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Overview of inflammatory cytokines and their role in pain

Charles A. Dinarello

Department of Medicine, Division of Infectious Diseases, University of Colorado Health Sci-
ences Center, 4200 East Ninth Avenue, Denver, CO 80262, USA

Introduction

Cytokines are small, non-structural proteins with molecular weights ranging from
8-40,000 Daltons. Originally called lymphokines and monokines to indicate their
cellular sources, it became clear that the term “cytokine” is the best description
since nearly all nucleated cells are capable of synthesising of these proteins and, in
turn, respond to them. There is no amino acid sequence motif or three dimensional
structure that links cytokines; rather, their biological activities allow us to group
them into different classes. For the most part, cytokines are primarily involved in
host responses to disease or infection and any involvement with homeostatic mech-
anisms has been less than dramatic. At least that is the present wisdom derived from
gene deletion studies in mice.

Many scientists have made the analogy of cytokines to hormones but upon clos-
er examination, this is not an accurate comparison. Why? First, hormones tend to
be constitutively expressed by highly specialized tissues but cytokines are synthe-
sized by nearly every cell. Whereas hormones are the primary synthetic product of
a cell (insulin, thyroid hormone, ACTH, etc.), cytokines account for a very small
amount of the synthetic output of a cell. In addition, hormones are expressed in
response to homeostatic control signals, many of which are part of a daily cycle. In
contrast, most cytokine genes are not expressed (at least at the translational level)
unless specifically stimulated by noxious events. In fact, it has become clear that the
kinases involved in triggering cytokine gene expression are triggered by a variety of
“cell stressors”. For example, ultraviolet light, heat-shock, hyperosmolarity, or
adherence to a foreign surface activate the mitogen-activated protein kinases
(MAPK) which phosphorylate transcription factors for gene expression. Of course,
infection and inflammatory products also use the MAPK pathway for initiating
cytokine gene expression. One concludes then that cytokines themselves are pro-
duced in response to “stress” whereas most hormones are produced by a daily
intrinsic clock.

Cytokines and Pain, edited by Linda R. Watkins and Steven F. Maier
© 1999 Birkhduser Verlag Basel/Switzerland 1
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Cytokine responses to infection

Based on their primary biological activities, cytokines are often grouped as lym-
phocyte growth factors, mesenchymal growth factors, interferons, chemokines, and
colony-stimulating factors. Some have been given the name “interleukin” (IL) to
indicate a product of a leukocyte and a target leukocyte cell. There are presently
eighteen cytokines with the name “interleukin” (IL-1 through IL-18). The name
“interleukin” is assigned to molecules with a biological activity associated with a
novel human DNA sequence. The gene product is expressed in a recombinant form
and shown to be the same as the natural product. Other cytokines have retained
their original biological description such as “tumor necrosis factor” (TNF). Anoth-
er way to look at some cytokines is their role in inflammation and this is particu-
larly relevant to the importance of inflammation to pain. Hence, some cytokines
clearly promote inflammation and are called pro-inflammatory cytokines, whereas
others suppress the activity of pro-inflammatory cytokines and are called
anti-inflammatory cytokines.

Cytokines tend to be rather promiscuous with respect to their choice of partners.
For example, IL-4 and IL-10 are potent activators of B lymphocytes which are
responsible for antibody formation to a foreign (or endogenous) antigen. Cytokines
which “help” promote B cells antibody formation are classed as T lymphocyte
helper cell of the type 2 class (Th2). The counterpart to T lymphocyte helper cells
of the type 2 class are cytokines that “help” the type 1 T-lymphocytes (Th1). Thl
cytokines “help” the process of cellular immunity in which T-lymphocytes attack
and kill virus-infected cells. Th1 cytokines include IL-2, IL-12, IL-18 and interfer-
on-y (IFNy). However, IL-4 and IL-10, although both initially discovered for being
Th2 cytokines, are also both potent anti-inflammatory agents. These are anti-
inflammatory cytokines by virtue of their ability to suppress genes for pro-inflam-
matory cytokines such as IL-1, TNFE, and the chemokines.

IFNY is another example of the pleiotropic nature of cytokines. Although like
IFNo and IFNB, IFNYy possesses anti-viral activity and is also an activator of the Th1
response which leads to cytotoxic T cells. IFNy is also considered a pro-inflamma-
tory cytokine because it augments TNF activity and induces nitric oxide (NO).
Therefore, listing cytokines in various categories should be done with an open mind
in that, depending upon the biological process, any cytokine may function differen-
tially. For example, in the brain, T-lymphocytes are rarely found unless there is an
immunologically driven disease. IL-10 in the brain functions primarily to reduce the
inflammation resulting from IL-1 production. Following blunt trauma to the brain
there is bleeding and microglia produce IL-1. IL-1 then increases prostaglandin E,
(PGE,) production and contributes to brain swelling but the local production of
IL-10 in the traumatized brain likely limits the production of IL-1 and hence limits
the extent of inflammation. In this regard, mice deficient in IL-10 (mice with a null
mutation for IL-10) will have an exaggerated inflammatory response to injury.
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Table 1 - Classes of cytokines

Lymphocyte growth factors IL-2; IL-4; IL-6; IL-7; IL-9; IL-10; IL-12; IL-13; IL-14; IFNy

Colony stimulating factors G-CSF, IL-3; GM-CSF; Erythropoietin, Thrombopoietin;
M-CSF, IL-11

Chemokines IL-8; MIP's, Rantes, etc. (There are over 20 genes coding
for chemokines.)

Pro-inflammatory IL-1; TNF; IL-17; IL-18; chemokines

Anti-inflammatory IL-1Ra; IL-10; IL-4; TGFB; LIF

Interferons IFNo; IFNB

Mesenchymal growth factors ~ TGFp; FGF; PDGF; VEGF; NGF; CNTF; cardiotropin-1

Although this particular experiment has not been reported, when challenged with
endotoxin, IL-10-deficient mice have more inflammation than the wild-type control
mice. Table 1 lists some commonly studied cytokines arrayed into different classes.

Figure 1 illustrates some of the major cytokine pathways involved in orchestrat-
ing the T cell and immune responses to infection. It should be pointed out that these
same cytokines (IFNy, IL-6, IL-10, IL-4) are also major participants in directly con-
trolling inflammation and hence serve as an example of the pleiotropic nature of
cytokines.

The concept of pro- and anti-inflammatory cytokines and their relationship
to pain

For the most part, pain is associated with inflammation. Nerve endings sense the
swelling of local tissues which is a hallmark of inflammation, the other hallmark
being erythema. The injection of pro-inflammatory cytokines locally into humans
results in pain, swelling, and erythema. The concept that some cytokines function
primarily to induce inflammation whereas others suppress inflammation is funda-
mental to cytokine biology and also to clinical medicine. The concept is based on the
genes coding for small molecules that are upregulated during inflammation. For
example, genes that are pro-inflammatory are phospholipase A, type-II, cyclooxy-
genase-2 (COX-2), and inducible nitric oxide synthase (iNOS). These genes code for
enzymes which increase synthesis of platelet activating factor and leukotrienes,
prostanoids and nitric oxide. Another class of genes that are pro-inflammatory are
chemokines and endothelial adhesion molecules. Taken together, cytokine-mediated
inflammation is a cascade of gene products usually not produced while in a healthy
state. What triggers the expression of these genes? Although inflammatory products
do so, the cytokines IL-1 and TNF are particularly effective in stimulating the
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Figure 1

Cytokine pathways in the immune response to infection.

Infectious agents are foreign antigens and trigger immune responses which are designed to
eliminate the invader either by cell-mediated (called Th1) or antibody-mediated (called Th2)
mechanisms. The first encounter with the host macrophages results in the killing of the
organisms but also present critical microbial antigens to T lymphocytes. The T-lymphocytes
that “help” the pathways for TH1 responses produce IFNy and IL-2. These cytokines are
growth factors for Th1 cells and leads to clonal expansion of cytotoxic T cells which, in turn,
attack the invading organism (usually viruses inside cells). Th2 cytokines such as IL-4, IL-6
and IL-10 stimulate expansion of B-lymphocytes and result in antibody production by plas-
ma cells. Antibodies destroy the invading organism (usually in the extracellular compart-
ment).

expression of these genes. Moreover, IL-1 and TNF act synergistically in this process.
Figure 2 illustrates the basic events of an inflammatory process. Whether induced by
infection, trauma, ischemia, immune-activated T cells, or toxins; IL-1 and TNF ini-
tiate the cascade of inflammatory mediators by targeting the endothelium.
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Figure 2

Pro-inflammatory effects of IL-1 and TNF are on the endothelium.

TNF and IL-1 activate endothelial cells and trigger the cascade of pro-inflammatory small
molecule mediators. Increased gene expression for phospholipase A, type I, cyclooxygenase
type-2 (COX-2) and inducible nitric oxide synthase (iNOS) results in elevated production of
their products, PAF, PGE, and NO. Alone or in combination, these mediators decrease the
tone of vascular smooth muscle. IL-1 and TNF also cause increased capillary leakage leading
to swelling and pain. Pain thresholds are lowered by PGE,. The upregulation of endothelial
leukocyte adhesion molecules results in adherence of circulating neutrophils to the endothe-
lium and increased production of chemokines such as IL-8 facilitates the migration of neu-
trophils into the tissues. Chemokines also activate degranulation of neutrophils. Activated
neutrophils lead to tissue destruction and more inflammation.

PAF, platelet activating factor; PG, prostaglandin; NO, nitric oxide; ELAM, endothelial-
leukocyte adhesion molecule; IL-8, interleukin-8

On the other hand, anti-inflammatory cytokines block this process or at least
suppress the intensity of the cascade. Cytokines such as IL-4, IL-10, IL-13, and
transforming growth factor B (TGFB) suppress the production of IL-1, TNE
chemokines such as IL-8, and vascular adhesion molecules. Therefore, a “balance”
between the effects of pro- and anti-inflammatory cytokines is thought to determine
the outcome of disease, whether short or long term. In fact, some studies have data
suggesting that susceptibility to disease is genetically determined by the balance or
expression of either pro- or anti-inflammatory cytokines. Gene linkage studies are,
however, often difficult to interpret. Nevertheless, deletion of the IL-10 gene in mice
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makes the animals vulnerable to the development of a fatal inflammatory bowel dis-
ease and similar studies have been reported for deletion of the IL-1 receptor antag-
onist (IL-1Ra) and TGFf1 genes.

IL-1, TNF and pain

As shown in Table 2, synergism of IL-1 and TNF is a commonly reported phenom-
enon. Clearly, both cytokines are being produced at sites of local inflammation and
hence the net effect should be considered when making correlations between
cytokine levels and severity of disease. There is also synergism between IL-1 and
bradykinin as well as IL-1 or TNF and mesenchymal growth factors. Most relevant
to pain is the increase in PGE, stimulated by IL-1 or the combination of IL-1 and

Table 2 - Synergistic activities of IL-1 and TNF

IL-1 plus TNF Hemodynamic shock and lactic acidosis in rabbits
Radioprotection
Generation of Shwartzman reaction
Luteal cell PGF,,, synthesis
PGE, synthesis in fibroblasts
Galactosamine-induced hepatotoxicity
Sickness behavior in mice
Circulating nitric oxide and hypoglycemia in malaria
Nerve growth factor synthesis from fibroblasts
Insulin release and beta islet cell death
Insulin resistance
Loss of lean body mass
IL-8 synthesis by mesothelial cells
IL-1 plus bradykinin Angiogenesis
PGE, synthesis in gingival fibroblasts
Arachidonic acid release from synoviocytes
PGF,,, synthesis in uterine decidua
IL-6 production from hepatoma cells and fibroblasts
IL-1 or TNF plus FGF PGE, synthesis in dermal fibroblasts
or PDGF or EGF or TGFa.  PGE, synthesis in synovial cells
Chemotaxis for fibroblasts
Phospholipase A, release from synoviocytes
Degradation of articular cartilage
PGE, synthesis in osteoblastic cells
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TNE Although addressed in other chapters, IL-1 lowers the threshold to pain pri-
marily by increasing PGE, synthesis [1].

If one examines the biological effects of IL-1 and asks the question: what is the
most consistent property of IL-1? The answer would be: to increase the synthesis of
PGE,. In fact, the use of cyclooxygenase inhibitors for a variety of inflammatory
conditions is often a therapeutic strategy to reduce IL-1-induced PGE,. Humans
injected with IL-1 experience fever, headache, myalgias, and arthralgias, each of
which is reduced by co-administration of cyclooxygenase inhibitors [2]. One of the
more universal activities of IL-1 is the induction of gene expression for type-II phos-
pholipase A, and COX-2. IL-1 induces transcription of COX-2 and seems to have
little effect on increased production of COX-1. Moreover, once triggered, COX-2
production is elevated for several hours and large amounts of PGE, are produced in
cells stimulated with IL-1. Therefore, it comes as no surprise that many biological
activities of IL-1 are actually due to increased PGE, production. Table 3 depicts
cyclooxygenase dependent effects of IL-1 in vitro and in vivo.

There appears to be selectivity in cyclooxygenase inhibitors in that some
non-steroidal anti-inflammatory agents are better inhibitors of COX-2 rather than
COX-1. Similar to COX-2 induction, IL-1 preferentially stimulates new transcripts
for the inducible type-II form of PLA, which cleaves the fatty acid in the number 2
position of cell membrane phospholipids. In most cases, this is arachidonic acid.
The release of arachidonic acid is the rate limiting step in the synthesis of
prostaglandins and leukotrienes. IL-1 also stimulates increased leukotriene synthe-
sis in many cells.

One must consider that when cells are stimulated with IL-1 i vitro, a significant
release of PGE, takes place and that, in the absence of cyclooxygenase inhibitors,
PGE, accumulates in the culture vessel and exerts its own effects. For example,
human smooth muscle cells incubated with IL-1 produce large amounts of PGE,
which suppresses the proliferation of these cells; when cyclooxygenase inhibitors are
incorporated into the culture, IL-1 stimulates cell proliferation [3]. Most genes
induced by IL-1 are not affected by inhibiting PGE, synthesis. Gene expression of
other cytokines, collagenases, colony stimulating factors and hepatic acute phase
proteins are unaffected by cyclooxygenase inhibitors added to cultured cells or
administered in vivo. On the other hand, many activities of IL-1 in the central ner-
vous system are mediated by the formation of prostaglandins. IL-1 induction of
sleep is an exception.

IL-1 receptors and signal transduction
Receptors

Both IL-1 forms (IL-1o and IL-1B), as well as IL-1Ra, have been found in the cen-
tral nervous system and peripheral nervous tissues. In the brain, IL-1 appears in
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.Table 3 - Cyclooxygenase-dependent activities of IL-1

In vivo Fever
Natriuresis
ACTH and growth hormone release
Suppression of norepinephrine release
Enhancement of capsaicin hyperemia
Suppression of T cell mitogenesis
Increased mucosal ion transport
Colonic hypersecretion
c-fos expression in brain
Gastroparesis
Decreased pain threshold
Suppression of appetite and weight loss
Suppression of insulin release
Hyerinsulinemia
Rapid arterial relaxation
Hypotension in rabbits
Edema, leukocyte infiltration and substance P after intra-articular Injection
Increased melanoma bone marrow metastases
Increased cerebrospinal calcium levels
Decreased water intake
Protection against:  Hypoxic lung damage
Skin hypersensitivity
Inflammatory bowel disease
In vitro Facilitation of ion-transport
Suppression of smooth muscle cell proliferation’
Inhibition of HLA-DR expression
Increased corticotropin releasing factor
Formation of osteoclasts
Expression of heme oxygenase-1 gene expression
Collagenase and stromelysin?2
Increased relaxation of arterial vessels
Osteoblast production of IGF-I3
Inhibition of bone mineralization
Increased IGF-1 production in bone cultures3
Induction of LIF in fibroblasts3

T IL-1-induced PGE, may augment gene expression and/or synthesis of some IL-1-induced
genes, for example other cytokines and iNOS via increase cAMP

2|L-1 induced PGE effect is via increased cAMP formation.

3 Co-injection of cyclooxygenase inhibitors augment the response
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microglia, glial cells, and in some studies in hypothalamic neurons [4]. Plata-Sala-
man has made extensive studies of the presence and regulation of IL-1 and IL-1R in
the brain. The role of IL-1 and IL-1R in the brain substance is more relevant to
events taking place in the central nervous system than in the periphery. This state-
ment is based on the failure to demonstrate passage of IL-1 from the systemic cir-
culation into the brain in a time-dependent fashion consistent with the event. For
example, the intravenous injection of IL-1 produces fever, ACTH release and other
hypothalamic events within minutes whereas during this time, no radiolabeled IL-1
can be found in hypothalamic centers. Several studies have provided data which sug-
gest that IL-1 receptors are present on the specialized endothelial cells of the cir-
cumventricular organs or organum vasculosum laminae terminalis (OVLT).

These endothelial cells possess little if any blood-brain barrier. Ablation of the
OVLT prevents fever after a peripheral injection of IL-1. It is likely that endothelial
cells lining the OVLT respond to blood-borne IL-1 and release arachidonic acid
metabolites. Metabolites of cyclooxygenase may then diffuse the few millimeters
into the preoptic/anterior hypothalamic region and initiate fever. Alternatively,
PGE, and other prostaglandins may be produced by the endothelial cells which, in
turn, induce a neurotransmitter-like substance that acts to raise the set-point. This
explanation is actually likely, since prostaglandins are not suitable as neurotrans-
mitters. PGE, is known to increase levels of cyclic AMP, which has neurotransmit-
ter properties in brain tissue, and has been implicated in fever and other central ner-
vous system (CNS) pathways.

Two primary IL-1 binding proteins (receptors[R]) have been identified and one
receptor accessory protein (IL-1R-AcP) [5, 6]. The extracellular domains of the two
receptors and the IL-1R-AcP are members of the immunoglobulin superfamily, each
comprising of three IgG-like domains and sharing a significant homology to each
other. The two IL-1 receptors are distinct gene products and, in humans, the genes
for IL-1RI and IL-1RII are located on the long arm of chromosome 2 [7].

IL-1RI is an 80 kDa glycoprotein found prominently on endothelial cells,
smooth muscle cells, epithelial cells, hepatocytes, fibroblasts, keratinocytes, epider-
mal dendritic cells and T lymphocytes. IL-1RI is heavily glycosylated and blocking
the glycosylation sites reduces the binding of IL-1 [8]. Surface expression of this
receptor is likely on most IL-1-responsive cells as biological activity of IL-1 is a bet-
ter assessment of receptor expression than ligand binding. Failure to show specific
and saturable IL-1 binding is often due to the low numbers of surface IL-1RI on pri-
mary cells [9]. In cell lines, the number of IL-1RI can reach 5,000 per cell but pri-
mary cells usually express less that 200 receptors per cell. In some primary cells
there are less than 50 per cell and IL-1 signal transduction has been observed in cells
expressing less than 10 type I receptors per cell. Interestingly, the cytosolic domain
of IL-1RI has a 45% amino acid homology with the cytosolic domain of the
Drosophila Toll gene [10]. Toll is a transmembrane protein which acts like a recep-
tor although the ligand for the Toll protein is unknown. Gene organisation and
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amino acid homology suggests that the IL-1RI and the cytosolic Toll are derived
from a common ancestor and trigger similar signals [11].

Like other models of two chain receptors, IL-1 binds first to the IL-1RI with a
low affinity. The crystal structure of the IL-1RI complexed with IL-1B has been
reported and sheds light on the changes that take place after the low affinity bind-
ing [12]. The two receptor binding sites of IL-1B have been reported using specific
mutations. The crystal structure reveals that both receptor binding sites contact the
IL-1RI at the first and third domains [12]. Upon contact with the first domain, there
appears to be a change in the rigidity of the third domain enabling contact with the
second binding site of IL-1P. IL-1B itself does not undergo a structural change.
IL-1Ra has only one binding site [13] and absence of the second binding site pre-
vents contact with the third domain. Hence, the critical contact point appears to be

BLB_, . [

IL-1Ra IL-1sRI IL-1sRII
IL-1

.
__.E E:E

g Q IL-1sRIl
g No Signal
[}
IL-1R AcP IL-1RI IL-1RI Signal
Low affinity
* binding
No Signal ‘
P38 MAP Kinase 1%B kinase
*P38 MAP Kinase *
MAPKAP-kinase-2 NFxB
*MAPKAP-kinase-2 +

Y
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at the third domain. Since this contact is likely to be absent in complexes with the
IL-1Ra [14], the structural change in the IL-1RI third domain may allow docking of
the IL-1R-AcP with the IL-1RI/IL-1B complex. Without the complex of
IL-1R-AcP/IL-1RI/IL-1B, there is no signal transduction [6]. Figure 3 illustrates the
relationship of IL-1 binding to its receptor and triggering post-receptor events.

Antibodies to the type I receptor and to the IL-1R-AcP block IL-1 binding and
activity [6]. The IL-1R-AcP is essential to IL-1 signaling; in cells deficient in
IL-1R-AcP, no IL-1-induced activation of the stress kinases takes place but this
response is restored upon transfection with a construct expressing the IL-1R-AcP
[15]. Affinity-purified antibodies to the IL-1R-AcP third domain amino acids pref-
erentially block IL-1B activity [16] suggesting that the docking of the IL-1R-AcP
with the IL-1RI takes place with the third domain of each receptor.

Figure 3

An IL-1 responsive cell.

In this model, IL-1 is shown. IL-1 binds to the extracellular domain of either type I (IL-1RI)
or type Il (IL-1RII). Although there is preferential binding of IL-1p to IL-1RII, this receptor,
lacking a cytosolic segment, does not transduce a signal but rather acts as a decoy receptor
or a “sink” for IL-1p. Following low affinity binding of IL-1f to the IL-1RI, there is a struc-
tural change in the third IgG-like domain of this receptor. This structural change allows for
the IL-1R accessory protein (IL-1RACP) to form a compex with the low affinity IL-1/IL-1RI.
This results in a high affinity complex (IL-1R-AcP/IL-1/IL-1RI) and in signal transduction.
Lacking a second binding site, IL-1 receptor antagonist (IL-1Ra) binds primarily to IL-1RI but
does not result in a structural change in the receptor. Hence the IL-1R-AcP does not form a
high affinity complex with the IL-1/IL-1R, no signal is transduced and there is no biological
response. Signal transduction appears to require the formation of a heterodimer of IL-1RI
with IL-1R-AcP. The cytoplasmic domain of the IL-1RI contains areas with putative GTPase
activity. Proteins associating with the IL-1RI cytoplasmic domains include a GTPase activat-
ing protein and the IL-1R activating kinase (IRAK) which is recruited by the IL-1R-AcP. Cells
expressing receptors for IL-1RII compete with the binding of IL-1 to the cell bound receptors
of IL-1RI and in those cells with excess IL-1RIl a reduced biological response to IL-1 is
thought to take place.

IL-1 may also bind to soluble receptors found in the circulation and extracellular fluids.
There is a hierachy of binding to these soluble receptors. The soluble extracellular domain
of IL-1RI (IL-1sRl) binds IL-1Ra > IL-1o> IL-13; the soluble part of the extracellular domain
of IL-1RIl (IL-1sRll) binds IL-1B>prolL-1B>IL-1o>IL-1Ra. Ten-fold molar excesses of
IL-1sRIl and IL-1sRI over IL-1 and IL-1Ra, respectively, usually exist in the circulation of
healthy subjects. Nevertheless, dramatic responses to intravenously injected IL-1 take place
and hence the affinity of these soluble receptors must be less than that of the cell-bound
receptors.

11



Charles A. Dinarello

IL-1 decoy receptor

IL-1RII has a short cytosolic domain consisting of 29 amino acids. This type II
receptor appears to act as a “decoy” molecule, particularly for IL-1B. The receptor
binds IL-1f tightly thus preventing binding to the signal transducing type I receptor
[17]. It is the lack of a signal transducing cytosolic domain which makes the type II
receptor a functionally negative receptor. For example, when the extracellular por-
tion of the type II receptor is fused to the cytoplasmic domain of the type I receptor,
a biological signal occurs [18]. The extracellular portion of the type II receptor is
found in body fluids where it is termed IL-1 soluble receptor type II (IL-1sRII). It is
assumed that a proteolytic cleavage of the extracelluar domain of the IL-1RII from
the cell surface is the source of the IL-1sRII.

It is likely that as cell bound IL-1RII increases, there is a comparable increase in
soluble forms [19]. Similar to soluble receptors for TNE the extracellular domain of
the type I and type II IL-1R are found as “soluble” molecules in the circulation and
urine of healthy subjects and in inflammatory synovial and other pathological body
fluids [20-22]. In healthy humans, the circulating levels of IL-1sRII are 100-200 pM
whereas levels of IL-1sRI are 10-fold less. The rank of affinities for the two soluble
receptors are remarkably different for each of the three IL-1 molecules. The rank for
the three IL-1 ligands binding to IL-1sRI is IL-1Ra > IL-1ot > IL-1B whereas for
IL-1sRII the rank is IL-1f > IL-1o > IL-1Ra. Elevated levels of IL-1sRII are found
in the circulation of patients with sepsis [23] and in the synovial fluid of patients
with active rheumatoid arthritis [22] whereas the elevations of soluble type I recep-
tor in these fluids are 10-fold lower.

Unlike other cytokines receptors, in cells expressing both IL-1 type I and type II
receptors, there is competition to bind IL-1 first. This competition between signal-
ing and non-signaling receptors for the same ligand appears unique to cytokine
receptors, although it exists for atrial natriuretic factor receptors. Since the type II
receptor is more likely to bind to IL-1B than IL-10., this can result in a diminished
response to IL-1B. The soluble form of IL-1sRII circulates in healthy humans at
molar concentrations which are 10-fold greater than those of IL-1p measured in sep-
tic patients and 100-fold greater than the concentration of IL-1f following intra-
venous administration [24, 25]. Why do humans have a systemic response to an
infusion of IL-1B? One concludes that binding of IL-1B to the soluble form of IL-1R
type II exhibits a slow “on” rate compared to the cell IL-1RI.

Signal transduction

Within a few minutes following binding to cells, IL-1 induces several biochemical
events (reviewed in [26-29]). It remains unclear which is the most “upstream” trig-
gering event or whether several occur at the same time. No sequential order or cas-
cade has been identified but several signaling events appear to be taking place dur-
ing the first 2-5 minutes. Some of the biochemical changes associated with signal
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transduction are likely to be cell specific. Within two minutes, hydrolysis of GTP,
phosphotidylcholine, phosphotidylserine or phosphotidylethanolamine [30, 31] and
release of ceramide by neutral [32] (not acidic) sphingomyelinase [33] have been
reported. In general, multiple protein phosphorylations and activation of phos-
phatases can be observed within five minutes [34] and some are thought to be initi-
ated by the release of lipid mediators. The release of ceramide has attracted atten-
tion as a possible early signaling event [35]. Phosphorylation of PLA, activating
protein also occurs in the first few minutes [36] which would lead to a rapid release
of arachidonic acid. Multiple and similar signaling events have also been reported
for TNE

With few exceptions, there is general agreement that IL-1 does not stimulate
hydrolysis of phosphatidylinositol or an increase in intracellular calcium. Without a
clear increase in intracellular calcium, early post-receptor binding events neverthe-
less include hydrolysis of a GTP with no associated increase in adenyl cyclase, acti-
vation of adenyl cyclase [37, 38], hydrolysis of phospholipids [9, 39], release of
ceramide [40] and release of arachidonic acid from phopholipids via cytosolic phos-
pholipase A, (PLA,) following its activation by PLA, activating protein [36]. Some
IL-1 signaling events are prominent in different cells. Post-receptor signaling mech-
anisms may therefore provide cellular specificity. For example, in some cells, IL-1 is
a growth factor and signaling is associated with serine/threonine phosphorylation of
the MAP kinase p42/44 in mesangial cells [41]. The MAP p38 kinase, another
member of the MAP kinase family, is phosphorylated in fibroblasts [42], as is the
pS4o MAP kinase in hepatocytes [43].

The cytoplasmic domain of IL-1RI does not contain a consensus sequence for
intrinsic tyrosine phosphorylation but deletion mutants of the receptor reveal spe-
cific functions for some domains. There are four nuclear localization sequences
which share homology with the glucocorticoid receptor. Three amino acids
(Arg-431, Lys-515 and Arg-518), also found in the Toll protein, are essential for
IL-1-induced IL-2 production [11]. However, deletion of a segment containing these
amino acids did not affect IL-1-induced IL-8 [44]. There are also two cytoplasmic
domains in the IL-1RI which share homology with the IL-6-signaling gp130 recep-
tor. When these regions are deleted, there is a loss of IL-1-induced IL-8 production
[44].

The C-terminal 30 amino acids of the IL-1RI can be deleted without affecting
biological activity [45]. Two independent studies have focused on the area between
amino acids 513-529. Amino acids 508-521 contain sites required for the activation
of NFkB. In one study, deletion of this segment abolished IL-1-induced IL-8 expres-
sion and in another study, specific mutations of amino acids 513 and 520 to alanine
prevented IL-1-driven E-selectin promoter activity. This area is also present in the
Toll protein domain associated with NF«B translocation and previously shown to
be part of the IL-1 signaling mechanism. This area (513-520) is also responsible for
activating a kinase which associates with the receptor. This kinase, termed “IL-1
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receptor associated kinase” or IRAK, phosphorylates a 100 kDa substrate [45].
IRAK is thought to phosphorylate the NFxB kinase (NIK) which leads to degrada-
tion of IkB. As shown previously, IL-1 degrades IkB [46]. Thus, following receptor
binding, the IL-1R-AcP recruits IRAK, which leads to degradation of IxB and
translocation of NFxB to the nucleus. However, downstream events and activation
of other transcriptions factors such as AP-1 and tyrosine phosphorylation of MAP
kinases also take place.

IL-1 receptor binding results in the phosphorylation of tyrosine residues [42, 43].
Tyrosine phosphorylation induced by IL-1 is likely due to activation of MAP kinase
which then phosphorylates tyrosine and threonine on MAP kinases. Following acti-
vation of MAP kinases, there are phosphorylations on serine and threonine residues
of the epidermal growth factor receptor, heat-shock protein p27, myelin basic pro-
tein and serine 56 and 156 of B-casein, each of which has been observed in
IL-1-stimulated cells [47]; TNF also activates these kinases. There are at least three
families of MAP kinases. The p42/44 MAP kinase family is associated with signal
transduction by growth factors including ras-raf-1 signal pathways. In rat mesangial
cells, IL-1 activates the p42/44 MAP kinase within ten minutes and also increases
de novo synthesis of p42 [41].

In addition to p42/44, two members of the MAP kinase family (p38 and p54)
have been identified as part of an IL-1 phosphorylation pathway and are responsi-
ble for phosphorylating heat shock protein (hsp) 27 [42, 43]. These MAP kinases
are highly conserved proteins homologous to the HOG-1 stress gene in yeasts. In
fact, when HOG-1 is deleted, yeasts fail to grow in hyperosmotic conditions; how-
ever, the mammalian gene coding for the IL-1-inducible p38 MAP kinase [43] can
reconstitute the ability of the yeast to grow in hyperosmotic conditions [48]. In cells
stimulated with hyperosmolar NaCl, LPS, IL-1 or TNE indistinguishable phospho-
rylation of the p38 MAP kinase takes place [49]. In human monocytes exposed to
hyperosmolar NaCl (375-425 milliosmoles/l), IL-8, IL-1pB, IL-1o. and TNFo. gene
expression and synthesis takes place which is indistinguishable from that induced by
LPS or IL-1 [50, 51]. Thus, the MAP p38 kinase pathways involved in IL-1, TNF
and LPS signal transductions share certain elements that are related to the primitive
stress-induced pathway.

IL-1-induces several transcription factors. Most of the biological effects of IL-1
take place in cells following nuclear translocation of NFkB and activating pro-
tein-1 (AP-1), two nuclear factors common to many IL-1-induced genes. In T lym-
phocytes and cultured hepatocytes, the addition of IL-1 increases nuclear binding
of c-jun and c-fos, the two components of AP-1 [52]. Similar to NFxB, AP-1 sites
are present in the promoter regions of many IL-1-inducible genes. IL-1 also
increases the transcription of c-jun by activating two novel nuclear factors (jun-1
and jun-2) which bind to the promoter of the c-jun gene and stimulate c-jun tran-
scription [53].
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How does IL-1 differ from TNF in activating cells?

From the above descriptions of IL-1R and IL-1 signal transduction, many of these
pathways are shared with TNE. Although the receptors for TNF and IL-1 are clear-
ly different, the post-receptor events are amazingly similar. Thus, the finding that
IL-1 and TNF activate the same portfolio of genes is not surprising. However, given
the same cell and given the same array of activated genes, IL-1 does not result in
programmed cell death whereas TNF does. This can be seen in TNF responsive
fibroblasts in which IL-1 and TNF induce IL-8 but in the presence of actinomycin
C (which disrupts transcription) or cycloheximide (which disrupts protein synthe-
sis), TNF induces classical apoptosis but IL-1 does not. IL-1 will often synergize
with TNF for nitric oxide induction and under these conditions, nitric oxide medi-
ates cell death. The best example of this can be found in the insulin-producing beta
cells in the islets of Langerhans in the pancreas [54]. Unlike IL-1, the receptors for
TNF are homodimers and trimers and hence the recruitment of kinases is somewhat
different. However, the cytosolic domain of the TNF p5$5 receptor contains a “death
domain” which recruits intracellular molecules involved with initiating pro-
grammed cell death [55]. There is no comparable “death domain” in the cytoplas-
mic domains of either the IL-1RI or the IL-1R-AcP.

There are two receptors for TNFE, the pS5S receptor and the p75 receptor [56].
Although TNF binds and triggers both receptors, the cytosolic domains of these
receptors recruit different proteins which transduce the TNF signal further. In one
case, the p55 receptor cytosolic domain is linked to pathways of cell death whereas
the p75 is not. Both receptors, however, result in the translocation of the nuclear
factor B (NFkB) to the nucleus where it binds to the promoter regions of a variety
of genes. These gene products are often the same as those triggered by IL-1 which
also results in translocation of NFkB to the nucleus. The difference is, however, that
the cytosolic domains of the p55 tumor necrosis factor receptor (TNFR) are unique
in their ability to activate intracellular signals leading to programmed cell death
(also called apoptosis). The p55 TNFR has the so-called “death domain” and
recruits a protein called MORT-1. Also involved in this process are a family of intra-
cellular proteins which become activated and are called TRAFs for “TNF receptor
associated factors”. Presently there are 6 or perhaps 8 TRAFs. The pSS5 cytosolic
domains also recruit the family of intracellular proteins called TRADDs (TNF
receptor associated death domains). Overexpression of TRADDs results in cell
death and activation of NFkB. TRADDs also lead to activation of the caspase fam-
ily of intracellular cysteine proteases. Although caspase-1 (also known as the IL-1
converting enzyme, ICE) is important for processing the precursors for prolL-1§
and prolL-18, other members of this family are also part of the TNF cell death sig-
naling pathway.

One interesting aspect of the biology of TNF in the brain is the ability of TNF
to both protect neurons as well as to initiate their self destruction. Both pathways
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involve activation of NFxB [57]. In general, the state of the cell (cell cycle) may help
explain why activation of NFkB can be associated with both protection from cell
death as well as apoptosis. One is reminded that activation of NF«kB leads most
often to new protein synthesis; some proteins from this process are clearly inducing
cell proliferation whereas others induce cell death.
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Evolutionary aspects of nociception

It is clear that the ability of an animal to detect and react appropriately to an aver-
sive stimulus is of fundamental importance to its survival. This ability is as impor-
tant to invertebrates as it is to vertebrates, a fact that is underscored by behavioral
evidence for the display of nociceptive behaviors in invertebrates (reviewed in [1, 2].
For example, locomotion away from a noxious stimulus has been observed in the
simplest animals (see Fig. 1) including protozoans [3], flatworms [4] and jellyfish
[5]. Anemones (Anthozoa) display relatively sophisticated, nociceptive behaviors
that can be modified by aversive environmental stimuli [6, 7]. Anthozoa have
among the simplest nervous systems in the animal kingdom and it has been postu-
lated that the first functional nociceptive responses are likely to have occurred in
this group. The nociceptive behaviors of the more advanced invertebrate, the marine
mollusc Aplysia californica, and their modification by a variety of stimuli have been
studied extensively over the last two decades. Aplysia display a variety of nocicep-
tive behaviors in response to noxious mechanical or electrical stimulation including
local body withdrawal, ink and opaline release, and escape locomotion [8]. The rel-
ative simplicity and accessibility of the Aplysia nervous system for intracellular
recording make it a very attractive model system to understand neuronal correla-
tions underlying these nociceptive behaviors and their modification. Consequently
Aplysia has emerged as a useful model system to understand fundamental mecha-
nisms underlying nociceptive plasticity and it will be the focus of this review. It has
been suggested that general similarities between patterns of nociceptive behavior
observed in Aplysia and more complex animals (e.g. rats and humans) represent
common behavioral adaptions to ubiquitous selection pressures such as escape from
a source of bodily injury and optimization of recuperation [2].
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Aves Mammalia Arthropoda
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Figure 1

Phylogenetic tree illustrating the relationship between the main groups in the animal king-
dom. The two main divisions (Deuterostomia and Protostomia) are based upon differences
in embryological development. The branch on the left shows the development of the
deuterosomes — animals which eventually lead to the vertebrates. Note that echinoderms
and tunicates are deuterostome invertebrates. The right branch shows the development of
the protostomes. More than 95% of all extant animal species are protostome invertebrates.

Molluscs are protostome invertebrates. Modified after [31].
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Figure 2

Schematic diagram of the Aplysia left pleural and pedal ganglia. Symmetrical clusters of neu-
rons are located in the contralateral (right) pleural-pedal ganglia. Ventro caudal (VC) pleur-
al sensory cells located in the VC sensory cluster have large cell bodies (30-40 um) that are
easily accessible for intracellular recording. Each sensory cell sends a single axon out to the
periphery through a specific, ipsilateral pedal nerve. Modified after [9].

