5 �l nitrite reductase (10 U/ml), 1 �l NADP (4mM), 5 �l
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phosphate-buffered saline and 14 �l 0.9% saline for 1 hour at room temperature.

Thereafter, 15 �l sulfanilamide (1mg/ml with 60 �l phosphoric acid) and 15 �l

N-naphthylenediamine (10mg/ml) were added to the samples for 10 minutes. The

total volume (80 �l) was then measured for absorbance at 545 nm. For measuring

nitrite alone, the Griess reagent was added to a 50 �l dialysate sample, instead of a

25 �l sample [13].

Endothelin-1 measurements

Endothelin-1 was measured by radioimmunoassay using an endothelin-1 radioim-

munoassay (RIA) kit (Peninsula Laboratories, Belmont, CA). To increase the level

of sensitivity of the assay, samples were lyophilized and reconstituted in 100 �l of

the assay buffer.

Data collection and statistical analysis

The neurotrend data were collected every 5 minutes into a Macintosh computer

(Apple Computers, Cupertino, CA). The mean ptiO2 values over a period of 2

hours before and 2 hours after each nitrite/nitrate measurement were used for com-

parison. To calculate the relationship between NO and oxygen, the percentage

change in NO production and ptiO2 was used. The average ptiO2 was calculated

and the percentage change from the average ptiO2 was calculated. Similarly, the

percentage change in NO production from the average level of NO production for

each patient was calculated and StatView 4.1 (Abacus Concepts, Berkeley, CA) was

used for statistical analysis.

Results

Ten patients were selected who had a poor H & H grade (≥ 3), and two other

patients with an initial H & H grade of 2, who later developed new neurological

deficits and deteriorated to a grade 3, were included. Seven patients developed clin-

ically significant vasospasms as diagnosed by xenon computed tomography CBF

studies. Ten patients received full or partial “triple H” therapy to treat the vaso-

spasms. Using the Glasgow Outcome Score to assess outcome at 3 months, the

patients had made a good recovery; three patients had become moderately dis-

abled, one patient remained vegetative and five patients had died.

Dialysate NO measurements

Nitrite and nitrate in the cerebral dialysate was used as an indirect indicator for NO

production in these patients and there were significant fluctuations in microdialy-

sis NO production during each patient’s clinical course (Figure 15.1).
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Endothelin-1 in CSF and microdialysate

Endothelin-1 was measured in microdialysis as well as in CSF. On average, two

CSF samples were taken from each patient every day and the corresponding

microdialysis was used for endothelin-1 measurements. Figure 15.2 shows exam-

ples of two different patients’ CSF and microdialysis changes of endothelin-1 over

time.

175 NO and tissue oxygenation in subarachnoid hemorrhage

Figure 15.1 Close and linear relationship between dialysate NO (microdialysis NO) and oxygen

tension (ptiO2) in a patient (A) without vasospasm and (B) with vasospasm and 

ischemia.



Correlation between NO metabolites, brain tissue oxygen and metabolism

A linear relationship was seen between brain tissue oxygen and NO metabolites in

all patients, independent of whether the patient had a vasospasm. Single patient

examples with and without vasospasm are shown in Figure 15.1. Figure 15.3 shows

the relationship between percentage change in ptiO2 and percentage change in NO

production. A decrease in NO was significantly associated with a decline in ptiO2

levels (r2�0.326; P�0.001). ptiCO2, a possible indicator of the magnitude of

aerobic metabolism and/or substrate clearance, did not change significantly and

did not correlate with the changes in nitrite/nitrate.
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Discussion

NO is a highly reactive molecule that plays an important role in cerebral circula-

tion in neurotransmission, platelet aggregation and in other peripheral physiolog-

ical functions [5]. Because NO has a half-life of only seconds, clinical researchers

have had great difficulty with its measurement in human tissue. Hence, its metabo-

lites, such as nitrite and nitrate, are often measured in vivo as a surrogate indicator

of its activity [14]. Unfortunately, the results obtained with nitrate measurements

in plasma, CSF and urine have been highly inconsistent [15]. More recent studies

have therefore focused on measuring extracellular NO metabolites in brain tissue

using microdialysis. In this way, the systemic effects that overshadow central

nervous system NO production are eliminated, and the measurements may be

more accurate indicators of true cerebral NO events [16–18].

Previous studies have shown that endothelin-1 might be a good indicator of

vasospasm when measured in the CSF of SAH patients [19–21]. However, we were

unable to confirm that changes in CSF endothelin-1 or in microdialysate endothe-

lin-1 correlate with changes in either brain tissue oxygen or NO metabolites (data

not shown). Moreover, elevation in CSF endothelin-1 measurements (range: 3 to

20pg/ml) was consistent with previous studies and seems to be closely related to

microdialysis endothelin-1 (Figure 15.2).

In our small series, dialysate nitrite and nitrate ranged widely over time after

SAH, and was not accompanied by changes in the production of NO in CSF (data

not shown). The mean “NO metabolite” level over the entire monitoring period

ranged from 1.8 to 5.8 �M in different patients. However, an increase in NO

metabolites was significantly related to changes in brain tissue oxygen tension

(Figure 15.3). Interestingly, brain tissue CO2, which may be an indicator of cerebral

substrate clearance, was unrelated to NO metabolites. A simultaneous increase in
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tissue NO and oxygen tension may reflect cerebral vasodilation and thus oxygen

delivery, without changing cerebral oxidative metabolism and oxygen consump-

tion, so that net tissue oxygen tension increases.

In animal models, there is an increase in NO production after ischemia, but its

role is not understood [9]. It may be neurotoxic or neuroprotective in different sit-

uations. The known vasodilator role of NO, with its primary target being smooth

muscle cells of regulatory cerebral vessels, makes its role in SAH-induced vasos-

pasm intriguing [4,6]. Previous studies have shown that cerebral perfusion is

increased by NO and that the intra-arterial delivery of NO donors actually reverses

vasospasm in an SAH animal model [5,10,11].

These findings are supported by our data that show an increase in NO correlates

with increased brain oxygen tension, suggestive of vasodilation. However, if severe

vasospasm and tissue ischemia are present, extracellular NO decreases along with

tissue oxygen tension. It is unknown whether this increase in NO production is due

to stimulation of the constitutive NOS by glutamate-induced increases in intracel-

lular calcium, or due to an upregulation of the inducible NOS. Furthermore, the

source and significance of NO generated in neurons and glial cells vs. NO produc-

tion in smooth muscles of cerebral vessels themselves remains unknown. The fact

that CSF-NO was unrelated to dialysate NO and tissue oxygen tension in our study,

may suggest that cerebral ischemia is related to NO generated from neurons and

glial cells rather than from arterial wall cells alone. CSF may also fail to show

dynamic changes in the NO metabolites, acting rather as a “sump” or storage res-

ervoir, for these metabolites and thus, “averaging out” any fluctuations. Further

studies, in which microdialysis probes are placed adjacent to the large cerebral

vessels after aneurysm surgery and NO metabolite levels are compared with those

from probes placed opposite, could provide more information in this area.

Conclusion

In summary, our study showed a decline in tissue NO production, accompanied by

low brain tissue oxygen tension, during periods of ischemia, brain infarction and

severe clinical vasospasm. Patients with normal or high ptiO2 had a simultaneous

increase in dialysate NO levels. CSF-NO was not related to extracellular NO pro-

duction nor to oxygen tension. This study does provide evidence to support the

hypothesis that NO donors may prevent or reverse post-SAH vasospasm and thus

improve tissue oxygenation if administered early enough after SAH.

Acknowledgments

We are grateful for support from the Reynolds Foundation, the Lind Lawrence

Foundation and National Institutes of Health grant no. NS 12587.

178 A. Khaldi et al.



REFERENCES

1 Bredt DS, Hwang PM & Snyder SH (1990) Localization of NOS indicating a neural role of

NO. Nature, 347, 768–70.

2 Bredt DS & Snyder SH (1992) Nitric oxide, a novel neuronal messenger. Neuron, 8, 3–11.

3 Garthwaite J & Boulton CL (1995) NO signaling in the CNS. Annual Review of Physiology, 57,

683–706.

4 Furchgott RF & Zawadzki JV (1980) The obligatory role of endothelial cells in the relaxation

of arterial smooth muscle by acetylcholine. Nature, 288, 373–6.

5 Faraci FM & Brian JE (1994) NO and cerebral circulation. Stroke, 25, 692–703.

6 Paakkari I & Lindsberg P (1995) NO in CNS. Annals of Medicine, 27, 369–77.

7 Pluta RM, Thompson BG, Dawson TM, Snyder SH, Boock RJ & Oldfield EH (1996) Loss of

nitric oxide synthase immunoreactivity in cerebral vasospasm. Journal of Neurosurgery, 84,

648–54.

8 Wink DA, Hanbauer I, Grisham MB, Laval F, Nims RW, Laval J, Cook J, Pacelli R,

Liebmann J, Krishna M, Ford PC & Mitchell JB (1996) Chemical biology of nitric oxide: reg-

ulation and protective and toxic mechanisms. Current Topics in Cellular Regulation, 34,

159–87.

9 Suzuki Y, Osuka K, Noda A, Tanazawa T, Takayasu M, Shibuya M & Yoshida J (1997) Nitric

oxide metabolites in the cisternal cerebral spinal fluid of patients with subarachnoid hemor-

rhage. Neurosurgery, 41, 807–12.

10 Pluta RM, Oldfield EH & Boock RJ (1997) Reversal and prevention of cerebral vasospasm by

intracarotid infusion of nitric oxide donors in a primate model of subarachnoid hemorrhage.

Journal of Neurosurgery, 87, 746–51.

11 Wolf EW, Banerjee A, Soble-Smith J, Dohan FC Jr, White RP & Robertson JT (1998) Reversal

of cerebral vasospasm using an intrathecally administered nitric oxide donor. Journal of

Neurosurgery, 89, 279–88.

12 Zauner A, Bullock R, Di X & Young HF (1995) Brain oxygen, CO2, pH and temperature mon-

itoring: evaluation in the feline brain. Neurosurgery, 37, 1168–76.

13 Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok JS & Tannenbaum SR (1982)

Analysis of nitrate, nitrite, and [15N]nitrate in biological fluids. Analytical Biochemistry, 126,

131–8.

14 Grisham M, Johnson GG & Lancaster JR (1996) Quantification of nitrate and nitrite in extra-

cellular fluids. Methods in Enzymology, 268, 237–46.

15 Moshage H (1997) Nitric oxide determination: much ado about NO-thing? Clinical

Chemistry, 43, 553–6.

16 Luo D, Knezevich S & Vincent SR (1993) NMDA induced nitric oxide release: an in vivo

microdialysis study. Neuroscience, 57, 897–900.

17 Shintani F, Kanba S, Nakaki T, Sato K, Yagi G, Kato R & Asai M (1994) Measurement by in

vivo brain microdialysis of nitric oxide release in the rat cerebellum. Journal of Psychiatry &

Neuroscience, 19, 217–21.

18 Yamada K & Nabeshima T (1997) Simultaneous measurement of nitrite and nitrate levels as

indices of nitric oxide release in the cerebellum of conscious rats. Journal of Neurochemistry,

68, 1234–43.

179 NO and tissue oxygenation in subarachnoid hemorrhage



19 Suzuki R, Masaoka H, Hirata Y, Marumo F, Isotani E & Hirakawa K (1992) The role of

endothelin-1 in the origin of cerebral vasospasm in patients with aneurysmal subarachnoid

hemorrhage. Journal of Neurosurgery, 77, 96–100.

20 Zimmermann M (1997) Endothelin in cerebral vasospasm. Clinical and experimental results.

Journal of Neurosurgical Sciences, 41, 139–51.

21 Suzuki K, Meguro K, Sakurai T, Saitoh Y, Takeuchi S & Nose T (2000) Endothelin-1 concen-

tration increases in the cerebrospinal fluid in cerebral vasospasm caused by subarachnoid

hemorrhage. Surgical Neurology, 53, 131–5.

180 A. Khaldi et al.



16

Tissue plasminogen activator and
hemorrhagic brain injury

Minoru Asahi1, Rick M. Dijkhuizen2, Xiaoying Wang3, Bruce R. Rosen4

& Eng H. Lo5

1,2,3,5 Neuroprotection Research Laboratory, Departments of Neurology and Radiology, Massachusetts General
Hospital, and Program in Neuroscience, Harvard Medical School, Boston, MA
2,4 NMR Center, Massachusetts General Hospital, Harvard Medical School, Boston, MA

Effects of tissue-type plasminogen activator in acute clinical stroke

A rational approach to cerebral ischemia involves reperfusion of occluded arteries.

Recent clinical trials have shown that thrombolytic therapy with tissue-type plas-

minogen activator (tPA) may be effective for acute ischemic stroke [1,2]. However,

there is also an elevated risk of cerebral hemorrhage and further brain injury [3,4].

In all three of the major clinical trials (National Institute of Neurological Disorders

and Stroke, European Cooperative Acute Stroke Study I and II), the odds ratio for

intracerebral hemorrhage after tPA therapy was increased by about three-fold com-

pared with placebo [5]. The precise mechanisms that underlie these negative effects

of tPA remain unclear, but are clearly related to severity of the ischemic insult as

well as to the timing of tPA-induced reperfusion. In this chapter, the literature on

the neurotoxic effects of tPA will be briefly discussed, and data from our own labor-

atory will be provided with which we examine some of these mechanisms.

Effects of tPA in experimental cerebral ischemia

Although tPA-induced reperfusion of ischemic brain tissue is expected to salvage

tissue, recent reports from the experimental literature have suggested that tPA may

have neurotoxic effects as well. Wang and colleagues [6] have shown that infusion

of tPA increased infarct size in a mouse model of focal cerebral ischemia. Potentially

negative effects of tPA may be based on its ability to activate plasminogen and

induce damaging extracellular proteolytic pathways [7,8]. Specifically, non-fibrin

substrates for plasmin, such as laminin, may be degraded [9]. Proteolysis of

laminin and other proteins in the extracellular matrix may amplify excitotoxicity.
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It has been shown that knockout mice deficient in tPA or plasminogen were resist-

ant to excitotoxic injury after intracerebral injections of kainate, N-methyl--

aspartate and �-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid [7,10,11].

Since excitotoxicity plays a central role in ischemic pathophysiology [12,13], it is

conceivable that tPA can have detrimental effects on neuronal survival after stroke.

Fundamentally, extracellular proteolysis can disrupt cell–matrix and cell–cell inter-

actions leading to cell death [14–16].

The responses to cerebral ischemia in the knockout mouse models have been

examined. The data in this area have been somewhat controversial. In the first

study, knockout mice deficient in endogenous tPA expression showed reduced

infarct size as compared with their wild-type littermates [6]. Since this first seminal

paper, other groups have also examined these tPA knockouts, with variable results

(Figure 16.1). One group confirmed that tPA knockouts were more resistant to

focal ischemia [17], whereas another found that tPA knockouts actually had larger

infarcts as compared with wild-type littermates [18]. This variability in ischemic

outcomes is probably related to complex issues regarding genetic backgrounds of

the contributing strains [19,20].

In an effort to further dissect these variable effects of tPA, several other groups

[21,22], including our own [23], have attempted to detect negative effects of tPA in

normal rat and mouse models of cerebral ischemia. In these three reports where

cerebral ischemia was achieved by mechanically occluding arteries, no negative

effects of exogenously administered tPA were discerned. These data suggest that

while mechanisms for tPA-induced neurotoxicity certainly exist, the precise out-

comes may depend critically on the model systems used.
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tPA amplifies neuronal damage in vitro

As discussed above, the beneficial effects of tPA thrombolysis and cerebral reperfu-

sion may sometimes be negated by hemorrhage. Obviously, any involvement of tPA

in the pathophysiology of hemorrhagic injury would be of considerable clinical

importance. Hemoglobin is a major component of blood, and one of the likely

mediators of neurotoxicity after hemorrhagic injury [24]. Hemoglobin, via heme

or Fe2�, can induce oxidative damage and may also potentiate excitotoxic injury in

neuronal cells [25]. Therefore, we sought to determine whether tPA could amplify

hemoglobin-induced neurotoxicity in vitro [26].

In both PC12 cells and rat primary cortical cultures, hemoglobin induced a dose-

dependent cytotoxic response, as expected. The highest dose examined (30 �M)

resulted in over 80% cell death. On the other hand, 24 hours of exposure to tPA

alone at low to medium concentrations (5 to 20 �g/ml, 580 IU/�g) did not induce

significant lactate dehydrogenase release as compared with untreated control

cultures. However, when cells were exposed to a combination of hemoglobin plus

tPA, cytotoxicity was amplified. Whereas 1 or 2.5 �M hemoglobin alone resulted

in low levels of cell damage, the combination of hemoglobin plus non-toxic doses

of tPA significantly increased levels of cell death in both PC12 cells and primary

cortical neurons (Figure 16.2). The possible relevance of our results is underlined
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by the fact that the doses of tPA used here are within the range of plasma concen-

trations (approximately 10 to 20 �g/ml) achieved after intravenous infusion of tPA

in ischemic stroke [2]. Local concentrations of tPA can be even higher after intra-

arterial applications or when used for clot lysis during surgical procedures for

removal of intracerebral hematomas.

While tPA is being used as a form of thrombolytic therapy for acute ischemic

stroke, some patients are exposed to elevated risks of intracerebral hemorrhage.

Our data raise the important possibility that tPA may worsen outcomes after hem-

orrhage. When hemorrhage occurs as a complication of tPA therapy, further dete-

rioration of the patient may be due to both the effects of hemorrhage per se as well

as the additional toxicity of tPA-amplified hemoglobin effects.

tPA induces hemorrhage in a rat model of embolic focal ischemia

Traditional animal models of cerebral ischemia have involved occlusion of cerebral

arteries by mechanical means, via external ligation with a suture, clamping with

aneurysm clips or permanent vascular occlusion via cautery. While these models

have provided a wealth of data on the pathophysiology of cerebral ischemia, they

are not suitable for investigating tPA thrombolysis and its associated effects in vivo.

More recently, models of embolic focal cerebral ischemia have been developed

[27–31]. In these rodent models that use homologous blood clots, delayed treat-

ment with tPA resulted in hemorrhagic transformations [32–34]. In our laboratory,

we have used a quantitative model of tPA-induced hemorrhage in rats to investi-

gate the pathophysiology of tPA-induced reperfusion and possible secondary tissue

injury related to cerebral hemorrhage [35]. Focal cerebral ischemia was induced by

selectively placing homologous blood clots within the proximal trunk of the middle

cerebral artery in rats, and delayed administration of 10 mg tPA/kg was performed

intravenously at 6 hours after ischemic onset.

Clinical data suggest that high systemic blood pressure may increase the risk of

cerebral hemorrhage [36]. Therefore, experiments were conducted to compare

normotensive Wistar–Kyoto (WK) rats with spontaneously hypertensive (SH) rats.

Overall, hemorrhage severity was much lower in the normotensive WK rats com-

pared with the SH rats, and tPA did not significantly increase cerebral hemorrhage

(Figure 16.3). Indeed, 24 hour infarct volumes and neurological deficits were sig-

nificantly improved by tPA in the normotensive WK rats. In contrast, tPA signifi-

cantly increased the severity of hemorrhage in the SH rats (Figure 16.3).

Concomitantly, infarct volumes and neurological deficits in SH rats were also wors-

ened by tPA, and the severity of hemorrhage was positively correlated with infarct

volumes (r�0.611, P�0.01). Although we cannot unequivocally exclude a role for
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other genetic differences in the hypertensive SH rats, it is likely that increased blood

pressure may be the most parsimonious explanation here.

Alpha-phenyl-tert-butyl-nitrone reduces tPA-induced hemorrhage and
brain injury

Reperfusion injury after ischemia involves mechanisms of oxidative stress and

injury [37–39]. Oxidative injury may play a role in mediating cerebrovascular

damage after tPA thrombolytic stroke therapy, thus predisposing brain tissue to

hemorrhage [40,41]. Based on this supposition, we sought to determine whether

combining some form of free radical scavenging therapy with tPA would decrease

risks and severity of tPA-induced hemorrhage and enhance positive outcomes [35].

Hypertensive SH rats were subjected to embolic focal ischemia as before. Rats

treated with 10 mg tPA/kg 6 hours postischemia were compared with rats treated

with tPA plus 20 mg of the free radical spin trap alpha-phenyl-tert-butyl-nitrone

(�-PBN) per kilogram.

Delayed tPA administration induced hemorrhage as expected (Figure 16.4).

Combination treatment with �-PBN significantly reduced hemorrhage severity (6.7

4.2mm3 in rats treated with �-PBN plus tPA vs. 11.13.8mm3 in rats given tPA

185 Tissue plasminogen activator and brain injury

Figure 16.3 In spontaneously hypertensive (SH) rats subjected to clot-induced embolic stroke, tPA

significantly increased hemorrhage volumes (meanSD) compared with untreated rats.

Although tPA appeared to slightly increase hemorrhage in normotensive Wistar–Kyoto

(WK) rats, the difference was not statistically significant. * P�0.05.
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Figure 16.4 In SH rats subjected to clot-induced embolic stroke, tPA-associated hemorrhage was

significantly reduced by cotreatment with the free radical spin trap �-PBN. Concomitantly,

infarct volumes were reduced and neurological deficits were improved.

MeanSD. * P�0.05. PBN, alpha-phenyl-tert-butyl-nitrone.



alone; P�0.004) (Figure 16.4). Concomitantly, infarct volumes and neurological

outcomes were significantly improved as well (Figure 16.4).

These findings suggest that compounds targeted against oxidative injury may

prove valuable when used in combination treatments for ameliorating hemorrhage

risks associated with thrombolytic stroke therapy. Clearly, the underlying molecu-

lar mechanisms involved remain to be fully established. Additional studies utiliz-

ing this model are warranted to explore the mechanisms involved, test therapeutic

windows and translate these findings into potential clinical applications.

Magnetic resonance markers of tPA-induced hemorrhage

In recent years, magnetic resonance imaging (MRI) has become an important tool

in the diagnosis of both clinical and experimental stroke. Conventional T1- and T2-

weighted imaging, and newly developed diffusion- and perfusion-weighted MRI

techniques enable comprehensive and non-invasive assessments of acute ischemic

tissue damage and perfusion deficits. Recently, these techniques have been applied

to assess the efficacy of tPA treatment in rat embolic stroke models. It was demon-

strated that tPA administration within 1 hour after stroke improves cerebral blood

flow and reduces ischemic tissue damage [42,43]. However, delayed tPA treatment

(4 hours after ischemic onset) did not significantly alter MRI parameters [44].

In our laboratory, we have applied MRI after embolic stroke in hypertensive SH

rats to correlate ischemic brain damage, before and after late tPA therapy (6 hours

after stroke), with development of intracerebral hemorrhage. Perfusion-weighted

dynamic susceptibility contrast-enhanced MRI, using GdDTPA (gadolinium di-

ethylene triamine penta-acetic acid) as a contrast agent, demonstrated incomplete

and variable reperfusion after tPA injection. Administration of tPA led to an

increase in the apparent diffusion coefficient and T2 of tissue water, suggestive of

development of vasogenic edema. As expected, intracerebral hemorrhage devel-

oped in all animals. In order to assess the blood–brain barrier status, we performed

pre- and post-GdDTPA T1-weighted MRI. GdDTPA tissue enhancement reflects

blood–brain barrier breakdown, which has been shown to occur early after reper-

fusion. A previous study demonstrated that GdDTPA leakage matched areas of

hemorrhage in the intraluminal filament model of transient focal cerebral ischemia

in rats [45]. In the present model of embolic focal ischemia, clear post-GdDTPA

T1-weighted signal intensity enhancement was evident prior to tPA administration

in areas where hemorrhage emerged at later stages after tPA (Figure 16.5).

Additionally, areas with tPA-induced intracerebral hemorrhage had significantly

lower relative cerebral blood flow levels as compared with areas in which there was

no hemorrhagic transformation. These results suggest that intracerebral hemor-

rhage emerges in areas with relatively low perfusion levels and early blood–brain
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barrier perturbations. Hence, MRI may be used to quantify the effects of thrombo-

lytic therapy and possibly predict the risk of hemorrhagic transformation.

Conclusion

Thrombolysis with tPA has been shown to be effective in acute ischemic stroke if

administered within the proper therapeutic window. However, there are emerging

reports that, aside from its beneficial clot lysis properties, tPA may also have

complex neurotoxic effects in the cerebral parenchyma. These effects may critically

depend on the model systems used, and warrant further investigation. One clear

negative with tPA is the increased risk of hemorrhage. Here, we described a rat

model of tPA-induced hemorrhage and showed that combination therapy with

free-radical spin traps may be a potentially important way of ameliorating these

risks. Finally, MRI markers of stroke and hemorrhagic risks are now being eluci-

dated by our laboratory and others. The use of in vivo MRI correlates and predic-

tors, together with combination therapies, may significantly optimize the efficacy

and safety of thrombolytic therapy for acute ischemic stroke.

Acknowledgments

This work was supported in part by National Institutes of Health grants

R01–NS37074, R01–NS38731, R01–NS40529, R01–HL39810, and P50–NS10828.

188 M. Asahi et al.

Figure 16.5 MRI predictors of hemorrhage. SH rats were subjected to embolic focal ischemia, and tPA

was administered 6 hours later. Relative post-GdDTPA T1-weighted (T1W) signal intensity

change (percentage of precontrast) obtained 1 hour before tPA administration was

significantly higher in the ischemic areas, with subsequent intracerebral hemorrhage.

MeanSD. * P�0.05 vs. areas with no hemorrhage.
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Introduction

Acute occlusion of a large brain artery causes focal ischemia with a flow gradient

that decreases from the peripheral to the more central parts of the occluded vascu-

lar territory. According to the threshold concept of brain ischemia, tissue viability

is immediately endangered in the core of the ischemic territory in which blood flow

declines below the critical level required to support energy metabolism [1,2]. The

surrounding penumbra is only functionally impaired, but with increasing time of

vascular occlusion, tissue viability deteriorates until, within 6 to 12 hours, both the

core and penumbra undergo ischemic infarction [3]. If vascular occlusion is

reversed, part of the ischemic territory may recover, depending on the duration and

severity of the flow impairment. However, after a delay that can be as long as several

weeks, a secondary type of brain injury may evolve, which leads to delayed infarc-

tion within the territory of the formerly occluded brain vessel [4,5]. Finally, a spon-

taneous or drug-induced recirculation may occur, which differs from transient

surgical occlusion by the slow restitution of flow, and which may aggravate rather

than reverse ischemic injury [6,7].

Obviously, each of these ischemic conditions presents a different pathophysio-

logy, with different requirements for therapeutic interventions. To analyze the

underlying mechanisms it is necessary to describe, in a first step, the detailed

regional and temporal evolution of tissue injury. A straightforward way to achieve

this goal is the application of multiparametric imaging techniques to the various

focal ischemia models. This approach includes bioluminescence imaging of aden-

osine triphosphate (ATP) to detect energy failure, amino acid autoradiography to

image cerebral protein synthesis (CPS), terminal deoxynucleotidyl transferase-

mediated uridine 5	-triphosphate-biotin nick end labeling (TUNEL) histochemis-

try to detect DNA fragmentation and in situ hybridization autoradiograms to
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image specific genomic expression patterns. In a series of experimental investiga-

tions, which are described in more detail elsewhere, this approach was used in three

models of murine focal ischemia, i.e., permanent thread occlusion to study the

expansion of the infarct core into the penumbra [3], transient thread occlusion to

investigate the evolution of secondary infarction under conditions of undisturbed

recirculation [8] and reversible clot embolism to replicate the clinically more rele-

vant gradual restoration of blood flow after thrombolytic therapy [9].

Material and methods

Production of focal brain ischemia

Experiments were carried out in halothane-anesthetized adult male C57 Black/6J

mice weighing 20 to 30 g. Transient or permanent middle cerebral artery (MCA)

thread occlusion was done by a modification of the technique described by

Koizumi et al. [10], using threads with silicon-coated tips the diameter of which

(0.05 to 0.20mm) was matched to the body weight of the animals [3]. MCA clot

embolism was performed by a method developed in our laboratory [11].

Cylindrical blood clots were prepared in PE10 catheters by mixing fresh arterial

blood with thrombin, and four fibrin-rich segments 4mm in length (correspond-

ing to 0.284 µl clot material) were flushed retrogradely through the external into

the internal carotid artery. Thrombolysis of clots was carried out by intracarotid

infusion of 10 mg recombinant tissue plasminogen activator (rtPA)/kg (Alteplas,

Boehringer-Ingelheim, Germany). In both thread- and clot-occluded animals,

blood flow was monitored by laser Doppler flowmetry.

Brain imaging in animals with permanent thread occlusion was performed 1, 3

and 6 hours and 3 days after thread insertion, respectively. In experiments with

reversible thread occlusion, the thread was withdrawn after 1 hour and the brains

were investigated after 1, 3, 6 and 24 hours and 3 days of reperfusion. Thrombolysis

of the MCA clot embolism was started 1 hour after injection of the clots, and the

animals were investigated before and after 1, 3, 6 and 24 hours of treatment.

Embolized animals selected for 3 day survival died between the first and second

days, and therefore could not be submitted to the brain imaging protocol.

Brain imaging

Forty-five minutes before termination of experiments, the animals received

an intraperitoneal injection of L-[4, 5–3H]leucine (150 µCi, Amersham,

Braunschweig, Germany) for autoradiographic measurement of global protein

synthesis [12]. The brains were frozen in situ with liquid nitrogen and cut into

20 µm thick coronal cryostat sections. Pictorial ATP measurements were prepared

using an ATP-specific bioluminescence assay [13]. For measurement of CPS, brain
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slices were incubated in 10% (v/v) trichloroacetic acid to remove labeled free

leucine and metabolites other than proteins. Subsequently, slices were exposed for

14 days with 3H standards to tritium-sensitive X-ray film (Hyperfilm 3H;

Amersham) for autoradiography of 3H-labeled proteins.

Pictorial assays of c-Fos, JunB and HSP70 mRNAs were performed by in situ

hybridization using appropriate 35S-labeled oligonucleotide probes [3]. Brain sec-

tions were fixed for 15 minutes in 4% (v/v) paraformaldehyde/phosphate-buffered

saline, pH 7.4, and after overnight hybridization at 42°C, were exposed to auto-

radiographic film (Hyperfilm �-max; Amersham).

TUNEL was performed by incubating paraformaldehyde/phosphate-buffered

saline-fixed cryostat sections in a terminal deoxynucleotidyl transferase mix

(150U/ml; Life Technologies, Eggenstein, Germany, and 10pmol/l biotin-16-

deoxyuridine 5	-triphosphate; Boehringer-Mannheim, Germany) [3]. Incorpora-

ted biotin was visualized with the avidin-biotin peroxidase complex method

(Vector Laboratories, Burlingame, CA).

For image analysis, the National Institutes of Health image software (version

1.61) was used. Images were digitized with a closed-circuit digital camera and the

volumes of ATP depletion and CPS inhibition were measured using a semi-

automated method [14]. ATP depletion was defined as a decline to less than 30%

of the value of the contralateral side. The threshold for CPS was set to the lowest

CPS value of the non-ischemic hemisphere, excluding fiber tracts. The areas of ATP

depletion and CPS inhibition were measured on each section by subtracting the

area of the non-lesioned ipsilateral hemisphere from that of the contralateral hemi-

sphere. The areas of preserved ATP and protein synthesis were outlined and super-

imposed to demarcate penumbral tissue in which protein synthesis was suppressed

but ATP was preserved [3].

To evaluate the regional reproducibility of measurements, regional incidence

maps were constructed [3]. The areas of biochemical disturbances were outlined

on representative brain sections from each individual experiment and superim-

posed at two coronal levels at the caudate putamen and the dorsal hippocampus.

Using the image analysis software, the incidence of the metabolic alterations was

calculated for each pixel and expressed as percentage of the number of animals per

group.

Statistics

All values are given as meansstandard deviation (SD). Differences in metabolic

parameters and relative in situ hybridization radioactivity of mRNAs were com-

pared using one-way analysis of variance.
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Results

Permanent MCA thread occlusion

Brain metabolism

In the sham-operated controls, regional ATP content and regional CPS did not

differ between hemispheres. After MCA occlusion (MCAO), both ATP and CPS

were severely reduced in the ipsilateral hemisphere, but the regional distribution of

the changes differed between ATP and CPS, on the one hand, and with the dura-

tion of ischemia on the other (Figures 17.1 and 17.2).

After 1 hour of vascular occlusion, ATP was depleted in the frontoparietal cortex,

the lateral part of the caudate putamen and the piriform cortex. Suppression of

protein synthesis was present in the same areas, but the changes extended distinctly
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Figure 17.1 Coronal sections of the mouse brain at the level of the caudate putamen at various

intervals after the onset of permanent middle cerebral artery occlusion. Multiparametric

imaging of CPS, ATP content and the expression of Hsp70, c-Jun, c-Fos and JunB mRNA.

The outlines of preserved ATP and CPS have been superimposed to demarcate the core

from the penumbra of the evolving infarct. Note gradual expansion of infarct core

(defined as the ATP-depleted tissue) into the penumbra (defined as the tissue with

suppressed CPS but preserved ATP) and differential expression of hsp70 and immediate

early genes in the penumbra and the peri-infarct normal brain tissue.



more into the frontal, medial and temporooccipital parts of the MCA territory.

With increasing ischemia time, the ATP-depleted tissue mass, but not the volume

of tissue with inhibition of CPS, gradually expanded until within 1 day, ATP- and

CPS-impaired regions merged (Figure 17.1). On coronal brain sections at the level

of the caudate putamen, the ATP-depleted area thus increased from 40.111%

(meansSD) of the hemispheric cross-sectional area at 1 hour of MCAO to 47.4

11.9% after 3 hours, 49.013.6% after 6 hours, 56.24.7% after 1 day and 58.2
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Figure 17.2 Incidence maps of suppressed CPS, ATP depletion and neurons positive for TUNEL on

coronal sections of the mouse brain at various times after the onset of permanent MCAO.

Areas of disturbed metabolism were outlined in five animals per time point at the level of

the caudate putamen (left) and dorsal hippocampus (right) and superimposed to

calculate the incidence of alterations as the percentage of the number of animals per

group. The demarcation between normal and disturbed protein synthesis in the parietal

cortex visible at 1 hour of MCAO was marked by the arrows to estimate the evolution of

the metabolic disturbances at later time points. Notice the gradual expansion of the ATP-

depleted area into, but not beyond, the area of disturbed CPS visible after 1 hour, and the

delayed appearance of TUNEL within, but not outside, the ATP-depleted region. These

findings demonstrate that early inhibition of protein synthesis heralds the final

manifestation of infarction and that DNA fragmentation occurs in the core, but not in the

penumbra of evolving infarcts.



3.9% after 3 days, respectively (Figure 17.3). The area of CPS inhibition remained

almost constant during this time and amounted to 58.95.5% after 1 hour, 59.3

14.9% after 3 hours, 59.69.4% after 6 hours, 59.05.4% after 1 day and 60.2

3.8% after 3 days of MCAO. Accordingly, the penumbra, defined as the area of dis-

turbed protein synthesis but preserved energy state, gradually declined from close

to 20% after 1 hour of ischemia to less than 3% after 1 day.

Quantitative evaluations of ATP and CPS in different anatomical structures con-

firmed the progression of metabolic disturbances and revealed that 3 days after

MCAO ATP reduction was most pronounced in the somatosensory, temporal and

piriform cortex, as well as in the lateral and medial caudate putamen. Reductions

were also seen in the hippocampus, thalamus and hypothalamus, but these changes

did not reach a level of significance.

To evaluate the consistency of the regional extent of metabolic alterations, injury

incidence maps were prepared by superposition of the areas of reduced ATP and

CPS observed in each individual experiment (Figure 17.2). These incidence maps

revealed a remarkable reproducibility of the metabolic alterations and confirmed

the robustness of early CPS inhibition for predicting the final size of brain infarcts.

Genomic expressions

Representative examples of in situ hybridization autoradiograms of the mRNAs of

HSP70 and the products of the immediate early genes c-fos, c-jun and junB are

shown in Figure 17.1. Transcription of the stress gene HSP70 was confined mainly
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Figure 17.3 Dynamics of infarct evolution in the mouse brain during permanent MCAO. The areas of

suppressed CPS, ATP depletion and penumbral tissue (defined as the area of suppressed

CPS but preserved ATP) were measured at the level of the caudate putamen and

expressed as percentage of the opposite non-ischemic hemisphere. Note the gradual

expansion of the ATP-depleted brain tissue into the region of suppressed protein

synthesis, indicating growth of the infarct core into the peri-infarct penumbra.



to the penumbra, whereas transcription of the immediate early genes c-jun, c-fos

and JunB extended into the normal brain tissue of the ipsilateral hemisphere.

The dynamics of gene expression were studied by measuring the optical densities

of the in situ hybridization signals in the infarct core, in the penumbral cortex and

in the paramedian normal cortex of the ipsilateral hemisphere. HSP70 mRNA

expression sharply increased in the penumbra, reaching a peak 3 hours after vascu-

lar occlusion. Expression of the immediate early genes increased from 1 to 6 hours

after MCAO, both in the penumbra and the peri-ischemic normal cortex, but the

relative distributions were different: the concentrations of c-Fos and JunB mRNAs

were highest in the non-ischemic normal cortex of the ipsilateral hemisphere,

whereas c-Jun mRNA was increased more in the penumbra. Interestingly, c-Jun

mRNA expression remained elevated throughout the observation time of 3 days,

whereas all the other mRNAs returned to normal during this time.

TUNEL

After MCAO, DNA fragmentation as visualized by TUNEL was clearly confined to

neurons and appeared much later than the changes in ATP and CPS (Figure 17.2).

The number of TUNEL-positive neurons was highest in the central parts of the

ischemic territory, and at no time could TUNEL be detected in the penumbral

regions. Quite to the contrary, TUNEL became prominent 1 day after MCAO, i.e.,

at a time at which the penumbra had disappeared and brain infarcts had already

reached their final size. This excludes any significant contribution of TUNEL-

visible DNA fragmentation to infarct expansion.

Transient MCA thread occlusion

Brain metabolism

When the brain was reperfused after 1 hour of MCAO, inhibition of CPS was ini-

tially little changed (Figures 17.4 and 17.5). At the level of the caudate putamen the

CPS-inhibited area was 54.12.6% at 1 hour, 56.96.1% at 3 hours and 56.6

4.8% 6 hours after the onset of reperfusion (Figure 17.6). Later, the area with sup-

pressed CPS decreased to 48.74.5% at 1 day (P�0.05) and to 37.27.3% at 3

days (P�0.01) after reperfusion, but it never fully recovered.

In contrast to CPS, ATP returned transiently. After recirculation for 1 hour, ATP

was almost completely restored, but with longer periods of reperfusion, ATP again

deteriorated. The mean area of ATP depletion at the level of the caudate putamen

thus secondarily increased from 7.210.9% of the non-ischemic contralateral

hemisphere at 3 hours to 14.210.4% at 6 hours, 19.717.9% at 1 day and 34.8

9.2% 3 days, after the onset of reperfusion, respectively. At 3 days, ATP depletion

had merged with the area of CPS inhibition, leading to the sharp demarcation of

the brain infarct from the normal brain tissue.
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The reproducibility of these changes was confirmed by the injury incidence

maps (Figure 17.5). These maps document clearly that CPS inhibition remained

virtually constant from the end of the 1 hour ischemic period up to 6 hours after

reperfusion, whereas ATP transiently recovered. However, starting 3 hours after

ischemia ATP secondarily deteriorated, first in the dorsal hippocampus and the

central parts of the caudate putamen and later in the more peripheral parts of the

MCA-supplying territory. After 3 days of recirculation the region of ATP depletion

precisely matched the region of suppressed CPS.
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Figure 17.4 Multiparametric images of CPS, tissue ATP content and Hsp70, c-Fos and JunB mRNAs of

representative brain sections of mice at the level of the caudate putamen after various

reperfusion times following transient MCAO for 1 hour. The outlines of preserved ATP and

CPS have been superimposed to demarcate the metabolically impaired areas from the

normal brain tissue.



Genomic expression

Representative in situ hybridization autoradiograms of HSP70, c-Fos and JunB

mRNAs are demonstrated in Figure 17.4. The outlining of preserved ATP and

normal CPS was superimposed on adjacent cryostat sections to facilitate the

regional allocation of hybridization signals.

At the end of 1 hour of MCAO, expression of HSP70 mRNA was slightly
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Figure 17.5 Incidence maps of suppressed CPS, ATP depletion and TUNEL-positive neurons on coronal

sections of the mouse brain at various reperfusion times following transient MCAO for 1

hour. Areas of disturbed metabolism were outlined in 4 to 5 animals per time point at the

level of the caudate putamen (left) and dorsal hippocampus (right) and superimposed to

calculate the incidence of alterations as percentage of the number of animals per group.

The demarcation between normal and disturbed protein synthesis in the parietal cortex

visible at the end of 1 hour of MCAO was marked by the arrowheads to estimate the

evolution or regression of the metabolic lesions at later time points. Note the transient

recovery of ATP after the beginning of reperfusion and correlation of TUNEL with

secondary energy failure.



increased in the cortical penumbra, i.e., the region of suppressed CPS but preserved

ATP located in the periphery of the MCA territory. c-Fos and JunB mRNAs also

increased in the lateral part of the penumbra but even more so in the normal cortex

outside the area of suppressed CPS, extending up to the midline but not into the

opposite hemisphere.

After reperfusion, HSP70 mRNA expression sharply increased throughout the

area of suppressed CPS, peaking 3 hours after the release of vascular occlusion.

With longer recirculation times it gradually declined, particularly in the areas of

secondary ATP failure, and completely disappeared after 3 days, i.e., at a time when

the area of secondary ATP depletion began to merge with that of CPS suppression.

In contrast to HSP70 mRNA, the expression pattern of the immediate early genes

changed little after reperfusion, the signal intensity declining gradually to the

control value between 6 hours and 1 day after the onset of reperfusion.

TUNEL

Double-stranded DNA breaks visualized by TUNEL could first be detected between

3 and 6 hours after the beginning of reperfusion (Figure 17.5). Most of the TUNEL-

positive cells appeared to be neurons but the use of cryostat sections precluded

precise identification. The comparison of the distribution pattern of TUNEL-pos-

itive cells with the inhibition of CPS revealed an initially central localization, which

between 1 and 3 days merged with but did not expand beyond the area of CPS sup-

pression. On the other hand, TUNEL-positive cells were encountered mainly in

areas of secondary ATP depletion, although precise colocalization was not present

in all animals.
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Figure 17.6 Dynamics of metabolic lesions in the mouse brain after transient MCAO for 1 hour. The

areas of suppressed CPS and ATP depletion were measured at the level of the caudate
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Thrombolysis of MCA clot embolism

Blood reperfusion

A major difference in reversible focal ischemia brought about by transient thread

occlusion or by thrombolysis of clot embolism was the speed of recirculation. After

retraction of the intraluminal thread, the brain was recirculated almost instantane-

ously in analogy to the reperfusion profile following vascular clipping in aneurysm

surgery (Figure 17.7). Thrombolysis of clot embolism, in contrast, produced a

slowly progressing improvement of flow that took about 1 hour to reach pre-

occlusion values.

Brain metabolism

One hour after clot embolism, the regional pattern of metabolic impairment was

similar to that observed after 1 hour of thread occlusion, but the volume of the

metabolic lesion was slightly larger (Figure 17.8). At the level of the caudate

putamen, the ATP depletion area amounted to 5810.1% and the CPS-impaired

region to 68.06.7% of the hemispheric cross-section (Figure 17.9). In untreated

animals, the area of CPS suppression remained constant for the next 24 hours (67.7

8.9%), whereas the ATP-depleted area gradually expanded until it merged at 24

hours with that of CPS suppression (66.10.2%).

Intra-arterial thrombolysis with 10 mg rtPA/kg 1 hour after embolism gradually

reversed these changes. ATP returned in most parts of the ischemic territory

between 3 and 6 hours, and had fully recovered after 24 hours (Figures 17.8 and

17.9). Interestingly, CPS also improved, initially in the peripheral areas and after
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Figure 17.7 Comparison of blood reperfusion after 60 minutes of transient MCA thread occlusion

(left) and after rtPA-induced thrombolysis starting 60 minutes after MCA clot embolism

(right). Note the considerably longer delay of reperfusion after initiation of thrombolysis.
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Figure 17.8 Evolution of ischemic injury after clot embolism with and without rtPA treatment.
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Figure 17.9 Effect of rtPA-induced thrombolysis on the evolution of ischemic injury after clot

embolism of the MCA. Hemispheric areas of suppressed ATP and CPS were measured at

the level of the caudate putamen (meanSD). Thrombolysis induces gradual

improvement of ATP and, after longer delays, CPS.



6 hours in the more central parts of the MCA territory, leading to a significant

reduction in the CPS-suppressed area at 24 hours (15.59.6%, P�0.05).

Despite this amazing recovery compared with 1 hour of transient thread occlu-

sion, the animals did not survive. Between 1 and 3 days all mice, treated or not, died

under the symptoms of severe brain edema, demonstrating that the observed meta-

bolic recovery did not prevent fatal brain damage.

TUNEL

Fragmentation of nuclear DNA was confined to neurons and occurred late during

the evolution of brain injury. In untreated animals TUNEL-positive neurons were

detected between 6 and 24 hours after vehicle infusion. Twenty-four hours after the

onset of treatment the regional distribution of TUNEL corresponded clearly to that

of ATP and CPS inhibition which, in turn, colocalized with the region of critically

reduced cerebral blood flow (Figure 17.8).

In the rtPA-treated animals the number and regional extension of TUNEL-pos-

itive neurons were distinctly reduced compared with the untreated animals and

corresponded approximately to the persisting inhibition of CPS. Interestingly,

TUNEL colocalized with the areas of persisting ATP depletion after 6 hours but

there was a distinct dissociation between the recovery of ATP and the progression

of TUNEL at 24 hours (Figure 17.8).

Discussion

The comparison of infarct evolution in the three experimental models of this inves-

tigation clearly reveal that the manifestation of either early or late ischemic injury

cannot be explained by a unified hypothesis of ischemic cell damage. In permanent

focal brain ischemia, early core injury is the result of a critical reduction of glucose

and oxygen supplies leading to primary energy failure [15]. The gradual progres-

sion of ischemic injury in the penumbra is more difficult to explain. A genetically

controlled programmed type of cell injury is unlikely because TUNEL-associated

DNA fragmentation, a hallmark of apoptosis, was never detected before the break-

down of ATP, indicating unspecific alterations. This is in line with previous elec-

tron microscopic studies that did not reveal the typical morphological features of

apoptosis [16]. The expression pattern of immediate early and stress genes was also

at variance with current concepts of the genetic control of programmed cell death

[17]. HSP70, considered to be neuroprotective, did not prevent penumbral infarc-

tion despite its strong upregulation, and the mRNAs of the injury-promoting

immediate early genes c-fos and junB were most strongly expressed in the peri-

infarct healthy tissue where cell injury never evolved.

The pathophysiologically more important alteration is presumably the inhibition
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of protein synthesis, which heralded the final size of the infarct at an early stage of

infarct evolution. It is unlikely that the inhibition of protein synthesis was respon-

sible for cell death per se because its pharmacological suppression can survive for

much longer times [18]. However, it is conceivable that the inhibition of protein

synthesis is the marker of another disturbance that is the ultimate cause of secon-

dary energy failure. Such a disturbance could be the generation of peri-infarct

spreading depression-like depolarizations, with the resulting massive activation of

the ion exchange pumps [19,20]. Since blood flow, and hence oxygen supply, is

reduced in the peri-infarct surrounding, the increased energy requirements of

spreading depression are not coupled to a parallel increase in oxidative respiration,

causing repeated episodes of relative hypoxia and eventual irreversible tissue injury

[21]. This interpretation is supported by magnetic resonance spectroscopic evi-

dence of spreading depression-associated increases of tissue lactate and tissue

damage visible on diffusion-weighted imaging [22], as well as by the observation

that both infarct expansion and the penumbral inhibition of CPS could be pre-

vented by inhibiting the generation of peri-infarct depolarizations [19].

This situation basically differs from reversible focal ischemia, and here again

between fast and slow reperfusion, as exemplified by transient thread occlusion and

thrombolysis of clot embolism. After transient thread occlusion, blood flow is

restored almost instantaneously, leading to the rapid restoration of energy-pro-

ducing metabolism. Recovery of the energy state, in turn, restores ion and water

homeostasis, as documented among others by magnetic resonance imaging of the

apparent diffusion coefficient of water [23]. Thrombolysis of clot embolism, in

contrast, reverses the reduction of blood flow, hence of energy metabolism, much

more slowly. In the present study in which thrombolysis was started 1 hour after

embolism, blood flow returned to the control level after about 1 hour, and ATP

between 3 and 6 hours. Obviously, the longer recovery delay is equivalent to a

longer energy depletion time and, therefore, to a more severe ischemic impact. Slow

reperfusion may also provoke additional damage, owing to the generation of cyto-

toxic brain edema, which progresses until the energy-dependent ion homeostasis

has been restored. The aggravating effect of slow reperfusion has, in fact, been doc-

umented in reversible global ischemia, where a clear correlation existed between

the initial recirculation rate and the quality of biochemical and functional recov-

ery [24].

The present investigation shows that this may not be true in reversible focal

ischemia. In the thread-occluded animals, CPS did not recover and energy metab-

olism secondarily failed despite fast reperfusion, whereas in the slowly thrombo-

lysed animals ATP recovery was persistent and CPS returned.

Secondary tissue injury after reversible thread occlusion has been described

before and has been related to a genetically programmed type of cell death [4,5].
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However, the tempororegional evolution of injury does not support this interpre-

tation. In the central parts of the MCA territory where secondary infarction

evolved, HSP70 mRNA, but not c-Fos or JunB mRNAs, was strongly upregulated

and DNA fragmentation became visible at the same time or after but not before the

secondary breakdown of the energy state.

