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The surge o f  knowledge  about  the a u t o n o m i c  regulation o f  the h u m a n  

cardiovascular  system which c o m m e n c e d  in the 1940s was a consequence  

o f  m a n y  events. These included the in fo rmat ion  gained f rom animal 

studies o f  the various reflexogenic zones  which modu la t e  the circulat ion,  

the demons t r a t i on  o f  the feasibility o f  cardiac ca theter iza t ion  in man;  the 

urgent  need in the Second World War for  in fo rmat ion  on the effects o f  

gravitational forces on the h u m a n  cardiovascular  system which were 

encoun te red  in mili tary aircraft;  the deve lopment  o f  ins t rumenta t ion  and 

techniques  applicable to h u m a n  studies; and the growing number  o f  

clinician-scientists able to  divise and c o n d u c t  appropr ia te  studies and o f  

in formed  volunteers  willing to act as subjects for  the exper iments .  To  these 

should be added the demons t ra t ion  in 1948, in the splenic nerves o f  the 

ox,  that  norepinephr ine  was the sympa the t i c  neuro t ransmi t te r  (von Euler 

1948) and in the same year  the deve lopment  o f  the concep t  o f  two types  

o f  adrenoceptors ,  alpha and beta  (Ahlquis t  1948). 
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1 Measurement of Cardiovascular Events 

1.1 Cardiac Output 

The development of  the cardiac catheter permitted the application of  the 
direct Fick principle for the determination of  cardiac output  (Snetlen et 
al. 1981) and the strain gauge pressure transducer made possible accurate 
measurements of  intracardiac and intravascular pressures (Lambert and 
Wood 1947). The later use of  the indicator-dilution method (Fox and 
Wood 1960; Lassen et al. 1983), particularly after the development of  
indocyanine green dye as the indicator (Fox et al. 1957), facilitated the 
repeated determinations of  cardiac output  in individual studies (Wood 
1978). Later, the use of  thermodilution provided an alternative method 
(Swan and Ganz 1983). In recent years, the use of  two-dimensional Dopp- 
ler echocardiographic scanners with quantitative spectral analysis of  the 
Doppler signal has provided a noninvasive means of  estimating the cardiac 
output  and beat-to-beat changes in stroke volume (Valdes-Cruz et al. 
1984). 

The Fick principle also had wide application in the calculation of  the 
blood flow to the organs and tissues of  the body, for example, the use of  
inert gases to measure brain (Kety 1960) and coronary blood flow (Bing 
et al. 1949), of  indocyanine green to measure splanchnic or hepatic blood 
flow (Bradley et al. 1945; Rowell 1974), and of  the organic acid para- 
aminohippurate and of  inulin, a beta-glycosidic polymer of  fructose, to 
measure renal plasma flow and glomerular filtration rate respectively 
(Pitts 1968). 

Later, it was possible to measure regional myocardial blood flow by the 
localized uptake of  a diffusible indicator or by determination of  the rate 
of  its washout (Dwyer et al. 1973). 

1.2 Limb Blood Flow 

By the 1940s venous occlusion plethysmography was well established as a 
reliable method for the measurement of  blood flow in human limbs 
(Greenfield et al. 1963). The relative ease of making these measurements, 
both for the subject and investigator, as compared to the determination of  
the blood flow to other parts of  the body, and the fact that the plethys- 
mographic method permits moment- to-moment changes in flow to be 
followed, paved the way for the understanding of  the cardiovascular 
reflexes in man. Using this method,  Barcroft et al. (1943) were the first 
to demonstrate the significance of  the sympathetic innervation of  the 
resistance blood vessels in human muscles. They found that the blood 
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flow through the forearm was about doubled after all three deep nerves 
to the forearm had been blocked with a local anesthetic. Since this para- 
lyzed the forearm muscles, it was possible that the increased flow was due 
to a decrease in mechanical hindrance. However, similar blocks in sym- 
pathectomized limbs did not increase the flow. Thus the increased flow 
was due to active dilatation of the resistance blood vessels as a result of 
interruption of sympathetic vasoconstrictor impulses. When the skin 
circulation to the forearm was suppressed by iontophoresis of epinephrine, 
the flow still increased after deep nerve block, indicating that the in- 
creased flow was in vessels beneath the skin, presumably in muscle. Bar- 
croft and his colleagues (1943) concluded that the muscle vessels in man 
were supplied by sympathetic vasoconstrictor fibers. This was confirmed 
later by the finding of increased oxygen saturation of venous blood drain- 
ing muscle immediately following the nerve block (Roddie et al. 1957). 

These studies in 1943, followed a year later by the observation of an 
increase in forearm blood flow during fainting, attributed to activation of 
sympathetic vasodilator fibers (Barcroft et al. 1944), set the stage for 
studies to assess the importance of reflex changes in muscle blood flow in 
the regulation of the human cardiovascular system in normal and abnormal 
circumstances. 

The muscles of the human body constitute about 45% of the body 
mass. The blood flow to the resting forearm and calf muscles is approx- 
imately 3-5  ml/100 gm/min and with severe exercise it may be more 
than 10-15 times this amount, due to the action of local vasodilator 
metabolites. With maximal dynamic exercise of the knee extensors, 
blood flows of 250 ml/100 gm/min have been reported (Andersen and 
Saltin 1985). By contrast, blockade of the sympathetic nerves to the 
blood vessels in the resting limb muscles results in a two- to threefold 
increase in blood flow; when the sympathetic nerves are activated max- 
imally the resting blood flow is decreased to about 75% or more. Thus, 
as compared to the local mechanisms regulating muscle blood flow, 
the sympathetic nerves control a relatively small portion of the flow 
capacity of the muscles. However, because of the large proportion of 
the body mass which is muscle, reflex changes in vascular resistance in 
the muscles can make contributions equivalent to that of the splanchnic 
and renal circulation to the reflex control of total systemic vascular 
resistance and thereby of the arterial blood pressure (Shepherd 1983). 