Nociceptive information processing in Aplysia

The central nervous system of Aplysia is distributed across ten major ganglia, each
comprising 1,000 to 10,000 nerve cell bodies and many more glial support cells. A
population of mechanosensory neurons located in the pleural ganglion in Aplysia
have recently been identified as wide dynamic range nociceptors [9, 10]. These sen-
sory cells (the VC pleural sensory cells: Fig. 2) that innervate the tail and most of
the body wall (excluding the siphon) respond weakly to light pressure, but they
show increasing discharges to increasing pressure with the maximal response evi-
dent following damaging or potentially damaging stimuli [10]. The response prop-
erties of these nociceptive sensory cells can be either enhanced or inhibited by nox-
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ious stimulation which is suggestive of a surprisingly complex degree of plasticity
[10-13]. Indeed, detailed analysis of cellular mechanisms underlying nociceptive
information processing in Aplysia has revealed remarkable similarities to mam-
malian species [14, 15].

Nociceptive sensory neurons in Aplysia undergo both transient and long-term
alterations in their electrophysiological properties following noxious stimulation.
For example, repetitive application of a noxious stimulus delivered to either a
nerve or the skin leads to a progressive increase (wind-up) in the responses of noci-
ceptive sensory neurons [10]. Figure 3 illustrates wind-up of discharge in a noci-
ceptive tail sensory neuron in Aplysia in response to repeated administration of an
electrical stimulus to the tail. Similarly, in mammalian preparations, repetitive
application of a noxious stimulus or repeated nerve shock at c fibre strength leads
to wind up of nociceptive neurons in the spinal cord and a consequent increase in
pain [16, 17].

Body wall injury in Aplysia is also associated with profound long-term alter-
ations in the electrophysiological properties of nociceptive sensory neurons. For
example, brief, noxious stimulation of the skin of Aplysia can produce long lasting
site-specific behavioral sensitization that is restricted to the region surrounding the
damaged tissue [18]. Site-specific sensitization is associated with long lasting central
and peripheral alterations in the population of sensory neurons that innervate the
injured site [19]. Peripheral regions of sensory neurons innervating the damaged tis-
sue exhibit a decrease in threshold and an increase in the number of action poten-
tials evoked by a cutaneous test stimulus. The enhancement of central excitability is
evidenced by a decrease in soma action potential threshold, a tendency for the soma
to fire in regenerative bursts in response to a brief intracellular depolarizing stimu-
lus and an enhancement of synaptic connections to identified motor neurons. This
sensory plasticity appears to be mediated in part by a combination of intense spike
activity in the sensory neuron having an axon in the injured region and exposure to
neuromodulators released from nearby neurons [19]. Similar profound activity-
dependent alterations in sensory processing are associated with primary hyperalge-
sia in mammalian preparations [2, 14].

More recently it has been found that profound long lasting increases in nocicep-
tive sensory soma excitability and synaptic transmission can be produced by axon-
al injury in Aplysia under anaesthetic conditions where spike activity and neuro-
modulator release are largely blocked at the time of injury [20, 21]. This suggests
that additional signals must be involved in mediating the injury-induced sensory
hyperexcitability under these conditions. Compared to sensory neurons that did not
have crushed axons, sensory cells with crushed axons had a significantly lower spike
threshold and afterhyperpolarization, a significant increase in spike duration and a
significant increase in the number of action potentials evoked by a standard 1 sec
intracellular depolarizing pulse. There is delay in the expression of sensory hyper-
excitability that is related to the distance of the crush site from the soma, and
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Figure 3

Wind-up of discharge in a nociceptive tail sensory neuron in Aplysia in response to repeat-
ed tail shock. A single 500 msec shock at four times the intensity to elicit a single spike was
delivered ten times at 5 sec intervals. Reprinted with permission from [10].

inhibitors of retrogade transport prevent crush-induced sensory hyperexcitability
[22]. These findings support the hypothesis that at least some of the signals initiat-
ing sensory hyperexcitability following crush are generated at the site of injury and
transported to the soma via slow retrograde axonal transport. Potential signals
include release of substances from damaged neurons or support cells, and release of
factors from immune cells that are attracted to the site of crush (Fig. 4). Interest-
ingly, blocking axonal transport by topical colchicine prevents hyperalgesia in a rat
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Figure 4

Light (A, B) and electron (C) microscopic views of cross sections through control (A), and
crushed (B, C) pedal nerves 1 day after unilateral pedal nerve crush. There are few cells
(black dots) associated with the control, uncrushed nerve section. In contrast, note the large
accumulation of cells associated with the nerve section just distal to the crush site. The high-
er power electron micrograph (C) of a section through the crushed nerve illustrated in (B)
shows that the cells associated with the crush site are hemocytes. Vesicles located in the
cytoplasm contain dense material that resemble phagocytic vesicles characteristic of hemo-
cytes. Reprinted with permission from [32].

model of neuropathic pain suggesting that factors generated at a site of injury are
necessary for the development of neuropathic hyperalgersia [23].

Immune-mediated modulation of nociceptive processing

Recently, the involvement of the immune system in nociception has received much
attention. In particular the influence of cytokines on nociceptive processing has been
targeted. Studies have revealed a high degree of complexity. For example, IL-1 and
tumor necrosis factor oo (TNFo) have both been implicated in the induction of
hyperalgesia following the administration of illness-inducing substances such as
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lipopolysaccharide (LPS) and lithium chloride [24]. Also, responses of afferent fibres
to mechanical and thermal stimulation of the hind paw are enhanced by adminis-
tration of a plantar injection of IL-1P to the hind paw skin [25]. More recently it
has been shown that IL-1f can sensitize nociceptors by increasing the synthesis of
substance P (a major nociceptive and inflammatory mediator) as well as the recep-
tors that control its release [26]. In contrast, in inflamed tissue IL-1B has potent
antinociceptive effects — an effect that has been attributed to IL-1B stimulation of
endogenous opioid release from immune cells [27]. Recently, TNFo acting along the
nerve trunk has been shown to elicit activity in nociceptive primary afferent fibres
[28]. When injected into the peripheral receptive field, TNFa sensitizes receptors as
well as eliciting discharge in afferent fibres [28]. There is also evidence that specific
cytokines, e.g. TNFa and IL-6, play a role in the development of neuropathic pain
behaviors [29, 30].

The complexity of mammalian nervous and immune systems makes detailed cel-
lular analyses of immune mediated modulation of nociceptive function a challeng-
ing prospect. A useful approach is to develop simpler models that share fundamen-
tal mechanisms with mammalian systems. In this regard, molluscs and Aplysia in
particular, represent unique model systems because they have relatively simple, well
characterized nervous systems and furthermore, they share with mammals basic cel-
lular defensive responses to non-self or wounded-self, i.e., the directed migration
and accumulation of defense cells around foreign agents or at injured sites.

The molluscan cellular defence system

All invertebrates are endowed with remarkably effective internal defense systems
that respond to injury and recognize and destroy foreign microbes that enter the
body (reviewed in [31, 32]). Although molluscs lack an antibody-based immune sys-
tem, some degree of specificity is conferred on the molluscan internal defense sys-
tem by the presence of lectin-protein complexes that have the ability to opsonize and
agglutinate non-self material [33, 34]. It is interesting that vertebrates have retained
a family of non-immunoglobulin, lectin-like molecules (the pentraxins) of which C-
reactive protein is an example [35]. The principal line of molluscan cellular defense
is phagocytosis or encapsulation [36]. The hemocyte (also referred to as the ame-
bocyte, leucocyte or immunocyte) which wanders freely in blood (hemolymph) and
through loose connective tissue is the principal phagocytic cell. Although molluscs
are protostome animals, not on a line of evolution leading directly to the vertebrates
(Fig. 1), phagocytosis represents such a primitive mechanism that it would not be
surprising if this capability evolved phylogenetically through common ancestors.
Indeed, many similarities between molluscan hemocytes and phagocytic cells of the
myeloid lineage (granulocytes and monocytes) have been demonstrated. For exam-
ple, both molluscan hemocytes and mammalian macrophages use phagocytosis
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incorporating the release of highly reactive oxygen metabolites (e.g. hydrogen per-
oxide, superoxide) and degradative enzymes (e.g. lysozyme, B-glucuronidase) as one
of their defense strategies [37—-40]. Nitric oxide, a macrophage bacteriocidal factor
has recently been identified in molluscan hemocytes [41].

More recently, cells with a close structural and functional relationship to cellu-
lar defense cells have been identified in neural tissues of several invertebrate species
including the leech [42, 43], the cockroach [44] and several different molluscs [45].
These structural and functional commonalities parallel those between vertebrate
macrophages and microglia, thus these invertebrate cells have been compared to
vertebrate microglia. A characteristic feature of microglia is their rapid activation in
response to a variety of central nervous system (CNS) insults including injury,
inflammation, neurodegeneration, infection and tumors [46]. In the leech, microglia
move rapidly to nerve lesions in the CNS [47] and recent findings implicate these
cells in regenerative processes following injury [48]. An understanding of the rela-
tionship between these invertebrate microglial-like cells and the nervous system
could yield important information regarding the influence of microglia on neuronal
functioning following injury in mammalian systems.

Invertebrate cytokines

As in vertebrate systems, cytokine-like factors appear to control many aspects of
host defense responses in invertebrates. Even the most primitive invertebrates pos-
sess cytokine-like molecules. For example, there appears to be a structural and func-
tional relationship between vertebrate IL-2 and a protozoan pheromone (Er-1) [49],
and human IL-1B is an effective competitor of pheromone-receptor binding.
Detectable levels of immunoreactive IL-1 and TNF are present in the hemolymph of
a variety of molluscs including Aplysia [50, 51]. Preliminary analyses of cell lysate
preparations support the notion that the hemocytes are the source of the cytokines
detected in Aplysia hemolymph (A.L. Clatworthy and T.K. Hughes, unpublished
observations).

Biochemical characterization of IL-1-like molecules from a number of deuteros-
tome and protostome invertebrate species has revealed fundamental similarities in
structure with vertebrate IL-1 [52, 53]. Furthermore, invertebrate I[L-1 shares many
biological activities with vertebrate IL-1. For example, in their native species, inver-
tebrate IL-1-like molecules enhance cell proliferation, chemotaxis and phagocytic
activity [54, 55]. Interestingly, media conditioned by hemocytes stimulated with
zymosan significantly increased the proliferative and phagocytic activities of tuni-
cate hemocytes — an effect that was associated with the release of tunicate IL-1 like
factors by stimulated hemocytes [56]. More recently, an IL-6-like molecule has been
identified in the mollusc Mytilus edulis [51] and in the coelomic fluid of the echin-
oderm Asterias forbesi [57]. Lipopolysaccharide (LPS) was shown to initiate release
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of the IL-6-like factor from coelomocytes (echinoderm cellular defense cells) [57].
These findings suggest that tunicate and echinoderm cytokine-like factors are
expressed in response to selected antigenic stimuli.

IL-1-like factors isolated from an echinoderm (the starfish Asterias forbesi) and
a variety of species of tunicate also show biological activity when assayed in verte-
brate systems. For example, echinoderm and tunicate IL-1 stimulated thymocyte
activity directly in the murine thymocyte proliferation assay and to a greater degree
in the presence of submitogenic concentrations of concanavalin A [52, 58]. An anti-
body to human IL-1 was equally effective in inhibiting starfish IL-1-like factor and
human IL-1 in the thymocyte assay. Echinoderm IL-1-like factors also enhance
mammalian fibroblast proliferation and protein synthesis, stimulate release of
prostaglandin E, and are cytotoxic to the human cell line A375 [58]. Both verte-
brate and tunicate IL-1 produce an increase in vascular permeablity in vivo [53].

TNF-like and IL-2-like molecules have also been isolated from echinoderms and
tunicates [53, 59]. Initial values for tunicate TNF Mr and pl of approximately
40-50,000 and 4, respectively, are comparable to mammalian TNE Furthermore,
invertebrate TNF is active in the murine L 929 fibroblast ctyotoxicity assay [58].
The ability of invertebrate cytokine-like molecules to have activity in vertebrate sys-
tems suggests that there is conservation of the three dimensional structure necessary
for interaction with vertebrate cytokine receptors. However, the extent of homolo-
gy shared between vertebrate and invertebrate cytokine-like molecules awaits more
definitive analysis e.g. isolation and sequencing the cDNA clones encoding the
cytokines.

Neural-immune interactions in Aplysia

Profound long-lasting increases in nociceptive sensory soma excitability and synap-
tic transmission can be produced in Aplysia following injury of peripheral nerves
containing sensory axons ([20, 21], see also above). At least some of the signals are
generated at the site of injury and transported to the soma via slow retrograde axon-
al transport [22]. One potential source of signals is factors released from the numer-
ous hemocytes that are attracted to the injury site on the nerve (Fig. 4). In support
of this idea, cytokines that have been localized to the hemocytes of a number of
invertebrate species have been shown to have neuromodulatory actions in several
molluscan species. For example, IL-1B and TNFo. modulate ionic channels in the
soma of identified neurons of the molluscs Aplysia and Helix [60-62].

To begin to test the hypothesis that hemocytes can influence sensory functioning,
Clatworthy and colleagues examined whether an accumulation of hemocytes close
to peripheral nerves can influence the excitability of sensory neurons having axons
in those nerves [63]. A strip of cotton wrapped loosely around pedal nerves con-
taining sensory axons served as the stimulus to activate the cellular defense system
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Figure 5

Preparation used to examine immune-mediated modulation of sensory excitability in
Aplysia. A unilateral foreign body was induced by loosely ligating pedal nerves with a strip
of cotton at a distance of approximately 1 cm from the pedal ganglion. The excitability of
VC sensory neuron cell bodies (indicated by dots) having axons in ligated nerves was tested
between 1 and 30 days later and compared to the excitability of contralateral VC sensory
neurons having axons in non-ligated nerves. Modified after [63].

and produce an accumulation of hemocytes close to the peripheral nerves (Fig. 5).
Contralateral pedal nerves were not ligated. Loose ligation of peripheral nerves
induced a foreign body reaction as evidenced by the accumulation of numerous
hemocytes around the cotton ligature. Five to 30 days after ligation, the excitabili-
ty of the soma of nociceptive sensory neurons having axons in ligated nerves was
significantly increased compared to contralateral, control sensory neurons having
axons in non-ligated nerves. Spike threshold and afterhyperpolarization (AHP) were
reduced, and spike amplitude and duration were increased. Sensory neurons on the
ligated side also fired more spikes in response to a standard 1 sec intracellular depo-
larizing pulse compared to control sensory neurons. The recorded increase in sen-
sory excitability is qualitatively similar to that seen following axonal injury [20, 21].
However, both morphological and electrophysiological evidence indicated that
axons in ligated nerves were undamaged and able to conduct action potentials. Thus
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the effects are unlikely to be accounted for by ligation-induced injury of sensory
axons. Also, the increase in action potential amplitude recorded following loose lig-
ation is not associated with injury-induced sensory plasticity. Furthermore, the
latency to onset of sensory hyperexcitability following ligation was approximately
five days. This contrasts with the shorter latency (2-3 days) of sensory plasticity
induced by crushing pedal nerves at a similar distance from the sensory cell body.
The increased latency might reflect the time required for a sufficient number of
hemocytes to aggregate close to sensory axons to exert an effect. Thus, the sensory
changes associated with implantation of a foreign body close to peripheral nerves
may be mediated by factors released from hemocytes that are activated by the pres-
ence of a foreign agent.

More direct evidence of a neuromodulatory role for molluscan hemocytes comes
from some recent in vitro experiments. Crush-induced sensory hyperexcitability
similar to that seen following nerve crush in intact animals can be recorded in vitro
[22]. Thus, in isolated pedal/pleural ganglia preparations, pedal nerve crush will
produce a significant increase in the excitability of nociceptive sensory neurons hav-
ing axons in crushed nerves compared to sensory neurons having axons in
uncrushed nerves. Although qualitatively similar, one difference between injury-
induced sensory hyperexcitability in vitro and in vivo is that injury-induced sensory
hyperexcitability is more profound in vivo (Clatworthy, unpublished observations).
The in vitro preparation lacks hemocytes (besides those potentially present in the
neural tissue); therefore, an interesting possibiblty is that factors released from acti-
vated hemocytes at the injury site i# vivo may act to enhance the expression of
injury-induced sensory hyperexcitability. To directly test this hypothesis, a second in
vitro preparation was developed. One set of pedal-pleural ganglia was incubated in
culture medium to which hemocytes were added. The contralateral control ganglia
were incubated in the absence of hemocytes [64]. The associated peripheral nerves
containing the sensory axons were cut short on both control and experimental sides
so that the expression of injury-induced sensory hyperexcitability would be evident
within 24 h. The influence of hemocytes on the expression of injury-induced senso-
ry plasticity was tested after 24 h. Histological analysis of cross sections just proxi-
mal to the cut ends of peripheral nerves incubated in the presence of hemocytes
revealed that numerous hemocytes were attracted to the cut end of the nerve. In con-
trast, very few hemocytes were associated with the cut end of the nerve that was
incubated in the absence of hemocytes.

Electrophysiological analysis revealed that the AHP recorded from sensory cells
incubated in the presence of hemocytes was lower and the spike duration longer
compared to the AHP and duration recorded from sensory cells incubated in the
absence of hemocytes. In addition, sensory cells incubated in the presence of
hemocytes fired more spikes in response to a standard one second depolarizing
pulse at 2.5 x spike threshold than control cells. Although there was a tendency for
sensory cells incubated in the presence of hemocytes to be more excitable than sen-
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sory cells incubated in the absence of hemocytes, these differences were not sig-
nificant.

In vertebrate systems, the endotoxin, LPS acts as a potent stimulator of mono-
cytes/macrophages. It has been shown that the hemocytes of the mollusc Mytilus
edulis respond to LPS (0.1 pug/ml) in a similar fashion to that observed in vertebrate
systems — there is an increase in cell perimeter, flattening and an increase in mobili-
ty [65]. We were interested in determining whether the presence of LPS would
enhance the expression of sensory hyperexcitability recorded in the previous exper-
iments. Results from a series of preliminary experiments suggested that LPS alone
could influence sensory excitability in Aplysia. To control for the effects of LPS on
sensory excitability, the excitability of sensory cells incubated overnight in the pres-
ence of hemocytes and 0.1 pg/ml LPS was compared to the excitability of sensory
cells incubated in 0.1 ug/ml LPS alone [64]. Sensory cells incubated in the presence
of hemocytes and LPS were significantly more excitable than control cells. Spike
AHP was significantly lower and the number of spikes evoked by a 1 sec depolariz-
ing pulse at 1.25x and 2.5 x spike threshold was significantly larger than that
recorded from control sensory cells incubated in LPS alone (p<0.05).

What are the potential hemocyte-derived factors mediating this enhancement of
sensory excitability? Immunoreactive IL-1 and TNF have been detected in the
hemolymph of Aplysia [50] and our studies suggest that the hemocytes are indeed
the source of these cytokines. Preliminary studies demonstrating that IL-1 can
enhance the expression of injury-induced sensory hyperexcitability in vitro suggest
a role for IL-1 in this modulation of sensory function [50]. The stimulatory effects
of LPS on Mytilus hemocytes were blocked by addition of antibodies specific for
TNF and IL-1 which suggests that they are mediated by the release of IL-1 and TNF
[65]. It is interesting to speculate that the addition of LPS to the incubation medi-
um containing hemocytes enhanced the release of IL-1 (and perhaps other cytokine-
like factors) which in turn potentiated the hemocyte-induced increase in sensory
excitability recorded in the absence of LPS. In support of this hypothesis, prelimi-
nary studies suggest that in Aplysia, levels of circulating (ir) IL-1 and TNF are
increased following administration of LPS in vivo.

Commonalities between invertebrate and vertebrate systems

When dealing with a simple system it is important to understand the relevance to
more complex systems, i.e. will findings from the Aplysia model provide any useful
information to groups as evolutionary divergent as molluscs and mammals which
diverged very early in evolution when the deuterostomes separated from the proto-
stomes (Fig. 1). The enhancement of responsiveness in Aplysia nociceptive sensory
neurons following injury or the induction of a foreign body response is functional-
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ly similar to hyperalgesia (i.e. a heightened sensitivity to painful stimuli) in mam-
malian preparations. A mammalian model that has been used extensively to study
neuropathic hyperalgesia that is associated with peripheral nerve injury involves
loosely ligating the sciatic nerve in rats with chromic gut sutures [66]. Hyperalgesia
is recorded from the paw on the ligated side within a few days. This rat model bears
a striking resemblance to the model that has been used to study whether hemocytes
can modulate nociceptive sensory functioning in Aplysia [63]. In both systems an
increase in the responsiveness of nociceptive sensory neurons is produced following
the induction of a cellular defense reaction close to peripheral nerves. Thus, in the
rat model of neuropathic hyperalgesia, activated immune cells attracted to the
chromic gut used to ligate the sciatic nerve may influence nociceptive processing.

The effect of manipulating the inflammatory response associated with the suture
material used to ligate the nerve on the expression of hyperalgesia has been exam-
ined. Clatworthy and colleagues found that severely reducing the magnitude of the
inflammatory reaction associated with chromic gut ligatures by treating the animals
with the steroid dexamethasone significantly reduced the hyperalgesia recorded on
the ligated side [67]. In contrast, enhancing the inflammatory response associated
with cotton ligatures by soaking them in Freund’s complete adjuvunt prior to
implantation significantly potentiated the hyperalgesic response associated with cot-
ton sutures alone. These results suggest that inflammation in close proximity to the
ligated sciatic nerve plays an important role in the development of hyperalgesia in
this model of neuropathic pain.

Potential mediators of this hyperalgesic response include cytokines released from
immune cells attracted to the chromic gut sutures. The expression of thermal hyper-
algesia can be significantly reduced by administration of TNF-binding protein (an
endogenous inhibitor of the cytokine TNFa) prior to the ligation [29]. This suggests
that TNFa plays a role in the development of thermal hyperalgesia in this model of
neuropathic pain and lends further support to the notion of an immune mediated
modulation of nociceptive processing.

Conclusions

The overall goal of the studies in Aplysia is to generate results regarding funda-
mental mechanisms underlying neural-immune communication that can be used to
formulate novel hypotheses in more complex systems. The feasibility of this
approach is underscored by the fact that the recent studies showing an important
role for the immune system in the development of hyperalgesia in a rat model of
neuropathic pain [67] were designed on the basis of results from studies in Aplysia
demonstrating an immune-mediated modulation of nociceptive sensory function
[63].
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Introduction

The focus of this chapter will be different from the others in this book as it takes a
more holistic view of the organism. Such a view examines hyperalgesia from an adap-
tive perspective and makes the argument that exaggeration of pain is a natural and
normal consequence of immune activation. During illness, infection, and injury, acti-
vated immune cells release substances that signal the brain, triggering a constellation
of coordinated responses designed to enhance survival (for review, see Ref [1, 2]).
Hyperalgesia will be argued to be simply one component of this brain-mediated ill-
ness response. There has been increasing recognition that the immune system is
involved in the regulation of many diverse phenomena to which it has not previous-
ly thought to be relevant [2], and here we will argue that pain is such a phenomenon.

This chapter is organized into three sections. The first provides a brief overview of
the basic immunology on which the rest of the chapter is based. In this first section,
immune responses to infection and inflammation are described and the concept of the
illness response is developed. The second section develops the arguments for hyperal-
gesia being part of this coordinated illness response and provides examples of the
mechanisms that mediate these hyperalgesic states. The last section is highly specula-
tive, as it attempts to describe potential implications of this work for basic and clini-
cal pain research, as well as potential implications for the management of clinical pain.

Infection, inflammation and the illness response

How does the immune system respond to infection?

To understand the natural involvement of pain in the organism’s response to im-
mune activation, it is first necessary to understand a few basics about the function-

ing of the immune system. In terms of pain, the most relevant situations are infec-
tion and inflammation. These will be discussed in turn.
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Infection occurs when cells of the immune system detect the presence of foreign
cells (bacteria, yeast, viruses, etc.) or other “non-self” entities (tumors, endotoxin,
senescent red blood cells, damaged cells, etc.). This detection triggers the activation
of immune responses designed to eliminate the danger to the host by destruction and
elimination of the “non-self” invaders. The ensuing immune responses are classical-
ly divided into two types, the first termed non-specific (or innate) immunity and the
other termed specific (or acquired or adaptive) immunity [3].

Specific immunity will only be mentioned in passing here, as no clear evidence
exists that it per se modulates pain, other than its involvement in initiating a gener-
alized inflammatory response (see below). The specific immune response requires
that immune cells identify the invader (the virus that produces measles versus the
one that produces mumps, for example). This identification process, in turn, triggers
a complex cascade of events requiring a variety of immune cell types. The end result
of this process is the induction of effector mechanisms that can attack the invader
and/or help in its elimination, such as the generation of antibodies (immunoglobu-
lins) that are specific to the invader [3].

In contrast, the non-specific immune response is a very general, broad-spectrum
response to anything deemed “non-self”. Some forms of the innate immune
response are preventative. The integrity of healthy skin, tears that wash bacteria
from the eye, and acid in the stomach to kill microbes are common examples. Other
forms of the innate immune response come into play when an invader successfully
penetrates into the body. Even when invasion occurs, there is no need to recognize
whether the invader is a polio virus versus an E. coli bacterium; that they are “non-
self” is sufficient for triggering this generalized immune response [3].

The most common response to invasion is engulfment and digestion of the
invaders by specialized phagocytic immune cells. There are many varieties of phago-
cytes, with the types perhaps most relevant to pain being neutrophils and
macrophages (which migrate into various body tissues as well as the central nervous
system), Kupffer cells (which perform surveillance for invaders in blood and lymph
as these fluids pass through the liver), synovial A cells (in joints), and microglia (in
the brain and spinal cord). All of these phagocytes, upon engulfing or contacting
invaders, produce and release a series of proteins, one class of which are the proin-
flammatory cytokines. “Pro-inflammatory” refers to the fact that they trigger and
enhance the inflammatory response (see below). Such cytokines include tumor
necrosis factor (TNF), interleukin(IL)-1, IL-6, and IL-8 [3-5].

How does inflammation occur?
Both the specific and non-specific immune responses are involved in causing inflam-

mation. Inflammation is a local response to tissue injury, infection, or irritants. In
the case of bacteria invading through a skin cut, for example, inflammation limits
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bacterial spread, and kills and removes the bacteria through engulfment and diges-
tion by phagocytes such as macrophages and neutrophils. Inflammation also initi-
ates general tissue repair processes, involving proliferation of connective tissue, pro-
duction of elastins and collagen, etc. [3].

As mentioned above, the release of proinflammatory cytokines is involved in the
initiation and maintenance of inflammation. These substances produce inflamma-
tion by altering the capillaries in a manner which allows immune cells to pass into
the inflamed tissue, by attracting immune cells to this site, and by activating the
immune cells once they are at the site. The sources of the proinflammatory cytokines
are diverse, including phagocytes as mentioned previously, but also including mast
cells, fibroblasts, joint synoviocytes, keratinocytes in skin, endothelial cells of blood
vessels, adrenal medulla chromaffin cells, gastrointestinal tract, bladder epithelial
cells, etc. [3].

In addition, the inflammatory response involves at least four additional compo-
nents, namely the complement system, kinin forming systems, fibrinolytic systems,
and clotting factors. Together these act to increase fluid and cell entry into the
inflammatory site via nitric oxide production, attract and activate immune cells, etc.
[3].

Several points should be emphasized. First, there is strong positive feedback at
every step of the inflammatory process. As one simple example, the production of
IL-1 drives further production of more IL-1. Second, dramatic synergisms are the
norm. For example, TNF and IL-1 can dramatically enhance each other’s actions.
Third, there are many fail-safes built into the immune response such that any end-
point can be reached by multiple cell types and by multiple mechanisms.

The illness response — general considerations

A characteristic set of behavioral and physiological responses in humans and ani-
mals often follows immune activation by inflammation, injury, or infection. This
constellation of changes has been called “illness” or “sickness” and includes fever,
increased sleep (especially increased slow-wave sleep), decreased activity, decreased
social interaction, decreased eating and drinking, decreased digestion, rapid forma-
tion of taste aversions to novel foods, release of adrenal corticosteroids, release of
sympathetic catecholamines, and altered brain monoamine activity [1, 2, 6]. As we
will show below, recent work from our laboratory and others strongly supports the
idea that lowering of pain thresholds and exaggerated pain responses (hyperalgesia)
are also aspects of this illness response [7].

The argument for why this particular constellation of illness responses occurs
centers on the survival value of fever [6]. Fever is a highly adaptive response because
raised body temperature inhibits bacterial and viral replication, enhances immune
cell proliferation, activates enzymes that destroy invaders, etc. Indeed, it has been
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reported that decreasing fever can decrease survival [8, 9]. However, fever is not cre-
ated without cost. Fever requires tremendous energy expenditure, as does prolifera-
tion of immune cells and tissue repair processes. However, energy must be generat-
ed to maintain these processes. It has been noted that the various aspects of the ill-
ness response can be viewed as behavioral and physiological mechanisms for saving
and creating energy [6, 10]. The hormonal changes, for example, serve to release
energy from body stores. Behavioral changes, such as increased sleep and decreased
foraging for food, conserve energy. Similarly, hyperalgesia can be argued to dis-
courage unnecessary activity and to enhance recuperation, thus conserving energy.

Inflammation, injury, and infection cause the illness constellation to occur by sig-
naling the brain through the release of proinflammatory cytokines, especially TNE,
IL-1 and IL-6 [1, 11]. Peripheral administration of these cytokines can create the
entire illness response. Furthermore, infection models (such as administering
lipopolysaccharide [LPS], the cell wall of Gram-negative bacteria associated with
endotoxin) produce the illness response by inducing the release of proinflammatory
cytokines, since the illness response can be attenuated simply by blocking the action
of these cytokines with receptor antagonists or antisera [1, 11, 12]. Indeed, a vari-
ety of procedures commonly used in pain research to create exaggerated pain result
in both the release of proinflammatory cytokines and illness responses. Such proce-
dures include those that use killed bacteria (a key component of complete Freund’s
adjuvant), turpentine, zymosan (yeast cell walls), carrageenan (seaweed extract), tis-
sue damage, and nerve damage [7, 13].

Once proinflammatory cytokines are released in the periphery, illness responses
are produced as a result of signals reaching specific centers in the brain. This must
be the case because fever, increases in sleep, decreases in social interaction, etc. are
all organized and mediated by the brain. Brain lesions and centrally-administered
drugs can block illness responses produced by peripheral infection or peripheral
cytokine administration [12]. Peripherally-administered proinflammatory cytokines
and LPS increase neural activity, alter neurotransmitter content, and activate pro-
tooncogenes (for example, activation of the immediate-early gene cFos) in discrete
brain regions mediating illness responses [14-18].

Involvement of cytokines in the central nervous system

Signaling to the brain from proinflammatory cytokines released in the periphery
during infection, inflammation, and injury has been termed “immune-to-brain com-
munication”. Early hypotheses of how such signaling occurs focused on the large,
lipophobic proinflammatory cytokines reaching the brain via the bloodstream and
then somehow crossing over into the central nervous system to create brain-medi-
ated illness responses [1]. This possibility initially seemed attractive, especially since
it was known that illness responses could be elicited not just by peripheral adminis-
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tration of IL-1 or LPS, but also by intracerebroventricular injection of these same
substances [1, 12]. Furthermore, brain-mediated illness responses produced as a
result of peripheral administration of IL-1 or LPS could be blocked by intracere-
broventricular administration of IL-1 receptor antagonist, implying that critical
cytokine receptors for creating illness responses were in fact within the brain itself
[1, 12]. Such data appeared to imply that illness responses were actually produced
by the direct action of proinflammatory cytokines in the central nervous system,
rather than by action in the periphery.

These early hypotheses were only partially correct and there is dispute concern-
ing the degree to which illness responses are actually created by blood-borne
cytokines crossing the blood-brain barrier (see below). It is now clear that proin-
flammatory cytokines produced by infection, inflammation, and/or injury itself can
activate certain peripheral nerves, with vagal sensory afferent nerves being most
directly relevant to the present discussion. Once activated by proinflammatory
cytokines, these peripheral nerves communicate with the brain and cause the release/
synthesis of proinflammatory cytokines from cells (glia and perhaps neurons) with-
in the central nervous system itself [19-21]. The cytokines released in the central
nervous system, in response to peripheral nerve activation by peripheral cytokines,
ultimately create illness responses. In the discussion that follows, the exact same
arguments will be made for the induction of exaggerated pain responses following
peripheral infection, inflammation, and injury.

Hyperalgesia as an illness response

By the early 1990’ it became evident that neuroimmunologists studying the illness
response and pain researchers studying exaggerated pain states could benefit from
each other’s work. At this time, several similarities between illness responses and
pain responses were becoming evident. First, both had been argued to be motivated
behaviors. For a pain researcher, pain as a motivator is clear but illness may be less
so. Examples that illness responses are motivated include the facts that sick animals
will (a) work to gain access to hot environments which aid in the creation of fever
[8], (b) actively bar-press to stop a moving treadmill so that they can remain seden-
tary [22], and (c) increase food hoarding (despite illness-induced lack of eating) dur-
ing situations of restricted food access [23]. Second, the description of the chronic
phase of pain by Wall [24] is strikingly similar to the illness response. Wall noted
that after an injury is sustained the organism enters, after a delay (during which
infection/inflammation is undoubtedly occurring in their example), the chronic
stage of pain typified by decreased activity, lack of eating and drinking, increased
sleep, decreased social interaction, and enhanced pain [24]. All of these responses,
except pain, were considered part of the classic illness response constellation in the
early 1990’. Pain, at this time, had never been examined by neuroimmunologists,
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so its role in the illness response had not yet been determined. Third, it was striking
that every model used to study hyperalgesia in the pain research literature induces
the release of proinflammatory cytokines [7, 13], a fact not yet widely appreciated
by pain researchers. Such models include, but are not limited to, arthritis models
(involving injection of bacteria); nerve injury and constriction models; peripheral
injection of formalin, zymosan, carrageenan, and the like; gout models; inflamma-
tory bowel models; inflammatory bladder models; and so forth [7, 13]. Taken
together, we decided to test whether infection and cytokines by themselves, in the
absence of the usual hyperalgesia-inducing conditions, produce hyperalgesia as well
as other illness responses and, if so, whether they are mediated by common path-
ways.

Hyperalgesia from intraperitoneal illness-inducing agents

The best-validated non-pathogenic model in the psychological literature for induc-
ing transient illness in rats is the injection of intraperitoneal (i.p.) lithium chloride,
so we used lithium chloride in our initial studies. Indeed, i.p. lithium chloride pro-
duced marked hyperalgesia [25, 26], as measured by the tailflick test. Seeking a
more naturalistic infection model, we tested i.p. LPS with the rationale that it would
mimic the presence of bacteria. This, too, produced marked hyperalgesia on the tail-
flick test which could not be accounted for either by changes in tail temperature or
by generalized exaggerated reflex responses to all somatosensory stimuli [25-27].
Additionally, i.p. LPS produced exaggerated response to diverse pain stimuli (such
as subcutaneous formalin), indicating generality across pain measures [26]. Periph-
eral cytokines were implicated since (a) the hyperalgesias produced by i.p. lithium
chloride and i.p. LPS were each abolished by i.p. administration of a peripherally
restricted IL-1 receptor antagonist [25], (b) i.p. LPS hyperalgesia could also be
blocked by i.p. administration of a peripherally restricted TNF functional antago-
nist (TNF binding protein) [28] and (b) i.p. IL-1 and i.p. TNF each produced hyper-
algesia as well [25, 29].

While investigating the mechanisms underlying these phenomena, we discovered
that cutting the vagus nerve blocked this LPS-induced, IL-1-mediated hyperalgesia,
whereas cutting visceral afferents to the spinal cord did not [30]. Indeed, cutting the
vagus nerve also blocked i.p. IL-1-induced hyperalgesia and i.p. TNF-induced
hyperalgesia [28, 29]. These data suggested that, for hyperalgesia following the i.p.
administration of immune-activating agents, at least, (a) immune-to-brain commu-
nication occurs via peripheral nerves rather than by blood-borne cytokines and (b)
the sensory neural signals generated by these i.p. agents are first transmitted to the
brain, specifically via vagal sensory afferent nerves. In support of these possibilities,
we have found that both i.p. LPS and i.p. IL-1 increase immediate-early gene (cFos)
expression in sensory vagal neurons and in neurons of the nucleus tractus solitarius,
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the principal site of termination of vagal sensory afferent nerves in the brain [2,
31-33]. Furthermore, IL-1 has been reported to increase the electrical activity of
vagal sensory afferent nerves [34] and our own preliminary electrophysiological
studies indicate that i.p. LPS also increases activity in sensory vagal fibers [33].

But does such hyperalgesia actually belong as part of the illness response con-
stellation? If it does, one would expect that cutting the vagus would disrupt other
illness responses as well. This is in fact true. To date, ten different laboratories, using
three different species, have shown that cutting the vagus disrupts every illness
response examined, including fever, decreased social interaction, decreased feeding,
increased sleep, hormonal changes, alterations in brain neurotransmitters, develop-
ment of taste aversions, etc. [2]. Basically, if the vagus is severed, all of the brain-
mediated illness responses to i.p. LPS or i.p. cytokines are eliminated or markedly
reduced! Importantly, the effect of cutting the vagus is specific for disrupting illness
responses produced by peripheral cytokines and LPS [2].