The alternative explanation is a flow–metabolism mismatch in analogy to the

penumbra of permanent ischemia. Although blood flow in the recirculated terri-

tory may be in the normal range [23,25], postischemic disturbances of vascular

reactivity may result in the uncoupling of flow and metabolism, which, under con-

ditions of postischemic hypermetabolism, can provoke relative hypoxia [26].

Such a hypermetabolic situation may arise from mitochondrial injury. There is

compelling evidence that postischemic recirculation generates reactive oxygen

species, which interfere with mitochondrial function and which impair oxidative

respiration because of increased leak currents across the inner mitochondrial

membrane [27]. Mitochondrial respiration is also impaired by excessive cytosolic

calcium flooding because mitochondrial calcium accumulation diverts part of the

capacity of the respiratory chain to calcium transport [28]. Both events reduce the

ATP yield of mitochondrial respiration and have to be compensated for by

increased oxidation of glucose. The great number of interventions that have been

shown to alleviate ischemic injury could, in fact, be explained by the improvement

of such a mismatch: flow promoting interventions by increasing oxygen supply, free

radical scavengers by reducing mitochondrial damage, calcium antagonists by

reducing cytosolic calcium flooding and antiepileptics, hypothermia or anesthetics

by reducing the energy requirements of the tissue (for a recent review of therapeu-

tic interventions, see ref. 29).

Interestingly, slow reperfusion initiated 1 hour after clot embolism by thrombol-

ysis did not cause secondary deterioration of energy metabolism during the first

day after the onset of therapy. A more delayed manifestation of injury is unlikely

because the duration of energy failure, which in this model is longer than after 1

hour of reversible thread occlusion, correlates inversely with the maturation inter-

val of secondary injury [30]. We propose two putative explanations for this unex-

pected finding. One factor could be an improved microcirculation because rtPA

treatment reduces plasma fibrinogen content and, in consequence, lowers blood

viscosity [31,32]. The other factor could be amelioration of free radical injury,

which has been postulated to decline when postischemic tissue reoxygenation is

delayed [33]. Together, these effects may alleviate the postischemic flow/metabo-

lism mismatch and, therefore, on the one hand promote recovery of protein syn-

thesis and on the other prevent secondary energy failure.

A disappointing observation in our thrombolysis experiment was the fact that

the metabolic improvement did not prevent DNA fragmentation and fatal brain
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edema between the first and third day after the onset of treatment. At the present

time we do not have experimental data to analyze this pathophysiology in more

detail, but it is noteworthy that DNA fragmentation occurred in the presence of

both undisturbed protein synthesis and energy metabolism. They may, therefore,

reflect an active type of cell death that deserves further investigation.

Conclusion

The three models of focal brain ischemia presented in this chapter exhibit basic

differences in the tempororegional evolution of ischemic injury and, therefore,

should be critically evaluated in respect to their clinical relevance. In particular, the

widely used reversible thread occlusion model, which causes instantaneous reper-

fusion after a relatively short period of severe focal ischemia, does not replicate

either spontaneous or thrombolysis-induced reperfusion and is probably of limited

relevance for clinical stroke. This may be the reason that therapeutic interventions

that succeeded in improving injury in this model failed under clinical conditions.

Further studies should, therefore, be carried out in more appropriate experimen-

tal stroke models.
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Introduction

Stroke is the third leading cause of death in most developed countries and the

primary cardiovascular cause of death in Japan and China. The health burden of

the disease is staggering, as loss of a productive life inflicts a heavy toll on patients,

families and the society at large. Yet, this disease has no effective therapeutic treat-

ment beyond a limited (about 2%) treatment with thrombolytics that has a signif-

icant adverse effect, and despite intense research efforts and numerous clinical trials

to develop drugs to reduce morbidity and mortality. Over the past two decades, the

focus of drug development efforts has targeted modulators of ion channels (Ca2�,

Na�), scavengers of oxygen radicals and antagonists of excitotoxic neurotransmit-

ters (primarily glutamate and glycine receptors). However, all phase III clinical

trials with these compounds (Table 18.1), where such compounds were tested for

efficacy of treatment in ischemic stroke, have failed due to lack of efficacy, adverse

effects or other development difficulties. Debates on the reasons for this grim

reality have sprung up in recent meetings, where “finger pointing” to possible

causes of failure include wrong animal models, wrong mechanism of action, poor

clinical design, inadequate timing of treatment, etc. While this debate is ongoing,

the stroke research community seems to have been disenchanted by the “classic”

targets for drug development (vide supra) as evidenced by emerging hope that other

strategies such as “reconstruction”, “apoptosis” and “inflammation” may yield the

desired success. In this short review, we will analyze the case for a role inflamma-

tion might have in ischemic stroke. However, rather than pointing only to possible

adverse effects of inflammatory cells and mediators in ischemic brain injury [exten-

sively reviewed in refs. 1–3], this review will evaluate evidence that both beneficial

and detrimental mechanisms could be promoted by inflammatory cells and medi-

ators.

Inflammation is defined as a local reaction at the microvessel interfaces that

results in fluid and cell translocation from the intravascular medium into the tissue
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in order to “wall off” and sequester injurious agents and protect and repair the

tissue [4]. Over the past one to two decades, stroke researchers have inspected brain

tissue at various times after stroke, and inflammatory cells (neutrophils, monocy-

tes) have been indisputably noted at the site of injury. Moreover, with the develop-

ment of highly specific molecular, biochemical and immunohistochemical

techniques, the presence of numerous inflammatory mediators in and around the

ischemic brain have been documented. A dual role of inflammatory mediators has

been noted in focal stroke and after brain injury, of which the time, location and

extent of their expression may be essential for dictating the nature of either neuro-

protection or neurotoxicity.

Expression of inflammatory cytokines and chemokines after ischemic
brain injury

Several cell types within the brain are able to secrete cytokines and chemokines,

including microglia, astrocytes, endothelial cells and neurons. In addition, there is

also evidence to support the involvement of peripherally derived cytokines in brain

inflammation. Peripherally derived mononuclear phagocytes, T lymphocytes,

natural killer cells and polymorphonuclear neutrophils (PMNs), which produce

and secrete cytokines, can all contribute to central nervous system (CNS) inflam-

mation and gliosis. Brain injury is associated with the expression of inflammatory
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Table 18.1. Recent stroke trials

Drug Mechanism Time/route Status phase

Lubeluzole Blocks nitric oxide/ion channels 6–8 hours/iv One III positive;

III continues

Enlimomab Anti-ICAM-1 antibody 6 hours/iv III negative

Citicoline Free radical scavenger? 24 hours/po III negative

Fosphenytoin Membrane stabilizer 6 hours/iv III negative

Cerestat N-methyl--aspartate antagonist 6 hours/iv III terminated

Cervene Opioid agonist 6 hours/iv III terminated

Tirilazad Free radical scavenger 6 hours/iv III negative

Nimodipine Calcium antagonist 24–48 hours/iv III negative

Eliprodil N-methyl--aspartate antagonist 6 hours/iv III terminated

GM1 ganglioside Ganglioside ? III negative

Viprinex (ancrod) Fibrinogen-lowering 3–6 hours/iv III terminated

GV150526 (gavestinel) Glycine site antagonist 6 hours/iv III negative

Notes:

iv, intravenous; po, orally; ICAM, intercellular adhesion molecule.



mediators, e.g., inflammatory cytokines (interleukin-1 (IL-1) and tumor necrosis

factor-� (TNF-�)), chemokines (interleukin-8 (IL-8), monocyte chemoattractant

protein-1 (MCP-1) and interferon-inducible protein-10) and intercellular adhe-

sion molecules (ICAM-1 and selectins).

TNF-� is a proinflammatory cytokine with a diverse array of biological activities.

Elevated TNF-� has been repeatedly demonstrated in various experimental models

of brain injury. Systemic kainic acid administration induces TNF-� mRNA within

2 to 4 hours in the cerebral cortex, hippocampus and hypothalamus. Systemic or

intracerebroventricular administration of the lipopolysaccharide (LPS) endotoxin

has also been shown to increase brain TNF-� levels as determined by bioassay [5].

In a model of non-penetrating head injury, Shohami et al. reported an early

increase in TNF-� peptide at the site of the focal insult [6]. Also, in rat traumatic

head injury, TNF-� mRNA and protein levels are rapidly elevated [1].

Furthermore, in mice challenged with particles of charcoal injected into the hippo-

campus, an increase in striatal levels of TNF-� mRNA was observed [6].

Elevated expression of TNF-� mRNA and protein occurred shortly after (1 to 3

hours) middle cerebral artery occlusion (MCAO) in rats [7,8]. In the ischemic

cortex, TNF-� mRNA levels were elevated as early as 1 hour postocclusion (i.e.,

prior to significant influx of PMNs), peaked at 12 hours and persisted for about 5

days. The early expression of TNF-� mRNA preceding leukocyte infiltration sug-

gests that TNF-� may be involved in this response. Double-labeling immunoflu-

orescence studies localized the de novo synthesized TNF-� to neurons but not to

astroglia. Five days after the ischemic insult, neuronally associated TNF-� was

diminished, and TNF-� immunoreactivity was localized in the inflammatory cells.

The significance of TNF-� expression in the brain was studied by microinjection of

TNF-� into the rat cortex. TNF-� induced leukocyte adhesion to the capillary endo-

thelium, but no evidence for neurotoxicity at the site of injection was found. Buttini

et al. [9] identified a rapid upregulation of TNF-� mRNA and protein in activated

microglia and macrophages after focal stroke, again suggesting that TNF-� is part

of an intrinsic inflammatory reaction of the brain after ischemia. TNF-� may exert

a primary effect on microvascular inflammatory response, as reflected by TNF-�-

induced neutrophil adhesion to the brain capillary endothelium [7]. Furthermore,

intracerebroventricular injection of TNF-� 24 hours prior to MCAO exacerbates

ischemia-induced tissue injury [10]. This effect was reversed by ventricular admin-

istration of anti-TNF-� monoclonal antibody. Further evidence for the involve-

ment of TNF-� in stroke-induced injury is supported by findings in spontaneously

hypertensive rats that are stroke prone and have higher levels of TNF-� production

in the brain compared with normotensive rats [5]. These data suggest that TNF-�

may prime the brain for subsequent damage by activating the capillary endothelium

to a pro-adhesive state.
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Similar to TNF-�, IL-1� has many pro-inflammatory properties. IL-1� is pro-

duced in the CNS by various cellular elements including microglia, astrocytes,

neurons and endothelia [11]. An increase in IL-1� mRNA expression has been

shown to occur after several types of injury to the brain, including excitotoxicity

and LPS [12,13]. Furthermore, mechanical damage after implantation of a micro-

dialysis probe has been shown to induce expression of IL-1�. A rapid increase in

IL-1� mRNA expression has been reported after fluid percussion brain trauma in

the rat. Microglial IL-1� expression has also been observed in human head injury.

IL-1� mRNA expression has been shown to increase after transient brain ischemia

in the rat [14]. The exacerbation of ischemic brain injury due to exogenous IL-1�

administered into the brain has been observed [15]. A rapid increase (3 to 6 hours

postischemia) in IL-1� mRNA after MCAO peaked at 12 hours but returned to

basal values at 5 days [8,16]. Early IL-1� expression after focal stroke has also been

demonstrated using in situ hybridization. The recent development of tools such as

specific antibodies to rat IL-1� has permitted the identification (by immunohisto-

chemistry) of IL-1� peptide in cerebral vessels, microglia and macrophages after

focal stroke.

Interleukin-1 receptor antagonist (IL-1ra) is a naturally occurring inhibitor of

IL-1 activity by competing with IL-1 for occupancy of the IL-1RI without induc-

ing a signal of its own. IL-1ra is produced by many different cellular sources includ-

ing monocytes/macrophages, endothelial cells, fibroblasts, neurons and glial cells.

The expression of IL-1ra and IL-1R mRNA after focal stroke has also been reported

[17]. The level of IL-1� mRNA was markedly increased in the ischemic cortex at 6

hours, then reached a significantly elevated level from 12 hours to 5 days following

MCAO. The presence of IL-1ra in the normal brain and the upregulation of IL-1ra

mRNA after ischemic injury suggest that IL-1ra may serve as a defense system to

attenuate IL-1-mediated brain injury. It is interesting to observe that the temporal

induction profile of IL-1ra after MCAO virtually parallels that of IL-1� [17], except

that IL-1ra mRNA exhibited prolonged elevation beyond that of IL-1�. Thus, the

balance between the levels of IL-1� and its antagonist, IL-1ra, expressed postische-

mia may be more critical to the degree of tissue injury than IL-1 levels per se.

In addition to their direct actions, the cytokines TNF-� and IL-1� may be able

to stimulate the expression and release of a number of chemokines. In vitro studies

have shown that IL-1� may produce similar increases in IL-8 and MCP-1 mRNA

expression and release from human cerebrovascular endothelial cells to those of

ischemia [18]. Direct studies have demonstrated that ischemia induces production

of a number of chemokines including IL-8 [19], MCP-1 [20], cytokine-induced

neutrophil chemoattractant (CINC) [21], macrophage inflammatory protein-1

(MIP-1) [22], interferon-inducible protein-10 [23] and MCP-3 [24].

After an ischemic insult, increased expression of MCP-1 mRNA has been
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reported by 6 hours [20,25]. Peak expression appears to occur from 12 to 48 hours

with levels still elevated at 5 days. In comparison, CINC expression declined by day

5 [21], whereas levels of MIP-1 mRNA increased as early as 1 hour postischemia,

with a peak between 8 and 16 hours. This differential expression may be reflected

in the different time courses of the postischemic, infiltration of neutrophils and

monocytes, a process in which chemokines play an important role.

Expression of inflammatory cytokines in brain ischemic tolerance

A short duration of ischemia (i.e., ischemic preconditioning) was shown to result

in significant tolerance to subsequent ischemic injury. The expression of TNF-�

and IL-1� mRNA was significantly induced after ischemic preconditioning in the

brain by means of a quantitative real-time TaqMan polymerase chain reaction

[26,27]. However, the peak expression of IL-1� mRNA was significantly less after

preconditioning than after permanent occlusion of the MCA, i.e., 87 and 546 copies

of RNA per microgram tissue at peak levels for preconditioning (6 hours) and focal

stroke (12 hours), respectively [26]. The maximal expression of IL-1� was observed

during the first week after preconditioning, showing a marked parallelism with the

duration of ischemic tolerance [26]. This observation is in agreement with reports

that show that pretreatment of rats with low doses of bacterial LPS induces cyto-

kines and inhibits subsequent ischemic damage [28]. A more direct role for IL-1�

in the induction of neuroprotection was revealed by direct administration of IL-1�

prior to brain ischemia. This IL-1�-stimulated neuroprotection could be reversed

by treatment with the endogenous IL-1 antagonist, IL-1ra [29].

Role of inflammatory cytokines and chemokines in ischemic brain injury

Inhibitors of IL-1 or TNF-� have now been shown repeatedly to result in reduced

deficits in focal stroke and head trauma models. The detrimental effects of TNF-�

and its role as a mediator of focal ischemia may involve several mechanisms. For

example, TNF-� increases blood–brain barrier permeability and produces pial

artery constriction that can contribute to focal ischemic brain injury. TNF-� was

shown also to augment pulmonary arterial transendothelial albumin flux in vitro

[30]. Furthermore, by stimulating the production of matrix-degrading metallop-

roteinase (gelatinase B) [31,32], TNF-� may further exacerbate capillary integrity.

TNF-� also causes damage to myelin and oligodendrocytes [33] and increases

astrocytic proliferation, thus potentially contributing to demyelination and reac-

tive gliosis. In addition, TNF-� activates the endothelium for leukocyte adherence

and procoagulation activity (i.e., increased tissue factor, von Willebrand factor and

platelet-activating factor) that can exacerbate ischemic damage. Indeed, increased
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TNF-� in the brain and blood in response to LPS appears to contribute to increased

stroke sensitivity/risk in hypertensive rats [5]. TNF-� activates neutrophils and

increases leukocyte–endothelial cell adhesion molecule expression, leukocyte

adherence to blood vessels and subsequent infiltration into the brain [2].

Several studies have shown that blocking TNF-� results in improved outcome in

brain trauma and stroke. Pentoxifyline (a methylxanthine that reduces TNF-� pro-

ductionat the transcriptional level)orsolubleTNFreceptor I (whichactsbycompet-

ing with TNF-� at the receptor) improves neurological outcome, reduces the

disruption of the blood–brain barrier and protects hippocampal cells from delayed

cell death after closed head injury in the rat [34]. In rat focal ischemia, an anti-TNF-�

monoclonal antibody and the soluble TNF-� receptor I were neuroprotective [10].

In the latter studies, TNF-� was blocked by repeated intracerebroventricular

administration before and during focal stroke, which significantly reduced infarct

size. In murine focal stroke, topical application of soluble TNF-� receptor I on the

brain surface significantly reduced ischemic brain injury [35,36]. In addition, in

another study evaluating TNF-� blockade on focal stroke in hypertensive rats,

soluble TNF receptor I administered intravenously pre- or post-MCAO signifi-

cantly reduced impairment in ischemic cortex microvascular perfusion and the

degree of cortical infarction, strongly suggesting an inflammatory/vascular mech-

anism for TNF-� in focal stroke [37].

Many studies have demonstrated the protective effects of IL-1ra in brain injury.

Administration of recombinant IL-1ra produced a marked reduction in brain

damage induced by focal stroke [38,39] or brain hypoxia [40]. This neuronal pro-

tective effect of IL-1ra in focal stroke was further supported using an adenoviral

vector that overexpressed IL-1ra in the brain [41]. The excess of IL-1ra significantly

reduced infarct size after focal stroke. In addition, IL-1ra expression increases after

ischemic preconditioning in a manner that parallels the development of brain

ischemic tolerance [42]. Of interest are data showing that peripheral administra-

tion of IL-1ra reduces brain injury [38], suggesting a potential use of IL-1ra as a

neuroprotective agent in human stroke and/or neurotrauma.

In contrast to the cytokines, there is little evidence to directly connect chemo-

kines with brain pathology. One study with an anti-IL-8 antibody reported reduc-

tions in both cerebral edema and ischemic damage [43] but the exact mechanisms

involved were not determined. The upregulation of chemokines by ischemia pre-

cedes the documented leukocyte responses, and IL-8 and MCP-1 are known to

upregulate integrin affinity, thus promoting leukocyte infiltration and accumula-

tion. Whilst this seems a plausible explanation, the absence of specific chemokine

inhibitors limits the conclusions which may be drawn.
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Role of adhesion molecules in ischemic brain injury

Leukocyte adhesion receptors, P-selectin, ICAM-1 and E-selectin are expressed in

sequence by microvascular endothelium within the ischemic territory [44–47].

P-selectin is seen within 60 to 90 minutes following MCAO [44], indicating the

rapid reactivity of microvascular endothelium to the ischemic insult. P-selectin and

E-selectin receptors are continually expressed within the ischemic territory [47].

The significance of these adhesion molecules in stroke is demonstrated by

studies with selective inhibitors to these molecules. For example, rats treated with

an antibody against MAC-1 (the leukocyte counterpart to ICAM-1) had smaller

lesions (reduction in infarct size by 45% to 50%) after transient MCAO [48].

Similarly, administration of an anti-ICAM-1 antibody demonstrated a 40% reduc-

tion of infarct size in a focal stroke model [49]. Blocking adhesion molecules can

also reduce apoptosis induced by focal ischemia [50]. Other studies verified these

effects but also illustrated that these antibodies could not reduce infarct size when

the ischemia was permanent [51,52]. However, this strategy may work only when

both leukocyte and endothelial cell adhesion proteins are blocked. The combina-

tion of tissue plasminogen activator and anti-CD18 provides significantly

improved outcome, and may increase the therapeutic time window in stroke [53].

In a rabbit embolic model of stroke, anti-ICAM-1 antibody was shown to increase

the amount of clot necessary to produce permanent damage [54]. In addition, in a

baboon model of transient focal ischemia, anti-CD18 monoclonal antibody

administered 25 minutes prior to reperfusion led to an increase in reflow in micro-

vessels of various sizes [55]. However, in contrast to the demonstrated anti-

ischemic effect of anti-adhesion molecules in animal models, the recent failure of

the murine anti-ICAM monoclonal antibody (Enlimomab) in human stroke [3]

and its ability to activate human neutrophils [56] demonstrate the difficulties in

extrapolating encouraging data obtained in some animal models to clinical reality.

Anti-inflammatory strategies in stroke

Because of the dual nature of some mediators in reformatting brain cells for resis-

tance or sensitivity to injury, it may be critical to carefully balance pharmacologi-

cal interventions based on anti-inflammatory strategies. The literature is replete

with reports of “wrong doing” of such mediators and “beneficial” effect of leuko-

cyte depletion, adhesion molecule antagonists (ICAM-1, E- or P-selectins), anti-

cytokines and interleukin antagonists. The minority of dissenting reports has been

ignored. However, careful inspection of the evolution of the sentiments regarding

the detrimental role of inflammation in stroke reveals the following potential pit-

falls:
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1 Pharmacological studies where mediators are injected acutely into the brain

(normal or ischemic) are highly artificial; the doses are unrealistic (industrial if

not military), with no correlation between the spatial, temporal and contextual

and the disease condition.

2 Transgenic animal models that were subjected to discrete deletion of certain

cytokine or cytokine receptor genes and were subjected to brain ischemia showed

more extensive injury and poorer long-term recovery than wild-type mice – a

result opposite to the expected “protection.” Most notable are the TNF-��/�

mice where deletion of the cytokine or the cytokine receptors resulted in a sig-

nificantly worse outcome, as with the IL-6�/� mice [57–59].

3 Cytokines have a “reputation” (i.e., pro-inflammatory), yet the cytokine IL-10

has been shown to possess neuroprotective efficacy in various models of brain

injury, including stroke [60,61]. TNF-� and IL-1�, two cytokines most often

cited as “bad guys” in stroke, have been shown to provide neuroprotection and,

in fact, reformat brain tissue into a state of “tolerance” to ischemic insults when

administered in sufficient time before the ischemic insult [28,29].

4 While activated macrophages are viewed as villains when spotted in the brain,

the growth-promoting and neuroprotective potential of factors released from

activated macrophages has been grossly overlooked. This is evidenced by the

remarkable recovery induced by the application of homologous activated

macrophages to spinal cord injury in rats [62]. Furthermore, the salutary effect

of immune/inflammatory cells in CNS injury has also been shown in studies

where neuroprotection (retinal neurons) has been conveyed by myelin basic

protein-activated T cells [63].

5 From the clinical perspective, it is well established that glucocorticoids, the most

potent and fast-acting anti-inflammatory drugs known to medicine, are of no

therapeutic benefit in stroke patients [64]. Likewise, none of the common non-

steroidal anti-inflammatory agents (e.g., aspirin, indomethacin, ibuprofen, etc.)

have proven to be beneficial in the acute treatment of stroke.

6 Most recently, anti-ICAM-1 antibody clinical trials in acute stroke patients have

been terminated after analysis showed the futility of using this antibody [3]. In

fact, a trend toward an adverse outcome was noted. While the cause of this situ-

ation is still being analyzed, the failure of the ICAM-1 trials in stroke is consis-

tent with a lack of efficacy in the broad spectrum anti-inflammatory agents in

stroke treatment.

Conclusion

It is important to point out the need to more carefully analyze the role of

inflammation in ischemic brain injury. It is indeed crucial that the salutary role
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of inflammatory cells and mediators in tissue repair, an evolutionary mechanism

of fundamental survival, be acknowledged. It is highly likely that some inflamma-

tory cell-derived mediators may be critical in proper repair and recovery of neuro-

nal networks, enhancement of plasticity and reformatting of circuitries necessary

for taking over tasks for which the lost brain tissue was responsible.
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Introduction

We have been interested in models of tolerance to hypoxia and ischemia as poten-

tial guides to appropriate therapeutic targets because of the complexity and multi-

factorality of the process that causes progressive brain damage during the early

hours of a stroke. After having been exposed to single or repetitive episodes of sub-

lethal ischemic stress, brain cells acquire resistance to subsequent, otherwise lethal,

ischemic insults [1]. A number of biochemical changes, such as cytokine release,

that trigger activation of multiple signaling pathways are caused by ischemic stress

and other forms of stress.

Tumor necrosis factor-alpha (TNF-�), a cytokine with pleiotropic activity,

affects many different types of cell. Whole brain, neurons [2,3], microglia, astrocy-

tes [4,5] and brain endothelium [6] are not only capable of TNF-� synthesis in

response to stress, but also express TNF-� receptors and amplify the TNF-�

response through paracrine and autocrine mechanisms [7]. In addition, this cyto-

kine has been implicated in both detrimental [8] and neuroprotective [9] actions

in brain cells, depending on the experimental conditions. This dual function of

TNF-� has also been observed in vivo. The TNF-�-binding protein that neutralizes

TNF-� had a protective effect against focal ischemia [10,11]. However, in a model

of permanent middle cerebral artery occlusion, transgenic mice lacking TNF-�

receptors developed significantly larger infarcts than did littermate controls [12].

An inference from these data is that TNF-� has the potential to function either as

a stressor or as a molecule with a homeostatic function. It can also act as a precon-

ditioning stimulus for induction of tolerance. Intravenous pretreatment of SHR

226

* These two investigators made equal contributions to this work.



rats with the TNF-�-inducing agent, lipopolysaccharide [13], or intracisternal pre-

treatment of mice with TNF-� [14] have been shown in recent studies to substitute

for ischemic preconditioning and to protect animals from ischemic injury in the

middle cerebral artery occlusion model.

In cultured cortical neurons from 2-day-old Sprague–Dawley rats, we have

recently developed an in vitro model of ischemic preconditioning. When these cells

are preconditioned with mild hypoxia (8% oxygen in the medium for 20 minutes)

they become more resistant to severe hypoxia (2% to 5% oxygen for 2.5 hours) or to

in vitro ischemia (similar to hypoxia plus no glucose in the medium) applied 24 hours

later. TNF-� pretreatment of cultured cells (25ng/ml for 24 hours) protected

neurons to the same degree as hypoxic preconditioning (about 50% protection) and

thus resembled the animal studies. This in vitro paradigm of adaptation to

hypoxic–ischemic stress permitted the direct demonstration that TNF-� is a key

mediator of tolerance. No tolerance developed when preconditioning was performed

in the presence of an antibody known to neutralize the biological activity of TNF-�.

Ceramide, a sphingolipid, has been implicated as a second messenger in many of

the multiple signaling pathways initiated upon binding of TNF-� to its p55 recep-

tor [15,16]. In addition to studies that have implicated ceramide in induction of

apoptosis and cell cycle control [17,18], there is also evidence that ceramide can

cause cytoprotection [15]. We hypothesized that ceramide could play a role in the

induction of ischemic tolerance. We tested this hypothesis in our in vitro model of

tolerance. This chapter presents evidence that preconditioning of cortical neurons

with mild hypoxia results in upregulation of intracellular ceramide that is mediated

by TNF-�, and that these intracellular signaling molecules are necessary and suffi-

cient for induction of tolerance in this model.

Methods

Cortical neuronal cultures

Cortical neuronal cultures were established from 2-day-old Sprague–Dawley rats.

Cerebral cortices without meninges were placed into a dissection medium (0.3%

(w/v) glucose, 0.75% (w/v) sucrose, 28mM Hepes in Hanks’ balanced salt solution,

pH 7.3, osmolarity 320mM/kg), cut into small pieces, treated with 0.25% (w/v)

trypsin for 20 minutes at 37 °C and then resuspended in Dulbecco’s modified

Eagle’s medium (DMEM)/high glucose (4500mg/l), 2mM glutamine, 1% antibio-

tic/antimycotic (all from Gibco Life Technology), 10% (v/v) fetal bovine serum

(Summit Biotechnology) and 40 �g DNase/ml (Boehringer Mannheim), and tritu-

rated 20 times in culture medium. The cell suspension was centrifuged at low speed

(1000 rpm) to get rid of cell debris, resuspended in culture medium (Neurobasal-

A with 2% B27 supplement, 1mM L-glutamine (all from Gibco Life Technology),
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0.2% (v/v) horse serum (Sigma)) at 5.5 ~ 5.8�105/ml (one brain yielded a 24 ml

cell suspension) and plated 500 �l/well in 24-well plates (Costar) precoated with

2.5 �g/cm2 of poly-L-lysine. The glucose concentration in Neurobasal-A was

4500 mg/l. Non-neuronal cells were eliminated by changing the medium 20

minutes after plating and by addition of 15 �g 5	-fluoro-2	-deoxyuridine/ml

(Sigma) in the culture medium. Immunostaining of neurons with an antibody

against neuron-specific enolase (Chemicon International, Inc., Temecula, CA) and

astrocytes with glial fibrillary acidic protein-specific antibody (Boehringer

Mannheim) demonstrated that astrocyte contamination was less than 5%.

Hypoxic pretreatment

Hypoxic pretreatment was performed on day 4 in vitro after withdrawal of 200 �l

(out of 400 �l/well) of culture medium. Neuronal cultures were placed in modular

incubator chambers (Billups Rothenberg, Del Mar, CA) and flushed with a gas

mixture of 5% CO2/95% N2 for 20 minutes at room temperature (when the cells

were grown in 60mm dishes, the flushing time was 15 minutes). The chambers

were sealed and incubated at 37 °C for 20 minutes. Oxygen concentration in the

culture medium was monitored with an oxygen meter (Microelectrodes, Inc.,

Bedford, NH) and reached 8% at the end of pretreatment. After pretreatment, 200

�l/well of normoxic medium was added back to the cultures and they were incu-

bated under normoxic conditions (5% CO2, 100% humidity at 37 °C) for 24 hours

and then subjected to severe hypoxia.

Severe hypoxic treatment

Severe hypoxic treatment was performed on day 5 in vitro. Culture medium was

completely removed from naïve and preconditioned cells and substituted with 200

�l Neurobasal-A medium/well plus 1mM L-glutamine (no B27 supplement and

horse serum). The plates were flushed with a 5% CO2/95% N2 gas mixture in

hypoxic chambers until oxygen concentrations dropped to 2% (about 40 minutes).

Chambers were agitated every 5 minutes to ensure maximal gas exchange in the

culture medium. The chambers were sealed and incubated for 2.5 hours at 37 °C

(oxygen concentration in the medium was 5% at the end of incubation). For

reoxygenation 200 �l of normoxic culture medium containing double concentra-

tions of B27 supplement and horse serum was added per well to the cells, which

were placed in a regular tissue culture incubator; cell viability was measured at

indicated times. Control cells were subjected to the same washing and feeding pro-

cedures with normoxic medium. For glucose deprivation studies, cells were incu-

bated in 200 �l DMEM/well containing no glucose, and 200 �l/well DMEM

containing double concentrations of glucose were added to the cultures upon

reoxygenation.
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Pretreatment of neuronal cultures with TNF-� and C-2 ceramide and blocking reagents

TNF-� (25ng/ml) was added to neuronal cultures on day 4 in Neurobasal-A plus

1mM L-glutamine and 2% B27 supplement and 0.2% horse serum for 24 hours (it

was washed out just before the severe hypoxic treatment). N-acetylceramide (C-2

ceramide) (10 �M) was added to the cultures at the beginning of severe hypoxia

(day 5 in vitro) and remained in the medium during the entire reoxygenation

period. Anti-TNF-� neutralizing antibody (8 �g/ml at ND50�3 to 6 �g/ml; R & D

Systems) or fumonisin B1 (50 �M; Alexis Biochemicals, San Diego, CA) was added

to neuronal cultures at the time of preconditioning. Both reagents were washed out

just before incubation of the cells in severe hypoxia.

Quantitation of neuronal injury

Quantification of neuronal injury was performed by means of an ethidium homo-

dimer fluorescence exclusion test [18]. In order to quantify fluorescence changes,

neurons were plated in 24-well plates and, at the end of each experiment, culture

medium was withdrawn and cells were incubated with 6 �M ethidium homodimer

(Molecular Probes, Eugene, OR) in Hanks’ buffer at 300 �l/well for 30 minutes at

37° C. Cell fluorescence was measured with a CytoFluor 4000 fluorescent plate

reader (PerSeptive Biosystems, Framingham, MA) at excitation/emission wave-

lengths of 530/620 nm. Background fluorescence was measured on each plate and

subtracted. The percentage of dead cells was calculated by means of the following

formula:

F � F min
% dead cells� � 100%

Fmax � Fmin

where F was fluorescence of unknown sample, Fmin was fluorescence of untreated

healthy control cultures and Fmax was fluorescence of the same cultures treated with

0.03% (w/v) saponin for 1 hour at 37 °C. In order to estimate the percentage of cells

that had already detached from the dish, saponin was added to all the wells at the

end of incubation with an ethidium homodimer, and fluorescence of each sample

(Fsaponin) was related to that of the control, untreated samples (Fmax) using the fol-

lowing formula:

Fmax � Fsaponin% lost cells� � 100
Fmax

To take into account uneven distribution of cells on the surface of any well, the fluo-

rescent plate reader was programmed to read five different areas of each well, and

the mean signal was calculated. In order to overcome variability in cell plating
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density each experimental value was obtained as an average of measurements per-

formed in eight wells.

Intracellular ceramide levels

Intracellular ceramide levels were measured in neurons, which were grown in

60 mm culture dishes and subjected to preconditioning hypoxia or to TNF-� pre-

treatment. Zero, 16, 20, 24, 28 and 32 hours after reoxygenation cells were washed

twice with cold phosphate-buffered saline, scraped off and pelleted. Cell pellets

were subjected to lipid extraction and intracellular ceramide was quantified by

means of reversed phase high performance liquid chromatography, according to

Santana et al. [19], as has been described in detail elsewhere [15]. Ceramide values

were normalized per lipid phosphate as described [15].

Measurements of TNF-� concentrations

Neuronal cultures in 24-well plates were covered with 0.4 ml of culture medium

and subjected to hypoxic pretreatment. Aliquots of culture medium were with-

drawn 4, 8 and 24 hours after preconditioning and TNF-� levels were measured in

these samples using an enzyme-linked immunosorbent assay (ELISA) kit for rat

TNF-� (Endogen, Woburn, MA) according to the manufacturer’s instructions.

Statistical analysis

Statistical analysis was carried out by two-factor analysis of variance for repeated

measurements, and by the paired t test using Excel software.

Results

Description of the in vitro model of hypoxia tolerance

Hypoxia-induced injury of neuronal cells had already begun during the severe

hypoxic exposure, as demonstrated by measurements of number of dead cells, and

it then progressed after reoxygenation. About 13% of the cells were dead (P�0.004,

n�4) at the end of the 2.5-hour hypoxic incubation period. The number of dead

cells doubled during 8 hours of reoxygenation (P�0.0001, n�6). Progression of

hypoxia-initiated cell death continued up to 24 hours of observation. In the control

cultures maintained in normoxia and in the sham-washed cultures, no significant

cell death was apparent during the entire period of observation. Hypoxic precon-

ditioning of neuronal cultures 24 hours prior to the hypoxic insult inhibited cell

death. Neuronal death was reduced by 50% during the period of incubation in the

hypoxic environment (P�0.044, n�4) and during progression of neuronal injury

after reoxygenation by 52% at 8 hours (P�0.0003, n�7) and 39% 24 hours

(P�0.0013, n�7) after reoxygenation.
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Glucose deprivation (GD) without hypoxia did not affect cell viability, but when

superimposed on hypoxic (O) treatment (O/GD), it resulted in a higher death toll

(33.4% vs. 23.6% dead cells; P�0.03, n�4). Hypoxic preconditioning, however,

was as effective in protection against O/GD as it was against hypoxia alone (52% 8

hours after reoxygenation and addition of glucose; P�0.045, n�4). On the basis

of these observations we have chosen to study molecular mechanisms of hypoxic

preconditioning in the model of hypoxic injury of neurons, rather than in the more

complicated model of O/GD.

TNF-� as a mediator of hypoxic preconditioning of neurons

TNF-� (25ng/ml) was added to neuronal cultures at 24 hours prior to hypoxic treat-

ment. Immediately before placement of the cells into hypoxic chambers, the culture

medium with TNF-� was completely exchanged for the culture medium containing

no TNF-�, and cells were subjected to 2.5 hours of hypoxia treatment.

Measurements of the number of dead cells 0, 8 and 24 hours after cell reoxygenation

demonstrated that pretreatment with TNF-� protected neurons from a hypoxic

insult to the same degree as did hypoxic preconditioning by: 40% (P�0.004, n�3),

53% (P�0.002, n�5) and 44% (P�0.002, n�5), respectively (Figure 19.1).

We hypothesized that hypoxic preconditioning is at least partially mediated by

TNF-� because the time course for the TNF-� pretreatment and the magnitude of

its protective effect were shown to be very similar to that for hypoxic precondition-

ing. This hypothesis has been tested in two ways: first, we investigated whether

231 TNF-� and ceramide in neuronal tolerance

40

30

20

10

0
8 24

Hours of reoxygenation

%
 d

ea
d

 n
eu

ro
n

s

Normoxia

Hypoxia

TNF/normoxia

TNF/hypoxia

*
*

Figure 19.1 This displays the percentage of dead neurons 8 and 24 hours after severe (2.5 hours)

hypoxia exposure in TNF-� preconditioned (TNF/hypoxia) neuronal cultures compared

with naïve (hypoxia) neuronal cultures. Also shown is percentage of dead neurons from

cultures maintained in a normoxic atmosphere with (TNF/normoxia) and without

(normoxia) TNF-� preconditioning.



preconditioned neurons released TNF-� in culture medium, and, second, we

examined whether inhibition of TNF-� activity during preconditioning would

compromise the tolerant state. An increase in TNF-� concentrations could be

detected 4 hours after preconditioning by means of the TNF-� ELISA. Eight hours

after preconditioning, 6.152.0pg TNF-� was released by 2.5�105 precondi-

tioned neurons (plated in one well) in contrast to the same number of control,

untreated neurons, which released 1.01.2pg TNF-� (meanstandard error

(SEM); P�0.05, n�3). In another experiment, cultured neurons during the entire

period of preconditioning (24 hours) were treated with sheep polyclonal antibody,

which neutralizes the biological activity of rat TNF-�. As the severe hypoxic treat-

ment began, the antibody was washed out with the culture medium. Hypoxic pre-

conditioning decreased the percentage of dead cells in severe hypoxia-treated

cultures from 20.2% to 7.4% (P�0.01, n�4) and from 27.2% to 14.7% (P�0.002,

n�4) when measured 8 and 24 hours after reoxygenation, respectively. When pre-

conditioning was performed in the presence of anti-TNF-� antibody, however, it

had no protective effect, resulting in 17.7% (P vs. tolerant cells 0.026, n�4) and

23.8% (P�0.017, n�4) dead cells, respectively. Sheep immunoglobulin G with no

specificity against TNF-� contrasted with the above results in that it did not block

the effect of preconditioning on neuronal survival.

Ceramide is a downstream mediator of hypoxic tolerance

Just before the hypoxic insult, cell permeable C-2 ceramide (10 �M) was added to

neuronal cultures. Cells were subjected to 2.5 hours of hypoxia and the number of

dead cells was measured by an ethidium homodimer exclusion test 8 and 24 hours

after reoxygenation. The presence of C-2 ceramide in the culture medium

decreased the cell death rate from 30.1% to 13.5% (P�0.001, n�4) and from

34.1% to 16.1% (P�0.009, n�4) 8 and 24 hours after reoxygenation, respectively

(Figure 19.2). The efficacy of ceramide-induced protection (55% and 54%, respec-

tively) was similar to that of hypoxic preconditioning (52% and 39%, respectively)

and that of TNF-� (53% and 44%, respectively).

At time intervals to 32 hours after hypoxic preconditioning and after TNF-� pre-

treatment, ceramide concentrations in neuronal cells were measured. Increased

intracellular ceramide levels 120% to 140% over baseline (0.70.1pmol lipid

phosphate/nmol) were observed by 16 hours (P�0.018, n�3) and reached 180%

to 200% 24 hours after preconditioning (P�0.035, n�3). Ceramide accumulation

peaked at 20 hours in two out of five experiments. A similar ceramide time course

was observed in TNF-�-pretreated neurons. Neither of the preconditioning expo-

sures, hypoxia or TNF-�, induced ceramide accumulation in the presence of

fumonisin B1, a mycotoxin produced by Fusarium monileforme, which inhibits cer-

amide synthetase (sphingosine-N-acyl transferase) in many cell types including

neurons [4].
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Figure 19.2 This shows the percentage of dead neurons 8 and 24 hours after severe (2.5 hours)

hypoxia exposure in C-2 ceramide-treated (Hyp/C-2) neuronal cultures compared with

naïve (Hypoxia) neuronal cultures. Also shown is percentage of dead neurons from

cultures maintained in a normoxic atmosphere with (Norm/C-2) and without (Normoxia)

C-2 ceramide treatment. Differences between Hyp/C-2 and Hypoxia cultures were highly

significant at both time points.



The ability of fumonisin B1 to attenuate tolerance paralleled its inhibitory effect

on ceramide levels in preconditioned cells. Hypoxic preconditioning without

fumonisin B1 rescued 45.8% (P�0.0013, n�4) and 51.8% (P�0.023; n�4) of

cells subjected to 2.5 hours of hypoxic insult, which would otherwise have died 8

and 24 hours, respectively, after reoxygenation. The percentage of dead cells in the

cultures preconditioned in the presence of fumonisin B1 was not significantly

different from that of the naïve cultures: 17.9% vs. 17.4% at 8 hours and 20.8% vs.

25.4% 24 hours after reoxygenation (P values vs. tolerant cells were 0.01 and 0.026

for 8 and 24 hours, respectively, n�4). These studies indicate that ceramide de

novo synthesis is required for induction of tolerance to severe hypoxia by hypoxic

or TNF-� preconditioning.

Discussion

The data indicate that exogenous TNF-� and exogenous C-2 ceramide were able to

substitute for hypoxic pretreatment in making cortical neurons resistant to a sub-

sequent hypoxic insult. TNF-� and C-2 ceramide protected neurons to the same

degree as did hypoxic preconditioning. Hypoxic preconditioning resulted in no

tolerance if it was performed in the presence of a TNF-�-neutralizing antibody

(but not in the presence of a non-specific antibody) or in the presence of the inhib-

itor of ceramide de novo synthesis, fumonisin B1. The ability of fumonisin B1 to

block hypoxic preconditioning suggests that de novo synthesis of ceramide contrib-

utes to induction of tolerance.

Measurements of ceramide levels in cells preconditioned with hypoxia or pre-

treated with TNF-� provide further evidence that ceramide is a TNF-� messenger

during induction of ischemic tolerance. Both treatments resulted in a delayed

increase of intracellular ceramide levels that coincided with development of resis-

tance to the severe hypoxic insult. These data are consistent with our previous obser-

vation that astrocytes and brain endothelial cells preconditioned with TNF-� also

exhibit delayed ceramide responses, which coincide with a tolerant state [20]. The

ability of fumonisin B1 to abolish ceramide synthesis parallels its effect on ischemic

tolerance and strongly argues for a role of ceramide as a mediator of tolerance.

Mechanisms controlling apoptosis/survival in neuronal cells through stabiliza-

tion of [Ca2�]i, increase of the density of the outward potassium currents and

induction of antioxidants [21–23] involve activation of nuclear factor-kappa B

(NF-�B). Which of these mechanisms is involved in ceramide-mediated hypoxic

preconditioning in neuronal cells is not clear. Participation of NF-�B in adaptation

to ischemia is suggested by recent studies of myocardial preconditioning [24,25].

In support of this hypothesis, loss of NF-�B activity was observed during brain

ischemia and inhibition of NF-�B sensitized brain cells to cytotoxic effects of TNF-

� in vitro [26].
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Cytokines and ischemic brain damage

Cytokines are polypeptides that include the families of interleukins (IL-1), tumor

necrosis factors (TNF), interferons and growth factors with diverse actions on

development, inflammation, tissue injury and repair in almost all cells in the body.

The past decade has witnessed increasing interest in the functions and importance

of cytokines in central nervous system biology and pathology.

Most cytokines are produced at low levels in healthy adult brains, but many are

upregulated rapidly in response to injury, infection or inflammation in the brain

including cerebral ischemia [1,2]. The influence of cytokines on ischemic brain

damage appears to be diverse and complex. While several cytokines have clearly

identified neurotrophic or neuroprotective effects (e.g., IL-6, insulin-like growth

factor (IGF), nerve growth factor (NGF), fibroblast growth factor (FGF), trans-

forming growth factor-� (TGF-�)), others have been implicated as mediators of cell

damage (most notably IL-1), while for some (such as TNF-�) both neuroprotective

and neurotoxic effects have been identified. This review will focus on the actions of

IL-1 on ischemic brain damage and recent findings about its mechanisms of action.

IL-1 expression in stroke

IL-1, IL-1� and IL-1�, and IL-1 receptor antagonist (IL-1ra) are all rapidly pro-

duced in response to experimental stroke and excitotoxic and traumatic brain

injury in rodents [3–5] . Temporal studies on expression indicate that IL-1� is pro-

duced most extensively and rapidly, initially by microglia and meningeal macro-

phages and later by astrocytes and invading immune cells [6–9]. IL-1� appears to

be induced slightly later than IL-1�, but by the same cells, while IL-1ra expression

occurs later, predominantly in neurons [10,11].
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IL-1�, the major ligand, is produced as an inactive precursor (pro-IL-1�) which

must be cleaved by the enzyme caspase-1 to yield the mature, active form of IL-1�.

Thus, bioactive IL-1� will be produced only where and when caspase-1 is expressed

and activated – reportedly predominantly in microglia [12]. All other components

of the IL-1 family have also been identified in the central nervous system, includ-

ing the signaling receptor (IL-1RI) and its accessory protein, which is required for

signal transduction, as well as the RII receptor, which is non-signaling, but can act

as a shield “decoy” receptor [13]. However, there is considerable debate about the

cells and regions that express IL-1RI; astrocytes certainly express this receptor, but

its location on microglia, neurons and cerebrovascular cells is less well defined,

though all of these can respond to IL-1.

Evidence for IL-1 involvement in stroke

The evidence that IL-1 participates directly in ischemic, excitotoxic and traumatic

brain damage derives from three sets of observations. First, as described above, IL-1

(immunoreactive and bioactive) is produced rapidly after induction of cerebral

ischemia in rodents in a temporal and spatial pattern that is consistent with the

emergence of cell injury and death [6–9].

IL-1 itself is not directly neurotoxic to healthy neurons in vivo or in vitro. Indeed,

IL-1 can, at low concentrations, protect primary cultured neurons from excitotoxic

injury[14].However, injection(intracerebroventricular(icv))of lowdoses(�10ng)

of recombinant IL-1�, or injection into specific brain regions of the rat dramati-

cally enhances ischemic and excitotoxic brain damage [15–18].

Most importantly, blocking the release or actions of endogenous IL-1 markedly

attenuates ischemic brain damage in rodents [11,17,19–22]. The majority of

studies have used recombinant IL-1ra injected icv into rodents, though IL-1ra is

also effective, at much higher doses, when administered intravenously or intraper-

itoneally [20,23]. IL-1ra has been shown to reduce infarct volume by over 50% in

rats or mice exposed to permanent or reversible middle cerebral artery occlusion

(MCAO), and also reduces neuronal loss caused by global ischemia in gerbils [24]

or hypoxia–ischemia in neonatal rats [25]. This neuroprotection by IL-1ra is asso-

ciated with reduced edema and neutrophil invasion, increased numbers of surviv-

ing neurons and improved neurological function [20,23]. The therapeutic window

for protection by IL-1ra varies according to the type of injury, ranging from 1 hour

in permanent MCAO, to at least 4 hours after lateral fluid percussion injury (brain

trauma) [26]. Additional studies have demonstrated that injection of caspase

inhibitors or genetic deletion of caspase-1 (which limit IL-1� release) or adminis-

tration of antibodies to IL-1�, also reduce ischemic brain damage, supporting the

studies with IL-1ra and suggesting that IL-1� is the predominant ligand [19,27,28].
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Mechanisms of IL-1 action

At the time of writing, the mechanism(s) by which IL-1 contributes to ischemic

brain damage is largely unknown, but may involve multiple actions of the cytokine

on neurons, glia and the vasculature. It has been established that IL-1 is induced by

N-methyl-D-aspartate (NMDA), �-amino-3-hydroxy-5-methyl-4-isoxazole pro-

pionic acid (AMPA) or kainate receptor activation, and contributes to neuronal

death induced by these excitotoxins [7–9,16]. Several actions of IL-1 have been

reported that may contribute to ischemic damage.

IL-1 is a potent pyrogen, and an increase in body temperature could exacerbate

neuronal loss after ischemia [29,30]. However, several studies suggest that this is

unlikely to be a primary mediator of IL-1 effects [18,31]. Similarly, reported effects

of IL-1 on release of prostanoids, kinins, free radicals and nitric oxide, induction

of adhesion molecules, acute phase proteins and complement and induction of vas-

cular injury are all likely to influence the outcome after stroke, but the specific con-

tributions of these pathways have not been clearly demonstrated.

Specific sites of IL-1 action

Our recent data suggest that IL-1 may act at specific sites within the brain to influ-

ence damage at distant regions. In rats subjected to permanent MCAO, injection

of IL-1� into the striatum markedly exacerbates cortical injury, while injection of

IL-1ra at this site inhibits both striatal and cortical damage. In contrast, IL-1� or

IL-1ra infused directly into the cortex fail to influence infarct volume at either site

[18,22]. Similar site-specific actions have been identified in excitotoxic damage.

Striatal infusion of the excitotoxin S-AMPA induces local injury that is attenuated

by IL-1ra [16]. While IL-1� alone fails to induce neuronal damage, co-infusion

with S-AMPA into the striatum leads to massive cortical damage and edema (Figure

20.1). These drastic effects are not obvious when IL-1� is co-infused with an excit-

otoxin directly into the cortex, and are not mimicked by striatal infusion of the

excitotoxin with TNF-� or IL-6 ([16] and S.M. Allan & N.J. Rothwell, unpublished

observations).