Skin blood vessels, which are also richly innervated by sympathetic 
nerves, have little role in the regulation of arterial blood pressure. In addi- 
tion to its role as a waterproof and protective layer, the skin has a vital 
role in maintaining a normal body temperature. Thus, like the kidney, 
its blood flow usually far exceeds its small nutritional needs. There are 
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arteriovenous anastomoses in certain parts of  the skin which are charac- 
terized by a thick muscular wall and a rich sympathetic innervation. They 
are most numerous in the nail bed, but are also present in the palmar sur- 
face of  the hand and feet, and in the ears. They have not been identified 
in the skin of  the forearm or calf. These anatomoses provide a direct 
connection between the arterioles and the venules in the dermis. Thus, 
when they are open, much of  the blood can bypass the high-resistance 
arterioles and capillaries of  the papillary plexus and be shunted directly 
to the capacious subpapillary venous plexus (Roddie 1983). 

1.3 Efferent Sympathetic and Vagal Activity 

The recording of  efferent sympathetic activity, using tungsten micro- 
electrodes, from human skin and muscle nerve fascicles of  awake subjects 
has added new important information to our knowledge of  the reflex con- 
trol of  the circulation (Vallbo et al. 1979). Usually, multiunit recordings 
are obtained, but occasionally single units have been used. Evidence that 
it is sympathetic efferent activity that is being recorded is afforded by the 
fact that injection of  local anesthetic around the nerve proximal to the 
recording site eliminates the activity, whereas injections made distally are 
without effect, and by the facts that ganglionic-blocking agents eliminate 
the activity and that the conduction velocity is about I m/s. In addition, 
changes in nerve activity are followed within a few seconds by the expected 
changes in vascular resistance, in electrical resistance of  skin as evidence 
of sweating, and in arterial blood pressure. In skin fascicles, the resting 
activity consists of  irregular burst of  impulses, unrelated to arterial pulse 
pressure, whereas in muscle fascicles, it is characterized by fairly regular 
pulse-synchronous bursts, with intervening periods of  silence. The sympa- 
thetic activity in skin nerves is a mixture of  vasoconstrictor and sudomotor 
impulses, whereas that in muscle nerves is due to vasoconstrictor traffic. 
These studies have again emphasized the selectivity of  the sympathetic 
outflow to different effector organs (Abboud et al. 1975; Shepherd 1982). 
They have also demonstrated the similarity of  the outflow to different 
muscles. This suggests that there is a homogeneous regulation of  the post- 
ganglionic sympathetic neurons to skeletal muscle vessels, presumably 
originating in supraspinal neurons (Delius et al. 1972a-c;  Hagbarth and 
Vallbo 1968; Hagbarth et al. 1972; Janig et al. 1983; Sundl6f and Wallin 
1977). 

It has not been possible to obtain direct recordings of  vagal efferent 
activity in man. The degree o f  vagal tone to the sinus node has been esti- 
mated indirectly by the increase in heart rate following atropinization. 
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Another approach has been to use the magnitude of  sinus arrhythmia as 
an estimate of the degree of  the tonic vagal influence on the heart (Eck- 
berg 1983;Katona and Felix 1975). 

1.4 Dynamic Regulation of  Adrenoceptors 

The finding that beta-adrenoceptors are present on human leukocytes 
and alpha-adrenoceptors on human platelets permits the study of  adreno- 
ceptor regulation in man. In subjects with normal or elevated arterial 
blood pressure, aging was found to be associated with a reduced beta- 
adrenoceptor density (Bertel et al. 1980; Dillon et al. 1980; Fitzgerald et 
al. 1984) and no evident change in alpha-adrenoceptor density (Elliott et 
al. 1982). Beta-adrenoceptor density is reduced in patients with pheo- 
chromocytoma or otherwise high circulating catecholamines and is in- 
creased in subjects with low circulating or urinary catecholamines (Green- 
acre and Connolly 1978; Fraser et al. 1981a,b). A reduction in human 
lymphocyte beta-adrenoceptors and platelet alpha-adrenoceptors occurs 
after prolonged exposure to epinephrine (Cooper et al. 1978). These 
studies raise the possibility of  down- or up-regulation of the numbers of  
adrenoceptors as a consequence of  a prolonged increase or decrease, 
respectively, in sympathetic nerve activity (Nahirski and Bennett 1982; 
Tohmen and Cryer 1979). In studies on healthy volunteers at the 30th 
rain of treadmill exercise sufficient to increase their heart rate to 75% of  
predicted maximum, the beta-adrenoceptor density fell during the exer- 
cise and was only 51% of  the control value 15 min after cessation of the 
exercise. On a change from the resting supine to the upright posture, 
the beta-adrenoceptor density declined to 65% of  control after 2 h. When 
the subject lay supine over this period, receptor density did not change. 
Thus it seems that changes in sympathetic tone even for minutes rather 
than weeks may result in alterations in adrenoceptor density (Fitzgerald 
et al. 1981). 