Regarding the neurocircuitry of illness-induced hyperalgesia, the initial circuitry
is shared with all components of the brain-mediated illness response constellation.
One direct action of i.p. proinflammatory cytokines appears to be binding to vagus-
associated structures called paraganglia [35]. These bodies are comprised ¢f glomus
cells which express (at least) specific binding sites for IL-1. Paraganglia are chemore-
ceptors which form afferent synapses with sensory vagal fibers [36, 37]. Intriguing-
ly, we have demonstrated that these paraganglia and vagal nerve fibers are anatom-
ically unique with regards to their close proximity to nerve-associated lymphoid cells
(NALC) [33]. Immune cells constitutively juxtaposed to the paraganglia-vagus
nerves very rapidly increase their expression of both IL-1 and TNF following i.p. LPS
[33]. The presence of IL-1 (and likely other inflammatory and immune-derived medi-
ators as well) then leads to sensory signals to the brain [33, 34], presumably through
activation of paraganglia. As the medullary nucleus tractus solitarius and associated
structures are the principal termination site of vagal afferent fibers in the brain [38],
these are thought to be the “hub” for concerted signaling to each of the diverse cen-
tral nervous system areas that are responsible for creating each of the individual ill-
ness responses. In the case of illness-induced hyperalgesia, we have shown, with cFos
immunohistochemistry and brain lesion studies that hyperalgesia occurs through a
nucleus tractus solitarius — nucleus raphe magnus — spinal cord circuit, the descend-
ing component running through the spinal cord dorsolateral funiculus [30, 39].

An intriguing aspect of this illness hyperalgesia is that it appears to access spinal
mechanisms previously discovered by studies of hyperalgesia which were induced by
nerve damage and pharmacological stimulation of the spinal cord. That is, illness-
induced hyperalgesia is prevented by spinal administration of competitive and non-
competitive N-methyl D-aspartate (NMDA) antagonists, substance P antagonists,
nitric oxide (NO) synthesis inhibitors, etc. [40, 41]. Thus inflammatory events,
whether they be due to nerve trauma or to infective agents, may ultimately tap into
common spinal pathways.
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Hyperalgesia from subcutaneous inflammatory agents

The research reviewed above suggests that infection in the periphery activates a cen-
trifugal circuit that ultimately activates the NMDA-NO cascade in the spinal cord.
We have argued that cytokines released by immune cells in response to infectious
agents are critical in the initiation of the hyperalgesia cascade produced by infection.
This would suggest that processes other than infection, that also stimulate the syn-
thesis and release of proinflammatory cytokines, should also produce hyperalgesia.
Inflammation is an obvious example. Using formalin injected s.c. into the dorsum
of a single hindpaw, we found reliable hyperalgesia as measured by the tailflick test
[42]. Several striking similarities were found between this inflammation-induced
hyperalgesia and the illness hyperalgesia described above. First, like illness-induced
hyperalgesia, s.c. formalin hyperalgesia was blocked both by nucleus raphe magnus
(NRM) lesions and by spinal transection, implicating a brain-to-spinal cord path-
way [42]. Second, at the level of the spinal cord, inflammation likewise produced
hyperalgesia via an NMDA-NO cascade [42]. Third, both i.p. LPS and s.c. forma-
lin produced glial activation in dorsal spinal cord, as evidenced by immunobhisto-
chemistry [43]. Such glial activation appeared crucial to the induction of both i.p.
bacteria and s.c. formalin hyperalgesias since each were abolished by fluorocitrate
(a glial metabolic inhibitor) and CNI-1493 (a glial synthesis inhibitor) [43, 44]. It is
notable that another form of inflammation-induced hyperalgesia, that produced by
s.c. zymosan, is also blocked by such procedures [45].

But how could glia be involved in pain? At this point we knew that i.p. LPS
induced rapid increases in IL-1 protein in dorsal spinal cord [2, 46], most likely
from glia. Assuming similarities would exist between illness- and inflammation-
induced hyperalgesias, we chose to test the effects of intrathecal IL-1 receptor antag-
onist on s.c. formalin hyperalgesia. Spinal IL-1 receptor antagonist blocked s.c. for-
malin hyperalgesia [44]. Furthermore, intrathecal antisera to nerve growth factor,
another substance produced and released by activated glia, also prevented s.c. for-
malin hyperalgesia [44]. Selectivity of effect was observed as other products of acti-
vated glia (complement-3, TNF) did not appear to be involved since blockade of
their actions was without effect on s.c. formalin hyperalgesia [44].

The blockade of s.c. formalin induced hyperalgesia by spinal IL-1 receptor
antagonist is consistent with the facts that: (a) glial IL-1 production increases fol-
lowing either peripheral inflammation [47, 48] or exposure of glia to substance P
[49-51], (b) neurons express receptors for IL-1 [52, 53], and (c) IL-1 receptor antag-
onist protects neurons from the excitotoxic effect of NMDA agonists [54]. Further-
more, IL-1 can activate glia to release nitric oxide and eicosanoids [55, 56], sub-
stances previously implicated in s.c. formalin hyperalgesia [57, 58]. Lastly, spinal
administration of either LPS (which induces IL-1) or IL-1 (in combination with
interferon gamma) produces hyperalgesia [45], likely through IL-1-mediated selec-
tive enhancement of nociceptive neuronal responses [59].
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In addition, IL-1 stimulates exaggerated release of nerve growth factor from
astrocytes [60, 61]. This is notable since we have shown that spinal administration
of antiserum directed against nerve growth factor also blocked s.c. formalin hyper-
algesia [44]. Glutamate [62], TNF [63], and LPS [64] also stimulate astrocyte nerve
growth factor and strong synergism between IL-1 and TNF has been reported in this
regard [60]. Nerve growth factor released from glia could influence afferent pain
transmission by binding to high affinity receptors expressed by calcitonin gene-relat-
ed peptide (CGRP) and substance P afferent fibers [65, 66] which terminate almost
exclusively within lamina I and outer lamina II [67]. Indeed, nerve growth factor is
known to influence neurotransmitter content in these terminals [68].

It is noteworthy that s.c. formalin hyperalgesia is also blocked by spinal admin-
istration of antagonists directed against nitric oxide synthesis and against sub-
stance P, NMDA, and non-NMDA excitatory amino acid receptors [42, 58,
69-71]. This is in keeping with the spinal release of substance P, glutamate, and
aspartate known to occur following s.c. formalin [72, 73]. Furthermore, s.c. for-
malin hyperalgesia has been reported to be blocked by spinal administration of
cyclooxygenase inhibitors [57]. Although typically thought to reflect actions on
nocisponsive neurons, all of these observations are actually also consistent with
the idea that glia play a key role in mediating inflammatory-induced and illness-
induced hyperalgesic states. That is, glia: (a) express immunohistochemically
detectable activation markers in response to NMDA agonists [74]; (b) release
nitric oxide and aspartate in response to glutamate and excitatory amino acid ago-
nists [75-77]; (c) release arachidonic acid and cyclooxygenase products in
response to glutamate or substance P [56, 78-80]; (d) cause NMDA-mediated
increases in intracellular calcium in nearby neurons due to glial release of gluta-
mate and various excitatory amino acids [77, 81-83]; and (e) further increase
extracellular glutamate by modulating the glial glutamate transporter, reducing
glutamate uptake, and reducing the activity of the glial glutamate degradative
enzyme, glutamine synthetase [82, 84-86].

Hyperalgesia from intrathecal glial stimulators

The data reviewed above argues that peripheral illness-inducing agents and periph-
eral inflammatory agents ultimately produce hyperalgesia via activation of spinal
cord glia. If spinal cord glia are indeed key elements in mediating peripherally-
induced hyperalgesias, direct activation of spinal cord glia should also produce
hyperalgesia. Spinal administration of substance P, excitatory amino acids, nitric
oxide donors, etc. will certainly activate glia. Such procedures, however, do not fur-
ther our understanding of the specific role of glia since any results would be con-
founded by direct, simultaneous activation of neurons. A procedure that directly
stimulates only glia is needed.
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One approach is to take advantage of the fact that microglia are embryological-
ly derived from immune cells [3]. Indeed, they function in the central nervous sys-
tem as phagocytes, reactive to “non-self” similar to macrophages in the periphery.
In addition, microglia and astrocytes frequently form positive feedback circuits,
wherein activation of microglia stimulate astrocyte activation, which further stimu-
late microglia, and so forth. In support of the usefulness of such an approach,
Meller et al. reported that immune-stimulatory bacterial cell walls produced hyper-
algesia following injection over spinal cord [45].

We are currently pursuing this approach using spinal administration of gp120,
an HIV coat glycoprotein which stimulates immune responses by glia. Our interest
in this agent derives in part from its potential as a pure glial stimulator, as neurons
are not thought to respond directly to gp120. In response to gp120, astrocytes
and/or microglia have been reported to release a wide array of substances including
IL-1 [87, 88], nitric oxide [88, 89], glutamate [90], cysteine (an agonist at the
NMDA receptor) [89] and other excitatory amino acids [90], IL-6 and TNF [91].
We are also focused on gp120 because it is potentially relevant to AIDS-related pain
syndromes, since HIV readily gains access to the spinal cord during the course of the
disease and thus may exaggerate pain in these patients by direct glial activation.
What we know to date is that gp120 dose-dependently produces prolonged thermal
hyperalgesia and allodynia following spinal administration, unconfounded by
spread to supraspinal sites, motor disturbances, or altered tail temperature [92].
This hyperalgesic action of gp120 is consistent with a glial receptor-mediated action
since disruption of the secondary and tertiary structure of gp120 (required for recep-
tor binding to microglia and astrocytes; see [93]) abolishes its hyperalgesic action
[92]. Further, we have demonstrated that spinal administration of gp120 rapidly
and dramatically increases dorsal spinal cord levels of IL-1 (K.T. Nguyen, S.F. Maier
and L.R. Watkins, unpublished observations), supporting a potential role of glial IL-
1 in creating this hyperalgesic state. Thus it may be that direct glial activation can
indeed produce hyperalgesia by actions within the spinal cord dorsal horn.

Implications for pain research

The work reviewed in this chapter has a number of potential implications for basic
and clinical pain research, as well as for the management of clinical pain.

For basic pain research using animal models, the implications are derived from
five aspects of the work. First, the potential involvement of peripheral and/or cen-
tral cytokines in various animal pain models needs to be appreciated. As noted pre-
viously, many of the subcutaneous, intraperitoneal, peripheral nerve, and visceral
irritant/inflammatory models induce the production and release of proinflammato-
ry cytokines as well as other immune-derived factors. In addition to the clear hyper-
algesic effects of proinflammatory cytokines after s.c. injection (see other chapters
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in this book), robust hyperalgesia is also seen following proinflammatory cytokine
injection into rat knee joint [94] and even hyperalgesia subsequent to substance P
injection into knee joint can be prevented by interleukin-1 receptor antagonist [95].
Beyond such direct effects, indirect effects can occur as well. For example, bacterial
translocation out of the lumen of the intestine and into the abdomen can occur
under a surprisingly wide range of conditions. As one example, bacterial transloca-
tion can occur in response to colonic inflammation. Thus, colitis pain models may
reflect, in part, illness-induced hyperalgesic effects consequent to bacteria (i.e. the
live version of LPS) entry into the peritoneal lymphatics and immune organs drain-
ing this region. Second, regarding visceral pain models, it should be noted that the
vagus innervates viscera more broadly than earlier appreciated. The colon, uterus,
lungs, bladder, and other visceral tissues have all now been documented as receiving
vagal sensory afferents. Since the response properties of vagal afferent neurons are
quite diverse, with only a subpopulation mediating cytokine-to-brain communica-
tion, it is not yet known whether vagal innervation of the various visceral organs
contributes to immune-to-brain communication. This potential warrants considera-
tion in the use of such pain models. Third, peripheral cytokines may lead to the pro-
duction of central cytokines. That is, peripheral cytokines activate afferent sensory
nerves, leading to activation of illness/inflammatory pathways in the central nervous
system, which ultimately activate central glia (and possibly neurons) to release
cytokines and other factors. Thus, immune-derived substances can be involved in
the periphery, the brain, and/or the spinal cord. Fourth, inflammation and illness
lead to hyperalgesia which, at least for the models we have studied, involves a brain-
to-spinal cord pathway. Given that even s.c. formalin hyperalgesia involves a brain-
to-spinal cord pathway, it should not be tacitly assumed that a pain model is medi-
ated simply at the level of the spinal cord, independent of the brain, without direct
testing of the assertion [96]. Lastly, the potential involvement of spinal (and likely
brain) glia warrants further study in a variety of pain states. Once microglia or
astrocytes are activated, they can co-stimulate each other in positive feedback loops,
driving the release and accumulation of proinflammatory cytokines, other classical
immune products, and a host of substances (nitric oxide, glutamate, excitatory
amino acids, arachidonic acid products, etc.) that have been documented to be
important in driving various hyperalgesic states. What has been conceived to be a
purely neuronal plasticity circuit for exaggerated pain responses may well be criti-
cally dependent on glia, at least in some circumstances.

Regarding relevance to human pain, we can only speculate. At a very general
level, the present perspective may provide a different view of pain, one in which
hyperalgesia is simply one of a whole constellation of brain-mediated changes trig-
gered as a unit in response to illness signals. Thus, peripheral proinflammatory
cytokines may be involved in conditions in which enhanced pain occurs concor-
dantly with other aspects of the illness response (increased sleep, decreased eating,
decreased social interactions, etc.). Inmune-to-brain communication, in which acti-
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vated immune cells inform the brain that infection, inflammation, and/or injury are
occurring in the body is in keeping with the growing recognition that the immune
system may function as a diffuse sensory system providing the brain with key infor-
mation from the periphery. Indeed, spinal mechanisms for producing hyperalgesia
could be argued to have evolved to subserve illness-induced hyperalgesia to support
such recuperative responses.

In addition, the work reviewed here shows that illness-induced and inflamma-
tion-induced hyperalgesias can be controlled by three non-traditional methods.
First, hyperalgesia induced by intraperitoneal injection of illness agents was blocked
by complete subdiaphragmatic vagotomy. Blockage of illness-induced hyperalgesia
by such a procedure is obviously not suggested as a means of pain control for
humans. However, a point worth noting is that the vagal input to the brain that dri-
ves the hyperalgesic state is not the same nerve from which hyperalgesia appears to
arise. In our studies, the nerves from which hyperalgesia appears to arise (based on
the exaggerated pain response by the animal) were nerves from the tail that are
responsive to the radiant heat of the tailflick test and the nerves from the hindleg
carrying s.c. formalin pain. Thus the nerves creating hyperalgesia may be quite dis-
tinct (and quite distant) from the pain complaint. This has potential implications for
a host of human situations in which activation of sensory vagal nerves may occur.
These not only include the wide range of medical problems involving elevation of
visceral and/or systemic proinflammatory immune products, but also possibly more
subtle situations, such as viral infection/re-activation in the nodose ganglia contain-
ing the cell bodies of vagal sensory neurons. Herpes simplex virus, as one example,
can harbor in both human [97] and mouse [98] nodose ganglia.

Second, hyperalgesia was prevented by blocking products of activated immune
cells. Peripherally, such products include IL-1 and TNE. It is unlikely that these are
the only substances leading to activation of illness-inducing vagal sensory afferent
nerves. Peripheral actions of IL-1 and TNF lead to vagal transmission of illness sig-
nals to the brain, eliciting hyperalgesia along with the rest of the illness response.
Hyperalgesia may be mediated in part by cytokines created and released in the cen-
tral nervous system in response to afferent signals initiated by peripheral infec-
tion/inflammation. Thus cytokines can be involved simultaneously in the body, in
the brain and/or in the spinal cord.

Third, hyperalgesia was controlled by inhibiting glial function using two drugs
with very different mechanisms of action, and by inhibition of products of glial acti-
vation. This suggests that targeting spinal microglia and astrocytes (especially tar-
geting their release of specific excitatory substances) may be an avenue worth
exploring. This target may be important not only for pain of peripheral origin, but
pain of central origin as well. Central nervous system infection, inflammation, and
damage activate microglia and astrocytes, and release of their activation products
would be expected to create and/or exaggerate pain if this release occurs near pain
pathways. As an example, HIV and herpes viruses both activate glia. They could
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potentially exaggerate pain via release of immune and glial products at multiple
sites: via their infection in peripheral tissues, via their infection of dorsal root gan-
glia, as well as via their infection of spinal cord. A centrally-driven component to
virally-created pain states is clearly a concept worth further consideration.
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General concepts
Cytokines

Cytokines are proteins produced by cells in response to a variety of stimuli: they are
released by their producer cells and act upon receptors on target cells. Cytokines
may be produced by more than one cell type and in a number of tissues and may
work in an autocrine, paracrine, or endocrine manner. All cytokines are small pro-
teins (typically 5-30 kDa), some are glycoproteins, and some are synthesised as larg-
er precursors which are cleaved to give the active molecule. As expected of agents
that have a number of regulatory roles, cytokines are rarely produced at a constant
rate but rather their production is induced (or suppressed) by specific stimuli to
which the organism needs to respond. The lifetimes of cytokines are generally short
and their destruction/clearance is usually a regulated process. Cytokines have essen-
tial roles in the control of cell proliferation, during embryonic development and in
later life, and they are involved in regulating the immune response to foreign anti-
gens on invading organisms. Essential processes such as cellular renewal and wound
healing, the development of cellular and humoral immunity, and inflammatory
responses all require participation of a range of cytokines. It is not surprising, there-
fore, that many diseases and conditions involving disruption of these processes are
associated with altered regulation of cytokine production and action.

Interleukins and tumour necrosis factor

Interleukins act as inter-cellular signalling agents between leukocytes, hence their
name. In fact, interleukins are produced by, and act upon, a variety of cell types,
including monocytes, macrophages and lymphocytes. Some have been assigned
numbers according to the chronology of their discovery, e.g. interleukin-1 (IL-1),
while others have been named after a biological activity, e.g. tumour necrosis factor
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(TNF). Cytokines that are believed to have major roles in inflammatory events are
IL-1 (IL-1ov and IL-1B, two separate gene-products), IL-6, IL-8 and TNFo [1].

Anti-inflammatory cytokines

An increasing number of cytokines have been shown to have activities which oppose or
down-regulate inflammatory processes. Among these are the IL-1 receptor antagonist
(IL-1ra), IL-4, IL-10, IL-12, IL-13 and transforming growth factor-p (TGFB). These
cytokines are believed to modulate immune and inflammatory events, allowing resolu-
tion of the inflammation and a return of the inflamed tissue to its normal state [1].

Nociceptive test

The first reports to suggest a role for cytokines in mediating inflammatory hyperal-
gesia appeared some ten years ago [2—4]. The model used in two of the first three pub-
lications [2, 4], and in many of the studies sited below, was a rat paw pressure test of
mechanical hyperalgesia following injection of the cytokine into a hind-paw (intra-
plantar, i.pl.) [S]. A constant pressure of 20 mm Hg was applied to the hind-paws of
rats and discontinued when they presented a typical freezing reaction (reaction time).
This reaction was characterised by a reduction of escape movements: animals usual-
ly made several attempts to escape from the position imposed by the experimental sit-
uation. This activity was followed by alterations in respiratory frequency with the
onset of a typical shivering reaction. The intensity of hyperalgesia was quantified as
the variation in reaction time (delta reaction time) obtained by subtracting values
measured after intraplantar (i.pl.) administration of a hyperalgesic agent from (con-
trol) reaction times, measured before injection of the hyperalgesic agent.

In the experiments described below, hyperalgesia was measured after injection of
cytokines (human recombinant, h.r., unless indicated otherwise) and other hyperalgesic
agents, each injected in into a hind paw (100 pl, intraplantar, i.pl.) in rats. Anti-hyper-
algesic agents (inhibitors, antagonists, and antibodies) were injected (in 50 to 150 pl,
i.pl., unless indicated otherwise) into paws to be injected with a hyperalgesic agent 30
min before the hyperalgesic agents (unless indicated otherwise). The doses of hyperal-
gesic agents were frequently the smallest doses that evoked maximum responses.

Sensitisation of the primary sensory neurone (PSN)
Sensitisation of the pain receptor is the common denominator of all types of pain

which have an inflammatory element, that is ‘inflammatory pain’. C-polymodal,
high threshold receptors or receptors connected by fine myelinated fibres have long
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been associated with inflammatory hyperalgesia. More recently, a ‘sleeping’ pain
receptor (nociceptor) associated with a small afferent fibre, has been described in
deep visceral innervation (colon and bladder) and in joints [6]. Sleeping nociceptors
cannot be activated in normal (healthy) tissues but are ‘switched on’ during inflam-
mation. Clinically this functional up-regulation of pain receptors is referred to as
hyperalgesia. In the hyperalgesic state, previously ineffective stimuli are painful.

There are two distinct groups of inflammatory mediators that affect PSNs: those
which directly sensitise PSN and those which activate sensitised pain receptors. In
the hyperalgesic state, previously ineffective stimuli cause ‘overt pain’ because they
are now able to activate the sensitised nociceptors. Hyperalgesic agents that satisfy
clinical and experimental criteria for directly-acting ‘nociceptor sensitisers’ are the
products of arachidonic acid/cyclo-oxygenase, e.g. prostaglandins (PGs), and also
the sympathomimetic amines.

The capacity of the PGs (PGE,, PGI,) to sensitise PSN has been studied exten-
sively in man and in experimental animals using both behavioural and electrophys-
iological techniques [7-9].

Noradrenaline, dopamine and serotonin (5-hydroxytrytamine) have all been
shown to functionally up-regulate nociceptors [10]. Consistent with this finding,
depletion by guanethidine of peripheral sympthomimetic amines, treatment with
adrenoceptor antagonists (beta-blockers) or with the dopamine (DA;) antagonist
SCH 23390 reduced responses to the hyperalgesic agent carrageenin. These antago-
nists also abolished hyperalgesic responses (in rat paws) to a variety of sympath-
omimetic amines, as well as responses to the selective DA; agonist SKF 38393. Based
upon these results, it was concluded that a sympathetic component, possibly medi-
ated via the DA;-type receptor, contributes to carrageenin-induced hyperalgesia [10].
A sympathetic hyperalgesic component has also been shown in other animal models
[11, 12], although the receptors involved appear to depend upon the model or the
animal species or both. Thus, the afferent fibres innervating rat neuroma were excit-
ed by sympathomimetic amines stimulating alpha-adrenoceptors [13].

Cytokines and the release of hyperalgesic mediators

Although the final hyperalgesic mediator might be a PG or a sympathomimetic
amine, the release of these agents is usually preceded by the release of other media-
tors. The presence of foreign material in tissue or its injury causes an early response
that can be considered as an alarm reaction in which resident macrophages appear
to play a pivotal role in the development of acute inflammation [14]. At the onset
of the inflammatory response the macrophage may act as an ‘alarm cell’, signalling
the presence of foreign or deleterious stimuli via the release of cytokines. With the
development of the inflammatory response, migrating cells such as polmorphonu-
clear leukocytes, macrophages, eosinophils and lymphocytes play an amplifying
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role. The actions of well-established inflammatory mediators, such as bradykinin
and PGs, trigger local responses, reflected by the cardinal inflammatory symptoms
and fever which assure the perception of an ongoing tissue injury and initiate
defence mechanisms and reparative processes.

Over the past ten years or so it has become clear that in inflammatory respons-
es, the release of hyperalgesic mediators is secondary to the release of proinflam-
matory cytokines. In this context, the release of cytokines appears to constitute a
link between cellular injury and/or the recognition of ‘non-self’ and the liberation of
the established mediators responsible for the development of local and systemic
inflammatory signs and symptoms.

Interleukin-1 beta as a potent hyperalgesic agent

It had been known for some years that IL-1 was a potent inducer of PGs [15], which
sensitise nociceptors [16]. The availability of human recombinant (h.r.) IL-1o and IL-
1B [17] prompted the testing of these molecules for hyperalgesic (nociceptive) activ-
ity in a rat-paw pressure test [2]. Injection of IL-1P (at sub-picogram doses) into one
paw (intraplantar, i.pl.) evoked a dose-dependent hyperalgesia in both paws (except
for the smallest dose tested, which evoked ipsilateral hyperalgesia). This result was
interpreted as indicating a systemic distribution of the tiny quantities of injected IL-
1B since bilateral hyperalgesia also resulted from intraperitoneal (i.p.) injections of
very small amounts of IL-1f [2]. An alternative explanation is that the injected IL-
1B either stimulated release of another soluble mediator, or stimulated afferent nerves
at the site of injection, or both. The hyperalgesic activity of IL-1 (injected i.pl.) was
confirmed in the same model of mechanical hyperalgesia [4], but not in a different
one [21], and was confirmed in models of thermal hyperalgesia [21, 22].

Although some three thousand times less potent than h.r. IL-1B, h.r. IL-1o still
evoked hyperalgesia at sub-nanogram doses [2]. Since in most animal models,
including those in rats, h.r. IL-1oc and IL-1f have similar potencies for the IL-1
receptor (type I) that transduces IL-1 responses (see [1] and [2] for references), this
difference may indicate that the IL-1 receptor that mediates hyperalgesia is a novel
one with a higher affinity for IL-1p than for IL-10.. Alternatively, it might be a con-
sequence of human IL-1a being a poorer ligand than human IL-1B for rat IL-1
receptors. Certain cytokines are known to exhibit species preference or specificity
[18-20]. To date, rat cytokines, including rat IL-10, have not been tested for hyper-
algesic activity in rats.

Role of cyclo-oxygenase products in IL-1 induced hyperalgesia
Local pre-treatment with a large dose of indomethacin (a non-steroidal anti-inflam-
matory drug that inhibits cyclo-oxygenase [23]) markedly attenuated the develop-

62



Hyperalgesia from subcutaneous cytokines

‘umoys aie
spes G Jo sdnoid ur ‘wa's F suealy (81 gz) jojousie = N1V ‘(81 002) 14L-014-a-sA7 = 1d(Q)X ‘(811 00L) ueYIdWOPUl = OAN] ‘dUl[ES
= 5 spuade oisadjeiadAy ayp a10j9q uiw g (d1 M 0oL) usaiS s8nip Aq (81 poL ‘8D) uluseSelred (a) pue (8d G’z 4YNL) PINL ‘(Bd
00L) 8-71 (2) “(Bu 1) 9-71 (q) '(8d G0 'L-71) §L-71 (B) 4o (‘1d"1 ‘| 00L) uondalur 19ye y € painsesw sasuodsas disagjesddAy jo uoniqiyu|
'spuaSe disa8jeiadAy 03 sasuodsal UO [0jOUBIR pUB UIDRYISIWOPU! JO 103447

L ain8i4

63



Stephen Poole et al.

ment of IL-1B-evoked hyperalgesia in the rat model of mechanical hyperalgesia
described above (Fig. 1: first panel), although a smaller dose of indomethacin (given
orally) was without effect [4]. In a different model, the acetylcholine-induced pain
reflex in the rabbit perfused isolated ear, the (similar) hyperalgesic effects of both
h.r. IL-1ac and IL-1P were abolished by the cyclo-oxygenase inhibitor diclofenac-Na
[3]. The consensus of the above data is that local release by IL-1 of cyclo-oxygenase
products, such as PGs, in the vicinity of nociceptors contributes to IL-1-evoked
hyperalgesia.

Other proinflammatory cytokines as hyperalgesic agents

In addition to IL-1, the cytokines TNFa, IL-6 and IL-8 are generally regarded as
proinflammatory, although IL-6 has anti-inflammatory as well as proinflammatory
actions [24, 25]. Given the remarkably potent hyperalgesic activity of IL-1, it was
not long before these other cytokines were tested in the rat paw pressure test that
had first identified IL-1 as a hyperalgesic agent. When injected i.pl., h.r. TNFa, IL-
6 and IL-8 were also shown to possess hyperalgesic activities, evoking bilateral
hyperalgesia, although there were qualitative and quantitative differences in the
hyperalgesic responses to the cytokines [26, 27]. These cytokines, like IL-1pB, evoked
hyperalgesia at doses which did not cause oedema.

Qualitatively, hyperalgesic responses to IL-8 were similar to responses to IL-1p.
The responses were of fast onset with the intensity of hyperalgesia reaching a
plateau within 60 min of injection and starting to decline within six hours [2, 26].
Responses to TNFow and IL-6 were of slower onset with the intensity of hyperalge-
sia reaching a plateau within two to three hours of injection; responses to IL-6 were
maintained at six hours whereas responses to TNFo had begun to decline at six
hours after injection [27]. The responses to all the cytokines returned to pre-injec-
tion values within 24 h.

Quantitatively, the doses of the four cytokines that evoked maximum hyperal-
gesic effects were: IL-1B (0.5 pg), TNFa (2.5 pg), IL-8 (100 pg), IL-6 (1000 pg),
giving an order of potency of IL-1f > TNFo >> IL-8 >> IL-6 for these human
cytokines in rats. Whether this order of potency reflects the order of potency of the
endogenous cytokines of the rat is unknown. As noted above, certain cytokines
exhibit species preference or specificity [18-20] and the native cytokines remain to
be tested.

Mechanisms underlying the hyperalgesic activities of IL-1pB, IL-6, IL-8 and
TNFo

The relative contributions of cyclo-oxygenase products and the sympathetic nervous
system to the hyperalgesic activities of IL-1p, IL-6, IL-8 and TNFa (given i.pl.) were
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investigated in experiments in which the hyperalgesic responses to the four
cytokines were measured subsequent to the administration of indomethacin, the B-
adrenoceptor antagonist atenolol, or both (Fig. 1). The effects of indomethacin and
atenolol on hyperalgesic responses to the inflammatory agent carrageenin were also
tested. As can be seen from Figure 1, indomethacin abolished the response to IL-1B,
markedly attenuated the response to IL-6, reduced by about 50% responses to
TNFo and carrageenin, but did not affect the response to IL-8. In contrast, atenolol
did not affect responses to IL-1B and IL-6, markedly attenuated the responses to IL-
8 and TNFa, and reduced by about 50% the response to carrageenin. The combi-
nation of indomethacin and atenolol abolished responses to TNFo and carrageenin
(Fig. 1).

The above data, together with other data [2, 27], suggest that IL-1B and IL-6
caused hyperalgesia by releasing cyclo-oxygenase products. In the case of IL-1B, by
inducing gene-expression of cyclo-oxgenase-2 (COX-2) [28] and phospholipase A,
[29], and in the case of IL-6 by inducing arachidonic acid release [24, 25]. In con-
trast to IL-1pB, IL-8 caused hyperalgesia by releasing sympathomimetic amines. The
capacity of both indomethacin and atenolol to inhibit responses to TNFa and car-
rageenin suggests a role for both cyclo-oxygenase products and sympathomimetic
amines in the mediation of their hyperalgesic effects.

A cascade of release of hyperalgesic cytokines

A property of several cytokines is their capacity to induce their own production,
that of other cytokines, or both; also, certain cytokines can inhibit the production
of other cytokines or down-regulate their receptor numbers [24]. This complex
web of interactions is sometimes referred to as the cytokine network. For example,
TNFa induces production of IL-1 [30] and IL-1 induces the production of IL-1
[31], IL-6 [32], and IL-8 [33]. In addition, IL-6 suppresses IL-1 production, iz
vitro, by monocytes/macrophages stimulated with bacterial endotoxin
(lipopolysaccharide, LPS) or TNFa [34]. IL-6 induces production, iz vivo, of anti-
inflammatory proteins: IL-1 receptor antagonist and soluble tumour necrosis fac-
tor receptor [35].

A considerable body of evidence indicates that the sequence of events in the pro-
duction of proinflammatory cytokines, following parenteral administration of an
inflammatory stimuli such as bacteria, LPS, or turpentine is that TNFa production
is induced, and that this cytokine induces production of IL-1. This then induces
production of IL-6 [32, 36| and IL-8 [33], although in some models of inflamma-
tion the production of IL-6 appears to be under the control of TNFa [37] rather
than IL-1 [38]. To investigate the sequence of cytokine release that occurs during
hyperalgesic responses to the inflammatory agent carrageenin in rat paws, the

effects of neutralising anti-cytokine sera on hyperalgesic responses were investigat-
ed [27].
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Figure 2

Effect of anti-cytokine sera on hyperalgesic responses to TNFo. and carrageenin.

Effect of anti-cytokine sera on the hyperalgesic responses measured 3 h after injection
(100 ul, i.pl.) of (a) TNFa (2.5 pg) and (b) carrageenin (100 ug). Panel (a) sheep anti-rat
cytokine sera were incubated for 15 min with the TNFa before injection of the mixture (final
volume = 100 pl). Panel (b) sheep anti-rat cytokine sera (50 ul, except where x3 = 150 pl is
indicated, in a final volume of 150 ul) were injected 30 min before carrageenin. C = saline,
PIS = pre-immune normal sheep serum, IL-1Ab = sheep anti-IL-18 serum, IL-8Ab = sheep
anti-IL-8 serum, TNFAb = sheep anti-TNFa serum. Means + s.e.m. in groups of 5 rats are
shown.

The pivotal role of TNFa

From panel (a) of Figure 2 it can be seen that hyperalgesic responses to TNFo. were
inhibited (by = 50%) by antisera neutralising IL-1f or IL-8 and effectively abolished
by the combination of anti-IL-1B and anti-IL-8 sera. From panel (b) of the same fig-
ure it can be seen that hyperalgesic responses to carrageenin were similarly attenu-
ated by antisera neutralising IL-1f or IL-8 and effectively abolished by either an
anti-TNFo serum or the combination of anti-IL-1B and anti-IL-8 sera. These data,
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taken together with the data shown in Figure 1 (and described above) and other
data [26, 27], are consistent with the existence of a cascade of cytokine production
in which the inflaimmatory stimulus carrageenin induces production of TNFa,
which activates two pathways. One pathway involves production of IL-1B and IL-
6, which release cyclo-oxygenase products, and the other involves production of IL-
8, which releases sympathomimetic amines [26, 27]. Thus, in this model of inflam-
matory hyperalgesia, the production of IL-6 and IL-8 appears to be under the con-
trol of TNFa, rather than IL-1p.

Data from a severe model of (chronic) inflammatory hyperalgesia, resulting from
the injection (i.pl.) of Freund’s complete adjuvant, also provided evidence for a role
of TNFo-induced IL-1B production in the early phase of the inflammatory hyperal-
gesia [39]. The possible role of IL-6 and IL-8, and the sequence of their release, rel-
ative to that of TNFo and IL-1B, in this model of inflammatory hyperalgesia has not
yet been tested.

The sequence of release of IL-1f and IL-6

The sequence of production of IL-1B and IL-6 was investigated in experiments in
which the hyperalgesic responses to these cytokines were measured subsequent to
the administration of antisera neutralising either IL-1B or IL-6, or the specific IL-1
receptor antagonist, IL-1ra (Fig. 3). The hyperalgesic effect of IL-1B was inhibited
by pre-treatment with an anti-IL-B serum and by IL-1ra (as expected) and the hyper-
algesic effect of IL-6 was inhibited by pre-treatment with an anti-IL-6 serum (as
expected). However, an unexpected finding was the inhibition of IL-6-induced
hyperalgesia by the anti-IL-f serum and by IL-1ra (Fig. 3). These data are consistent
with IL-1B-induced production of IL-6. Although the converse, i.e. IL-1-induced
production of IL-6, occurs in vitro [32] and in vivo [36], IL-6 was not found to
induce production of IL-1B in vitro by human peripheral blood mononuclear cells
(S. Poole, unpublished data). The effect of rat sequence IL-6 on IL-1B production by
rat macrophages has not been tested. The data described above is consistent with
the following sequence of release of cytokines and other hyperalgesic mediators:

stimulus (e.g. carrageenin) — TNFa — IL-6 — IL-1B ( cyclo-oxygenase products
\
IL-8
!

sympathomimetic amines
The placing of IL-6, which has more anti-inflammatory actions than proinflamma-

tory ones [24, 25], between the proinflammatory mediators TNFo and IL-1p might
appear incongruous but it is possible that, in vivo, in the presence of the full reper-
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Figure 3

Effect of anti-cytokine sera and IL-Tra on hyperalgesic responses to IL-13 and IL-6.

Effect of anti-cytokine sera and the IL-1 receptor antagonist, IL-1ra, on the hyperalgesic
responses measured 3 h after injection (100 ul, i.pl.) of (a) IL-1j3 (0.5 pg) and (b) IL-6 (1 ng).
Sheep anti-rat cytokine sera (100 ul) or IL-1ra (20 pg in 100 ul) were injected 30 min before
the cytokines. C = saline, PIS = pre-immune normal sheep serum, IL-1Ab = sheep anti-IL-1[3
serum, IL-8Ab = sheep anti-IL-8 serum, TNFAb = sheep anti-TNFo serum. Means + s.e.m. in
groups of 5 rats are shown.

toire of cells and mediators involved in inflammatory hyperalgesia, IL-6 has the
capacity to induce IL-1 production. This scenario has been postulated to be the case
in cytokine-mediated pyrogenic responses in rats in which proinflammatory stimuli
induce production of IL-6 in the periphery (secondary to the production of TNFo
and IL-1B) and that IL-6 induces production of IL-1 in the brain [36, 40]. Clearly,
further experiments, in which native sequence cytokines (and antibodies to them)
are injected in rats, are required to elucidate the precise sequence of events in the
hyperalgesic pathway that involves IL-1p, IL-6 and PGs.
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Bradykinin initiates cytokine-mediated inflammatory hyperalgesia

Bradykinin produces overt pain in man when instilled into the cantharidin blister
base [41], when injected into the abdominal cavity [42], or into the cephalic,
brachial vein previously sensitised with serotonin [43]. These effects result from
activation of nociceptors but bradykinin also sensitises nociceptors, which leads to
the development of inflammatory hyperalgesia. The immediate (direct) effect of
bradykinin has been studied extensively in both behavioural and electro-physiolog-
ical models (see [44] for references) and appears to result from the activation of high
threshold nociceptors associated with C fibres. The delayed and long-lasting hyper-
algesic effect of bradykinin, in contrast, has received rather less attention, although
there is good evidence for a role for bradykinin in a number of different models of
inflammatory hyperalgesia [45-48] and a specific bradykinin B, receptor antago-
nist, HOE 140, has been shown to inhibit the delayed hyperalgesic effect of
bradykinin. HOE 140 was anti-hyperalgesic in experimental models of inflamma-
tory pain, especially in carrageenin-induced hyperalgesia [49]. Given the capacity of
the bradykinin B, antagonist HOE 140 to inhibit carrageenin-evoked inflammatory
hyperalgesia and a report that bradykinin evoked the release of TNFo and IL-1
from macrophage monolayers [50], it was a logical step to investigate the possibili-
ty that bradykinin was involved in the cytokine-mediated hyperalgesic pathways
activated by carrageenin described above [26, 27].