Although IL-1� does cause an increase in body temperature, this is unlikely to

be the cause of the distant cortical damage for several reasons. Icv injection of IL-

1� with striatal S-AMPA causes similar fever, but no cortical damage. IL-6, a similar

pyrogen, has no such effect [31]. There are no direct striatocortical pathways and

we now believe that IL-1 activates complex polysynaptic pathways to cause distant

cortical injury.

More detailed localization studies have identified specific responses within the

striatum at which co-injection of IL-1� and S-AMPA are most effective in causing
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cortical injury (predominantly in the parietal region) – notably the lateral shell of

the nucleus accumbens and the ventrolateral striatum (Figure 20.2). These regions

have connections with the limbic system [32] and the hypothalamus [33]. The hypo-

thalamus is a known site of IL-1 action [13,34,35] and it is possible that connections

to this brain area from the ventral striatum and nucleus accumbens may contribute

to effects of IL-1� on AMPA receptor-mediated cell death. Importantly, there are

direct and indirect (via the basal ganglia and related structures such as the thalamus

and amygdala) afferent projections from the hypothalamus to the entire cortical

mantle [33,36], and these could influence cortical cell excitability and survival.

Involvement of the hypothalamus in IL-1 actions

In view of the striatal outputs described above, which may contribute to IL-1�

effects on cortical injury, we investigated the possible role of the hypothalamus in

these distant actions of IL-1�. A marked increase in IL-1� mRNA was observed in

the hypothalamus 3 hours after striatal injection of hrIL-1� or S-AMPA plus hrIL-

1�, compared to naïve, sham, vehicle- or S-AMPA-treated animals (data not

shown). This increase was maintained at 8 hours. In addition, a marked increase in

IL-1� mRNA in the ipsilateral cortex of S-AMPA- plus hrIL-1�-treated animals

was seen (Figure 20.3). Similar changes in immunoreactive IL-1� levels were

detected with enzyme-linked immunosorbent assay.
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Figure 20.1 Representative coronal brain sections to demonstrate the effect of intrastriatal co-injection

of vehicle (A) or hrIL-1� (10 ng) (B) with S-AMPA (7.5 nmol) on neuronal damage. The

pale (white) region is non-viable neuronal tissue and the dark region represents viable

tissue. Note the extensive region of the cortex damaged after treatment with hrIL-1�. CTX,

parietal cortex; STR, striatum; PIR,piriform cortex.
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Figure 20.2 Bar graphs showing effect of injection site on the cortical cell death produced by

intrastriatal injection of hrIL-1� and S-AMPA. (A) Percentage of animals displaying marked

cell death in the parietal cortex after injection of S-AMPA (6 nmol) and hrIL-1� (10 ng)

into the core, medial shell, and lateral shell of the nucleus accumbens at �1.7 mm

anterior to bregma. ***P�0.001 vs. medial shell (Fisher’s exact test). (B) Percentage of

animals displaying marked cell death in the parietal cortex after injection of S-AMPA

(6 nmol) and hrIL-1� (10 ng) into the dorsolateral, dorsomedial, ventrolateral and

ventromedial quadrants of the striatum at �0.7 mm anterior to bregma. Data represented

as the percentage of animals displaying distinct cell death in the parietal cortical region

compared to the number injected (actual numbers indicated in parentheses). *P�0.05 vs.

dorsolateral and dorsomedial (Fisher’s exact test).



Subsequently, we showed that IL-1� injected into the hypothalamus alone

caused no local or distant cell damage, but when combined with excitotoxin injec-

tion (S-AMPA) into the striatum, resulted in extensive cortical injury similar to that

observed in response to co-infusion of IL-1� and S-AMPA into the striatum

(Figure 20.4A). In order to determine whether endogenous IL-1 in the hypothala-

mus contributes to distant cortical injury, the effects of IL-1ra were studied.

Intrastriatal co-infusion of IL-1� and S-AMPA again led to massive cortical injury

that was markedly attenuated by hypothalamic injection of IL-1ra (Figure 20.4B).

Thus we propose that IL-1 synergizes with other insults in the striatum to cause

expression of IL-1 in the hypothalamus, and that this in turn leads to distant cor-

tical injury. The resulting cortical death occurs slightly after the striatal injury and

is dependent on local activation of NMDA receptors, since cortical infusion of a

selective NMDA receptor antagonist inhibits the cortical infarct (S.M. Allan & N.J.

Rothwell, unpublished data).

These site-specific effects of IL-1, which cause distant cortical injury, remain to

be fully explained. At present, the exact nature of the striatohypothalamic pathways

or hypothalamic-cortical pathways are not identified, and the involvement of addi-

tional pathways with the thalamus and amygdala require investigation. Similarly, it

is not known why IL-1 synergizes with S-AMPA at these striatal sites that do not

correlate with the reported distribution of IL-1RI receptors.
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Figure 20.3 Expression of IL-1� mRNA (as a percentage of naïve values) in different regions of the rat

brain 8 hours after intrastriatal injection of vehicle, S-AMPA (7.5 nmol), hrIL-1� (10 ng) or

S-AMPA (7.5 nmol)�hrIL-1� (10 ng). Values are from three or four rats at each time point

and are expressed as meanSEM. *P�0.05 vs. sham; **P�0.01 vs. sham, vehicle,

S-AMPA�hrIL-1�; ***P�0.001 vs. sham, vehicle and S-AMPA (one-way analysis of

variance followed by Tukey’s multiple comparison test).
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Figure 20.4 (A) Effect of hypothalamic IL-1� treatment on cortical cell death produced by intrastriatal

injection of S-AMPA in the rat brain. Groups of animals were injected in the striatum with

S-AMPA (7.5 nmol), immediately followed by injection of hrIL-1� (0.1, 1 or 10 ng) or

vehicle (0 ng) in the lateral hypothalamus. *P�0.05 vs. 0.1 ng; ***P�0.001 vs. vehicle

(0 ng; Fisher’s exact test). (B) Effect of hypothalamic IL-1ra treatment on cortical cell

death produced by intrastriatal injection of IL-1� plus S-AMPA in the rat brain. Groups of

animals were injected in the striatum with S-AMPA (7.5 nmol)�hrIL-1� (10 ng), followed

immediately by injection of hrIL-1ra (0.1, 1 or 10 �g) or vehicle (0 �g) in the lateral

hypothalamus. Data represented as the percentage of animals displaying distinct cell

death in the parietal cortical region as compared with the number injected (actual

numbers indicated in parentheses). *P�0.05 vs. vehicle (0 ng; Fisher’s exact test).
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Protease generation, inflammation and
cerebral microvascular activation

Gregory J. del Zoppo
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Introduction

Middle cerebral artery occlusion (MCAO) promotes occlusion of downstream

microvessels, which leads to microvascular perfusion defects [1–6], and initiates

cellular inflammation, which requires the sequential expression of leukocyte adhe-

sion receptors on microvascular endothelial cells [7,8]. Changes in microvascular

integrity and permeability [9,10], loss of basal lamina integrity [11,12], simultane-

ous decreases in specific endothelial cell and astrocyte integrins [13,14] and

changes in astrocyte ultrastructure [2,15] also occur during early ischemia.

Endothelial cell leukocyte adhesion receptors respond to ischemia in a rapid and

orderly way, to initiate the cellular inflammatory response. P-selectin appears on

the endothelium by 2 hours of MCAO, followed by intercellular adhesion mole-

cule-1 by 4 hours and E-selectin between 7 and 24 hours after MCAO (during

reperfusion) [7,8]. Also, integrin �V�3 is rapidly expressed by microvascular

myointimal smooth muscle cells within 2 hours of MCAO [16,17]. Those findings

are consistent with the view that both microvascular and neuron injury may occur

much more rapidly than the time frame for the appearance of cellular inflamma-

tory cells in the primate basal ganglia.

Cerebral capillaries consist of endothelial cells, basal lamina (a portion of the

extracellular matrix (ECM)) and astrocyte end-feet. Anatomical and functional

relationships support their consideration as unique ternary complexes [1,18]. In

the adult brain, the ECM is found as the basal lamina in microvessels and within

the meninges, in addition to other sites [19]. In non-capillary microvessels, indi-

vidual smooth muscle cells are encased in the ECM, which is continuous with the

basal lamina [18]. The basal lamina is also one important barrier to the transmi-

gration of circulating blood cells [11,12].
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The microvascular basal lamina and ECM

The ECM is a fabric of laminins, type IV collagen, fibronectin and heparan sul-

fates studded with entactin, thrombospondin and nidogen [20]. Although less

well appreciated, selected proteoglycans have been identified between neurons

and neighboring cells [19]. Generated by endothelial cells and astrocytes in

concert during development, the basal lamina forms a biologically active connec-

tion between these two cell compartments. Organotypic tissue cultures have

shown that the intact basal lamina requires the juxtaposition of microvascular

endothelium and astrocytes [21,22]. Microvascular endothelial cells and astrocy-

tes play reciprocal roles in the generation of matrix proteins. In culture, astrocy-

tes secrete laminin, fibronectin and chondroitin sulfate proteoglycan, while

collagens stimulate astrocyte-induced endothelial cell maturation [23–25].

Conversely, endothelial cell-derived ECM components stimulate astrocyte growth

and function (e.g., glutamine synthetase activity) [26,27]. The blood–brain

barrier also relies upon the interdependence of endothelial cells and astrocytes.

This has been elegantly shown in chick–quail adrenal vascular tissue/brain tissue

xenografts [28] and fetal–adult hippocampal/neocortex allograft preparations

[29]. Soluble factor(s) generated by astrocytes are necessary to maintain endothe-

lial blood–brain barrier characteristics, including the induction of tight junctions,

transendothelial resistance and glucose/amino acid transport polarity [29–31].

The basal lamina and blood–brain barriers, then, depend exquisitely upon coop-

eration between these two unrelated cell types. Disruption of both barriers, as

during focal cerebral ischemia, contributes to edema formation and hemorrhagic

transformation.

Endothelial cell–astrocyte–neuron interrelationships

The proximity of the endothelium to neighboring astrocytes in cerebral capillaries

and postcapillary venules suggests a close functional relationship for communica-

tion and nutrient supply. Adhesion receptors on endothelial cells and on astrocyte

end-feet are presumed to maintain close cell–cell apposition [10,13,14]. The asso-

ciation of astrocytes with neurons suggests the presence of direct interactions

between cerebral microvessels and the neurons they serve.

The endothelium and astrocyte end-feet attach to matrix laminins and collagen

IV by integrin receptors. Integrins are �� heterodimeric transmembrane glycopro-

teins that participate in vascular development, structural integrity and intercellu-

lar communication [32–34]. The matrix attachments of individual cells occur at

focal contact points [35]. In one formulation, when cells attach to the matrix via

integrin receptors, the respective matrix metalloproteinase (MMP) is not secreted;

but, with detachment, the MMP is secreted and the receptor is not expressed at the

contact point [36,37]. It might be predicted that, in cerebral microvessels where
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the endothelium and astrocyte end-feet detach from the matrix, connections with

neurons may be lost.

Focal cerebral ischemia and microvascular responses

During early focal ischemia, subtle changes in endothelial cell ultrastructure and

increases in endothelial permeability coincide with swelling of astrocyte end-foot

processes and astrocyte cytoplasmic reorganization. The rapidity of these changes,

together with the onset of neurological symptoms, the loss of integrin receptors on

endothelial cells and astrocytes, the appearance of MMPs and neuron injury

suggest that both microvascular and neuron injury are related.

Markers of neuron injury

Incorporation of labeled deoxyuridine 5	-triphosphate (dUTP) into sites of

nuclear DNA scission, which reflect DNA damage and repair events, provides a reli-

able index of neuron and non-vascular cell injury in the primate ischemic basal

ganglia [38–41]. By 2 hours of MCAO the extent of the regions of most severe

ischemic injury (dUTP�, Ic) can be easily distinguished from regions peripheral to

the ischemic center (dUTP�, Ip). The number and density of dUTP� cells within

the ischemic region increase with time after MCAO significantly faster in the non-

human primate than in the Wistar rat [41]. In the primate basal ganglia, by 2 hours

of MCAO, 80.06.6% of dUTP� cells are microtubule-associated protein-2�

neurons. By 24 hours of reperfusion, �2% of endothelial and vascular myointimal

cells are dUTP� [41]. These findings imply that dUTP incorporation can define the

region of ischemic injury in the primate basal ganglia by 2 hours of MCAO, when

neuron injury is detectable. This allows coordination of microvascular events with

early evidence of neuron injury.

The microvascular basal lamina and integrin receptors

During focal cerebral ischemia, microvascular basal lamina antigens are lost. The

ECM components of the basal lamina (laminin-1, laminin-5, collagen IV and

fibronectin) disappear together during MCAO [11,12]. The intermediate fila-

ments, laminin-1 and laminin-5, codistribute in the basal lamina and show identi-

cal responses to MCAO [12,14]. These changes are most prominent in the region

of most severe ischemic neuron injury, and may be detectable as early as 2 hours

after MCAO (e.g., laminin-5).

Endothelial cell and astrocyte responses to ischemia also have a highly significant

temporal and topographical relationship to neuron injury. This is most evident in

how microvessel integrin receptors respond to ischemia [13,14]. Integrin �1�1

colocalizes with endothelium (CD31, platelet/endothelial cell adhesion molecule-1
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(PECAM-1)), lying luminal to the basal lamina and vascular medial smooth muscle

cells (SMC) (demonstrated by SMC �-actin antigen), while integrin �6�4 colo-

calizes with astrocyte end-feet [10,13,14]. Integrins �1�1 and �6�4 appear to link

endothelial cells and astrocytes to their ligands in the basal lamina [13,14]. There

is a rapid and significant loss of integrin �1�1 from microvascular endothelium as

early as 2 hours of MCAO in the ischemic region (2 P�0.007) (Figure 21.1) [13].

This is accompanied by a comparable and highly significant abrupt loss of subunit

�1 from astrocyte fibers in the same time frame [13]. The decreased expression of

integrin subunit �1 parallels blockade of �1 transcription, which also is evident by

2 hours of MCAO [13]. Ischemia also alters the close relationship between the

astrocyte end-feet and the basal lamina endothelium [14]. In the ischemic region,

the number of microvessels expressing integrin �6�4 falls rapidly by 2 hours of

MCAO (2 P�0.01), exceeding the fall in expression of the ligand laminin-5 (Figure

21.1). Integrins �1�1 and �6�4 are, then, equally sensitive to ischemia. The changes

in integrin expression are graded with respect to the degree of neuron injury, being
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most pronounced in the regions of most severe ischemic neuron damage, and less

severe at a distance (Ic
Ip
N, where N is the non-ischemic region) [42].

The appearance of these integrin antigens in the face of increased endothelial cell

polymorphonuclear (PMN) leukocyte adhesion receptor expression indicates

(i) the viability of selected microvascular endothelial cells during ischemia, (ii) the

rapid responsiveness to injury of endothelial cells in proximity to injured neurons

and (iii) their active participation in the transition from ischemia to the cellular

inflammatory phase of brain infarction. The coincidence in time and distribution

of the rapid downregulation of both microvascular astrocyte integrins and neuron

injury after MCAO suggests, but does not prove, a potential interaction of the two

cell types in the setting of ischemia.

Causes of matrix degradation during MCAO

The progressive loss of microvascular basal lamina during ischemia is greatest in

the region where neuron injury is maximal [12,14]. The disappearance of matrix

proteins may be due to proteolysis, blockade of transcription, inhibition of trans-

lation, or a combination of these. Remodeling of the microvascular basal lamina

occurs when secreted proteases such as the matrix metalloproteinases (MMPs)

and plasminogen activators, which are associated with the cerebral microvascula-

ture, degrade laminin, collagen or fibronectin [43,44]. Activated serine proteases

generated during ischemia may augment these processes. Among serine proteases,

thrombin is interesting because it has multiple actions and targets. For instance,

thrombin stimulates MMP-2 and MMP-9 secretion by vascular smooth muscle

cells [45,46]. Also, PMN leukocyte granule enzymes, including collagenase

(MMP-8), gelatinase (MMP-9), elastase and cathepsin G are released during the

inflammatory phase after ischemia and degrade laminins and collagens

[43,47–50].

Anthony et al. [51] reported the marked expression of latent MMP-9 by PMN

leukocytes in human brain within 1 week of stroke, and MMP-2 from macrophages

thereafter. In anesthetized Wistar–Kyoto and spontaneously hypertensive rats,

Rosenberg et al. [52] showed that pro-MMP-9 increases by 12 to 24 hours and

MMP-2 by 5 days after MCAO. Those findings have been variably corroborated by

others [53–55]. Those studies suggest that in rodents subjected to MCAO increased

pro-MMP-2 and MMP-9 expression precedes that of pro-MMP-2. By contrast, a

significant rapid increase in the expression of the latent form of MMP-2 occurs 1

to 2 hours after MCAO in the ischemic basal ganglia of the non-human primate,

which correlates significantly with the size of the ischemic region [56] (Figure

21.2). Those findings suggest that MMP-2 secretion may be directly related to early

neuron injury. Moreover, in situ hybridization experiments have demonstrated the

appearance of MMP-2 mRNA transcripts in both microvessels and non-vascular
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non-neuronal cell nuclei in the ischemic region by 2 hours of MCAO (G.J. del

Zoppo, unpublished data). Furthermore, evidence of coexpression of the activators

of latent MMP-2 has been obtained. Hence, MMP-2 may be synthesized de novo

by microvascular cells in direct association with neuron injury, in the same time

and location as microvascular matrix and integrin loss.

In contrast, pro-MMP-9 activity was not increased except in the ischemic regions

of those subjects displaying hemorrhagic transformation compared with those

without hemorrhage (2 P�0.018). A clear dichotomy between the expression of

pro-MMP-2 and pro-MMP-9 has been seen in the following MCAO in the primate,

which is differentially related to neuron injury.

Microvascular activation after MCAO

Within 2 hours after MCAO, cerebral microvessels within the ischemic region

express integrin �V�3 [16]. Integrin �V�3 is a receptor for mutiple ligands includ-

ing (fibrin)ogen, fibronectin, vitronection, osteopontin and von Willebrand factor.

Given the known relationships between integrin �V�3 and the vascular remodeling

that can occur in preparation for new vessel formation, factors known to promote

integrin �V�3 expression were studied [16]. Predominantly in the ischemic region,

vascular endothelial growth factor (VEGF) and integrin �V�3 were coexpressed in
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microvessels displaying activation antigens (proliferating cell nuclear antigen) in a

highly significant association beginning 1 hour after MCAO [16]. The co-appear-

ance of these antigens was predominantly seen on non-capillary microvessels

resembling precapillary arterioles (7.5 to 30.0 �m diameter), where the primary

immunoreactivity was associated with the smooth muscle. These events coincided

with evidence of neuron injury and, while spatially codistributed, were indepen-

dent of time. These findings further support the idea of very rapid activation of

microvessels following MCAO.

Rapid microvascular activation and cellular inflammation

VEGF transcripts also appeared on cells with the morphology of PMN leukocytes

that had penetrated the vascular wall or histiocyte-appearing cells localized within

the vascular wall of select microvessels [16]. These cells were identified in the

ischemic region within 2 hours after MCAO on select microvessels [16], indicating

that transmigration could occur substantially earlier than previously recorded in

this model [2,8]. Of relevance, VEGF can be expressed by activated leukocytes, pre-

sumably as participants in the inflammatory process [57–59]. To what degree they

contribute to the VEGF antigen observed in the microvascular wall during ische-

mia is unknown. Furthermore, the exact purposes of the activities of VEGF gener-

ated by either smooth muscle cells or inflammatory cells early during cerebral

ischemia remain unclear. It is certain that these events coincide with early evidence

of neuron injury.

Conclusion

Rapidly following MCAO in the non-human primate, microvascular cells within

the ischemic zone express activation antigens, VEGF and specific leukocyte adhe-

sion receptors. Alterations in the expression of integrin–matrix constituents,

including integrin receptors on endothelial cells and astrocyte end-feet are

observed within 1 to 2 hours of MCAO. These coincide exactly with clear evidence

of neuron injury. In addition, select MMPs are acutely generated in the ischemic

zone from microvascular and parenchymal cells. In this preparation it is unlikely

that latent MMP-2 and its activators are generated by leukocytes at those early

moments. However, the demonstration that leukocytes are associated with select

microvessels and appear to generate VEGF transcripts as early as 1 to 2 hours after

MCAO indicates that microvascular reactivity and leukocyte activation may be

overlapping events even as neuron injury is occurring. Whether and how micro-

vascular activation, integrin–matrix alterations and leukocyte activation contrib-

ute to neuron injury during ischemia is a question of significance.
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Introduction

Over the past decade, knowledge in two areas has been converging toward a new

era in the treatment of acute cerebral injuries such as stroke. From one direction,

there have been remarkable new insights into the basic mechanisms at the molec-

ular, cellular and tissue levels that cause ischemic brain injury and the repair pro-

cesses that follow the acute injury. From another area of science, there have been

major advances in our ability to introduce foreign genes into cells and cause the

expression of specific proteins that affect tissue function. Knowledge in these two

areas will inevitably result in the use of gene therapy to treat strokes.

While clinical trials of gene therapy in stroke are not imminent at the time of

writing, the ground work is being established through studies using experimental

animals and through efforts to perfect gene delivery vehicles known collectively as

vectors. The purpose of this report is to review the development of a particularly

promising vector, the adenovirus, and to outline some of the logistical issues that

must be addressed before adenoviral vectors can be used in humans to treat stroke.

The adenovirus

The use of viruses to deliver genes to cells in vivo has progressed to the point where

numerous clinical trials have been approved and many are ongoing. The most com-

monly used viruses for gene therapy are retroviruses, herpes simplex viruses and

adenoviruses [1]. While each type has properties that make it useful for a given

application, the adenoviruses are particularly attractive as vectors for gene therapy

in the brain.

Adenoviruses are double-stranded DNA viruses that infect a wide variety of cells

with high efficiency. Entry of adenoviruses into cells is dependent upon interaction

with specific receptors and integrins on the cell surface [2]. Following cellular entry,
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the adenovirus enters the cell nucleus, but, in contrast to other viral vectors, its

DNA does not become incorporated into the host chromosomes, a process that

could introduce mutations into the host cell genome. For gene therapy, portions of

the adenoviral genome are deleted to make the viruses incapable of replicating and

to create space for insertion of a gene of interest. The first generation of adenovi-

ral vectors have the E1 region deleted, which allows the introduction of about 8kb

of foreign DNA, including regulatory elements [1,3,4]. Because the E1-deleted

adenovirus does stimulate a mild inflammatory reaction and there is a finite risk of

the E1 gene being reinserted during the course of virus production thus making the

virus capable of replicating, a number of investigators are testing adenoviral vectors

that have had other viral genes deleted, up to and including essentially the entire

viral genome [1,3,4]. These newer generations of vectors will accommodate more

foreign DNA and they also should lead to more prolonged expression of their gene

products in transfected cells.

Adenoviruses are useful for gene therapy in the brain because they infect virtu-

ally all cell types present in the central nervous system (CNS) [5]. The consequences

of an adenoviral infection of the brain are minimal as is the reaction to the first-

generation adenoviral vectors used for gene therapy. Nevertheless, the expression

of the foreign gene is generally limited to several months or less, probably owing to

a low-grade inflammatory process directed at viral epitopes or the product of the

foreign gene [1,5]. While transient expression may be a limitation in the use of ade-

noviral vectors to treat hereditary or degenerative diseases of the brain, it could be

an advantage in treating acute injuries such as stroke.

Delivery of adenoviral vectors to the brain

Because the course of a natural infection is too unpredictable, an invasive approach

for virus administration is necessary to achieve the desired effect. Possible routes

include intravascular, intraventricular or intraparenchymal injections or adminis-

tration of virus to a peripheral site where the virus may enter the CNS by retrograde

axonal transport. Each of these routes has advantages and limitations that must be

considered in relation to the location of injury and the nature of the injury mech-

anism that is to be modified by gene therapy.

Intravascular

Since blood vessels are distributed throughout the brain, they seem like a useful

pathway for global delivery of adenoviral vectors. In the normal brain, the rapid

passage of blood through intracerebral vessels limits the ability of an adenovirus to

consistently infect even the endothelial cells of the brain after either intravascular

injection or intracarotid infusion [6]. The reduced blood flow rate that exists
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during cerebral ischemia may improve the opportunity for virus delivery and may

even favor delivery to the ischemic zone; however, this has not been investigated.

The blood–brain barrier (BBB) formed by the endothelium normally restricts

direct penetration of a virus into the brain substance. Osmotic disruption of the

BBB permits the penetration of virus-sized particles [7] and intracarotid infusion

of adenovirus after osmotic BBB disruption results in foreign gene expression in

cells beyond the vasculature. But consistent with the fact that astrocytic foot pro-

cesses surround brain microvessels in nearly all parts of the brain [8] and are the

first extravascular cellular elements to be contacted by a virus that has penetrated

the disrupted BBB, the transfected cells appear to be primarily astrocytes [6]. Since

BBB integrity is also compromised during the evolution of a stroke [9], this may

provide a disease-related opportunity for adenoviral uptake. Nevertheless, the

intravascular route, either with or without BBB disruption, is likely to result in

delivery of genes only to the endothelium and/or astrocytes.

Intraventricular

The brain is bathed in cerebral spinal fluid (CSF) located both within the cerebral

ventricles and in the subarachnoid space, and this fluid could provide ready access

to the brain. However, the injection of adenovirus into the cerebral ventricles

results in the expression of viral gene products primarily in the ependymal cells,

which line the ventricles, and in the choroid plexus [10–13]. Only a few scattered

cells within about 1mm of the ventricular surface express the gene product.

Injection of adenovirus into the cisterna magna results in gene expression in the

leptomeningeal cells and a few scattered adventitial and smooth muscle cells of

blood vessels [13]. Thus the intraventricular route is not a good approach to deliver

adenovirus to injured brain cells. However, despite the limited distribution of

transfected cells after intraventricular injection of a virus, transduced proteins are

secreted into the CSF and penetrate into the brain [12]. This offers an effective

delivery system for expression of proteins that function at extracellular sites and at

a distance from the cells that are transduced.

Intraparenchymal

Injection of adenovirus into the brain’s parenchyma offers the most direct access to

brain cells. The virus infects virtually all cell types immediately adjacent to the

injection site [5,10] and, therefore, it is an effective means for delivery of genes to

specific localized areas of the brain. While injection of adenovirus into ischemic or

reperfused brain also results in production of the transgene product, it may be at a

lower level or delayed by comparison with expression in the normal brain [14].

The spread of a virus away from the injection site is limited both by the size of

the viral particles by comparison with the size of the extracellular spaces of the
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brain and by the tortuosity of the extracellular spaces [15], which results in fre-

quent contact between virus and cell. Since the extracellular space of the brain rep-

resents about 15% to 20% of the entire brain volume and because the virus enters

cells while the injection fluid does not, the volume of transfected cells is consider-

ably smaller than the vehicle fluid volume. The volume of brain that is infected

with the virus is dependent upon the dose and concentration of the virus in the

injection fluid and the presence of non-infective viral particles, but rate, time or

volume of the infusion has little effect [15]. The entry of adenoviruses into cells

involves specific receptors and integrins on the cell surface [2], and this may

provide an opportunity for manipulating the virus–cell interaction to produce

selectivity.

Delivery through peripheral nerves

Highly targeted expression of foreign genes in neurons can be accomplished by

taking advantage of retrograde axonal transport. After adenovirus injection into

peripheral tissues such as muscle, foreign gene products are expressed centrally in

the motor and sensory neurons that innervate the muscle [16]. Similarly, after

intranasal administration, viral genes are expressed in the olfactory bulb as well as

in the locus ceruleus and area postrema [17]. This process is likely to be too slow

and the area of brain that is transfected too small to be a practical approach for gene

therapy in stroke.

Measurement and timing of therapeutic gene expression

There is inevitably some time delay between the injection of the viral vector and the

expression of the foreign gene product (Figure 22.1A). Therefore, to determine

when and where a gene is expressed, it is necessary to assay for the gene product. In

animal studies, the Escherichia coli �-galactosidase gene (lacZ) is commonly used

to identify transfected cells because the activity of �-galactosidase can be readily

localized with a simple staining procedure. In other studies, the gene product itself

was directly assayed using samples of brain tissue or CSF [12]. Immunostaining

may also be used to verify gene expression [18–20].

These techniques, however, require samples of brain tissue and, therefore, are

not feasible for monitoring gene expression in humans. For this purpose, safe, non-

invasive techniques must be developed. Tjuvajev et al. [21] demonstrated the fea-

sibility of using positron emission tomography to non-invasively monitor the

enzymatic activity of thymidine kinase that was overexpressed by gene transfer into

glioma cells. This approach, with appropriate marker genes and marker substrates,

could permit non-invasive monitoring of gene expression in humans.
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Therapeutic genes in stroke

Due to the involvement of multiple biochemical processes in stroke, there are many

potential genes to explore as therapies for stroke. Although protein synthesis in

general is suppressed by ischemia [22], a reporter gene (lacZ) transferred into the

ischemic or reperfused brain using adenoviral vectors is expressed as early as 8

hours after introduction [14].

If gene therapy is used after a stroke has already occurred, the goal may neces-

sarily be focused on enhancing the repair process rather than blocking injury

mechanisms because there may be a delay of many hours to a day before the protein

product of the foreign gene is produced. To date, all studies of the efficacy of ade-

noviral-mediated transfer of therapeutic genes have involved delivery of the gene 1

to 7 days prior to ischemia. Whether adenoviral-mediated gene therapy would be
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Figure 22.1 (A) Concentration of active TGF-�1 in brain tissue. Following AdRSVTGF-�1 transfer, mice

were anesthetized and sacrificed from day 1 to day 21 (n�5 to 7 in each group). The

brains were rapidly removed and immediately homogenized. The homogenates were

assayed using a human TGF-�1 enzyme-linked immunosorbent assay kit that cross-reacts

with human and mouse TGF-�1. The optical density was determined and the results were

expressed as picograms of TGF-�1 per mg of tissue protein. (B) Infarct volume in saline-

treated, AdRSVlacZ and AdRSVTGF-�1 transduced mice following 30 minutes of transient

middle cerebral artery occlusion with 24 hours of reperfusion. The animals were killed

and the brains were immediately frozen on dry ice. Twenty coronal sections 20 µm thick

were cut from the frontal pole and mounted on slides. Cresyl violet staining was used to

identify the infarct area. Infarct volume is calculated by summing the infarct areas

multiplied by the distance between the sections. Saline, saline-treated; LacZ, AdRSVlacZ

transduced; TGF-�1, AdRSVTGF-�1 transduced mice. Data are shown as meanSD (n�5

to 7 in each group). * P�0.05, AdRSVTGF-�1 mice vs. saline-treated and AdRSVlacZ

transduced mice.



effective when administered after a stroke is yet to be determined; however, herpes

simplex-mediated gene transfer has been shown to improve neuronal survival even

when the virus is injected 30 minutes into the reperfusion period [23].

Table 22.1 summarizes the genes that have been shown to have a beneficial effect

on ischemic brain injury. Adenovirus has served as the vector in many of these

studies, while herpes simplex was used in the others. Since all but one of these

studies used pretreatment to maximize gene expression at the time of ischemia, it

remains to be determined whether any of these genes will be effective when used in

the clinical setting. Nevertheless, these studies have provided useful models for

exploring the role of various biochemical pathways in ischemic brain injury. For

example, adenoviral-mediated delivery of the human transforming growth factor-

�1 (TGF-�1) gene significantly reduces the volume of injured brain in a mouse

model of temporary ischemia [24] (Figure 22.1B). By studying how the inflamma-

tory cascade has been altered as a result of overexpression of TGF-�1, it should be

possible to gain insights into the mechanism by which TGF-�1 reduces stroke, as

well as the role of the inflammatory cascade in ischemic brain injury.
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Topical application of glial cell line-derived neurotrophic factor reduces
ischemic brain injury after permanent middle cerebral artery occlusion in rats

Glial cell line-derived neurotrophic factor (GDNF), a member of the transforming

growth factor-� (TGF-�) superfamily [1], plays important roles not only in the

differentiation of neurons during normal development, but also in the survival and

recovery of many populations of mature neurons. It has been reported that GDNF

has protective effects on various injuries of the central and peripheral nervous

systems in vitro and in vivo [2–4]. However, a possible protective effect of GDNF

in focal cerebral ischemia, and the exact mechanism of the ameliorative effect of

GDNF in brain ischemic injury are not fully understood.

Caspase-1 (interleukin-1� converting enzyme (ICE)), caspase-2 and caspase-3

have been thought to play important roles in ischemic neuronal injury. Expression

or upregulation of caspase mRNAs have been reported in some ischemic injury

models [5,6]. Inhibition of caspase family proteases reduced ischemic and excito-

toxic neuronal damage [7], and expression of a dominant negative mutant of ICE

or a mutant ICE inhibitory protein in transgenic mice prevented or attenuated

ischemic brain injury [8,9]. Therefore, the progression of ischemic neuronal inju-

ries may be greatly associated with activation of these caspases through an apop-

totic process. However, it has been uncertain whether caspases are also induced

during, or involved in, neuronal death after permanent middle cerebral artery

occlusion (MCAO). In this section, we show the possible protective effect of

GDNF on the infarct area and brain edema in association with modification of

DNA fragmentation and immunoreactivity for caspases after permanent MCAO

in rats.
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Adult male Wistar rats (250 to 280 g) were anesthetized with an intraperitoneal

injection of pentobarbital (10mg/250 g), and a burr hole with a diameter of 2mm

was carefully made in the skull with an electric dental drill, avoiding traumatic

brain injury. The location of the burr hole was 3mm dorsal and 4mm lateral to the

right from the bregma, which is located in the upper part of the MCA territory. The

dura mater was preserved at this time. The animals recovered in an ambient atmos-

phere.

Approximately 24 hours after the drilling, the rats were anesthetized by inhala-

tion of a nitrous oxide/oxygen/halothane (69%/30%/1%) mixture during surgical

preparation. The origin of the right MCA was occluded by inserting a nylon thread

through the common carotid artery according to a previous report [10]. Body tem-

perature was maintained at 370.3°C during the surgical procedure for MCAO.

Immediately after MCAO, the vehicle or GDNF was topically applied on the surface

of the cerebral cortex with a small piece (8mm3) of Spongel (Yamanouchi Pharma.

Co. Ltd., Japan) presoaked in 9 �l of Ringer’s solution (Otsuka Pharma. Co. Ltd.,

Tokushima, Japan) as the vehicle, or GDNF (2.5 �g in 9 �l of vehicle; RBI, Natick,

MA). Sham control animals were treated in the same way without MCAO. The

animals recovered in an ambient temperature (21°C to 24°C) until sampling.

For estimation of ischemic brain injury, the infarct size 24 hours after permanent

MCAO with the vehicle (n�7) or GDNF (n�9) treatment was measured by 2,3,5-

triphenyltetrazolium chloride (TTC) staining according to a previous report [11].

In this experiment, regional cerebral blood flow (CBF) of the right frontoparietal

cortex region was also measured through the burr hole with a laser blood flowme-

ter (Flo-C1; Omegawave, Tokyo, Japan) before or 0, 8 and 24 hours after MCAO.

Brain edema in the sham-operated (n�6), vehicle-treated (n�5) or GDNF-

treated (n�7) groups was measured by the dry-weight method according to our

previous report [10]. Statistical analyses were performed using Student’s t test.

For histochemical staining for DNA fragmentation and caspases, the rat fore-

brains were removed and quickly frozen after 12 hours of occlusion with the vehicle

(n�4) or GDNF (n�4). Coronal sections at the caudate putamen and dorsal hip-

pocampal levels were cut into a thickness of 10 �m on a cryostat at �18°C and col-

lected on slide glass coated with poly-L-lysine. Sham control sections were also

obtained. Histochemical staining for terminal deoxynucleotidyl transferase-medi-

ated dUTP-biotin nick end labeling (TUNEL) was performed with a TACS TdT in

situ apoptosis detection kit (no. 80–4625–00; Genzyme, Cambridge, MA) accord-

ing to our previous report [10]. After detection of double-stranded breaks in

genomic DNA with 2,3	-diaminobenzidine (DAB) tetrahydrochloride (0.5mg/ml

in 50mmol/l Tris-HCl buffer, pH 7.4), the sections were counterstained with

methyl green according to the protocol in the kit. Immunostainings for caspases

were performed using the avidin-biotin–peroxidase method (ABC kit, PK-6102;
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Vector Laboratories, Burlingame, CA, USA) according to our previous report [10].

The sections were examined by light microscope, and the stained cells in 0.25mm2

of three random MCA areas were counted, summed and categorized into four

grades in the following manner: no staining, or a small (2 to 50), moderate (50 to

200) or large (200 to 500 or more) number of stained cells.

While an infarct volume in the brain sections of the sham control group was not

detected, the infarct volumes of the vehicle- and GDNF-treated groups 24 hours

after permanent MCAO were 343.3112.4mm2 (meanstandard deviation (SD),

n�7) and 176.5119.8mm2 (n�9), respectively (P�0.01 vs. the vehicle-treated

group) (Figure 23.1A). The infarct area of four coronal sections (4, 6, 8 and 10mm

caudal from the frontal pole) in the GDNF-treated group was significantly smaller

than in the vehicle-treated group (Figure 23.1B). Sham control cortices showed

80.60.4% (meanSD, n�6) water content, while those with vehicle or GDNF

treatment 24 hours after permanent MCAO showed 86.50.6 (n�5; P�0.001 vs.

sham control group) and 84.71.4 (n�7; P�0.01 vs. the vehicle-treated group,

and P�0.001 vs. sham control group), respectively (Figure 23.1C). Regional CBF

in both the vehicle- and GDNF-treated groups was reduced to less than 50% of the

control immediately after MCAO, and persisted to 24 hours (Figure 23.1D). There

was no significant difference between the two groups (Figure 23.1D).

TUNEL staining was negative in the sham control brain sections, but was

strongly present in the vehicle-treated sections 12 hours after permanent MCAO

(Figure 23.2a, arrowheads). TUNEL-positive cells were distributed mainly in the

ischemic core of the cerebral cortex and dorsal caudate putamen of the occluded

MCA area. Approximately 50% to 70% of cells were positive for TUNEL in this

area, and the staining was essentially found in the nucleus of neuronal cells. Treat-

ment with GDNF greatly reduced the number of TUNEL-positive cells 12 hours

after permanent MCAO (Figure 23.2e, arrowhead).

Immunoreactivity for caspases was not detectable in the sham control brain sec-

tions (data not shown). However, caspases -1 and -3 became markedly present 12

hours after permanent MCAO in the neuronal cytoplasm of the cerebral cortex

(Figure 23.2b and c, arrowheads), especially in the inner boundary zone of the

infarct and caudate putamen in the MCA territory. The staining cells for both cas-

pases -1 and -3 were apparently reduced by GDNF treatment (Figure 23.2f and g,

arrowheads). Immunoreactivity for caspase-2 was also induced after MCAO, but

was more widely distributed in the cerebral cortex and caudate putamen in the

MCA territory than for caspase-1 and -3 immunoreactivity. The staining was only

slightly more reduced with the GDNF treatment (Figure 23.2h, arrowheads) than

with the vehicle treatment (Figure 23.2d, arrowheads).

Neurotrophic factors have recently been classified into several groups, such as

neurotrophins, cytokines, the fibroblast growth factor family and the TGF-�
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superfamily [12]. GDNF, a member of the TGF-� superfamily, is thought to be the

most potent among the neurotrophic factors for the survival of cultured neurons

[12]. It has also been reported that GDNF has a protective effect on various inju-

ries of the central and peripheral nervous systems in vitro and in vivo [2–4]. In this

study, we showed that topical application of GDNF significantly ameliorated both

infarction and brain edema formation in the MCA region (48% and 30% decreases,

respectively) after permanent MCAO. There was no difference in regional CBF
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between the vehicle- and GDNF-treated groups (Figure 23.1D), suggesting that the

ameliorative effect of GDNF was less involved in the improvement of CBF.

Interestingly, the effect was greatly associated with the marked reduction of

TUNEL staining (Figure 23.2e), which was predominantly located in the ischemic

core region rather than in the ischemic penumbra. Apoptotic neurons were local-

ized primarily in the inner boundary zone of the infarct, whereas necrotic cells were

distributed mainly in the ischemic core after transient focal ischemia in rats [13,14].

Furthermore, DNA fragmentation in both apoptotic and necrotic neurons in the

brain sections after transient MCAO was detected by the TUNEL method [13].
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Figure 23.2 Representative stainings of TUNEL (a and e), caspase-1 (b and f), caspase-3 (c and g) and

caspase-2 (d and h) treated with the vehicle (a–d) or GDNF (e–h). Magnification�100.

Bars�0.04 mm. (From Kitagawa H, Hayashi T, Mitsumoto Y, Koga N, Itoyama Y & Abe K

(1998) Reduction of ischemic brain injury by topical application of glial cell line-derived

neurotrophic factor after permanent middle cerebral artery occlusion in rats. Stroke, 29,

1417–22, with permission.)



Thus, in the present study, TUNEL-positive cells located in the ischemic core may

be found mainly during the necrotic process. On the other hand, the moderate

decrease in immunoreactivity for caspases -1 and -3 (Figure 23.2f and g) and the

slight decrease in caspase-2 staining (Figure 23.2h) were also observed in the

GDNF-treated group. The distribution of immunoreactive caspases were mainly in

the ischemic penumbra and not colocalized with TUNEL-positive cells (data not

shown). These data suggest that the mechanism of the ameliorative effect of GDNF

on brain ischemic injury after permanent MCAO may be related not only to the

reduction of necrotic cells, but also to the reduction of the apoptotic process

through the inhibition of the caspase-1 and -3 pathways.

In conclusion, this study demonstrated the ameliorative effect of GDNF on

ischemic brain injury, which was strongly associated with the reduction of both the

apoptotic and necrotic processes but not with the improvement of regional CBF.

Effect of adenovirus-mediated gene transfer of GDNF on ischemic brain injury

Although several reports demonstrate the amelioration of ischemic brain injury by

GDNF application after MCAO in rodents [3,10,15], with regard to the clinical

application of this protein, administration remains difficult. GDNF cannot be

effectively delivered to a brain parenchymal lesion after vascular injection owing to

the blood–brain barrier. Furthermore, intracerebroventricular or intraparenchy-

mal injections are frequently not applicable in the clinical setting.

Gene delivery systems using virus vectors have been reported in many fields,

including for genetic diseases and for some acquired diseases such as cancer or car-

diovascular disease [16,17]. Recently, our group demonstrated a successful aden-

ovirus-mediated lacZ gene transfer into the normal or ischemic rodent brain

[18–20]. Other genes have also been successfully transferred into the brain, and

have shown protective effects against ischemic brain injury [21–26]. Therefore,

gene therapy for cerebrovascular disease could become one potential therapy in the

near future [27]. We therefore prepared an adenovirus vector containing the GDNF

gene (Ad-GDNF) and examined the possible protective effect of Ad-GDNF trans-

fer into the rat brain after transient MCAO in association with modifications of

apoptotic signals.

Male adult Wistar rats (250–280 g) were anesthetized by inhalation of a nitrous

oxide/oxygen/halothane (68%/30%/2%) mixture, and their heads were fixed in a

stereotactic frame (SR-5N; Narishige, Tokyo, Japan). Ad-GDNF, Ad-LacZ (108

plaque-forming units (pfu) in 10 �l of the vector vehicle consisting of 10mM Tris-

HCl, pH 7.4, 1mM MgCl2, and 10% (v/v) glycerol) or the vehicle solution was

administered to the ipsilateral cortex via a burr hole through the dura mater.

Twenty-four hours after the virus vector injection, the rats were again anesthetized
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by inhalation of a nitrous oxide/oxygen/halothane (69%/30%/1%) mixture during

the surgical procedure. The right MCA was occluded by the insertion of a nylon

thread through the common carotid artery as described in our previous report

[10]. The blood flow was restored by removal of the nylon thread after 90 minutes

of transient ischemia. The animals were allowed to recover in an ambient temper-

ature (21°C to 24°C) until the time of sampling.

To examine the effect of Ad-GDNF on infarct size after transient MCAO, the rat

forebrains were removed and divided into six coronal sections (2mm each) after 24

hours of reperfusion with the vehicle (n�9), Ad-LacZ (n�6) or Ad-GDNF (n�9)

treatments. The coronal sections were stained with saline containing 2% (v/v) TTC

at 37°C for 30 minutes, after which the sections were fixed in 10% (v/v) neutralized

formalin, according to a previously reported technique [11]. The five infarct areas

between each adjoining slice were measured by Scion Image software, version 1.62a

(Frederick, MD), and then the infarct areas on each slice were summed and multi-

plied by slice thickness to find the infarct volume. In this experiment, regional CBF

of the right frontoparietal cortex was measured through the burr hole using a laser

blood flowmeter (Flo-C1, Omegawave) before or immediately after occlusion (�1.5

hours) or reperfusion (0 hours), respectively, and at 8 or 24 hours after reperfusion.

For the histological staining of DNA fragmentation, caspase-3 and cytochrome

c, the rat forebrains of both the vehicle-treated (n�3) and Ad-GDNF-treated

(n�3) groups were removed and quickly frozen in powdered dry ice 24 hours after

transient MCAO (2 days after injection). The sham control samples (n�2) were

also collected in the same way without the drug injection and MCAO. Coronal sec-

tions at the caudate putamen and dorsal hippocampal levels were cut on a cryostat

at �18°C to a thickness of 10 �m and collected on glass slides. For detection of

DNA fragmentation, TUNEL was performed according to our previous report

[10]. Immunostaining for caspase-3 and cytochrome c was performed by the

avidin-biotin–peroxidase method (ABC kits PK-6101 for GDNF or cytochrome c,

and PK-6105 for caspase-3; Vector Laboratories) according to our previous report

[28]. Staining was developed with DAB and lightly counterstained with Mayer

hematoxylin. The sections were examined with a light microscope, and the stained

cells in 0.25mm2 of a random three MCA areas were counted, summed and cate-

gorized into four grades as follows: no staining (�), small (1 to 10; ), moderate

(10 to 100; �) or large (100 to 500; 2�) number of stained cells.

Statistical analysis were performed using one-way analysis of variance (ANOVA)

for infarct volume, two-way ANOVA followed by Bonferroni post hoc test for

infarct area and ANOVA repeated measure for physiological and regional CBF data.

There were no significant differences in blood gases, pH, and rectal temperature

between the vehicle-, Ad-LacZ- and Ad-GDNF-treated groups before MCAO, or 0,

8 or 24 hours after reperfusion (data not shown).
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Regional CBF for the vehicle-, Ad-LacZ- and Ad-GDNF-treated groups was

reduced to about 40% of the control immediately after MCAO and recovered to the

base line after reperfusion by withdrawal of the nylon thread (Figure 23.3). There

was no significant difference among these three groups (Figure 23.3). While infarc-

tion in the brain sections of the sham control group could not be observed, infarct

volumes in the vehicle-, Ad-LacZ- and Ad-GDNF-treated groups 24 hours after 90

minutes of transient MCAO were 209.235.8mm3 (meanSD, n�9), 213.3

59.1mm3 (n�6) and 97.671.5mm3 (n�9; P�0.001 vs. the vehicle- and Ad-

LacZ-treated groups), respectively (Figure 23.4A). Infarct areas in two or three

coronal sections (4, 6 and 8mm caudal from frontal pole) from the Ad-GDNF-

treated group were also significantly smaller than those from the vehicle or Ad-

LacZ groups (Figure 23.4B), respectively.

There were no TUNEL- or caspase-3-positive cells in the sham control brains,

while cytochrome c-stained cells were slightly detected in layers IV to V of the ipsi-

lateral or contralateral frontoparietal somatosensory cortex (Table 23.1). TUNEL-,

caspase-3- or cytochrome c-positive cells were markedly increased in the ipsilateral

cortex and caudate putamen in the vehicle-treated group 24 hours after transient

MCAO (Table 23.1). In the Ad-GDNF-treated group, the number of positive cells
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prevents ischemic brain injury after transient middle cerebral artery occlusion in rats.
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was obviously smaller, especially in the cortex (Table 23.1), than in the vehicle

group. There was no leukocyte infiltration except for around the needle track in one

vehicle-treated rat, and traumatic injury was observed only around the needle track

(data not shown).

Adenovirus or adeno-associated virus-mediated GDNF gene transfer prevents

dopaminergic neuron degeneration [29–32] and improves behavioral impairment

in the rat model of Parkinson’s disease [33,34]. Neuroprotective activity of the ade-

novirus-mediated GDNF gene transfer against axotomy-induced motoneuron
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death has also been reported [35]. However, there is no report of adenovirus-medi-

ated GDNF gene transfer protecting against more severe types of neuronal death

such as in ischemia or stroke. We first demonstrated that the adenovirus-mediated

exogenous GDNF gene was successfully transferred into cortical neurons and

attenuated ischemic brain injury after transient MCAO [28].