1.5 Vascular Capacitance 

Observations on the behavior of  the capacitance vessels in the human have 
been restricted to the limbs (Shepherd and Vanhoutte 1975). Although 
splanchnic blood volume can be estimated by indicator-dilution tech- 
niques, it is not possible to determine whether changes in this volume are 
induced actively or passively (Rowell 1974). Sections 1.6-1.9 describe 
the methods used to study the limb veins. 
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1.6 Limb Volume-Venous Pressure Relationships 

Measurements are made at equilibrium of the stepwise changes in volume 
of the forearm, hand, calf, or foot that accompany changes in venous pres- 
sure. A plethysmograph is used to determine the changes in blood volume. 
Venous pressure is changed by inflation of a pneumatic cuff proximal to 
the site of measurement. Since paralysis of the limb muscles does not 
alter these pressure-volume relationships and since capillary filtration 
makes a minimum contribution over the short-term period of the measure- 
ments, shifts in these pressure-volume curves indicate alterations in dis- 
tensibility of the capacitance vessels due to local, humoral, or neural 
stimuli. 

1.7 Venous Pressure at Constant Blood Volume 

The blood flow to a segment of the limb is temporarily arrested by means 
of a pneumatic cuff inflated to suprasystolic pressure and the pressure 
within one of the large veins in the limb is measured. Since the limb con- 
tains a constant volume of blood, the changes in venous pressure are pro- 
portional to changes in tension of the smooth muscle of the vein wall. 
This is a convenient way of studying rapid changes in venomotor tone 
mediated by the sympathetic nerves (Samueloff et al. 1966). 

1.8 Vein Diameter 

Changes in diameter of cutaneous vein at a given venous distending pres- 
sure are estimated by a microscope (Nachev et al. 1971). 

1.9 Circulating Vasoactive Substances 

Radioimmunoassay and radioenzymatic assay have been used to measure 
the plasma concentrations of dopamine-beta-hydroxylase, epinephrine, 
norepinephrine, renin, and vasopressin. Plasma levels of  norepinephrine 
are frequently used as an index of sympathetic activity. Such levels are 
governed by the balance between release of norepinephfine from sym- 
pathetic nerve endings, reuptake into the endings, and catabolism of the 
amine. Only a small fraction of neuronally released norepinephrine reaches 
the circulation and substantial differences exist in the rate of norepine- 
phfine clearance between individuals under basal conditions (Fitzgerald 
1984). Thus local variations in sympathetic activity may occur without 
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altering the plasma norepinephrine concentration measured in peripheral 
plasma (Brown et al. 1981 ; Esler et al. 1982). When pressor and depressor 
responses were obtained in subjects by applying positive and negative pres- 
sures to the neck, plasma norepinephrine and epinephrine levels did not 
reflect these baroreceptor-induced alterations in sympathetic activity 
(Mancia et al. 1983a). However, in normal subjects in whom nitroprus- 
side hypotension and phenylephrine hypertension were induced, the 
plasma norepinephrine levels increased and decreased respectively. The 
amount of  change in plasma norepinephrine level associated with a drop 
in blood pressure was greater than that with a rise in blood pressure. This 
is consistent with known changes in sympathetic activity (Grossman et at. 
1982). 

Arteriovenous differences in epinephrine and norepinephrine concentra- 
tion were measured across several organs in nine resting patients with mild 
essential hypertension and five with renal artery stenosis. The estimated 
percentage contribution of  various organs to the norepinephrine concen- 
trations in the venous effluent was: heart 21, kidney 47, and legs 68. The 
arteriovenous difference across the adrenal glands was more than tenfold 
greater for epinephrine than for norepinephrine. The usual adrenal contri- 
bution to circulating norepinephrine in resting subjects is likely to be less 
than 2% (Brown et al. 1981). The splanchnic bed contributes little to the 
norepinephrine levels, since the liver clears catecholamines from the blood. 
Splanchnic fractional uptake of  epinephrine in normal subjects was 
90% + 3%, and for norepinephrine 68% -+ 4% (Keller et al. 1984). Removal 
of norepinephrine has also been demonstrated in human lungs (Gillis et al. 
1972). Since the plasma norepinephrine levels depend in part on the rate 
at which norepinephrine is removed from the circulation, the measurement 
of the spillover rate of norepinephrine to plasma, by use of  a small amount 
of radiolabeled norepinephrine, is a better index of sympathetic nerve 
activity. The latter measurement, however, does not identify the sources 
of  the released norepinephrine (Esler 1982). Wallin et al. (1981) have 
compared, in healthy resting recumbent subjects aged 2 2 - 5 8  years, the 
plasma norepinephrine concentration with the level of  multiunit sympa- 
thetic activity in muscle branches of the peroneal nerve. The results 
showed that both the norepinephrine levels and sympathetic activity vary 
widely between subjects, and both increased with age. There was a signif- 
icant positive correlation between a given subject's level of  sympathetic 
activity and plasma concentration of  norepinephrine. The authors suggest 
that overflow of transmitter from the sympathetic terminals in skeletal 
muscles makes an important contribution to the plasma level of  norepine- 
phrine at rest. This is supported by the studies of  Grassi et al. (1985a) in 
subjects with mild hypertension. They found that there was a significant 
positive relationship between the vasoconstriction and vasodilation in the 
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Fig. 1. Correlation between 
forearm vasoconstriction and 
changes in plasma norepine- 
phrine. Relationship between 
the increase and reduction in 
forearm vascular resistance 
(FVR) induced by lower-body 
suction and passive leg eleva- 
tion respectively and corre- 
sponding changes in plasma 
norepinephrine (NA) and epi- 
nephrine (A) in nine normal 
subjects. The changes that 
occurred at minutes 5, 10, 
and 20 of each maneuver are 
shown by the triangles and 
white and black circles 
respectively. Changes are 
expressed as percentages of 
basal values. (From Grassi et 
al. 1985a) 
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forearm induced by deactivation and stimulation, respectively, of the 
cardiopulmonary receptors and the simultaneously measured changes in 
plasma norepinephrine (Fig. 1 ). There is, however, no relationship between 
the mean levels of  sympathetic nerve activity and mean levels of  various 
blood pressure parameters in either normotensive or hypertensive subjects 
(Wallin and Sundl6f 1979). 