Hyperalgesic responses to bradykinin were inhibited by antisera neutralising IL-
1B, IL-6 or IL-8 and abolished by an antiserum neutralising TNFo (Fig. 4). The neu-
tralising effects of antisera neutralising IL-1p and IL-6 were not additive, but the
combinations of anti-IL-1B plus anti-IL-8 sera and of anti-IL-6 plus anti-IL-8 sera
were additive and both combinations abolished hyperalgesic responses to brady-
kinin (Fig. 4). In contrast to the abolition of bradykinin-evoked hyperalgesia by pre-
treatment with anti-TNFo serum, TNFo-evoked hyperalgesia was not inhibited by
the bradykinin B, receptor antagonist, HOE 140, suggesting that bradykinin
induced production of TNFa and not vice-versa [41]. Considered together with the
report that bradykinin induced production of TNF and IL-1 in cultures of murine
macrophage cell lines [50] these data suggest that bradykinin initiates the cascade of
cytokines by stimulating the production of TNFo. The TNFo then induces produc-
tion of: (i) IL-6 and IL-1B, which stimulate the production of cyclo-oxygenase prod-
ucts, and (i1) IL-8, which stimulates the production of sympathomimetics [26, 27,
44].

A study contemporary with the one described above showed that the (bilateral)
thermal hyperalgesia evoked by IL-1p (injected i.pl.), but not the (unilateral) hyper-
algesia evoked by TNFa (injected i.pl.), was mediated by bradykinin B, receptors
[22]. This finding and data from other models [22, 51] suggests roles for both types
of bradykinin receptor in a complex network of hyperalgesic mediators in which
bradykinin can induce cytokines and vice-versa. It has been suggested that B, recep-
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Figure 4

Figure 4 Effect of anti-cytokine sera on hyperalgesic responses to bradykinin.

Effect of anti-cytokine sera on the hyperalgesic responses measured 3 h after injection (in
100 (1, i.pl.) of bradykinin (500 ng). Sheep anti-rat cytokine sera (50 (I in a final volume of
100 (1) were injected 30 min before carrageenin. C = saline, PIS = pre-immune normal sheep
serum, IL-1Ab = sheep anti-IL-1J serum, IL-6Ab = sheep anti-IL-6 serum, IL-8Ab = sheep
anti-IL-8 serum, TNFAb = sheep anti-TNFJ3 serum. Means + s.e.m. in groups of 5 rats are
shown.
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tors may play a more significant part in the earlier stages of inflammatory pain, with
B1 receptors maintaining the hyperalgesic state during inflammation and injury
[52]. B, receptors have been localised to sensory neurones [53, 54] whereas B,
receptors are located on cells other than sensory neurones [55]. Knowledge of the
precise location of the two receptor types (e.g. on nociceptive neurones, macro-
phages, vascular smooth muscle and synovial cells) and of the conditions required
for their expression should improve our understanding of the kinin/cytokine path-
ways.

When bradykinin is incorporated into the cascade of hyperalgesic mediators pro-
posed above, the sequence becomes:

stimulus (e.g. carrageenin) — bradykinin — TNFo — IL-6 — IL-1p — cyclo-oxygenase

(B) (B;2) l products
IL-8 bradykinin
~L (By)
sympathomimetic
amines

Although bradykinin initiates the cascade of cytokines by stimulating the produc-
tion of TNFa in response to stimuli such as carrageenin or a small dose of LPS
(1 ng) [44], the cytokine cascade can be activated independently of bradykinin if the
hyperalgesic stimulus is of sufficient magnitude. Thus, a larger dose of LPS (5 ug)
evoked hyperalgesia that was not inhibited by the bradykinin B, antagonist HOE
140 [44].

There is substantial literature showing that carrageenin and LPS activate the
plasma kinin system [56, 57] and that LPS is a potent, ‘direct’ activator of cytokine
production, especially from cells of the monocyte/macrophage lineage. Therefore,
the contribution of bradykinin to the development of inflammatory hyperalgesia in
some pathological processes may well be overshadowed by either ‘direct’ stimula-
tion of cytokine production by stimuli such as LPS or by other intermediates in
hyperalgesic pathways. Consequently, the usefulness of bradykinin antagonists as
anti-hyperalgesics will depend upon the relative contribution of bradykinin to the
release of cytokines and other hyperalgesic mediators, with bradykinin antagonists
most likely to be useful in conditions such as mumps, pancreatitis, intense burns,
and Gram-negative infections in which kinin systems are activated.

Anti-inflammatory cytokines limit cytokine-mediated inflammatory
hyperalgesia

In recent years a number of ‘anti-inflammatory’ cytokines have been described
which inhibit the production of cytokines that are generally regarded as proin-
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flammatory. For example, the T cell-derived cytokine IL-4 has coordinated anti-
inflammatory effects by suppressing IL-1 production and up-regulating production
of the IL-1 receptor antagonist IL-1ra by LPS-stimulated human monocytes [58,
59]. Consistent with these findings is an earlier study in which IL-4 down-regulat-
ed the expression of CD14 (a putative LPS receptor [60]) in human monocytes [61].
Such results emphasise the integrated nature of cytokine production and interac-
tion.

Another ‘antagonist cytokine’ is IL-10, a product of (murine) Th2 lymphocytes
and monocytes. IL-10 inhibits production of cytokines by murine Th1 lymphocytes
[62] and is thought to play a role in inhibiting delayed type hypersensitivity respons-
es [63, 64] and in suppressing macrophage functions, such as class II expression
[65], adhesion [66], and the synthesis of cytokines (including IL-1, IL-6, IL-8, gran-
ulocyte colony stimulating factor (G-CSF), granulocyte-macrophage colony stimu-
lating factor (GM-CSF) and TNFa) [66-68]. Also, IL-10 up-regulates the expression
of IL-1ra [69].

The capacities of IL-4, a neutralising monoclonal antibody to IL-4, IL-10, a neu-
tralising monoclonal antibody to IL-10, and IL-1ra to modulate (cytokine-mediat-
ed) hyperalgesic responses to carrageenin are shown in Figure 5. The effects of one
of these anti-inflammatory cytokines, IL-10, to also diminish hyperalgesic respons-
es to bradykinin and proinflammatory cytokines has been described previously [71].
IL-4, IL-10 and IL-1ra all markedly attenuated hyperalgesic responses to car-
rageenin (100 pg: the smallest dose that evoked a maximum response, Fig. 5, panel
(a)). In contrast, neutralising monoclonal antibodies to IL-4 and IL-10 potentiated
hyperalgesic responses to a sub-maximum dose of carrageenin (10 pg). These data
provide strong evidence that IL-4, IL-10 and IL-1ra limit (cytokine-mediated) hyper-
algesic responses to carrageenin. In the case of IL-10, inflammatory hyperalgesia
was limited by two mechanisms: inhibition of cytokine production and inhibition of
IL-1B-evoked PGE, production, with the latter effect mediated not via IL-10-
induced IL-1ra [71] but by suppression by IL-10 of the inducible form of cyclo-oxy-
genase, COX-2 (PG H Synthase-2) [71, 72].

Role of lipocortin-1 in the anti-hyperalgesic actions of glucocorticoids

It is now well established that glucocorticoid drugs, e.g. dexamethasone, inhibit
both the early and late changes that contribute to the inflammatory process. A glu-
cocorticoid-inducible protein of 37 kDa, lipocortin-1 (LC-1), has been identified as
an endogenous mediator of the anti-inflammatory actions of glucocorticoids [73].
Although human LC-1 comprises 346 amino acids, the N-terminal polypeptide,
LC-1,.;45, mimics a variety of the anti-inflammatory effects of glucocorticoids [74]
and an N-terminal peptide comprising of just 25 amino acids, LC-1,,, has also
been shown to mimic the anti-inflammatory effects of LC-1 [75]. LC-1,,¢ was
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Figure 5

Anti-inflammatory cytokines inhibit hyperalgesic responses to carrageenin.

Panel (a) effect of murine IL-4 (10 ng), IL-10 (10 ng) and IL-1ra (20 pg), on hyperalgesic
responses measured 3 h after injection (100 ul, i.pl.) of carrageenin (100 ug). Panel (b) effect
of monoclonal antibodies (MAbs) to ovalbumin, murine IL-4 and murine IL-10 on hyperal-
gesic responses measured 3 h after injection (100 ul, i.pl.) of carrageenin (10 ug). Cytokines
and MAbs were injected 30 min before carrageenin. C = saline, CAb = control MAb to oval-
bumin (150 pg in 150 ul), IL-4Ab = MADb to IL-4 BVDG (50 ug 150 ul i.pl.), IL-10Ab = MAb
to IL-10 SXC-1 (150 ug in 50 ul i.pl.). Means + s.e.m. in groups of 5 rats are shown.

about 200 times less active than LC-1 on a molar basis although both molecules
gave maximum inhibition of IL-1-induced leukocyte migration [75] and, in mice,
immunoneutralisation of endogenous LC-1 with an antiserum to LC-1, 5, desig-
nated LCPS1, exacerbated the acute inflammatory response to zymosan [76].
Recently, the effects of LC-1,,4, LCPS1 and the glucocorticoid dexamethasone
on the cascade of endogenous mediators that contribute to carrageenin-evoked
inflammatory hyperalgesia in rat paws were investigated [77]. Hyperalgesic
responses to carrageenin, bradykinin, TNFa, and IL-1p, but not responses to PGE,,
were inhibited by prior treatment with dexamethasone or LC-1,.,4 (Fig. 6, panel
(a)). Further, the inhibition of hyperalgesic responses to bradykinin and IL-1f8 by
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Figure 6

Lipocortin mediates the anti-hyperalgesic effect of dexamethasone.

Panel (a) effect of dexamethasone and LC-1,_,5 on hyperalgesic responses measured 3 h
after injection (100 ul, i.pl.) of PGE, (PG, 100 ng), bradykinin (500 ng), TNFo. (TNF, 2.5 pg)
and IL-1B (IL-1, 0.5 pg). Dexamethasone (DEX, 0.5 mg kg~1, 0.2 ml, injected subcutaneous-
ly, s.c.) and LC-1,_56 (LC, 100 pug in 100 ul, i.pl.) were given 1 h before hyperalgesic sub-
stances. Panel (b) abolition by LCPS1 of the anti-hyperalgesic effect of dexamethasone.
Responses were measured 3 h after injection (in 100 pl, i.pl.) of bradykinin (BK, 500 ng) and
IL-1B (IL-1, 0.5 pg). Dexamethasone (DEX, 0.5 mg kg™, s.c.) or PBS (0.5 ml kg1, s.c.) was
given 1 h before hyperalgesic substances. LCPS1 (0.5 ml kg=1, filled columns), pre-immune
serum (PIS, 0.5 ml kg7, stippled columns) or no pre-treatment (C, open columns) was given,
s.c., 24 h and 1 h before dexamethasone. Means + s.e.m. in groups of 5 rats are shown.

dexamethasone was reversed by LCPS1 (Fig. 6, panel (b)). In other experiments,
dexamethasone inhibited hyperalgesic responses to carrageenin, arachidonic acid
plus IL-1B and IL-6 but not hyperalgesic responses to IL-8 and dopamine [77].
Taken together with the results described above (and shown in Fig. 6), these find-
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ings are consistent with the existence of the two hyperalgesic pathways postulated
above, with dexamethasone inhibiting the production of PGs and other eicosanoids
[78, 79], TNFo [80], IL-1B [81], and IL-6 [82] to block one pathway, and inhibit-
ing the production of TNFo [80] and IL-8 [83] to block the other pathway.

The capacity of LCPS1 to reverse the inhibition by dexamethasone of the hyper-
algesic responses to bradykinin and IL-1B, and the finding that hyperalgesic
responses to bradykinin, TNFa and IL-1B and arachidonic acid plus IL-1B were
inhibited by prior treatment with LC-1, 5, suggest that endogenous LC-1 mediated
the anti-hyperalgesic effect of dexamethasone and that this biological activity of LC-
1 resides within the peptide LC-1,_,,. These suggestions are in agreement with the
data from the other models described above [75, 76].

Dexamethasone abolished, whereas LC-1, ,¢ only partially inhibited, the pro-
duction of TNFa by J774 murine macrophage cells stimulated with LPS, sug-
gesting that the inhibitory activity of dexamethasone on TNFa production was
only partially mediated by LC-1 [44]. This suggestion is supported by the finding
that an antiserum to LC-1,_,, only partially reversed the inhibitory effect of dexa-
methasone on TNFa release by J774 cells stimulated with LPS [77]. Dexametha-
sone and other glucocorticoids are now known to have an important biological
activity in addition to those described above. This is the capacity to stimulate pro-
duction of IxBa, which binds to and inhibits NF-kB, a transcription factor that
plays a central role in the induction of a number of cytokine genes, including
TNFa, IL-1, IL-2, IL-3, IL-6, IL-8, interferon-y (IENY) and G-CSF [84, 85]. Sev-
eral of these genes are also regulated by another transcription factor, AP-1
[86-88], which synergises with NF-kB [89]. The inhibition by glucocorticoids of
the activities of both NF-kB and AP-1 provides additional mechanisms to explain
the potent immunosuppressive, anti-inflammatory and anti-hyperalgesic effects of
these drugs.

The finding that LC-1,,4 abolished the inflammatory hyperalgesia mediated by
cytokines and an antiserum to this peptide abolished the analgesic effect of dexam-
ethasone in vivo suggests that the anti-hyperalgesic effect of glucocorticoids in this
model is entirely dependent upon LC-1 release [77]. LC-1,_,4 may also have affect-
ed events other than the release of proinflammatory cytokines, such as inhibition of
the induction of (the inducible) cyclo-oxygenase enzyme (COX-2) responsible for
the PG production that contributes to inflammatory hyperalgesia. Consistent with
this possibility was the finding that arachidonic acid by itself was not hyperalgesic
but potentiated the hyperalgesic effect of IL-1B, which is known to induce COX-2
[28]. Further, both dexamethasone and LC-1, , strongly inhibited this potentiation,
and LC-1 abolished the production of PGE, by J774 cells stimulated with LPS.
Although inhibition of phospholipase A, by dexamethasone and LC-1, , is believed
to underlie the anti-inflammatory effects of dexamethasone and LC-1 [78, 79], the
above data suggest that in inflammatory hyperalgesia inhibition of the induction of
COX-2 (rather than phospholipase A,) by dexamethasone and LC-1,,4 accounts
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for the anti-hyperalgesic effects of these agents. In addition, LC-1/LC-1,,4 may have
a role in the effects of glucocorticoids on NF-kB and AP-1. Taken together, the
above data indicate that the analgesic effect of glucocorticoids in cytokine-mediat-
ed inflammatory hyperalgesia, in the absence of oedema formation and leukocyte
migration, results from the induction of LC-1. This is responsible for the inhibition
of the production of hyperalgesic cytokines and inhibition of the production of
eicosanoids by COX-2.

Novel tripeptide antagonists of hyperalgesic responses involving IL-18

The IL-1p analogue: Lys-D-Pro-Thr

The first report that IL-1f was a potent hyperalgesic agent also described a tripep-
tide analogue of IL-1P that inhibited hyperalgesic responses to IL-1B but not those
to IL-1o [2]. The tripeptide, Lys-D-Pro-Thr, derived from IL-1B13195 (Lys!?3-Pro-
Thr'%%) [2], did not antagonise responses to IL-1B in an (in vitro) EL-4 thymoma
conversion assay (for IL-1) or in the (in vivo) rabbit pyrogen test [2]. The possibili-
ty that the anti-hyperalgesic effect of Lys-D-Pro-Thr was mediated centrally was
excluded because the peptide did not antagonise PGE,-induced hyperalgesia and
was not effective in a ‘hot-plate test’, unlike centrally acting analgesic drugs such as
morphine [2].

The dose of Lys-D-Pro-Thr (1.3 mg kg™ = 3.8 umol kg™!) that inhibited hyper-
algesia in response to IL-1p also inhibited the response to carrageenin, but not the
response to PGE, (Fig. 7). The maximum anti-hyperalgesic effect of Lys-D-Pro-
Thr was similar to that of indomethacin [5, 26, 27, 91]. The residual hyperalge-
sia evoked by carrageenin was likely to have been due to the sympathetic com-
ponent present in carrageenin-evoked hyperalgesia [10] since the combination of
the adrenergic neurone blocking agent guanethidine with Lys-pD-Pro-Thr abol-
ished carrageenin-evoked hyperalgesia [2]. Subsequently it was shown (as noted
above) that the sympathetic component of carrageenin-evoked hyperalgesia was
activated by IL-8 [26], the production of which was induced by TNFa [27]. In
addition to hyperalgesic responses to IL-1 and carrageenin, Lys-D-Pro-Thr also
inhibited hyperalgesic responses to IL-6 and TNFo, which involve IL-1B-induced
release of PGs [2, 27, 44]. Although the effect of Lys-D-Pro-Thr was not additive
with that of indomethacin [27], Lys-D-Pro-Thr is not an inhibitor of cyclo-oxyge-
nase [2].

Inhibition by Lys-D-Pro-Thr of IL-1B-evoked mechanical hyperalgesia was soon
confirmed by others [4] and Lys-D-Pro-Thr has now been shown to be a highly effec-
tive inhibitor of (usually PG-dependent) responses involving IL-1B. For example,
Lys-D-Pro-Thr reversed the inhibition by IL-1f of (electrically-stimulated) long term
potentiation in the mossy fibre-CA3 pathway of mouse hippocampal slice prepara-
tions [92] and inhibited IL-1B-induced augmentation of capsaicin-induced release of
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Figure 7

Inhibition by Lys-p-Pro-Thr of IL-1[-mediated hyperalgesic responses.

Effect of Lys-p-Pro-Thr (K(D)PT, 1.3 mg kg1 = 3.8 (mol kg7, in 0.3 ml, injected intraperi-
toneally, i.p., 30 min before the hyperalgesic agents) on hyperalgesic responses measured 3
h after injection (100 ul, i.pl.) of PGE, (PG, 100 ng), carrageenin (Cg, 100 ug), and IL-1[3 (0.5
pg). Means + s.e.m. in groups of 5 rats are shown. PBS = phosphate buffered saline.

calcitonin gene related peptide from capsaicin-sensitive nerves in the trachea (a PG-
dependent response) [93]. Also, Lys-D-Pro-Thr (in common with IL-1ra) inhibited
[des-Arg’|BK-induced (PG-dependent) mechanical hyperalgesia in rat knee joints
[94]. The specificity of Lys-D-Pro-Thr as an inhibitor of (PG-dependent) IL-1B
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responses only involving nervous tissue is suggested by the lack of effect of Lys-D-
Pro-Thr on the (PG-dependent) IL-1B-evoked relaxation of rabbit isolated mesen-
teric artery [95].

o-MSH and its analogues

0-MSH and its metabolically stable analogue [NI4,D-Phe”|a-MSH inhibit a number
of responses to IL-1B (see [1] and [96] for references) including mechanical hyper-
algesia [4]. Also, the C-terminal peptide of a-MSH, a-MSH!!"13 (Lys'!-Pro-Val'3),
is anti-pyretic against leukocyte pyrogen [97], of which IL-1p is a major component
[98], and is reported to have antiinflammatory activity [99, 100].

The structural similarity between the C-terminus of a-MSH!'"13 (Lys!!-Pro-
Val'3) and the IL-1B analogue Lys-D-Pro-Thr prompted a study of the structure ver-
sus anti-hyperalgesic activity against IL-1B and PGE, of a series of peptides related
to o-MSH and Lys-D-Pro-Thr [96]. Hyperalgesic responses to IL-1p were inhibited
in a dose-dependent manner by peptides with the following order of potency:
[NI4,D-Phe”]o-MSH > o-MSH > Lys-D-Pro-Val > Lys-Pro-Val > Lys-D-Pro-Thr > b-
Lys-Pro-Thr. The marked loss in anti-hyperalgesic activity that resulted from dele-
tion of the C-terminal peptide Lys'!-Pro-Val'® from o-MSH and [NI4D-Phe’]o-
MSH, taken together with the anti-hyperalgesic activity of Lys-Pro-Val, point to its
importance in the activities of the full-length peptides. The above results are consis-
tent with an earlier study of the anti-pyretic effect (presumably against IL-1B) of o-
MSH analogues with truncated N-termini [101]. The residual activity of [NI4,D-
Phe”]o-MSH!"19 and a-MSH!-10 suggests an additional site with anti-hyperalgesic
activity (against IL-1P and PGE,) within these decapeptides.

Hyperalgesic responses to PGE, were inhibited in a dose-dependent manner by
the following peptides, with the same order of potency as against IL-1pB: [NI4,D-
Phe’]Jo-MSH > a-MSH > Lys-D-Pro-Val > Lys-Pro-Val. Lys-D-Pro-Thr and D-Lys-
Pro-Thr were not active against PGE,, suggesting that the anti-hyperalgesic effect of
the threonine compounds might be specific to IL-1B. A recent report that Lys-D-Pro-
Val but not Lys-D-Pro-Thr inhibited hyperalgesic responses to thymulin [102] is con-
sistent with the specificity for IL-1B of the threonine compounds.

The selective k-opioid receptor antagonist, Nor-binaltorphimine (Nor-BNI),
largely reversed the anti-hyperalgesic effects of [NI#,D-Phe”]o-MSH, o-MSH, Lys-D-
Pro-Val, and Lys-Pro-Val against both IL-1B and PGE,, providing good evidence
that the anti-hyperalgesic activities of these four peptides were mediated by endoge-
nous opioids acting on k-opioid receptors. This notion is consistent with a study in
rats in which a-MSH and related peptides, given centrally, reduced responsiveness
to pain, with a-MSH eliciting a behavioural profile similar to that produced by B-
endorphin [103]. Also, in mice, the opioid receptor antagonist naloxone (given s.c.)
prevented the analgesic action of a-MSH (given intracerebroventricularly) [104].
The lack of effect of Nor-BNI on the anti-hyperalgesic effects of Lys-D-Pro-Thr and
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D-Lys-Pro-Thr indicates that these peptides were not working via x-opioid receptors,
a finding consistent with the lack of effect of naloxone on inhibition by Lys-D-Pro-
Thr of IL-1B-evoked hyperalgesia [4]. Also consistent with the non-opioid mecha-
nism of action of Lys-D-Pro-Thr is its failure to inhibit PGE,-evoked hyperalgesia [2,
96], in contrast to morphine [91] and the finding that the antinociceptive activity of
Lys-D-Pro-Val, but not that of Lys-D-Pro-Thr, was reversed by the opioid receptor
antagonist, naloxone [105].

Despite the analgesic activity described for a-MSH injected centrally [103, 104],
o-MSH, given i.v. showed no effect on PGE,-evoked hyperalgesia in a hot-plate test,
in contrast to morphine [4]. Likewise, Lys-D-Pro-Thr, Lys-Pro-Val and Lys-D-Pro-Val
were not anti-hyperalgesic in a hot-plate test, in contrast to morphine ([2], S.H. Fer-
reira, unpublished data). These data indicate a peripheral rather than a central site
of action for the peptides described above. The receptors mediating the anti-hyper-
algesic effects of the peptides remain to be elucidated but appear distinct from recep-
tors for IL-1 and o-MSH since Lys-D-Pro-Thr did not inhibit responses to IL-1§
other than hyperalgesic responses [2, 96] and Lys-Pro-Val did not inhibit receptor
binding of a radio-labelled analogue of a-MSH [106].

Conclusions

The field of ‘cytokines in inflammatory hyperalgesia’ is now ten years old and much
has been learned (see Fig. 8). IL-1B has been shown to be a potent hyperalgesic agent
which can be antagonised by small, orally active [105] peptides with therapeutic
potential. Two hyperalgesic pathways have been identified which involve proin-
flammatory cytokines and other hyperalgesic mediators: inflammatory stimuli, such
as carrageenin and LPS, induce the production of bradykinin, which stimulates the
release of TNFa.. The TNFa induces production of (i) IL-6 and IL-1B, which stim-
ulate the production of cyclo-oxygenase products, and (ii) IL-8, which stimulates
production of sympathomimetics. The capacity of IL-8, which is released by acti-
vated macrophages and endothelial cells, to cause hyperalgesia by a PG-independent
mechanism that involves the sympathetic nervous system suggests that IL-8 may be
a humoral link between tissue injury and sympathetic hyperalgesia.

The capacity of bradykinin to induce TNFa and to be itself induced by IL-1B
reaffirms the importance of bradykinin as a hyperalgesic agent and the therapeutic
potential of potent, orally active, antagonists of both types of bradykinin receptor
(B4 and B,).

The anti-hyperalgesic effects of cytokines such as IL-4, IL-10 and IL-1ra offers
hope that manipulation of the relative balance of proinflammatory and anti-inflam-
matory cytokines in inflammatory lesions will lead to novel treatments of inflamma-
tory hyperalgesia. Similarly, the discovery of the anti-hyperalgesic effect of LC-1, 5
offers another avenue of exploration in the quest for novel anti-hyperalgesic drugs.
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Figure 8

Cytokines and other hyperalgesic agents, and their inhibitors, in inflammatory hyperalgesia.
The postulated roles of cytokines, other hyperalgesic agents and inhibitors of these media-
tors in inflammatory hyperalgesia. LPS = lipopolysaccharide, BK = bradykinin, B; and B, =
bradykinin receptors type 1 and type 2, K(D)PT = Lys-p-Pro-Thr, NSAID = non-steroidal anti-
inflammatory drugs, COX-2 = cyclo-oxgenase-2, " = points of therapeutic intervention.
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General concepts
Plasticity of the primary sensory neuron (PSN)

Primary sensory neurons interface between the external environment and the cen-
tral nervous system. To detect and transfer to the CNS information describing the
stimuli that impinge upon the body, the PSN have highly specialized adaptations.
These include the expression of a broad number of ion channels, receptors, neuro-
transmitters and neuromodulators, together with the establishment of highly
ordered patterns of innervation of the peripheral target and central neurons.

A substantial body of data has been gathered regarding the intrinsic and extrin-
sic factors that cause a neural crest progenitor cell to become a mature, specialized
sensory neuron. Obviously neurotrophins play a major role, both in terms of dif-
ferentiation and survival, that manifests itself during the establishment of neuron-
target interactions during development. Less attention has been paid to the possi-
bility that the phenotype of mature, differentiated neurons in the adult is not fixed
and that phenotypic modification constitutes an important element in the alteration
of sensory neuron function in different pathological conditions [1].

The first evidence to suggest phenotypic modification of adult PSN came from
studies on the consequences of disrupting contact of the neuron with its target by
cutting the peripheral axon (these studies are reviewed in [2]). Peripheral axotomy
led to a characteristic set of changes, including the down-regulation of a number of
neuropeptides, such as substance P (SP) and calcitonin gene related peptide (CGRP),
and the expression of other neuropeptides, such as vasoactive intestinal polypeptide
(VIP), neuropeptide Y (NPY) and galanin. Many, but not all, of these chemical
changes can be prevented by administration of neurotrophins [3], and this has been
interpreted as evidence for a role for target-produced growth factors in maintaining
the normal phenotype of the PSN.

Until recently the consequences of the converse situation were not considered.
That is, the consequences of exposing the PSN to increased concentrations of neu-
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rotrophins, e.g. nerve growth factor (NGF), in their target tissue, and whether this
leads to a change in phenotype and whether such a change modifies their function.
This chapter surveys evidence showing that this is indeed the case for inflammation
and inflammatory pain hypersensitivity.

Interactions of NGF with inflammatory mediators other than cytokines

Inflammation is associated with a complex pattern of local and systemic changes,
including inflammatory cell migration, cytokine release, oedema, erythema, release
of acute phase proteins, fever, pain and hyperalgesia. The sequence of events that
leads to the sensory changes at the site of the inflammation and in the surrounding
tissue are, as yet, poorly understood, although changes both in the transduction sen-
sitivity of the high threshold nociceptors and in the excitability in the CNS sec-
ondary to the activation of chemosensitive nociceptors by inflammatory mediators
are involved [4, 5]. The mediators responsible include K*, H*, ATP, arachidonic acid
derivatives, cytokines, bradykinin, tachykinins, serotonin and histamine, operating
together in a synergistic way [4, 5] to increase transduction sensitivity of high
threshold nociceptors by phosphorylating sodium channels [6]. Recently it has
become apparent that the neurotrophin nerve growth factor (NGF) also plays a
major role in the production of inflammatory hyperalgesia [7, 8].

The role of NGF in the development and maintenance of peripheral sympathet-
ic and nociceptive sensory neurons is well established [9-11]. NGF is produced in
the peripheral target, binds to a high affinity receptor tyrosine kinase, trkA, on the
neuron and, after internalization, is retrogradely transported to the cell body where,
by activation of second messenger signals and changes in transcription factor
expression, it controls the survival, growth and phenotype of immature neurons [10,
12-15]. In addition to this specific neurotrophic action during development, a con-
stant supply of NGF from the periphery may be important for the maintenance of
normal phenotype in trkA receptor expressing nociceptive adult primary sensory
neurons [16]. Removal of NGF results in a down-regulation of several transmitters
and proteins [17-19] whereas an excess results in abnormal sensitivity [20]. Sys-
temic NGF administration, for example, induces thermal and mechanical hyperal-
gesia in neonatal and adult rats [21] and intraplantar (i.pl.) NGF produces localized
thermal hyperalgesia in adult rats [7].

During inflammation concentrations of NGF are increased in ‘inflammatory
cells’ (mast cells), inflammatory exudates (ascites/synovial fluid), inflamed skin, and
in the nerves innervating inflamed tissue [7, 22-25]. Also, the hyperalgesia associ-
ated with the inflammation resulting from injection of Complete Freund’s adjuvant
(CFA) was markedly attenuated following systemic administration of a specific
sheep anti-NGF antiserum [7] suggesting that NGF contributes directly or indirect-
ly to changes in inflammatory sensitivity. The indirect effects of NGF may result

90



Cytokine-nerve growth factor interactions in inflammatory hyperalgesia

from its cytokine-like actions, including stimulation of growth and differentiation of
human B lymphocytes [5, 26, 27], the release of inflammatory mediators from lym-
phocytes and basophils [28, 29] and degranulation of mast cells [30-33]. Direct
effects could be either due to a trkA receptor tyrosine kinase-mediated phosphory-
lation at the nociceptor terminal, increasing transduction sensitivity, or a conse-
quence of a change in the expression of transmitter/neuromodulators such as SP and
CGRP in the cell body [7, 16], amplifying the central actions of the nociceptor in
the spinal cord [8]. SP and CGRP are present in C-fibres and coexist in up to 20%
of dorsal root ganglion (DRG) neurons [34]. Expression of both peptides is modu-
lated by NGF in adult sensory neuron cultures [16, 18], and both are upregulated
during inflammation [7, 24, 35-37]. Anti-NGF prevents the inflammatory increase
in the peptides [7, 24]. These neuropeptides are released from the central terminals
of C-fibres and have excitatory effects on dorsal horn neurons controlling the gain
of nociceptive transmission [38]. Whether the role of NGF in inflammatory hyper-
algesia is related to changes in neuropeptide concentrations in sensory neurons is
not known.

Experimental inflammatory hypersensitivity

A number of the studies described below involved inflammation induced by the
administration of CFA (100 pl) into the plantar surface of the left hind-paw (intra-
plantar, i.pl.) under anaesthesia. The CFA produced an area of localized erythema
and oedema, responses which did not disturb weight gain, grooming, the sleep-wake
cycle or social interactions. Mechanical hyperalgesia was assessed using a set of Von
Frey hairs (4.1 to 72 g). The minimum force required to elicit a reproducible flexor
withdrawal reflex on each of 3 applications of the Von Frey hairs to the dorsal sur-
face of the toes was measured [7, 39]. Thermal hypersensitivity was assessed using
the hot-plate technique, measuring the time for foot withdrawal on contact with a
metal plate at 50° C. Oedema was scored on a scale from 0 (no swelling) to 5
(swelling on plantar and dorsal surface of hind-paw and all toes).

Behavioural measurements were made immediately before and at intervals after
injection (i.pl.) of CFA (or saline). The L4 dorsal root ganglion (DRG) and entire
hind-paw skin, ipsilateral and contralateral to the inflammation, were removed for
assay of inflammatory mediators. Anti-hyperalgesic agents (inhibitors, antagonists
and antibodies) were injected (in 100 pl, unless indicated otherwise) via the routes
and at the time intervals specified below. Dexamethasone (120 mg kg™!) was given
intramuscularly (i.m.), once daily (lower dose) or three times daily (higher dose),
before and after CFA. Indomethacin (2 or 4 mg kg™!) was given intraperitoneally
(i.p.), lower dose or higher dose, once daily, before and after CFA.

M



Stephen Poole and Clifford J. Woolf

NGF as a mediator of inflammatory hyperalgesia

There is a growing body of data to suggests that inflammation is accompanied by a
marked increase in (NGF) production and that NGF is a principal mediator of
inflammatory hyperalgesia. NGF-mediated alteration of the chemical phenotype of
the PSN appears to be an essential component of the sensory alterations that occur
subsequent to inflammation and which manifests as inflammatory hyperalgesia [1].

NGF and hyperalgesia

That NGF may have the capacity in the adult to increase sensitivity to noxious stim-
uli, that is to produce hyperalgesia, first emerged from studies in which large doses
of systemically administered NGF evoked both thermal and mechanical hyperalge-
sia in rats [21]. Similar findings were reported in mice [40] and in man [41]. Local
injections of NGF also evoked sensitivity changes in rats [7] and in man [41]. Intra-
plantar (i.pl.) injections of NGF (2 ng to 2 mg), resulted in a relatively short-lived
increase in mechanical and thermal hypersensitivity (Fig. 1A) which, except at the
highest dose, was over within 24 h. The onset of the hypersensitivity change was too
early for a transcription-related change as the NGF would have required retrograde
transport from the site of injection to the cell bodies of the sensory neurons in the
lumbar dorsal root ganglia which, at the maximal fast axonal transport rate, would
have taken ~5-6 h. Following transcription, any novel protein would then have
required transport to the peripheral or central terminal before it could effect a
change in function. It is likely, therefore, that the immediate sensitivity changes pro-
duced by NGF were mediated peripherally.

Although the sensitivity changes produced by NGF (200 ng) were transient, the
NGF caused alterations in the phenotype of sensory neurons innervating the site of
the NGF administration. The concentrations of the neuropeptides SP and CGRP
were elevated in the sciatic nerve post NGF injection [7, 24] and there was a sub-
stantial increase in the number of dorsal root ganglion cells staining positive for pre-
protachykinin A and CGRP mRNA [42] (Fig. 1B). These data confirmed the sug-
gestion that the concentration of SP in adult dorsal root ganglion cells is controlled
by the concentration of NGF in the target [18], although cultured cells are neces-
sarily axotomized and might not react in the same way as intact neurons in vivo.

Inflammation and NGF

A number of cell types can express NGF [25, 43, 44] and increased concentrations
of NGF have been described in the distal stumps of degenerated nerves [45], in
inflammatory exudates (Weskamp and Otten, 1987 [22]), in the synovium of
inflamed joints [46], in skin wounds [47], and after adjuvant inflammation [7].
Inflammation evoked by local injection of CFA into one hind-paw resulted in a sig-
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Figure 1

Effects of NGF on thermal and mechanical sensitivity and on the production of SP and CGRP.
(A) Effects of NGF (200 ng, i.pl.) on thermal and mechanical sensitivity in rats. Mechanical
sensitivity (upper panel) was measured by the change in threshold for eliciting a flexion with-
drawal reflex using Von Frey hairs. Thermal sensitivity (lower panel) was measured by the
change in reaction time in a hot-plate test (50° C). Data have been normalised to the pre-
injection concentrations (means + s.e.m., n = 5). The symbols represent doses of NGF: circles
= 2 ng, squares = 200 ng, triangles = 2 ug. Panel (B) Effect of NGF (200 ng, i.pl.) on the
expression of SP (open columns) and CGRP (hatched columns) in sciatic nerves innervating
the injected paws, measured by immunoassay (upper panel) and by changes in the number
of L4 dorsal root ganglion (DRG) cells expressing preprotachykinin A or CGRP (measured by
non-isotopic in situ hybridization, lower panel). Reproduced with permission from [1].
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nificant increase in NGF concentrations in the inflamed skin and the sciatic nerve
innervating the site of the inflammation [1, 7]. The latter indicates that the increased
local production of NGF results in retrograde transport of the neurotrophin [48],
presumably in trkA-expressing sensory fibres [49].

The increase in NGF concentrations contributes significantly to inflammatory
hypersensitivity since the administration of a neutralizing sheep anti-NGF serum
prior to the induction of adjuvant inflammation prevented the establishment of
mechanical and thermal hypersensitivity (Fig. 2A) [7]. This finding has been sub-
stantiated in other studies [8], including one that utilised the novel approach of a
trkA-IgG fusion protein to compete for the NGF [50].