The protective mechanism of GDNF is not fully understood, although previous

work has demonstrated that GDNF diminished ischemia-induced nitric oxide

release [3] or reduced caspase-immunoreactive neurons [10]. In this study, there

was no significant difference in regional CBF among the vehicle-, Ad-LacZ- and

Ad-GDNF-treated groups (Figure 23.3), suggesting that the effect of Ad-GDNF is

not associated with improvement in regional CBF. GDNF signaling is mediated by

the receptor tyrosine kinase encoded by the c-ret protooncogene (Ret) [36,37], and

GDNF receptor �-1 (GFR�-1), a glycosyl-phosphatidylinositol-linked protein,

assists in GDNF binding to Ret [38,39]. Distribution of Ret and GFR�-1 mRNA

expression in the rat central nervous system was recently reported. GFR�-1 mRNA

was detected in the cerebral cortex, while Ret mRNA was not seen in the normal rat

brain [40,41]. However, both GFR�-1 and Ret mRNAs were markedly induced in

the pyramidal layer of the cerebral cortex 12 to 24 hours after kainic acid treatment
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Table 23.1. Changes in TUNEL, caspase-3 and cytochrome c immunoreactivity after

transient MCAO in rats

TUNEL Caspase-3 Cytochrome c

Caudate Caudate Caudate

Treatment Cortex putamen Cortex putamen Cortex putamen

Sham control 1 2� 2� 2� 2� 2� 2�

2 2� 2� 2� 2� 2� 2�

Vehicle 1 2� 2� 2� 2� 2� �

2 2� 2� 2� 2� 2� 2�

3 2� 2� 2� 2� 2� 2�

Ad-GDNF 1 2� 2� 2� 2� 2� 2�

2 2� 2 2� 2� 2 2�

3 2 2� 2� 2� 2� 2�

Notes:

TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling;

MCAO, middle cerebral artery occlusion; Ad-GDNF, adenovirus containing the GDNF gene.

Staining was performed 24 hours after transient MCAO and was categorized into the following

four grades: no staining (�), or a small (2 to 10; ), moderate (10 to 100; �) or large (100 to

500; 2�) number of stained cells. Sham control, n�2; vehicle- and Ad-GDNF-treated groups,

n�3. (From ref. 28, with permission.)



[40]. Therefore, GDNF/Ret/GFR�-1 interactions may also occur under ischemic

conditions. Further study is required to confirm that the interaction between

GDNF and its receptors could be essential for the neuroprotective effect in ischemic

brain injury.

Our previous study suggests that the protective effect of GDNF on ischemic

brain injury is associated with the inhibition of immunoreactive caspases -1 and -3

[10]. Of interest is that one of the most important pathways of neuronal death is

related to mitochondrial dysfunction [42]. Recently, it was demonstrated that cyto-

chrome c release from mitochondria to the cytosol activates the caspase cascade in

vitro [43,44]. Furthermore, cytosolic redistribution of cytochrome c after transient

focal cerebral ischemia in rats has been demonstrated [45], suggesting a vital role

in neuronal cell death. In the present study, both immunoreactive caspase-3 and

cytochrome c were induced in the cytoplasm of neuronal cells in the penumbral

cortex after transient ischemia, and obviously decreased in the Ad-GDNF-treated

group, with correspondence in TUNEL staining profiles (Table 23.1). Although the

TUNEL method is not specific for apoptotic neurons in the ischemic brain, the

TUNEL-positive neurons in the ischemic penumbral region were mainly apoptotic

cells, while those in the ischemic core were necrotic [13]. Therefore some of the

TUNEL-positive neurons observed in the present study died by the apoptotic

process. Thus the apoptotic pathway via cytochrome c and caspase-3 seems to be

one of the targets for protection by GDNF. In this study, we have demonstrated

the change in the immunoreactive caspase-3 protein after transient MCAO, but the

pro- or activated forms of caspase-3 have not been examined. Further study of the

change in caspase-3 activity would provide precise information about the protec-

tive mechanism of GDNF.

Gene therapeutic studies for stroke have not yet been tried in the clinical situa-

tion. Although it has been demonstrated that the adenovirus-mediated neuronal

apoptosis inhibitory protein or an interleukin-1 receptor antagonist have a protec-

tive effect against ischemic brain injury, adenoviral vectors were injected 5 days

before ischemia [21,46]. Herpes simplex virus-mediated hsp72 gene transfer mark-

edly improved striatal neuron survival in focal ischemia, but the vector was injected

8 hours before occlusion [26]. In this study, the adenoviral vector was also injected

24 hours before MCAO because it takes more than 8 hours to express the gene

product using the adenoviral vector in the normal rat brain [18]. However, in the

clinical setting, gene therapy should be applied after a stroke. Therefore, therapeu-

tic studies with these vectors, when delivered after ischemia, should be conducted.

Furthermore, each vector has some disadvantages, such as toxicity or efficacy of

gene expression. Improvement of the vectors or development of a safer vector may

be necessary for more practical gene therapy. Finally, the route of administration

may be of major concern for gene therapy. In the present study, we administered
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the vector directly into the cerebral cortex. Of course, direct injection of the vector

may not be practical in clinical applications. Although intra-arterial or venous

administration could be more suitable for human ischemic diseases, there may be

great difficulty in how to deliver the vector specifically to the ischemic area. When

these problems are successfully resolved, gene therapy could have great potential

for stroke therapy.
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Introduction

Several years ago we wrote “after several years of unfettered excitement and hype it

is now clear that gene therapy is at a very early stage of development” [1]. That

statement, although quite conservative, still seems appropriate.

We remain optimistic, however, about the long-term potential value of gene

transfer to cerebral blood vessels. The method has already led to novel insights into

vascular biology, and it is likely that gene therapy will ultimately prove to be useful

in prevention and treatment of some types of stroke.

In this review, we will first describe several applications of gene transfer to blood

vessels that have led to new insights in vascular biology. Second, we will describe a

new method to study the cerebral circulation, which involves gene transfer of

different isoforms of superoxide dismutase (SOD). Then we will describe studies

that suggest that gene therapy may eventually prove to be useful in prevention of

cerebral vasospasm after subarachnoid hemorrhage (SAH).

Approaches to gene transfer

We use a replication-deficient recombinant adenovirus to transfer DNA to the

nucleus of target cells, which results in transcription of mRNA and translation of

the desired protein. We have made most of the recombinant viruses that we use in

experiments, by deletion of the portions of the viral genome that are required for

replication and then insertion of the gene of interest into the region that has been

deleted. We use an adenoviral vector because it is more effective than other vectors

in transduction of the slowly dividing cells of blood vessels [2].

Typically, when we have made a new recombinant adenovirus, we test it in tissue

284



culture to determine whether the transgene product is made. Then we generally

transfect rings of blood vessels in tissue culture and examine vasomotor responses

of the vascular rings [3]. This approach accomplishes gene transfer only to the

endothelium and adventitia, and not to smooth muscle of the media, but it has

proven effective in altering vasomotor responses [4].

Our next step generally has been to perform gene transfer in vivo. This was a

great challenge in intracranial cerebral blood vessels, because the typical approach

used previously to accomplish gene transfer in other organs was to inject the vector

into blood, and stop blood flow to the organ or vessel for several minutes to accom-

plish infection by the adenovirus and gene transfer. Clearly, this approach could not

be used for intracranial blood vessels.

We therefore developed an alternative method, which did not require intravas-

cular injection of the vector, and did not require interruption of blood flow. We

injected the adenoviral vectors into the cisterna magna, which allows the virus to

diffuse through the cerebrospinal fluid (CSF), and results in expression of the

transgene product in adventitia and perivascular tissues [5]. We also used this

extravascular approach to accomplish gene transfer to the femoral and carotid

arteries by injecting the vector into the sheath around the vessels [6].

A major concern with gene transfer to the adventitia was whether we would be

able to alter vasomotor function. Our concern was that, without transfection of

the endothelium or smooth muscle, expression of the transgene product in the

adventitia alone would have little effect. We and others have found, however, that

transfer of a gene with a diffusible product (such as nitric oxide (NO) or calcito-

nin gene-related peptide (CGRP)) to adventitia produces marked alteration of

vasomotor function, because the gene product diffuses into the smooth muscle

[7,8].

To our knowledge, the first study using this approach to study intracranial blood

vessels was accomplished with transduction of the adventitia with endothelial

nitric oxide synthase (eNOS) in vivo, and demonstration of altered vasomotor tone

ex vivo [9]. Our collaborating investigators have used eNOS applied extravascularly

to the carotid sinus baroreceptors in vivo to alter function [10].

The approaches described above relied on transduction of adventitia and per-

ivascular tissues to alter vasomotor function. An alternative approach is to use

gene transfer to transduce tissues in the subarachnoid space, and then allow the

transgene product to bathe the brain. Using this approach, Betz et al. [11] dem-

onstrated that gene transfer of IL-1ra produces a large increase in IL-1ra in brain

and CSF and reduces the size of stroke after occlusion of the middle cerebral

artery. Recently, we have used this approach with extracellular SOD (ECSOD)

and demonstrated that we could produce large increases in SOD activity in the

CSF [12].
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Gene transfer to study vascular biology

We will describe studies of gene transfer of eNOS, inducible nitric oxide synthase

(iNOS) and SODs to blood vessels. An appropriate question is why not simply give

NO or an NO donor to study effects on blood vessels, and not go through all the

steps that are required for gene transfer of NOS? There are several advantages of

gene transfer over simply administering the gene product. First, different isoforms

of an enzyme can be given by gene transfer. Thus eNOS, iNOS or neuronal NOS

can be given to examine the effects and regulation of the various isoforms of NOS.

One can also transduce tissues with the three isoforms of SOD (copper, zinc

(CuZnSOD), ECSOD, manganese SOD). This is particularly attractive because the

subcellular localization of the three isoforms is different and only ECSOD typically

is released into the extravascular space.

Another advantage of gene transfer is that one can transduce only the endothe-

lium or only the adventitia with an enzyme and thus study the role of endothelium

and adventitia in vascular biology.

Gene transfer of eNOS to eNOS-deficient mice

Replacement of a disrupted gene is called complementation. Gene complementa-

tion by gene transfer has been used previously in ApoE-deficient mice and in low

density lipoprotein receptor-deficient mice [13,14]. Gene transfer to blood vessels

of gene-targeted mice – or complementation – has not been previously reported.

We found that in eNOS-deficient mice, vasomotor function could be restored to

essentially normal by gene transfer of eNOS [15]. Relaxation to acetylcholine or

A23187, which was absent in eNOS-deficient animals, was restored to normal 24

hours after gene transfer of eNOS (Figure 24.1). This approach allows a unique way

to study eNOS in vessels, and it also demonstrates remarkable efficacy of gene

transfer to blood vessels.

We have used gene transfer approaches to attempt to improve endothelium-

dependent relaxation in several disease states. A large number of studies have

shown that responses to acetylcholine and other endothelium-dependent vasodi-

lators are profoundly impaired by atherosclerosis, diabetes and hypertension. It is

well known that superoxide anion inactivates NO, and this appears to be the major

mechanism for impairment of endothelium-dependent relaxation.

On the basis of this concept, we examined effects of gene transfer of eNOS and

SOD to vessels from atherosclerotic, diabetic or hypertensive animals. We expected

that gene transfer of SOD, particularly ECSOD, would improve relaxation. To our

surprise, gene transfer of SOD failed to improve responses to acetylcholine [16],

but gene transfer of eNOS improved relaxation [17] (Figure 24.2).

In atherosclerotic rabbits, we used hydroethidine, a fluorescent dye that turns red

286 D. D. Heistad & F. M. Faraci



287 NO, SODs and calcitonin gene-related peptide

Figure 24.1 Relaxation to (A) acetylcholine, (B) A23187 and (C) nitroprusside, in aorta from eNOS-

deficient mice. Vessels were treated with vehicle (�) or were incubated with Ad-lacZ (�)

or Ad-eNOS (�). Data are meanSE, * P�0.05 eNOS-transduced vessels vs. vehicle-

treated and lacZ-transduced vessels. (Reproduced from ref. 15.)

Figure 24.2 Responses of carotid arteries from WHHL rabbits to acetylcholine 1 day after transfection

with Ad-�-gal (�-gal), Ad-eNOS (eNOS) or vehicle alone. Relaxation to acetylcholine was

performed in the presence (�) or absence (�) of N�-nitro-L-arginine (L-NA, 100 �mol/l).

Values are meanSEM. (Reproduced from ref. 4. Ooboshi H, Toyoda K, Faraci FM, Lang

MG & Heistad DD (1998) Improvement of relaxation in an atherosclerotic artery by gene

transfer of endothelial nitric oxide synthase. Arteriosclerosis, Thrombosis, and Vascular

Biology, 18, 1752–8.)



in the presence of superoxide, to determine localization of superoxide in the vessel

wall. We found that superoxide levels were elevated in atherosclerotic vessels, not

only in the endothelium, but throughout the vessel wall, including the media. We

concluded that because gene transfer of SOD failed to dismute the superoxide in

the media, SOD therefore failed to improve endothelium-dependent relaxation

[16]. This conclusion was greatly facilitated by the use of gene transfer.

Recently, we have performed similar studies in carotid arteries from diabetic

rabbits [18]. We found superoxide throughout the carotid artery in diabetic

rabbits, in contrast to arteries of normal rabbits, which generate superoxide only

from endothelium and adventitia (Figure 24.3). Relaxation to acetylcholine was

impaired in carotid arteries from diabetic rabbits and gene transfer of CuZnSOD

failed to improve the relaxation. Gene transfer of eNOS, however, produced a

marked improvement in relaxation (Figure 24.4).

We also examined this concept in rabbits that received an infusion of angioten-

sin II for one week [19]. We found increased levels of superoxide throughout the

aortic wall and estimated that there was a 2.5-fold increase in superoxide levels.

Relaxation to acetylcholine was impaired in rabbits that received angiotensin II. As

in atherosclerotic and diabetic rabbits, we found impaired endothelium-dependent

relaxation after infusion of angiotensin II. Gene transfer of CuZn-SOD or ECSOD

failed to improve responses to acetylcholine, but gene transfer of eNOS restored

responses to normal.

We interpret this series of studies in the following way. Gene transfer of SOD fails

to deliver enough SOD to the media to dismute the superoxide, and thus fails to

improve responses to the NO that is released from the endothelium. In contrast,

NO is extremely effective in activation of superoxide, and overexpression of eNOS

results in a large amount of NO being generated. Thus, gene transfer of eNOS is

more effective than SOD in improvement of endothelium-dependent relaxation.

The reason that we were surprised that eNOS was so effective was that we

thought superoxide anion would inactivate the NO, and thus eNOS would fail to

improve responses. In contrast, our conclusion is that NO inactivates the superox-

ide in the vessel wall, thereby improving responses to acetylcholine. Gene transfer

approaches were invaluable in leading to this concept in vascular biology.

Recently we have constructed an adenoviral vector that expresses iNOS. This

virus was far more difficult to construct than the other viruses that we have made,

for reasons that are not entirely clear. As expected, we found that gene transfer of

iNOS, with generation of large amounts of NO, impaired contraction of the carotid

artery in vitro. To our surprise, however, gene transfer of iNOS produced profound

impairment of NO-mediated relaxation. Endothelium-dependent relaxation

was greatly improved by inhibitors of iNOS, which indicates that the impairment

was, in fact, due to expression of iNOS. We also found that tiron, a scavenger of
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Normal

e

Diabetic

e

Figure 24.3 Detection of superoxide in situ in carotid artery. Confocal fluorescent photomicrographs of

carotid artery from normal and diabetic rabbit incubated with hydroethidine. Carotid

artery from the normal rabbit has minimal fluorescence in the endothelium (e) and

adventitia. In contrast, carotid artery from the diabetic rabbit has increased ethidium

bromide fluorescence reflecting increased superoxide anion levels throughout the vessel

wall, which was greatest in the endothelium. (Reproduced from ref. 18. Lund DD, Faraci

FM, Miller FJ Jr & Heistad DD (2000) Gene transfer of endothelial nitric oxide synthase

improves relaxation of carotid arteries from diabetic rabbits. Circulation, 101, 1027–33.)



superoxide, improved responses to acetylcholine after gene transfer of iNOS. We

concluded from this study that iNOS produces superoxide in blood vessels, thereby

impairing NO-dependent relaxation [20].

We expect that the ability to study vascular responses after gene transfer of iNOS

will prove to be valuable. When iNOS is expressed after endotoxin or inflammatory

stimuli, the response is complex, and it is difficult to determine the aspects of the

response that are mediated by iNOS. Thus the ability to express iNOS per se should

allow us to examine a variety of mechanisms.

Gene transfer of SOD in vivo

ECSOD, in contrast to CuZnSOD and manganese SOD, is the only isoform of SOD

that is released into the extracellular space. Thus ECSOD is the primary extracellu-

lar antioxidant enzyme and it is also highly expressed in blood vessels [21].

We have constructed a recombinant adenovirus that expresses ECSOD, and are

comparing the effects of intracranial gene transfer of CuZnSOD and ECSOD [12].

We have found that after gene transfer of CuZnSOD, there was a pronounced

increase in total SOD activity in the basilar artery and meninges, but little increase

in CSF. In striking contrast, gene transfer of ECSOD produced only a minimal
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Figure 24.4 Effect of gene transfer on the response of carotid arteries to acetylcholine without (�) and

with (�) pretreatment with N�-nitro-L-arginine in diabetic rabbits. Vessels were treated

with �-gal (�) or eNOS (�). (Reproduced from ref. 18. Lund DD, Faraci FM, Miller FJ Jr &

Heistad DD (2000) Gene transfer of endothelial nitric oxide synthase improves relaxation

of carotid arteries from diabetic rabbits. Circulation, 101, 1027–33.)



increase in total SOD activity in the basilar artery and meninges, but a three-fold

increase in SOD activity in CSF. One can therefore use this approach to increase

SOD activity in blood vessels and tissues that line the subarachnoid space by inject-

ing a virus that expresses CuZnSOD. Alternatively, one can produce a large increase

in SOD activity in CSF by injecting a virus that expresses ECSOD.

A previous study described gene transfer of ECSOD to the liver, and then release

of ECSOD into plasma by intravenous injection of heparin [22]. This approach was

used because ECSOD can be displaced from heparan sulfate proteoglycan on cell

surfaces by either dextran sulfate or heparin. We therefore examined effects of

injection of dextran sulfate or heparin into the CSF after transduction with

ECSOD. We found that injection of dextran sulfate or heparin into the cisterna

magna increased total SOD activity in CSF to about 30 times basal levels. In con-

trast, after gene transfer of CuZnSOD, there was only a minimal increase in SOD

activity in CSF after injection of dextran sulfate or heparin.

Thus we can inject Ad-CuZnSOD into the cisterna magna and produce an

increase in SOD activity in tissues, and alternatively we can inject Ad-ECSOD into

the cisterna magna and produce an enormous increase in ECSOD in CSF. We

expect that this approach may be useful in studies of cerebral vascular pathophy-

siology.

Gene therapy for cerebrovascular disease and stroke

It is likely that gene therapy will be useful only for clinical conditions in which alter-

native approaches are not useful. If a vasoactive drug or peptide proves to be useful

for a clinical condition, it seems unlikely that the risk : benefit ratio for gene therapy

will be more appropriate. Despite this caution, however, because there are a variety

of neurological diseases and stroke that are currently resistant to standard treat-

ment, it seems important to explore the potential role of gene therapy for those

conditions.

We are particularly optimistic that gene therapy may prove to be useful in pre-

vention of vasospasm and stroke after SAH. We anticipate that, when an aneurysm

is clipped after SAH, it will be possible to simultaneously administer a vector in the

CSF to prevent vasospasm.

To work toward using gene therapy to prevent vasospasm after SAH, we have

addressed several problems. First, we demonstrated that the vector can be delivered

to vessels at the base of the brain [5], which are vessels that commonly develop

spasm after SAH. Second, we have used a promoter (respiratory sincytial virus

(RSV) promoter) that provides expression of the transgene product during the 2 to

3 weeks after SAH when there is risk of cerebral vasospasm [23]. Third, we have

demonstrated that gene transfer can be successful after SAH [24].
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Recently we have focused on the possibility that gene transfer of CGRP may be

appropriate in preventing vasospasm after SAH. This rationale is based on the find-

ings that CGRP is an extremely potent cerebral vasodilator, CGRP appears to be

depleted from perivascular nerve terminals after SAH [25] and responsiveness of

cerebral vessels to CGRP appears to be augmented after SAH.

Therefore, we constructed an adenovirus that encodes prepro-CGRP, and have

examined the effects of gene transfer using a variety of approaches [26]. In tissue

culture, transfection with Ad-CGRP produces an increase in CGRP in the culture

medium, with an increase in cyclic AMP (cAMP) in recipient cells. After injection

of Ad-CGRP into the cisterna magna of rabbits, the concentration of CGRP

increased by almost 100-fold in CSF. The increase in CGRP produced a large

increase in cAMP in the basilar artery. Gene transfer of CGRP inhibited contrac-

tion of the basilar artery in response to several stimuli, and altered vascular

responses were restored to normal by pretreatment with a CGRP-1 receptor antag-

onist.

In very recent studies, we have examined effects of gene transfer of CGRP in

rabbits after simulated SAH [27]. We injected blood into the CSF, and using digital

subtraction angiography, we demonstrated approximately 30% constriction of the

basilar artery in control rabbits. In contrast, after gene transfer of CGRP, there was

no constrictor response to SAH. In those initial studies, we used an RSV promoter,

which does not produce peak expression until approximately 3 to 5 days after gene

transfer. It was therefore necessary to give the CGRP virus before SAH to prevent

vasospasm. Because this would not be clinically useful, we have constructed

another virus with a cytomegalovirus (CMV) promoter to see whether Ad-

CMVCGRP could be given after SAH to prevent vasoconstriction. In preliminary

recent experiments, we are finding that gene transfer of CGRP after SAH prevents

vasoconstriction after SAH. On the basis of these studies, we are very optimistic

that it will be possible to prevent vasospasm after SAH, using gene transfer

approaches.

Where do we go from here?

It seems unlikely that gene therapy by the methods that we currently use will be

clinically useful until a better vector is developed. The major problem with the ade-

noviral vector is that it produces an inflammatory response when large doses of the

virus are given.

One approach to reduction of the inflammatory response to adenoviral vectors

would be to give a far lower dose of the virus. We have used several approaches to

enhance gene transfer to cerebral vessels [28–30]. Our hope is that, by enhancing

gene transfer and expression of the transgene product, we will be able to reduce the
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dose of virus sufficiently that there will be little or no inflammatory response. To

date, the most promising approach is to coprecipitate the virus with calcium phos-

phate [30].

An alternative would be to administer the adenovirus with a substance that

would attenuate the inflammatory response. A variety of approaches have been

tried in other organs, and it is possible that eventually this will prove to be useful

in the brain as well.

In our opinion, however, it seems most likely that a new, safer vector will need

to be developed before the approach can be used safely in patients. For example,

the “gutted” or “gutless” adenoviral vector [2] appears to have a markedly reduced

inflammatory response. In the meantime, while we eagerly await the development

of new, safe and effective vectors, we suggest that gene transfer approaches are

useful in allowing novel approaches to study cerebral vessels. We also suggest that

gene transfer is attractive because it has potential for unique therapeutic

approaches for clinical conditions that we cannot effectively treat at the present

time.
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Introduction

Stroke is the third most common cause of death, and being among the most

common causes of severe disability in adults of developed countries [1] accounts

for a large proportion of health care costs. Its impact on individual patients, their

families and society as a whole is immense. Approximately 200 per 100000 adults

per year will have their first stroke. Because the incidence of stroke increases with

age, the absolute number of patients with stroke is likely to increase even more,

given that the population of aged adults is also increasing [2,3]. However, brain

injury from ischemia does not affect only the adult population. It is a major cause

of mortality and severe neurodevelopmental disability (cerebral palsy, mental

retardation, epilepsy and learning disabilities) in the pediatric – especially the

newborn – population [4,5]. The drain on resources to support such children

(often long into adulthood or an entire lifetime) is also quite significant. Although

the etiologies for ischemic brain injury in adults and children may differ, much of

the pathophysiology underlying neural cell death and dysfunction is quite similar.

In the case of newborn infants, despite advances in technology allowing better

obstetric and neonatal care and a deeper understanding of the pathophysiology of

perinatal asphyxia, the incidence of hypoxic–ischemic encephalopathy (HIE) in

neonates has remained essentially unchanged over the last few decades. Except for

thrombolysis therapy for acute stroke in the adult, current clinical management of

both adult stroke and HIE has been limited to supportive measures; it is not

directed toward preventing or interrupting the processes underlying brain injury

or promoting regeneration [1,4,5]. Given the absence of effective therapies for
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stroke and perinatal HIE, it is important to derive new strategies. Unfortunately,

despite recent substantial research into neuroprotection, no neuroprotective agents

have been shown conclusively to be clinically effective [1,5–7].

There has been a growing interest in the therapeutic potential of neural stem

cells (NSCs) progenitors for therapy in stroke, HIE and other central nervous

system (CNS) dysfunctions. NSCs are the primordial, multipotent, self-renewing

cells that, during the earliest stages of development, are believed to give rise to the

vast array of specialized cells of the nervous system. They are thought to persist

throughout life, not only in a few discrete regions but probably throughout the

brain, serving homeostatic and perhaps self-repair functions. The growing inter-

est in NSC biology, as it might apply to HIE and stroke, represents a somewhat

different focus on CNS injury. While most strategies under investigation seek to

short circuit cell death and/or promote neuroprotection, i.e., to combat progres-

sion of neuropathological processes, stem cell biology shines the spotlight instead

on a non-pathological process, on reinvoking developmental processes for pur-

poses of regeneration. In other words, a putative stem cell-mediated strategy

would be rooted not so much in “combating” pathology as in abetting natural self-

repair processes postulated – at least based on data emerging from our laboratory

– to exist in the CNS in response to a wide range of injuries and degenerative pro-

cesses.

In this context, therefore, the interest in NSCs derives from the realization that

these cells are not simply a substitute for fetal tissue in transplantation paradigms

or simply a “better” vehicle for gene delivery. We in the field of developmental neu-

roscience believe that the basic biology of these cells endows them with a potential

that other vehicles for gene therapy and repair may not possess [8–10].

This biological potential endows NSCs with the ability to integrate into the

neural circuitry after transplantation. This property, in turn, may allow for the

regulated release of various gene products. It may also allow for literal neural cell

replacement. While presently available, gene transfer vectors usually depend on

relaying new genetic information through established neural circuits, which may,

in fact, have already degenerated and become dysfunctional. NSCs may actually

participate in the reconstitution of these pathways. The replacement of enzymes

and of cells may be targeted not only to specific, anatomically circumscribed

regions of the CNS [11–15], but also, if desired, by simple modifications in tech-

nique, to actual large areas of the CNS in a widespread manner [16–22]. This

ability is important because most neurological diseases are not localized to spe-

cific sites, as is Parkinson’s disease. Rather, their neuropathology is often extensive,

multifocal or even global; stroke and HIE provide ideal examples of just how

broad the regions of degeneration may be. Intriguingly, NSCs may actually be

uniquely responsive to neurodegenerative environments [23–25]. This type of
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responsiveness of NSCs may optimize cell replacement and therapeutic gene

expression within the damaged CNS.

The neural stem cell response to ischemic injury

Little is actually known about the response of NSCs to CNS injury in general, let

alone HI brain injury in particular. Is it possible to repopulate an “ablated” CNS

with neural stem cells in the way hematopoietic stem cells reconstitute lethally irra-

diated bone marrow? HI was initially viewed by us as an injury that is not only of

importance in its own right but also might serve as a prototype for other large,

acquired brain injuries [26]. It occurred to us that to help to answer this question

we might be able to use one of our prototypical NSC clones, clone C17.2 [27–29],

as “reporter cells”. This well-characterized clone is just one of several with stem cell

features that exist in the literature: multipotent, self-renewing, self-maintaining,

nestin positive and responsive to various stem cell trophins. As one would demand

of a putative stem cell, NSCs from clone C17.2 are able to participate in the devel-

opment of the CNS throughout the neuraxis and across developmental periods,

from fetus to adult [16,17,22,24,25,28,29]. Engrafted and integrated NSCs are

visible because they have also been transduced with a reporter gene, lacZ, that

allows the cells to stain blue when processed with 5-bromo-4-chloro-3-indolyl �-

-galactoside (X-Gal) histochemistry, or to appear brown after reaction with an

antibody against Escherichia coli �-galactosidase (�-gal) (in immunoperoxidase

and immunofluorescence protocols, respectively) [24,27]. This ability to identify

progeny of a donor NSC is important because, by their nature, NSCs integrate and

intermingle seamlessly into the host after transplantation, do not form a discern-

ible graft–host border (as in traditional neural transplantation paradigms) and

actually come to resemble host neural cells of the same phenotype. When we talk

about using clone C17.2 NSCs as “reporter” cells, we mean using well-

characterized, indelibly marked cells with a known ancestry, with potential and

clonal relationships that are traceable, that are abundant and homogeneous, that

intermingle imperceptibly with host cells in vivo and that can, therefore, be used as

a tool for mirroring, probing and tracking, i.e., “reporting” on the behaviors of

neighboring endogenous progenitors that are otherwise invisible to such monitor-

ing and whose own clonal relationships and degree of homogeneity are much less

certain. Such cells would also allow well-controlled experiments to proceed with

minimal variability in cell population under study from experiment to experiment,

animal to animal and condition to condition. The type of injury in which NSCs

were investigated in these preliminary experiments was focal HIE engendered by

permanent ligation of the right common carotid artery of a week-old mouse

followed by exposure of the animal to 8% ambient oxygen. This combination of
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ischemia and hypoxia resulted in extensive injury to the hemisphere ipsilateral to

the carotid ligation while leaving the contralateral hemisphere as an intact control.

In the first set of pilot experiments [26], we wondered what might be observed

if we took a normal animal in which “reporter” NSCs had become stably integrated

throughout the brain during a critical period of its development (creating virtually

a chimeric brain of host and reporter cells) and then exposed that animal to uni-

lateral HI injury. The experimental paradigm, therefore, was as follows: clone C17.2

NSCs were transplanted into the cerebral ventricles of mice on the day of birth (P0),

allowing the NSCs access to the subventricular germinal zone (SVZ) that lines the

ventricular system running the length of the neuraxis; this results in widespread

migration, stable integration and intermixture of donor NSCs with host cells

throughout the parenchyma [16]. The right hemisphere was subjected to HI injury

at 1 week of age (P7). The brains were analyzed 2 to 5 weeks later. The resulting

picture in these preliminary studies was complex but intriguing. In contrast to the

intact side where the reporter NSCs remained widely and evenly interspersed

throughout the intact parenchyma, the reporter NSCs in the HI-injured hemi-

sphere appeared to be densely and preferentially clustered around the infarction

cavity. The heavy accumulation and number of cells in that location suggested

either that many NSCs had migrated to that particular area, or that the cells near

there had proliferated, or both. In addition, in the penumbra of the infarction, an

increased number of donor-derived cells was identified immunocytochemically as

oligodendrocytes and neurons. Neurons and oligodendrocytes are the two neural

cell types that are most susceptible to HI injury and that are least likely to regener-

ate spontaneously in the “postdevelopmental” mammalian cortex. Furthermore, in

the intact hemisphere, as might be expected from NSCs implanted after the com-

pletion of embryonic cortical neurogenesis, no donor-derived neurons and many

fewer oligodendrocytes were noted. Therefore, following HI brain injury, NSCs

appeared to evince components of altered proliferation, migration and differenti-

ation. This is precisely the type of behavior one might expect of a stem cell; it cer-

tainly mirrors the behavior of the hematopoietic stem cell, a cell with a much older

literature. We decided to start examining each of these components in a systematic

fashion [26].

First we asked whether there was new transient proliferation by quiescent NSCs,

both reporter and host. To answer this question, a transplant of reporter NSCs was

performed at P0 into the cerebral ventricles; unilateral HI injury was induced at P7

(after the cells had stably integrated, differentiated and become quiescent); the mice

were then pulsed with bromodeoxyuridine (BrdU), a nucleotide analogue, at

various post-HI injury time points. The preliminary analysis revealed that before

injury, donor-derived cells were completely quiescent (as previously known);

however, after HI injury, the percentage of reporter (lacZ�) cells that became
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mitotic (i.e., incorporated BrdU) increased rapidly, peaked at about 3 days after

induction of HI and then fell back to 0 by 1 week after HI. The host cells did pre-

cisely the same thing; their pattern of proliferation was virtually superimposable

upon that of donor cells, peaking approximately 3 days after HI and then return-

ing to 0, also suggesting an induction of transient proliferation.

That there were so many changes peaking 3 days after injury is intriguing. The

literature on stroke, and in fact, on other injuries, has suggested that the interval of

3 to 7 days after insult is a very metabolically, biochemically and molecularly active

temporal “window” during which a variety of mitogens, trophins, extracellular

matrix molecules and other factors are uniquely elaborated. We shall return to this

“window” and its impact on neural stem cell biology later in the review.

Next, we began to approach the question of whether reporter NSCs (and by exten-

sion, host NSCs) in fact migrated to the areas of neurodegeneration. NSCs (clone

C17.2) were transplanted into only the left intracerebroventricular space at P0. At 1

week of age, unilateral HI injury was induced in the contralateral right hemisphere

in some animals, while in others the right hemisphere was left intact. In animals with

an intact right hemisphere, engrafted stem cells simply remained stably distributed

and densely integrated throughout the parenchyma of only the transplanted left

hemisphere. But in animals in which the right hemisphere had been infarcted, cells

at multiple levels throughout the cerebrum dramatically appeared to migrate across

the corpus callosum and any available interhemispheric commissure to the infarcted

region (Figure 25.1). With high magnification under light and electron microscopy,

one could appreciate the leading processes of NSCs migrating along interhemi-

spheric connections toward the damaged areas. Even within the infarct, one could

see reporter cells migrating into the heart of the necrotic area.

Therefore there seems to be evidence that NSCs already integrated into the CNS

will migrate to an area of subsequent infarction. Will reporter NSCs implanted after

HI injury also be drawn to areas of damage? To investigate this question, the fol-

lowing paradigm was followed: unilateral (right) HI injury was induced at P7, and

reporter NSCs were transplanted into the contralateral (left) cerebral ventricle 3

days later (at P10). As a control, some animals not subjected to right HI were also

transplanted on the left at P10. As before, in the intact animals, the NSCs remained

nicely but stably integrated on the transplanted left side. However, in the animals

that were infarcted on the right before transplantation on the left, reporter NSCs

avidly migrated across the corpus callosum and other interhemispheric commis-

sures to the area of infarction throughout the length of the cerebrum. Furthermore,

they integrated into those infarcted areas as if drawn or directed by a tropism for

the region. When reporter NSCs were injected directly into the infarcted area on the

right, they never migrated in the other direction to the contralateral intact side in

these pilot studies.
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This last manipulation, that of injecting NSCs directly into the infarct, suggests

what our next set of experiments entailed. NSCs (clone C17.2) were transplanted

directly into the degenerating infarcted region at various time points after the

induction of unilateral HI. When implantation was performed shortly after HI

(e.g., the following day), robust engraftment was seen throughout the infarcted

area. If transplantation was postponed until 5 weeks after HI, virtually no, if any,

engraftment was achieved. Engraftment was most exuberant 3 to 7 days after HI

(Figure 25.2).

Is there indeed a change in differentiation fate by the reporter NSCs in these areas

of degeneration compared with what might be seen in the intact brain?

Immunocytochemical and ultrastructural examination of the engrafted regions,

particularly in the penumbra of the infarct, suggests that indeed there is. Donor-

derived cells (recognized by an anti-�-gal antibody) were assessed for the expres-

sion of neural cell type-specific antibodies (e.g., NeuN, neurofilament,
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Figure 25.1 Migration by transplanted “reporter” stem cells to the ischemic area of a mouse brain

subjected to unilateral, focal hypoxic–ischemic brain injury. Clone C17.2 neural stem cells

were injected into the left cerebral ventricle of a mouse on the day of birth (postnatal day

0). At 1 week of age, the animal was subjected to contralateral right-sided

hypoxic–ischemic injury. The animal was analyzed at maturity with X-Gal histochemistry to

identify LacZ-expressing donor-derived cells (which stain blue). Some cells appeared to

migrate along the corpus callosum (arrowhead) throughout the cerebrum toward the

highly ischemic area (arrow). (Reproduced from ref. 52.)



microtubule-associated protein-2 (MAP-2) for neurons (Figure 25.3), 2	,3	-cyclic

nucleotide 3	-phosphodiesterase for oligodendrocytes, glial fibrillary acidic protein

for astrocytes, nestin for immature, undifferentiated progenitors). A subpopula-

tion of donor NSCs in the injured postnatal neocortex differentiated into neurons

(~5%) and oligodendrocytes (~4%). Other cell types were astroglial, though no

scarring seemed apparent, and undifferentiated progenitors. As noted below, these

numbers contrast significantly with what one finds in an intact age-matched recip-

ient neocortex. The presence of donor-derived neurons was detected as much as

1 mm away from the heart of the infarction cavity on the side of the lesion, suggest-

ing a relatively large “sphere of influence” exerted by the injured tissue.
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Figure 25.2 Robust engraftment by transplanted neural stem cells within the ischemic region of a

mouse brain subjected to unilateral focal hypoxic–ischemic (HI) injury. This mouse was

subjected to right HI injury on postnatal day 7. Three days later, the animal received a

transplant of clone C17.2 neural stem cells within the region of infarction. The animal was

analyzed at maturity with X-Gal histochemistry. A representative coronal section is shown.

Robust engraftment was evident within the ischemic area (arrow). A similar engraftment

was evident throughout the hemisphere. Even cells implanted outside the region of

infarction appeared to migrate along the corpus callosum toward the ischemic area

(arrowhead) (see also Figure 25.1). The most exuberant engraftment was evident 3 to 7

days after HI. Immunocytochemical and ultrastructural analysis revealed that a

subpopulation of donor-derived cells, especially those in the penumbra, differentiated

into neurons (see Figure 25.3) and oligodendroglia, the two neural cell types most

characteristically damaged by HI and the cell types least likely to regenerate

spontaneously in the postnatal brain. (Reproduced from ref. 52.)



(Interestingly, occasionally we would note host-derived neurons in an otherwise

severely destroyed cortex; this type of finding is consistent with our belief that some

host NSCs, like the reporter NSCs, do try to shift their differentiation toward com-

pensation for neural cell death, a phenomenon that we are perhaps augmenting

with our transplants. More on this phenomenon later.) Examination of the penum-

bra under the electron microscope in these preliminary studies supported the

immunocytochemical assessments. A significant number of donor-derived oligo-

dendrocytes and neurons were appreciated. Some donor-derived pyramidal

neurons received synaptic input from the host.

Quantification of the differentiation pattern by transplanted reporter NSCs in

the injured neocortex compared with that in the intact neocortex is dramatic and

illuminating. Whereas 5% of engrafted NSCs on the injured side differentiated into

neurons, no neuronal differentiation by NSCs was seen at all in the intact neocor-

tex, consistent with both the normal absence of neurogenesis in the postnatal mam-

malian cortex and with our own prior findings [24,30]. There was a five-fold

increase in the number of donor-derived oligodendrocytes in the injured neocor-

tex compared with the intact neocortex. The number of astrocytes did not signifi-

cantly differ between the two sides. Also, there was an upregulation of nestin in

donor NSCs in response to injury (almost three times as many donor cells were

nestin positive in the injured cortex as compared with the intact cortex, suggesting

that they may become activated or primed to make a differentiation choice).
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Figure 25.3. Neuronal differentiation by engrafted neural stem cells in the penumbra of the infarct after

transplantation into the ischemic area. This mouse was subjected to right-sided focal HI

injury postnatal day 7. Three days later, the animal received a transplant of clone C17.2

neural stem cells within the region of infarction. The animal’s brain was analyzed with

immunocytochemistry at 5 weeks of age (25 days after transplantation). Immunolabeling

was revealed by immunofluorescence. A LacZ-expressing donor-derived cell identified by

an anti-�-gal antibody (A) also reacted to an anti-MAP-2 antibody (B), suggesting the

mature neuronal differentiation of a donor-derived cell. (Reproduced from ref. 52.)



These preliminary quantitative data are presented to make a qualitative point.

On the intact side of the infarcted animal, there was no neuronal differentiation at

all; on the injured side, 5% of donor-derived cells were now neurons. The magni-

tude of that number is less significant than the phenomenon of qualitatively going

from consistently no neurons to neurons of any number at a stage in development

when no cortical neurons should normally be born. As mentioned previously, olig-

odendrocytes and neurons are the two neural cell types most damaged by HI injury.

It appears from these preliminary data that the NSCs may have been attempting to

repopulate and reconstitute that area of injury, particularly within a certain tem-

poral window, by “shifting” their normal differentiation fate to compensate for the

loss of those particular cell types, especially neurons. It seems indeed likely that as

a consequence of this type of neurodegeneration, signals are elaborated to which

NSCs (donor and probably host) are able to respond in a reparative fashion.

Precisely what those signals are is an area of ongoing investigation. They no doubt

are a complex mix of various mitogens, neurotrophins, adhesion molecules, cyto-

kines, etc.

Although the preliminary numerical data cited above are presented principally

to illustrate the “shift” toward neuronal differentiation by NSCs in response to

injury, it is instructive to note that, given the vast number of NSCs that engrafted

into the infarcted region, a differentiation of even 5% of such cells into neurons

translated into tens of thousands of replacement neurons supplied to that degen-

erating region. We do not actually know how many neurons and how much cir-

cuitry is required to functionally reconstruct a damaged mammalian system. We

do know that, fortunately, 100% restoration is not needed; older lesion data would

suggest that as little as 10% may be sufficient.

Combining cell replacement with gene therapy via the NSC

Despite the fact that neuronal differentiation of 5% of transplanted NSCs may be

sufficient to repair an HI-injured region of the brain, we nevertheless wondered

whether that percentage could be increased. Neurotrophin-3 (NT-3) is known to

play a role in inducing neuronal differentiation [31,32]. It appeared feasible that

neuronal differentiation of both host and donor NSCs might be enhanced if the

latter were engineered before transplantation to (over)express NT-3. A subclone of

NSCs was transduced with a retrovirus encoding rat NT-3 [33,34]. The engineered

NSCs successfully produced large amounts of NT-3 in vitro and in vivo. We have

determined that both the parent NSCs and the NT-3-overexpressing NSC sub-

clones, express TrkC receptors (the receptor for NT-3) [34]. These receptors

are appropriately tyrosine-phosphorylated in response to exogenous NT-3; this

phosphorylation can be blocked by K252a, an inhibitor of neurotrophin-induced
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tyrosine kinase activity. Therefore, it appeared that these engineered NSC clones

not only could secrete excess amounts of NT-3 but also could probably respond to

NT-3 in an autocrine or paracrine fashion, a very appealing scenario.

In tissue culture, these NT-3-overexpressing NSCs, like the parent NSC clone,

still differentiated into all three neural cell types (neurons, astrocytes and oligoden-

drocytes). However, unlike the parent clone, whose percentage of neurons fell in

serum-containing medium as new cells were born, the proportion of this NT-3-

expressing subclone that continued to express neuronal markers in culture for pro-

longed periods (
3 weeks) remained quite high (~90%) [34].

In an experimental paradigm identical to that described previously, cells from

the NT-3-expressing NSC subclone were implanted into the infarct of a unilater-

ally asphyxiated postnatal mouse brain 3 days after induction of HI injury [34]. The

brains were analyzed 2 to 4 weeks later as described above. Indeed, on preliminary

analysis, the percentage of donor-derived neurons was dramatically increased to

20% in the infarction cavity and to as high as 80% in the penumbra. Many of the

neurons were calbindin-positive; they were also variously GABAergic (GABA is

�-aminobutyric acid), glutamatergic or cholinergic. Donor-derived glia were rare.

It appears, therefore, that, when NSCs are transplanted within regions of HI injury,

a greater percentage of them engineered ex vivo to express NT-3, differentiate into

neurons. NT-3 probably does act on donor cells (as well as host cells) in an auto-

crine/paracrine fashion to enhance that neuronal differentiation. Interestingly, this

pilot experiment enunciates the feasibility of using NSCs for simultaneous com-

bined gene therapy and cell replacement in the same transplant procedure using

the same clone of cells in the same transplant recipient – an appealing stem cell

property with implications for therapies in other degenerative conditions.

Does the injured mammalian brain attempt self-repair?

In the transplant studies described above, the grafted and stably integrated NSC

clones, whose response to focal HI cerebral degeneration was tracked, were viewed

as “reporter cells”, mirroring the behavior of the brain’s own NSCs, which puta-

tively alter their fate – their proliferation, migration and differentiation – in an

effort to repopulate damaged areas. The thinking would be that, if the brain’s incli-

nations are toward self-repair via the NSCs, then that response might be aug-

mented. Is this truly what endogenous progenitors “attempt” to do? We launched

a series of non-transplant-based experiments to explore whether the “reporter cells”

were indeed reporting on a true phenomenon.

It has been recognized for decades [35–37] that two highly circumscribed

regions of the mammalian cerebrum continue to generate neurons throughout life.

These “privileged” areas are designated “neurogenic regions” and exist lifelong in
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the olfactory bulb (OB) by way of the SVZ and in the hippocampal dentate gyrus

[38–42], including in humans [43,44]. (The reason for their persistence, quite

frankly, still remains a mystery.) The remainder of the CNS is termed “non-

neurogenic”; in other words, neuronal generation does not take place beyond fetal

life, the normal period of neuron birth. Consequently, neuronal regeneration does

not occur in the vast majority of the “postdevelopmental” CNS after injury or

disease [45]. However, the fact that the cerebrum does retain a capacity for neuro-

genesis from proliferating cells in the SVZ and dentate gyrus throughout life sug-

gests that these neural progenitor cells may provide an endogenous population

with significant neuroregenerative potential (either constitutively or after manip-

ulation).

The findings in the previous sections postulated that after brain injury and

during phases of neurodegeneration, signals might be transiently elaborated, even

in “non-neurogenic” regions, to which progenitor and stem cells can respond in a

reparative fashion. Were an intrinsic capacity for producing new neural cells

(including neurons) in classically non-neurogenic regions to be apparent, even at

low, ostensibly clinically silent levels, this might attest to a degree of inherent CNS

plasticity not previously appreciated, might explain certain observed levels of

unanticipated recovery often seen by clinicians after adult and pediatric stroke and

might lend insight into the teleological significance of persistent neurogenic zones

while offering a substrate from which better strategies for brain repair might be

launched.

After unilateral HI brain injury in preliminary studies, the migration and diffe-

rentiation of mitotic neural progenitor cells (NPCs) in the SVZ of both hemi-

spheres were assessed using two methods [46]. First, we tracked the behavior of

newly proliferative endogenous NPCs by intraperitoneally injecting the prolifera-

tion marker BrdU, which is selectively and permanently incorporated into the

nuclear genomic material of all cells entering S-phase, hence labeling dividing cells.

Starting 2 hours after induction of unilateral HI, mice were pulsed with BrdU every

4 hours for the subsequent 12 hours. As an additional independent marker of newly

mitotic cells, in parallel experiments a replication-incompetent, help virus-free

retroviral vector encoding the lacZ reporter transgene [47] was also used to directly

label such cells. A retroviral provirus becomes permanently integrated into the

genome and passes stably to the progeny of only those cells progressing through S-

phase. Successful infection (as indicated by lacZ expression) is, therefore, another

unambiguous marker of mitotic cells. In order to label proliferating SVZ cells, the

lacZ-encoding vector was injected into both lateral ventricles of the mice being sub-

jected to unilateral HI.

HI brain injury induced a significantly increased proliferation of the SVZ pro-

genitor population ipsilateral to the lesioned right side compared with the grossly
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intact contralateral left side and uninjured control group. Expansion of BrdU-pos-

itive cells was most pronounced in the dorsolateral wall of the lateral ventricles

adjacent to the infarction cavity, and a relatively dense stream of “newly born” cells

oriented toward and into the injured cerebral cortex was apparent. The normal fate

of most of the cells born in the SVZ (particularly the anterior portion) is to migrate

rostrally along the rostral migratory stream (RMS) into the OB, where they differ-

entiate into neurons [38–41]. Certainly, that typical developmental program was

evident in the intact left hemisphere. Intriguingly, although more cells were actu-

ally born in the right SVZ ipsilateral to the lesion in response to HI, significantly

fewer BrdU-positive cells were present in the RMS, and the number of newly born

cells that actually reached the right OB was significantly reduced, as if the newly

born cells on the damaged side were “shunted” or “drawn” away from their normal

migratory route toward the site of injury. Interestingly, the number of newborn

cells that reached the RMS and OB from the SVZ contralateral to the lesion, though

certainly much greater than that ipsilateral, was also significantly reduced as com-

pared with the non-injured control group, suggesting that injury has a broad effect

throughout the brain and may draw cells even from distant regions. In other words,

the CNS environment appears to change radically after injury, particularly that

induced by HI.

To help to determine the differentiation fate in vivo of injury-generated BrdU-

labeled cells, particularly in non-neurogenic regions, they were analyzed for their

coexpression of neural cell type-specific antigens. Over a 3 week period after the

final BrdU pulse, many of the cells induced to proliferate yielded new oligoden-

drocytes, astrocytes, and intriguingly, neurons (4.0%, 1.2%, and 1.2% at 1, 2, and

3 weeks, respectively). These new neurons (probably an underrepresentation, given

the time course of the BrdU pulses) were evident not only in the compromised

hemisphere, but in the contralateral hemisphere as well, suggesting again the wide-

spread “ripple” effect of signals emanating from even an ostensibly localized lesion.

(No BrdU� neurons were seen in the cortices of uninjured control mice.) That

these newly born neurons in non-neurogenic regions might persist permanently

was suggested by their continued detection essentially undiminished for at least 2

months after injury.

As a complement to BrdU labeling and to track more rigorously the fate of these

newly proliferative, injury-responsive periventricular NPCs, a retroviral vector

encoding lacZ was injected into both lateral ventricles of the mice subjected to uni-

lateral HI. In response to HI, lacZ-expressing (i.e., �-gal�) periventricular cells

migrated into the adjacent striatum and hippocampus, into the cortex ipsilateral to

the lesion and into the cortical penumbra. Confirming the observation previously

noted, a subpopulation of the newly proliferative and migratory �-gal� cells now

expressed the mature neuronal marker, NeuN, in all of these “non-neurogenic”
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regions, suggesting de novo neurogenesis. (Interestingly, even in the grossly intact

contralateral hemisphere, some �-gal� periventricular cells (often in groups) also

migrated into the cortex and overlying hippocampal CA1 area, becoming

neurons.)