It is important to recognize that the sympathetic nerve fiber discharge 
occurs in a highly differentiated pattern. Thus in response to reflex and 
central stimuli the efferent sympathetic activity varies between the differ- 
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ent organs and tissues, and in the same organ or tissue can vary between 
resistance and capacitance vessels. In some instances, it may increase in 
some organs and decrease in others (Shepherd 1982). Hence the plasma 
level of norepinephrine gives no indication of  the relative changes in sym- 
pathetic outflow to the different components of  the cardiovascular system. 
To study this requires determination of norepinephrine outflow from the 
target organs (Folkow et al. 1983; Hjemdahl et al. 1984). 

It is also important to recognize that the activity of the sympathetic 
nerves is not the sole determinant of the amount of norepinephrine released. 
This can be modified by local metabolic changes at the neuroeffector 
junction and by the presence of numerous receptors on the sympathetic 
nerve terminals. During exercise, the local metabolic changes in the active 
muscles, in addition to their direct relaxing action on the vascular smooth 
muscle of the resistance vessels, can simultaneously depress the output  
of  norepinephrine from their nerves. Thus an increase in hydrogen or 
potassium ions, or in osmolality, can inhibit the exocytotic release of  nor- 
epinephrine, possibly by depressing the entry of  calcium ions into the 
nerve endings. The receptors on the sympathetic nerve endings include 
those that, when activated, reduce the output  of norepinephrine and those 
that increase it. The former include alpha2-adrenoceptors, muscarinic, 
H2-histaminergic and serotonin (5-hydroxytryptamine) receptors, and 
P1-purinergic receptors for adenosine; the latter include beta2-adrenocep- 
tots and angiotensin II receptors (Shepherd and Vanhoutte 1981; Van- 
houtte et al. 1981; Verbeuren et al. 1983; Fitzgerald 1984). 

In normal man, there is often a dissociation between the effects of  
various stimuli on the neuronal and adrenomedullary release of  catechol- 
amines. The most potent  stimuli of  norepinephrine release, in descencing 
order, were treadmill exercise, orthostasis, caffeine, the cold pressor test, 
sodium restriction, and handgrip exercise. By contrast, the order for plasma 
epinephrine was caffeine, treadmill exercise, the cold pressor test, hand- 
grip exercise, and the Valsalva maneuver. Syncope caused a marked in- 
crease in plasma epinephrine, but only a minor increase in norepinephrine 
(Robertson et al. 1979). 

2 Regulation of Sympathetic Outflow 

The studies of Claude Bernard and Cart Ludwig between 1851 and 1866 
demonstrated the importance of  the sympathetic nervous system in the 
regulation of  the circulation (Nell 1983). This, however, may only be 
apparent under stressful conditions. Patients with progressive autonomic 
failure cannot maintain their blood pressure when standing or even during 
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mild exercise while supine (Marshall et al. 1961). I f  the heart is denervated 
but the sympathetic nerves to the systemic vessels are intact (e.g., follow- 
ing heart transplantation), the myocardium becomes supersensitive to 
circulating norepinephrine entering the bloodstream from peripheral 
sympathetic nerve endings. This permits the heart rate and contractility 
to increase appropriately to meet the demands of  exercise (Donald and 
Shepherd 1963; Donald et al. 1968). The sympathetic outflow to the 
heart and the blood vessels is controlled by central nervous structures, 
whose activity is continuously modulated by information received from 
an array of peripheral sensors. The major sensory receptor groups are the 
arterial baroreceptors and chemoreceptors, mechano- and chemosensitive 
endings in the heart and lungs, and ergoreceptors in the skeletal muscles. 
The projections from these sensors relay at various sites, so that the pat- 
tern of  the sympathetic outflow depends on complex interactions at many 
different levels in the central nervous system. Animal studies have shown 
that the baroreceptor afferents which travel in the glossopharyngeal nerves 
relay in the cell bodies of  the petrosal and nodose ganglia respectively, 
and terminate in the nucleus of  the solitary tract of the medulla. The 
nucleus of  the solitary tract also receives input from the chemoreceptors 
and receptors in the heart and lungs subserved by vagal afferents and from 
receptors in the skeletal muscles. The efferent fibers of  the nucleus of  the 
solitary tract project to the cardiac vagal nuclei of the medulla (the 
ambiguus nucleus and the dorsal motor  nucleus), to other nuclei in the 
reticular formation of  the brain stem, including the paramedian reticular 
nucleus, to the sympathetic preganglionic nuclei in the interomediolateral 
horns of  the spinal cord, and to the hypothalamus and the amygdaloid 
nucleus. The paramedian reticular nucleus, via connections from the 
fastigial nucleus of the cerebellum, has, as a consequence of  input from 
the vestibular apparatus, an important role in the increase in sympathetic 
outflow that serves to maintain the arterial blood pressure when the 
upright position is assumed (Doba and Reis 1974). Afferents from the 
trigeminal nerve also pass to the brain stem and when activated in animals 
can cause bradycardia and hypotension. 