It is possible that NGF may be only an early mediator in the production of
inflammation hypersensitivity. To test this hypothesis, sheep anti-NGF serum was
administered after the induction of inflammation, at a time when the hypersensitiv-
ity was fully developed. In these circumstances, thermal hypersensitivity was sub-
stantially reduced 1 h after injecting the anti-serum. This suggests that an ongoing
supply of NGF in the periphery contributes to the maintenance of the thermal
hyperalgesia. Since the reversal took place so quickly, the NGF must have been act-
ing (either directly or indirectly) on the peripheral terminals, to alter transduction
sensitivity, that is, NGF appears to contribute to the peripheral sensitization of high
threshold thermoreceptors, in a manner that has a short half-life and that requires,
therefore, a continuous supply of NGE

Mechanical hypersensitivity, induced by adjuvant inflammation, was not imme-
diately reversed by sheep anti-NGF serum, unlike thermal sensitivity (Fig. 2B).
Rather, a reduction in mechanical sensitivity only manifested itself 24 h after the
administration of the anti-NGF serum and became more pronounced at 36 h and
especially at 48 h [1, 7]. The delay before an effect of removing peripheral NGF
could be detected may well reflect the time required for retrograde transport to the

Figure 2

Effect of anti-NGF serum on CFA-induced mechanical sensitivity and thermosensitivity.

(A) CFA-induced (100 pl, i.pl., squares) inflammation in the hind-paws produces a rapid and
marked increases in mechanical sensitivity (left hand panel) and thermosensitivity (right
hand panel). This was almost completely prevented by systemic pre-treatment with a spe-
cific neutralizing sheep-anti-NGF serum (5 ul g7, 1 h before the CFA, circles). (B) When
inflammatory hypersensitivity in response to CFA was well established, administration of the
anti-NGF serum (circles) at day 5 resulted, within 1 h, in a marked reduction in thermal
hypersensitivity (right hand panel). Mechanical hypersensitivity (left hand panel) was
decreased only at 24-48 h after administration of the anti-NGF serum. This delay is consis-
tent with an interruption of NGF-mediated changes in transcription in the DRG). Reproduced
with permission from [1].
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DRG, signal transduction, altered transcription and translation and protein/peptide
transport [1].

Phenotypic modifications after inflammation

Acute inflammation leads to changes in the concentrations of neuropeptides SP and
CGRP in primary sensory neurones [7, 24, 35, 42, 51]. The extent to which the
increases in concentrations of peptides is due to an increased production by cells
which usually produce these peptides or to the production by cells which normally
do not produce the peptides has not been fully resolved. It is clear that the number
of DRG cells positive for preprotachykinin A and CGRP mRNA increased more
than two-fold following the induction of adjuvant-induced inflammation in the
hind-paw (Fig. 3). Since approximately 20% of lumbar DRG cells are usually posi-
tive for SP (using immunohistochemical and in situ techniques), and since the total
number of L4 DRG neurons is 16-18,000, many more neurons innervating the
inflamed paw were expressing mRNA for preprotachykinin A than in the absence
of inflammation. Whether all these cells express the peptide (SP) is not known but
there is a significant increase in the number of myelinated afferents which are posi-
tive for SP after inflammation. This indicates that there is a change in phenotype
after inflammation. The fact that anti-NGF administration effectively prevented
inflammation-induced changes in mRNA and peptide (Fig. 3) shows that NGF is
involved.

In addition to changes in neuropeptides, CFA-induced inflammation also affect-
ed concentrations of the growth-associated protein GAP-43 [42]. The time course
of the increase in GAP-43 mRNA and preprotachykinin A mRNA were very simi-
lar and both were restricted to the dorsal root ganglion innervating the inflamed tis-
sue (Fig. 3B). However, although mRNA for both GAP-43 and preprotachykinin A
was increased in an NGF-dependent fashion following inflammation, only mRNA
for preprotachykinin A was increased following the administration of NGF [42].
This shows that NGF administration does not model the inflammatory state and
that while NGF is necessary it is not sufficient in itself to cause all the phenotypic
changes that occur in adjuvant inflammation.

Cytokine-NGF interactions in inflammatory hyperalgesia

Interleukin-1p contributes to inflammation-induced increases in NGF con-
centrations and inflammatory hyperalgesia

IL-1B induces NGF

An important question is what controls the production of NGF during inflamma-
tion. An obvious candidate was interleukin-1f (IL-1), a cytokine involved in a wide
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Figure 3

Phenotypic changes in the DRG and sciatic nerve, 48 h after CFA-induced inflammation.
(A) CFA-induced (100 ul, i.pl.) changes in the expression of preprotachykinin A (open
columns) and CGRP (hatched columns) mRNA in the DRG (lower panel) and concentrations
of peptides (open columns = SP; hatched columns = CGRP) in the sciatic nerve (bottom
panel), 48 h after CFA, and prevention of the increases by sheep anti-NGF serum (5 ul g7,
1 h before the CFA,). (CGRP mRNA + anti-NGF not tested). (B) Time course of changes in
the number of DRG neurones expressing preprotachykinin A and GAP-43 mRNA after induc-
tion of adjuvant inflammation in one hind-paw (upper panel). The lower panels show that
the increase in expression is limited to that ganglion (L4) innervating the inflamed site. The
adjacent ganglion (L3) shows no change. N = naive, | = ipsilateral to inflammation, C = con-
tralateral hind-paw. Open columns = SP; hatched columns = GAP-43; squares represent SP;
circles represent GAP-43. Reproduced with permission from [1].
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variety of inflammatory responses [52-54]. Numerous cell types produce IL-1f,
including blood monocytes, tissue macrophages, blood neutrophils, endothelial
cells, smooth muscle cells, fibroblasts, dermal dendritic cells, keratinocytes, and T
and B lymphocytes [53, 55]. IL-1B concentrations are raised during inflammation
[56, 57], and its administration by various routes evokes hyperalgesia [58-62]. Sys-
temic IL-1P evoked a thermal hyperalgesia and mediated the hyperalgesic response
to bacterial endotoxin (lipopolysaccharide, LPS) [62]. IL-1B injection into hind-
paws (i.pl.) evoked a dose-dependent increase in sensitivity to low intensity mechan-
ical pressure [58] and thermal hyperalgesia [51, 63] but no change in the threshold
for eliciting a flexion withdrawal reflex [51]. This difference between the two mod-
els of mechanical hyperalgesia probably relates to the different nature of the tests
and endpoints used. IL-1B can induce NGF production in a number of cell types [43,
45, 64-67] and the development of specific immunoassays (ELISAs) for NGF and
IL-1B, permitted a putative role for IL-1B in NGF production in inflammatory
lesions to be investigated [51].

Roles for NGF and IL-1pB in CFA-induced inflammatory hyperalgesia

Acute inflammation in hind-paws caused by CFA injection (i.pl.) resulted in signifi-
cant increases in NGF (Fig. 4) and IL-1B (Fig. 5) concentrations in the inflamed tis-
sue, with a much greater relative change in the latter. The inflammation also result-
ed in an elevation in the concentrations of neuropeptides (Fig. 6) in the primary sen-
sory neurons innervating the inflamed hind-limb and in substantial thermal and
mechanical (Fig. 7) hyperalgesia [51].

Figure 4

Effects of indomethacin and dexamethasone on CFA-induced increases in concentrations of
NGF.

The inflammation induced by intraplantar CFA injection (100 ul, i.pl.) caused a significant
increase in NGF concentrations, measured 48 h after CFA injection, in ipsilateral hind-paws
(open columns) compared with naive animals (hatched columns). The lower dose dexam-
ethasone (Dex) treatment (120 ug kg=", daily) had no significant effect on NGF concentra-
tion but the higher dose regimen (120 ug kg=', 8 hourly) prevented the increases (upper
panel). The lower dose of indomethacin (Ind, 2 mg kg7, daily) had no significant effect on
NGF concentrations in the ipsilateral hind-paw, but the higher dose (4 mg kg=", daily) pre-
vented the CFA-induced increases (lower panel). Data are mean + s.e.m., n = 5, 3p <0.05;
a*p<0.07 and @""p<0.001 vs naive; bp <0.05; *"p <0.001 low vs high doses; <p <0.05,
p<0.07 vs CFA; 9"p<0.01; 9" p <0.001 ipsilateral vs contralateral. Reproduced with per-
mission from [57].
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Cytokine-nerve growth factor interactions in inflammatory hyperalgesia

Antagonism of IL-1B action during the establishment of CFA inflammation
reduced acute mechanical hyperalgesia but had a smaller effect on established
inflammatory hyperalgesia (Fig. 7) [51]. The mechanism of IL-1B-induced changes
in sensitivity has been variously argued to be mediated via PG production [58,68,
69], independently of PG-production [62, 70], via the induction of bradykinin B,
receptors [71], or as a result of a direct activation of nociceptors [61]. Another pos-
sibility is that IL-1pB produced its effects by upregulating an active intermediary such
as NGF. IL-1B caused NGF production by cultured fibroblasts [43, 65, 66] and
evoked hyperalgesia when administered either systemically [20] or locally [7]. Also,
IL-1PB evoked increases in NGF concentrations in the skin and neutralisation of the
action of NGF inhibited the hyperalgesic actions of IL-1B (Fig. 8) [51]. IL-1p regu-
lated SP concentrations in sympathetic ganglion cells [72] through the induction of
a neuropoietic cytokine, leukaemia inhibitory factor (LIF) [73]. IL-1f may have
altered neuropeptide expression in primary sensory neurons secondary to an
increase in NGF concentrations since NGF has well known actions on the regula-
tion of both SP and CGRP in adult DRG neurons |7, 16, 18]. Certainly anti-NGF
antibodies inhibited the increase in concentrations of SP and CGRP associated with
CFA-induced inflammation [7, 24], even though they did not inhibit upregulation
of IL-1PB [51].

NGF concentrations are substantially increased during inflammation [7, 22-24].
The specific signalling mechanisms and cell types responsible are not known,
although IL-1pB appears to have a major role in increasing NGF production in that
the IL-1 receptor antagonist (IL-1ra) attenuated the increase in NGF concentrations
subsequent to injection of CFA (Fig. 7) and IL-1B (Fig. 8). A number of other
growth factors/inflammatory mediators may also be involved. Platelet derived
growth factor (PDGF), acidic and basic fibroblast growth factor (o and BFGF),

Figure 5

Effects of indomethacin and dexamethasone on CFA-induced increases in concentrations of
IL-1B.

The inflammation induced by CFA (100 ul, i.pl.) caused a significant increase in IL-1J3 con-
centrations in ipsilateral paws (open columns) at 48 h post CFA injection compared with the
contralateral hind-paws (hatched columns). Both the lower (120 ug/kg=', 8 hourly) and
higher (120 ug/kg, 8 hourly) dose dexamethasone treatments significantly reduced IL-13
concentrations in ipsilateral hind-paws (A). The lower dose indomethacin (Ind, 2 mg kg™,
daily) had no significant effect on IL-1 concentrations but the higher dose (4 mg kg™", daily)
significantly reduced concentrations of this cytokine in ipsilateral paws (B). Data are mean
+sem., n=5,2a"p<0.001 ipsilateral vs contralateral; bp <0.05; b"p <0.07 vs ipsilateral
CFA. Reproduced with permission from [57].
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Figure 6

Effect of indomethacin and dexamethasone on CFA-induced increases in concentrations of
SP and CGRP in the ipsilateral L4 DRG.

CFA-induced inflammation caused significant increases in SP (A and C) and CGRP (lower
panels) concentrations in the ipsilateral L4 DRG (open columns), measured at 48 h, com-
pared with the contralateral side (hatched columns) or with animals receiving vehicle instead
of CFA. Both the lower dose and the higher dose dexamethasone (Dex, left hand columns)
and indomethacin (Ind) treatments (right hand columns) prevented CFA-induced increases
in SP and CGRP concentrations. Data are mean + s.e.m., n = 5, 3p<0.05; 2""p <0.007 vs
saline; **p <0.0017 ipsilateral vs contralateral; b**p <0.001 vs CFA. Reproduced with per-
mission from [57].
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Figure 7

Effect of IL-1ra on CFA-induced mechanical hyperalgesia and concentrations of NGF.

(A) IL-Tra (0.625 ug , i.v, 30 min before and i.p., 6 h after, injection of CFA (100 pl, i.pl.,
squares) reduced the mechanical hyperalgesia measured at 3 h and 6 h after CFA injection
(circles). IL-1ra given alone had no effect on mechanical sensitivity (triangles). The symbols
represent mean + s.e.m., n = 5, “'p<0.01. (B) IL-1ra pretreatment prevented the CFA-
induced increase in NGF concentrations (open columns = ipsilateral; hatched columns = con-
tralateral). Data are mean +s.e.m., n =5, @'p<0.01 vs naive; ®*p vs CFA. Reproduced with
permission from [57].
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tumour necrosis factor o (TNFa), epidermal growth factor (EGF), and transform-
ing growth factor (TGFo and TGF) all increase NGF production by fibroblasts in
vitro [43, 44]. The increase in NGF during CFA-induced inflammation [7, 24] is
important in mediating hyperalgesia because a polyclonal sheep anti-NGF anti-
serum injected before or after CFA, significantly reduced the increase in sensitivity
seen being caused by CFA [7]. Consistent with these observations, a monoclonal
anti-NGF antibody brought about similar anti-hypersensitivity effects [51].

Changes in neuropeptide concentrations in CFA-induced inflammatory
hyperalgesia

Whether the increase in peptides in the sensory neurons generated during inflam-
mation actually contributes to the behavioural sensory changes is not known. Noci-
ceptive inputs, by virtue of the release of SP and CGRP, have the capacity to increase
the excitability of spinal neurons, changing their response characteristics. This phe-
nomenon, called central sensitization, has been shown to play a major role in the
generation of post-injury pain hypersensitivity states [38, 74]. NGF, by increasing
the concentration of these peptides in the sensory neuron, may increase the capaci-
ty of afferents innervating inflamed tissue to produce central sensitization. The
changes in peptide expression seen in the DRG during inflammation [7, 24, 35-37]
are reflected in an increase in concentrations in the dorsal horn [75, 76] and by an
increase in peptide receptor/binding sites in this area [77-79]. Though the fact that
doses of dexamethasone and indomethacin that did not prevent hyperalgesia never-
theless suppressed increases in peptide concentrations in the DRG, suggests that the
changes in peptide concentration of peptides may not directly reflect changes in
acute behavioural sensitivity. A caveat must be that peptide concentrations in the
DRG reflect a dynamic interplay between production and transport from the soma.
A similar argument could be made about the contribution of IL-1p to inflammato-
ry hypersensitivity. Thus, dexamethasone (smaller dose [51]) substantially reduced

Figure 8

Effect of anti-NGF on IL-1B-induced mechanical hyperalgesia and concentrations of NGF.
(A) IL-1B (1 ng, i.pl., squares) evoked a significant increase in thermal sensitivity, 3 and 6 h
post injection, which was prevented by administration of sheep anti-NGF serum (5 ul g7,
i.p., 1 h before the IL-1B, circles). The asterisks represent significant differences of p<0.01.
(B) IL-1B-induced increases in NGF concentrations in the skin both ipsilateral (open
columns) and contralateral (hatched columns) to the injection site when measured 48 h later.
The increases were prevented by prior administration of IL-Tra (0.625 ug, i.v.). Injection of
sheep anti-NGF serum (5 ul g, i.p., 1 h before IL-1p) did not affect the increase in NGF
concentrations. Data are mean + s.e.m., n = 4, @ p<0.0017 vs naive; b"p <00.07 vs IL-18.
Reproduced with permission from [51].
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(but did not eliminate) the increase in concentrations of IL-1B that followed CFA,
but had no effect on behavioural hypersensitivity [51]. In contrast, decreases in
inflammatory mechanical hypersensitivity correlated with reductions in concentra-
tions of NGEF, achieved using dexamethasone and indomethacin (each at larger
doses), or IL-1ra [51]. These findings are consistent with a ‘ceiling effect’ of IL-1PB
on the upregulation of NGF and independence in the pathways mediating thermal
and mechanical hypersensitivity.

Both dexamethasone and indomethacin reduced neuropeptide concentrations
(Fig. 6) at doses below those which affected CFA-induced increases in NGF con-
centrations (Fig. 4) in the inflamed tissue. This may reflect multiple actions of these
anti-inflammatory drugs, including direct effects on the sensory neurons themselves.
One possibility is that the drugs interfered with the intracellular signalling action of
NGEF, once it has bound to #7k and been transported retrogradely to the soma by, for
example, altering the concentrations of transcription factors. There is evidence that
dexamethasone can alter neuropeptide concentrations in these neurons. In cultured
neonatal rat sensory neurons, for example, corticosterone reduced SP content
[80]and, in vivo, dexamethasone treatment has been shown to reduce the SP and
CGRP content of dental nerves [81], and adrenalectomy resulted in an increase in
the SP and CGRP content of rat DRG [82]. The coexistence of neuropeptides and
glucocorticoid receptors in the rat spinal and trigeminal ganglia indicates how glu-
cocorticoids could regulate SP and CGRP concentrations without necessarily inter-
fering with the production of target related growth factors/cytokines [83]. Less data
is available on non-steroidal anti-inflammatory drug (NSAID) actions on peptide
expression in DRG neurons although indomethacin reduces SP concentrations in
human ocular aqueous humour [84].

A limited role for eicosanoids in inflammatory hyperalgesia mediated by
NGF and IL-1B

The inhibitory effect of glucocorticoids on IL-1B production is fairly well charac-
terized [57, 85-88]. An effect of indomethacin on IL-1B production (by
macrophages) was reported only for a very large dose [57]. There are complex inter-
actions among second messenger pathways, steroid hormones, and protooncogenes
of the fos and jun families that converge on the regulation of the NGF gene and sev-
eral investigators have reported that, in cultured fibroblasts, glucocorticoids inhib-
ited NGF production [80, 89, 90]. Indomethacin acts by inhibiting cyclooxygenase
and subsequently PGE, synthesis [91]. PGE, elicited a dose-dependent increase in
NGF mRNA and NGF protein concentrations in rat hippocampal cell cultures [92],
but an involvement of eicosanoids in NGF production in peripheral tissues has not
been reported. The smaller dose of indomethacin used in the study described above
[51] would be expected to have substantially and irreversibly inhibited cyclooxyge-
nase [93] but it had minimal effects on behavioural sensitivity or on concentrations
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of IL-1B and NGF, suggesting that the effects seen with the larger dose [51] may
have been due to some other action of indomethacin.

Both dexamathasone and indomethacin, at doses equivalent to therapeutic doses
[93], were surprisingly ineffective in modifying CFA-induced hyperalgesia. Inflam-
mation results in an upregulation of the inducible COX-2 isoform of cyclooxyge-
nase [94], which is readily induced by cytokines including IL-1 [95]. Indomethacin
is relatively specific for COX-1 [96] whereas dexamathasone would be expected to
prevent the protein synthesis-dependent induction of COX-2 during inflammation
[94, 97]. Thus, both the constitutive and the inducible forms of COX should have
been inhibited by the indomethacin and dexamethasone but both failed to substan-
tially modify behavioural hypersensitivity, at least compared with neutralisation of
NGF [51]. Whether this means that eicosanoids have a limited role in the patho-
genesis of CFA-induced sensory hypersensitivity requires further study. That a
potent NSAID and a steroid were relatively ineffective in preventing inflammatory
hyperalgesia and the upregulation of either IL-1B or NGF may turn out to be relat-
ed. The only doses of dexamathasone and indomethacin showing anti-hyperalgesic
effects were those that prevented an increase in NGF concentrations, supporting a
key role for NGF in mediating inflammatory hypersensitivity [51].

The relationship between the upregulation of IL-13 and NGF during inflamma-
tion and changes in neuropeptide concentrations and hyperalgesia are complex and
a number of apparent inconsistencies between different findings still require expla-
nation, such as the induction of thermal but not mechanical hyperalgesia by IL-1B
(given i.pl.) and a reduction of mechanical but not thermal hypersensitivity by IL-
1ra administration to CFA-injected animals. This may be the result of complex syn-
ergistic interactions between a number of cytokines acting together in concert dur-
ing inflammation, where one, such as IL-1B, may be necessary but not sufficient in
itself to bring about a particular change, a situation quite different from the admin-
istration of a single agent in naive animals. Nevertheless, the above data points to a
role for IL-1B in the increase in NGF concentration during inflammation and to
NGEF having an important role in the generation of inflammatory hyperalgesia.

An early role for TNFo in cytokine-NGF interactions

TNFa in the presence and absence of inflammation

TNFa is a 17 kDa cytokine produced by a number of cell types including inflam-
matory cells (neurotrophils, activated lymphocytes, macrophages) and tissue cells
(endothelial cells, smooth muscle cells, fibroblasts, basal keratinocytes) [98-101].
This immunomodulating factor has multiple actions including cytolysis, mitogene-
sis, polymorphonuclear and lymphocyte recruitment as well as initiating a cascade
of other cytokines, including IL-1 and IL-6 [101-103]. Concentrations of TNFao
increase in disease and immune states including endotoxic shock [104], gout [99],
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rheumatoid arthritis [102], contact hypersensitivity [105], airway inflammation
[103], and immune complex disease [106]. Neutralization of TNFa with antiserum
or recombinant TNF receptor-fusion protein molecules reduced the lethality of LPS
[107], and attenuated turpentine-induced fever [108] and inflammatory damage in
rheumatoid [109] and experimental [110] arthritis. A specific role of TNFa in
hyperalgesia has been suggested on the basis of the hypersensitivity produced by
local [111] or systemic administration [112] and because of the anti-hyperalgesic
action of anti-TNFa antibodies on inflammatory hyperalgesia evoked by
bradykinin, LPS and carrageenin [111, 113].

Since TNFo usually precedes IL-1B in the inflammatory cytokine cascade [98],
and because this cytokine upregulates NGF in vitro [44] and has hyperalgesic
actions [111, 112], it was a logical step to investigate whether or not TNFa con-
tributed, via upregulation of IL-1B and NGF, to the establishment of inflammatory
hyperalgesia [114].

TNFa, like IL-1B and NGEF, was upregulated in the rat hind-paw after the induc-
tion of localized peripheral inflammation with CFA. Concentrations of all three
mediators were increased by 3 h post CFA injection but the temporal profile of their
responses to the inflammation differed. IL-1B concentrations were greatly increased
at an early stage (3—6 h) with a gradual decline from their peak over the ensuing five
days, NGF concentrations showed an early increase with maintenance at the
increased concentration for at least the first five days of the inflammation, and
TNFo concentrations increased between 3 and 24 h, at which time they peaked,
dipped at 48h and then rose again. The TNFa response was unusual in that TNFo
concentrations in contralateral, non-inflamed, hind-paws mirrored (albeit at slight-
ly lower concentrations) those in inflamed (ipsilateral) paws [114]. Although this
finding is consistent with a systemic distribution of the cytokine, the failure to detect
elevated concentrations of TNFa in the plasma 24 h post CFA injection, when tis-
sue concentrations of the cytokine in both the inflamed (ipsilateral) and non-
inflamed (contralateral) paws were at their greatest, argues against systemic distrib-
ution [114]. It is possible that the effect in contralateral paws was secondary to sys-
temic spread of some other signal molecule. That detectable basal concentrations of
the cytokine were found in the skin in the absence of inflammation was an unex-
pected finding. Given the reported specificity of the assay used, cross-reactivity with
a protein other than TNFa would appear unlikely, although this cannot be exclud-
ed. Clearly, this result needs to be confirmed, ideally using ELISA reagents from a
different source.

TNFo precedes IL-1B and NGF in inflammatory hyperalgesia induced by
CFA

As reported previously [111] TNFo evoked hyperalgesia when injected locally (i.pl.)
but the effect, like that of IL-1B [S1] or NGF [115], was short-lived and required
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fairly large doses to elicit changes in sensitivity [114]. These doses did, however,
result in local increases in the concentrations of IL-1B and NGFE The increase in con-
centrations of NGF was likely to have been mediated by the prior upregulation of
IL-1B [51], although in culture, TNFo and IL-1f interact synergistically to increase
NGF production from non-neuronal cells [44] implying a non-IL-18 dependent
action of TNFo on NGF production. TNFo appears, then, to be able to initiate a
cytokine cascade, involving IL-1p, that leads to the upregulation of a potent sensi-
tizing agent, NGE

Pretreatment with anti-NGF antibodies resulted in a marked reduction in CFA-
induced hyperalgesia and in the phenotypic changes it produces in primary sensory
neurons [7, 116]. Anti-NGF serum also reduced the hyperalgesic effects of both IL-
1B [51] and TNFo [114], providing evidence that these two cytokines produce a
substantial component of their sensitivity changes via NGF (in the CFA model). Sys-
temic administration of IL-1ra reduced the early phase of CFA-induced hyperalge-
sia [51]. Anti-TNFo administration also delayed the onset of CFA-induced hyperal-
gesia with a maximal but incomplete effect on thermal sensitivity at 3 h, and a larg-
er and longer lasting (6 h) effect on mechanical hypersensitivity. By 24 h, however,
the hyperalgesia was fully developed in spite of the anti-TNFa treatment. Anti-
TNFo administration resulted in a reduction in concentrations of IL-1f but not
NGF measured 24 h post-induction of the inflammation (Fig. 9) [114]. It is possible
that the short duration of the effects of the sheep anti-TNFo serum on the behav-
ioural hypersensitivity and the failure of the antiserum to affect NGF concentrations
at 24 h were the result of injecting too small a dose or of its action being too brief.
An alternative explanation is that IL-1B and NGF may be induced during inflam-
mation in TNFo-dependent and TNFo-independent fashions. Consequently, where-
as a linear cascade might appear to be operating to produce the transient hyperal-
gesic effects following the injection of TNFa, the sequence of events is almost cer-
tainly more complex, and all the more so in an inflammatory lesion, with multiple
events operating over diverse time courses.

Recent evidence indicates that TNFo has a role in inducing the hyperalgesic
response to inflammation and this is very likely to be the consequence of its induc-
tion of later acting intermediaries, particularly IL-1 and NGFE. If TNFo were to be
a suitable target for the development of novel analgesics the extent to which IL-13
and NGF upregulation is contingent on prior TNFa upregulation needs to be estab-
lished. The finding that concentrations of immunoreactive TNFa increased in the
non-inflamed hind-paw without any changes in the concentrations of IL-1B and
NGF concentrations suggests either that a threshold must exist for TNFa to exert
its action in inducing these mediators or that TNFao acts in concert with some other
signal molecule(s) which are restricted to the site of the inflammation.
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Leukaemia inhibitory factor (LIF) as an anti-inflammatory and anti-hyperal-
gesic cytokine

Interactions of LIF with inflammatory mediators

Leukemia inhibitory factor is a neuropoietic cytokine involved in both the neur-
al and immune responses to injury and concentrations of LIF are increased in a vari-
ety of inflammatory conditions [117-123] . Administration of LIF can suppress
inflammatory signs in certain situations [120], for instance in intratracheal LPS-
induced inflammation [122]. Also, LIF increased corticosterone concentrations via
an effect upon the hypothalamo-pituitary adrenal axis [124]. However, other evi-
dence suggests that LIF can also act as a pro-inflammatory cytokine. Exogenously
added LIF induced expression of acute-phase proteins [125, 126] and stimulated
the production of pro-inflammatory cytokines and monocyte chemoattactants [121,
127, 128]. Passive immunoneutralization of LIF protected mice against the lethal
effects of endotoxin and inhibited LPS-induced increases in circulating IL-1 and IL-
6 [129], and injection of large doses of LIF into skin or joints produced swelling and
leukocyte invasion [130, 131] .

In the nervous system, concentrations of LIF mRNA increased markedly soon
after injury [132-134], and experiments with LIF null mutant mice revealed that
LIF was required for some of the striking changes in neuronal gene expression that
are characteristic of the response to injury [135-137]. Lack of LIF led to premature
neuronal death [138] and a diminished rate of immune cell influx following periph-
eral nerve injury [139]. LIF and its receptors (LIF-R and gp130) are abundantly
expressed in pituitary cells and LIF acts in a paracrine fashion to regulate release of
adrenocorticotrophin and growth hormone release [138-140]. Consequently, while
LIF appears to be an important modulator of inflammatory events and their inter-
action with the nervous system, there is contradictory evidence as to whether the
overall net effect of this cytokine is pro-or anti-inflammatory.

LIF limits NGF-mediated inflammatory hyperalgesia
A recent study [141] provided good evidence that LIF is produced during CFA-
induced cutaneous inflammation and acts to limit the inflammation and inflamma-

Figure 9

Effect of anti-TNFo on CFA-induced increases in concentrations of NGF and IL-1J.

The effect of a single injection of sheep anti-TNFa serum (5 ul kg=', 1 h before CFA) on
increases in concentrations of (a) NGF and (b) IL-1B, measured in hind-paws, 24 h after
injection of CFA (100 ul, i.pl.). The anti TNF( serum failed to prevent the increase in NGF
concentrations but diminished increases in concentrations of IL-1f. Values shown are mean
+s.em., n=4, ""p<0.01 naive vs treated. Reproduced with permission from [114].
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tory hyperalgesia. The absence of LIF exacerbated the inflammatory response to
CFA, whereas increased concentrations of LIF, brought about by its injection, abro-
gated a number of the effects of the CFA [141]. Inflammatory oedema has both neu-
rogenic and non-neurogenic components. The former are due to an efferent function
of sensory neurons releasing vasoactive neuropeptides as part of the axon-reflex
[142, 143], whereas the latter are the consequence of the direct action of inflam-
matory mediators on the vasculature and capillary permeability. While it is not clear
which component was responsible for the exaggerated response of LIF knockout to
CFA [141], the failure of exogenous LIF to reduce swelling, while diminishing con-
centrations of IL-1B and NGEF, indicates an early divergence of the inflammatory
pathways involved. A large dose of LIF (1 mg) caused swelling in the goat radio-
carpal joint [130] and injection of LIF (at >100 ng) directly into the ear pinna of
mice increased ear thickness, although by a much smaller extent than a 250-fold
lower dose of IL-1a [131]. Further, injection of a large dose of LIF (1 mg) into non-
inflamed juvenile rats (12 days old) caused a prolonged hypersensitivity to mechan-
ical stimulation[144]. In contrast, small doses of LIF (up to 100 ng), injected into
non-inflamed hind-paws in adult rats did not evoke mechanical hypersensitivity
[141]. Either the difference in dose or in the age of the animals may account for the
different results. It is also possible that small doses of LIF are anti-inflammatory
whereas larger doses, perhaps acting via the receptors for other members of the
cytokine family with which LIF shares the gp130 signal-transducing subunit [145]
are pro-inflammatory. Whatever explanation applies, caution is needed in interpret-
ing the pro-inflammatory effects of large doses of exogenous LIF, which may have
pharmacological actions different from those of endogenous LIE The need for such
caution is emphasised by the results obtained with the LIF knockout animals [141].

LIF suppressed CFA-induced up-regulation of both IL-1B and NGF and deletion
of LIF led to an amplified induction of these proteins, suggesting a role for LIF in
regulating the cytokine cascade at an early stage in the inflammatory process [141].
LIF appears to have the opposite effect in chondrocytes, where it increased concen-
trations of IL-1, IL-6 and IL-8 [127]. Although the cellular target for LIF action in
skin remains to be identified, LIF presumably exerts its anti-inflammatory effect via
the Jak-STAT pathway [145]. This could lead to inhibition of the transcription or
release of a pro-inflammatory cytokine such as IL-1 or to the release of an endoge-
nous anti-inflammatory agent such as IL-1ra [146]. Regarding likely inducers of LIF,
TNFa induced LIF in dermal cultures [147].

In summary, the mRNA for LIF was elevated during skin inflammation produced
by CFA (injected i.pl.). Further, while LIF knockout mice displayed normal sensitiv-
ity to cutaneous mechanical and thermal stimulation compared with wild-type mice,
the degree of CFA-induced inflammation in mice lacking LIF was increased in spa-
tial extent, amplitude, cellular infiltrate and in expression of IL-1B and NGF. Con-
versely, local injection of LIF diminished CFA-induced mechanical and thermal
hypersensitivity and production of IL-1B and NGE These data show that up-regu-
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lation of LIF during peripheral inflammation serves a key, early anti-inflammatory
role and that exogenous LIF is anti-hyperalgesic [141]. While gp130 and LIF recep-
tor agonists might be considered as novel anti-inflammatory and anti-hyperalgesic
targets, stimulation (or antagonism) of gp130 should not to be taken lightly, in view
of the other important ligands that utilize it as a transducing element [145].

Peripheral cell types contributing to IL-1B-NGF interactions

The role of NGF in the various components of inflammatory hyperalgesia
Inflammatory pain is a multifaceted syndrome that comprises three distinct compo-
nents: spontaneous pain referred to the site of the inflammation, an amplification of
the response to noxious stimuli, hyperalgesia, and finally the generation of pain by
what would normally be innocuous stimuli, allodynia. These last two components
manifest both in the inflamed tissue (primary zone) and in the surrounding non-
inflamed tissue (secondary zone). A number of different mechanisms, operating at
different times and at different locations, contribute to inflammatory pain. Direct
activation of chemosensitive nociceptors by irritants or inflammatory mediators
elicits spontaneous pain [148], an alteration in the transduction sensitivity of noci-
ceptors by sensitizing mediators like bradykinin and PGE, contributes to primary
hyperalgesia [149] whereas sensory input to the spinal cord, as a result of the release
of excitatory amino acids and neuropeptides, sensitizes central neurones in an
NMDA-receptor and tachykinin receptor mediated fashion, to produce secondary
hyperalgesia and allodynia [150, 151].

It is now recognised that neurological dysfunction in the mature nervous system
can occur not only as a result of neurotrophin deficiency, but also as a result of
excess. NGF may contribute to inflammatory hypersensitivity by producing both
local and central changes in sensitivity.

Mast cell degranulation, NGE IL-18 and inflammatory hyperalgesia

NGF produced in peripheral tissue [64] acts on those cells in the tissue which
express the high affinity protein tyrosine kinase NGF receptor trkA [152, 153].
TrkA is present on inflammatory cells as well as on sympathetic cells and a sub-pop-
ulation of small-diameter sensory neurons [154-157]. A cytokine-like action of
NGEF on inflammatory cells was described some years ago [158] and includes effects
on mast cells, basophils, lymphocytes and neutrophils leading to proliferation and
cytokine production [13, 27-31, 159, 160]. While these actions may act to amplify
the inflammatory response they may also contribute indirectly to sensitivity changes
by causing the release of inflammatory mediators which then act directly on senso-
ry nerve terminals. Mast cells, which have a major role in immediate-type hyper-
sensitivity reactions and contribute to chronic inflammation [162], are particularly

113



Stephen Poole and Clifford J. Woolf

important targets for NGE. NGF promotes their survival [163], growth [31], differ-
entiation [160] and degranulation [32, 33, 164].

Acute degranulation of mast cells releases a number of proteinases, cytokines
and amines, including 5-hydroxytryptamine and histamine [165], each of which
could sensitize nociceptors, either directly or indirectly via the breakdown of pre-
cursor proteins or by inducing the release of inflammatory mediators from other cell
types. Chronic degranulation of mast cells with compound 48/80 [166], by deplet-
ing the cells of amines and other inflammatory mediators, might be interfering with
the normal sensitizing consequences of an NGF action on mast cells and in this way
attenuate inflammatory hyperalgesia. However, this may not necessarily mean that
the role of the mast cell in inflammation relates only to an action of NGF on these
cells. Mast cells are also a potential source of NGF production [25] and recently it
was shown that chronic degranulation of mast cells inhibited an increase in NGF
during inflammation above the concentrations in non-inflamed animals treated with
compound 48/80 [115]. This may reflect an impairment in the synthesis, storage or
release of NGF from mast cells or a reduction in the release of a cytokine, such as
TNFa, from the mast cells, which acts on other cell types to produce NGF [44]. The
concentrations of IL-1B, which is a powerful inducer of NGF [51, 65], were not
affected by 48/80 treatment [115]. The failure to increase NGF concentrations dur-
ing inflammation may contribute to the maintained reduction of inflammatory
hyperalgesia in these animals. This finding contrasts with the transient effects of
compound 48/80 treatment on the hyperalgesia produced by systemic NGF, which
appear to be due entirely to a reduction in amine release [8].

Sympathectomy, NGF, IL-18 and inflammatory hyperalgesia

Sympathetic neurons are prototypic examples of NGF-responsive neurons [167] and
their survival is dependent on access to NGF during development [157]. Removal of
postganglionic sympathetic terminals by chemical sympathectomy with guanethi-
dine resulted in an increase in the basal concentrations of NGF in the skin (Fig. 10)
[115]. This result suggests either that these cells utilize a considerable component of
the normal constitutive production of NGF or that some element of sympathetic
innervation of the periphery suppresses NGF production by target tissue. The ele-

Figure 10

Effect of sympathectomy on concentrations of IL-1J and NGF.

Sympathectomy did not alter the inflammatory upregulation of IL-18 and NGF measured
48 h after CFA injections, but did result in an increase in basal concentrations of NGF [00.000
ipsilateral vs contralateral p<0.01, <0.001,”" """, ipsilateral (CFA) vs naive or ipsilateral
(CFA + sympath.) vs sympathectomized non-inflamed (Sympath.) p <0.07, <0.001)]. Repro-

duced with permission from [115].
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vation in basal NGF may have contributed to the increased thermal sensitivity mea-
sured in sympathectomized animals (Figs. 11 and 12) [115], a finding that is con-
sistent with the increased thermal sensitivity in transgenic mice engineered to over-
express NGF in the skin using a keratin promoter [168]. The increase in basal (i.e.
unstimulated) concentrations of NGF in sympathectomized animals resulted only in
a thermal hyperalgesia whereas in inflammation there is both mechanical and ther-
mal hyperalgesia. This may partly reflect the dose of NGF used. Small doses of NGF
(2-20 ng, given i.pl.) evoked thermal but not mechanical hyperalgesia whereas larg-
er doses (200 ng) evoked both [7]. Another possibility is that NGF alone dose not
mediate all the changes in sensitivity that occur during inflammation. A dissociation
between thermal and mechanical hyperalgesia evoked by NGF has been observed
previously [8].