Translating progenitor and stem cell biology into therapy

The findings in the previous section suggest (as did the transplant studies described

previously) that, after CNS injury and during acute phases of the resultant neuro-

degeneration, factors are elaborated to which donor-derived and endogenous

neural progenitor and stem cells may respond in a reparative fashion and which can

promote the establishment of new neurons even within non-neurogenic regions of

the “post-developmental” CNS. Neural stem and progenitor cells appear to be

capable of responding to neurogenic signals not only during their normal develop-

mental expression but also when induced in later stages during critical periods after

injury. Stem cells seem to have a tropism for and a trophism within degenerating

CNS regions. They seem to be able to “shift” their differentiation fate. This phe-

nomenon seems to be magnified at the peak of active neurodegeneration. Given

these observations, we further speculate that the CNS may “attempt” to repair itself

with its own endogenous pool of progenitors and stem cells, but that supply may

simply be insufficient either in number or in factors regulating mobilization,

recruitment, migration, differentiation, survival, neurite extension and synapto-

genesis in the context of HI injury. Therefore, the net impact of the production of

new nerve cells may be limited. If this is the case, perhaps we can augment that stem

cell population with exogenous stem cells and/or exogenous trophic factors to

enable more significant recovery. Such a strategy would certainly benefit from iden-

tifying those transiently expressed signals. Such identification may permit them to

be supplied exogenously in order to recruit the host’s own internal stem cell reser-

voir more effectively. In fact, donor stem cells genetically engineered ex vivo (as we

did with the NT-3-expressing stem cells) may be one method for supplying some

of those tropic and trophic factors. Under certain circumstances, in fact, one clone

of transplanted stem cells may be able to serve multiple therapeutic functions: both

gene delivery and cell replacement.

Therefore one strategy that can take its place in the repertoire with other valu-

able repair strategies may be stem cell based: using the host’s own appropriately

activated reserve of stem cells augmented by an exogenous supply of stem cells

introduced during or shortly after injury or neurodegeneration (apparent

“windows of opportunity”). It may, in fact, be possible to treat chronic lesions by

re-expressing certain “signals” (e.g., certain cytokines) that emulate the more acute

phase, to which stem cells may then respond in a reparative fashion. All these
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speculations are absolutely predicated on exploring the dynamic processes by

which multipotent stem cells make their phenotypic choices in developing and

degenerating the CNS.

[It should be added that the observations described above in pediatric stroke

appear to apply as well to adult stroke. In pilot studies performed collaboratively

with the laboratory of Seth Finkelstein, the combined administration of NSCs and

the neurotrophic fibroblast growth factor 2 (FGF-2) appears to promote significant

behavioral recovery in adult rats subjected to experimental middle cerebral artery

occlusion. While space does not allow a detailed description of these studies, these

observations suggest that the biology of stem cell-based self-repair may apply

throughout the life of a mammal.]

The abiding faith in “translational neuroscience” is, of course, that the biology

that endows rodent neural stem cells with their therapeutic potential is conserved

in the human CNS. Progress in this regard is, gratifyingly, being made. Several

neural stem cell clones and populations have been isolated from human fetal brains

and these cells appear to emulate many of the appealing properties of their rodent

counterparts [21,44,48–50]: they differentiate, in vitro and in vivo, into all three

neural cell types; they vouchsafe conservation of neurodevelopmental principles

after engraftment into the developing mouse brain; they express foreign genes in

vivo in a widely disseminated manner; and they can replace missing neural cell

types when grafted into various mutant mice.

In order to determine whether findings with rodent NSCs in response to injury

might extend to cells from the human CNS and to explore their therapeutic poten-

tial in the treatment of HI in infants, human NSCs (in pilot studies) were injected

into the infarction cavity of mice, using the same experimental paradigm described

above [51]. Human NSCs showed robust engraftment within the ischemic region

and its penumbra, migrated extensively and preferentially toward the site of injury

and differentiated into all three neural cell types. A subpopulation of donor-

derived neurons expressed glutamate, GABA, tyrosine hydroxylase and choline ace-

tyltransferase in various CNS regions. Preliminary data suggest that human NSCs

grafted into the HI-injured brain sites in mice partially restored some motor and

cognitive functions, as demonstrated by rotarod performance, the step-through

type passive avoidance test and the habituation of exploratory behavior test. These

findings suggest that human NSCs might be capable of replacing some neural cell

populations lost to experimental HI injury in mice and could provide a rationale

for ultimate stem cell-based therapy for human ischemic and other degenerative

CNS diseases.
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Introduction

Neural stem cells that fulfill all the classic criteria for stem cells, including (i) multi-

potency, (ii) highly proliferative potential and self-renewal and (iii) a limited capac-

ity to regenerate after injury or disease, continue to exist in the adult central

nervous system (CNS). This chapter describes how cerebral global ischemia

increases the proliferation of neural stem cells in the dentate gyrus, producing new

neurons and glia in two separate compartments, namely the granule cell layer and

the dentate hilus. Our recent data show that focal ischemia, though it rarely

damages hippocampal neurons, increases the proliferation of dentate gyrus stem

cells. Regeneration in the dentate gyrus after cerebral ischemia represents an injury-

induced neural plasticity.

Neural stem cells in the adult CNS

Locations of adult neural stem cells

There are only two types of neuron normally generated in the adult brain, i.e.,

dentate granule cells and olfactory bulb interneurons. The sources of neural stem

cells for generating these neurons are located at the subventricular zone (SVZ) of

the lateral ventricles and at the subgranular zone (SGZ) of the dentate gyrus [1],

both believed to be developmental remnants of the embryonic germinal zone.

Recent evidence suggests that a group of glial fibrillary acidic protein-expressing

cells in the SVZ are the precursor cells for generating neuroblasts in the rostral

migratory stream, and eventually neurons in the olfactory bulb [2]. Proliferating

SVZ cells form a chain and migrate longitudinally through the SVZ to join the

rostral migratory stream into the olfactory bulb. These cells then move radially into

the granule and glomerular layers and differentiate into local interneurons [3].

317



There is no evidence that under normal conditions the stem cells in the SVZ form

neurons in locations other than olfactory [4,5]. In contrast to the long-distance

migration of SVZ-derived neurons, newborn neurons in the adult hippocampus

are produced locally. Adult hippocampal progenitor cells divide at the dentate

gyrus SGZ and form neurons in the granule cell layer [6,7]. Transplantation studies

show that stem cells from the adult hippocampus are capable of developing into

neurons of destined phenotypes by responding to local environmental cues [8],

suggesting that these stem cells retain the plasticity to differentiate into various

types of neuron.

Regulation of proliferation and differentiation of adult neural stem cells

In the subependyma

Evidence from in vitro and/or in vivo systems indicates that basic fibroblast growth

factor (bFGF), epidermal growth factor (EGF) and transforming growth factor-

alpha (TGF-�) increase the proliferation of neural stem cells. Both EGF and bFGF

expand the SVZ progenitor population after infusion into the lateral ventricle of

the adult rat brain [9]. bFGF increases the number of neurons reaching the olfac-

tory bulb, and EGF enhances the differentiation of astrocytes. Ablation of the olfac-

tory bulb also increases the proliferation of stem cells in the SVZ [10], suggesting

that a tight censorship regulates the production of neurons in the target area of the

SVZ stem cells.

In the dentate gyrus

Hormones, neurotransmitters, environmental stimuli and growth factors are

among the mediators involved in the regulation of adult hippocampal neurogene-

sis. Glutamatergic deafferentation and N-methyl--aspartate (NMDA) receptor

antagonists induce dentate gyrus progenitor proliferation with increased newborn

neurons in the granule cell layer [11]. Adrenal steroids and stress result in the

opposite effect [12,13]. Differentiation of neurons within the adult rat dentate

gyrus is reduced in animals with hypothyroidism [14]. Enriched environments

result in more total granule cell neurons by increasing the survival rate of the

progeny of the dividing progenitor cells [15,16]. Voluntary wheel running

increases both the proliferation of dentate gyrus stem cells and the survival of their

progeny [16]. Cerebral ischemia [17], seizures [18] and mechanical injury of

granule cells [19] also increase dentate gyrus neurogenesis. The finding that pro-

duction of new neurons in the adult dentate gyrus is tightly regulated by physio-

logical cues and injury further suggests that neurogenesis is a functionally

significant process.
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The origin of neural stem cells in the hippocampus

Results from thymidine labeling suggest that migration of proliferating cells from

the embryonic ventricular zone to the hippocampus takes place in waves during

development [20]. The primary dentate neuroepithelium, which is located around

a ventricular indentation named the dentate notch, contains the stem cells for the

development of dentate gyrus. By embryonic day 18, aggregates of proliferative

cells migrate toward the dentate gyrus and form the multiple germinal matrix,

which becomes highly active during the perinatal and early postnatal period. The

great increase in the granule cell population during the infantile period is princi-

pally due to cells derived from this matrix. Between postnatal days 20 and 30 the

germinal matrix disappears in the basal polymorphic layer and henceforth prolife-

rative cells become largely confined to the SGZ [21].

Proliferative cells located at the amnionic neuroepithelium start migrating

toward the stratum pyramidale from embryonic day 17, and later form the neurons

in regions CA1 to CA3. Pyramidal neurons are postmitotic once formed, and there

appear to be no stem cells for them in adulthood. Our results with bromodeoxyu-

ridine (BrdU) labeling further confirm that neurogenesis in the pyramidal layer and

the dentate gyrus takes place during different stages of development (Figure 26.1).
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Figure 26.1 Neurogenesis in the pyramidal cell layer and the dentate gyrus takes place during

different stages of development. BrdU was given intraperitoneally (100 mg/kg) to

newborn rats at postnatal day 1 or to timed-pregnant rats on embryonic day 17. Injected

animals were sacrificed 1 month later and BrdU incorporation was assayed by

immunohistochemistry. Note that BrdU-immunoreactive nuclei were present throughout

all cell layers in the hippocampus of animals that received the labeling on embryonic day

17 (B). However, BrdU incorporation was seen only in the dentate gyrus granule cell layer

and sporadically in the molecular layer of animals injected on postnatal day 1 (A),

suggesting that proliferation and migration of CA1 pyramidal neurons occur during the

late embryonic period. Bar�200 �m.



Migration of proliferating cells from the lateral ventricles to the hippocampus

takes place only within a narrow window of time during development. This

window precedes the retraction of the lateral ventricles, which extend dorsally to

the hippocampus during embryonic and early postnatal life in rats. A zipper-like

closure and fusion of ependymal cells along the ventricular wall occurs within the

second week after birth in rats, resulting in the closure of the ventricular space

dorsal to the hippocampus [22]. Only a small lumen and fragmented seams of

ependymal cells remain at each lateral ventricle in adult rats. This lumen forms the

rostrocaudal canal that communicates at its anterior and posterior regions with the

ventricles. Interestingly, proliferating cells along the fused ventricular wall dorsal to

the hippocampus in adult rodents also appear as fragmented clusters and in much

lower frequency than those situated at the SVZ lining (Figure 26.2). It is unclear

whether the diminished BrdU labeling in this region is associated with the age-

dependent decline of the proliferative potential of neural stem cells in general, or

is related to the fusion of ependymal cells and the disappearance of SVZ cells after

early postnatal life.

Injury-induced stem cell proliferation and neurogenesis

Injury-induced neurogenesis in the adult CNS was first shown to occur in phylo-

genetically “lower” species such as fish and lizards. Fish are able to regenerate

neurons and axons in the CNS after injuries and experimentally induced lesions

[23–25]. In addition to increased proliferation of neurons, mechanical lesions of

the corpus cerebelli in gymnotiform fish could also induce migration and neuro-

nal differentiation of cells along the lesion path born prior to the application of the

injury [26]. 3-Acetylpyridine injected peritoneally leads to a specific lesion in the

lizard medial cortex. A period of maximal proliferative activity was detected from

the third day after 3-acetylpyridine injection until day 7. Electron microscopy

revealed that the newborn cells were neuroblasts or immature neurons; they grad-

ually replaced the dead neurons in the lesion site [27,28]. An electrolytic lesion of

the nucleus ectostriatum in adult ring doves increased the number of newborn

neurons in the forebrain by 2.38 times [29]. The ability of mammals to replace

injured neurons in the CNS appears to be more limited, especially in adult animals.

Neurogenesis in the murine olfactory system is both physiological and injury ini-

tiated. After bulbectomy, neuronal progenitor cells in the ipsilateral olfactory epi-

thelium respond to the injury by increasing proliferation [30–32]. In the taste

system, sensory cells are disposable and are completely replaced within less than 2

weeks [33]. In the auditory and vestibular systems, replacement is not physiologi-

cal and, when it does occur, appears to be injury induced [34]. There is currently

no evidence for a neural stem cell in the adult mammalian retina, and the retina of
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Figure 26.2 Reduction of proliferative activity in the ependyma above the hippocampus during the

first few days of postnatal life in rats. BrdU was given intraperitoneally (100 mg/kg) to

newborn rats from postnatal day 1 (A), 2 (B), 3 (C), 4 (D), 6 (E) and 8 (F), 6 hours prior

to sacrifice. Note that progressively reduced numbers of BrdU-incorporated nuclei appear

in the ventricle lining from postnatal days 1 to 8. Within the hippocampus, BrdU-labeled

nuclei also gradually dissolve and become restricted to the granule cell layer after

postnatal day 8. Bar�500 �m (F).



the mature mammal does not show regenerative capacity after damage, although

there is a possibility for the reinitiation of stem cell potential at the peripheral

retinal margin from retinal pigmented epithelium or from müllerian glial cells [35].

However, recent evidence indicates that neurogenesis occurs in adult rodents after

various types of brain injury including cerebral ischemia [17], seizures [18] and

mechanical injury of the granule neurons [19].

Neuroplasticity after global ischemia

Using immunohistochemistry to detect the incorporation of BrdU into newly syn-

thesized DNA, we observed a marked increase in cellular proliferation in the SGZ

of the dentate gyrus between 1 and 2 weeks after 10 minutes of global ischemia [17].

The threshold for the induction of neurogenesis is between 2 and 4 minutes of

occlusion time. Based on in vitro evidence, dentate gyrus stem cells could differen-

tiate into neurons and glia [36]. In order to determine the phenotypes of the newly

divided cells, we pulse-labeled the animals with BrdU from days 9 to 12 and per-

formed double immunofluorescence labeling using BrdU and cell markers. By 4

weeks after BrdU labeling, over two thirds of the dividing cells in the granule cell

layer expressed neuronal markers calbindin D28k (a calcium-binding protein gen-

erally expressed in granule neurons of the dentate gyrus), NeuN and microtubule-

associated protein-2 [17]. There was also an increased number of newborn neurons

in the granule cell layer (GCL) after ischemia, indicating that a significant percent-

age of progenitor cells survived, migrated and differentiated into neurons. The

development of newly differentiated neurons appeared to be confined within the

GCL, with a few migrating toward the molecular layer, as indicated in Plate 26.1C.

An increasing number of newborn cells with a glial phenotype was also observed

in the dentate hilus between 2 weeks and 1 month after BrdU pulse labeling (Plate

26.1E and F). Because there was hardly any BrdU-immunoreactive cells in the hilus

at any given time within a 24 hour labeling period since the peak of stem cell pro-

liferation, we concluded that the newborn cells that appeared in the dentate hilus

were derived from the migration and differentiation of dividing stem cells. Similar

to the survival rate of newly divided cells in the normal mouse SGZ [16], more than

50% of the newborn cells died within the first 2 weeks after global ischemia in gerbil

SGZ. Approximately 60% of the surviving BrdU-immunoreactive cells turned into

neurons in the GCL 1 month later [17].

Focal cerebral ischemia also increases the proliferation of dentate gyrus
neural stem cells

Focal cerebral ischemia is associated with NMDA receptor modulation that

plays an important role in the regulation of dentate gyrus neural stem cells. To
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investigate whether focal cerebral ischemia affects the proliferation of dentate gyrus

stem cells, we performed permanent middle cerebral artery occlusion (MCAO)

using Tamura’s model [37]. With Tamura’s method, the animals tend to survive

MCAO better than with permanent MCAO produced by the suture model, since

the strokes are less severe.

Tamura’s permanent MCAO and BrdU labeling

Adult male Sprague–Dawley rats (300 to 380 g) were anesthetized with 3% isoflu-

rane and maintained with 1% isoflurane in a mixture of 30% O2 / 70% N2. A tiny

craniectomy was made around the foramen ovale. The left MCA trunk proximal to

the lenticulostriate artery (arteries) was exposed and electrocoagulated as previ-

ously described [37,38]. In sham-operated animals, the surgical manipulations

were carried out in the same manner as described above except for the electrocaut-

erization of the MCA. Throughout the surgical operations, both the temperature

of the right temporal muscle and the rectum were maintained at 370.5 °C with a

heating blanket until the animals recovered from surgery. After recovery the

animals was monitored for an additional 2 hours to prevent hypothermia. BrdU

was administered intraperitoneally (100mg/kg) 24 hours prior to sacrifice.

Increased stem cell proliferation in the SGZ 11 days after focal ischemia

A 3.5-fold increase in BrdU incorporation at the dentate gyrus SGZ occurred in

40% of the rats that were subjected to permanent MCAO on day 11 (Figure 26.3).

The number of BrdU-immunoreactive nuclei gradually returned to base line level

5 weeks after ischemic surgery (Figure 26.4). Histological examination indicated

that the rats with increased BrdU incorporation in the dentate gyrus SGZ after focal

ischemia also had various degrees of injury to the entorhinal cortex [39]. This is in
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Figure 26.3 Increased cell proliferation in the SGZ after Tamura’s permanent MCAO. BrdU

immunohistochemistry from control (A) and ischemic (B) (11 days after ischemia) brains.

BrdU was administered 1 day before sacrifice. Bar�500 �m (B).



contrast to our findings after global ischemia in gerbils, where entorhinal lesions

did not occur in the animals with ischemia-induced neurogenesis.

Distinct pathways are involved in regulating the growth of dentate gyrus stem
cells after different types of ischemia

Layer II of the entorhinal cortex projects to the dentate gyrus [40]. Lesions of the

entorhinal cortex removed afferent input to granule neurons that have been shown

to increase neurogenesis in the dentate gyrus [11]. The neurons in the perforant

path are most likely to be glutamatergic [41]. Comparing results from two differ-

ent ischemic models brings out some interesting observations. (i) Multiple mech-

anisms contribute to ischemia-induced neurogenesis. Granule cell loss and lesions

of the entorhinal cortex can both stimulate the proliferation of dentate gyrus stem

cells. (ii) The degree of neurogenesis resulting at least partially from granule cell

death appears to be more rigorous than that from perforant deafferentation.

The signal for neurogenesis in the dentate gyrus is likely to come from mature

granule cells, which have been to shown to play a role in regulating production of

new neurons [19]. In the case of global ischemia, granule cell death is a direct and

potent stimulus for regulating stem cell proliferation, reflected by high levels of

BrdU incorporation. Since the terminals of the perforant path fibers from the

entorhinal cortex project on the dendritic spines of granule neurons [42], it is rea-

sonable to speculate that cell death in the perforant path after MCAO stimulates

dentate gyrus stem cells to divide, perhaps via a reduction of glutamatergic input.
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MCAO. The number of BrdU-immunoreactive nuclei in the SGZ from various time points

after ischemia (�) and in untreated animals (�) were plotted against days after ischemia.
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This is further supported by the similar level of increased stem cell proliferation

observed between cerebral focal ischemia and administration of NMDA receptor

antagonists [11]. Our data also suggest that CA1 neuronal death is not necessary

nor sufficient to upregulate dentate stem cell proliferation, since Tamura’s MCAO

does not produce CA neuronal loss, and focal occlusion of the MCA using the

suture model rarely increases BrdU incorporation in the SGZ, despite occasional

CA1 cell death.
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Environmental effects on recovery after
stroke

Barbro B. Johansson
Wallenberg Neuroscience Center, Lund, Sweden

Introduction

There is increasing evidence that functional improvement after permanent brain

lesions is related to lesion-induced plasticity in the intact brain [1–6]. An impor-

tant question is to what extent postischemic interventions can influence plasticity

and functional outcome after brain infarction. We have shown previously that sen-

sorimotor functions improve significantly more in rats that are postoperatively

housed in an enriched environment than in rats housed in standard laboratory

cages [7–9]. In a comparison among different kinds of activities, social interaction

was superior to wheel running, and an enriched environment allowing free physi-

cal activity combined with social interaction resulted in the best performance [10].

We have also shown that enriched housing can improve outcome after neural graft-

ing to a neocortical infarct [11,12]. I will discuss some studies on potential mech-

anisms behind the environmental stimulation of outcome after focal brain

ischemia.

In the studies quoted below, cortical infarct was induced by ligation of the

middle cerebral artery (MCA) distal to the striatal branches in 3- to 4-month-old

male spontaneously hypertensive rats [7]. Before the operation all rats were housed

in standard cages, four rats in each cage. During the first 24 to 30 postoperative

hours they were housed in individual cages, then either returned to standard cages

or transferred to larger cages, furnished with horizontal and inclined boards and

equipped with various items [8]. Twice or three times a week the space between the

boards was changed and some objects were replaced with new ones. For details see

the references given in connection with each study. Our design differs from that in

most studies on enriched environment because the standard rats were not socially

deprived. Usually control rats are housed in individual cages, which enhances

differences between control and enriched animals.
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Environmental effects on postischemic gene expression

Ischemia is a strong inducer of gene expression in the brain. Many genes are

induced within minutes or hours after ligation of the MCA, often returning to

normal levels within the first 24 hours [13–15]. It has been proposed that the early

gene activation is, at least in part, caused by spreading depression [16]. Little is

known about late postischemic events. We have tested the hypothesis that postis-

chemic housing in an enriched environment might increase brain-derived neuro-

trophic factor (BDNF) gene expression. Contrary to our hypothesis, higher values

were seen in rats housed in a standard environment [17]. Significant differences

were observed between standard rats above and enriched rats below the baseline in

the peri-infarct region, contralateral cortex and hippocampus 2 to 12 days after

induction of ischemia. Unpublished data on BDNF protein levels 12 days after

MCA occlusion have indicated a significant difference corresponding to BDNF

mRNA in the peri-infarct region. A similar dampening of postischemic gene

expression in rats housed in an enriched environment was seen for nerve growth

factor-induced gene A mRNA. With this gene, however, a late significant increase

in the enriched group was observed 30 days after the lesion [18].

Cortical networks adjacent to a focal brain infarct are hyperexcitable because of

an imbalance between excitatory and inhibitory synaptic function due to increased

N-methyl--aspartate receptor-mediated excitation and reduced GABAergic inhi-

bition (GABA is �-aminobutyric acid) [19]. Hyperexcitability has also been

recorded in the contralateral hemisphere 1 week after MCA occlusion [20]. Both a

detrimental and a beneficial plasticity-promoting role for lesion-induced hyperex-

citability have been proposed [21]. One possible interpretation of our data is that

early postischemic dampening of the peri-infarct neuronal hyperactivity might be

beneficial. Another possibility is that there is no causality between BDNF mRNA

and functional outcome. Interactions between trophic and growth inhibitory

factors, which were shown to be increased in the postischemic phase [22], have to

be considered. For further discussion see Zhao et al. [17].

Environmental effects on dendritic spines

Dendritic spines are the primary postsynaptic targets of excitatory glutaminergic

synapses in the mature brain and have been proposed as the primary sites of syn-

aptic plasticity [23–25]. Video recordings from hippocampal neurons expressing

actin tagged with green fluorescent protein have shown that the dendritic spine

shape in mature neurons may change within seconds, suggesting that anatomical

plasticity at synapses can be very rapid [26]. Highly localized dendritic Ca2� signals,

limited to a small dendritic segment and even to single dendritic spines, have been
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demonstrated under in vivo conditions [27]. Those signals can be blocked by

NMDA receptor antagonists and are thought to be caused primarily by the entry of

extracellular Ca2� [28]. Current data indicate that the dendritic tree is covered with

a variety of excitable synaptic channels operating on different time scales and with

activity-dependent sensitivity enabling a sophisticated neuronal plastic capability

[29].

It is known that environmental enrichment can enhance dendritic branching

and increase the number of dendritic spines and synapses [30–33]. Rearing animals

in social isolation has the opposite effect [34]. Measurement of the dendritic spines

has been shown to be a more sensitive method for detecting environmental influ-

ence than measurement of dendritic branching [34].

Most studies on environmental influence on dendritic morphology have been

performed with modifications of the Golgi technique or electron microscopy. Due

to the small size, large number and highly variable shapes of dendritic spines, stan-

dard light microscopy of Golgi impregnation and electron microscopy of single

thin sections are less adequate for identifying individual spines. A three-dimen-

sional approach is essential [35]. Furthermore, with the Golgi method neurons are

stained sporadically and there is no control over which neurons will be stained.

Confocal microscopy after microinjection of Lucifer yellow into individual

neurons allows a three-dimensional visualization of dendritic spines, a more

detailed analysis of spine morphology and more exact quantification of the number

of dendritic spines than standard light microscopy [36]. Neurons can be selected

for injection on the basis of their spacing, to avoid dendritic overlap. With this tech-

nique we have studied whether postischemic placement in an enriched environ-

ment after focal brain ischemia influences dendritic spine morphology and number

in layers II and III and V and VI in the somatosensory cortex contralateral to a cor-

tical infarct [37].

Basal, apical and oblique apical dendrites of pyramidal neurons in control non-

lesioned rats housed in an enriched environment had significantly more (20% to

40%) branches than rats housed in standard environments (P�0.05). Individual

spine morphology was significantly changed, with more branched spines and an

increase in spine head and neck diameter (Figure 27.1). Pyramidal neurons in

infarcted rats postoperatively housed in an enriched environment had more

oblique, apical dendritic branches in layers II and III and significantly more spines

in all types of dendrites than those in rats in standard cages (P�05). However, in

pyramidal neurons in layers V and VI the number of spines was reduced in both

groups, with the largest decrease in apical dendrites and no difference between

enriched and standard rats [37].

Dendritic spines disappear after deafferentation but dendrites can be reinner-

vated by sprouting from axonal terminals in the vicinity. Accordingly, cortical
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lesions in the mouse result in a progressive and transient spine loss of striatal

neurons 3 to 10 days after the lesion, with regrowth and recovery of 80% of

unlesioned control spines 20 days postlesion [38].

The cortex contralateral to the lesion loses its callosal projections. Callosal pro-

jections have been extensively studied in the motor cortex and were shown to be

present in layers II, III and V to about the same extent, although cells in layer V

formed fewer callosal synapses [39]. In the somatosensory cortex the density of

interhemispheric connections in those layers varies with the subfield [40,41].

Cutting cortical connections in adult rats caused a biphasic degeneration of the

axonal terminals with one maximum after 2 to 7 days and a second peak after 10 to

20 days [42].
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Figure 27.1 Spine morphology and distribution on basal dendrites in layer V pyramidal neurons in the

somatosensory cortex of rats housed in standard cages (left) or in an enriched

environment for 3 weeks (right). Confocal imaging after microinjection of Lucifer yellow.



In intact rats, reach training has been shown to selectively alter dendritic branch-

ing in layer-II and layer-III pyramidal neurons in the motor-somatosensory fore-

limb cortex [43]. Our results indicate that free activity in an enriched environment

leads to a more general stimulation of dendritic spines in pyramidal neurons.

However, in rats with cortical infarcts the environmental enrichment selectively

stimulated neurons in layers II and III, neurons that have extensive connections

with other cortical areas. Synaptic plasticity in cortical horizontal connections is

proposed to underlie cortical map reorganization [44]. Our data suggest that an

enriched environment may enhance the growth and sprouting of presynaptic

neurons and, as a consequence, induce postsynaptic plastic changes on spines in

layer-II and layer-III pyramidal neurons.

Possible role of astrocytes in postischemic brain plasticity

So far most studies on brain plasticity have concentrated on neuronal changes.

However, there is increasing evidence that astrocytes take an active part in synap-

tic plasticity [45–47]. Rapid astrocytic changes in the cortex and ultrastructural

evidence for increased contact between astrocytes and synapses in rats reared in a

complex environment suggest a close relationship between astrocytic plasticity and

experience-induced synaptic plasticity [48]. In intact rats, an enriched environ-

ment can stimulate neurogenesis in the hippocampus in mice and rats [49,50]. In

a study on lesion-induced cell proliferation and differentiation of hippocampal

stem cells after cortical infarcts we have observed a significant difference in the

neuron to glia ratio in the newly formed cells between animals housed in standard

and in enriched environments (unpublished data in a collaborative study with Dr.

Peter Eriksson, Göteborg University).

Conclusion

The patient’s own attitude, activity and social interaction [51] influence functional

outcome and quality of life after stroke. The experimental evidence that postis-

chemic environmental enrichment, without specific interventions or forced train-

ing, can significantly influence molecular events and improve functional outcome

emphasizes the importance of general stimulation and activation in stroke rehabil-

itation, clearly in addition to and not as a substitute for specific required interven-

tions. The fact that an enriched environment can interact with neocortical grafting

supports this view [11,12].
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Magnetic resonance imaging in stroke trials

Steven Warach
National Institute of Neurological Disorders & Stroke, Bethesda, MD

Introduction

The disappointingly slow progress in developing effective therapies for ischemic

stroke has led to a re-evaluation of the strategies for stroke drug development and

the methods used in clinical trials. Magnetic resonance imaging (MRI) techniques

have been proposed and have begun to be used in stroke trials as a means of opti-

mizing patient selection and as a direct measure of the effect of treatments on the

brain.

One objective in all clinical trials is the selection of a sample sufficiently homo-

geneous to reduce the statistical variance of the data, thereby optimizing the sensi-

tivity of the design to detecting a therapeutic response, while remaining

representative of the population of interest. Ischemic stroke trials have tradition-

ally sought to limit the range of disease studied according to one or more of several

dimensions, such as clinical severity at the time of enrollment, exclusion of

non-ischemic causes for the clinical syndrome, lesion location and vascular terri-

tory, stroke mechanism and comorbidities. In the modern era of stroke clinical

trials these dimensions have been assessed by clinical criteria at the bedside usually

aided by the exclusion of cerebral hemorrhage or other non-ischemic pathology by

non-contrast computed tomography (CT) scan as the only imaging tool required.

Except for the trials of intravenous recombinant tissue plasminogen activator in the

treatment of ischemic stroke within the first 3 hours [1], this traditional approach

has led to no approved therapies for stroke, a great degree of pessimism with regard

to thrombolysis beyond 3 hours and to the concept of neuroprotection in stroke.

Since several imaging modalities may provide more accurate and specific infor-

mation than a clinical assessment and a normal CT scan, it has been proposed that

positive imaging diagnoses would improve patient selection toward the goal of a

more optimal target sample for stroke clinical trials, a sample selected on the basis

of an imaging diagnosis of a pathology that the drug is hypothesized to treat, e.g.,

an arterial occlusion or perfusion defect for thrombolytic drugs. This principle has
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been supported by the results of the intra-arterial pro-urokinase stroke study,

PROACT II [2]. Prior attempts to prove the efficacy of thrombolysis initiated

between 3 and 6 hours from onset without a positive diagnosis of arterial occlusion

or perfusion defect have not been successful [3–5]. However, in PROACT II [2]

patients were selected based on evidence of arterial occlusions at the M1 or M2

levels of the middle cerebral artery by conventional arteriography, and a significant

clinical benefit was observed when thrombolysis was initiated up to 6 hours from

symptom onset (median time to treat was 5.3 hours). Whereas, trials of intrave-

nous thrombolysis between 3 and 6 hours in a general sample of ischemic stroke

patients were not positive, selection of the optimal subgroup by imaging diagnosis

of the appropriate arterial lesion was an effective strategy in this time period for

PROACT II. This study contradicted the increasingly promoted hypothesis that

treatment of stroke by thrombolysis (or any therapy) beyond 3 hours would not be

successful. Selection of the optimal target population by angiography led to slower

recruitment and a more expensive trial, but to a successful result. The results of that

trial suggested that a more prolonged study duration, increased expense and poten-

tial delay in treatment to complete a screening test may be justified by the greater

chance of demonstrating therapeutic success using a more homogeneous and

rational selection of patients.

The appeal of MRI methods is that, whereas the standard CT scan examination

of acute ischemic stroke will typically appear normal in the first hours after stroke

onset, the methods of magnetic resonance angiography, perfusion-weighted

imaging (PWI) and diffusion-weighted imaging (DWI) provide information on

arterial patency, tissue blood flow and parenchymal injury from the earliest times

after onset of ischemic symptoms in a brief, non-invasive examination. DWI

detects tissue injury within minutes of ischemia, has high sensitivity and specific-

ity for the diagnosis of ischemic stroke and permits measurement of lesion volumes

that correlate with clinical severity and prognosis [6–12]. Untreated, the lesion seen

with DWI typically enlarges over hours to days and will progress to infarction. PWI

depicts focal cerebral ischemia. In the majority of cases the volume of ischemic

tissue seen with PWI is greater than the region of parenchymal injury evident on

DWI and this diffusion–perfusion mismatch is considered to be a marker of the

ischemic penumbra, the tissue at greatest risk for infarct progression [13–21].

Furthermore, increasing theoretical, experimental and clinical evidence suggests

that MRI using magnetic susceptibility-weighted pulse sequences may be sensitive

to the early detection of hemorrhage [22–24]. Although prospective comparisons

of MRI and CT for sensitivity to hemorrhage detection have yet to be reported, the

proper acquisition and interpretation of MRI can eliminate the need for a screen-

ing CT scan and regain some of the time spent on adding an MRI examination to

a screening evaluation. The target pathology revealed by MRI also represents the
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biological marker of the disease that can serve as a surrogate measure for assessing

the effects of a therapy. Three potential uses of MRI in clinical trials have been pro-

posed: patient selection, proof of pharmacological principle and outcome measure.

Patient selection

In proposing MRI as a selection criterion (Table 28.1), the goal would be a sample

based upon a positive imaging diagnosis of a pathology rationally linked to the

drug’s mechanisms of action. Requiring a positive diagnosis of acute ischemic

injury by DWI would ideally assure that no patients with diagnoses mimicking

stroke are included in the sample, a desirable objective unachievable in trials using

bedside impression and normal CT scans as the basis of inclusion. The goal of

image-based patient selection is to narrow the range of patient’s characteristics,

leading to a more homogeneous sample, reducing within-group variance and

increasing the statistical power of the experimental design to demonstrate efficacy.

Optimal patient selection would be based on positive imaging evidence of the

ischemic pathology that the therapy has been developed to treat. The simplest use

as an inclusion criterion would include the presence of a lesion on DWI to increase

the diagnostic certainty of ischemic stroke (Figure 28.1). For reperfusion therapies,

the optimal target of therapy would be patients with evidence of an arterial occlu-

sion or hypoperfusion (Figure 28.2) [17,25]. For neuroprotective drugs, optimal

selection of patients would be acute lesions involving the cerebral cortex and with

a larger region of hypoperfusion, the diffusion–perfusion mismatch indicative of

tissue at risk for infarction (Figure 28.3, Table 28.2). Patients might also be excluded

from the trial during screening if subacute or chronic lesions are found that may

confound measurements of lesion volumes or clinical severity as outcome vari-

ables. Because of a relatively, large error of measurement associated with small

lesions [26], lesions larger than a minimum volume (e.g., 5cm3) may be desirable.
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Table 28.1. Proposed uses of MRI (DWI, PWI, MRA) as a selection tool in stroke trials

Positive radiological diagnosis of ischemic lesion by DWI

Select by location (e.g., cortical, MCA territory, etc.)

Select by size (DWI)

Select by perfusion defect (PWI, MRA) for reperfusion therapies

Select by diffusion–perfusion mismatch (DWI, PWI) for neuroprotective drugs

Exclude if confounding subacute or chronic lesions

Notes:

MRI, magnetic resonance imaging; DWI, diffusion-weighted imaging; PWI, perfusion-

weighted imaging; MRA, magnetic resonance angiography; MCA, middle cerebral artery.



Furthermore, an upper limit of lesion volume at enrollment would permit an

opportunity for lesion growth and may better differentiate the effect on lesion size

of an effective treatment from a placebo. Selection of patients by DWI is also opti-

mally suited for using the change in lesion volume as a direct measure of the neuro-

protective effect of the drug.

Proof of pharmacological principle using MRI as a marker of response to
therapy: replicating the preclinical experiment in patients

Before an experimental stroke therapy is brought from the laboratory to clinical

trial it is necessary to demonstrate that the treatment causes reduction in lesion

volume in experimental models. The fundamental premise of drug discovery and

development in acute stroke is that treatments that reduce lesion size are those most

likely to lead to clinical benefit. In clinical trial programs that depend solely on clin-

ical end-points as indices of benefit, drugs may be brought to phase III testing,

costing several years and tens of millions of dollars, without the slightest evidence

that the drug will have the therapeutic effect observed in the experimental model.

Only a safe and acceptable dose must be demonstrated by the end of phase II.

However, the question of whether the treatment causes reduction of lesion volume
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Figure 28.1 DWI of a 3 hour stroke. (A) Fluid-attenuated inversion recovery image without diffusion-

weighting shows no acute lesion. (B) DWI demonstrates the acute lesion as a region of

hyperintensity (brightness) in the left temporal lobe.



may be answerable in the study of 100 to 200 patients in phase II, whereas five to

ten times as many patients are typically tested in phase III studies in order to eval-

uate the treatment with clinical end-points. Thus a phase II MRI end-point trial to

replicate the preclinical experiment in a patient population may be a rational and

cost-effective basis for deciding whether to proceed with phase III testing. A posi-

tive lesion outcome study in late phase II would be supportive of the decision to

proceed with phase III trials.
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Figure 28.2 Example of MRI-based selection for thrombolysis. (A) Magnetic resonance angiography

demonstrates right middle cerebral artery occlusion (arrow). (B) Two representative PWI

slices demonstrate delayed relative mean transit time in the entire right middle cerebral

artery territory. (C) Two corresponding DWI slices demonstrate parenchymal injury only in

the deeper parts of the right middle cerebral artery territory (arrows), a

diffusion–perfusion mismatch. After recombinant tissue plasminogen activator (tPA)

therapy, recanalization of the right middle cerebral artery is seen (D), with normalization

of perfusion (E, arrows) and limitation of the parenchymal damage (F, arrows).



MRI measurements have proven to be markers of clinical severity measured by

stroke scales [11,15,27,28], and changes in lesion volume over time are associated

with change in clinical severity (Table 28.3) [29]. The exact sample size required for

detecting the effect of lesion volume change with MRI will depend upon many

factors in the design of a trial. The citicoline MRI trial [29], with approximately 40

evaluable patients per group, approached but did not reach significance. Estimates

based on that study are that 58 patients per treatment arm would have been suffi-

cient to demonstrate a neuroprotective effect, a sample size compatible with typical

phase II sample sizes. That study and natural history samples suggest that sample

sizes of 50 to 100 should be sufficient to demonstrate a neuroprotective effect on

lesion volume in patients.

Surrogate end-point in phase III trials to support drug registration

It is proposed that a treatment emergent advantage on a measure of lesion volume

is a surrogate of clinical benefit for stroke trials (Table 28.4). The rationale for the

use of lesion volume as a surrogate measure in stroke trials may be summarized as

follows. In animal models, lesion volume reduction is both necessary and sufficient

evidence of neuroprotection. The clinical benefit for neuroprotective drugs is

mediated through a reduction in cell death and brain tissue loss. Drugs that reduce

infarct volume are the ones most likely to cause clinical benefit.
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Figure 28.3 The diffusion–perfusion mismatch. A small lesion (arrow) on the DWI in a 3 hour stroke

relative to the larger PWI abnormality on a relative mean transit time (MTT) image.



The factors required for validation of MRI as a surrogate marker are summar-

ized in Table 28.5. The first four of these requirements have been met (see discus-

sion and references above). Confirmation of the validity of many of these features

of DWI and PWI in acute stroke has recently come from the first prospective multi-

center stroke trial using MRI as an inclusion and primary outcome measure, the

citicoline MRI stroke trial [29]. In that study identical MRI hardware and software

were used in 17 centers across the USA to study 100 patients with ischemic stroke

within 24 hours from onset. The patients were randomly assigned to citicoline

(500 mg/day) or placebo. Diffusion and perfusion MRI were obtained prior to

treatment, at 1 week and at 12 weeks. Image data processing and volumetric
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Table 28.2. The diffusion–perfusion mismatch

MRI marker of the ischemic penumbra

The strongest predictor of lesion growth from baseline

Present in approximately 80% of MCA territory strokes out to 6 hours poststroke

Distinction of benign hypoperfusion from true tissue at risk not yet possible prospectively

Notes:

MRI, magnetic resonance imaging; MCA, middle cerebral artery.

Table 28.3. MRI as a biomarker of clinical status

% patients with lesion Median change* Mean change (SE)**

Improved? decrease** (cm3) (cm3)

Yes 74 �2.8 3.8 (3.8)

No 36 �3.7 25.5 (6.8)

Notes:

* P�0.01; ** P�0.001; SE, standard error.

Acute lesion volumes correlated with clinical scales and with final lesion volumes. Strong

association of reduction in lesion volume with clinical improvement: week 12 minus baseline

lesion volume change related to clinical improvement (n�81). (From ref. 29).

Table 28.4. Magnetic resonance imaging as outcome measure

Necessary but not sufficient evidence of protective effect

Protective effect may be attenuation of expected lesion growth or partial DWI lesion reversal

Clinical benefit unlikely if no protective effect on lesion volume (go/no go decision at phase II)

Smaller sample size requirements than for typical clinical end-points (~50 to 100 per arm)

May be confirmatory evidence supporting positive clinical end-point trial for regulatory

approval



analysis were performed at a single central laboratory using a single expert reader

blinded to each patient’s clinical severity and treatment assignment. The primary

MRI inclusion criterion was a lesion volume of 1 to 120cm3 in the middle cerebral

artery territory gray matter. The primary efficacy end-point was a change in the

lesion volume from pretreatment to week 12. Although the primary efficacy end-

point of an effect of citicoline on lesion growth was numerically different (181%

increase in lesion volume in patients given the placebo vs. 34% increase for citico-

line-treated patients), it was not statistically significant. However, the study repli-

cated the findings of other investigations regarding the relationship of MRI-derived

lesion volumes to patients’ clinical status. Acute lesion volumes by DWI in 100

patients significantly correlated with acute clinical severity on the NIH Stroke Scale

(NIHSS) scores (r�0.64) and with chronic lesion volume (r�0.79); the chronic

lesion volume by T2-weighted MRI significantly correlated with the chronic NIHSS

score (r�0.63). The strongest predictor of change in lesion size from baseline in

the 81 patients who completed their week 12 assessment was the size of the perfu-

sion abnormality (P�0.0001 by covariance analysis). The volume change over the

12 weeks of observation was significantly related to the patient’s clinical improve-

ment. Patients meeting the protocol-specified criterion of clinical improvement

(improvement on the NIHSS score of seven points or more) had a significantly

more favorable response on the lesion volume change outcome variable than those

who did not improve. The differentiation of improved from not improved was

present whether the lesion volume change was assessed as an absolute decrease

(74% vs. 36%), median change (�2.8cm3 vs. 3.7cm3) or mean (standard error)

change (3.8 (3.8)cm3 vs. 25.5 (6.8)cm3) (Table 28.5). This prospective multicenter,

centrally analyzed trial confirmed the value of MRI as a marker of disease severity
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Table 28.5. Requirements of a validated surrogate for DWI and PWI

To fully establish diffusion and perfusion MRI as a useful tool and validate surrogate in stroke

trials several conditions need to be satisfied (the first four have been met, see text):

1. DWI and PWI as biological markers of the disease process in ischemic stroke

2. The tests are sensitive and specific for the diagnosis of stroke in patients

3. Lesion volumes correlate with clinical function as measured by clinical rating scales, predict

outcome and covary over time with clinical severity

4. Rational covariates affecting lesion volumes identified

5. Proven utility in identifying effective treatments in trials

Notes:

DWI, diffusion-weighted imaging; PWI, perfusion-weighted imaging; MRI, magnetic

resonance imaging.



and progression in stroke trials and indicated that the change in MRI lesion size is

likely to predict clinical improvement in clinical trials.

The fifth criterion of validation, the concordance of effects on clinical outcomes

and surrogate outcomes, remains to be demonstrated. Effective drugs will show

benefit on both clinical and imaging outcome measures. The citicoline trials

provide support for this, wherein trends on both clinical and imaging outcome

measures have been observed [29–32]. Ineffective drugs will show benefit on

neither clinical nor imaging outcome measures. The latter has been found for the

GAIN neuroprotective trials, which showed no effect on clinical or MRI surrogate

outcomes [33,34]. This comparison is only meaningful if studies are optimally

designed and equally powered to show the effect on their respective outcome meas-

ures, i.e., the optimal sample size for imaging studies may be too small to show clin-

ical effects. Possible explanations for discordant clinical vs. surrogate marker results

are listed in Table 28.6.

The concept that improvement on a measure of brain lesion volume is a proper

surrogate outcome for destructive central nervous system diseases has been already

accepted by academic and regulatory communities alike. Approval of �-interferon

for the treatment of multiple sclerosis was based in part upon lesion volume as a

surrogate marker of disease activity even though the surrogate was not considered

to be fully validated. A surrogate outcome measure in clinical trials does not need

to be fully validated as a condition of drug approval. Recent changes to the Federal

Food Drug and Cosmetic Act, which regulates the Food and Drug Administration

(FDA) approval process, have specified a fast track drug designation to expedite

review for drugs that have “the potential to address unmet medical needs for

serious and life-threatening conditions” [35]. Drugs to treat stroke have fallen

under this designation. Ordinarily a drug must have a beneficial effect on a clinical

end-point or on a validated surrogate end-point to demonstrate effectiveness. The
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Table 28.6. Validation of MRI lesion volumes as a surrogate outcome: explanations of

possible discordance between clinical and surrogate lesion volume measures

If clinical end-point shows a benefit but lesion volume does not:

Imaging methods are insensitive to neuroprotection

Clinical benefit not mediated by neuroprotection

If lesion volume shows a benefit but the clinical end-point does not:

Trial design or clinical measures are insensitive to detecting a clinical effect

Toxicity offsets neuroprotective effect

Notes:

MRI, magnetic resonance imaging.



new regulations state that a drug “may be approved if it has an effect on a surrogate

end-point that is reasonably likely to predict clinical benefit. Such surrogate end-

points are considered not to be validated because, while suggestive of clinical

benefit, their relationship to clinical outcomes, such as morbidity and mortality, is

not proven” (italics added) [35]. The issue with regard to MRI as a surrogate in

stroke trials is whether it is reasonably likely to predict clinical benefit. The hypoth-

esis that neuroprotection, the restriction of infarct volume, is reasonably likely to

be clinically beneficial to patients is the premise of virtually all acute stroke drugs

being developed. The clinical data discussed above support its value as a surrogate.

Strict validation must eventually be proven, but as we see from FDA regulations

it is no longer required in order to use lesion volume by MRI as a surrogate outcome

in stroke trials. A benefit on the surrogate may be acceptable as an independent

source of confirmatory data in support of a clinical benefit seen in a single trial. The

question, therefore, is no longer whether MRI surrogates should be used in trials,

but how they should be used.

Industry-sponsored MRI-based stroke trials

The pharmaceutical industry has taken the initiative in investigating this final step

in validation. The results of several industry-sponsored drug trials using MRI as a

surrogate will be known over the next several years, and those studies should

provide the most decisive information regarding the utility of MRI as a surrogate

outcome measure in stroke trials. Three multicenter randomized clinical trials

using MRI as a key selection and outcome variable have been completed and

reported. Several others are in progress or being planned.

Conclusion

There have been concerns raised in the past that the use of MRI in stroke clinical

trails is impractical for technical and logistical reasons (e.g., scan duration and

availability). The practical limitations have disappeared with the widespread avail-

ability of ultrafast echoplanar imaging with diffusion and perfusion capability on

commercial MRI scanners. A highly motivated, well-coordinated center can

perform emergency diffusion and perfusion MRI with a latency to scan and a scan-

ning session duration comparable to that of emergency head CT. There are now

over 100 centers worldwide capable of and experienced in performing these types

of acute MRI examinations. Key design issues with regard to the use of diffusion

and perfusion MRI in stroke trials are proposed in Table 28.7. MRI-based recruit-

ment into trials with a time window of 6 hours have proven feasible, as has specific

selection based on lesion size, location and the diffusion–perfusion mismatch. As
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the field of stroke clinical trials examines opportunities for improving trial design,

positive imaging diagnoses in patient selection and use of imaging as treatment

assessments are likely to assume increasingly useful roles. Patient selection and out-

comes based exclusively on clinical assessment and non-hemorrhagic CT scans may

no longer be appropriate for all trials.
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Disappearing deficits and disappearing
lesions: diffusion/perfusion MRI in transient
ischemic attack and intra-arterial
thrombolysis

Jeffrey L. Saver1 & Chelsea Kidwell2
1,2 UCLA Stroke Center, Los Angeles, CA

Introduction

The brain responds dynamically to ischemic insult. A brief period of focal ischemia

may disrupt synaptic transmission and produce transient neurological deficits

without causing permanent tissue injury. A somewhat more severe ischemic insult

may sufficiently disrupt the cellular energetic state to impair maintenance of ionic

gradients across cell membranes, producing cytotoxic edema. Early restoration of

blood flow may permit cellular re-energization and restoration of ionic gradients,

with edema resolution. However, some cells that initially restore membrane integ-

rity experience a late, secondary stage of injury and delayed cell death. These find-

ings, previously elucidated in animal models, have now been demonstrated for the

first time in acute human brain ischemia by diffusion magnetic resonance imaging

(MRI).

Standard brain imaging techniques, computed tomography (CT) and conven-

tional MRI, are insensitive to these dynamic and regionally varying neural paren-

chymal responses to tissue ischemia. In contrast, the novel MRI technique of

diffusion imaging permits visualization of these critical tissue processes, affording

new insights into the physiopathology of human cerebral ischemia. We will here

review recent diffusion MRI findings in two settings of transient cerebral ischemic

insult in human patients: spontaneous transient ischemic attacks and thrombolysis-

induced cerebral reperfusion.