Changes in the traffic in efferent fibers from the nucleus of  the solitary 
tract can excite or inhibit the vagal cholinergic efferent pathway to the 
heart and can activate the excitatory or inhibitory bulbospinal pathways, 
which terminate close to the preganglionic sympathetic neurons in the 
intermediolateral horns of  the thoracic and lumbar segments of  the 
spinal cord. In the rat, there are neurons in the rostral portion of  the 
ventrolateral medulla (nucleus reticularis rostroventrolateratis) which syn- 
thesize epinephrine and exert an excitatory influence on sympathetic 
vasomotor fibers, the adrenal medulla, and the posterior pituitary. These 
neurons are tonically active and thus maintain resting arterial tone; since 
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they receive a direct projection from the nucleus of the solitary tract, they 
may also be an integral part of the baroreceptor reflex arc (Ross et al. 
1984). 

The intermediolateral horn cells are the key site of origin of the sym- 
pathetic outflow. Norepinephrine, epinephrine, 5-hydroxytryptamine, and 
substance P cell groups are present in the ventrolateral medulla, but the 
role of these different cell groups in regulating the intermediolateral 
horn cells is unknown. Iontophoretic application of norepinephrine and 
epinephrine onto preganglionic sympathetic neurons inhibits, while 
5-hydroxytryptamine and substance P excite them. This suggests that 
5-hydroxytryptamine and substance P are more likely to be excitatory 
neurotransmitters of  the sympathetic preganglionic neurons than nor- 
epinephrine or epinephrine. Studies on the spontaneously hypertensive rat 
have suggested that substance P or a closely related peptide may be 
responsible for regulating the sympathetic outflow involved with tonic 
maintenance of vasomotor tone (Palkovits and Zaborszky 1977; Ricardo 
and Koh 1978; Kidd 1979; McAllen et al. 1979; Palkovits 1980, 1981; 
Kalia et al. 1981; Spyer 1981; Donoghue et al. 1984; Antonaccio 1984; 
Cechetto and Calaresu 1984; Takano et al. 1985). 

The arterial baroreceptor afferents which control cardiac vagal efferents 
diverge in the nucleus of the solitary tract from those afferent fibers 
which influence sympathetic neurons. This permits selective baroreflex 
control of  cardiac vagal and sympathetic motor neurons (P6raz~sz et al. 
1962). 

There are also projections from the higher brain centers to the nucleus 
of the solitary tract. This array of connections makes this nucleus a key 
integrating center for the reflex control of the cardiovascular system. In 
addition, there are the centers in the hypothalamus concerned with tem- 
perature regulation and the cardiovascular responses to emotion, and 
"command" centers in the cerebral cortex which modulate the sympa- 
thetic outflow during certain types of exercise. It is not surprising, in view 
of the complexity of the central controlling centers and their connections, 
that the normal response to the customary daily stresses is a differential 
change in sympathetic activity to the heart and the various vascular beds 
(Heistad et al. 1973; Abboud and Thames 1983). 

The continuous registration of arterial blood pressure has demonstrated 
that in normal individuals this shows little fluctuation when the subject is 
resting quietly. However, the pressure varies widely over a 24-h period as 
normal activities are pursued, due to behavioral factors and to moment- 
to-moment changes of a respiratory and nonrespiratory nature (Miller- 
Craig et al. 1978; Mancia et al. 1983b); these originate in centers in the 
brain and cause changes in the autonomic outflow to the heart and blood 
vessels (Fig. 2). The continuous adjustments in autonomic activity, both 
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Fig. 2. The variability of arterial blood pressure and heart rate. The points represent the 
mean arterial pressure and heart rate values separately obtained for the 48 half hours 
of a 24-h recording period. Blood pressure was recorded by a catheter placed in a 
radial artery and heart rate by calculation of pulse interval valves from the blood 
pressure tracing. Data were analyzed beat-to-beat by a computer. Means + SE from 89 
ambulatory subjects with normal blood pressure or essential hypertension varying 
from mild to severe. (From Mancia et al. 1983b) 

directly from brain centers and via the cardiovascular reflexes, provide the 
body with the perfusion pressure necessary to meet, in conjunction with 
the local regulation of  the resistance blood vessels, the varying metabolic 
requirements of  each of  the organs and tissues of  the body. 

3 Methods of Studying Human Cardiovascular Reflexes 

In animals it is possible to isolate specific receptor groups and to abrogate 
or hold constant other reflex inputs to the central nervous system. This, 
however, is not possible in man. Thus each technique that has been used 
has to be assessed critically in order to recognize the limitations of  the 
conclusions that may be drawn from the studies (Goldstein et al. 1982; 
Mancia and Mark 1983; Mark and Mancia 1983). These techniques will be 
outlined briefly. 

3.1 Arterial Baroreceptors 

3.1.1 Application o f  Negative and Positive Pressure to the Neck 

The commonly used approach to the study of  the carotid baroreflex, 
introduced by Ernsting and Parry (1957), is to apply negative and positive 
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pressures to the neck to cause increases and decreases respectively in 
carotid sinus transmural pressure, and hence resultant changes in the diam- 
eter of the carotid arteries. This alters the degree of activation of the 
carotid sinus baroreceptors. It may be accomplished either by enclosing 
the neck in a chamber or by applying a cup over the carotid sinus region 
which encompasses the anterior and lateral aspects of the neck (Beveg~rd 
and Shepherd 1966b; Eckberg et al. 1975; Ludbrook et al. 1977). The 
technique permits the establishment of the relationship between changes 
in carotid transmural pressure, arterial blood pressure, heart rate, and 
resistance in different systemic vascular beds. 