The absence of an increase in basal IL-1p concentrations in sympathectomized
rats indicates that the increases in basal NGF concentrations were not caused by
increased concentrations of this cytokine [115]. NGF upregulation above basal con-
centrations during inflammation was not affected by sympathectomy (Fig. 10) [115],
and sympathectomy reduced only the earliest phase of inflammatory hypersensitivi-
ty, with the hyperalgesia present at 6 to 48 h after CFA treatment left unaffected (Fig.
11) [115]. This may appear surprising in view of the sympathetic-dependence of the
hyperalgesia evoked by NGF given i.pl. [115, 169]. The reason for this is likely to be
related to timing. Local NGF administration elevated NGF concentration in the tar-
get for only a very brief period and produced a short-lasting hyperalgesia, whereas
in CFA-induced inflammation NGF concentrations are increased for at least several
days and the hyperalgesia was persistent. Different mechanisms may operate at dif-
ferent times. NGF may have a trkA-mediated action on sympathetic terminals in the
periphery, which leads to a shortlasting hyperalgesia whenever NGF concentrations
rise acutely. Sympathetic terminals can produce hyperalgesia by releasing eicosanoids
or other mediators which sensitize sensory neurons [170]. A sympathetic-dependent
hyperalgesia manifests for several hours after local NGF administration (Fig. 12)
[115] and during the earliest phase of CFA-induced inflammation (Fig. 11) [115].
Subsequently, a non sympathetic-dependent component contributes to inflammatory
hyperalgesia, although this component is NGF-dependent. The time-dependent
nature of the involvement of the sympathetic nervous system in inflammatory hyper-
algesia may explain the different results in favour of [111, 170, 171] and against
[172-174] a sympathetic-dependence of inflammatory hyperalgesia, although the
mechanism of the NGF-dependent contribution to the sympathetic-independent
component of inflammatory hyperalgesia remains to be elucidated.

A role for NGF in the early and later phases of inflammatory hyperalgesia
Both sympathectomy and mast cell degranulation had maximal efficacy in reducing
inflammatory hyperalgesia in the first few hours after the onset of inflammation
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Figure 11

Effect of sympathectomy on CFA-induced thermal and mechanical hyperalgesia.

Effect of sympathectomy (filled circles) on CFA-induced (100 ul, i.pl., open circles) thermal
and mechanical hyperalgesia, assessed by 50° C hotplate response latency and the flexion
withdrawal reflex mechanical threshold, respectively; n = 5 for CFA group; n = 9 for sympa-
thectomized animals, **"p <0.001 CFA vs CFA + sympathectomy groups). Reproduced with
permission from [115].
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Effect of sympathectomy on NGF-induced thermal and mechanical hyperalgesia.
Sympathectomy (open circles) reduced the transient sensitivity increase evoked by NGF
(200 ng, i.pl., filled circles), ***"p < 0.05, <0.001, n = 5 for CFA group; n = 4 for CFA + sym-
pathectomy. Reproduced with permission from [115].
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[115]. This is a time when any change must necessarily be restricted to the site of
the inflammation since the retrograde transport of NGF in sensory neurons from the
hind-paw to the L4 and LS dorsal root ganglia takes 5-7 h [48], even before any
transcriptional change is effected. While peripheral sensitization may continue to
contribute beyond this time, changes at the dorsal root ganglia are likely also to be
important. NGF, once it reaches the cell bodies of trkA expressing sensory neurons
in the dorsal root ganglia, will, by activating specific signal transduction pathways
[175], cause alterations in phenotype. This includes the upregulation of neuropep-
tides, growth factors and Na* channels [16, 24, 42, 176]. All of these could con-
tribute to inflammatory hypersensitivity in a number of ways. By promoting periph-
eral sprouting and the hyperinnervation of inflamed tissue [42], augmenting neuro-
genic inflammation following the upregulation of SP [177] and, finally, increasing
the central synaptic action of sensory neurons as a result of an increase or novel
release of neuropeptide neuromodulators from the central terminals of afferents in
the dorsal horn of the spinal cord. Inflammation results in a substantial increase in
the numbers of DRG neurons expressing preprotachykinin A and CGRP mRNA
and in the concentrations of the peptides (SP and CGRP) in the sensory neurons [36,
45, 51], and these changes are NGF-dependent [7, 24, 42]. An increase in the con-
centrations of the neuropeptides may augment the central sensitization normally
produced by C-afferent inputs into the spinal cord [178, 179] and in this way con-
tribute to inflammatory hypersensitivity.

In summary, in the early phase of inflammation the contribution of NGF to
inflammatory hypersensitivity is due exclusively to a peripheral action which is
markedly attenuated by either depletion of mast cell granules or sympathectomy.
The subsequent phases of inflammatory hypersensitivity are independent of the
sympathetic nervous system but remain NGF-dependent and are likely to reflect
both a peripheral action and transcription-dependent changes in the function of sen-
sory neurons. [115].

Conclusions

Further research into the interactions between inflammation and the nervous sys-
tem (see Fig. 13) must help in the understanding of the changes that the former pro-
duces in the latter and, hopefully, such work will lead to the development of more
effective drugs to prevent or inhibit inflammatory hyperalgesia and abnormal pain
sensitivity. Certainly drugs which interfere with the production or action of NGF
may offer a new class of inflammation-specific analgesics. Also, unravelling the
cytokine response to inflammation may offer novel therapeutic options, e.g. LIF-
mimics and inhibitors of TNFo and IL-1p, for managing local inflammation. How-
ever, the quest for such agents will not be straightforward because
polypeptides/proteins such as NGE TNFa, IL-1f and LIF are not small molecules
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The postulated roles of cytokines, other hyperalgesic agents and inhibitors of these media-
tors in inflammation. TNFo = tumour necrosis factor o, IL-18 = interleukin-18, NGF = nerve

growth factor, LIF = leukaemia inhibitory factor, IL-6 = interleukin-6.

that readily yield up the characteristics of their interactions with their receptors,
and some of those receptors share signalling elements with other important cyto-

kines and hormones.
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Introduction

The relationship between nerve injury and pain is pervasive in medicine, being both
a simple, common experience and an important diagnostic tool. Acute trauma to a
nerve is almost always painful and has been experienced by many people in associ-
ation with sports and workplace activities. In these cases, injuries occur usually
because of nerve stretching or compression, damaging sensory axons that will then
degenerate and regenerate. If the nerve is not transected and the Schwann cell basal
lamina of the nerve fiber is left intact, the prognosis for recovery is good since regen-
erating axons are appropriately guided to the original target tissue. If neuropathic
pain states do not develop, acute pain will normally resolve during the period of
axonal regeneration, which begins within about a week after nerve injury and the
start of nerve fiber degeneration. Misguided regeneration that produces a neuroma
in continuity or, more often, a neuroma at the severed end of the nerve bundle, can
be persistently painful because of the sensitivity of the undifferentiated free nerve
endings to mechanical pressure and chemical stimuli. Another example is the sub-
chronic low back pain syndrome caused by nerve root compression and chemical
irritation secondary to herniated spinal discs. This and other forms of subchronic
nerve injury caused by repeated physical or chemical irritation become more prob-
lematic in terms of predicting the duration of pain. In these cases, there is often
ongoing and intermixed degeneration and regeneration that not only produces acute
pain but can also lead to facilitated central processing of peripheral nociceptive sig-
nals and chronic pain states. Chronic nerve injuries can be more painful still, but
may also be so severe or widespread that nociceptive axons and first-order sensory
neurons in the dorsal root ganglia are permanently damaged so that peripheral stim-
uli are not meaningfully transduced. Severe diabetic neuropathy fits this description
if it progresses through states of paresthesia, hyperalgesia, hypoalgesia, and anes-
thesia. Other causes of complete nerve injury such as iatrogenic transection of
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peripheral nerves during limb amputation may lead to deafferentation syndromes in
which phantom pain is prevalent, although some models of deafferentation imply
that phantom pain may be associated with regeneration [1].

The classification of traumatic nerve injuries and other peripheral neuropathies
has been useful in establishing common mechanisms of injury and the expected clin-
ical pain syndromes [2]. To gain insight into the relationship between abnormal
nerve morphology and pain, several authors have used biopsied and post-mortem
samples of human tissue to correlate with the corresponding clinical measures of
pain [3-5]. As reviewed by Scadding [2], the results suggest that pain is not related
only to changes in fiber size distribution, but rather to neuropathies in which there
is rapid axonal degeneration. While neuropathies involving small fibers are often
painful, the simultaneous expression of degenerative and regenerative events
appears to be a more important factor associated with pain. It is also recognized
that ischemia can exacerbate paresthesia and pain following peripheral nerve dam-
age as well as cause axonal degeneration if it is severe or prolonged. These general
conclusions, however, fail to account for all the clinical findings linking nerve injury
and pain, and may be further complicated by such factors as sympathetically-medi-
ated pain seen sometimes in association with traumatic mononeuropathies and by
psychosocial factors. To date, no unifying hypothesis has been fully supported by
the accumulated evidence available from human studies.

Animal studies hold the key to further understanding of painful neuropathies.
Animal studies in both invertebrates and vertebrates have reinforced the insights
from clinical experience and extended them by providing for controlled temporal
investigations and experimental therapy. In combination with standard tests for
allodynia [6] and newly developed techniques for testing thermal escape responses
[7], it has been demonstrated that a behavioral hyperalgesia and/or mechanical allo-
dynia can be modeled in the rodent with partial nerve injury [8-10]. The chronic
constriction injury (CCI) model of neuropathic pain [8] has been particularly useful
in exploring the role of focal nerve ischemia and axonal (Wallerian) degeneration of
nerve fibers in the pathogenesis of neuropathic pain states [11-13]. CCI neuropathy
develops within days after placing loose chromic gut ligatures around the sciatic
nerve. The ligatures are tied loosely such that epineurial blood vessels are constrict-
ed, reducing endoneurial blood flow initially by approximately 50 percent [11].
Rapid development of endoneurial edema increases the fascicular area and effec-
tively tightens the ligatures [14-15]. This physical injury, in combination with the
inflammatory insult caused by the chromic gut ligatures, produces severe Wallerian
degeneration and hyperalgesia (Figs. 1, 2).

We have hypothesized that the initial neuropathological events at the site of
peripheral nerve injury are important in initiating the complex cascade of changes
in proximal sensory function that define neuropathic pain states. Early evidence in
support of the hypothesis [16] showed that blockade of retrograde axonal transport
by colchicine applied topically to nerve between the peripheral nerve injury and dor-
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sal root ganglia (DRG) eliminated the expected hyperalgesia. While colchicine
blocked the retrograde transport of target-derived factors to the DRG, it also
blocked anterograde transport of new sodium channels to regenerating axonal
sprouts. Our pathological analyses suggest that while the accumulation of sodium
channels in axonal sprouts of neuromas may be important in potentiating the neu-
ropathic pain state, other factors are probably more important in the development
of hyperalgesia. These electrophysiological and chemical factors are generated by
the injury or are released at the injury site before sodium channel production is
upregulated. Target-derived chemical factors include cytokines and proteolytic
products of activated Schwann cells and macrophages whose chemical activities
cause disruption of nerve fibers and upregulation of neurotrophic factors.

Cytokines orchestrate the pathological, and arguably the pathophysiological,
events at the site of experimental nerve injury and can be considered as the unifying
factor(s) that control the development of neuropathic pain. Cytokine synthesis is
directly related to the temporal course of the many events noted to be involved in
observations of neuropathic pain. These events can be viewed as neuroimmunolog-
ical responses to tissue injury and can be modulated with anti-inflammatory
cytokine therapy to reduce both nerve injury and pain. This extension of our under-
standing of neuropathological processes is the general consequence of improved
understanding of cytokine actions and focused experiments in rodent models of
painful nerve injury. It is reasonable to expect that this knowledge can be used in
support of new therapeutic strategies and, in fact, preliminary experiments reviewed
below are demonstrating this utility.

Pathogenesis of proinflammatory nerve injury

In a certain sense, the response to all nerve injuries is inflammatory in nature in that
the principal cellular mediators of nerve degeneration are immune cells and
macrophages recruited to the injury site in response to immunological signals
thought to be mediated by proinflammatory cytokines. Following nerve injury, there
is a complex series of events causing pain and structural damage to peripheral axons
and their afferent cell bodies. The events are intertwined and graded in scale to pro-
duce responses appropriate to the stimulus. Studies in the marine invertebrate
Aplysia californica suggest that there are early, intermediate, and late signals from
the site of nerve injury that combine to alter gene expression in the pedal ganglia
and regulate the machinery for the synthesis and processing of proteins required for
regeneration and compensatory plasticity of the cell body [17]. Early events include
the electrophysiological “injury discharge” which alters the neuronal influx of cal-
cium to activate protein kinases such as calmodulin (CaM) kinase II and IV, protein
kinases A and C, and mitogen-associated protein (MAP) kinase which regulate tran-
scription factors. Intermediate signals are conveyed by retrograde transport and can
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either repress or promote transcription factors for regeneration [18, 19]. The tran-
scription factor targets such as c-Jun and NF-kB exert control over the synthesis of
proteins necessary for regeneration and processing of nociceptive information.
Cytokines represent signals generated from hours to weeks after nerve injury and
thus span the intermediate and late time frames associated with signal transduction
events. Proinflammatory cytokines increase the sensitivity of all peripheral neural
structures and their afferent cell bodies, causing hyperalgesia and the development
of neuropathic pain states [20, 21]. The full complement of these early, intermedi-
ate and late processes is invoked in the pathogenesis of neuropathic pain with per-
haps upregulation of proinflammatory cytokine events being the single most impor-
tant and treatable factor linked to the development of chronic pain.

With respect to the cytokine events in this multiphase response to nerve injury,
there is also a chemical hierarchy that has been postulated to occur. For example,
the release of substance P (sP) from peripheral sensory terminals and injured axons
contributes to neurogenic inflammation by inducing vasodilatation, plasma extrava-
sation and mast cell degranulation [22]. The granular contents of mast cells are
known to contain tumor necrosis factor oo (TNFa), interleukins, granulocyte-
macrophage-colony stimulation factor (GM-CSF), chemotactic agents, and nerve
growth factor (NGF) [23]. These cytokine factors then influence the sequence of
events associated with nerve degeneration that are described in the pathological lit-
erature as Wallerian degeneration. Thus, it may be through this initial interaction
with neuropeptides that cytokines become involved in the inflammatory process
associated with nerve injury and pain.

Figure 1

Wallerian degeneration of endoneurial nerve fibers is the principal pathological finding in
the chronic constriction injury (CCI) neuropathy. Nerve degeneration begins within hours
after placement of the CCl ligatures as a response to endoneurial ischemia and the inflam-
matory challenge of the ligatures. Endoneurial edema is an early finding in the pathology of
the neuropathy. Degeneration of nerve fibers (myelin and axons) is initiated by activated
Schwann cells and is later reinforced by macrophages recruited to the injury site from the
systemic circulation. (A) Severe Wallerian degeneration is seen in this 1-um-thick, plastic-
embedded section of rat sciatic nerve seven days after CCl. Phagocytic macrophages and
Schwann cells are seen throughout the field. Endothelial cells are also severely affected by
CCl and are seen here to be swollen and lined with plasma cells. (B) Following Wallerian
degeneration, regeneration of nerve fibers occur. This section is from a rat 23 days after CCl
and demonstrates extensive remyelination as indicated by thinly myelinated axons. Axonal
sprouts are not seen at this magnification. The hole in the upper left is the remnant site of a
CCl ligature. Paraphenylenediamine-stained, 1 um plastic-embedded sections, 200x original
magnification.
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Thermal hyperalgesia associated with chronic constriction injury of rat sciatic nerve. As dis-
played in Figure 1, CCl produces a neuropathy involving substantial Wallerian degeneration
of the adjacent nerve fibers and subsequent regeneration. These processes parallel the devel-
opment and resolution of hyperalgesia. The upper curve represents changes in endoneurial
fluid pressure (EFP) in Wallerian degeneration and has a normal value of 2 cm H,0. EFP
increases during the active phase of Wallerian degeneration and returns to normal during the
period of regeneration. EFP reflects the increased endoneurial space occupied by
macrophages and mitotic Schwann cells, and by edema associated with changes in the per-
meability of the blood-nerve barrier. Hyperalgesia to thermal stimuli (bottom curve) is
reflected as a negative difference score and is derived by comparing the latency to with-
drawal of the control and experimental footpads from a focal heat stimuli. The period of
maximal hyperalgesia corresponds to the peak period of macrophage activity in Wallerian
degeneration.

Role of Wallerian degeneration in nerve injury and pain

Crushing or transecting a peripheral nerve begins a process of degeneration which
extends from the injury site to the distal receptor in a proximodistal direction; sev-
eral millimeters of the nerve proximal to the injury site may also degenerate. If the
injury occurs too close to the cell body, the cell and its processes will die; otherwise,
regeneration of the nerve fiber will ensue after degeneration. Incomplete nerve
injuries involving axons also produce similar forms of pathological change in the
affected fibers. The degeneration process is known as Wallerian degeneration and
was first described by Augustus Waller in 1850 following nerve transection. The

138



Hyperalgesic actions of cytokines on peripheral nerves

axoplasm gradually disintegrates, and the axolemma fragments with its contents
undergoing granular dissolution. During this time the myelin sheath of the
Schwann cell may remain intact, but it then forms lamellar ovoids surrounded by
Schwann cell cytoplasm (Fig. 3). Schwann cells may phagocytose myelin debris,
and this process is assisted by hematogenously derived macrophages (Fig. 3). This
is the process that is most closely correlated with the development of hyperalgesia
in nerve-injured animals. We confirmed this clinical observation after a series of
experiments designed to compare a range of experimental neuropathies with the
magnitude and duration of the associated sensory deficit [11]. The nerve injury
models included mild ischemia resulting in selective damage to Schwann cells and
demyelination, severe ischemic injury producing moderate degrees of Wallerian
degeneration, chronic inflammatory constriction injury producing severe Wallerian
degeneration, and crush injury. Crush injury to all nerve fibers produced a sensory
block while the other forms of injury produced graded degrees of hyperalgesia
ranging from mild hyperalgesia associated with ischemic injuries producing
demyelination to severe and protracted hyperalgesia associated with severe Waller-
ian degeneration after chronic constriction nerve injury with inflammation-pro-
moting sutures.

Wallerian degeneration is dependent on activity of macrophages recruited to the
injury site [24, 25]. Following nerve injury, non-resident, hematogeneous macro-
phages invade the injury site, their numbers peaking during the intense period of
phagocytic activity associated with Wallerian degeneration. Coincidentally, the peak
in hyperalgesia parallels the invasion of macrophages [14]. Bruche and Friede [24]
demonstrated that non-resident macrophages are the primary effector cell in Wal-
lerian degeneration by showing that severed nerves did not degenerate when they
were isolated in a Millipore chamber that excluded the entry of macrophages. Addi-
tional insights into the relationship between nerve degeneration and macrophage
activity have been significantly advanced by the chance discovery of a mouse mutant
(WLD) in which there is delayed recruitment of hematogeneous macrophages to the
site of nerve injury [26, 27]. Although it has been shown that Wallerian degenera-
tion can be inhibited by preventing the recruitment of macrophages with a mono-
clonal antibody against their complement type 3 receptor, this is apparently not the
reason for delayed recruitment of macrophages to the injured nerve in WLD ani-
mals. Rather, there is a genetic defect that affects the required chemotactic signal
from injured axons or Schwann cells [28]. Macrophage function, per se, is normal
in WLD animals since macrophages respond appropriately to injuries outside the
nervous system. Two research groups have now demonstrated that this delay in
macrophage recruitment to the injury site and the consequent delayed Wallerian
degeneration is associated with reduced neuropathic pain [29, 30]. Bisby and col-
leagues [31-33] show that both sensory and motor neuron axon regeneration is
impaired in WLD mice, yet the initial cell body response to nerve injury is no dif-
ferent from that of normal mice. Associated with the delayed Wallerian degenera-
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Figure 3

Macrophages are seen phagocytosing myelin and Schwann cell debris five days after chron-
ic constriction injury to the rat sciatic nerve. Myelin splitting is a consequence of endoneur-
ial TNF which targets the Schwann cell or its myelin sheath. Note that while the axon
appears normal at this time point, severe demyelination may also affect the integrity of the
axon, and that TNF may also directly target the axon. Macrophages can penetrate the basal
lamina of activated Schwann cells to phagocytose the cell and its associated axon during the
process of Wallerian degeneration. Electron micrograph stained with uranyl acetate and lead
citrate, 16,000x original magnification.

tion, there is a delayed increase in NGF levels in the denervated distal stump. Final-
ly, Ramer et al. [30] report that Wallerian degeneration is required for sympathetic
sprouting into the DRG, suggesting that NGF mediates these structural changes that
are thought to be important in neuropathic pain states [34].

We reasoned that cytokines or another product of macrophage activation was
crucial in initiating the cascade of events leading to neuropathic pain states.
Although all the mechanisms by which macrophages potentiate Wallerian degener-
ation are not known, it is thought that cytokine signaling and secretion of proteas-
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es play a central role. Activated macrophages show profound differences in mem-
brane proteins and transcription that alter the synthesis, expression, and location of
cell-bound and secretory proteins. Activated macrophages secrete components of
the complement cascade, coagulation factors, proteases, hydrolases, interferons,
TNEF, interleukins and other cytokines [35] that directly influence the structure and
function of both adjacent and distal tissues. For example, it is well known that the
release of interleukin-1 (IL-1) from activated macrophages in the endoneurial space
stimulates the synthesis of NGF by Schwann cells [36]; peripheral nerve regenera-
tion is impeded in the presence of an IL-1 receptor antagonist and in WLD mice, as
discussed above.

Thus, cytokines appear to be important communication links between key sup-
port cells in the endoneurium that control the endoneurial environment, the process-
es of Wallerian degeneration, and the production of trophic factors required for
regeneration. The importance of understanding the complex relationships between
macrophages, Schwann cells, and mast cells that function normally to regulate the
immune reactions of nerve fibers to injury and foreign antibodies is heightened by
their association with the pathogenesis of neuropathic pain.

IL-1 and TNF are accepted at the present time as being two of the easliest and
most important cytokines produced by activated macrophages. As already men-
tioned, IL-1 stimulates Schwann cells to express nerve growth factor on their sur-
faces, and retrograde transport of NGF and its receptor from the nerve injury site is
an important signal affecting the function of DRG neurons. A full discussion of
NGEF effects on peripheral nerve function and pain is contained elsewhere in this
book. Our focus has been on the local effect of TNF in the pathogenesis of pain
since early experiments demonstrated that blocking the macrophage production of
this cytokine reduced the degree of expected nerve injury and pain in CCI neuropa-
thy [37]. The remainder of this chapter focuses on our understanding of the role of
TNF in neuropathic pain states.

Cytokine injuries to the PNS

The relationship between TNF and nerve injury has been of increasing interest since
TNF was implicated in the pathogenesis of multiple sclerosis, HIV-associated neu-
rological diseases, and peripheral demyelinating neuropathies [38-42]. Recent
experimental iz vivo studies in which human recombinant TNFa or TNFB was
injected into the sciatic nerve demonstrated a transient, dose-dependent, focal
endoneurial inflammation that was followed by primary demyelination and axonal
degeneration [43]. The findings were similar in nerves injected with either TNFo or
TNEB. There was evidence of leukocyte margination and transendothelial migration
through vessels walls that were often thickened. Mononuclear cells in the suben-
dothelial space, between the endothelium and peri-endothelial cells sometimes were
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so dense as to occlude this space, a finding that was directly related to the dose of
TNE In all the nerves injected, numerous polymorphonuclear leukocytes and
macrophages were present within both the epineurium and endoneurium, and also
between the layers of the perineurium. An earlier study [44] showed that nerves
injected with different concentrations of TNF-enriched serum, recombinant TNEF,
and interferon showed axonal degeneration of 80% of the nerve fibers. In contrast,
injection of lipopolysaccharide (LPS) produced little demyelination three days after
injection. However, LPS would be expected to activate only the few resident
macrophages present at the injection site, and at this early time-point there may not
have been significant recruitment of hematogeneous macrophages to increase the
cytokine concentration to levels obtained after direct injection of TNE Our own
work shows that TNF is capable of causing both demyelination and axonal injury.
In fact, it is suggested that severe primary demyelinating neuropathies can be asso-
ciated with axonal degeneration and that this is often the case seen clinically [45].
The pathogenesis of the injuries need not be different if macrophage products are
involved. Perhaps the transition from demyelination to axonal degeneration relates
only to an increase in the concentration and duration of exposure to the inflamma-
tory cytokines and proteolytic enzymes. This hypothesis is contradicted however, by
data that suggest a biphasic dose-response relationship between TNF and patho-
physiological effect [46]. Nevertheless, to the extent that locally-generated TNF
feeds back positively to activate additional recruited macrophages, there would be
a mechanism to directly injure bystander axons.

Neuropathology of proinflammatory cytokines

Our work shows a progression in neuropathological change related to TNF dose.
At low doses of TNF injection into rat sciatic nerve, there is substantial endoneur-
ial edema accumulating in the subperineurial, perivascular and endoneurial spaces
of the nerve bundle. The endoneurial edema separates individual nerve fibers that
are normally tightly packed together. At doses in the range of 10 ul of a 2.5 pg/ml
solution of murine recombinant TNF, extensive demyelination was observed along
the injection tract where it was localized to a discrete area of the fascicle adjacent
to the site of injection (Fig. 4). Study of tissue injected with a higher dose of TNF
(25 pg/ml, 5 pl), showed extensive splitting of myelin lamellae which formed large
vacuoles (Fig. 5) prior to demyelination. Schwann cell cytoplasm contained lipid
debris consistent with their phagocytic role while macrophages invaded the tissue
after three days to reinforce the phagocytic process. Activated fibroblasts were pre-
sent in the endoneurium and there were reactive changes in endothelial cells. Occa-
sional axons were seen to be undergoing Wallerian-like degeneration that was iden-
tifiable initially by swollen, dark-staining axons with intact myelin, and later by col-
lapse of the axonal cylinder and progression of the degeneration distally.
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Figure 4

Transverse section of rat sciatic nerve three days after subperineurial injection of 10 ul TNF,
2.5 pg/ml. Note extensive endoneurial edema, reactive endothelial cells and demyelinated
axons (star). Paraphenylenediamine-stained, 1 um plastic-embedded section, 400x original
magnification

These changes can also be seen in other inflammatory and ischemic neu-
ropathies. Nukada and McMorran [47] demonstrate striking examples of
intramyelinic edema following reperfusion nerve injury that exactly mimic the find-
ings of low-dose TNF injection. Intramyelinic edema was due to splitting of the
myelin lamellae at intraperiod lines. The pathology observed was predominantly
perivascular and included demyelination in association with phagocytic cells and
activated Schwann cells; vascular lesions included activated endothelial cells. Simi-
lar consequences are seen in an experimental neuritis model in the sciatic nerves of
rats where the pathology has been linked to allodynia and hyperalgesia [48].

We observed that some normal Schwann cells have a basal immunoreactivity to
TNF in vivo and that there is a significant increase in immunoreactivity during the
degenerative phase of CCI neuropathy [49]. Using both immunohistochemistry
staining for TNF protein in frozen-, paraffin-, and plastic-embedded sections, and
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Figure 5

Transverse section of rat sciatic nerve injected with 5 ul TNF, 25 pg/ml. Note extensive
demyelination (star), splitting of myelin lamellae (closed arrow) and hydropic and phago-
cytic Schwann cells (open arrow). Paraphenylenediamine-stained, 1 um plastic-embedded
section, 400x original magnification.

in situ hybridization for specific messenger RNA sequences in paraffin sections, we
observed an increase in the number and density of Schwann cell cytoplasmic stain-
ing for both TNF protein and message (Figs. 6, 7). Other endoneurial cells
immunopositive for TNF, and activated in CCI neuropathy, included endothelial
cells, fibroblasts, and macrophages. Positive identification of cell type was facilitat-
ed by staining alternate tissue sections for glial fibrillary acidic protein, a known
glial intermediate filament, and by structural analysis of cells in plastic-embedded
tissue cut at 1 pm thickness. The initial increase in TNF immunoreactivity quanti-
fied 18 h after CCI injury was doubled by seven days, during the time of maximum
macrophage involvement in the neuropathy. An increase in Schwann cell TNF
immunoreactivity within 18 h following nerve injury [49] may serve several impor-
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Figure 6

TNF immunohistochemistry in frozen section of rat sciatic nerve three days following chron-
ic constriction injury. TNF-positive immune cells can be seen adjacent to the intraluminal
wall of an epineurial vessel and in the adjacent perivascular space (star). TNF-positive cells
can also be seen in the perivascular space of endoneurial blood vessels (arrow). Other TNF-
positive cells within the endoneurium are Schwann cells, fibroblasts, and endothelial cells.
100x original magnification.

tant functions, including recruitment and activation of macrophages to the injury
site as a second line of immunological defense, and facilitation of the phagocytic
role of Schwann cells which contributes to the initial process of nerve fiber degen-
eration. This process is then extended and amplified by recruited macrophages
which may in turn attack Schwann cells.

Another cytokine produced by Schwann cells is Interleukin-6 (IL-6). IL-6 mRNA
is induced within 12 h of crush injury [50]. Using an immortal Schwann cell (iSC)
culture, Bolin et al. [50] have shown that LPS, TNE, IL-1, and IL-6 induced IL-6
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Figure 7

Resin-embedded rat sciatic nerve seven days after chronic constriction injury. One-micron-
thick section immunostained for TNF-o. Note positive staining of Schwann cell cytoplasm
(arrows). Macrophages, fibroblasts, and endothelial cells also stain positively for TNF during
Wallerian degeneration. 400x original magnification.

mRNA production. There was expression of both the IL-6 receptor and the gp130
receptor component, suggesting an autocrine regulatory mechanism. In iz vivo
crush experiments, these authors demonstrated that IL-6 message was expressed dis-
tal to a crush injury and suggested that IL-6 may facilitate nerve regeneration
through interaction with leukemia inhibitory factor (LIF). IL-6 and LIF, a member
of the trophic family of cytokines, are multifunctional and related on the basis of
their structural similarities and shared signal transducing receptor components [51].
Both are thought to act as trauma factors, but only LIF is a demonstrated neu-
rotrophic factor for sensory neurons and is retrogradely transported to the cell body.
The specific roles of IL-6 and LIF in abnormal sensation and pain are not yet estab-
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lished, but they might share a role with NGF in signaling nerve injury and modu-
lating neuronal function.

Schwann cells are also of importance in that they are the first-order of immuno-
logical defense in peripheral nerves, along with the few resident macrophages seen
in perivascular spaces. Schwann cells have a phagocytic role in neuropathy and
express low levels of both major histocompatibility complex (MHC) class I and
class IT molecules.

TNF-induced pain

Murine recombinant TNF injected into Sprague-Dawley rat sciatic nerve produces
a transient unilateral thermal hyperalgesia and mechanical allodynia [52]. Vehicle
injection alone was without significant behavioral effect. In these studies, thermal
hyperalgesia was quantified by the Hargreaves [7] technique and mechanical thresh-
old by von Frey hairs [1]. Behavioral tests were made prior to injection of the exper-
imental agent and for seven days following injection. The contralateral nerve was
used for behavioral and histological control. Animals that received TNF displayed
a statistically significant thermal hyperalgesia at days 1 and 3 post-injection com-
pared with baseline values, as demonstrated by a decrease in the withdrawal laten-
cy of the affected foot (Fig. 8). This thermal hyperalgesia was somewhat variable in
its onset, but lasted several days once established. Mechanical allodynia was demon-
strated by a decrease in the withdrawal threshold from baseline values for TNF-
injected animals throughout the week following injection (Fig. 9). While the dura-
tion of these abnormal behavioral responses were less than those associated with
CCI neuropathy, the pathology was correspondingly reduced and there was not a
robust macrophage response to the injection. Nevertheless, these data suggest that
nociceptive behaviors commonly observed in models of experimental neuropathy
can be mimicked by the injection of TNF into the endoneurium of the sciatic nerve
and importantly connect the local distribution of a proinflammatory cytokine with
the demonstration of pain-like behaviors in awake, intact animals.

One mechanism for these nociceptive effects of local TNF may have been
revealed in recent experiments by Sorkin et al. [46]. In these experiments, topical
application of TNF to the nerve trunk induced ectopic electrophysiological activity
in single primary afferent nociceptive fibers consistent in frequency with that which
is known to be associated with pain perception as well as central sensitization of the
nociceptive system. This occurred within minutes of TNF application and without
stimulation or sensitization of the peripheral sensory receptors located distally.
However, when TNF was injected into the paw, these authors observed the electro-
physiological and behavioral evidence of sensitization of peripheral nociceptive
receptors reported by others [53] that was absent when TNF was applied midaxon-
ally. These results suggest that TNF in the vicinity of the axon, independent of its
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Thermal difference scores following endoneurial injection of TNF or vehicle.

Changes in the thermal difference score to paw heating as a measure of hyperalgesia fol-
lowing injection of TNF or vehicle in the experimental sciatic nerve or rats. Nerve injections
were of either 2.5 pg/ml TNF or 0.1% BSA/0.1M phosphate buffer (vehicle) in a 10 ul vol-
ume. TNF-injected animals displayed a significant decrease in thermal difference score when
compared with vehicle-injected animals at day 3 post-injection.

peripheral receptors, can lead to aberrant electrophysiological activity in nociceptive
fibers. The effect was seen to be maximal between TNF concentrations of 0.001 to
0.01 ng/ml and absent at higher concentrations (Fig. 10) [46]. The TNF-mediated
increase in electrophysiological activity was also more pronounced in C than in A-
delta fibers.

Since the axons in these experiments were detached from their dorsal root gan-
glia, TNF application could not have resulted in transport or change in turnover of
sodium or calcium channels known to be important in the spontaneous electro-
physiological activity seen in other neuropathic pain and neuroma models [54].
While other less established mechanisms were also considered, we believed that one
explanation is related to the unique biophysical properties of the active TNF trimer.
Recent studies in cultured lymphoma cells [55] have revealed that the trimeric struc-
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Figure 9

Mechanical threshold following endoneurial injection of TNF or vehicle.

Changes in the mechanical thresholds to withdrawal of the footpad in rats with injection of
TNF or vehicle in the ipsilateral sciatic nerve. Gram force scale derived from von Frey hair
stimulation. TNF-injected animals displayed a significant decrease in mechanical threshold
compared with vehicle-injected animals at days 1, 3, and 7 post-injection.

ture of bioactive TNF creates a pore throughout the entire length of its central axis
and that after binding to its receptor, this structure is inserted into the cellular mem-
brane. This process is enhanced by low pH [56]. These novel TNF channels are per-
meable to sodium ions in a oubain-independent manner, and are voltage-dependent
[57]. Thus, if these results can be used to predict membrane events in isolated rat
axons, sodium conductance would increase immediately upon repolarization and
could induce axons to fire spontaneously at relatively high frequencies.

In summary, these data suggest a new mechanism by which injury to the axon
can lead to neuropathic pain states. The local liberation of TNF from mast cells,
Schwann cells, macrophages, and other cells at the site of nerve injury and the pos-
sible nearly instantaneous insertion of the TNF trimer into the axonal membrane
could cause a voltage-dependent increase in sodium permeability. This process may
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Sequential increases in concentration of TNF administered to a 4 mm length of rat sciatic
nerve produced a U-shaped dose-response in each fiber. (A) Individual responses of seven
myelinated A6 fibers. (B) Responses of six unmyelinated C fibers. Bovine serum albumin
(BSA), 0.1% in normal saline, was used for control and administered prior to TNF applica-
tion.

then be potentiated several days later by the release of additional TNF and other
cytokines from macrophages recruited to the injury site. High concentrations of
TNF may activate compensatory cytokine mechanisms that reduce inflammation
and/or limit the biophysical consequences of interstitial TNF proteins. While the
experimental preparation used by Sorkin et al. precluded long-term, sub-chronic
studies of these possible dynamic interactions, the data suggest that TNF-induced
ectopic activity provides the electrophysiological mechanisms for central sensitiza-
tion. Thus, local release of TNF may be a key factor in the pathogenesis of neuro-
pathic pain states following injury to peripheral nerves.

Cytokine therapy
One approach to understanding the role of cytokines in the pathogenesis of neuro-

pathic pain would be to test the effect of selected drugs or other experimental ther-
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apies that target either the production or expression of locally-generated cytokines.
The development of molecular antisense probes targeted at specific cytokine
mRNAs will certainly result in improved insights into cytokine mechanisms of noci-
ception and, hopefully, effective approaches to human therapy. To date, however,
only more circumvent approaches have been published.

Thalidomide is a drug that inhibits the production of TNF in activated
macrophages [58, 59] and has been shown to be useful clinically in the treatment of
leprosy and graft-versus-host disease [60-64] and in painful conditions such as
AIDS [65] in which TNF has been suspected to be a key pathogenic component. It
was reasoned that thalidomide therapy may also reduce thermal hyperalgesia and
mechanical allodynia in rats with chronic constriction injury [37]. In rats in which
treatment with thalidomide was started preoperatively, there was diminished
mechanical allodynia and thermal hyperalgesia during the early stage of CCI neu-
ropathy. TNF immunohistochemistry revealed reduced cellular immunoreactivity on
day 5 post-surgery as compared to sham-treated animals. The pathological vascular
changes were also reduced in thalidomide-treated rats. Starting treatment with
thalidomide at a time-point when hyperalgesia was already present did not alter the
course of the pain-related behavior. It was concluded that preemptive treatment
with a substance that blocks production of TNF reduces pain-related symptoms and
pathological vascular changes in the chronic constriction injury model of neuro-
pathic pain. Therapy started at a later time, for example after endothelial activation
and the initial release of TNF by injured Schwann cells, may not be sufficient to
block the cascade of cytokine events associated with the development of chronic
pain.