Transient ischemic attack

Transient ischemic attacks (TIAs) are defined as neurological symptoms due to focal

cerebral ischemia that resolve completely within 24 hours [1]. The 24 hour cutoff
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employed in this definition was first promulgated in the 1950s, based on limited

data [2]. Accumulating evidence suggests that this traditional 24 hour operational

definition is imprecise, and at times misleading. Large-scale studies have altered our

understanding of the typical duration of TIAs, showing that most resolve within 10

to 60 minutes rather than lasting several hours [3,4]. Imaging studies have chal-

lenged the simplistic assumption that because clinical symptoms of a TIA resolve,

significant ischemic tissue injury must not occur. Several studies have shown that

many patients meeting the clinical criteria for a TIA demonstrate neuroanatomi-

cally relevant infarcts on standard neuroimaging (2% to 48% using CT [5–10], 31%

to 39% using conventional MRI [11,12]). The probability of finding an infarct on

imaging appears to increase when the TIA persists longer than 1 hour.

Waxman and Toole [13] coined the phrase “cerebral infarction with transient

signs” to describe patients who meet the clinical criteria for a TIA but show a rele-

vant infarct on imaging. Rapid clinical resolution in these individuals reflects

neuroplasticity, with rapid recruitment and utilization of alternative circuits to

replace those injured by ischemia, not absence of any tissue injury. Conversely, the

rare patient may be encountered who has clinical deficits lasting longer than 24

hours but without concurrent tissue infarction. These observations have called into

question the utility of the 24 hour cutoff, and indeed of any definition of a TIA

based solely on clinical manifestations and an arbitrarily assigned time window,

rather than tissue changes and physiological processes.

We and others have hypothesized that diffusion MRI would provide a more sen-

sitive and specific evaluation of ischemic insult in TIA patients compared with

standard CT and MRI studies [14–16]. We studied consecutive TIA patients using

diffusion MRI and compared them to a group of contemporary patients with com-

pleted stroke to determine: (i) the incidence of diffusion-weighted imaging (DWI)

and apparent diffusion coefficient (ADC) abnormalities in TIA patients compared

with standard T2-weighted MRI sequences; (ii) whether the presence of an abnor-

mality on diffusion MRI correlates with the duration, location or mechanism of

symptoms; (iii) whether the diffusion MRI signature in a TIA differs from that in

completed stroke; and (iv) the impact of diffusion imaging data on clinical diagno-

sis of TIA localization and mechanism [14].

UCLA study

Clinical, conventional MRI and diffusion MRI data were collected on consecutive

patients presenting to the University of California at Los Angeles (UCLA) Medical

Center over a 6 month period with symptoms of a transient ischemic attack. TIAs

were defined as symptoms of presumed ischemic cerebrovascular etiology lasting

less than 24 hours. Patients with brain stem and/or hemispheric symptoms were

included while patients with isolated amaurosis fugax were excluded. All MRIs were

obtained within 3 days of symptom onset. During the enrollment period, 61
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patients were admitted to our university hospital with symptoms suggestive of a

cerebral TIA. Forty-two had MRIs and 19 did not, due to metal implants (5),

refusal/claustrophobia (6), MRI technical difficulty (3) and attending physician

preference (5).

Among the 42 clinical TIA patients, 20 (48%) demonstrated a focal abnormality

on DWI, consistent with acute neural bioenergetic compromise. In five (25%) of

these 20 patients there was no lesion correlate on initial T2-weighted (T2W)

sequences. The remaining 15 patients did exhibit lesion abnormalities on the T2W

sequences, in the same regions as the DWI alterations. Two patients with visible but

very small DWI abnormalities did not have a measurable ADC volume. There was

a strong correlation between ADC and DWI volumes (r�0.77). There were no sig-

nificant differences between patients who demonstrated DWI abnormalities and

those who did not, in age, sex and presence of hypertension, diabetes, tobacco use,

hypercholesterolemia or history of prior stroke or a TIA.

A precise estimation of the duration of a TIA (all were unequivocally less than

24 hours) was available for 15 of the 20 patients with DWI abnormalities and 17 of

the 22 without DWI abnormalities. Duration of TIA symptoms for patients

without a DWI abnormality was mean 3.2 hours (4.7 hours standard deviation

(SD)), median 0.5 hours versus mean 7.3 hours (6 hours SD), median 4.0 hours

for patients with a DWI abnormality (t test for difference in means, P�0.03). The

percentage of patients with a DWI abnormality within various symptom duration

intervals increased as the total duration of symptoms increased (Figure 29.1).

The mean time from symptom onset to MRI study for all TIA patients was 17

hours (range 1.25 to 73 hours), and did not significantly differ between the two
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groups (mean 15.8 hours for DWI-negative patients, mean 19.5 hours for DWI-

positive patients). One patient in the group without DWI lesions was still sympto-

matic at the time of the MRI, while two in the DWI-positive category were still

symptomatic at the time of MR imaging. Interval from time of resolution of TIA

symptoms to time of MRI for patients with a DWI abnormality was mean 12.7

hours, median 8.8 hours in patients with a DWI abnormality vs. mean 12.9 hours,

median 5.1 hours in patients without a DWI abnormality (rank sums test for differ-

ence in medians, P�0.7).

In the 20 patients with diffusion MRI abnormalities, DWI signal changes were

localized to the brain stem in 4 patients, the cerebellum in 2 patients, subcortical

hemispheric structures in 7 patients and cortical regions in 7 patients. Vascular ter-

ritories affected were superficial middle cerebral artery in 6 patients, deep middle

cerebral artery in 6 patients, brain stem perforators in 4 patients and posterior cere-

bral arteries in 2 patients. In these 20 patients, the final etiological mechanism was

felt to be small vessel lacunar in 9 patients, large vessel atherothrombotic in 4

patients, and cardioembolic in 7 patients.

DWI results altered the attending physician’s opinion regarding vascular local-

ization in 7/20 patients, anatomical localization in 8/20 patients and probable TIA

mechanism in 6/20 patients. The types of alteration in the diagnosis were quite

varied and no single pattern predominated. For example, among etiological diag-

noses, of 4 patients initially suspected of having large artery atherothrombotic

mechanisms, 1 diagnosis was changed post-DWI to probable cardioembolic and 1

was changed to probable small vessel; of 7 initial cardioembolic diagnoses, 1 was

changed to probable large vessel atherothrombotic and 1 was changed to probable

small vessel; and of 9 initial small vessel diagnoses, 1 was changed to probable large

vessel atherothrombotic and 1 was changed to probable cardioembolic.

There were significant differences in the DWI and ADC MR signature between

the TIA patients with DWI abnormalities and the patients with completed stroke

(Table 29.1). Patients with completed stroke had larger volumes and greater inten-

sities of ADC and DWI alteration than TIA patients.

All 20 TIA patients demonstrating DWI abnormalities were contacted for a

follow-up MRI, and 9 of these patients agreed to return for repeat neuroimaging.

Three patients were studied with head CT and 6 with brain MRI 2 to 7 months

postevent. Of these 9 patients, 5 (3 MRI, 2 CT) demonstrated a subsequent infarct

in the region corresponding to the original DWI abnormality while 4 (3 MRI, 1 CT)

did not. Five of the 22 patients without a DWI abnormality underwent follow-up

imaging (3 MRI, 2 CT) 2 weeks to 15 months post-event. None demonstrated a

subsequent relevant infarct.
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Duke and Massachusetts General Hospital studies

Studies of diffusion MRI in TIA patients performed by investigators at Duke

University and Massachusetts General Hospital (MGH) have confirmed and

extended our findings [15,16]. Though differing somewhat in cohort characteristics

and timing of MRIs, the three series show convergent results regarding the frequency

of positive findings on DWIs among TIA patients, ranging from 35% in the Duke

cohort, to 46% in the MGH cohort and 48% in the UCLA cohort (Table 29.2).

Aggregating the three series, among 139 TIA patients studied, 43% exhibited diffu-

sion MRI abnormalities. The Duke investigators found that in their cohort, as in ours,

TIAs of longer clinical duration were more likely to be DWI-positive. Among DWI-

positive patients, the mean TIA duration was 7.1 hours in the Duke cohort and

357 Diffusion/perfusion MRI in TIA

Table 29.1. Comparison of DWI signature between TIA patients with diffusion MR

abnormality and patients with completed stroke

TIA patients Patients with

(n�20) completed stroke

Mean (SEM) (n�23), mean (SEM) P value

DWI lesion volume (cm3) 2.9 (8.4) 22.2 (7.8) 0.0002a

ADC volume (cm3) 0.7 (3.4) 10.5 (3.2) 0.0001a

DWI intensity 35% (5%) 62% (5%) 0.001b

Mean ADC value (�m2/s) 442 (6.7) 409 (6.1) 0.009b

Notes:

DWI, diffusion-weighted imaging; TIA, transient ischemic attack; MR, magnetic resonance;

SEM, standard error of the mean; ADC, apparent diffusion coefficient.
a Rank sum test; b t test. (Modified from ref. 14 with permission)

Table 29.2. Time intervals and yield of diffusion MRI in transient ischemia attack (TIA)

patients: three series

TIA duration Time from TIA onset to Frequency of positive DWI

Series (mean) (hours) MRI (mean) (hours) findings on MRI (%)

UCLA (n�42) 3.2a 17 48

Duke (n�40) 4.8 37 35

MGH (n�57) 1.9 39 46

Notes:

MRI, magnetic resonance imaging; DWI, diffusion-weighted imaging; UCLA, University of

California at Los Angeles; Duke, Duke University, North Carolina; MGH, Massachusetts

General Hospital, Boston, MA.
a Median duration was 2.0 hours.



7.3 hours in the UCLA cohort; in DWI-negative patients the mean TIA duration was

3.2 hours in both cohorts. In contrast, TIA duration was not a predictor of DWI

positivity in the MGH series. In part, this discrepancy may be due to the briefer

average duration of TIAs and the longer interval from the onset of the TIA to the MRI

in the MGH study. The MGH investigators did find that prior, non-stereotyped TIAs,

identified stroke etiology and cortical symptoms were independent clinical predic-

tors of DWI positivity. These clinical factors seem to index larger, more severe

ischemic episodes, as does longer duration of clinical deficits, and this underlying

physiological factor is likely to be the most critical for the appearance of DWI abnor-

mality.

Discussion of TIA findings

These studies of diffusion MRI findings in TIA provide important new insights into

the pathophysiology of TIAs and the clinical utility of new MRI sequences in TIA

patients. Across all series, more than 2 of every 5 cerebral TIA patients demon-

strated diffusion MRI evidence of acute bioenergetic compromise. In the UCLA

study, among TIA patients with early DWI abnormalities who had follow-up

imaging, approximately one half exhibited late CT or MRI evidence of established

infarction. Together, these data suggest that approximately one quarter of cerebral

TIA patients actually have cerebral infarction with transient signs. We also iden-

tified a distinct subset of TIA patients, representing about one fifth of TIA cases,

who had early DWI abnormalities but no late evidence of established infarction.

This finding in TIA patients suggests that DWI abnormalities may be reversible in

humans if early restoration of blood flow is obtained. This observation is con-

firmed, with important additional complexities, by the MRI studies in patients

undergoing reperfusion after thrombolytic stroke therapy that are discussed below.

In TIA patients, the ADC volume, mean ADC value, DWI volume and DWI

signal intensity were all significantly less abnormal than in acute stroke patients.

These differences support the concept that the cerebral ischemia experienced by

patients with TIAs is lesser in volume and severity than that experienced by patients

with clinically completed stroke syndromes.

Both the UCLA and Duke series found a strong statistical correlation between

duration of TIA symptoms and presence of a lesion on DWI. This correlation,

however, was not absolute. DWI lesions appeared in patients with clinical episodes

as brief as 10 minutes, while some patients in the DWI-negative group had symp-

toms lasting more than 12 hours. DWI abnormalities do appear to be uncommon,

if present at all, in patients with clinical symptoms lasting less than 5 minutes.

In addition to improving our understanding of the underlying pathophysio-

logical processes that occur with TIAs, these data add to a growing body of evi-

dence demonstrating the clinical utility of DWI [17,18]. A variety of studies have
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demonstrated that the diagnosis of a TIA is often difficult, especially for the non-

neurologist [19,20]. Kraaijeveld and colleagues [21] found kappa measures of

inter-rater agreement of only 0.65 among eight experienced neurologists diagnos-

ing 56 TIA patients, and of only 0.31 for determination of the vascular territory

involved. The size, appearance and location of DWI lesion(s) in a TIA may help to

guide physicians in determining the underlying etiological mechanism and in

choosing the optimal therapeutic regimen to reduce the probability of recurrent

TIAs or completed stroke in the future.

In the UCLA study, information obtained from the DWI study led to a change

in the suspected anatomical localization, vascular localization, and TIA mechanism

in over one third of patients. In addition to clarifying the site and source of ische-

mia in patients with clinically definite TIAs, diffusion imaging also can be quite

helpful in patients with atypical transient neurological symptoms when it is unclear

whether the event was a TIA versus migraine, hyperventilation, brief seizure or

other event that mimics a TIA. Although DWI abnormalities have rarely been

reported in TIA mimics, a visualized diffusion abnormality in these cases generally

provides supportive evidence of the diagnosis of a TIA.

The observation that DWI alone was positive in 25% of patients, while 75% had

correlative lesions identified retrospectively on T2W imaging, underestimates the

diagnostic impact of DWI. Even in the patients with visible lesions on T2W

imaging, the diffusion imaging provided added clinical utility. Many of the T2-pos-

itive patients had multiple foci of increased T2 signaling, and determining which,

if any, T2 foci were new and related to the recent TIA may not have been possible

without the DWI sequences. Standard T2W sequences alone are generally inca-

pable of differentiating between acute and chronic events.

Identifying which patients have a new infarct on imaging may have important

prognostic value [22]. In the Dutch TIA trial, evidence of any cerebral infarct on

CT was an independent risk factor for subsequent stroke, myocardial infarction or

vascular death [23,24]. Evans and colleagues [7] reported that in TIA patients, CT-

verified infarction increased the risk of death by 109% over a 10 year period after

the TIA. However, this study did not correlate the risk with evidence of a new,

appropriately located TIA-related infarct. Eliasziw and colleagues [25] did not find

an increased risk of ipsilateral stroke in a group of TIA patients with severe carotid

stenosis treated medically as part of the North American Symptomatic Carotid

Endarterectomy Trial; however, these results cannot be generalized to all TIA

patients. Only larger series with long-term follow-up will be able to distinguish

whether there is a difference in prognosis in TIA patients without diffusion abnor-

malities, TIA patients with transient diffusion abnormalities but no eventual lesion

on T2W imaging, and patients with diffusion abnormalities and a subsequent

lesion seen on T2W imaging.
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Several issues require further study. The clinical prognostic significance of

finding an associated DWI abnormality in a patient with a TIA remains uncertain.

We concur with the general view advanced by Caplan [26] that all TIA patients are

at significant risk of subsequent vascular events and it is the underlying mechanism

rather than the duration of symptoms that is most critical to determine. However,

it may be that within each mechanism category, the longer duration of a TIA or

presence of a DWI abnormality identifies a subgroup at increased risk. How often

patients with DWI abnormalities are experiencing ongoing ischemia will need to

be clarified by concurrent perfusion studies. The severity and size of the perfusion

deficit might also be an indicator of the reversibility of the diffusion abnormality.

Finally, the pathological correlates of DWI changes in a TIA require investigation,

including how often signal abnormalities reflect, at the histopathological level, the

absence of infarction, incomplete infarction or complete infarction [27].

Intra-arterial thrombolysis

Intravenous thrombolysis is of proven benefit for the treatment of acute ischemic

stroke within 3 hours of symptom onset [28], and intra-arterial (IA) thrombolytic

therapy shows promise up to 6 hours after symptom onset [29]. Treatment of the

majority of patients, however, is limited by the narrow time window recommended

for initiation of therapy [30,31]. There is a recognized need for objective neuroim-

aging methods to identify the best candidates for treatment and to monitor indi-

vidual patient response to therapy [32,33]. Imaging characterization of an existing

ischemic penumbra could extend the time window available for treatment in some

patients by allowing physicians to treat a “tissue clock”rather than a “ticking clock.”

Diffusion MRI is of established utility in evaluating patients with acute brain

ischemia [18,34–36]. ADC values typically decease sharply shortly after stroke

onset, remain low for at least 72 to 96 hours, then gradually increase, reaching or

surpassing normal levels [37]. Serial studies have shown that the typical natural

history of early acute ischemic diffusion lesion volumes is to grow over time [38,39].

In various series, between 62% and 88% of patients imaged initially under 6 hours

exhibited lesion growth on follow-up imaging, with the percentage change in lesion

volume ranging from 32% to 107% [38,40,41]. It is speculated that this lesion

growth may be due to gradual failure of energy metabolism in the ischemic penum-

bra as it is recruited into the infarct core if early reperfusion does not occur [38].

Diffusion/perfusion MRI has been suggested as a means of identifying the

ischemic penumbra [42]. A prevalent view posits that, in humans, the area of diffu-

sion abnormality constitutes an already irreversible core infarction field and that

the penumbra is the region showing the perfusion but not yet diffusion abnormal-

ity (diffusion/perfusion mismatch). However, animal studies suggest that this
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model of the ischemic penumbra may underestimate the volume of tissue that is

salvageable early after ischemic onset. When reperfusion occurs within 2 to 3 hours

in these animal models, the perfusion deficit resolves and is accompanied by partial

reversal of the DWI and ADC abnormalities [43–47]. We hypothesized that in

humans, as in animals, portions of the DWI and ADC lesions could be salvaged

with early reperfusion.

In an ongoing study of the response of the human brain to reperfusion, we have

been obtaining serial MRI studies before treatment, early after treatment (3 to 9

hours), and late after treatment (day 7) in ischemic stroke patients treated at UCLA

Medical Center with IA thrombolysis. From a larger overall cohort, the findings

reported herein are based on the first 11 patients in the series meeting the follow-

ing inclusion criteria: symptom duration less than 6 hours, presence of a large

artery occlusion in the anterior circulation at the time of catheter angiography and

partial or complete vessel recanalization achieved post-thrombolysis.

Eligible patients were treated with combined intravenous (iv)/IA tissue-type plas-

minogen activator (tPA) if treatment was initiated within 3 hours, or only IA tPA or

IA urokinase if treatment was initiated within more than 3 and less than 6 hours, or

if a contraindication to iv therapy was present in patients treated under 3 hours.

Combined iv/IA tPA was administered at a dose of 0.6mg/kg iv, 10% bolus over 1

minute, remainder infused over 30 minutes, followed by a 10 mg IA/h infusion until

recanalization was achieved or a maximum IA dose of 20 mg was reached [48].

Urokinase was infused at the site of the clot at the time of angiography until recanal-

ization was achieved or a maximum of 1000000 units was reached. Gentle mechan-

ical clot disruption was also performed at the time of IA thrombolytic infusion.

The clinical outcome was assessed using the National Institutes of Health Stroke

Scale (NIHSS) at baseline, early post-thrombolysis at the time of repeat MRI and

at days 1, 3, 7 and 90. The Barthel Index, Modified Rankin Scale and Glasgow

Outcome Scale were assessed at baseline (pre-morbid) and day 90.

Among the 11 patients, the mean age was 72.5 (range 27 to 94), and the mean

entry NIHSS was 13. Five patients were treated with combined iv/IA tPA and 6

solely with IA thrombolysis. Vessel occlusions on angiography were in the middle

cerebral artery trunk or division in 5 patients, middle cerebral artery branch in 5

and in the anterior cerebral artery in 1. Two patients experienced asymptomatic

hemorrhagic transformation following therapy.

Ten of 11 patients demonstrated a decrease in the ADC volume measure and 8

of 11 a decrease in the DWI volume measure from the pretreatment MRI to the

early post-thrombolysis MRI. In the 10 patients with an early decline in the volume

of ADC abnormality, the mean ADC volume decreased from 11.2 cm3 to 2.5 cm3,

and in the 8 patients with early decline in DWI abnormality, the mean DWI volume

decreased from 19.8 cm3 pretreatment to 11.6 cm3 early post-thrombolysis.
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Among the patients displaying reversal of DWI abnormalities on early MRI, a

varied pattern of further lesion evolution was noted at day 7. Four of seven patients

with DWI reversal on early MRI and who underwent MRI on day 7 showed a sec-

ondary increase in the DWI lesion volume between the early post-thrombolysis and

the day 7 MRI, while three patients showed stable reduction in DWI lesion volume

on day 7 MRI (Figure 29.2). In the patients with a late reappearance of a signature

of injury, secondary imaging abnormalities generally compromised some, but not

all, of the regions of early normalization. Final infarct volume was defined as the

larger of the DWI or T2W volumes on day 7 MRI. Overall, 6 of 11 patients had a

net reduction in lesion volume from pretreatment DWI to final day 7 MRI.

Examples from an illustrative case are shown in Figure 29.3.

Ten of the 11 patients had baseline perfusion studies. All had a significant diffu-

sion–perfusion mismatch, with the perfusion volume exceeding the diffusion

volume by a mean of 84% (range 53% to 98%). Nine of these patients had a follow-

up perfusion study. In all, there was complete resolution of the initial perfusion

deficit.

All 11 patients improved clinically after thrombolysis. The mean NIHSS

decreased from 13 points at baseline to 9 points early after arterial recanalization

to 5 points on day 7.

MRI findings in IA thrombolysis

Data from the first seven patients in this series formed the basis of the first report

of reversibility of both diffusion and perfusion MRI abnormalities after thrombo-

lytic therapy in human ischemic stroke patients [49]. These findings have since

been confirmed by observations in subsequently treated patients in our series and
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from two other groups. Uno and colleagues [50] obtained diffusion and perfusion

MRI scans before and after IA thrombolysis in 3 patients and found reversal of DWI

abnormalities in 1. Lutsep and colleagues [51] reported a patient treated with IA

thrombolysis 4 hours after onset in whom 82% of the volume of pretreatment DWI

abnormalities was reversed on follow-up imaging. In addition to these observa-

tions with IA thrombolytic therapy, there have been occasional case reports of

spontaneous reversal of ischemic diffusion abnormalities in humans [14,52].

Collectively, these findings mandate a fundamental revision of our understand-

ing of MRI characterization of the ischemic penumbra. The results suggest that

diffusion MRI lesions do not invariably represent irreversible injury and that the

ischemic penumbra includes not only the areas of diffusion/perfusion mismatch

but also portions within the diffusion abnormality itself.
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Figure 29.3 MRI scan showing reversal of diffusion and perfusion abnormalities in the right cerebral

hemisphere after intra-arterial administration of tPA in a 27-year-old woman with left

hemiparesis. Top row (Pre) shows DWI, ADC and PWI from a representative slice obtained

2.5 hours after symptom onset before thrombolytic therapy was begun. Vessel

recanalization occurred 4 hours after symptom onset. Bottom row (Post) shows

corresponding images obtained 3 hours after vessel recanalization, demonstrating a

substantial decrease in the size of the DWI lesion and complete resolution of the

perfusion and ADC deficits. The neurological deficit NIHSS score improved from 14

prethrombolysis to 3 at discharge from hospital.



While two groups have reported results of diffusion and perfusion imaging in

patients undergoing intravenous thrombolysis, it is interesting to note that rever-

sal of diffusion abnormalities has not, to date, been demonstrated in these patients.

However, our findings are in accord with, and extend, their results. Marks and col-

leagues [53] found regions of higher ADC within the initial ischemic field on

follow-up imaging of patients who had undergone reperfusion within 36 hours of

onset compared with patients who did not undergo reperfusion. Schellinger and

colleagues [54] found inhibition of lesion growth in patients who had undergone

reperfusion compared with patients with persistent perfusion deficits. The ability

of intravenous treatment studies to detect reversal of MRI diffusion abnormalities

is limited by uncertainty in identifying which patients experience rapid versus

delayed recanalization. Our study in patients treated with IA thrombolysis uniquely

obtained pre- and postrecanalization diffusion and perfusion MRIs in all patients,

and synchronized early post-treatment MRIs to recanalization time, providing a

snapshot of post-thrombolysis pathophysiology obtained at a uniform time point

across different patients.

The Prolyse in Acute Cerebral Thrombosis II (PROACT II) clinical trial sug-

gested a beneficial effect of IA thrombolysis upon clinical end-points [29]. Studies

of diffusion MRI in IA thrombolysis provide physiological insights into the mech-

anism by which IA therapy may confer benefit in select patients. The finding that

recanalization achieved by IA thrombolysis leads not only to salvage of regions of

diffusion/perfusion mismatch, but also to a dramatic reduction in the region of

diffusion abnormality, delineates an anatomical mechanism by which IA therapy

can improve clinical outcome.

We found that a late, secondary drop in ADC values occurred in approximately

one half of patients. This delayed growth of the ADC volume generally compro-

mised some, but not all of the region of ADC abnormality initially reversed by rec-

analization. These findings are the first demonstration of a late, secondary drop in

the ADC in humans following successful recanalization. It is important for clini-

cians to be aware that some tissue that appears initially to be salvaged on early MRI

when ADC normalizes may nonetheless proceed to late tissue infarction.

The phenomenon of late, secondary injury visualized on MRI has been described

in several animal reperfusion models [55–59]. Potential mechanisms of this late

secondary ADC decline include reperfusion injury [60], possibly related to inflam-

mation or oxygen free radicals, ongoing excitotoxic injury emanating from the core

infarct zone, and apoptosis. The physiological processes leading to secondary

injury may be an appropriate, distinct target for neuroprotective therapy, using, for

example, caspase inhibitors, newer anti-apoptotic agents, leukocyte adhesion

inhibitors or other agents. Serial MRI studies to distinguish and quantify initial

and secondary injury will probably be a critical element of future clinical trials
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of neuroprotective agents targeted specifically at these distinct stages of tissue

damage.

Our findings have important implications for acute stroke management, since

early assessment of the extent and reversibility of ischemia is needed to guide

appropriate acute interventions. Prior studies have shown that the typical natural

history of diffusion lesions in untreated patients is that they grow over the first few

days after symptom onset, especially in patients with large artery occlusions that

are imaged early after symptom onset [38,40,41,61]. Our demonstration that this

growth can be arrested or even partially reversed with thrombolytic treatment illus-

trates that MRI offers a method to monitor treatment response in individual

patients. It has been suggested that MRI screening may improve selection of the

most appropriate candidates for treatment and possibly extend the therapeutic

window beyond a rigid time frame in select patients. However, our results suggest

that the use of DWI alone, or even the presence of a diffusion–perfusion mismatch,

may not provide the optimal data with which to make thrombolytic treatment deci-

sions.

A novel MRI approach to characterizing the ischemic penumbra in humans is to

use the combined data from both the DWI and PWI sequences to identify pretreat-

ment MRI signatures that predict tissue fate if vessel recanalization occurs. Both

ADC and perfusion variables are important determinants of tissue progression to

infarction or salvage. For example, in a preliminary analysis based on our first 13

patients who underwent vessel recanalization with IA thrombolysis, specific ADC

thresholds could be identified to predict the likelihood of a voxel evolving infarc-

tion with various degrees of accuracy. Seventy-five percent of voxels with ADC

values less than 380 and 67% of voxels with ADC values less than 420 were destined

for infarction, despite recanalization. A multivariate model was derived that pre-

dicted tissue salvageability on a voxel-by-voxel basis with 73% accuracy in 13

patients undergoing vessel recanalization with IA thrombolysis [62]. In this model,

the pretreatment ADC and perfusion measures were independent predictors of

tissue fate, suggesting that imaging techniques that combine measures of both the

tissue perfusion and tissue energetic state (such as MRI) have advantages over those

that measure only tissue perfusion.

Conclusion

In conclusion, serial MRI studies have demonstrated reversibility of ischemic

lesions visualized with diffusion–perfusion MRI in patients treated with IA throm-

bolysis. These findings indicate that the MRI definition of the ischemic penumbra

needs to be refined to include regions of diffusion–perfusion mismatch and regions

of the diffusion abnormality itself. Studies that include larger numbers of patients
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undergoing thrombolytic therapy should allow more precise delineation of MRI

signatures of irreversible injury and of salvageability. Our studies have also dem-

onstrated that MRI delineates a distinct, secondary stage of injury in the reperfused

human brain. Further investigation is required to determine the precise time frame

after reperfusion in which secondary injury evolves in humans, the clinical impact

of MRI signals of secondary injury upon patients’ functional recoveries and the

ability of pharmacological agents to prevent the development of secondary injury

in both animals and humans.
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Introduction

Diffusion and perfusion imaging are playing a greater role in the clinical setting of

acute ischemic stroke. These newer imaging techniques are already utilized in

stroke diagnosis, and in the future may be used for prognosis and treatment triage.

Diffusion-weighted imaging (DWI) has already been proven to sensitively show

tissue injured by ischemic stroke early in the postictal state [1–6]. Lesion volumes

have been observed with DWI to enlarge over time after an acute stroke. Baird et

al. [7], Barber et al. [8] and van Everdingen et al. [9] reported that 43%, 44% and

41% of their respective patients showed increases in lesion volume after the first

imaging time point. Recently there has been an emphasis on the combined use of

perfusion-weighted imaging (PWI) and DWI in the acute stroke setting in the hope

that they will help to define tissue at risk for injury. Several studies have shown that

the perfusion deficit (measured as a prolonged mean transit time or time-to-peak

delay) is initially larger in this acute setting [3,5,7,10,11]. It appears that, in 70% to

80% of patients imaged within the first 6 hours of stroke, measured PWI deficits

are greater than DWI deficits [5,8,10,11]. In addition, this pattern where PWI


DWI is larger on the initial image has been shown to predict DWI expansion into

the surrounding lesion [8,12–15]. Many of these studies of DWI and PWI have,

however, included patients imaged rather late in the time course of acute stroke (24

to 60 hours postictus) and included outcome measurements made early in the sub-

acute period after stroke (within the first 7 days postictus).

Recombinant tissue-type plasminogen activator (rtPA) is currently the only

known effective agent for the acute treatment of ischemic stroke. rtPA administered

intravenously within 3 hours of symptom onset has been shown to improve long-

term functional outcome in patients undergoing acute ischemic stroke [16]. No
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difference in rtPA benefit could be found based upon classification by stroke

subtype (large vessel occlusive, lacunar, cardioembolic), although this stroke

subtype classification was based solely on clinical prerandomization information.

Indeed, it has been argued that patients with small infarcts such as lacunar infarcts

and patients who have undergone spontaneous recanalization may have no benefit

from thrombolytic therapy [17]. In addition, patients who have already sustained

injury in all of the territory at risk for injury and those who have spontaneously rec-

analized may not benefit from rtPA. This may prove important as there is an

increased risk of symptomatic hemorrhage with rtPA treatment [16].

This study sought to evaluate DWI and PWI changes seen earlier within the

hyperacute time period after stroke (within the first 7 hours postictus) and system-

atically to follow the imaging changes seen over approximately 30 days. The study

was designed to follow the evolution of PWI and DWI findings as well as the rela-

tionship between early findings and final outcome. In addition, we have sought to

evaluate the effect of rtPA therapy on early imaging and to study the role of early

reperfusion in serial imaging changes and the final outcome. Many of these results

have recently been reported in two publications [12,13].

Methods

Twenty-one patients were studied within 7 hours of symptom onset. Eleven

patients were treated with intravenous rtPA prior to the first magnetic resonance

imaging (MRI) examination as part of accepted medical practice. Fourteen were

randomized to possible treatment with putative neuroprotective agents (7 nalma-

fene, 4 lubeluzole, 2 basic fibroblast growth factor, 1 aptiganel hydrochloride).

Thrombolytic infusion was initiated a mean ( standard deviation) of 10040

minutes after symptom onset for those who received it. There was no significant

difference in the time to imaging between the rtPA-treated (mean 4.30.8 hours)

and non-rtPA-treated (mean 5.31.1 hours) groups. Patients were studied at five

time points: less than 7 hours postictus (t1), 3 to 6 hours later (t2), at 24 to 36 hours

(t3), 5 to 7 days (t4) and at approximately 30 days (t5). Six patients were not imaged

at 30 days because one refused, two had died, two were bedridden and one left the

state. Three patients did not have a successful PWI examination at the first time

point. Neurological examinations were done by a certified neurologist and

reported on a clinical scale using the National Institutes of Health Stroke Scale

(NIHSS) score.

DWI utilized single-shot spin-echo, echo-planar imaging to obtain 16 oblique

slices, each with a 5mm thickness and a 2.5mm gap. Images with (b�829s/mm2)

and without (b�0s/mm2) diffusion-weighting were obtained. DWIs were acquired

with the diffusion-sensitizing gradients applied along the X, Y and Z directions,
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sequentially and were averaged to obtain trace images. Two images without diffu-

sion weighting and two images with diffusion weighting were obtained in each

direction to improve the apparent diffusion coefficient (ADC) calculation.

PWI was done as a single-shot gradient-echo, echo-planar imaging after an

intravenous gadolinium bolus (0.2 mmol Gd-DTPA/kg). PWI utilized the same

matrix size, slice thickness, interslice gap and field-of-view as DWI, but used a

relaxation time (TR) of 2000ms and an excitation time (TE) of 60ms. Twelve slices

were acquired every 2 seconds for 35 time points. Images were processed to yield

maps of time-to-peak, which provided a high contrast between normally and

abnormally perfused tissue.

Results

All patients demonstrated DWI abnormalities at the first imaging time (t1). The

mean DWI lesion volume at t1 was 4544cm3 (range: 0.7 to 153.2cm3). Figure

30.1 shows the evolution in lesion volume (t2 to t5) expressed as a percentage of t1.

The mean lesion volume reached a maximum of 32080% (meanstandard
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Figure 30.1 The temporal evolution of ischemic lesion volume averaged at five time points: �7 hours

after stroke onset (t1) and then 3 to 6 hours (t2), 24 to 36 hours (t3), 5 to 7 days (t4) and

~30 days (t5) later. The lesion volumes are normalized relative to the lesion volume on

DWI at the first time point. The mean volumeSEM is shown. T2W, T2-weighted.

(Reprinted from ref. 13, with permission. Beaulieu C, de Crespigny A, Tong DC, Moseley

ME, Albers GW & Marks MP (1999) Longitudinal magnetic resonance imaging study of

perfusion and diffusion in stroke: evolution of lesion volume and correlation with clinical

outcome. Annals of Neurology, 46, 568–78.)



error) at 5 to 7 days (t4) after stroke onset. This volume then decreased to 180

30% at ~30 days (t5). The change in DWI lesion volume described for the entire

group also held true for the individual patient. Increases in lesion volume from t1

to t4 were observed in 95% (18/19) of patients (two patients died prior to t4).

PWI time-to-peak maps showed a delay in contrast arrival in 16 patients (89%),

while two patients (11%) had no perfusion abnormalities at t1. Three patients had

suboptimal PWIs at t1. The mean time-to-peak delay within the ischemic territory

was 9.95.6 seconds at t1 when compared with a similar region of interest (ROI)

in the normal contralateral hemisphere. The evolution after infarction of the PWI

lesion was quite different from the DWI lesion volume (Figure 30.2). The abnor-

mal perfusion volume remained relatively constant over the first two time points,

and then showed a steady decrease through to t5. This decrease was most marked

from t2 to t3 (24 to 36 hours). Eleven patients did demonstrate persistent perfusion

abnormalities through t4, while eight showed resolution by t4.

In order to evaluate the DWI and PWI volume changes seen in patients who

received rtPA versus non-rtPA-treated patients, the first six patients in the study

374 M. P. Marks

125

100

75

50

25

0
t1 t2 t3 t4 t5

Time points

Vo
lu

m
e 

o
f 

P
W

I a
b

n
o

rm
al

ity
 (

%
)

Figure 30.2 The temporal evolution of the volume of perfusion abnormality averaged over 21 patients

for five time points: �7 hours after stroke onset (t1) and then 3 to 6 hours (t2), 24 to 36

hours (t3), 5 to 7 days (t4) and ~30 days (t5) later. The volumes are normalized relative

to the first time point for each patient. The volume of perfusion abnormality drops

markedly by the third time point and then continues to decrease over the subsequent

month. The meanSEM is presented. (Reprinted from ref. 13 with permission. Beaulieu

C, de Crespigny A, Tong DC, Moseley ME, Albers GW & Marks MP (1999) Longitudinal

magnetic resonance imaging study of perfusion and diffusion in stroke: evolution of lesion

volume and correlation with clinical outcome. Annals of Neurology, 46, 568–78.)



(who received rtPA) were formally compared with the first six who did not receive

rtPA [12]. rtPA was given in the standard intravenous dose prior to MRI. Patients

were evaluated on the basis of the time to resolution of perfusion abnormalities.

“Early reperfusers” were defined as patients experiencing a complete or near com-

plete resolution of PWI abnormalities by t3 (24 to 36 hours). Patients without early

reperfusion who had persistent PWI abnormalities at t3 constituted the other

group. Differences in evolution of the ADC within the ischemic lesion delineated

on DWI were assessed for the two groups.

The rtPA-treated patients did not differ significantly from the non-rtPA-treated

patients in the initial NIHSS score, age or time to initial MRI. The average NIHSS

score for all subjects was 119. PWI was successfully performed at t1 in 11/12

patients. At this initial time point, the volume of the PWI abnormality was less than

the volume of the DWI abnormality (PWI�DWI) in 5/6 (83%) rtPA-treated

patients. In contrast, PWI�DWI was present in only 1/5 (20%) of the non-rtPA-

treated patients (P�0.08, Fisher’s exact test). In addition, early reperfusion (by t2

or t3) was seen in 5/6 (83%) rtPA-treated patients compared with 1/5 (20%) of the

non-rtPA-treated patients (P�0.08, Fisher’s exact test). Moreover 5/6 (83%) rtPA-

treated patients showed a 
50% decrease in PWI volume by t2 when compared

with the t1 PWI volume, whereas 0/5 (0%) of the non-rtPA-treated patients showed

a 
50% decrease in PWI by t2. PWI was successfully performed at t3 in 11/12

patients and PWI normalization by this time (i.e., early reperfusion) was observed

in 6/11 patients. Five of these patients received rtPA and one did not.

The aggregate ADC value determined from the ROI of the DWI abnormality in

the early reperfusion group was significantly greater than in the non-reperfusion

group by t2 at ~10 hours after symptom onset (unpaired t test, P�0.04) (Figure

30.3). The difference remained significant at t3 and t4 (P�0.002 and P�0.0005,

respectively). A relative difference in ADC values between the two groups (early

reperfusion versus no early reperfusion) increased from t2 to t4, but did converge

at t5. Elevated signal regions were seen within the abnormal area of the ADC maps

(rADC�ipsilateral ADC/contralateral ADC�1.460.19) by t3 in 5/6 (83%) early

reperfusers vs. 0/5 (0%) non-early reperfusers (P�0.015, Fisher’s exact test). The

signal intensities on T2-weighted (fluid-attenuated inversion recovery (FLAIR))

images for the infarct regions were also compared for the early reperfusion group

vs. the non-early reperfusion group (Figure 30.4).

In order to investigate how the initial perfusion–diffusion mismatch and reper-

fusion affected the lesion volume evolution a comparison was made between those

where PWI
DWI with no early reperfusion and those where PWI�DWI with

early reperfusion. As shown in Figure 30.5, the presence of a perfusion–diffusion

mismatch appears to influence the evolution of the DWI and the final infarct

volume. Both groups did show a DWI volume increase. Volume peaked at t4 in
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those where PWI �DWI without early reperfusion and at t3 in those with PWI�

DWI and early reperfusion. The final lesion volume as measured by the

T2-weighted images at t5 grew to 20080% of the DWI volume at t1 in the PWI


DWI group. The final volume did not increase in the PWI�DWI group. Here, the

final lesion volume was 100%20% at time t5.

Conclusion

The longitudinal evolution of DWI and PWI after ischemic stroke has allowed us

to make several observations. The volume of tissue that is abnormal in the DWIs is

quite dynamic in the several weeks after stroke. It appears to peak at approximately

5 to 7 days after the infarct and then decline at chronic time points. Overall for the

entire group, however, the final infarct volume as measured by T2-weighted

imaging increased to 180% of the initial DWI volume seen in the first 7 hours. This
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Figure 30.3 Comparison of the temporal evolution of the mean relative ADC values (rADC�ADC in

lesion/ADC in contralateral ROI) in early reperfusers (n�6) vs. non-early reperfusers (n�
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but become significantly different by the second time point (~10 hours). The rADC is

higher in the early reperfusers throughout the first week and then it converges to elevated

values at the chronic time point that are similar to the non-early reperfusers. The rADC

values given are meanSD throughout the entire lesion identified on DWI. * P�0.05.

(Reprinted from ref. 12 with permission. Marks MP, Tong DC, Beaulieu C, Albers GW, de

Crespigny A & Moseley ME (1999) Evaluation of early reperfusion and i.v. tPA therapy
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observed growth, when compared with the initial DWI volume, suggests that there

may indeed be salvageable tissue, i.e., tissue that is not injured on the basis of the

DWI seen in the first several hours after onset of ischemia.

The observation that PWI volumes were less than DWI volumes in 5/6 (83%) of

the thrombolytic-treated patients compared with only 1/5 (20%) of the patients

not receiving thrombolytic therapy 3 to 7 hours postictus (t1), suggests that rapid

imaging with PWI shows early changes in perfusion brought about by rtPA treat-

ment. It has been postulated that the mismatch between PWI and DWI where PWI


DWI identifies tissue at risk for injury in the ischemic penumbra. Our observa-

tion that lesion growth between the first 7 hours and the final lesion volume (at 30

days) was seen in those patients where the PWI
DWI and there was no early

reperfusion, but not seen in those patients where PWI�DWI with early reperfu-

sion, supports this hypothesis. Indeed, the fact that the final lesion volume did not

grow in the group where PWI�DWI with early reperfusion suggests that this

group of patients may already be maximally injured at the time of imaging. If lesion
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inversion recovery) signal intensity (intensity in lesion / intensity in contralateral ROI) in

early reperfusers (n�6) vs. non-early reperfusers (n�5). The relative FLAIR intensities are

near normal (i.e., value close to 1) in both groups immediately after stroke onset (~5
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of early reperfusers. The later time points demonstrate similar hyperintensities on FLAIR

for both groups. The relative signal intensity values given are meanSEM throughout the

entire lesion identified on DWI. * P�0.05. (Reprinted from ref. 12, with permission. Marks

MP, Tong DC, Beaulieu C, Albers GW, de Crespigny A & Moseley ME (1999) Evaluation of

early reperfusion and i.v. tPA therapy using diffusion- and perfusion-weighted MRI.

Neurology, 52, 1792–8.)



volume change data such as these prove to hold true and be significant in larger

groups of patients, this may have profound implications for the use of MRI as a

triage tool for thrombolytic therapy.
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reperfusion for five time points: �7 hours after stroke onset (t1) and then 3 to 6 hours
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lesion volume on DWI at the first time point for each patient. The final lesion volume at t5
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DWI/no early reperfusion group,
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Early recanalization in acute ischemic stroke
saves tissue at risk defined by stroke
magnetic resonance imaging
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1 Department of Neuroradiology, University of Heidelberg Medical School, Heidelberg, Germany
2 Department of Neurology, University of Heidelberg Medical School, Heidelberg, Germany

Introduction

The target for most therapeutic interventions for focal ischemia should be ischemic

tissue that can respond to treatment and is not irreversibly injured. Such tissue will

be defined as potentially salvageable ischemic tissue and must be distinguished

from non-salvageable ischemic tissue that has evolved to a status at which recovery

is no longer possible. Characterization of potentially reversible vs. irreversible

ischemic tissue is based on the ischemic penumbra hypothesis [1]. Ideally, before

any aggressive therapeutic approach (i.e., thrombolysis) is undertaken, four impor-

tant questions concerning the individual stroke situation should be addressed using

only one optimal diagnostic imaging procedure:

1 Does the patient have acute cerebral ischemia or is another underlying pathol-

ogy responsible for the stroke symptoms (e.g., intracerebral hemorrhage,

tumor)?

2 Is there already an area of irreversibly damaged ischemic tissue and what is the

size of this infarct core?

3 Is there a tissue of risk (“penumbra”) that can be preserved from damage by ther-

apeutic intervention, and what is the size of this area?

4 Is the vessel that is responsible for the ischemia still occluded or has there been a

spontaneous recanalization?

The ideal imaging modality will be able to address all of these questions within an

acceptable amount of time before a specific treatment is begun.
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Magnetic resonance imaging in early ischemic stroke

Diffusion-weighted imaging

Since the description of early findings in acute experimental ischemic stroke with

diffusion-weighted imaging (DWI), it has been predicted that this technique might

become an important tool for the identification of very early ischemic injury in

patients [2]. In the last 5 years several clinical works have been published showing

the feasibility of this motion-sensitive technique, even in patients with acute stroke.

Since the availability of echo-planar imaging (EPI) on clinical scanner systems,

DWI can be performed more often in the clinical routine. DWI is sensitive to the

microscopic motion of water protons (molecular brownian movement). With

DWI, structures with fast diffusion are dark, structures with slower diffusion are

bright. By acquiring images with different diffusion values, the apparent diffusion

coefficient (ADC) and ADC maps can be calculated.

A hyperacute infarction becomes hyperintense in early DWI and dark in ADC

maps [3], and can be detected with this technique within minutes after vessel occlu-

sion, whereas standard magnetic resonance imaging (MRI) (i.e., T2-weighted) does

not have the capability of detecting an acute infarction within the first 6 hours [4].

Perfusion-weighted imaging

Perfusion-weighted imaging (PWI) makes use of the signal loss that occurs during

the dynamic tracking of the first pass of an intravenous paramagnetic contrast

agent. A concentration time course is consequently derived voxel by voxel. Different

hemodynamic parameters such as relative mean transit time (rMTT) and relative

cerebral blood volume and flow can then be calculated and displayed as perfusion

maps from the entire brain [5]. Although PWI is not able to measure absolute cere-

bral blood volume or flow values, relative maps demonstrate areas of minor perfu-

sion in comparison with the unaffected brain.

Perfusion images are usually obtained with an EPI spin-echo sequence. The con-

trast bolus is administered with an injector via a large-bore cannula in the antecu-

bital fossa (i.e., 0.1mmol/kg). The total imaging time is approximately between 1

and 2 minutes with an additional time needed for postprocessing the hemody-

namic maps. The rMTT maps usually show perfusion deficits of a greater volume

and with a clearer distinction to the unaffected tissue than other hemodynamic

measurements. In the daily routine many centers use the rMTT maps only as a basis

for describing the hemodynamic situation in a patient with acute stroke.

The Heidelberg multimodal MRI approach in patients with acute ischemic stroke

At the beginning of rapid and functional MRI use, several groups tried to address

the most relevant questions regarding the patient with acute stroke, using one of
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the described techniques, alone. DWI, especially, seemed to have enough potential

to differentiate between the irreversibly damaged infarct core and the still salvage-

able penumbra or another kind of tissue at risk. However, these attempts were not

successful and the concept of a multimodal MRI approach with a standardized

stroke protocol was created [6]. The protocol consists of a regular, fast T2-weighted

image, a magnetic resonance angiography (MRA), DWI and PWI. This combina-

tion of different imaging techniques is the most practicable and promising stroke

imaging protocol.

The standardized Heidelberg stroke MRI protocol uses a three-dimensional

time-of-flight (TOF) angiography (aquisition time (AT): 2 minutes), a T2-weighted

fast spin-echo sequence with an echo-train length of 32 (AT: 1 minute), an isotropic

diffusion-weighted spin-echo EPI sequence with four different b values (AT: 3

minutes) and a perfusion-weighted gradient-echo EPI sequence during bolus

administration of contrast media (AT: 2 minutes). The whole protocol, including

positioning of the patient, tuning and shimming of the MR machine, requires 15

to 20 minutes.

The regular T2-image is obtained to rule out severe non-ischemic lesions and to

show older vascular lesions either of micro- or macroangiopathic etiology. MRA

has been well accepted as a reliable method to demonstrate vessel occlusion in the

arteries of the circle of Willis. To save time, a very short sequence with reduced res-

olution is used. However, the quality of the MRA should be good enough to com-

pletely evaluate the major brain vessels and the proximal parts of the M2 segments

of the middle cerebral artery (MCA). Instead of a TOF-MRA with reduced resolu-

tion, a percutaneous angiography with only a few sections in the coronal plane can

be obtained. The slab thickness must be large enough to demonstrate the patency

or occlusion of the major brain vessels.

Our approach with PWI and DWI in acute stroke patients presumes a simplifi-

cation in the interpretation of the data from these techniques. In this concept it is

speculated that DWI lesions present irreversibly damaged tissue, the infarct core.

PWI and especially the rMTT maps demonstrate the area of reduced perfusion in

patients with acute vessel occlusion. The correlation of DWI lesions with PWI

lesions results either in a match (PWI�DWI) or in a mismatch (PWI
DWI; PWI

�DWI) (Figure 31.1). We speculate that the mismatch area (with PWI
DWI)

represents an area of brain tissue that is at risk for infarction. In these patients, the

area of abnormal and reduced perfusion is larger than the already damaged area.

With an increase in edema or a slight decrease in systemic blood pressure, patients

with a mismatch have a high risk of larger infarctions at follow-up due to secon-

dary failure of leptomeningeal collaterals. However, in mismatch patients with a

successful recanalization or maintaining of patency of sufficient collaterals, the

tissue at risk can be saved from infarction. Patients with a match between PWI and

DWI do not show tissue at risk. In these patients the whole infarct has already
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developed and in those cases with no additional vascular event the infarct size

should not grow significantly during the follow-up in comparison with the initial

DWI lesion. The third group of patients show a mismatch with the PWI smaller

than the DWI. This kind of inverse mismatch is not very often observed in hyper-

acute and acute patients [7,8] and occurs in cases with a spontaneous recanaliza-

tion. The perfusion in the already damaged tissue (DWI lesions) has improved or

normalized and there is no risk of an increase in the infarct size.