All of the external pressure changes are not transmitted to the tissues 
adjacent to the walls of the carotid sinuses. It is, of  course, the pressure 
inside the vessel minus the tissue pressure immediately outside it that 
governs the amount of stretch to which the mechanoreceptors are sub- 
jected. When positive and negative pressures are applied to the neck only 
86% of the positive pressure and 64% of the negative pressure are trans- 
mitted. Fortunately, the pressure losses are similar among subjects regard- 
less of the shape and size of the neck. Thus appropriate corrections can 
be applied to determine the shape of the curve relating receptor activity 
to hemodynamic response (Ludbrook et al. 1976, 1977). The application 
of positive pressure does not cause cerebral ischemia (Ludbrook et al. 
1977) or trigger responses via the carotid chemoreceptors (Eckberg et al. 
1975; Ludbrook et al. 1977). 

The main limitation of the method is that the alterations of systemic 
arterial blood pressure induced by changes in the activity of the carotid 
sinus baroreceptors will affect in an opposite manner the aortic barorecep- 
tors and possibly receptors in the left ventricle. Thus the blood pressure 
responses obtained may reflect a combination of opposing baroreceptor 
influences. The importance of the aortic baroreceptors in the control of  
arterial blood pressure in man is still unanswered. This limitation does not 
apply to studies of the vagally mediated response in heart rate. The much 
shorter latency than the sympathetically mediated responses permits the 
changes in heart rate to be evident prior to any significant change in 
arterial blood pressure; thus the aortic baroreflex is unlikely to influence 
the sinus node response during the first few seconds of changes in neck 
pressure. 

The possibility that an emotional stimulus, a change in the activity of 
airway receptors (Trzebski et al. 1980a,b), or a reduction in venous return 
and hence in the activity of the low-pressure cardiopulmonary mechano- 
receptors may accompany the changes in neck pressure must also be con- 
sidered. 
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3.1.2 Occlusion of  Common Carotid Arteries 
and Stimulation of  Carotid Sinus Nerves 

Other methods that have been used infrequently include manual occlusion 
of the common carotid arteries (Roddie and Shepherd 1957) and electrical 
stimulation of the carotid sinus nerves (Carlsten et al. 1958; Neufeld et al. 
1965; Epstein et al. 1969; Farrehi 1972). With the former approach, the 
degree of the pressure decrease in the carotid sinus is unknown and stimu- 
lus-response curves cannot be determined; with the latter, all the fibers in 
the carotid sinus nerve are activated simultaneously, contrary to the case 
in their normal recruitment, and chemo- as well as baroreceptor afferents 
may be stimulated. 

3.1.3 Pressor and Depressor Drugs 

Another approach is to use drugs to alter arterial blood pressure and to 
examine the resultant neurally mediated changes in heart rate. Usually, 
phenylephrine is used to raise the pressure and amyl nitrite, nitroglycerine, 
or nitroprusside to lower it. The relationship is plotted between progres- 
sive changes in systolic blood pressure and the R-R interval during the 
infusion. A linear relationship is found whose slope is taken as an index of 
the sensitivity of the arterial baroreflex control of heart rate (Smyth et al. 
1969). The interpretation is complicated by the exponential relationship 
between R-R interval and heart rate. The alterations in R-R interval 
required to produce a given change in heart rate increase with increasing 
baseline R-R interval values. When the initial heart rate is altered, heart 
rate changes in response to a given stimulus to the baroreceptors may be 
identical. When the same experimental data are plotted using R-R inter- 
vals instead of heart rate, an inverse relationship is seen (Fig. 3). Thus 
two different interpretations may be made as to whether or not there is a 
change in sensitivity of the baroreflex heart rate response, depending on 
whether R-R interval or its reciprocal heart rate is used in plotting the 
data. 

The benefit of the technique is that the same changes in pressure are 
sensed by the carotid and aortic baroreceptors and by other receptors in 
the arterial side of the circulation. Also the subjects are usually unaware 
of the stimulus. While the drugs used might directly alter the tension 
exerted by the smooth muscle cells in the walt of the carotid sinus and 
thus modify the stimulus to the baroreceptors (Peveler et al. 1983), these 
cells are scarce in man and do not appear to induce baroreceptor activa- 
tion when they are exposed to topical application of epinephrine or stim- 
ulation of the cervical sympathetic trunk. The possibility does exist that 
the activity of other receptors may be modulated. For example, changes 
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Fig. 3. Use of heart rate versus R-R inter- 
val to determine whether or not the 
carotid baroreflex is reset during exer- 
cise. Dog with carotid sinuses vascularty 
isolated and aortic arch denervated. 
Heart rate and R-R interval response 
curves to changes in static pressure in 
the isolated sinuses, at rest and during 
treadmill exercise. The heart rate plot 
suggests that during exercise the set- 
point of the carotid baroreflex is ele- 
vated, but the shape of the curve is un- 
changed. The R-R interval plot of the 
same data implies that the gain of the 
curve is much reduced. The maximal 
slope at rest was 6.5 ms/mmHg, com- 
pared with 1.3 ms/mmHg during exer- 
cise. Analysis of the data in this manner 
would have led to the conclusion that 
carotid baroreflex sensitivity was de- 
pressed during exercise. (Data from 
Melcher and Donald 1981) 

in central  venous pressure caused by  the ni t ra tes  may  affect  mechanore -  

ceptors  in the atrial wall. 
While such studies permi t  the relat ionship be tween  changes in barore-  

cep to r  activity and hear t  rate to  be examined ,  it is no t  possible to  deduce  
f rom them the relat ionship be tween  ba ro recep to r  act ivi ty and arterial 

b lood  pressure ( L u d b r o o k  et al. 1980);  hear t  rate is on ly  one  c o m p o n e n t  
o f  the  m a n y  c o m p l e x  cardiovascular  events which de te rmine  the latter .  