Interleukin-10 is an endogenous anti-inflammatory peptide that down-regulates
proinflammatory cytokines [66] and functionally inhibits TNF action [67]. We rea-
soned that if IL-10 was delivered to the focus of the peripheral nerve injury in CCI
neuropathy that there would be decreased macrophage recruitment, endoneurial
TNF expression, and thermal hyperalgesia [68]. To test the hypothesis, 250 ng of
IL-10 (Genzyme) in a 10 pl volume was injected into rat sciatic nerve at the time of
CCI surgery. Control groups received vehicle and CCI surgery or IL-10 and sham
surgery. In IL-10-treated CCI animals, thermal hyperalgesia was significantly
reduced at days 3, 5, and 9 following CCI relative to vehicle-injected CCI animals
(Fig. 11). IL-10 injection alone without CCI surgery had no significant effect on
behavioral differences when compared to the unoperated limb. Histological sections
from the peripheral nerve injury site of IL-10-treated CCI animals had decreased cell
profiles immunoreactive for ED-1, a marker of recruited macrophages, at both time-
points studied (two and five days post-CCI). IL-10 treatment also had decreased cell
profiles of the pro-inflammatory cytokine TNF at day 2, but not day 5 post-CCL
Interestingly, the attenuation of thermal hyperalgesia extended beyond the predict-
ed half-life of the administered IL-10, into the period when the number of TNF-pos-
itive cells was not significantly different between groups.
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Figure 11

Thermal difference scores (experimental minus contralateral control paw latency) from rats
that received CCl and injection of 10 ul of either vehicle (0.1% bovine serum albumin in
0.1M phosphate buffer) or 250 ng of IL-10. Mean + S.E.M. difference scores throughout the
experimental period. There is a significant reduction in CCl-induced hyperalgesia in the IL-
10 treated animals at days 3, 4, and 9 after nerve injury.

Conclusions

The data reviewed in this chapter support the following hypotheses on the role of
cytokines at the nerve injury site and their roles in the pathogenesis of neuropathic
pain states. Initial production of TNF at the site of nerve injury is a critical factor
in the cascade of events leading to neuropathic pain states. Local TNF influences
later sequelae such as the inflammatory response raised against the injury and the
development of nociceptive behaviors. It appears that TNF is a common denomi-
nator of events that have been considered important to the development of pain
states. These events include the presence of edema and reduced nerve blood flow at
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the injury site [11] and resulting lowered oxygen levels [69], cytotoxicity of
endoneurial components such as Schwann cells and some axons [43, 52], the upreg-
ulation of nerve growth factor production [70] with associated hyperalgesia actions
[71], and the upregulation of intracellular adhesion molecules and macrophage
chemotaxis [25]. Pharmacological interference with any link in this chain of events
has potential therapeutic value.

We do not suggest that it is only through these mechanisms that neuropathic
pain develops, or that Wallerian degeneration is the only pathological change cor-
related with painful nerve injury. However, to the extent that nerve injury triggers
cellular inflammation in the environment of sensory axons, hyperalgesia will be
developed during the period of axonal degeneration and may progress to neuro-
pathic pain if reinforced by other mechanisms of signaling and chemical change in
afferent sensory pathways.

References

1 Wagner R, DeLeo JA, Heckman HM, Myers RR (1995) Peripheral nerve pathology fol-
lowing sciatic nerve cryoneurolysis: Relationship to neuropathic behaviors. Exp Neurol
133: 256-264

2 Scadding JW (1994) Peripheral Neuropathies. In: PD Wall and R Melzack (eds): Text-
book of pain. Churchill Livingston, Edinburgh, 667-683

3 Thomas PK (1979) Painful neuropathies. In: Bonica JJ (ed): Painful neuropathies 3.
Raven Press, New York, 103-110

4 Dyck PJ, Lambert EH, O’Brien PC (1976) Pain in peripheral neuropathy related to rate
and kind of fiber degeneration. Neurology 26: 466-471

5 Asbury AK, Fields HL (1984) Pain due to peripheral nerve damage: an hypothesis. Neu-
rol 34: 1587-1590

6  Chaplan SR, Bach SW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantitative assessment
of tactile allodynia in the rat paw. | Neurosci Meth 53: 55-63

7  Hargreaves K, Dubner R, Brown F, Flores C, Joris J (1988) A new and sensitive method
for measuring thermal nociception in cutaneous hyperalgesia. Pain 32: 77-88

8  Bennett GJ, Xie Y-K (1988) A peripheral mononeuropathy in rat that produces disor-
ders of pain sensation like those seen in man. Pain 33: 498-507

9  Kim SH, Chung JM (1992) An experimental for peripheral neuropathy produced by seg-
mental spinal nerve ligation in the rat. Pain 50: 355-362

10 Myers RR, Heckman HM, Powell HC (1996) Axonal viability and the persistence of
thermal hyperalgesia after partial freeze lesions of nerve. | Neurol Sci 139: 28-38

11  Myers RR, Yamamoto T, Yaksh TL, Powell HC (1993) The role of focal nerve ischemia
and Wallerian degeneration in peripheral nerve injury producing hyperesthesia. Anes-
thesiology 78: 308-316

12 Basbaum Al Gautron M, Jazat F, Mayes M, Guilbaud G (1991) The spectrum of fiber

153



Robert R. Myers et al.

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

154

loss in a model of neuropathic pain in the rat: an electron microscopic study. Pain 47:
359-367

Coggeshall RE, Dougherty PM, Pover CM, Carlton SM (1993) Is large myelinated fiber
loss associated with hyperalgesia in a model of experimental peripheral neuropathy in
the rat? Pain 52: 233-242

Sommer C, Galbraith JA, Heckman HM, Myers RR (1993) Pathology of experimental
compression neuropathy producing hyperesthesia. | Neuropath Exp Neurol 52:
223-233

Sommer C, Lalonde A, Heckman HM, Rodriguez M, Myers RR (1995) Quantitative
neuropathology of a focal nerve injury causing hyperalgesia. ] Neuropath Exp Neurol
54: 635-643

Yaksh TL, Yamamoto T, Myers RR (1991) Pharmacology of nerve compression evoked
hyperesthesia. In: Willis W (ed): Hyperalgesia and allodynia. Raven Press, New York,
245-258

Ambron RT, Walters ET (1996) Priming events and retrograde injury signals. Mol Neu-
robiol 13: 61-79

Cragg BG (1970) What is the signal for chromatolysis? Brain Res 23: 1-21

Wu W, Mathew TC, Miller FD (1993) Evidence that the loss of homeostatic signals
induces regeneration-associated alteration in neuronal gene expression. Dev Biol 158:
445-466

Fukuoka H, Kawatani M, Hisamitsu T, Takeshige C (1994) Cutaneous hyperalgesia
induced by peripheral injection of interleukin 1P in the rat. Brain Res 657: 133-140
Woolf CJ, Allchorne A, Safich-Garabedian B, Poole S (1997) Cytokines, nerve growth
factor and inflammatory hyperalgesia: the contribution of tumor necrosis factor o. Br |
Pharmacol 121: 417-424

White DM (1977) Release of substance P from peripheral sensory nerve terminals. ]
Periph Nerv Sys 2: 191-201

Johnson D, Krenger W (1992) Interactions of mast cells with the nervous system —
recent advances. Neurochem Res 17: 939-951

Beuche W, Friede RL (1984) The role of non-resident cells in Wallerian degeneration. |
Neurocytol 13: 767-796

Griffin JW, George R, Ho T (1993) Macrophage systems in peripheral nerves. A review.
J Neuropath Exp Neurol 52: 553-560

Perry VH, Brown MC, Lunn ER, Gordon S (1990) Evidence that very slow Wallerian
degeneration in C57BL/Ola mice is an intrinsic property of the peripheral nerve. Eur |
Neurosci 2: 802-812

Brown MC, Perry VH, Lunn ER, Gordon S, Heumann R (1991) Macrophage depen-
dence of peripheral sensory nerve regeneration: possible involvement of nerve growth
factor. Neuron 6: 359-370

Lyon M, Ogunkolade B, Brown M, Atherton D, Perry V (1993) A gene affecting Wal-
lerian nerve degeneration maps distally on mouse chromosome 4. Proc Natl Acad Sci
USA 90: 9717-9720



Hyperalgesic actions of cytokines on peripheral nerves

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Myers RR, Heckman HM, Rodriguez M (1996) Reduced hyperalgesia in nerve-injured
WLD mice: Relationship to nerve fiber phagocytosis, axonal degeneration and regener-
ation in normal mice. Exp Neurol 141: 94-101.

Ramer MS, French GD, Bisby MA (1997) Wallerian degeneration is required for both
neuropathic pain and sympathetic sprouting into the DRG. Pain 72: 71-78

Bisby MA, Tetzlaff W, Brown MC (1995) Cell body response to injury in motoneurons
and primary sensory neurons of a mutant mouse. Ola (Wld), in which Wallerian degen-
eration is delayed. ] Comp Neurol 359: 653-662

Bisby MA, Chen S (1990) Delayed Wallerian degeneration in sciatic nerves of
CS57BL/Ola mice is associated with impaired regeneration of sensory axons. Brain Res
530: 117-120

Chen S, Bisby MA (1993) Impaired motor axon regeneration in C57BL/Ola mouse. |
Comp Neurol 333: 449-454

McLachlan EM, Janig W, Devor M, Michaelis M (1993) Peripheral nerve injury triggers
noradrenergic sprouting within dorsal root ganglia. Nature 363: 543-546

Adams DO, Hamilton TA (1988) Phagocytic cells: Cytotoxic activities of macrophages.
In: Gallen JI, Goldstein M, Snyderman R (eds): Inflammation: Basic principles and clin-
ical correlates. Raven Press, New York, 471-492

Heumann R, Lindholm D, Bandtlow C (1987) Differential regulation of mRNA encod-
ing nerve growth factor and its receptor in rat sciatic nerve during development, degen-
eration, and regeneration: role of macrophages. Proc Natl Acad Sci USA 84: 8735-8739
Sommer C, Marziniak M, Myers RR (1998) The effect of thalidomide treatment on vas-
cular pathology and hyperalgesia caused by chronic constriction injury of rat nerve. Pain
14: 83-92

Hartung HP, Jung S, Stoll G, Zielasek J, Schmidt B, Archelos JJ, Toyka KV (1992)
Inflammatory mediators in demyelinating disorders of the CNS and PNS. | Neuroim-
munol 40: 197-210

Raine CS (1994) The Dale E. McFarlin Memorial Lecture: The immunology of the mul-
tiple sclerosis lesion. Ann Neurol 36: S61-S72

Merrill JE (1992) Proinflammatory and antiinflammatory cytokines in multiple sclero-
sis and central nervous system acquired immunodeficiency syndrome. | Immunotherapy
12: 167-170

Griffin JW, George R, Lobato C, Tyor WR, Yan LC, Glass JD (1992) Macrophage
responses and myelin clearance during Wallerian degeneration: relevance to immune-
mediated demyelination. ] Neuroimmunol 40: 153-166

Tyor WR, Wesselingh SL, Griffin JW, McArthur JC, Griffin DE (1995) Unifying hypoth-
esis for the pathogenesis of HIV-associated dementia complex, vacuolar myelopathy and
sensory neuropathy. ] AIDS Hum Retroviral 9: 379-388

Redford EJ, Hall SM, Smith KJ (1995) Vascular changes and demyelination induced by
the intraneural injection of tumour necrosis factor. Brain 118: 869-878

Said G, Hontebeyrie-Joskowicz M (1992) Nerve lesions induced by macrophage activa-
tion. Res Immunol 143: 589-599

155



Robert R. Myers et al.

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

156

Powell HC, Myers RR (1996) The axon in Guillain-Barre syndrome: Immune target or
innocent bystander? Ann Neurol 39: 4-5

Sorkin LS, Xiao W-H, Wagner R, Myers RR (1997) Tumor necrosis factor-a. induces
ectopic activity in nociceptive primary afferent fibers. Neuroscience 81: 255-262
Nukada H, McMorran PD (1994) Perivascular demyelination and intramyelinic oede-
ma in reperfusion nerve injury. | Anat 185: 259-266

Eliav E, Ruda MA, Bennett GJ (1996) An experimental neuritis of the rat sciatic nerve
produces ipsilateral hindpaw allodynia and hyperalgesia. Soc Neurosci Abs 22: 865
Wagner R, Myers RR (1996) Schwann cells produce tumor necrosis factor o: Expres-
sion in injured and non-injured nerves. Neurosci 73: 625-629.

Bolin LM, Verity AN, Silver JE, Shooter EM, Abrams JS (1995) Interleukin-6 produc-
tion by Schwann cells and induction in sciatic nerve injury. ] Neurochem 64: 850-858
Kurek JB, Austin L, Cheema SS, Bartlett PF, Murphy M (1966) Up-regulation of
leukaemia inhibitory factor and interleukin-6 in transected sciatic nerve and muscle fol-
lowing denervation. Neuromusc Disord 6: 105-114

Wagner R, Myers RR (1996) Endoneurial injection of TNF-a. produces neuropathic
pain behaviors. NeuroReport 7: 2897-2901

Cunha FQ, Poole S, Lorenzetti B, Ferreira SH (1992) The pivotal role of tumor necro-
sis factor o in the development of inflammatory hyperalgesia. Br | Pharmacol 107:
660-664

Devor M, Govrin-Lippmann R, Angelides K (1993) Na+ channel immunolocalization in
peripheral mammalian axons and changes following nerve injury and neuroma forma-
tion. | Neurosci 13: 1976-1992

Baldwin L, Stolowitz ML, Hood L, Wisnieski BJ (1996) Structural changes of tumor
necrosis factor o associated with membrane insertion and channel formation. Proc Natl
Acad Sci USA 93: 1021-1026

Baldwin RL, Chang MP, Bramhill J, Graves S, Bonavida B, Wisnieski BJ (1988) Capac-
ity of tumor necrosis factor to bind and penetrate membranes is pH dependent. |
Immunol 141: 2352-2357

Kagan BL, Baldwin RL, Munoz D, Wisnieski BJ (1992) Formation of ion-permeable
channels by tumor necrosis factor-o.. Science 255: 1427-1430

Sampaio EP, Sarno EN, Gililly RA, Cohn Z, Kaplan G (1991) Thalidomide selectively
inhibits tumor necrosis factor o production by stimulated human monocytes. | Exp Med
173: 699-703

Barnes PF, Chatterjee D, Brennan PJ, Rea TH, Modlin RL (1992) Tumor necrosis factor
production in patients with leprosy. Infect Immunol 60: 1441-1446

Kaplan G (1993) Recent advances in cytokine therapy in leprosy. | Infect Dis 167:
$18-S22

Sampaio EP, Kaplan G, Miranda A, Nery JA, Miguel CP, Viana SM, Sarno EN (1993)
The influence of thalidomide on the clinical and immunologic manifestation of erythe-
ma nodosum leprosum. | Infect Dis 168: 408-414



Hyperalgesic actions of cytokines on peripheral nerves

62

63

64

65

66

67

68

69

70

71

Heney D, Norfolk D, Wheeldon ], Bailey C, Lewis I, Barnard D (1991) Thalidomide
treatment for chronic graft-versus-host disease. Br | Haematol 78: 23-27

Vogelsang GB, Hess AD, Friedman KJ, Santos GW (1989) Therapy of chronic graft-vs-
host disease in a rat model. Blood 74: 507-511

Parker PM, Chao N, Nademanee A O’Donnell MR, Schmide GM, Snyder DS, Stein AS
Smith EP, Molina A, Stepan DE et al (1995) Thalidomide as salvage therapy for chron-
ic graft-versus-host disease. Blood 86: 3604-3609

Georghiou PR and Alworth AM (1992) Thalidomide in painful AIDS-associated proc-
titis. J Infect Dis 166: 939-940

Fiorentino DF, Zlotnik A, Mosmann TR, Howard M, O’Garra A (1991) IL-10 inhibits
cytokine production by activated macrophages. | Immunol 147: 3815-3822

Poole S, Cunha FQ, Selkirk S, Lorenzetti BB, Ferreira SH (1995) Cytokine-mediated
inflammatory hyperalgesia limited by interleukin-10. Brit | Pharm 115: 684-688
Wagner R, Janjigian M, Myers RR (1998) Anti-inflammatory Interleukin-10 therapy in
CCI neuropathy decreases thermal hyperalgesia, macrophage recruitment, and
endoneurial TNF-a expression. Pain 14: 35-42

Ertel W, Morrison MH, Ayala A, Chaudry IH (1995) Hypoxemia in the absence of
blood loss or significant hypotension causes inflammatory cytokine release. Am | Phys-
iol 269: R160-R166

Hattori A, Hayashi K, Kohno M (1996) Tumor necrosis factor (TNF) stimulates the
production of nerve growth factor in fibroblasts via the 55kDa type 1 TNF receptor.
FEBS Letters 379: 157-160

Rueff A, Dawaon AJLR, Mendell LM (1996) Characteristics of nerve growth factor
induced hyperalgesia in adult rats: dependence on enhanced bradykinin-1 receptor activ-
ity but not neurokinin-1 receptor activation. Pain 66: 359-372

157



Proinflammatory cytokines and glial cells: Their role in
neuropathic pain

Joyce A. Deleo and Raymond W. Colburn

Dartmouth-Hitchcock Medical Center, Departments of Anesthesiology and Pharmacology,
1 Medical Center Drive, HB 7125, Lebanon, NH, 03756, USA

Introduction

Neuropathic pain, or chronic pain due to nerve injury, is a prevalent condition for
which currently there is no effective treatment. These neuropathic pain syndromes
include deafferentation pain, diabetic, cancer and ischemic neuropathies, phantom
limb pain, trigeminal neuralgia, postherpetic neuralgias and nerve injury caused by
surgery or trauma [1]. Neuropathic pain is not only chronic and intractable, it is
debilitating and causes extreme physical, psychological and social distress. In an
effort to provide even temporary relief, narcotics (opioids) are often used inappro-
priately and in excess. Even if opioids provide some initial relief, tolerance and phys-
ical dependence are major limitations to their continued use. Clearly, development
of non-opioid and non-addictive treatments for neuropathic pain would offer
tremendous benefit to chronic pain patients. Our laboratory has focused on under-
standing mechanisms that lead to neuropathic pain. This knowledge may then trans-
late into development of new, effective approaches for treatment and even preven-
tion of chronic pain syndromes.

To investigate mechanisms of neuropathic pain, our laboratory developed and
characterized reliable neuropathy models termed sciatic cryoneurolysis (SCN)
[2—4] and spinal nerve cryoneurolysis (SPCN) [5, 6] in the rat. The models produce
a focal nerve lesion by exposure and freezing of the sciatic nerve (SCN) or the more
proximal LS spinal nerve (SPCN). The models have proved ideal for the study of
neuropathic pain due to the creation of predictable and robust pain behaviors.
Using these neurolysis models, the chronic constriction [7] and the spinal nerve
tight ligation models [8] we found evidence that immune cell activation and
immune cell products (cytokines) may contribute to generation of chronic pain
states. When we combine our data with reports from investigators using acute pain
models [9], we have evidence for a central, spinal role of cytokines in the etiology
of chronic pain states.

Cytokines and Pain, edited by Linda R. Watkins and Steven F. Maier
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Cytokines

Cytokines, which act on many different cell types, are involved in immunity and
inflammation where they regulate the amplitude and duration of a response. Our
laboratory has recently focused on the role of proinflammatory cytokines: Inter-
leukin (IL)-1, IL-6, and tumor necrosis factor-o. (TNF-a) in the development of
chronic neuropathic pain.

Interleukin-1

IL-1 has multiple roles in inflammation and in the immune response. Of the two
forms of IL-1, IL-1aw and IL-1B, IL-1B is the predominate molecule in brain tissue
[10]. IL-1B is synthesized not only by peripheral immune cells, but also by activat-
ed astrocytes and microglial cells [11, 12] and neurons [13, 14]. IL-1 has immuno-
genic activity, causing release of prostaglandins, IL-6, and IL-8 from monocytes and
endothelial cells. IL-1 mediates its activities through receptors (R) on the cell mem-
brane, either IL-1R type I (IL-1a) or type II (IL-1pB) [15].

With regard to neuropathic pain, we know that IL-18 production is enhanced in
the periphery following crush injury to a peripheral nerve and in microglia and
astrocytes after CNS trauma [16]. IL-1B mimics the hyperalgesic action of illness-
inducing substances (lithium chloride and endotoxin) which adds particular signifi-
cance to the role of cytokines in nociception. IL-1 hyperalgesia is abolished by the
systemic administration of an IL-1 receptor antagonist (IL-1ra) [17]. Oka et al. have
demonstrated that intracerebroventricular injection of IL-1B induces hyperalgesia
and enhances nociceptive neuronal responses of trigeminal nucleus caudalis in rats
[18, 19]. Conversely, when recombinant human IL-1B (rhIL-1B) is microinjected
specifically into the ventromedial hypothalamus, analgesia was produced [20]. Rel-
evant to nociceptive processing, IL-1B facilitates afferent sensory transmission in the
somatosensory cortex [21]. It is also likely that certain cytokines, like IL-1B, are
involved in synaptic plasticity and hyperexcitability due to their dose-dependent
capacity to produce long-term potentiation in slice preparations, that pathophysio-
logically correlates to spinal sensitization [10, 22].

Interleukin-6

IL-6, along with IL-1 and TNE, is one of the mediators of the acute phase response
of inflammation. In addition to its role in the acute inflammatory response, it plays
an important part in host defense and chronic immune responses. Over-expression
of IL-6 is implicated in diseases such as systemic lupus erythematosus and rheuma-
toid arthritis [15]. IL-6 exerts its activity through binding to a high affinity receptor
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complex comprising an 80 kDa receptor protein (IL-6R) and 130 kDa signal trans-
ducing glycoprotein (gp-130) [23]. IL-6 is synthesized by mononuclear phagocytes,
vascular endothelial cells, fibroblasts and other cells in response to IL-1 and TNF
[28].

Following axotomy or a freeze lesion of a spinal nerve, an increase in IL-6
mRNA is one of the earliest changes observed in the spinal cord and dorsal root
ganglia [24, 25]. In addition, IL-6 message is induced in Schwann cells distal to a
crush injury [26]. In vitro, IL-6 is produced by cultured astrocytes and microglia
[27, 28]. In vivo, IL-6 may act as an early activating signal for glial cells. It has been
shown that IL-6 expression in transgenic mice causes reactive astrocytes and an
increase in microglial cells [29]. This is of interest since we have observed a robust
glial activation of both astrocytes and microglia following a nerve injury that caus-
es neuropathic pain behaviors in rats [6, 30].

Increasing evidence supports a role for cytokines as chemical signals/ neuro-
modulators in the central nervous system (CNS) in normal and under pathological
conditions. Intracerebroventricular [31] and intrathecal [32] administration of IL-6
induces thermal hyperalgesia and mechanical allodynia in normal rats. These data
support a role of IL-6 in direct nociceptive processing. It has also been demonstrat-
ed that IL-6 significantly enhances the response to N-methyl-D-aspartate (NMDA)
in cultured rat cerebellar granule neurons [33]. This finding has important func-
tional implications under conditions of elevated IL-6 protein which we have
observed following nerve injury. Past research of chronic pain mechanisms has
focused on the involvement of glutamate, acting mainly via the NMDA receptor.
Researchers have shown that antagonists of the glutamate NMDA receptor mitigate
pain behaviors in animal models of neuropathic pain [34, 35]. Some of the less selec-
tive NMDA receptor antagonists are currently in clinical trials for treatment of
chronic neuropathic pain [36].

Tumor necrosis factor-o

The tumor necrosis factors include TNFa. (or cachectin) and TNFB (or lymphotox-
in) [37, 38]. In common with all cytokines, interaction with a specific receptor is
necessary for a biological response. Its potency is such that occupancy of as little as
5% of its receptors produces a biological response [39]. There are two distinct cell-
surface receptors, p55 and p75 [40, 41]. Soluble, truncated versions of membrane
TNEF receptors are elevated in many autoimmune and inflammatory conditions and
are thought to be involved in regulating TNF activity [42, 43]. These tumor necro-
sis factors produce a variety of similar, but not identical, biological effects. These
factors are “proinflammatory cytokines” since they have a role in initiating (along
with IL-1) the cascade of other cytokines and growth factors that participate in the
immune inflammatory response.
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Like IL-1, TNFa is implicated in enhanced pain responses following administra-
tion of illness-inducing substances [17]. When a TNFo antagonist, TNF-binding
protein (TNF-bp), is administered systemically, the hyperalgesia observed after
lipopolysaccharide (LPS, a bacterial cell wall component) is completely eliminated,
suggesting that TNE, like IL-1, is a critical cytokine for the induction of LPS-induced
hyperalgesia. In addition, treatment of rheumatoid arthritis with a recombinant
human TNF receptor (p75)-Fc fusion protein significantly improves inflammatory
symptoms [44].

Studies have revealed that cytokines may affect neuronal excitability either
directly or indirectly via an alteration of neuron-glia interaction. TNFa induces an
increase in intracellular calcium and a depolarization in astrocytes with the conse-
quence of disturbing voltage-dependent glial function such as local ion concentra-
tions and glutamate uptake [45]. The neurotoxic effects of TNFo may be due in part
to its ability to inhibit glutamate uptake by astrocytes, which in turn may result in
excitotoxic concentrations of glutamate in synapses [46]. This glutamate enhancing
action may also be of importance in chronic pain following nerve injury. Similarly,
TNFo induces substance P, a major pain mediator, in sympathetic ganglia [47].

Spinal cytokine characterization in neuropathic pain models

The classic example of scientific identification of a new pathophysiological network
is to first identify and characterize previously unmeasured components in an accept-
ed animal model of the disease process in question. Using immunohistochemistry,
we characterized the expression of a variety of cytokines and growth factors in the
spinal cord following different nerve lesions that produce neuropathic pain-like
behaviors. Of interest to the focus of this chapter, we reported incremental increas-
es in spinal IL-6-like immunoreactivity (LI) expression following sciatic cryoneurol-
ysis which closely correlated with the onset and duration of mechanical allodynia
[32] (Fig. 1). Subsequent to this study, we extended our investigation to include
spinal IL-1B and TNFa expression in both the sciatic cryoneurolysis and chronic
constriction injury models [48]. We observed minimal, diffuse cytokine LI in lum-
bar spinal tissue from normal, unlesioned rats. In contrast, using cell profile quan-
tification we demonstrated increases in lumbar spinal IL-18 and TNFa LI in both
mononeuropathy models studied (Figs. 2, 3 and Tab. 1, 2).

These immunohistochemical data provide evidence that specific cytokines are
elevated in the spinal cord following peripheral nerve lesions that reliably result in
neuropathic behaviors. However, one of the challenges in cytokine research which
has hampered major advances in the localization of these proteins in the central ner-
vous system is the absence of purified and standardized cytokine antibodies. This is
particularly relevant when utilizing immunohistochemistry and enzyme-linked
immunosorbent assay (ELISA) as detection methods for cytokines. The rate of false
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Figure 1
Representative IL-6 immunoreactivity in the dorsal horn of the spinal cord three days after
sciatic cryoneurolysis (bar = 20 microns).

positives is high especially when using ELISA methodology since it is difficult to dis-
tinguish true positivity in a colormetric technique without the benefit of morpho-
logical visualization. Suppliers of antibodies incorporate varied standards for purifi-
cation and quality control of their products. We have embarked on an ambitious
project where we are comparing seven different commercial sources of proinflam-
matory cytokine antibodies in two models of nerve injury and in a rat model of focal
CNS immune-mediated inflammation, experimental allergic encephalomyelitis
(EAE), with and without preabsorbing with the specific rat immunogen. At the
study’s end, a standard of optimum staining for each cytokine antibody will be
obtained that can be utilized by other investigators performing CNS cytokine
immunohistochemistry and ELISAs. As the cytokine field continues to expand, we
can use the identical system for future analysis of new antibodies as they become
available.

The next phase in our quest to understand the neuroimmunological events that
occur in response to nerve injury is to determine the cellular mechanisms responsi-
ble for increases in spinal cytokines.
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Figure 2

Representative photomicrograph of ipsilateral dorsal horn IL-1p-like immunoreactivity three
days after sciatic cryoneurolysis (bar = 20 microns).
Reproduced with permission [48].

Table 1 - Average cell profiles containing punctate IL-1f staining’

Group Ipsilateral Contralateral Ipsilateral Contralateral
(N>3) dorsal horn dorsal horn ventral horn ventral horn
Normal 0.15 (0.17) 0.00 (0) 0.13 (0.08) 0.00 (0)

Cccl 36.00"" (4.2) 22.67" (6.12) 15.00 (6.12) 15.00" (4.6)
3-day post-SCN 50.45™" (8.7) 32.58"" (8.5) 5.48" (1.1) 3.62" (0.53)
14-day post-SCN 40.44" (11.0) 36.33" (9.02) 1.56 (0.68) 1.22 (0.68)
35-day post-SCN 76.60™" (15.7) 53.94™" (6.9) 3.71.(1.1) 2.27 (0.43)

1Average of three lumbar sections/animal (+ SEM)

"p <0.05 using multiple regression with normal group as reference category

"*p <0.001 using multiple regression with normal group as reference category.
Reproduced with permission [48].
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Figure 3

Representative photomicrograph of ventral horn motorneurons containing dark punctate
nuclear TNFo like-immunoreactivity 14 days following sciatic cryoneurolysis (bar = 20

microns).
Reproduced with permission [48].

Table 2 - Average cell profiles containing punctate TNFa staining’

Group Ipsilateral Contralateral Ipsilateral Contralateral
(N=3) dorsal horn dorsal horn ventral horn ventral horn
Normal 6.00 (1.7) 2.44 (1.7) 0.00 (0) 0.00 (0)
cal 22.00" (4.9) 12.33" (4.4) 4.89 (4.3) 2.89 (8.48)
3-day post-SCN 67.11"" (13.5) 48.33"" (7.6) 16.44" (4.9) 11.78" (5.7)
14-day post-SCN 122.67"" (5.6) 118.89"" (6.4) 16.00"" (0.71) 14.22" (0.76)
35-day post-SCN 42.00" (11.0) 57.67"" (4.9) 1.56 (0.4) 0.89 (0.06)

1Average of three lumbar sections/animal (+ SEM)

*p <0.05 using multiple regression with normal group as reference category
"*p <0.001 using multiple regression with normal group as reference category.
Reproduced with permission [Brain Research 759 (1997) 50-57].
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Figure 4

Double immunohistochemical labeling of cytokine expression and glial staining after spinal
nerve cryoneurolysis. Astrocytic (GFAP) staining is shown in gray (small arrow), original
depicted as a brown chromagen. TNFo staining is shown in black (large arrow), original
depicted as a blue chromagen (bar = 20 microns).

Cellular origin of spinal cytokine expression
Double staining of cytokines and glia

In order to determine whether neurons or glia are expressing cytokines following
peripheral nerve injury, we performed immunohistochemical double staining for each
cytokine/growth factor and for cellular markers of astrocytes or microglia. The com-
binations performed were: antibodies for IL-6, IL-1, and TNFa co-localized on the
same section with either anti-GFAP (glial fibrillary acidic protein) for astrocytes or
anti-OX-42 for microglia using two different colored detection chromagens. Most
combinations resulted in a distinct staining pattern with cytokines localized only to
what appeared to be neuronal cells without detectable co-labeling with glial cells. Of
particular interest, the only co-localization observed was with TNFo and GFAP (Fig.
4). TNFa staining was localized to both neurons and astrocytes but not microglia.
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Table 3 - Average cell profiles containing IL-6 mRNA staining’

Group Ipsilateral Contralateral Ipsilateral Contralateral
(N >3) dorsal horn dorsal horn ventral horn ventral horn
Normal 6.1 6.67 1.00 1.1

Ccl 22.00" (4.9) 12.33" (4.4) 4.89 (4.3) 2.89 (8.48)
1-day post-SPCN 10.44 4.89 6.56 0.67
3-day post-SPCN 17.67 8.89 10.56""" 2.56
10-day post-SPCN 41117 25.33" 9.11"" 5.67""

1Average of three lumbar sections/animal (+ SEM)
*p=0.001, **p=0.05, **"p=0.05.02

Cytokine mRNA in situ hybridization (ISH)

To definitively determine whether cytokines are actually being produced within the
CNS in response to a peripheral nerve injury, it is necessary to perform ISH. An
oligonucleotide cocktail of four exons (30bp each) of IL-6 mRNA was hybridized
to spinal cord tissue. Using this technique without polymerase chain reaction (PCR)
amplification, we demonstrated an increase in IL-6 mRNA in the spinal cord 1, 3
and 10 days following SPCN as compared with normal rats (see Tab. 3 and Fig. 5).
These data support our hypothesis that cells in the central nervous system are pro-
ducing cytokines in response to a peripheral nerve injury. The next logical step is to
determine what cell type (e.g. astrocyte, microglia, neuron) is producing IL-6
mRNA by performing both ISH for mRNA and immunocytochemistry on the same
section using cell specific markers.

Role of glial cells in increased spinal cytokine expression

Glial cells (microglia, astrocytes, and oligodendrocytes) constitute over 70% of the
total cell population in the brain and spinal cord. Once thought of as merely a phys-
ical support system for neurons, glial cells have recently come under intense scruti-
ny as key neuromodulatory, neurotrophic and neuroimmune elements in the CNS.
Microglia, cells of monocytic origin, are the macrophages of the brain and, as such,
perform a vast number of immune-related duties [49]. They form a regularly-spaced
network of resident glial cells throughout the CNS. Microglia are the first cell type
to respond to several types of CNS injury. Pathological stimuli provoke a graded
transformation of microglia from a highly ramified resting surveillance state ulti-
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mately to a phagocytic macrophage [50]. Microglial activation involves a stereo-
typic pattern of cellular responses, such as proliferation, increased expression of
immunomolecules, recruitment to the site of injury, and functional changes includ-
ing the release of cytotoxic and/or inflammatory mediators. During autoimmune
inflammation of the nervous system, microglia both release and respond to several
cytokines including IL-1, IL-6, TNFo, and interferon-y, all of which are also instru-
mental in astrocyte activation, induction of cell adhesion molecule expression and
recruitment of T cell lymphocytes into the lesion [50]. In addition to the synthesis
of inflammatory cytokines, microglia act as cytotoxic effector cells by releasing
harmful substances including proteases, reactive oxygen intermediates, and nitric
oxide (NO) [50].

Glial cells may have a role in nociceptive processing and in the thermal and
mechanical hyperalgesia produced by peripheral nerve injury [51]. Glial changes in
response to injury include proliferation and hypertrophy of astrocytic and microglia
cells and over-expression of GFAP. GFAP increases in the spinal cord following dif-
ferent nerve injuries such as CCI [52], nerve crush and axotomy [53, 54]. Follow-
ing a peripheral nerve freeze lesion, immunoreactive GFAP expression increases at
14 days with a second major increase at 42 days consistent with peaks in autotomy
behavior (attack of affected hind paw) and mechanical allodynia, respectively [30].
Since glial cells produce cytokines that appear to have a role in sensitization of the
spinal cord, which, in turn, may initiate or sustain chronic pain it is important to
determine their contribution to neuropathic pain following nerve injury.

It has been demonstrated that the neurotransmitter norepinephrine (NE) induces
astrocytes to produce IL-6 [55]. This effect is dose-dependent and can be blocked by
adrenergic receptor antagonists. These data have relevant implications to human
neuropathic pain since one component is the phenomenon of sympathetically-main-
tained pain. Sympathetic exacerbation of neuropathic pain appears to result from at
least two related pathological changes: increased sympathetic input by the invasion
of sympathetic fibers into the dorsal root ganglion and the up-regulation of adren-
ergic receptors on afferent fibers and cell bodies [56-59]. In addition, astrocytes
express receptors for NE [60], NE induces astrocyte nerve growth factor synthesis
[61] and NE inhibits astrocyte expression of major histocompatibility complex
(MHC) class II antigens [62]. Of interest to the differential role of glia, rat microglia
do not secrete IL-6 in response to NE, TNFo or IL-1B, indicating that rat astrocytes
and microglia produce IL-6 in response to different inducing stimuli [55].

Figure 5
In situ hybridization of IL-6 mRNA expression ten days after spinal nerve cryoneurolysis in
dorsal horn (top photo) and ventral motorneurons (bottom photo).
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Figure 6

Ipsilateral spinal cord OX-42 ir at ten days following either SPCN with prophylactic per-
ineural saline (A) or bupivacaine (B) treatment. Note the intensity of microglial reaction in
the SPCN/saline treated animal and the relative lack of staining in the SPCN/bupivacaine
treated rat (bar = 0.5 mm). For further explanations see text.

Reproduced with permission [5].

Immunocytochemical glial characterization following nerve injury

We assessed spinal glial activation and cytokine expression following L5 spinal
nerve cryoneurolysis (SPCN) and chronic constriction injury (CCI) using immuno-
cytochemical detection of OX-42 monoclonal antibody (microglial activation), and
glial fibrillary acidic protein antibody (GFAP; astrocytic activation) [5, 6]. Profound
microglial responses were observed ipsilaterally in the dorsal and ventral horns in
rats following SPCN (Figs. 6A and 7A). In contrast, spinal OX-42 immunoreactiv-
ity was not markedly elevated in those rats that underwent the CCI lesion five days
prior and appeared qualitatively similar to control or sham rats. In addition, neu-
ropathic pain behaviors preceded and did not strictly correlate with microglial acti-
vation. Pain behaviors were seen to exist in the absence of microglial activation and
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Figure 7

A-B: Ipsilateral spinal dorsal horn OX-42 ir at ten days following either SPCN with prophy-
lactic perineural saline (A), bupivacaine (B) treatments. Note the intensity of microglial reac-
tion in the SPCN/saline treated animal and the relative lack of staining in the SPCN/bupi-
vacaine treated rat.