Detection of hyperacute hemorrhage with stroke MRI

Fifteen to 20% of all patients suffering from acute stroke show not cerebral ische-

mia but acute intracerebral hemorrhage. An imaging method, which should be

used to select ideal candidates for acute ischemic stroke therapy (i.e., thromboly-

sis), must also be able to show or rule out acute cerebral hemorrhage. For a long

time it has been formulated that MRI is not able to detect or differentiate hyper-

acute hemorrhage. Therefore, we started a small series of patients with hyperacute

intracerebral hemorrhage, where computed tomography (CT) and stroke MRI

were performed immediately one after another with a mean time interval of 2

hours [9]. All nine patients suffered from hyperacute intracerebral hemorrhage,

which was easily identified on all stroke MRIs. Volumetry showed the highest sen-

sitivity for very fresh intracerebral blood for the T2-weighted images, which are

already included in the stroke MRI protocol with the source PWIs. In comparison

to CT these T2-weighted images overestimated hematoma size, which means that
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they were more sensitive for hyperacute hematoma. We are in agreement with other

groups in supposing that additional CT is no longer necessary to rule out intracer-

ebral hemorrhage in hyperacute stroke when stroke MRI is performed [10,11].

The Heidelberg stroke MRI study

On the basis of the described concept of stroke MRI, we performed an open, pros-

pective clinical trial from September 1997 to July 1999. The purpose of this study

was to evaluate whether stroke MRI is able to identify a subgroup of patients who

show a significant morphological and clinical benefit from early recanalization of

their initially occluded cerebral arteries. We included patients who had had an

ischemic stroke within the last 12 hours and a baseline National Institutes of Health

Stroke Scale (NIHSS) score of at least 3, but preferred a time window of 6 hours

after symptom onset. All patients were examined with 1.5 T whole body MRI

(EDGE, Picker International, Cleveland, OH) equipped with enhanced gradient

hardware for EPI. We performed stroke MRI on days 1 (initial scan), 2 and 5 (day

5 without PWI). Lesion volumes on DWI and PWI were measured in a semiauto-

matic fashion.

We examined 64 patients (36 men, 28 women) with stroke MRI. The mean age

was 60.9 years (range 29 to 83 years). The median NIHSS score at baseline was 12

(range 3 to 25), only one patient having an NIHSS score of less than 5. With the

exception of one patient, the quality of all MR images/sequences obtained was

satisfactory for interpretation, without disturbing motion artifacts. One patient did

not tolerate the examination despite mild sedation, so that only the DWI sequences

were interpretable (feasibility of stroke MRI�98.4%). On the second day, follow-

up stroke MRI could not be performed in 11 patients who were intubated and ven-

tilated due to either hemicraniectomy or therapeutic hypothermia. In another

seven patients the examination could not be completed because of a lack of patient

tolerance, so that PWI was not performed on 17 patients on day 2.

In the initial MRI study a DWI abnormality was seen in all patients, 62 patients

had lesions in the MCA territory or MCA and anterior cerebral artery territory, one

patient each had lesions in the posterior or anterior territory only. Comparison of

lesion size by PWI and DWI showed a PWI
DWI mismatch in 44 patients

(68.75%). Forty-three of these 44 mismatch patients showed a cerebral artery

occlusion in the MRA. Twenty of 64 patients showed a match between PWI and

DWI, of these only seven demonstrated an occlusion in the MRA.

A day-2 MRA demonstrated a recanalization in 15 of the 50 patients who had an

artery occlusion on day-1 MRA. Twenty of 50 patients with artery occlusion on

MRA received intravenous recombinant tissue plasminogen activator (rtPA). On

day 2, in 11 of these 20 patients recanalization of the occlusion could be shown by

MRA, which resulted in a recanalization rate of 55% with intravenous rtPA.
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Follow-up on day 2 of the 43 patients with a mismatch and MRA-proven occlusion

of the artery showed recanalization in 15 patients and non-recanalization in 28

patients. Plate 31.1 demonstrates two examples of mismatch patients, one patient

with recanalization and one without.

Last year we reported the midterm clinical and morphological results of a cohort

of 35 mismatch patients (16 men, 19 women) aged 29 to 83 years (mean 62 years)

[8]. Twenty-one of these 35 patients were identified by the initial MRI to have a con-

siderable mismatch between the abnormal area on DWI and the abnormal area on

PWI (PWI/DWI 
1.2). In all of these patients MRA at day 1 showed occlusion of

a main cerebral artery (intracranial internal carotid artery or MCA). Fourteen of 35

patients did not have a PWI/DWI mismatch. In these patients MRA did not show

major vessel occlusion. Eleven of 21 patients of the mismatch group received rtPA,

five of them received the drug after 3 hours from symptom onset. MRA at day 2

showed recanalization in eight of 21 patients with a mismatch, six of whom had

received rtPA intravenously within 5 hours after symptom onset. Two had sponta-

neous recanalization; in the other 13 patients, the vessel remained occluded. Of the

six patients who received rtPA and had early recanalization, three were treated

within the first 3 hours of stroke onset and three were treated between 3 and 5 hours.

Clinical follow-up examination showed a significantly better outcome on day 30

for the recanalization group (NIHSS score, P�0.0016; Standardized Stroke Scale

(SSS), P�0.003; Barthel Index (BI), P�0.0013; Rankin Scale (RS) P�0.0011) and

on day 90 (NIHSS score, P�0.017; SSS, P�0.011; BI, P�0.005; RS, P�0.006).

There was also significantly greater improvement from day 1 to day 30 (NIHSS

score P�0.0074). The significance regarding improvement disappeared though, at

day 90 (NIHSS score: P�0.49), as there was one late death in this group due to car-

diopulmonary embolism (Figure 31.2). Follow-up MRI showed significantly
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smaller infarcts in the recanalization group than in the non-recanalization group

at day 2, as evident on DWI (P�0.0016), and at day 5, as evident on T2-weighted

imaging (P�0.0005). Furthermore, the increase of infarct size from day 1 to day 2

on DWI (P�0.0055) and from day 1 to day 5 on T2-weighted imaging (P�0.0011)

was significantly smaller in the recanalization group than in the non-recanalization

group (Figure 31.3). A recently published follow-up analysis of patients who

received stroke MRI and were treated with thrombolytic therapy showed this

finding to be consistent [12].

Demonstration of “time is brain” with stroke MRI

The quotient of PWI/DWI measures the size of the tissue at risk in acute stroke

patients. The concept of “time is brain”, i.e., a reduction of salvageable brain tissue

with progressing time, is shown by comparing this quotient with the time window

between stroke onset and MRI investigation in an acute stroke population. In our

population this comparison showed a continuous decrease of the quotient over

time and demonstrated that stroke MRI is able to show that “time is brain” (Figure

31.4). However, the same figure shows that there are patients far beyond the 6 hour

window, who had significant tissue at risk. These data challenge the concept of a

rigid and universal time window for the treatment of acute ischemic stroke [13].

The progressive reduction of the therapeutic target (tissue at risk) is also ruled

out by comparing patients with a relevant PWI/DWI mismatch (
20%) over time.

While in the 3 hour cohort, 80% of the patients show a mismatch, this is reduced

to 40% in the 12 hour cohort (Figure 31.5). The mean PWI/DWI quotient in the 3

hour cohort was 20.2, in the 6 hour cohort 8.9, in the 9 hour cohort 1.7 and in the

12 hour cohort 0.5. This means that in the 9 hour cohort the mean PWI/DWI quo-

tient still showed a relevant mismatch.
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Conclusion

With the advent of sufficient therapies for acute ischemic stroke, the availability of

accurate brain imaging information assumes an increasingly important role in

patient management. Currently, CT is still the most widely used brain imaging

technique for patients with acute stroke. However, stroke MRI has the potential to

supply stroke physicians with all necessary information to select patients who may

show a benefit from more aggressive therapies. Stroke MRI with DWI and PWI in
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combination with MRA and T2-weighted imaging can: (i) demonstrate location

and extent of the ischemic area; (ii) show the region of disturbed microvascular

perfusion; (iii) demonstrate major vessel occlusions; and (iv) rule out hemorrhage

or tumor, which may be responsible for stroke-like symptoms.

The Heidelberg trial on stroke MRI showed that acute stroke patients can be

examined with a standardized stroke MRI protocol with a very high feasibility rate

(98%). Stroke MRI with its major elements, PWI and DWI, is able to demonstrate

the therapeutic target for any aggressive stroke therapy. This target is the mismatch

between PWI and DWI (PWI
DWI), which demonstrates the individual size of

the tissue at risk. Stroke MRI shows that this tissue at risk continuously decreases

with time. However, it can be shown that, even after a quite long time window of

more than 9 hours after stroke onset, the ischemic stroke patient can show a rele-

vant mismatch and therefore relevant tissue at risk. Our follow-up study clearly

shows that successful recanalization saves tissue at risk as defined by stroke MRI.

This results in significantly smaller infarcts and significantly better clinical

outcome. Therefore, stroke MRI is an ideal tool for identifying patients for recanal-

ization therapy.
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Vascular factors in Alzheimer’s disease
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Introduction

The presence of cerebrovascular disease and vascular risk factors are generally con-

sidered to be exclusion criteria for the clinical diagnosis of Alzheimer’s disease

(AD). The high prevalence of cerebrovascular disease and AD in the elderly popu-

lation means that the category of patients with dementia, stroke and vascular

dementia, includes patients with AD [1]. The criteria used to diagnose AD were

established by consensus, with vascular abnormalities becoming an artificial

border between vascular dementia and AD. However, growing evidence suggests

that the distinction is not clear cut [2]. Half of all patients with vascular disease

who become demented also have AD [3] and a third of patients with pathologi-

cally confirmed AD have evidence of vascular lesions [4]. Brain infarcts may play

an important role in determining the presence and severity of clinical symptoms

of AD [5]. Data from large population studies give validity to the construct of

mixed AD/vascular dementia [6]. It is not known whether the cerebral vascular

pathology found in the brains of patients with AD is coincident or causal. Is there

a direct interaction between the two pathological processes? Alternatively, does

cerebrovascular disease unmask subclinical AD? Data supporting both arguments

exist. The puzzle remains. Understanding the interaction between cerebrovascular

and neurodegenerative disorders demands a radical shift in framework and

thought process.

Coexistence of AD and vascular pathology

Several longitudinal studies [5,7,8] have demonstrated that the changes of cereb-

rovascular disease and neurodegeneration with Alzheimer-type pathology have

synergistic effects on cognition [9]. The Nun Study evaluated cognitive functions

and the prevalence of dementia in a group of elderly women [5]. Mixed dementia

was common; at autopsy 47% (of 102 brains studied) had neuropathological
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changes of AD and at least one infarct. Among the nuns with a pathological diag-

nosis of AD, 57% had clinical dementia. Among those having the pathological diag-

nosis of AD plus cortical infarcts, 75% were demented. When the infarcts were

subcortical, 93% were demented. Participants with lacunar infarcts in the basal

ganglia, thalamus or deep white matter had a specially high prevalence of demen-

tia as compared with those without infarcts (odds ratio for dementia with large lobe

infarcts, 6.7, 95% confidence interval (CI) 0.9 to 48.3; odds ratio for dementia with

lacunar infarcts, 20.7, 95% CI 1.5 to 288) [5]. Fewer neuropathological lesions of

AD resulted in dementia in those with lacunar infarcts compared with those

without infarcts [5]. A few small infarcts in strategic regions of the brain may be

sufficient to produce dementia in those made vulnerable by abundant neuropath-

ological AD lesions in the cortex. In this study infarcts were not associated with

increased AD pathology in the entire group (i.e., those without dementia), suggest-

ing that both processes are independent but that cerebrovascular disease can pre-

cipitate clinical AD at pathological stages that would not otherwise be clinically

apparent [5].

Similar results were found in subjects with autopsy-proven AD studied by the

Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) [8]. Patients

with concomitant cerebral infarcts or lacunar lesions had a more severe dementia

at the time of the last follow-up visit than patients with changes of AD alone [8].

Both groups had similar cognitive profiles on entry into the CERAD study. Subse-

quently, patients with AD and vascular lesions performed worse on verbal fluency,

the Boston Naming Test and the Mini-Mental State Examination [8]. The presence

of cerebral infarcts did not affect performance on constructional praxis, word list

learning and delayed word recall tasks; these deficits had been detected in patients

with mixed dementia in the Nun Study [5].

Coexistent cerebrovascular pathology means that a lower load of Alzheimer-type

lesions is needed to produce clinical dementia. In the Nun Study, the degree of

Alzheimer-type pathology required to produce a detectable clinical deficit was

lower in patients with concomitant strokes than in patients with AD alone [5].

Similar results were found by the Oxford Project to Investigate Memory and Ageing,

a longitudinal prospective study of dementia [7]. In addition, the major determi-

nant of cognitive deficit in patients with AD alone was the density of neurofibril-

lary tangles, and in the presence of vascular disease it was the amount of amyloid

laid down as plaques [7]. The CERAD investigators did not find this correlation

between cerebrovascular pathology and the amount of neurofibrillary tangles and

senile plaques needed to produce a clinical deficit [8]. However, CERAD used semi-

quantitative ratings; the others used quantitative measurements [8].
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Cognitive impairment after stroke

Cognitive impairment after stroke is very common. It varies along a wide spectrum

from isolated cognitive deficits to incapacitating, full-blown dementia. Between

one quarter and one third of patients with an acute stroke meet standardized cri-

teria for dementia at 3 months [10–13], and a proportion of these patients have

mixed dementia. An even higher percentage (26.8% to 61%) does not meet these

criteria but shows evidence of cognitive impairment (defined as impaired perfor-

mance on one or more domains of cognitive testing) [12–14]. The incidence of

poststroke dementia or cognitive impairment remains high after taking into

account the existence of prestroke cognitive decline [12,15]. The effects of stroke

on cognitive function persist for a long time after the vascular event. A risk factor

for dementia in the Kungsholmen Project was a stroke that had occurred up to 3

years prior to a patient’s entry into the study [16]. A study done at the Mayo Clinic

[17] found that the incidence of dementia in the first year after a stroke was nine

time greater than expected. In individuals who did not develop dementia by the

first year, the subsequent risk of dementia was about twice the risk in the general

population. After the first year, a 50% increase was observed in AD in the cohort

compared with that in the community. Some of these cases may represent subclin-

ical AD.

Strokes may precipitate, aggravate or accelerate a pre-existing process or predis-

position [18]. A proposed explanation for this interaction is that ischemic events

induce the amyloid precursor protein and other Alzheimer pathology-associated

factors that may interact with glial cells to generate lesions in hypoperfused areas

of the brain [19]. This could be a result of early microglial cyclooxygenase-2 induc-

tion by ischemia [20]. This is particularly intriguing given evidence from large epi-

demiological studies showing that chronic use of aspirin and other non-steroidal

anti-inflammatory agents is associated with a decreased risk of AD [21] through

suppression of microglial activity [22].

Risk factors in common

AD and vascular disease share some risk factors. These may be causally related or

they may share common environmental and genetic determinants. Cerebro-

vascular disease, hypertension, hyperlipidemia, smoking and male gender acceler-

ate cerebral degenerative changes, cognitive decline and dementia [23].

Epidemiological studies show a link between hypertension and AD. In a cross-

sectional study in Kuopio, high systolic blood pressure correlated with increased

risk of AD (1.01, 95% CI 1.0 to 1.03) [24]. In the Göteborg Longitudinal Study [25]

patients who developed Alzheimer-type dementia at ages 79 to 85 years had higher
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systolic and diastolic blood pressure at age 70 than those who did not develop

dementia. Patients with white matter lesions on computed tomography at age 85

had a higher blood pressure at age 70 than those without such lesions [25]. The

authors of the study conclude that hypertension possibly increased the risk of

dementia by inducing small vessel disease and white matter lesions [25]. Blood

pressure declined in the years preceding the dementia [25]. A similar finding was

also noted in the cross-sectional Kungsholmen Project. Both systolic and diastolic

blood pressure were related inversely to the prevalence of dementia [26]. Patients

with isolated systolic hypertension who were treated with antihypertensives in the

Systolic Hypertension in Europe trial had a lower incidence of dementia than those

who were not treated [27]. Most patients who became demented, in the placebo

and the treatment groups, fulfilled the criteria for AD or mixed dementia [27].

Pathological evidence also links AD and hypertension. Hypertensive patients

without dementia had an increased prevalence of senile plaques and neurofibril-

lary tangles than did patients with normal blood pressure [28].

Heart disease is associated with AD [29]. Significant associations between

dementia and cardiovascular risk factors (electrocardiographic evidence of ische-

mia, systolic hypertension, smoking) were found in the UK Medical Research

Council Elderly Hypertension Trial [30]. A significant positive association among

atrial fibrillation and dementia and impaired cognitive function was found in the

Rotterdam Study [31]. Interestingly, the strongest association was found with AD,

not with vascular dementia [31].

Necropsy studies have shown that the brains of patients without dementia who

died from coronary artery disease had more senile plaques than brains from

patients without heart disease [32]. The distribution of plaques in patients with

heart disease is similar to that in AD patients, albeit less numerous [33]. No differ-

ence exists in the number of neurofibrillary tangles between patients with and

without heart disease [33].

High serum cholesterol during middle age confers an increased risk of AD in old

age [34]. In the Rotterdam Study [35], all indicators of atherosclerosis that were

examined (vessel wall thickness, carotid plaque, ankle to brachial systolic blood

pressure ratio) were associated with dementia, with AD, and with vascular demen-

tia. The frequency of all dementia, AD and vascular dementia, increased with the

degree of atherosclerosis. The odds ratio of AD in those with severe atherosclero-

sis compared with those without atherosclerosis was 3.0 (95% CI 1.5 to 6.0) [35].

Diabetes mellitus is a risk factor for AD. In a population-based study [36]

patients with adult onset diabetes had an increased risk of developing dementia

(relative risk [RR] 1.66, 95% CI 1.34 to 2.05) and AD (RR for men 2.27, 95% CI

1.55 to 3.31; RR for women 1.37, 95% CI 0.94 to 2.01). Diabetes almost doubled

the risk of dementia (RR 1.9, 95% CI 1.3 to 2.8) and AD (RR 1.9, 95% CI 1.2 to 3.1)
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in the Rotterdam Study [37]. Those patients who required treatment with insulin

were at the highest risk of developing dementia (RR 4.3, 95% CI 1.7 to 10.5) [37].

The risk attributable to diabetes was 8.8% [37]. In a cross-sectional population

study of 980 people aged 69 to 78 years in Kuopio, 4.7% of the patients were clas-

sified as having possible or probable AD. Features of the insulin resistance syn-

drome were found to be associated with AD independently of the apolipoprotein

E (ApoE) �4 phenotype [24].

The role of smoking is not clear. A meta-analysis of 11 case-controlled studies

showed a statistically significant inverse association between AD and smoking [38].

The Rotterdam Study found that smoking was associated with a doubling of the

risk of dementia and AD [39].

Genetic links

Genetic susceptibility factors for AD have been identified. Significantly, these may

provide a link between this condition and heart disease.

APOE is the product of the APOE gene on chromosome 19. It plays a role in

triglyceride-rich lipoprotein metabolism and cholesterol homeostasis [40]. The

presence of the APOE �4 isoform has been associated with coronary heart disease

in middle-aged men [41] and with the development of atherosclerosis [42].

APOE has an important role in central nervous system repair. It influences

recovery after a variety of neurological insults [43] such as head trauma and stroke,

and it may have neurotrophic, immunomodulatory and antioxidant effects [43].

The presence of the �4 isoform has been associated with poor repair after neuronal

damage that results from amyloid-� peptide deposition, oxidative stress and excit-

otoxic amino acids [44]. The increased density of senile plaques seen in hyperten-

sive patients seems to correlate with the APOE �4 allele dose frequency [45].

APOE �4 is a susceptibility gene that accelerates the rate of an ongoing, univer-

sal, metabolic process [46]. It is a genetic risk factor for dementia with stroke,

including AD and vascular dementia [24, 35, 47]. The presence of APOE �4 was

associated with poor performance on cognitive testing in the Cardiovascular

Health Study [48]. In the Zutphen Elderly Study cohort [49], cerebrovascular

disease and the presence of APOE �4 had a synergistic effect on cognitive decline.

This finding was corroborated by a study that pooled data from two population-

based studies (Rotterdam and New York City). Patients with dementia and stroke

had a higher frequency of APOE �4 allele than controls [47].

Atherosclerosis was a risk factor for dementia and its major subtypes, AD and

vascular dementia, in patients enrolled in the Rotterdam Study [35], particularly in

APOE carriers. Elevated cholesterol concentrations in middle age may be an inter-

mediate factor through which the APOE �4 allele is associated with the risk of AD

397 Vascular factors in Alzheimer’s disease



[34]. However, the risk of AD and vascular dementia in the presence of the APOE

�4 allele is independent of the presence of atherosclerosis [1].

Patients older than 85 years with white matter lesions have an increased risk of

dementia only if they also have the APOE �4 allele. Possession of APOE �4 is asso-

ciated with an increased risk of dementia only in subjects who have white matter

lesions [50]. APOE may neither be sufficient nor necessary to produce dementia in

old age. Dementia in the very old results from the interaction of several patholog-

ical processes [50].

Other candidate links between AD and vascular risk are the components of the

renin–angiotensin system [51]. The angiotensin-converting enzyme (ACE) D allele

has been associated with cardiovascular diseases (a higher risk of myocardial infarc-

tion) [52,53]. Some [54], but not all [55–57], epidemiological studies have found

the presence of the ACE D allele as a risk factor for the development of AD.

Physiopathological studies have shown that learning in animals can be influenced

by the manipulation of the renin–angiotensin system [58], and the use of ACE

inhibitors for blood pressure control has been associated with improved work per-

formance and cognitive function [59].

Cerebrovascular pathology in AD

A variety of cerebrovascular lesions are found in the brains of patients with AD:

cerebral amyloid angiopathy, endothelial and vascular smooth muscle degenera-

tion, macroscopic infarction, microinfarction, hemorrhage and white matter

lesions related to small vessel disease [60]. Cerebral amyloid angiopathy is found in

the leptomeningeal and cortical arteries of 62% to 97% of patients with AD [61,

62]. In the CERAD study, 83% of patients had at least a mild degree of amyloid

angiopathy [63]. It has been hypothesized that cerebral amyloid angiopathy may

compromise vascular function and lead to a state of chronic hypoperfusion,

although the proof remains elusive [18]. It is also a cause of intracerebral hemor-

rhage; up to 10% of patients with AD have evidence of intracerebral hemorrhage

[62].

Patients with AD have microvascular pathology independent of amyloid depo-

sition [60,64]. These abnormalities relate to blood–brain barrier function and

imply abnormalities in the patency of brain microvasculature [60]. The abnormal-

ities include degeneration of vascular smooth muscle cells, focal constrictions and

degenerative changes in smooth muscle cells, degeneration and focal necrotic

changes in the endothelium, vascular basement membrane alterations accompa-

nied by accumulation of collagen, loss of perivascular nerve plexus, decreased mit-

ochondrial content, increased pinocytic vesicles and loss of tight junctions [60].

Accumulating knowledge of the vasoactive properties of amyloid and of the role of
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the endothelium in health and disease will lead to a new understanding of the

relationship between blood vessels and AD [18]. White matter lesions have been

described in AD [65]. Long-standing hypertension leads to lipohyalinosis and pos-

sibly to white matter lesions. This may be an explanation for the link between

hypertension and AD.

Conclusion

The use of vascular risk factors and cerebrovascular disease as exclusion criteria in

traditional definitions of AD has hindered progress in the discovery of the relation-

ship between AD and vascular disease. The situation is changing. Longitudinal epi-

demiological studies show that cardiovascular risk factors are associated with AD.

It has also become evident that cerebrovascular disease can precipitate or potentiate

neurodegenerative dementia. This new knowledge may lead to preventive and ther-

apeutic interventions. These potential opportunities will become real when the

new knowledge becomes true understanding.
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Neuroprotection and anti-ischemic drug development

A decade ago, there was little compelling evidence that pharmacological interven-

tion could radically alter outcome after cerebral ischemia, even in experimental

animals. By 1996, the pace of advance was such that a large number of drugs tar-

geted at neurotransmitter receptors, and related mechanisms involved in ischemic

damage, had advanced to clinical trials in stroke and head injury [1]. The transfor-

mation of the pharmacology of cerebral ischemia had been achieved for two major

reasons: first, the elucidation of neurochemical cascades initiated by ischemia,

which revealed potential targets for intervention; and, second, the systematic

assessment of drug efficacy using robust end-points (quantitative histopathology)

in the most pertinent animal models. Since the elucidation of the excitotoxic

cascade, numerous other pathological mechanisms have been identified by which

neuroprotection can be achieved in ischemia. However, excitotoxicity remains

central to current concepts of neuronal cell death and provides the prototype for

anti-ischemic drug development for new pharmacological targets, i.e., reduction of

the volume of neuronal perikaryal damage in models of focal cerebral ischemia.

Animal models of focal cerebral ischemia are generally recognized as the most

pertinent in relation to human stroke. The most widely used models of focal cere-

bral ischemia involve occlusion of the middle cerebral artery (MCA) either by sur-

gical division [2,3] or intraluminal suture placement [4]. Occlusion of the MCA

produces necrosis in the territory supplied by the artery, with the final lesion size

being established after approximately 3 hours of ischemia [5], although enlarge-

ment of the lesion, as distinct from edema development, may occur at later times,

404



particularly with mild ischemia [6,7]. The pattern of ischemia produced after MCA

occlusion (MCAO) results in a sharp boundary between viable and damaged tissue

on histological examination and this lends itself to volumetric assessment of the

lesion in gray matter [8]. While the volume of the ischemic lesion is generally well

defined when putative anti-ischemic drugs are evaluated, the histological definition

of the lesion is often rudimentary. At best, it involves mapping the distribution of

eosinophilic neuronal perikarya; at worst, it means simply mapping the area of

tissue pallor using triphenyltetrazolium staining. This limited histological defini-

tion of ischemic pathology in many pharmacological investigations has contrib-

uted to a neglect of ischemic white matter pathology where the definition of

ischemic damage is difficult.

Based on their proven ability to reduce gray matter damage in animal models, a

large number of drugs targeted at neurotransmitter receptors and related mecha-

nisms involved in ischemic damage have advanced to clinical trials in stroke and

head injury [1,9]. At the time of writing, the outcome of the clinical trials of neuro-

protective drugs has been disappointing. The notable exception in clinical trials for

stroke is the benefit demonstrated with tissue plasminogen activator [10], where

the putative mechanism of action is restoration of blood flow, not neuroprotection.

Although the failure to translate insight gained in animal models into therapy is

multifactorial, we have suggested that the inability of the first generation of neuro-

protective drugs to improve function after human stroke is their inability to protect

white matter [11]. Many drugs (e.g., N-methyl--aspartate (NMDA) receptor

antagonists) are targeted at receptors that are not present to any extent in axons or

oligodendrocytes. The protection of myelinated fiber tracts by drugs has hitherto

been largely neglected in preclinical investigations of drug action. However, in

humans, it is obvious that improved functional outcome after drug treatment

depends not only on the protection of cortical gray matter but also the simultane-

ous protection of associated white matter.

Assessment of ischemic pathology in white matter

The neuronal axon and its associated oligodendrocytes exhibit rapid structural

damage in response to an anoxic or ischemic challenge. Structural damage to axons

occurs in the form of cytoskeletal breakdown and consequent disruption of fast

axonal transport. In the isolated optic nerve, 60 minutes of anoxia was sufficient to

induce loss of both microtubule and neurofilament components of the axonal cyto-

skeleton [12]. Short periods (2 to 4 hours) of focal cerebral ischemia in vivo were

also associated with cytoskeletal breakdown and disturbances in fast axonal trans-

port in myelinated fiber tracts. Structural damage to the cytoskeleton was indi-

cated by marked disruption in the patterns of immunostaining for a variety of
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microtubule proteins, including tau and microtubule-associated proteins 1 and 5,

as well as the neurofilament protein 68kDa subunit [13–15]. The functional con-

sequences of cytoskeletal disruption were indicated by the accumulation in

ischemic axons of proteins that are normally transported by fast axonal transport

[16–18]. The time course of the cytoskeletal dysfunction in these studies was con-

sistent with axonal damage per se and not as a consequence of secondary degener-

ative processes in perikarya.

Acute structural changes in oligodendrocytes also occurred after short periods

of focal cerebral ischemia. Swelling of oligodendroglia occurred within 30 minutes

to 3 hours after induction of ischemia in the rat [19], while abnormalities of micro-

tubules were also detected within the affected cells [20]. Cytoskeletal pathology in

ischemic oligodendrocytes was also indicated by alterations in the immunostain-

ing of the microtubule-associated protein, tau [13,21]. Increased tau immunos-

taining in oligodendrocytes in subcortical white matter after permanent MCAO in

rats occurred rapidly after induction of ischemia [21] and highlights the particular

sensitivity of oligodendrocytes to experimental ischemia in vivo.

Quantitative techniques have been developed to assess the extent of both axonal

and oligodendrocyte pathology in experimental models of focal cerebral ischemia,

using immunohistochemistry. Axonal pathology can be detected by accumulation

of amyloid precursor protein (APP) staining within damaged axons (Figure 33.1).

Assessment of the extent of axonal damage can then be achieved by semiquantita-

tive scoring or by plotting the distribution of staining and using a grid counting

system. Oligodendrocyte pathology can be detected by increased immunostaining

of the microtubule-associated protein tau (Figure 33.1). Assessment of the extent

of oligodendrocyte pathology can then be achieved by cell counting or by plotting

the distribution of labeled cells and determining the volume of tissue in which they

are present [17,21–23].

NMDA receptor blockade fails to protect axons or oligodendrocytes

The ability of the NMDA receptor antagonist MK-801 to protect myelinated axons

after focal cerebral ischemia has been examined in the cat [23]. In contrast to the

compelling evidence that MK-801 reduces the volume of ischemic damage to

neuronal perikarya in this species [24–27], MK-801 failed to alter the extent of

axonal damage as reflected by the APP accumulation score (Figure 33.2). In conse-

quence, the relationship between axonal and perikaryal pathology was significantly

altered in the MK-801-treated cats compared with the vehicle-treated cats. That is,

there was disproportionately greater axonal pathology after MK-801 treatment

because of reduced perikaryal damage [23]. In the rat, MK-801 failed to modify the

extent of oligodendrocyte pathology induced by focal cerebral ischemia [21].
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Tau in oligodendrocytes

APP in axons

Figure 33.1 Axons and oligodendrocytes comprise the functional unit of the myelinated fiber.

Oligodendrocytes are highly vulnerable to ischemia in vivo and exhibit abnormalities of

the cytoskeletal protein tau. The top photograph shows numerous tau-positive

oligodendrocytes in the subcortical white matter 1 hour after induction of focal cerebral

ischemia in the rat. In non-ischemic white matter oligodendrocytes are not

immunostained with tau antibodies. Quantification of tau-positive glia in white matter can

be used to assess the effects of potential anti-ischemic intervention strategies on

oligodendrocyte pathology (see Figures 33.3 and 33.4). The sensitivity of oligodendrocytes

to ischemia and the numerical relationship that exists between one oligodendrocyte and

the internodal segments of its associated axons could mean that damage to one

oligodendrocyte may affect multiple axons and thus have a marked functional effect

within a given myelinated fiber tract. Axons themselves are also vulnerable to ischemic

damage in vivo. The bottom photograph shows axonal damage detected with APP

immunostaining 6 hours after middle cerebral artery occlusion in the cat. Damaged axons

exhibit a characteristic “string of sausages” or bulb-like appearance indicative of

cytoskeletal breakdown and obstruction of fast axonal transport. Quantification of APP

accumulation in white matter can be used to determine the effects of anti-ischemic

agents on axonal pathology (see Figures 33.2, 33.3 and 33.4). Bar�10 �m.



Oligodendrocytes are known to be insensitive to NMDA [28,29] but vulnerable to

free radicals [30,31]. After MCAO in the rat, the spin trap agent �-phenyl-tert-

butyl-nitrone prevented the rapid alteration of tau immunostaining in oligoden-

drocytes [21]. The failure of NMDA antagonists to improve functional outcome

after human stroke [1,32] may be a reflection of their inability to protect axons and

oligodendrocytes from ischemic pathology.

Early reperfusion protects all cellular elements

To validate the quantitative methods that have been developed for assessing axonal

and oligodendrocyte pathology in focal ischemia, the impact of restoration of blood

flow 2 hours after the onset of intraluminal thread occlusion of the MCA was

assessed and contrasted with permanent occlusion of the vessel. Reperfusion after 2

hours of ischemia resulted not only in smaller volumes of neuronal perikaryal

damage than observed with permanent occlusion, but also in significantly less

axonal and oligodendrocyte pathology (Figure 33.3). In animals with transient

MCAO, the reduction in axonal pathology was most marked in the more caudal

planes examined, whereas the reductions in oligodendrocyte and neuronal perikar-

yal damage were most marked in rostral brain areas (Figure 33.4). These data

provide compelling evidence that the methodology that we have developed can

demonstrate salvage of white matter. Power calculation indicates that the techniques

are as equally potent in detecting alterations in white matter as the established
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there was no reduction in the APP score compared with the vehicle-treated animals. Data

points are the mean at each coronal plane (stereotactic coordinates); bars represent SEM.
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technique for assessing volume of neuronal perikaryal damage. The technology can

now be used to examine in vivo the ability of drugs targeted at mechanisms that have

been implicated in axonal or oligodendrocyte pathology in vitro, with Na� channel

blockade, �-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)

blockade and free radicals among the most interesting possibilities [11]. The ability

of reperfusion to protect all cell types from pathology not only validates the method-

ological approach but also offers an explanation as to why functional outcome after

409 Protection of axons and oligodendrocytes in ischemia

Figure 33.3 Transient occlusion of the middle cerebral artery is associated with significantly less

damage to axons, oligodendrocytes and neuronal perikarya than permanent occlusion.

Data are the total hemispheric APP scores and volumes of oligodendrocyte pathology and

neuronal necrosis derived from area measurements at eight predetermined coronal

planes. Data are expressed as meanSEM, n�6 per group. ** P�0.002; * P�0.05.

(Redrawn from ref. 22.)
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Figure 33.4 Rostrocaudal extents of axon, oligodendrocyte and neuronal perikarya damage in the

transient and permanent occlusion groups. APP scores, areas of tau-positive

oligodendrocytes and areas of neuronal necrosis are shown at each of the eight coronal

planes analyzed. Coordinates (millimeters) are from the interaural line. The APP score in

the transient occlusion group was significantly lower than in the permanent occlusion

group at two of the more caudal coronal planes, whereas the areas of oligodendrocyte

and neuronal pathology were significantly lower at more rostral coronal planes. Data are

meanSEM, n�6 per group. ** P�0.01; *P�0.05. (Redrawn from ref. 22.).



stroke can be improved by tissue plasminogen activator but not by NMDA receptor

blockade. Namely, early restoration of blood flow will protect all cellular elements

upon which function depends, whereas NMDA blockade can salvage only those ele-

ments (neuronal cell bodies) on which the receptors are located.

Blood flow to white matter and ischemia model selection

A range of therapeutic interventions produce similar effects in the rat irrespective

of the approach used to occlude the MCA (i.e., intraluminal thread or diathermy

occlusion) provided the experimental end-point is the extent of neuronal damage.

For example, NMDA and AMPA receptor blockade, calcium entry blockade and

hypothermia, inter alia reduce the volume of neuronal perikaryal damage after

diathermy MCAO or intraluminal thread occlusion [33–38]. However, we have

identified fundamental differences in the topography of axonal damage in these

two most widely utilized rat models of focal ischemia. Moreover, differences in

axonal pathology are due to marked differences in the severity and distribution of

blood flow alterations in white matter. These observations have major implications

for model selection in anti-ischemic drug development where white matter as well

as gray matter is considered and may be particularly important when functional

outcome is being assessed after ischemia.

Intraluminal thread occlusion invariably produced axonal pathology in the

ventral internal capsule, anterior commissure and median forebrain bundle, but

diathermy occlusion never produced axonal damage in these areas. A circum-

scribed zone of axonal damage was found in only two of the five diathermy

occluded rats in the most dorsal aspect of the internal capsule, where it penetrates

the caudate nucleus. By contrast, damage in this area was frequently observed (five

of six rats) after intraluminal thread occlusion. Axonal pathology in the external

capsule was an almost invariable observation with both modes of occlusion (five of

six animals with intraluminal thread occlusion, five of five animals with diathermy

occlusion). The different distribution of axonal pathology in the two models was

not a reflection of differences in the size of the neuronal perikarya pathology, which

was similar in the two groups, but rather is a consequence of occlusion of additional

vessels, notably the anterior choroidal artery, with the intraluminal thread

approach.

MCAO produced widespread reductions in cerebral blood flow (CBF) in myeli-

nated fiber tracts in the ipsilateral hemisphere irrespective of the mode of occlusion.

However, the anatomical distribution of the changes in CBF differed markedly

between the two models of MCAO (Figure 33.5). In the ventral internal capsule,

median forebrain bundle and anterior commissure, blood flow was reduced only

after occlusion with an intraluminal thread, but was minimally altered by diathermy
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Figure 33.5 Cerebral blood flow (CBF) was assessed using [14C]iodoantipyrine autoradiography 1 hour

after MCAO by either intraluminal thread or diathermy. The autoradiographic technique was

modified in order to optimize measurement of low CBF in white matter. Autoradiographic

measurements were made in a number of white matter tracts ipsilateral and contralateral to

the occluded MCA. There were marked differences between the two models in the

distribution and severity of white matter tract ischemia. This corresponds to differences in

the distribution of axonal pathology, assessed by APP immunostaining in separate groups of

animals 24 hours after MCAO by either method. Data are meanSEM CBF study: thread

model n�6; diathermy model n�5. APP study: thread model n�6; diathermy model n�6.



occlusion. In subcortical white matter (external capsule and cingulum) CBF was

reduced to a similar extent with both methods of occlusion. In both models of

MCAO the reduction in CBF was greater in the external capsule than in the cingu-

lum. MCAO produced widespread reductions in CBF in gray matter regions, the

locations of which differed according to the mode of occlusion. Blood flow in the

nucleus accumbens, globus pallidus and hypothalamus was significantly reduced by

intraluminal thread occlusion but not with diathermy occlusion. In the caudate

nucleus (with its extensive permeating white matter tracts), diathermy occlusion

produced more severe reductions in CBF than did intraluminal thread occlusion.

The difference between the two models of focal ischemia in the location and

severity of white matter ischemia and associated axonal tract damage has signifi-

cant implications for anti-ischemic drug development. Drug-induced reductions

in the volume of neuronal perikaryal damage are increasingly viewed as insufficient

alone to warrant clinical assessment [39]. Improvement in subtle behaviors in

animals after drug treatment is increasingly viewed as necessary additional support

for evaluations of agents in human stroke and head injury. While the choice of rat

models of focal cerebral ischemia (intraluminal thread or diathermy) has only

rarely impacted on anti-ischemic drug development when the end-point was

volume of neuronal perikaryal damage, the present data suggest that, after focal

ischemia in the rat, the functional deficits and their modification by pharmacolog-

ical intervention may be highly model dependent.

Conclusion

From the perspective of functional recovery (the end-point of most clinical trials

in stroke and head injury) it is axiomatic that all cell types and cellular components,

not solely neuronal perikarya, should be protected. Irrespective of the outcome of

the neuroprotective trials that will report over the next few years, the refocusing of

the pharmacology of cerebral ischemia from selective protection of gray matter

toward total brain protection is timely. Pharmacological approaches that also

protect white matter in ischemia provide therapies that would be both additional,

were current clinical trials of neuroprotection to succeed, and alternative, were

current trials to fail, to existing therapeutic approaches.
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Combining neuroprotection with
thrombolysis: how to translate laboratory
success to our clinical trials

James Grotta
Department of Neurology, University of Texas-Houston Medical School, Houston, TX

Introduction

My assignment in this book highlighting the cutting edge in the battle against

stroke in the experimental laboratory is to describe how the results of this research

might be translated into positive results in a clinical experiment. I want to empha-

size that what we need to carry out in the laboratory and at the bedside are both

experiments. To date, many such experiments have been positive in the laboratory,

but most have been negative at the bedside. What have we learned from these expe-

riences? It is logical to me that at the bedside we need to emulate the conditions

under which the laboratory experiment turns out positive; in other words, we need

to do the “rat experiment” in humans. Those clinical studies that have adhered to

this dictum, such as tests of recombinant tissue plasminogen activator (rtPA) [1]

and ancrod [2] given within 3 hours of stroke onset, and of prourokinase given only

to patients with documented middle cerebral artery occlusion (MCAO) [3], have

been the only positive clinical trials to date.

Figure 34.1 depicts the general design of the rat transient MCAO model that is

most often used to test neuroprotective drugs, which are the focus of this chapter.

It also depicts the general design of the sort of clinical trial that I postulate must be

done to get positive results with such a drug in stroke patients. There are four main

areas where clinical trials have departed most from this model. In rats, we take pains

to produce lesions of standardized severity and location with small variability in

order to better detect a treatment effect, we start our evaluations giving the drug

soon after the onset of stroke and then determine how long we can wait and still see

the effect, we use models of temporary rather than permanent middle cerebral

artery occlusion, and we increase the dose of the drug until we see a therapeutic

effect.

416



These factors, all of which must be addressed in the design of future clinical

trials, are listed in Table 34.1 along with one other important point. We need to find

drugs or drug combinations in the laboratory that are substantially more potent

than those that have failed in clinical trials. I will discuss each of these points in

more detail.

Standardize stroke severity

Logically, the outcome after stroke is closely related to its initial severity. In animal

models, the deeper the degree of ischemia, and the longer it lasts, the worse the

outcome measured either histologically or functionally [4]. In animal models, the

depth of ischemia can be adjusted according to the number of vessels occluded and

the location of the occlusion, and the duration of ischemia can be adjusted by
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Figure 34.1 Proposed algorithm for studying neuroprotective drugs in laboratory animals and human

stroke patients. RX, drug; tPA, tissue plasminogen activator; MRI, magnetic resonance

imaging; c/w, compare with.

Table 34.1. Issues in study design

1. Comparable stroke severity

2. Time

3. With thrombolysis

4. Dose

5. Potency combinations



reversing the arterial occlusion after a prespecified interval. Stroke severity also

varies according to the location of the infarct, i.e., cortex or striatum, and rat strain,

age and gender. Therefore, when designing an experimental evaluation of a drug in

the laboratory, researchers will carefully standardize the severity of the stroke by

subjecting both the treatment and vehicle groups to the same duration of ischemia

and by using the same model in the same strain, age and gender of rat.

There are two reasons why standardizing stroke severity is important in these

experiments. Both relate to optimizing the ability to see a treatment effect between

the drug and vehicle groups if one exists. If stroke severity is too great, then animals

die whether or not they receive treatment. If severity is too mild, there is a “floor”

effect, where the functional deficit cannot be detected or the lesion is so small that

any differences between treatment groups would be tiny. Second, if by chance the

distribution of initial severity of the stroke varies between the treatment groups,

the effect of this imbalance could be much greater than any effect of the treatment,

leading to false negative or positive results.

Attempts to standardize the severity of strokes in patients randomized into clin-

ical trials is important for the same reasons. The severity of stroke is reflected in the

neurological examination, quantified for instance in the National Institutes of

Health Stroke Scale (NIHSS) [5]. In most clinical studies, the baseline NIHSS is

clearly the most important variable predicting outcome [6]. Early studies made

little attempt to achieve standardization of stroke severity, using long time windows

for treatment, and broad inclusion and few exclusion criteria [7]. Many trials that

included very severely affected patients were stopped, perhaps prematurely,

because of high mortality in one or both groups [8]. Others arrived at equivocal or

misleading results because of imbalances in the distribution of stroke severity

between the groups [9]. This led to attempts to find differences in subgroups based

on a segment of patients with NIHSS scores matched along the severity continuum.

But since these were always post hoc analyses based on small numbers of patients,

they were usually misleading. Recent studies have made more of an attempt to

achieve standardization of stroke severity by using low and high NIHSS cutoffs

[10], by trying to select patients with signs of cortical damage on the NIHSS [11],

and by ensuring that treatment groups are matched in distribution of NIHSS

scores. However, the NIHSS is not a precise reflection of what is going on at the

tissue level.

Might our stroke standardization be better accomplished by assessing tissue

viability? This notion creates a dilemma. Just as in animal models, stroke severity

should optimally be standardized by standardizing the depth of ischemia and its

effect on the viability of the brain tissue at risk, and by including patients only

within a very narrow time window (duration of arterial occlusion). The dilemma

is that our ability to determine the state of tissue viability is still inexact, not avail-
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able in many centers, and, most importantly, takes time. The most successful clin-

ical strategy so far, as will be described later, is to include patients with only a brief

(�3 hours) duration of ischemia. Keeping the time-to-treatment (TTT) brief may

itself help to standardize the severity of stroke, since all patients would have ische-

mia of relatively brief duration and consequently most would probably still have

some reversibly damaged tissue. But adhering to a very narrow time window does

not allow for ancillary tests to determine the depth of ischemia or tissue viability.

Emerging technology may provide an imaging tool to enable us to identify sal-

vageable tissue. Such a test has, up to now, been the elusive “Holy Grail” of diag-

nostic studies for stroke. Initially, clinicians used measurements of cerebral blood

flow to establish the profundity of ischemia, but these methods had many disad-

vantages. Either they lacked regional or quantitative information, or they were

invasive [12]. The only method of measuring cerebral blood flow in the acute

setting that is still in use is xenon-enhanced computed tomography (CT) [13]. The

consensus of most investigators is that the future of stroke standardization rests

with magnetic resonance imaging (MRI) technology [14]. The details of how to

determine tissue viability by MRI in the acute stroke setting are still uncertain, but

probably rest in some correlation between diffusion and perfusion imaging [15].

Furthermore, just as in rats, we measure the ability of a therapy to reduce infarct

volume, and MRI may help us to compare the effect of drugs on the volume of

tissue at risk that goes on to infarction. These studies are now being embodied into

clinical trials. Attempts will be made to see whether a certain MRI profile can help

to identify those patients with the severity of damage that is best targeted by neuro-

protective therapy, and can help to measure the effect of such therapy on eventual

infarction size.

Another variable affecting severity of stroke in rats that has not been controlled

in most human studies is the number of occluded vessels, which obviously affects

the depth and location of ischemia. Only one study, the PROACT trial of an intra-

arterially administered thrombolytic [3], was designed to limit the patients

enrolled to only those who had one type of vascular lesion. The study was limited

only to patients with documented MCAO of less than 6 hours’ duration. The results

were positive, again reflecting the wisdom of designing clinical studies to closely

emulate what we do in animals. Non-invasive techniques such as transcranial ultra-

sound, magnetic resonance angiography or contrast-enhanced CT angiography

may help us to standardize patients enrolled into future trials by quantifying and

localizing the offending arterial occlusion [16].

Finally, depending on the proposed mechanism of action of the drug, we place

our laboratory stroke lesions either in the cortex, striatum, or both. Although there

is proportionately much less white matter in rodents than in humans, striatal

lesions involve more white matter damage than do cortical strokes (Figure 34.2).
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Many drugs work less well in the striatum [17], not only because the depth of blood

flow reduction may be greater in the striatum, but also because the drug may have

an effect on neurotransmitters or receptors that are present only on neuronal cell

bodies. In testing such drugs in humans, we need to enrich the proportion of cor-

tical strokes. This can be done to some extent by including only patients with cor-

tical abnormalities on their NIHSS [11], but would be far more exact if MRI could

be incorporated into the screening process.

In summary, for now we need to standardize the types of stroke we try to treat

in clinical trials by controlling the TTT, range and distribution of the NIHSS score,

and exclusion of very aged patients. In the future, we need to learn how to utilize

MRI to detect those patients with viable tissue at risk (and to help to measure

outcome). Finally, we might want to limit our trials to those with certain patterns

of arterial occlusion likely to produce cortical lesions amenable to our neuropro-

tective therapies.
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Time to treatment

In assessing the effect of a drug in the laboratory, two variables are adjusted, the

TTT and the drug dose. As mentioned in the previous section, other variables are

held constant. Seeing a gradual decrease in effect on outcome as TTT increases and

an enhancing effect as the dose increases, are basic findings that confirm a phar-

macological effect on the mechanism causing the stroke. I will discuss dose later. In

the laboratory, the investigator always starts with a brief TTT and then gradually

prolongs it until an effect is no longer seen [18]. This is just the opposite of what

has been done in almost all clinical studies.

Researchers in the field of neuroprotection might learn important lessons by

comparing results in the laboratory with clinical studies that use thrombolysis to

achieve tissue reperfusion in stroke patients. In the laboratory, brain tissue must be

reperfused within 2 to 4 hours, depending on the model, to see a reduction of

infarct size as compared with animals with permanent occlusion [19]. Clinical

studies using intravenous rtPA begun within 3 hours showed a positive effect [1],

with more benefit associated with earlier treatment within that window. If begun

after 3 hours, rtPA had little or no benefit [20], though many investigators believe

there may be some benefit in selected patients. Considering that it takes 30 to 90

minutes for a clot to dissolve after beginning intravenous rtPA therapy, the TTT for

reperfusion in clinical studies correlates very nicely with what has been found in

laboratory models (Figure 34.3). Similar laboratory results have been seen with

neuroprotective drugs.

Preclinical studies have shown that all neuroprotective drugs are less effective the

later they are given, and most are ineffective if started more than 2 to 4 hours after

the onset of ischemia. Yet no clinical trial has yet included enough patients within

that 4 hour time window to reach any conclusions about efficacy. The rtPA inves-

tigators have shown that it is possible to treat patients and conduct a randomized

placebo-controlled trial within this narrow TTT. Obviously, however, such a brief

time window will limit the number of patients that can be treated. Seduced by

imaging studies reporting “penumbral” tissue more than 6 hours after stroke onset

[21], pharmaceutical companies, naturally interested in establishing the largest

market for their drug, have abandoned the laboratory data and extended the TTT

in most studies to 6 hours or more.