3.2 Ca rd iopu lmonary  Mechanorecep to r s  

3.2.1 Negative Pressure to the Lower Body 

To s tudy  ref lexes f rom the hear t  and lungs the appl icat ion o f  negative 
pressure to  the  lower  b o d y ,  devised by  Restall  and Smirk (1952)  and by  
Brown et al. (1966) ,  is usually the  m e t h o d  o f  choice.  By pulling b lood  f rom 
the central  c i rcula t ion to  the per iphery  this reduces  the  cardiac filling pres- 
sure and hence  the st imulus to mechano recep to r s  in the low-pressure side o f  
the  central  c irculat ion.  When small negative pressures are used,  the central  
venous pressure can be reduced  wi thou t  change in mean  arterial pressure or  
pulse pressure or  in arterial dP/d t .  Thus  the  act ivi ty o f  the arterial barorecep-  



Reflex Control of the Human Cardiovascular System 17 

tors is unchanged; with higher pressure both the cardiac filling pressure and 
systemic arterial mean and pulse pressures are decreased, so that the activity 
both of  the low-pressure cardiopulmonary and the arterial mechanore- 
ceptors is reduced (Johnson et al. 1974). When 80 mmHg lower-body 
negative pressure was applied, the decrease in mean arterial pressure was 
exaggerated by beta-adrenergic blockade (Bjurstedt et al. 1977). 

3.2.2 Congesting Cuffs 

The application of  congesting cuffs to the thighs has been used occasionally 
to decrease cardiac filling pressure without changing the arterial pressure, 
but this does not permit the same magnitude of  changes in central venous 
pressure. 

3.2.3 Tilting 

Tilting the subject from the supine to the upright position also decreases 
central venous pressure, but this is accompanied by changes in the afferent 
traffic from the arterial baroreceptors and possibly also changes from 
the vestibular apparatus and from receptors in the postural muscles. 

3.2.4 Elevation o f  Legs or Legs and Lower Trunk 

The elevation of  the legs or legs and lower trunk has been used to activate 
the cardiopulmonary receptors by increasing the cardiac filling pressure 
(Roddie and Shepherd 1956, 1958), as have head-out water immersion 
(Restall and Smirk 1952; Epstein 1976) and negative-pressure breathing 
(Roddie and Shepherd 1963). 

Results obtained with these techniques and with other methods to 
examine the other cardiovascular reflexes in man will be summarized. For 
detailed analyses, the reader should consult the recent excellent reviews 
by Abboud and Thames (1983), Mancia and Mark (1983), Mark and 
Mancia (1983), Mitchell and Schmidt (1983), Lind (1983), Rowell (1983), 
and Ludbrook (1983). 

4 Carotid Baroreflexes 

The primary role of  the arterial baroreceptors is the rapid adjustment of  
arterial blood pressure around the existing mean pressure. This is accom- 
plished by changes in heart rate, stroke volume, cardiac contractility, total 
systemic vascular resistance, and venous capacitance. 
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4.1 Heart Rate 

Increases or decreases in the activity of the carotid baroreflexes cause 
opposite change in heart rate. The rapid cardiac slowing with baroreceptor 
stimulation is mediated primarily, if not completely, by an increase in 
vagal activity to the sinus node (Eckberg et al. 1972; Mancia et al. 1978a). 
With decreased stimulation the rapid acceleration is also mediated mainly 
by a decrease in vagal activity; an increase in sympathetic outflow to the 
sinus node will contribute during a sustained deactivation of the receptors 
(Mancia and Mark 1983). The latency of the heart rate response to changes 
in baroreceptor activity is brief (Pickering and Davis 1973), averaging 
260 ms with neck suction and 440 ms with neck pressure. An increase of 
about 10 mmHg in resting systolic pressure is sufficient to activate the 
reflex cardiac slowing (Eckberg 1976, 1977a,b, 1980a,b). The sinus node 
response in man to a single baroreceptor stimulus is biphasic, with inhibi- 
tion followed by less intense but more prolonged facilitation (cardio- 
acceleration). A single stimulus modulates sinus node function for about 
7 s. These complex changes probably reflect changing temporal relation- 
ships between the arterial pulse and sinus node activity, and interactions 
between oscillating levels of acetylcholine and the responsiveness of the 
sinus node to acetylcholine (Baskerville et al. 1979). The ability of the 
arterial baroreceptors to change heart rate rapidly through the action of 
the vagus on the sinus node permits the heart rate to be regulated on a 
beat-to-beat basis (Eckberg 1980b). In the cat, dog, and rat chronic sino- 
aortic denervation is accompanied by a marked increase in arterial blood 
pressure variability and a marked reduction in heart rate variability (Krie- 
ger 1964; Cowley et al. 1973; Ito and Scher 1981; Norman et al. 1981; 
Ramirez et al. 1985). 