C-D: Ipsilateral spinal dorsal horn GFAP ir in the same rats as in A-B above at ten days fol-
lowing either SPCN with prophylactic perineural saline (C), bupivacaine (D) treatments.
Note the intensity of astrocytic reaction in all treatment groups (bar = 20 microns). For fur-
ther explanations see text.

Reproduced with permission [5].

conversely, profound microglial activation was occasionally associated with a lack
of pain behaviors.

A progession of astrocytic response was observed following SPCN. Little
enhancement of GFAP immunoreactivity was seen at one day post sham or SPCN
relative to normal animals. By ten days, there was a pronounced increase in acti-
vated astrocytes post-SPCN. GFAP expression was increased in the dorsal horn sub-
stantia gelatinosa and in the white matter immediately lateral to the dorsal horn in
the CCI lesioned group (Fig. 7).
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Pre-emptive bupivacaine treatment

In a second series of animals, perineural application of the amide local anesthetic,
bupivacaine (1.5 mg total dose), 5 min prior to and immediately following the
SPCN lesion, prevented or markedly reduced spinal microglial responses (at ten
days) as compared to saline treated control animals (Figs. 6 and 7). No diminution
of pain behaviors was observed in these bupivacaine treated animals despite the
apparent lack of microglial activation [5]. Therefore, a causal association between
microglia (using anti-OX-42 to illuminate microglial morphological responses), and
the etiology of pain behaviors appears unlikely since: (1) there was no direct corre-
lation between degree of microglial activation and severity of pain behaviors after
SPCN, (2) pretreatment of the SPCN injury site with bupivacaine prevented
microglial responses but did not affect the resultant pain behaviors, and (3) the CCI
lesion that resulted in significant pain behaviors did not produce substantial
microglial activation in the spinal cord at the time period of tissue harvest.

In addition, the observation that bupivacaine diminished spinal OX-42 expres-
sion but did not alter enhanced cytokine-like immunoreactivity following SPCN sug-
gests that microglia are not producing proinflammatory cytokines in this iz vivo sit-
uation; or alternatively, ramified microglia may still be producing cytokines in this
scenario but the upregulation of the surface antigen CD11b (to which OX-42 binds)
is downstream from this phenomenon. Thus, microglial responses may be a result of,
rather than the source of, pathophysiological changes producing neuropathic pain.

Unlike the diminution of microglial activation observed following perineural
bupivacaine administration, astrocytic responses were not markedly altered by this
treatment (Fig. §). These data, together with the finding that GFAP was elevated in
the CCI lesioned rats, supports a role for astrocytes in neuropathic pain-related
behaviors following nerve injury.

Ongoing experimental directions

To further define the signals responsible for glial activation responses and enhanced
spinal cytokine expression, we are currently investigating the role of the site of
lesion (distal or proximal to the dorsal root ganglion (DRG)) and the type of the
nerve lesion (freeze, ligation or chemical) on spinal cytokine and glial profiles and
pain-related behaviors. Our results suggest that DRG-induced production of neu-
roactive substances is not a critical factor in early pain behaviors, since complete
dorsal root lesion produced rapid and profound pain behaviors [6]. These prelimi-
nary studies appear to further divest microglial activation responses from direct cul-
pability in the generation neuropathic pain behaviors since dorsal root lesions were
associated with minimal microglial responses while simultaneously producing
robust mechanical allodynia. It is interesting to speculate as to the role of the affer-
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ent neuronal cell body (DRG) in potentiating microglial activation. Analogous to
the dorsal root lesion situation, when DRG stimulatory electrical/inflammatory sig-
nals were blocked by perineural bupivacaine treatment at the time of nerve injury,
spinal microglial activation was mitigated despite the presence of robust mechanical
allodynia (see above). Conversely, astrocytic activation responses following dorsal
root lesions were robust and similar to those seen following the same lesions at more
peripheral sites with or without bupivacaine treatment.

In considering the likely underlying signals for spinal glial activation and
cytokine expression following peripheral nerve injury the obvious categories include
(a) disruption or exaggeration of normal axonal electrical activity, (b) disruption or
augmentation of axonally transported factors, and (c) local inflammatory respons-
es which modify (a) and (b). Ongoing signals from the periphery, both electrical and
transported, may be required to maintain spinal glia in a “resting” state. For exam-
ple, disruption of normal electrical activity or interruption of the axonal transport
of neurotrophic factors from the periphery may lead to central neuronal changes
which are readily detected by adjacent glial cells [63]. Conversely, an injury may
induce exaggerated electrical signals either directly as an afferent barrage or sec-
ondary to local inflammatory neuronal sensitization [64]. A deluge of ectopic firing
is likely to lead to central facilitation subsequent to primary afferent enhanced exci-
tatory amino acid and neuropeptide release. Similarly, retrograde transport of
inflammatory mediators such as activated cytokines and their receptor complexes
may provoke DRG sensitization.

Astrocytes are uniquely situated to influence both neuronal excitability through
synaptic glutamate handling and to direct cytokine/chemokine-induced monocyte
(microglial) migration either locally or through perivascular recruitment [65-67].
Figure 8 depicts a scheme of possible glia/cytokine/glutamate interactions involved
in the mechanisms of neuropathic pain. It remains unclear whether the profound
ipsilateral increase in microglial cell density following various spinal nerve injuries
results from significant infiltration of monocytes or from proliferation and migra-
tion of resident parenchymal microglia. Ongoing studies in our laboratory using
proliferating cell markers as well as adhesion molecule antagonists will determine
the relative contribution of parenchymal versus recruited monocytes involved in
various nerve lesion scenarios.

The concept of experimentally interfering with astrocytic activation is attractive
given our consistent finding that astrocytic responses closely correlate with cytokine
expression and pain behaviors. The glutamate antagonist MK-801 has been used to
mitigate astroglial GFAP expression in response to nerve injury; however, spinal
cytokine levels and pain behaviors were not monitored in that study [68]. General
metabolic glial inhibitors have been used to examine the possible role of glia in pain
processing [51, 69]. These studies provide encouraging evidence for astrocytic
involvement in pain processing possibly via cytokines and NO interactions. How-
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Figure 8
Schematic diagram of possible glia/cytokine/glutamate interactions in neuropathic pain.

(DRG, Dorsal root ganglion; NMDAR, N-methyl-D-aspartate receptor)

ever, direct quantitative and morphological evidence for selective and specific astro-
cytic inhibition remains to be put forward.

Role of cytokines in the generation of chronic pain

We hypothesize that proinflammatory cytokines have a pain facilitory effect fol-
lowing nerve injury by activating peripheral and central neurotransmission. Proin-
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flammatory cytokines can cause direct sensitization of peripheral nerves. It has been
demonstrated that TNFa when applied on the sciatic nerve, evokes spontaneous fir-
ing of nociceptive primary afferent fibers in a dose-dependent manner [70]. In addi-
tion, mechanical threshold to a non-noxious stimulus is decreased following intra-
dermal injection of TNFa [70, 71].

In addition to a direct sensitizing peripheral effect, proinflammatory cytokine
production and expression is enhanced centrally in response to a peripheral nerve
injury. The mechanisms and signals responsible for this phenomenon are currently
unknown. However, central biochemical changes in other neurotransmitter systems
following nerve injury have been known for some time [72-74]. As previously men-
tioned, it is likely that certain cytokines are involved in synaptic plasticity and
hyperexcitability which can lead to spinal sensitization. Additionally, cytokines may
be early activators in a pathological cascade of events following nerve injury.
Cytokine activation may indirectly induce the expression of final common media-
tors in pain transmission, such as glutamate and nitric oxide. Lewin and Mendell
have postulated that nerve injury gives rise to inflammation and release of inflam-
matory mediators, i.e. cytokines, which cause the release of nerve growth factor in
the periphery (NGF). NGF then induces an increase in spinal sensitizing neuropep-
tides like substance P and calcitonin gene-related peptide (CGRP). They have
demonstrated that NGF-induced thermal hyperalgesia is mediated by glutamate
NMDA receptors [75]. There is also evidence that IL-1B interacts with the NMDA
receptor since it has been shown that IL-1p attenuates glutamate-induced neurode-
generation [76]. A scheme is depicted in Figure 9 of possible mechanisms of
cytokine-dependent sensory consequences following nerve injury that may involve
the periphery, DRG (cell body) and spinal cord.

Conclusions

Consideration of proinflammatory cytokines produced by immune cells in the CNS
or periphery as mediators of pain facilitation has clinical significance. Insight gained
from animal pain models could be exploited to develop novel inhibitors of immune
cell activation to be used either directly or in a “cocktail” combined with more tra-
ditional interventional methods for the treatment or prevention of chronic pain. A
novel pharmacological approach has been proposed using specific cytokine-sup-
pressive anti-inflammatory drugs (CSAIDs). Proinflammatory cytokine production
is regulated at the transcriptional and translational level and specific agents are now
being discovered which inhibit their production.

The finding that there exists functional and biochemical changes that involve
the immune system in animal models of chronic pain probably is applicable to
human pain syndromes. As these neuroimmune mechanisms involved in the estab-
lishment of chronic pain become more apparent, new targets for drug delivery may
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be realized. These agents may act beyond the conventional receptor, enzyme, or
channel and may modify adaptive changes in nociceptive circuits that underlie
chronic pain.
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Introduction

Proinflammatory cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6) and
tumor necrosis factor-oc (TNFa) are well known to be involved in local manifesta-
tion of inflammation in response to local cellular injury, e.g. edema, migration of
immunocompetent cells, local hyperthermia and hyperalgesia. These cytokines,
when given peripherally, induce such inflammatory responses at local sites, and
local hyperalgesia is caused by the sensitizing effects of cytokines on polymodal
receptors [1, 2].

Besides their peripheral origins, these cytokines are also produced in the brain by
astrocytes, microglial cells, endothelial cells, meningeal macrophages and probably
also by neurons (reviewed in [3]). The synthesis of the cytokines in the brain has
been substantiated by increases in both their activities and their gene expression
after peripheral administrations of endotoxin [4-8], formalin [9], and during
restraint stress [10], as well as during pathological processes (cerebral ischemia, bac-
terial infection) within the central nervous system (CNS). Like the cytokines, recep-
tors for these cytokines and the binding sites have been widely described in the CNS
(reviewed in [11]). Brain-derived cytokines cause diverse effects on the homeostatic
functions controlled in the hypothalamus, such as thermoregulation, sleep, feeding,
neuroendocrine secretion, autonomic nervous activities and peripheral immune
reactivities [11-15]. These responses are almost identical with “sickness symptoms”
observed during peripheral infection. Recent studies, including ours, have revealed
that central injections of these cytokines may modulate nociception [16-26]. This
review will provide evidence for pain modulatory actions of brain-derived cytokines
in the hypothalamus and neighboring basal forebrain, discuss how the pain modu-
latory actions are related to prostaglandin E, (PGE,), a secondary signal substance
of proinflammatory cytokines, and propose a possible role for the pain-modulatory
actions of central cytokines for the host during infection.
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Effects of i.c.v. injection of IL-1 on nociception: behavioral study

The reports on the effects of intracerebroventricular (i.c.v.) or intracisternal (i.c.s.)
injection of IL-1a and IL-1B on nociceptive behaviors are controversial; they have
been reported to either decrease [16, 17], increase [18, 20], or not change [26] pain
sensitivity in rats and mice (Tab. 1). Such different results could be explained by the
differences in the experimental protocols such as the dose and the species of IL-1
used, the method of measuring pain responsivity, and the time schedule of observa-
tion. Furthermore, it should be noted that the altered nociceptive behaviors could
reflect secondary effects of IL-1-induced responses such as fever and decreased vig-
ilance on the behaviors [18]. Therefore, we tested the effects of i.c.v. injection of IL-
1B in a wide range of doses (1 pg/kg—1 pg/kg, ca. 325 fg—-325 ng/rat) on nociception
both electrophysiologically as well as behaviorally [18, 19].

First, we observed the nociceptive behavioral responses, as assessed by the hot-
plate test, after an i.c.v. injection of IL-1B. We injected recombinant human IL-1B
(rhIL-1B) at doses of 1 pg/kg to 1 pg/kg (ca. 325 fg—325 ng/rat) into the lateral cere-
broventricle of male Wistar rats weighing 300-350 g, and observed the changes in
the paw-withdrawal latency after being placed on a hot plate (Fig. 1A and B) [18].
The paw-withdrawal latency significantly reduced after i.c.v. injections of rhIL-1B
(10 pg/kg-1 ng/kg, ca. 3.25 pg-325 pg), suggesting hyperalgesia. The maximal
response was obtained after injection of rhIL-1B at 100 pg/kg (32.5 pg). The reduc-
tion of paw-withdrawal latency began to appear S min after injection, reached a
peak within 30 min and then slowly returned to the baseline level within 120 min.
When the amount of rhIL-1B was increased over 1 ng/kg (up to 1 ug/kg = ca.
325 ng) or decreased to 1 pg/kg (ca.325 fg), the paw-withdrawal latency did not
change. Although i.c.v. injection of rhIL-1B at 100 ng/kg (ca. 32.5 ng) raised the
colonic temperature (T,,) by about 0.6° C 30 min after injection, that of rhIL-1p at
1 ng/kg (ca. 325 pg) had no effect. The rhIL-1B-induced hyperalgesic behavior was
completely abolished by i.c.v. pretreatment with either IL-1 receptor antagonist (IL-
1Ra) at 10 and 100 ng/kg (ca. 3.25 and 32.5 ng), sodium salicylate (a cyclooxyge-
nase inhibitor) at 100 ng/kg (ca. 32.5 ng), diclofenac (a cyclooxygenase inhibitor) at
1 ng/kg (ca. 325 pg) or the neuropeptide a-melanocyte-stimulating hormone
(aMSH), a potent inhibitor of proinflammatory cytokines [27, 28], at 10 and
100 ng/kg (ca. 3.25 and 32.5 ng). Thus, an i.c.v. injection of small, non-pyrogenic
doses of rhIL-1B (10 pg/kg-1 ng/kg = ca. 3.25-325 pg) may induce hyperalgesia 5-
60 min after injection via a receptor-mediated, eicosanoid-dependent, aMSH-sensi-
tive process in the rat. The receptor mediation and eicosanoids dependency in i.c.v.
IL-1B-induced hyperalgesia have been recently confirmed [25].

The hyperalgesia after i.c.v. injection of rhIL-1B does not agree with those of two
previous reports which demonstrated analgesia after central injection of rhIL-1at in
mice [16, 29] and rats [17]. The discrepancy might be explained by the different
types of IL-1 used. In fact, several studies have pointed out the difference in the cen-
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A and B; Effects of lateral cerebroventricular (LCV) injection of rhIL-18 on nociception as
assessed by a hot-plate test. Rats weighing 300-350 g were injected with rhiL-1B at 1 pg/kg
(o, A), 10 pg/kg (», A), 100 pg/kg (e), 1 ng/kg (a), 10 ng/kg (m, B), 100 ng/kg (», B) or
1 ug/kg (o, B) or heat-inactivated rhiL-1p at 100 pg/kg (m, A), or saline (o). Each point rep-
resents mean + S.E.M. Symbols adjacent to points represent the level of significance when
compared with saline-injected controls. *p<0.05; **p <0.01. C; Changes in responses of
WDR neurons to noxious pinching after LCV injection of saline or rhiL-1J at 100 pg/kg. D;
Changes in the response of a LTM neuron to brushing after LCV injection of rhiL-1f at

100 pg/kg. Noxious pinching and brushing were applied during the underlined 10 sec peri-
ods. From [18, 19].
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tral actions between IL-1o and IL-1B, e.g. the involvement of different mechanisms
for the development of fever [30], different potency in producing adrenocorti-
cotropic hormone (ACTH) [31] and PGE, [32], and different affinity for receptors
in the brain [33]. However, Adams and colleagues [26] made an extensive study
using two different methods (cold-water tail flick test and hot-plate test) to observe
nociception and also repeated one of the previous studies [17] (same species/strain
of animals, pain responsivity assay, dose range of rhIL-1a), but they failed to
observe analgesia. They criticized the method of analgesic assay [16, 17] and the
method of data analysis [17] employed in the previous studies as possible causes for
discrepancy. Adams et al. [26] observed no analgesia and no hyperalgesia after i.c.v.
injection of rhIL-1a (250-1000 U = ca. 2.5-10 ng) and rhIL-1p (125-2000 U = ca.
250 pg—4 ng). If the rhIL-1pB they used has the same potency as that we used, their
lowest dose of rhIL-1B corresponds roughly to the highest dose with which we
observed a decrease in the nociceptive threshold as assessed by the hot-plate test.

On the other hand, hyperalgesia, as assessed by the tail-flick test, has recently
been described after i.c.v. administration of rhIL-1f at 5 and 50 ng in the rat [20].
If their rhIL-1B, once again, has the same potency as ours, these doses of rhIL-1
would be expected not to alter T, (5 ng) or to raise T, by less than 1° C (50 ng),
according to our study [18]. Another recent report has demonstrated a biphasic
effect on mechanical nociception depending on the dose of i.c.v. rhIL-1B [25], i.e.
hyperalgesia by rhIL-1B at non-pyrogenic doses (10-100 pg) was observed 60-180
min after injection and analgesia by that of pyrogenic doses (1-10 ng) was seen
120-180 min after injection. Although there are some differences among the results,
these studies (including our own) indicate that i.c.v. injection of rhIL-1pB at subpy-
rogenic doses induces an increase in nociception to, at least, thermal and mechani-
cal stimuli. On the other hand, there is still no general consensus for the analgesia
seen after i.c.v. injection of IL-1 due to the divergent results, i.e. a rapid and tran-
sient (3—5 min) analgesia [17], an extremely delayed analgesia (120-180 min) [25]
or no analgesia [26].

It is well known that many IL-1B-induced responses are mediated via the neu-
ropeptide corticotropin releasing factor (CRF) in the brain. However, it has not yet
been settled as to whether the brain CRF system constitutes an essential component
for the development of i.c.v. IL-1B-induced modulation of pain. In our study, the
i.c.v. thIL-1B (100 pg/kg, ca. 32.5 pg)-induced hyperalgesia was not affected by pre-
treatment with o-helical CRFg_4; (¢hCRE a CRF antagonist) at a dose of 100 ng/kg
(ca. 32.5 ng), a dose that was previously shown to completely block the excitation
of splenic sympathetic activity using the same amount of rhIL-1f [34]. By contrast,
it was shown that similar pretreatment with chCRF at 1 pg, which was about 31
times higher than that in our study, completely blocked both the hyperalgesic and
analgesic effects of IL-1B [25]. As for the IL-1a-induced anti-nociception, one report
[35] suggested that it was mediated by central CRE, whereas another study indicat-
ed the involvement of peripheral, as opposed to central, CRF [29].

187



Takakazu Oka and Tetsuro Hori

Effects of i.c.v. injection of IL-1 on nociception: electrophysiological study

Any behavioral methods for the measurement of nociceptive threshold, as was dis-
cussed in the introduction, are possibly contaminated by changes in non-nociceptive
functions after cytokine administration. Therefore, it is imperative to obtain the
electrophysiological evidence showing that similar doses of IL-1B may actually
affect the nociceptive system. We investigated the effects of i.c.v. injection of IL-1B
(1 pg/kg-1 pglkg, ca. 325 fg-325 ng/rat) on the nociceptive responses of wide
dynamic range (WDR) neurons in the trigeminal nucleus caudalis in the urethane-
anesthetized rats [19] (Fig. 1C). The WDR neurons, along with the nociceptive spe-
cific neurons, may relay somatosensory signals from the cutaneous nociceptors to
the thalamic nuclei. Noxious pinching stimuli were applied to the receptive field of
the rat’s face for a period of 10 sec at the scheduled times. An i.c.v. injection of rhlL-
1B at 100 pg/kg (32.5 pg) enhanced the nociceptive responses of 10 of 13 (77%)
WDR neurons tested, whereas physiological saline did not affect them. The maxi-
mal enhancement (207 +21%, n=10) was obtained 25 min after injection of rhIL-
1B at 100 pg/kg (ca. 32.5 pg). RhIL-1f at 10 pg/kg (ca.3.25 pg) and 1 ng/kg (ca.
325 pg) also enhanced the responses of a similar population (67%) of WDR neu-
rons, but the enhancing effects were smaller than that of rhIL-1f at 100 pg/kg (ca.
32.5 pg). The other doses of rhIL-1B had no significant effect on the neuronal
responses. RhIL-1B (100 pg/kg = ca. 32.5 pg)-induced enhancement of the respons-
es of WDR neurons to noxious stimuli was completely inhibited by i.c.v. pretreat-
ment with IL-1Ra and sodium salicylate. These electrophysiological findings con-
form well with our results of behavioral studies [18] in terms of effective doses of
IL-1B, time course, receptor mediation, and eicosanoid dependency. Furthermore,
the inability to alter the nociceptive responses of WDR neurons by rhIL-1f between
10 ng/kg (ca. 3.25 ng) and 1 ug/kg (ca. 325 ng) is consistent with the observation
of no changes in nociceptive behaviors at these doses [18, 26].

Low threshold mechanoreceptive (LTM) neurons in the trigeminal nucleus cau-
dalis, which is known to relay cutaneous tactile signals to the CNS by responding
only to innocuous mechanical stimuli, did not change their responsiveness to skin
brushing after i.c.v. injection of rhIL-1B at 100 pg/kg (ca. 32.5 pg) (Fig. 1D). It thus
appears that the enhancing effect of rhIL-1B on the responsiveness of somatosenso-
ry neurons in the trigeminal nucleus caudalis is modality specific.

Brain sites where IL-1 acts to modulate nociception
In order to determine the sites in the brain where IL-1 acts to induce hyperalgesia,
we investigated nociceptive behaviors on the hot-plate after microinjection of rhIL-

1B (0.5 pg/kg-2 ng/kg = ca. 163 fg-650 pg/rat) into different sites in the hypothal-
amus and neighboring basal forebrain of rats [22]. A microinjection of rhIL-1
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between 5 and 50 pg/kg (ca. 1.63 pg-16.3 pg) into the medial part of the preoptic
area (MPO) decreased the paw-withdrawal latency, producing a maximal response
at a dose of 20 pg/kg (ca. 6.5 pg) (Fig. 2A and B). At this dose of rhIL-1B, the paw-
withdrawal latency began to decrease 15 min after injection, reached a minimum at
30 min and gradually returned to the baseline latency. The other doses of rhIL-1p
tested had no significant effect. The hyperalgesic response was also obtained after
injection of rhIL-1f at 20 pg/kg (ca. 6.5 pg) into the lateral part of the preoptic area
(LPO), the median preoptic nucleus (MnPO) and the diagonal band of Broca (DBB),
but not after injection into the paraventricular nucleus (PVN), the lateral hypothal-
amic area (LH), and the septal nucleus (Fig. 3). Although the MPO is known to be
sensitive to microinjected IL-1B, resulting in a raise in body temperature, microin-
jection of rhIL-1P at 20 pg/kg (ca. 6.5 pg), the dose which induced a maximal degree
of hyperalgesia, into the MPO had no effect on T, (Fig. 2C). In contrast, microin-
jection of rhIL-1p at 20 pg/kg (ca. 6.5 pg) and 50 pg/kg (ca. 16.25 pg) into the ven-
tromedial hypothalamus (VMH) prolonged the paw-withdrawal latency 5 min and
5-10 min after injection, respectively, suggesting analgesia (Fig. 2D and E). When the
doses of rhIL-1f into the VMH increased to 200 pg/kg (ca. 65 pg) and 2 ng/kg (ca.
650 pg) or decreased to 5 pg/kg (ca. 1.63 pg), the paw-withdrawal latency did not
change significantly. In another study [23], nociception was examined only 60 min
after microinjection of rhIL-1B (5 ng, a pyrogenic dose when given into the MPO)
into the discrete sites in the diencephalon of rats. RhIL-1B (5 ng) had hyperalgesic
effects in the PVN and analgesic effects in the centro-medial and gelatinous nuclei of
the thalamus. The microinjection of rhIL-1B (5 ng) into neither the MPO nor the
VMH had any effect on nociception, which is in line with our results (Tab. 2).

Table 2 - Brain sites where IL-1[ acts to modulate nociception revealed by the microinjec-
tion studies

Effect Brain sites Dose of IL-1B Ref.
hyperalgesia hypothalamus
preoptic area 5-50 pg/kg” [22]
paraventricular nucleus 5ng [23]
diagonal band of Broca 20 pg/kg” [22]
analgesia hypothalamus
ventromedial hypothalamus 20-50 pg/kg” [22]
thalamus
centro-medial nucleus 5ng [23]
gelatinous nucleus 5ng [23]

*Rats weighing 320-350 g. Taken from [22] and [23].
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Figure 2

The opposing effects of rhiL-18 microinjected into the medial part of the preoptic area
(MPO; A-C) and the ventromedial hypothalamus (VMH; D and E) on nociception as assessed
by a hot-plate test. In A-C, rats weighing 320-350 g were injected with rhiL-1B at 0.5 pg/kg
(a, A), 5 pg/kg (a), 20 pg/kg (e), 50 pg/kg (m), 200 pg/kg (», B) or 2 ng/kg (v, B and C) or
heat inactivated rhiL-1p at 20 pg/kg (o, A), or saline (o). In D and E, rats were injected with
rhiL-1PB at 5 pg/kg (o, D), 20 pg/kg (), 50 pg/kg (e), 200 pg/kg (v, E) or 2 ng/kg (»), or
saline (o). n=8-14. Each point represents mean + S.E.M. Symbols adjacent to points repre-
sent significance when compared with saline-injected controls. "p <0.05; *"p <0.01. From
[22].
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Figure 3

Brain sites where the microinjection of rhiL-1 at 20 pg/kg induce hyperalgesia (®,a) and
hypoalgesia (m). The magnitude of hyperalgesic and analgesic responses was expressed as
the percentage of the maximal change in the paw-withdrawal latency to the baseline laten-
cy. ®<60%, 60% <a<70%, 70% < 4<130%, m2130%. LS, lateral septal nucleus; MS,
medial septal nucleus; DBB, diagonal band of Broca; Acb, accumbens nucleus; AC, anterior
commissure; MnPO, median preoptic nucleus; MPO, medial part of the preoptic area; LPO,
lateral part of the preoptic area; OX, optic chiasma; PVN, paraventricular nucleus; LH, later-
al hypothalamic area; VMH, ventromedial hypothalamus. Bar=Tmm. The numbers on the
right of individual frontal sections indicate the distances in mm from bregma. From [22].
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Despite the different time courses of the intraVMH rhIL-1B-induced analgesia
(5-10 min) and the intraMPO rhIL-1B-induced hyperalgesia (15-60 min), both
types of pain modulatory action of rhIL-1B were inhibited by the simultaneous
injection of IL-1Ra or sodium salicylate (or diclofenac), suggesting that analgesia as
well as hyperalgesia was receptor-mediated and eicosanoid-dependent. This is con-
sistent with the electrophysiological findings showing the suppression of rhIL-1f-
induced changes in the firing activity of MPO neurons by IL-1Ra [36] and sodium
salicylate [37] and those of VMH neurons by sodium salicylate [12].

These findings indicate that brain IL-1B produces hyperalgesia and analgesia
with different time courses depending on the amount and the site of its action in
the hypothalamus and neighboring basal forebrain. This suggests that the altered
nociceptive behavior observed after i.c.v. injection of rhIL-1B reflects the net
result of hyperalgesic and analgesic responses with different characteristics and it
might also reflect the difference in accessibility of i.c.v. injected rhIL-1B to its
active sites. Conflicting findings on altered nociceptive behaviors after i.c.v. injec-
tion of rhIL-1f might be explained, at least partly, on the basis of these compli-
cated factors.

Possible mechanisms of pain modulatory actions of IL-1f in the hypothal-
amus and neighboring basal forebrain

It is at present unknown how the altered activities of MPO and VMH neurons
induced by IL-1B produce hyperalgesia and analgesia, respectively. One possible
mechanism is that changes in the activity of hypothalamic neurons may affect the
activities of neurons in the nuclei of the lower brainstem such as the periaqueductal
grey matter (PAG) and the nucleus raphe magnus (NRM), which belong to the
descending pain reducing system (DPRS). It has been demonstrated that electrical
stimulation of the MPO produces analgesia as assessed by behavioral testing and the
suppression of nociceptive neuronal responses in the trigeminal nucleus caudalis in
the rat [38] and in the spinal dorsal horn in the cat [39]. The electrical stimulation
of the VMH and the DBB also induces analgesia [39, 40] and the lesioning of VMH
induces hyperalgesia [41]. It has been suggested that the analgesic effects of stimu-
lation of MPO, DBB and VMH are mediated by the activation of the DPRS in the
lower brainstem [38, 42]. In addition, direct neuronal connections have been histo-
logically demonstrated from the MPO and adjacent nuclei to the PAG [43]. On the
other hand, several electrophysiological studies have revealed that IL-1 predomi-
nantly decreases the firing rate of MPO neurons [36, 37, 44] and increases the activ-
ity of VMH neurons [12], respectively. Therefore, it is possible to suggest that the
decreased activity of the MPO and the increased activity of the VMH by IL-1p actu-
ally suppresses and enhances the activity of the DPRS, respectively, thereby produc-
ing hyperalgesia and analgesia.
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However, because of the complexity of the DPRS and the descending pain
enhancing system recently proposed [45, 46], more complicated mechanisms which
underlie the IL-1-induced modulation of pain might exist. Further studies are
required to elucidate this issue.

Effects of other cytokines in the brain on nociception

We further investigated the effects of other proinflammatory cytokines such as rhIL-
6 (30 pg-300 ng) and rhTNFa (1 pg-10 ng) on nociception in rats, both of which
are known to be produced in the brain [6-8, 47-50].

RhIL-6 (300pg-300 ng) and rhTNFa (10 pg-1 ng) reduced the paw-withdrawal
latency on a hot-plate 15-30 min and to radiant heat 60 min, respectively, after i.c.v.
injection [21, 24]. All the doses of both cytokines were non-pyrogenic and non-
somnogenic, except for rhIL-6 at 300 ng which produced a delayed rise in the T,
which started 70 min after injection. The increased nociceptive sensitivity, however,
was observed 15 and 30 min after its injection when there was no change in T,,.
The simultaneous i.c.v. injection of sodium salicylate and diclofenac blocked the
hyperalgesic effects of rhIL-6 and rhTNFa, respectively, indicating the involvement
of eicosanoid synthesis [51, 52]. Although IL-1Ra (i.c.v.) did not affect the rhIL-6-
induced hyperalgesia, it abolished the rh'TNFa-induced hyperalgesia. This suggests
that the TNFa-induced hyperalgesia is mediated by the central action of IL-1, prob-
ably by its ability to induce IL-1 [52].

On the other hand, Bianchi et al. [17] reported that i.c.v. injection of recombi-
nant murine TNFa (1-3.5 ng) induced a rapid and short-lasting (3-5 min after
injection) analgesia as assessed by the hot-plate test. This analgesia was antagonized
by anti-IL-1 antibodies, but not by indomethacin (a cyclooxygenase inhibitor),
naloxone (an opioid antagonist), or anti-sera against f-endorphin, met-enkephalin
and dynorphin.

Central administration of interferon-o. (IFNoa) has also been demonstrated to
induce analgesia [26, 53]. This analgesia was inhibited by naloxone [53] like the
other CNS responses to IFNa including catalepsy [53], fever [54], reduced cytotox-
icity of splenic natural killer cells [15], and altered activities of hypothalamic neu-
rons [12, 55]. This was taken to be mediated by its binding to opioid receptors [56].

Effects of central injection of PGE, and its agonists on nociception in the
brain

Since an obligatory role of eicosanoid(s) was proposed in the pain modulatory

effects of central IL-1, IL-6 and TNFa, we further investigated the effects of central
administration of PGE, and its agonists on nociception, both behaviorally and elec-
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trophysiologically, in the rat. The reasons why we focused on PGE, among many
eicosanoids were (1) that PGE, was assumed to be a principal mediator of IL-1-
induced CNS-mediated actions such as fever [11] or ACTH release [57], (2) that IL-
1B and IL-6 specifically increased the release of PGE, from rat hypothalamic
explants in vitro [51], (3) that dense PGE, binding sites [58, 59] and the expression
of PGE, receptor mRNA [60] were demonstrated in the hypothalamus, and (4) that
there were many neurons in the MPO and adjacent regions which changed the fir-
ing rate after application of PGE, [61].

Our behavioral and electrophysiological studies [62, 63] revealed that PGE, in
the brain induced a biphasic effect on nociception depending on the doses admin-
istered (Fig. 4). An i.c.v. injection of PGE, at low (non-pyrogenic) doses (10 pg/kg-
10 ng/kg = ca. 3.25 pg-3.25 ng or ca. 9 fmol-9 pmol) induced a long-lasting (5-60
min after injection) hyperalgesia as assessed by the hot-plate test and a rapid,
short-lasting (5 min) analgesia at a high (pyrogenic) dose (1 pg/kg = ca. 325 ng =
ca. 900 pmol) in rats [62]. In accordance with this, an i.c.v. injection of PGE, at
low doses (353 fg-3.53 pg = 1-10 fmol ) enhanced the responses of the WDR neu-
rons in the trigeminal nucleus to skin pinching 15-25 min after injection, where-
as that of higher doses (35.3-353 ng = 100 pmol-1 nmol) suppressed them 5-15
min after injection in anesthetized rats [63]. The responses of LTM neurons to tac-
tile stimuli were not affected by i.c.v. injection of PGE,, indicating that the modu-
latory effect of PGE, on the responsiveness of somatosensory neurons is modality
specific.

Pharmacological and molecular biological studies have demonstrated that
PGE, (EP-) receptors are classified into four subtypes, i.e., EP, EP,, EP; and EP,
receptors, which activate or inhibit the different types of second messengers [64,
65]. Among the synthetic EP-receptor agonists, an i.c.v. injection of an EP; recep-
tor agonist, M&B28767 (1 pg/kg-100 pg/kg = ca. 325 fg-32.5 pg = ca. 0.9 fmol-
90 fmol), reduced the paw-withdrawal latency on a hot-plate 15-60 min after
injection and enhanced the responses of WDR neurons to noxious stimuli [62,
66]. On the other hand, i.c.v. injection of an EP; receptor agonist, 17-phenyl-w-
trinor PGE, (50 pg/kg = ca.16.25 ug = ca. 42 nmol), prolonged the paw-with-
drawal latency only § min after injection and suppressed the responses of WDR
neurons with a similar time course [62, 66]. Furthermore, the PGE, (353 ng = ca.
1 nmol, i.c.v.)-induced analgesic effects observed neurophysiologically as well as
behaviorally were inhibited by an EP; receptor antagonist, SC19220. An EP,
receptor agonist, butaprost (1 pg/kg-100 ug/kg = ca. 325 fg-32.5 pg) had no
effect on nociception. Therefore, these findings suggest that small amounts of
PGE, induce a relatively long-lasting hyperalgesia through EP; receptors and large
amounts of PGE, produces a rapid, short-lasting analgesia through EP, receptors
in the brain.

We then microinjected PGE, and its receptor agonists into several sites in the rat
brain and assessed the changes in nociception by the hot-plate test [67]. The
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Figure 4

1A and B; Effects of LCV injection of PGE, on nociception as assessed by a hot-plate test.
Rats weighing 300-350 g were injected with PGE, at 1 pg/kg (», A), 10 pg/kg (s). 100 pg/kg
(m, A), 1ng/kg (e), 10 ng/kg (m, B), 100 ng/kg (a, B) or 1 ug/kg (o), or saline (o). Each point
represents mean + S.E.M. Symbols adjacent to points represent the level of significance
when compared with saline-injected controls. "p<0.05; *"p<0.01. 2A-D; Effects of LCV
injection of physiological saline (A) and PGE, at 10 fmol (3.53 pg, B), 10 pmol (3.53 ng, C)
and 1 nmol (353 ng, D) on the responses of the WDR neurons to noxious pinching stimuli.
The WDR neurons shown in B, C, and D were classified as “increased", "biphasic, i.e.,
decrease followed by increase” and “decreased” neurons, respectively. From [62, 63].
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microinjection of low doses of PGE, (5-50 fg) and M&B28767 (0.05-5 fg) into the
MPO reduced the paw-withdrawal latency in a U-shaped fashion in rats. The
M&B28767-induced hyperalgesia was also obtained in the LPO, the MnPO, and
the DBB. The microinjection of neither 17-phenyl-®-trinor PGE, nor butaprost had
any effect on nociception in these nuclei. On the other hand, the microinjection of
PGE, (5-500 pg) and 17-phenyl-o-trinor PGE, (500 pg) into the VMH prolonged
the paw-withdrawal latency. The analgesia after intraVMH injection of PGE, was
inhibited by the co-injection of SC19220 [our unpublished observation]. These find-
ings suggest that PGE, at low concentrations induces hyperalgesia through EP;
receptors in the MPO, LPO, MnPO and the DBB, whereas PGE, at high levels
induces analgesia through EP; receptors in the VMH.

Although it has not been determined as to how the density and distribution of
these EP receptors in the brain vary, in situ hybridization studies have demonstrat-
ed that the EP; receptor mRNA is much more abundant in the brain (including the
MPO and the DBB) than the EP; receptor transcripts [60] and no EP, receptor
mRNA is detectable in the brain [68]. The cloned mouse EP; receptors have a high-
er affinity to PGE, than the EP1 receptors [65]. Another question is why the hyper-
algesic actions disappear at higher doses of PGE, and M&B28767. One possible
explanation might be the desensitization<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>