In summary, further clinical testing of neuroprotective agents should follow the

example of preclinical laboratory studies and positive clinical trials of thromboly-

sis. Design the first efficacy experiments with very early treatment, and then work

outward in prolonging the TTT. This might be a second arm of the initial study, or

a separate trial, and positive results with delayed therapy might be more likely if
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selection of patients is based on imaging evidence of continued reversibly injured

tissue. Finally, there are fewer risks associated with most neuroprotective drugs

than with thrombolytics, and they might be useful in a wider spectrum of patients.

Therefore, the market may be considerably larger than that of rtPA even if the drug

is only effective if given in the first few hours.

Combine neuroprotection with reperfusion

Another lesson from laboratory stroke models is that neuroprotective therapy is

generally more effective if given to animals with reversible rather than permanent

arterial occlusion [22]. One reason for this is obvious. For a neuroprotective drug

to work, it must reach the injured tissue. The fastest, safest and most convenient

way to get a drug to the brain in a stroke patient is by iv infusion. An occluded

artery would not allow as much blood flow into the injured region as would one

that is opened. Consequently, drug delivery to the target would be greater if reper-

fusion of the injured tissue occurred either before or at the same time as the drug

is given.

An occluded artery that is opened within a certain time frame is likely to produce

quantitatively less severe injury than one that is left blocked. As mentioned in the

first two sections, the depth of ischemia and its duration largely determine the fate

of the tissue. By lessening both of these variables, reperfusion models therefore
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probably produce a proportionately larger area of sublethal and reversible tissue

damage.

In fact, it is possible that the type of tissue injury associated with reperfusion may

be qualitatively different from what occurs with permanent occlusion. Reperfusion

is associated with tissue reoxygenation producing free radicals that attack a variety

of cellular components. It is also associated with excitotoxicity after a second wave

of glutamate release. Early reperfusion may allow protein synthesis to continue or

restart, leading to the manufacture of proteins necessary to initiate an inflamma-

tory response and apoptosis. These mechanisms might be quite amenable to rever-

sal by neuroprotective drugs.

Laboratory studies support the existence of such “reperfusion injury” [23], a

mechanism also seen with cardiac ischemia and organ transplantation. In rats, we

are able to show in several models that if the artery is opened, it actually produces

more damage than if it were left occluded. This is seen in models of moderate sever-

ity; it is not seen after deep ischemia as occurs with arterial occlusion in spontane-

ously hypertensive rats. We have also found that neuroprotective drugs, especially

those that attack free radicals, inhibit protein synthesis, reduce inflammation, or

prevent apoptosis, are particularly effective, reducing the final infarct size by up to

80%.

Is it possible to design a study combining reperfusion and neuroprotection?

Thrombolytic therapy with iv rtPA, according to established guidelines, is asso-

ciated with at least partial recanalization in up to 70% of cases, and has been shown

to increase tissue reperfusion. Even better, intra-arterial administration of a lytic

drug is associated with at least partial recanalization in 80% of occluded MCAs, and

provides the advantage of possible direct administration of the neuroprotectant

through the arterial catheter into the arterial blood perfusing the injured tissue.

Therefore combining the neuroprotective drug with thrombolytic therapy can

recreate the setting of reperfusion in which neuroprotection is most effective in the

laboratory.

It might be difficult to randomize patients to an investigational neuroprotective

drug while at the same time determining eligibility for thrombolysis and adminis-

tering both within 3 hours of symptom onset. However, this can be done. In a

recent safety study of lubeluzole combined with rtPA [24], all patients received iv

rtPA within 3 hours of stroke onset and were begun on the study drug within 1 hour

of starting rtPA, on average 3.3 hours after stroke onset (Figure 34.4). Furthermore,

patients were enrolled at a rate of more than 0.5 patients per month.

In summary, reperfusion is the best setting to see the beneficial effect of neuro-

protection in the laboratory. Concomitant administration of a neuroprotec-

tive drug with a thrombolytic agent can reproduce this paradigm in the clinical

arena.
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Dose

Whether the artery is open or not, a sufficient amount of drug must reach the

injured region to have the desired biological effect. Unfortunately, this has not been

achieved in many clinical trials.

Side effects have been the Achilles’ heel limiting the doses of neuroprotective

drugs given to stroke patients. Many side effects seen in humans, such as mild hypo-

tension, sedation and other behavioral effects can be hard to detect or do not occur

in a rat. Consequently, with many drugs it is possible to dose rats until a “ceiling”

is reached where no larger amount produces benefit. This is not the case with

humans. Recent stroke victims seem particularly vulnerable to cardiovascular or

sedative effects of a drug [7,25]. Perhaps because of a disrupted blood–brain barrier

and consequently more tissue bioavailability of the drug in the stroke patient than

with the same dose in normal volunteers, stroke patients often have drug reactions

not predicted by phase I studies in normal volunteers. Also, for any given drug there

may be different rates of absorption, metabolic pathways or rates, tissue uptake

mechanisms, receptor availability and other biological differences between species.

These considerations make it difficult to translate the blood levels we can achieve

in rats, and even in normal human volunteers, to those we can expect to reach safely

in our acute stroke patients.

Even with drugs where side effects do not limit the dose, many trials have used

the minimal effective dose or blood level from preclinical studies when choosing

the dose or target blood level for stroke patients [26]. Then, when the pivotal effi-

cacy trial is carried out, it is determined that lower blood levels were achieved than

expected and most patients were therefore not exposed to a potentially therapeutic

amount of drug.
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In designing a clinical neuroprotective trial, it would seem logical to always begin

with a dose escalation study (with blood level correlation) in stroke patients similar

to those you intend to include in the pivotal trial. The highest tolerable dose should

then be chosen for the pivotal trial. Ideally, the next step would be to demonstrate

that the dose chosen is able to achieve a measurably beneficial effect on the target

biological process. An example would be to demonstrate that the dose of thombo-

lytic drug to be used in a study is able to lyse the clot in a sample of patients studied

angiographically. Unfortunately, such tests in living stroke patients are not avail-

able for most neuroprotective drugs that have their effect on cellular mechanisms.

In that case, one is forced to rely on the ability to achieve blood levels that are on

the high side of the range that is effective in preclinical animal studies.

In summary, it is likely that effective drugs have been discarded because insuffi-

cient blood levels were achieved in their therapeutic testing in humans. It is also

likely that futile studies, with doses that had little hope of successfully reaching

therapeutic brain levels, have wasted time, money, energy and the cooperation of

our stroke patients. More time should be devoted to pilot studies aimed at deter-

mining the maximal tolerated dose, and detecting whether this has the desired bio-

logical effect and the ability to achieve blood levels clearly in the therapeutic range

determined by preclinical studies.

Finding a more effective drug

Most of the neuroprotective drugs subjected to clinical evaluation have been able

to reduce relative infarct volume and improve behavioral outcome by about 50%

as compared with controls in well-standardized preclinical stroke models. It is pos-

sible that even if we adhere to the principles described in the preceding pages, this

effect is not enough for detection in our stroke patients. Perhaps the biology of

ischemic damage in the rat is so different from that of humans that positive results

in the former cannot be extrapolated to the latter.

I think that a better explanation for our clinical failures, in addition to our failure

to design trials to mimic what has been successful in the laboratory, is that the drugs

we have chosen are too weak. A firm conclusion cannot be made because of weak-

nesses in clinical study design to date. However, based on our inability to translate

preclinical results to the bedside, we probably should no longer move forward with

clinical evaluation of a monotherapy that reduces damage by only 50% in a rat. We

need to find drugs that reduce damage by 80% in these models. This is possible with

some drugs we are now studying in our laboratory [27] (Figure 34.5). Surprisingly,

the most effective agents, particularly in our reperfusion model, are drugs that

affect downstream biological consequences of ischemia such as inflammatory

mechanisms and apoptosis.
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Selecting a drug that affects a single pathway in the process of brain injury after

stroke has scientific and regulatory purity. However, this strategy has proven

ineffective clinically. It is time to look for combinations of drugs that have a

stronger effect. We need to work on the regulatory and financial impediments for

conducting such trials. Regulatory agencies will accept combination trials if the

combination provides more effect than merely a summation of the effect of each

drug alone. An example of such is our interesting finding that while caffeine has
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Figure 34.5 Comparison of the effect of various neuroprotective drugs in a reperfusion injury model in

rat. Long–Evans rats were subjected to 180 minutes of reversible MCA/common carotid

artery (CCA) occlusion followed by 24 hours of reperfusion, which leads to larger

infarction than if the MCA is left permanently occluded [23]. All treatments were given

intravenously unless otherwise noted, and begun 15 minutes after the onset of MCAO.

y-axis is infarct volume measured as percentage of control group. * Statistically

significantly different from control. C�E,caffeine and ethanol; PBN, N-tert-butyl-alpha-

phenylnitrone; IL-1Ra, interleukin-1 receptor antagonist; ICV,intracerebroventricular;

DCLHb, diaspirin cross-linked hemoglobin; PO, orally.



little effect on stroke outcome, and ethanol makes it worse, a combination of low

doses given acutely to naïve rats is more effective than any monotherapy we have

yet evaluated in our reperfusion model [18] (Figures 34.5 and 34.6). The stroke

research community will need to be even more creative in designing and finding

funding for such a combination trial. However, stroke is a huge public health

problem. If finding a potent and safe combination therapy is the only way that

neuroprotection will work, I am optimistic that eventually funding agencies and

industry will support this approach.

Conclusion

In summary, current approaches to neuroprotection have succeeded in the labora-

tory but not at the bedside. To succeed, clinicians need better trial designs to reflect

the conditions under which drugs work in the laboratory, and basic researchers

need to discover more potent and safe therapies than those that have already been

tried at the bedside.
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Figure 34.6 Infarct volumeSD (mm3) following 180 minutes of unilateral MCAO/common carotid

artery occlusion in Long–Evans rats after an iv bolus plus infusion that delivered a total of

0.65 g ethanol/kg (10% solution) plus 10 mg caffeine/kg initiated 30, 60, 90, 120, and

180 minutes after induction of ischemia vs. saline control. Caffeine and ethanol were

dissolved in 3 ml of saline; 0.5 ml was injected as a bolus and then the remaining 2.5 ml

as a continuous infusion over 2.5 hours. *Statistically different (P�0.05) from saline-

treated (control) group. Numbers in parentheses represent numbers of animals per

group.



REFERENCES

1 The National Institute of Neurological Disorders and Stroke rtPA Stroke Study Group (1995)

Tissue plasminogen activator for acute ischemic stroke. New England Journal of Medicine, 333,

1581–7.

2 Sherman DG, Atkinson RP, Chippendale T, Levin KA, Ng K, Futrell N, Hsu CY & Levy DE,

for the STAT Participants (2000) Intravenous ancrod for treatment of acute ischemic stroke:

the STAT Study: a randomized controlled trial. Journal of the American Medical Association,

283, 2395–403.

3 Furlan A, Higashida R, Wechsler L, Gent M, Rowley H, Kase C, Pessin M, Ahuja A, Callahan

F, Clark WM, Silver F & Rivera F, for the PROACT Investigators (1999) Intra-arterial prouro-

kinase for acute ischemic stroke. The PROACT II Study: a randomized controlled trial.

Journal of the American Medical Association, 282, 2003–11.

4 Jones TH, Morawetz RB, Crowell RM, Marcoux FW, FitzGibbon SJ, DeGirolami U &

Ojemann RG (1981) Thresholds of focal cerebral ischemia in awake monkeys. Journal of

Neurosurgery, 54, 773–82.

5 Lyden P, Brott T, Tilley B, Welch KMA, Mascha EJ, Levine S, Haley EC, Grotta J, Marler J &

the NINDS TPA Stroke Study Group (1994) Improved reliability of the NIH Stroke Scale

using video training. Stroke, 25, 2220–6.

6 The NINDS t-PA Stroke Study Group (1997) Generalized efficacy of t-PA for acute stroke:

subgroup analysis of the NINDS t-PA stroke trial. Stroke, 28, 2119–25.

7 The American Nimodipine Study Group (1992) Clinical trial of nimodipine in acute ischemic

stroke. Stroke, 23, 3–8.

8 Hemodilution in Stroke Study Group (1989) Hypervolemic hemodilution treatment of

acute stroke. Results of a randomized multicenter trial using pentastarch. Stroke, 20, 

317–23.

9 Albers GW, Alberts MJ, Broderick JP, Lyden PD & Sacco RL (2000) Recent advances in stroke

management. Stroke and Cerebrovascular Disease, 9, 95–105.

10 Davis SM, Lees KR, Albers GW, Diener HC, Markabi S, Karlsson G & Norris J, for the ASSIST

Investigators (2000) Selfotel in acute ischemic stroke: possible neurotoxic effects of an NMDA

antagonist. Stroke, 31, 347–54.

11 Gribkoff VK, Starrett JE, Hewawasam P, Dworetzy SK, Ortiz AA, Kinney GG, Boissard CG,

Post-Munson DJ, Trojnacki JT, Huston KM, Signor LJ, Lombardo LA, Reid SA, Hibbard JR,

Myers RA, Moon SL, Yeleswaram S, Pajor LM, Johnson G & Molinoff PB (2000) A novel

maxi-K potassium channel opener, BMS-204352, reduced cortical infarct size in stringent

rodent models of acute focal stroke. Neurology, 54 Suppl 3, A68.

12 Lassen NA (1990) Pathophysiology of brain ischemia as it relates to the therapy of acute

ischemic stroke. Clinical Neuropharmacology, 13, S1.

13 Kaufmann AM, Firlik AD, Fukui MB, Wechsler LR, Jungries CA & Yonas H (1999) Ischemic

core and penumbra in human stroke. Stroke, 30, 93–9.

14 Moseley ME, Kucharczyk J, Mintorovitch J, Cohen Y, Kurhanewicz J, Derugin N, Asgari H &

Norman D (1990) Diffusion-weighted MR imaging of acute stroke: correlation with T2-

428 J. Grotta



weighted and magnetic susceptibility-enhanced MR imaging in cats. American Journal of

Neuroradiology, 1, 423–9.

15 Beaulieu C, de Crespigny A, Tong DC, Moseley ME, Albers GW & Marks MP (1999)

Longitudinal magnetic resonance imaging study of perfusion and diffusion in stroke:

Evolution of lesion volume and correlation with clinical outcome. Annals of Neurology, 46,

568–78.

16 Alexandrov AV, Demchuk AM, Wein TH & Grotta JC (1999) Yield of transcranial Doppler in

acute cerebral ischemia. Stroke, 30, 1604–9.

17 Roussel S, Pinard E & Seylaz J (1992) Effect of MK-801 on focal brain infarction in normo-

tensive and hypertensive rats. Hypertension, 19, 40–6.

18 Strong R, Grotta JC & Aronowski AJ (2000) Combination of low dose ethanol and caffeine

protects brain from damage produced by focal ischemia in rats. Neuropharmacology, 39,

515–22.

19 Kaplan B, Brint S, Tanabe J, Jacewicz M, Wang XJ & Pulsinelli W (1991) Temporal thresholds

for neocortical infarction in rats subjected to reversible focal cerebral ischemia. Stroke, 22,

1032–9.

20 Hacke W, Kaste M, Fieschi C, Toni D, Lesaffre E, von Kummer R, Boysen G, Bluhmki E,

Höxter G, Mahagne M-H & Hennerici M, for the ECASS Study Group (1995) Intravenous

thrombolysis with recombinant tissue plasminogen activator for acute hemispheric stroke.

The European Cooperative Acute Stroke Study (ECASS). Journal of the American Medical

Association, 274, 1017–25.

21 Baron JC, von Kummer R & del Zoppo GJ (1995) Treatment of acute ischemic stroke. Chal-

lenging the concept of a rigid and universal time window. Stroke, 26, 2219–21.

22 Zang RL, Chopp M, Jiang N, Tang WX, Prostak J, Manning AM & Anderson DC (1995) Anti-

intercellular adhesion molecule-1 antibody reduces ischemic cell damage after transient but

not permanent middle cerebral artery occlusion in the Wistar rat. Stroke, 26, 1438–42.

23 Aronowski J, Strong R & Grotta J (1997) Reperfusion injury: demonstration of brain damage

produced by reperfusion after transient focal ischemia in rats. Journal of Cerebral Blood Flow

& Metabolism, 17, 1048–56.

24 Grotta JC (2000) Combination therapy stroke trial: rtPA �/� lubeluzole. Stroke, 31, 278.

25 Davis SM, Albers, GW, Diener HC, Lees KR & Norris J (1997) Termination of acute stroke

studies involving selfotel treatment. Lancet, 349, 32.

26 Grotta J, for the US and Canadian Lubeluzole Ischemic Stroke Study Group (1997)

Lubeluzole treatment of acute ischemic stroke. Stroke, 28, 2338–46.

27 Grotta J (1999) Acute stroke therapy at the millennium: consummating the marriage between

the laboratory and bedside. The Feinberg Lecture. Stroke, 30, 1722–8.

429 Combining neuroprotection with thrombolysis



35

Prospects for improved neuroprotection
trials in stroke

Kennedy R. Lees
University Department of Medicine & Therapeutics, Western Infirmary, Glasgow, Scotland

Introduction

The experimental basis for neuroprotection is well founded. In a range of animal

models of ischemic stroke, drugs acting by a variety of mechanisms can be admin-

istered up to several hours after the ischemic insult and reductions in infarct

volume can be demonstrated. Whilst individual models have their proponents and

their disadvantages, numerous strategies have been sufficiently convincing to

encourage clinical development. Examples of drugs reaching large clinical trials

range from free radical scavengers, �-aminobutyric acid (GABA) agonists and

calcium antagonists, through a range of drugs acting on the glutamate cascade to

precursors of membrane constituents such as citicoline [1–8]. Unfortunately, the

range of drugs and mechanisms that has been tested in the clinic and has so far

failed, exactly parallels the former list (Table 35.1). In most cases, the result has

been neutral but a few drugs had adverse effects that were not anticipated from the

preclinical studies [7,9].

In the face of these disappointments, some pessimism amongst the clinical

researchers would be understandable, but instead a cautious optimism remains.

This is based on sound scientific analysis of the progress that has been made and

the prospects for adjusting the development strategy for future compounds.

Potential reasons for the failure of previous clinical trials have been widely

reviewed [8,10–12]. Most are speculative, but the principles that underlie them

can readily be tested and bear repetition. First, the translation from animal models

to human stroke demands certain assumptions. Rodent brains, in which most

compounds are initially tested, are extremely small and have very little white

matter. Effects that occur at the margin of an infarct in a rodent brain are capable

of reducing infarct volume by large percentages; in contrast, a similar reduction in

infarct diameter in the human brain has a disproportionately smaller effect on

volume. Coupled with this, protection of cortical cells in the human brain without
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preservation of their axonal connections through white matter is unlikely to be

translated into functional benefit [13]. There is increasing evidence that classes of

compounds such as N-methyl--aspartate (NMDA) antagonists, which were

exciting candidate neuroprotective compounds a few years ago, are incapable of

rescuing white matter from ischemic damage [14]. Unfortunately, good animal

models of white matter ischemia have not until recently become available [13].

Recommendations such as those produced by the STAIR group do not presently

include specific testing for brain protection rather than neuroprotection, but the

need to replicate studies in several laboratories in several animal species and to

employ both functional and histological end-points may partially achieve this aim

[15]. It is crucial to realize that reperfusion strategies such as thrombolysis with

alteplase lead to preservation of white matter as well as cortical tissue [13]. Thus

the first conclusion to be drawn is that clinical trials with the many compounds

studied so far have been consistent with the pre-clinical evidence.

A second major criticism of the clinical trials concerns selection of dose. In

animal studies, safety and side effects take second place to efficacy, whereas in clin-

ical trials adequate dosing is often limited by side effects, whether real or perceived.

431 Prospects for improved neuroprotection trials

Table 35.1. Recent large neuroprotection trials

Drug class Drug Status [ref.]

Aminosteroid (free radical scavenger) Tirilazad Abandoned, neutral [1,62]

NMDA glutamate recognition site Selfotel Abandoned, adverse [5,7]

antagonist

NMDA ion channel blocker Aptiganel Abandoned, unpublished data [19]

NMDA polyamine site antagonist Eliprodil Abandoned, unpublished

NMDA glycine site antagonist Gavestinel Completed, neutral [8]

Sodium channel blocker/NOS inhibitor Lubeluzole Completed, neutral [3,4,49]

GABA agonist Clomethiazole Completed, neutral [6]

Anti-ICAM-1 antibody Enlimomab Abandoned, adverse [9]

Membrane precursor Citicoline Completed, neutral

Maxi-K potassium channel opener BMS-204352 Completed, neutral

Nitrone (free radical scavenger) NXY-059 Planned [63]

Physiological Ca2�/NMDA antagonist Magnesium In progress (30,31 and Y. Yang et al.,

unpublished data)

Anti-inflammatory (anti-CD11b) Neutrophil inhibitory Planned [64]

factor

Notes:

NMDA, N-methyl--aspartate; NOS, nitric oxide synthase; GABA, �-aminobutyric acid; ICAM,

intercellular adhesion molecule.



For example, the competitive glutamate receptor antagonist selfotel was neuropro-

tective in rats at plasma concentrations of approximately 40 µg/ml. In stroke

patients, plasma concentrations of 21 µg/ml were achieved at the doses used for

efficacy trials [7,16,17]. Higher doses were associated with intolerable psychoto-

mimetic and sedative effects [17]. Likewise, plasma concentrations of aptiganel that

could be achieved in humans were on the threshold of adequate neuroprotection

based on extrapolation from animal models [18,19]. A relatively small phase II trial

with lubeluzole showed possible increases in mortality as compared with placebo

with a 20 mg dose in stroke patients and an apparent reduction in mortality with

10 mg [4]. The lower dose was taken forward into phase III trials [3,4]. On the basis

of plasma concentration data, the lower of these doses attains approximately half

of the concentration that was associated with neuroprotection when the drug was

given very early after permanent middle cerebral artery occlusion in the rat. A

retrospective concentration–response analysis supports the hypothesis that the

dose used in the phase III trials may have been insufficient [20].

Preferable approaches to dose selection involve selection of a target plasma, or

preferably brain, concentration based on preclinical studies, which can be used as

a decision point for clinical development. If that target concentration cannot be

achieved or exceeded without intolerable side effects, then development of the

compound should cease. Where concentration data are not available to guide

dosing, a surrogate marker of pharmacological effect may be considered.

This approach places considerable reliance on extrapolation from the animal

models and assumes that protein binding in plasma, penetration into the brain and

the time course of the brain pharmacokinetics are similar in animals and humans.

These assumptions do not always hold. For example, gavestinel exhibits extensive

plasma protein binding in both rats and humans, but the free fraction is so small

at under 1% in the rat and under 0.1% in humans that at least a 10-fold difference

in free drug concentrations will exist between the species [21]. The target concen-

tration approach also has disadvantages if the dose–response relationship for the

drug is not monotonic, i.e., if high doses of the drug are associated with some loss

of efficacy as compared with moderate doses. This may conceivably occur when the

drug has hemodynamic effects at higher doses, which may offset potential neuro-

protective benefits: this may be why elderly females receiving lifarizine appeared to

fare poorly compared with a trend toward benefit in other groups [22]. An attempt

to achieve a maximum tolerated dose that exceeds a target concentration may

unnecessarily lead to failure. Clearly, what is required is an approach that selects the

dose based on therapeutic response in humans, provided that there is prima facie

evidence that potentially neuroprotective concentrations are being achieved.

The traditional approach to dose finding involves dose escalation studies in small

groups of patients until the maximum tolerated dose has been identified and then
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an arbitrary selection of doses for further study. The subsequent trial is often

underpowered to detect a drug effect, let alone differences between doses, and the

resultant choice of dose for phase III efficacy studies is better suited to the casino

than the clinic. Fortunately, this may now be a relic of the past.

One of the most exciting recent developments in stroke trial design has been the

attempt to select doses based on an adaptive randomization design. With this

approach, modern technology, established principles of clinical pharmacology and

a statistical technique developed by the Reverend Bayes in the 18th century are

combined [23]. In summary, a small number of patients is studied at each of a wide

range of potentially interesting doses. The patients’ therapeutic responses are

assessed and are compared with the expected response based on previous experi-

ence and on the outcome of patients receiving placebo. Trends toward benefit at

particular doses are then explored further by allowing the outcome information to

interact with the randomization procedure in a way favoring allocation of doses

that appear to be producing therapeutic benefit. In this manner, the number of

patients treated at ineffective doses is minimized. The ultimate aims are to identify

the dose that is associated with 95% of maximal therapeutic benefit and to recog-

nize the earliest stage in the trial at which that dose becomes apparent. Whilst this

approach will not necessarily reach a conclusion with a smaller number of patients

than traditional trials, it optimizes the choice of dose, and the decision on progres-

sion to phase III is based on hard facts rather than soft impressions. It also max-

imizes the information that can be obtained from individual patients participating

in phase II trials and is thus ethically attractive.

A third criticism of existing trial methodology continues the theme of maximiz-

ing contributions. Unfortunately, many patients who are entered into clinical trials

have a small chance of contributing useful information to the result. This may be

because the outcome measure is one that can only realistically be achieved by

patients with moderate severity of initial stroke. Severely affected patients are

unlikely to improve sufficiently to attain the target outcome measure, for example

a Barthel Index score of 95 or 100. In contrast, mildly affected patients will almost

inevitably recover to this degree whether or not they receive a neuroprotective

treatment. Other patients will fail to contribute because they are treated too late for

the drug to have realistic benefit or because the stroke type, location or etiology is

one that is not appropriate for the mechanism of action of the drug. Some hints

that this may have clinical relevance derive from the CLASS Study of clomethiazole

[6]. Within the phase III trial, there was an overall neutral effect of clomethiazole

but, within the subgroup of patients with large middle cerebral artery infarcts, a

trend toward benefit with clomethiazole was seen. Clearly, this may be purely a

chance result from subgroup analysis but, in the light of experimental data that

suggest that the penumbra is primarily present in large cortical infarcts and that
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some neuroprotectants operate primarily in the cortical region, there is a reason-

able case to test the hypothesis further. Accordingly, a further CLASS trial is nearing

completion, in which patients with large cortical infarcts are specifically targeted.

This move toward enrichment of the population under study reverses a trend

that had been led by the marketing departments of pharmaceutical companies. A

major disadvantage of thrombolysis relates to the small target population of

patients with proven ischemic stroke who seek medical assistance less than 3 hours

from onset [24]. It was assumed that to be commercially viable a neuroprotectant

should be suitable for widespread use, i.e., without the need for cerebral imaging

and at later times from stroke onset. Whilst this certainly is an attractive scenario,

it is first necessary to prove that the drug has therapeutic benefit. The difficulties in

establishing this fact must take priority over marketing considerations. Thus every

practical strategy that can be used to select patients in whom a favorable drug effect

may be demonstrated should be employed. Strategies include: selection according

to time from stroke onset on the premise that benefit decays as the time elapsed

increases [25]; selection of patients with ischemic stroke on the grounds that, whilst

the penumbra may be present around a primary cerebral hemorrhage, this is not

the primary determinant of outcome; and for most neuroprotectants, selection of

patients who have involvement of the cortex may be justified. In addition, depend-

ing on the end-points selected it may be sensible to restrict recruitment to patients

within a certain range of stroke severity though the interaction of stroke severity

with age must not be ignored. There has also been considerable interest in imaging

studies to aid patient selection [26,27].

The presence of a large perfusion deficit on magnetic resonance (MR) perfusion

imaging that is not matched by a large deficit on a diffusion-weighted scan, taken

to represent tissue already infarcting, is a theoretically attractive means of selecting

patients. It does, however, suffer from practical hurdles in arranging complex scans

around the clock in acutely ill patients. These difficulties can be overcome, as illus-

trated by the GAIN trials [8,28,29]. Between the two phase III clinical studies with

gavestinel, GAIN International and GAIN Americas, there were over 300 centers

recruiting approximately 3400 patients, with 2700 being eligible for the primary

efficacy analysis. A subset of 20% of these centers participated in GAIN MR

imaging (MRI) and were able to consider 5% of the total patients, with 3% com-

pleting the MRI trial. This final number is approximately half of that currently con-

sidered appropriate for a reasonably powered MRI trial, where the end-point is

based on comparison of final infarct volume with initial imaging features. The cost

of this trial was probably approximately 5% of the cost of the large clinical studies

and thus a potential financial saving is possible at the expense of slower recruit-

ment. The number of centers capable of undertaking acute MRI studies is steadily

increasing and this approach is becoming more realistic for each subsequent trial.
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Another possible approach that combines clinical and imaging criteria has not

yet been fully evaluated. Diffusion-weighted imaging is relatively simple to perform

on most clinically available MRI scanners. By contrast, perfusion-weighted

imaging requires more complex software, higher field strengths and careful atten-

tion to injection technique. There are reasonable grounds for supposing that the

clinical presentation of the patient will parallel the perfusion deficit that is still

present and thus reasonable cause to assume that a mismatch between the clinical

deficit and the diffusion-weighted image may be a suitable substitute for perfu-

sion/diffusion mismatch.

Whilst time from stroke onset is a critical factor that will determine neuropro-

tective efficacy, the useful time window calculated from thrombolysis studies is not

necessarily applicable to neuroprotection. The utility of a drug depends on its ther-

apeutic benefit and the degree to which this is offset by adverse effects, i.e., harm

(Figure 35.1). Whilst therapeutic benefit is probably greatest when the drug is

administered early after onset of ischemia and then decays exponentially, harm may

be a constant negative factor or may even increase as time from stroke onset elapses.

For example, a drug that carries a small risk of an idiosyncratic allergic response is

likely to produce this effect regardless of the time at which the drug is administered

relative to stroke onset. In contrast, a drug that promotes intracerebral bleeding

may be relatively safe at times when spontaneous hemorrhagic transformation is

unlikely, e.g., within the first hour or two of stroke onset, but may be much more

dangerous later when spontaneous transformation is occurring with a higher fre-

quency. It is therefore conceivable that thrombolytic therapy will have utility only

in the early hours after stroke onset, whereas a neuroprotectant drug with an
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Figure 35.1 Utility of acute stroke treatment is a function of therapeutic benefit less harm, vs. time

from stroke onset; and the therapeutic window for a drug thus depends on the extent of

benefit, the potential for harmful effects and the time at which utility function crosses the

abscissa. AE, adverse effect.



excellent safety profile may continue to have a diminishing but still useful benefit

several hours later. This is one of the reasons that the international IMAGES trial is

testing magnesium not only within the first 6 hours but also within a group of

patients treated between 6 and 12 hours after stroke onset [30,31]. Magnesium is

neuroprotective in a range of animal models of cerebral ischemia, including models

of white matter injury, it rapidly penetrates the brain in humans and has an excel-

lent safety profile in elderly patients with cardiovascular disease, as evidenced by

the ISIS-4 trial [32–48] (Y. Yang, Q. Li, F. Ahmad, A. Shuaib, unpublished data). Its

low price and simplicity mean that even a small benefit would be highly cost effec-

tive and its safety profile suggests that it could readily be administered by less expe-

rienced health care workers including paramedical staff.

Selection criteria for trials are inevitably closely linked with the intended primary

end-point. The strategy of excluding patients with mild or severe stroke could be

taken to extreme, if the optimal population for a traditional end-point were to be

chosen. Thus, if the measure of success within a trial is defined as the proportion

of patients reaching a Barthel Index score of 95 to 100, or a Rankin Scale score of 0

to 1, then patients with moderate or severe stroke should all be excluded, along with

very mildly affected patients. This dichotomization of functional scores is robust

but relatively insensitive to change. Alternative choices of end-point are now being

explored. These include stratified responses, where improvements are measured on

a neurological score such as the National Institutes of Health Stroke Scale, and

“success” requires a greater improvement for severely affected rather than mildly

affected patients. Other trials have used dual measures of success: the GAIN trials

employed a trichotomy analysis, with Barthel split 95 to 100, 60 to 90 and 0 to 55

[8].

A fifth criticism of existing clinical trials relates to confounding issues. There are

numerous examples of phase II trials involving small numbers of patients, in which

randomization has left important imbalances in prognostic variables between the

treatment groups [17,48,49]. Such differences are likely to account for the appar-

ent adverse effects of the higher dose and beneficial effects of the lower dose in the

phase II study with lubeluzole [49]. They are also likely to account for the almost

statistically significant trend in favor of placebo treatment within the overview of

gavestinel phase II studies [50]. The neutral effect of gavestinel in most of the phase

II studies [50] that was confirmed by both GAIN International [8] and GAIN

Americas [29] was in striking contrast to the poorer outcome with gavestinel in the

GAIN European phase II trial [48]. In this trial, death and disability occurred in 60

out of 86 patients treated with gavestinel vs. 14 out of 42 treated with the control.

There were substantial imbalances in the baseline stroke severity and in the propor-

tion of patients with primary intracerebral hemorrhage in the gavestinel vs. the

control groups. The lesson was learned from these phase II trials, and GAIN
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International used stratified randomization based on age and stroke severity, with

the result that a near-perfect balance in prognostic variables was achieved. This led

to a result of the trial that was considered unequivocal, though disappointingly

neutral [8].

Stratification is suitable for controlling a limited number of variables, but block

sizes become too small if multiple variables are involved, and treatment packaging

and supply issues become a problem. Adaptive randomization can be used instead.

This is a form of minimization in which a computer algorithm allocates patients to

receive placebo or active treatment in a random manner, with adjustment accord-

ing to the available prognostic information [51]. The algorithm may adjust on 12

or more factors simultaneously, ensuring that not only are individual factors bal-

anced but that interactions between factors may also be considered. This approach

improves study power as compared with simple stratification on only four factors,

equivalent to a sample size increase of 8%, but more importantly assures that the

result will not be confounded by a predictable flaw [52].

Other features that have not yet been adequately controlled within clinical trials

include issues such as the approach to management of hypertension or hypoten-

sion [53–57], the management of blood sugar (which is strongly associated with

outcome) [58,59] and pyrexia/infection, which again is profoundly associated with

infarct volume in preclinical studies [60,61]. The likely effect of these variables,

which in some cases may double mortality, would easily outweigh the therapeutic

benefit that we are seeking with neuroprotective drugs. Perhaps it is salutary that

the one trial that controlled blood pressure, albeit on an empirical basis, was the

only trial to demonstrate significant improvement in functional outcome [24,55].

Certainly, protocols for clinical trials should stipulate that complications poten-

tially caused by the drug under study must be actively managed. There are exam-

ples of adverse events occurring in patients participating in trials that have led to

withdrawal of the patient from the trial and a Do Not Resuscitate order, at a stage

when side effects of the drug may still be responsible (K.R.L., unpublished obser-

vation). Since some neuroprotectants have proven sedative or have psychotomi-

metic effects that can mimic stroke progression, this clearly is inappropriate. The

glutamate receptor antagonist selfotel was associated with an increase in early brain

deaths and development was abandoned [5,7]. Had this early mortality not been

noted, an improvement in final death and disability may have occurred [7]. A

known side effect of selfotel was early sedation with a time course that mimics

stroke progression [17].

In summary, compounds selected for study in future stroke trials will have their

efficacy tested in a range of preclinical models that will include effects on functional

outcome and on white matter ischemia. Target concentrations will be defined on

the basis of animal studies and only compounds that can be dosed to this level will
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reach later stage clinical trials. Modern statistical and modeling techniques will be

used to identify the optimal clinical dose. Clinical trials, at least at the proof of

concept stage, will use enrichment procedures to maximize the proportion of

patients who can contribute to the scientific experiment testing therapeutic efficacy.

Selection features will include time, presence of cortical symptoms and mismatch

of either perfusion/diffusion imaging or between clinical symptoms and diffusion

imaging. Outcome assessment will be based on more than one possible end-point.

These will include growth of lesion assessed by MRI; patient-specific end-points

adjusted according to the initial stroke severity or type; and, where scales such as

the Barthel Index or Rankin Scale are categorized, use of a trichotomy rather than

dichotomy analysis. Finally, greater degrees of control will be used within trials,

involving stratified or adaptive randomization and measures to improve the con-

sistency of management of concomitant medical conditions or complications. So

far, whilst there is increasing evidence that NMDA antagonists may be ineffective in

human stroke, no clinical development program has yet definitively tested its

hypothesis as evidenced by Table 35.2. With these numerous potential improve-

ments in clinical trial design and the improved attention to selection of candidate

molecules, the prospects for identifying a useful neuroprotective drug remain good.
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36

Basic research and stroke therapeutics: what
have we learned?

Justin A. Zivin
Department of Neurosciences, University of California, San Diego, CA

Although there now is a generally accepted method for acute stroke therapy in

patients, we have encountered many problems in developing additional ones in the

last few years. Only one treatment has been unequivocally proven to be beneficial;

thrombolytic therapy with tissue plasminogen activator (tPA) is effective in reduc-

ing neurological damage with adequate safety. Two other clinical trials have also

produced positive results. These were studies of prourokinase, which is also a

thrombolytic, and ancrod, which reduces fibrinogen levels and may have some

thrombolytic properties. Neither of these treatments has yet been approved by reg-

ulatory agencies for treatment of stroke victims.

At the time of writing, all clinical trials of neuroprotective agents have failed to

provide clear evidence of reduction in neurological injury. Table 36.1 provides a list

of many of these drugs. There are probably a number of reasons for the difficulties

that were encountered. Examination of the successful trials, as contrasted with the

failures, may give us some insight into how to better design future studies. The

National Institutes of Health (NIH) tPA trial [1] was the only unambiguously suc-

cessful trial. There was approximately a 50% relative risk improvement in neuro-

logical function recovery when the scales were dichotomized to unimpaired vs.

impaired, and there was not an increase in adverse outcomes (including death). A

critical feature of the NIH tPA trial was that all of the patients were treated within

180 minutes after onset of systems, and half of the subjects were treated within 90

minutes.

Three studies exploring longer time windows for tPA therapy were conducted.

In the European Cooperative Acute Stroke Study I (ECASS I) [2], the patients were

treated within 6 hours after symptom onset, but less than 20% of the patients were

treated during the first 3 hours. In that study, there was no overall improvement in

neurological function. There were, however, a large number of protocol violations,

predominantly caused by difficulties that the investigators had in recognizing early

signs of large infarcts on the initial computed tomography scans (absence of, or
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only small, lesions were a required entry criterion). When these patients were

removed as part of a secondary analysis, the results favored benefit with tPA

therapy. Also, if the NIH trial criteria for improvement had been employed in the

ECASS I trial, the results also might have been positive [3]. However, these are

retrospective analyses and inadequate to provide proof of benefit. Subsequently, a

second ECASS trial (ECASS II) was conducted [4]. Several changes were made in

the protocol from the ECASS I trial. The most important were that the patients with

large early infarct signs were not eligible for entry into the trial and the investiga-

tors were better trained to recognize them. This procedure decreased the average

degree of stroke severity sustained by the patients who were enrolled in this trial.

Again, although the treatment window was 0 to 6 hours, over 80% of the patients

were treated 3 to 6 hours after symptom onset. The results of ECASS II did not

demonstrate efficacy of tPA when treatment was administered more than 3 hours

after stroke onset. Conversely, there was no evidence that the patients were harmed

by the tPA treatment. The fraction of patients who developed symptomatic intra-

cerebral hemorrhages increased in the tPA-treated cohort, but it appears that this

was simply a conversion of severe ischemic strokes into hemorrhages, since there

was no overall increase in poor outcomes or mortality. A second possible reason for

the failure of thrombolytic therapy efficacy in ECASS II was that the patients had,

on the average, less severe strokes, so the placebo group had a much higher rate of

spontaneous recovery than had been observed in previous studies. Thus any benefit

that tPA may have provided was probably obscured by this ceiling effect.

The third trial, the Alteplase Thrombolysis for Acute Noninterventional Therapy

in Ischemic Stroke (ATLANTIS) study, was conducted in the United States and

Canada [5]. Inclusion and exclusion criteria virtually identical to those of the
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Table 36.1. Recent failed drug development programs

Fibroblast growth factor II

CDP-choline

Heparinoid

Glutamate antagonists

Fosphenytoin

Intracellular adhesion molecule antibody

Lubeluzole

Nalmefene

Tirilazad

Notes:

CDP, cytosine diphosphate.



ECASS II trial were used and the time window was 3 to 5 hours after symptom

onset. No significant benefit was shown. However, as in the ECASS studies, patients

who were treated beyond the 3 hour window were not harmed, despite the

increased symptomatic intracerebral hemorrhage rate. Again, the hemorrhages

were counterbalanced by a decrease in the rate of infarctions so that there was no

net increase in poor outcomes.

The Prolyse in Acute Cerebral Thromboembolism (PROACT) study was the first

in which thrombolytic therapy was administered intra-arterially to stroke victims

[6]. The time window for this study was 0 to 6 hours after symptom onset and

nearly all of the patients were treated beyond the 3 hour time period. The results

showed an improvement in neurological outcome in these patients, although the

degree of improvement was not as large as in the intravenous tPA trial. The patients

did sustain increased intracerebral hemorrhages, but again, not at the expense of

increased poor outcomes. Large numbers of patients were screened in order to

obtain the sample examined in this trial and only 180 patients were ultimately ran-

domized. As a consequence, when the results were presented to the Food and Drug

Administration, the agency requested a confirmatory study. One possible reason

that this trial showed positive results was that the thrombolytic agent was admin-

istered intra-arterially. A relatively high dose of the drug was concentrated at the

site of the vascular occlusion and this substantially accelerated the rate of clot lysis.

Therefore the time of vessel reopening may not have differed appreciably from that

produced by intravenous drug studies. In other words, the increased speed of clot

lysis compensated for the time lost in conducting the intra-arterial procedure.

The other drug that was found to be effective in reducing neurological damage

is ancrod, which is Malaysian pit viper venom. Recently published results show a

16% relative risk improvement in neurological function outcome [7]. The rate of

intracranial hemorrhages increased 2.5 times, but the death rate did not change.

Therefore, it is possible that the drug produces less symptomatic intracranial hem-

orrhages than tPA. An important aspect of this trial was that, aside from the NIH

tPA trial, it was the only one that was placebo controlled and required treatment

initiation within 3 hours after symptom onset. This again supports the need for

rapid commencement of therapy. It is important to note that all of the neuropro-

tective studies used treatment windows that exceeded 3 hours in duration.

There are a number of lessons that can be drawn from the development pro-

grams that have been completed. In nearly all instances, the treatments that ulti-

mately were tested in clinical trials showed positive results in preclinical animal

studies. Therefore, the question arises as to how valid animal models are for pre-

dicting the outcomes of human trials for acute stroke. Re-examination of the pre-

clinical literature shows that there were important differences between the

preclinical studies and the subsequent clinical trials in most cases. In many
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instances, preclinical data were inadequate. Some animal models were used that do

not simulate the human problem. Treatment was administered either before the

onset of ischemia or within a few minutes after vascular occlusion. This is not pos-

sible in stroke patients. Doses of drugs used in animal models often markedly

differed from those administered to the stroke patients. In some investigations, the

drug doses that were given to the animals were substantially higher than those that

were ultimately used in the human trials. In these cases the patients were unable to

tolerate high doses due to side effects that did not produce excessive difficulties in

the animal models. For example, N-methyl--aspartate-type glutamate antago-

nists cause psychiatric side effects in patients, so in all of the human trials, the doses

were lowered to levels that did not cause severe reactions. As a consequence, the

blood levels attained in many human trials were approximately an order of magni-

tude less than efficacious levels in the animal models. In other instances, it is

entirely possible that the drug doses that were administered to the patients were

either too high or continued for too long. In all of the animal studies, treatments

were administered for relatively brief periods of time, whereas in some clinical

trials, patients received a drug for days or even weeks. For example, this was true of

the intracellular adhesion molecule antibody program. The discrepancies between

the clinical trials and the preclinical model studies may well explain some of the

differences in the ultimate results.

The issue of the time window for therapy appears to be crucial. There are, at

present, no unequivocal data from human studies as to the maximum duration of

ischemia that the human brain can withstand. The reason is that current technol-

ogy does not make it possible to identify when cerebral circulation is restored. No

methods exist to continuously monitor the status of most occluded vessels; we

cannot therefore establish the precise relationship between duration of ischemia

and extent of neurological injury. Figure 36.1 provides the only available primate

data relevant to this question. Jones et al. [8] published a study that appeared in

1981 in which the effects of ischemia on cerebral damage was evaluated in macaque

monkeys. The animals were anesthetized and an externally accessible occlusion

devise was implanted around the middle cerebral artery. The animals were permit-

ted to recover from the surgery and then the vessels were occluded for prespecified

periods from 15 minutes to 3 hours or permanently. The neurological function was

rated and measurements of regional cerebral blood flow and histopathology were

performed. I recalculated the results to attempt to quantify the critical periods of

ischemia associated with various degrees of neurological dysfunction. Using the

histological end-points, the data analysis revealed that greater than 95% recovery

occurred when there was an average of 19.5 minutes of ischemia. There was a

greater than 95% chance of no recovery when blood flow was restored after 398

minutes. The average duration of ischemia that produced damage in 50% of the
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animals (ET50) was 88.243.2 minutes (standard error). These are reasonable

results. A good deal of clinical literature obtained from asphyxia or drowning acci-

dents suggests that irreversible brain damage occurs in people who are subjected to

less than 20 minutes of loss of oxygen in the brain. The idea that there may be some-

thing to salvage up to 6 hours after symptom onset is suggested by this data analy-

sis and is in accord with a fair number of other animal model studies. Also, as

shown in the curve, approximately 75% of maximum damage occurs by 200

minutes after vessel occlusion. This suggests that it would be very difficult to show

restoration of function produced by thrombolysis in patients who have suffered

vascular occlusion that lasts for more than approximately 3 hours. This is in con-

cordance with the results of the clinical trials mentioned previously. Another clear

implication of this data analysis is that the optimal time for studying potential ther-

apeutic agents is treatment at approximately 90 minutes after symptom onset. This

is approximately the ET50 and this point has the lowest variance on the curve.

Studies that average treatment at this duration of ischemia will require the smallest
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Figure 36.1 The neuropathological data from the paper by Jones et al. [8] was used to generate this

figure. In this instance, the neurological damage is the percentage of monkeys exhibiting

infarcts of any size. CR is the maximum duration of ischemia compatible with complete

recovery. NR is the minimum time for no recovery. ET50 represents the duration of

ischemia that results in half-maximal damage. The error bar is the standard error at ET50.

(From ref. 10.)



number of patients, since shorter durations of ischemia will increase the number

of patients that spontaneously recover, and longer durations of ischemia increase

the likelihood that the patients will suffer irreversible damage.

It is now reasonable to attempt to synthesize these lessons and design future

studies that are likely to increase the chances of success. Thrombolytic therapy has

been shown to be effective and there are ways to improve the efficacy of clot lysis.

If drugs can be identified that increase the rate of thrombolysis, they are likely to

improve efficacy. Vessel reopening can be facilitated by (i) drugs that dissolve clots

more rapidly than currently available agents, (ii) implementation of intra-arterial

techniques that increase the concentration of thrombolytic agents at the clot site,

or (iii) injecting the substance using mechanical devices that permit increased pen-

etration of the drug into the clot. Techniques that reopen the vessel by a variety of

mechanical means such as ultrasound probes or stents may provide alternative

methods for reopening vessels that cannot be adequately treated with intravenous

therapies. Of course, intra-arterial techniques delay the time from vascular occlu-

sion to vessel reopening because the occlusion site has to be identified and the

device inserted into the appropriate location. Another problem is that intra-arter-

ial therapy will markedly increase the cost due to the requirement for specialized

equipment and the presence of appropriately trained therapists. Furthermore, the

duration of time that the brain can tolerate ischemia will continue to be an impor-

tant limitation and such therapies will necessarily have to be initiated within 6

hours after vascular occlusion.

A second technique that may improve the outcome of clinical trials is better

patient selection. The tPA trials were unable to define additional exclusion criteria

that might determine a subset of patients who would be harmed by therapy.

Conversely, aside from the 3 hour time limit, no subset was found that was espe-

cially likely to benefit from tPA treatment. It is, however, quite probable that there

are important differences amongst patients regarding the degree of benefit that can

be derived from thrombolytic therapy. We have been unable to find clinical factors

that specify such patients, but it is possible that various types of imaging technique

will be useful. Identification of patients who are more likely to benefit may also

reduce the risk of complications. However, at the present time, imaging techniques

have not been shown to be useful in patient trials. The studies required to prove the

validity of these new methods will be time consuming because it is necessary to

show that the imaging technique is effective and better than the currently available

clinical methods.

A third new approach to stroke therapy would be to find treatments that reduce

the consequences of intracerebral hemorrhaging. Such hemorrhages are the princi-

ple complication of thrombolytic therapies and, at the present time, we have no

treatment for primary intracerebral hemorrhages. It is possible that neuroprotective
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therapies can reduce the ischemic damage that is associated with rupture of intra-

cerebral vessels and some treatments may decrease the size or frequency of hemor-

rhages [9].

Finally, since thrombolytic therapy already has been proven to be effective, future

studies will be required to include combination therapy designs. It is possible that

thrombolysis plus neuroprotective agents will increase the efficacy of the combina-

tion because thrombolysis will provide improved access of the neuroprotective

agent to the threatened tissue. Alternatively, neuroprotectives may increase the time

window for administration of thrombolysis. However, combined therapy studies

increase the complexities of trial designs.

In summary, acute stroke therapy has finally arrived. Unfortunately, we have had

many more trial failures than successes and thrombolysis with tPA remains the only

treatment approved by the Food and Drug Administration. The short time window

and perceived dangers of this type of treatment have limited the number of patients

who have received it. Conclusions can be drawn from the studies that have failed to

show improved neurological outcome and our successes are reasonably consistent

with our understanding of the disease process. It is now time to utilize this infor-

mation to guide our preclinical studies to better predict clinical circumstances and

to suggest new methodologies for the next generation of clinical trials.
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