The reflex heart rate changes in response to rising and falling arterial 
pressure were compared using phenylephrine to raise the pressure and 
amyl nitrite to lower it; the response to falling pressure, expressed as 
milliseconds' change in pulse interval per millimeter of mercury change in 
systolic pressure, was 40% of that to rising pressure. This difference was 
not due to different effects on pulse pressure or to different rates of change 
of pressure (Pickering et al. 1972a). The sinus node responses to arterial 
baroreceptor stimulation with phenylephrine injection or neck suction 
were studied in healthy men before and during changes of central venous 
pressure caused by lower-body negative pressure and by leg and lower 
trunk elevation. Variation in this pressure of between 1.1 and 9.0 mmHg 
did not influence arterial baroreflex-mediated bradycardia (Takeshita et 
al. 1979). 
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Fig. 4. Average tidal volume (upper) 
and maximal pulse interval (lower) in 
response to stimulation of carotid baro- 
receptors by neck suction in six young 
adults. The time of onset and the dura- 
tion of each baroreflex stimulus is in- 
dicated by the stippled bars. Note the 
oscillation of baroreflex responsiveness 
during the respiratory cycle: responses 
were minimal when stimuli were applied 
in early and mid-inspiration, maximal 
when stimuli were applied in late in- 
spiration and early expiration, and inter- 
mediate when stimuli were applied in 
mid- and late expiration. (From Eckberg 
et al. 1980) 

0'6 

= 0'4 

~= 0.2 

0-3 

v 
0-2 

t=. 
0.1 

~ q l~  

i I I I I ~ 

0 ! 
o 7 

Inspiration [ Expiration 
t 

I I I ! I I 
1 2 3 4 5 6 

T i m e  (sec) 

4.2 Respiratory Sinus Arrhythmia 

The increase in heart rate during inspiration and the slowing during expira- 
tion, which is most marked in children and young adults, is caused by a 
variation in the depolarization frequency o f  the sinus node, caused largely 
by alteration in vagal activity. Four mechanisms could explain the increase 
in heart rate with inspiration: 

1. Reflex inhibition of  the cardioinhibitory center  (vagal nucleus) by the 
slowly adapting stretch receptors in the lungs. 

2. Central irradiation of  inhibitory inpulses from the respiratory centers to 
the cardioinhibitory center. 

3. Increased filling of  the right atrium during inspiration, and a resultant 
activation o f  mechanoreceptors at the junction of  the great veins with 
the right atrium; this could increase sympathetic activity to the sinus 
node (Linden and Kappagoda 1982). 

4. A change in sensitivity of  the carotid sinus baroreflex occurring in 
phase with respiration. 

The ability o f  the arterial baroreceptors to control heart rate depends 
on the period during the respiratory cycle that the signal to the barorecep- 
tots is changed. The sensitivity is less during early and mid-inspiration and 
increases in late inspiration to reach a maximum in the early expiratory 
phase (Fig. 4). Thus increased activation o f  these receptors during early 
and mid-inspiration and late expiration causes little sinus node inhibition; 
stimuli in late inspiration and early expiration cause maximal inhibition. 
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As breathing quickens this differential responsiveness is lost. In subjects 
with marked sinus arrhythmia, breath-holding does not abolish the oscil- 
lations in heart rate. The sensitivity of  the carotid baroreceptor-heart rate 
reflex during voluntary apnea is augmented during slowing and attenuated 
during acceleration of  the heart. The respiratory sinus arrhythmia is 
independent of the variations in arterial pressure with the respiratory 
cycle. Various explanations for this have been advanced, including central 
interferences from changes in input to the central nervous system from 
cardiopulmonary receptors, or brain centers involved in the regulation of  
breathing which moderate the baroreceptor-heart  rate control reflex. The 
respiratory sinus arrhythmia may be explained best by the existence of a 
central respiratory oscillator, which continuously modulates the sensitiv- 
ity of  the arterial baroreceptor-sinus node reflex during normal quiet 
respiration. It seems that this central modulation is not due to a "gating" 
action that blocks the input from the baroreceptors, but to an additive 
opposition between the central neurons and the reflex input at the level 
of the vagal cardioinhibitory neurons (Lopes and Palmer 1976; Melcher 
1976, 1980; Eckberg and Orshan 1977; Borst and Karemaker 1980; 
Eckberg et al. 1980). 

4.3 Standing 

The mechanism of  the initial heart rate response to standing in normal 
subjects is complex, with fluctuations which last for 2 0 - 3 0  s. There is an 
immediate increase, caused by withdrawal of  vagal activity to the heart 
which may originate directly from the higher centers in the brain and/or 
from ergoreceptors in the contracting postural muscles. There follows a 
further increase in heart rate and a rapid decrease; since these changes are 
accompanied by opposite changes in arterial blood pressure, it is suggested 
that they are mediated primarily by the arterial baroreflexes. However, 
the cardiopulmonary receptors may also be involved (Borst et al. 1982). 

On standing following 20 min supine rest in eight normal subjects, there 
were also large fluctuations in blood pressure lasting for 2 0 - 3 0  s. There 
was an immediate increase in systolic blood pressure (29 +- 6 mmHg). It 
is suggested that this was due to compression of arteries by the contract- 
ing postural muscles. This increase was followed by fluctuation in systolic 
pressure to 28 -+ 2 mmHg below control after 7 s and to 22 -+ 2 mmHg 
above control after 22 s. The decrease is attributed to the passive transloca- 
tion of  blood from the thorax with a temporary predominance of  a decrease 
in cardiac output  prior to the reflex constriction of  systemic resistance 
and sptanchnic capacitance vessels, and to a stimulation of  the arterial 
baroreceptors by the initial pressure increase. The recovery of blood pres- 
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sure is attributed to decreased stimulation both of arterial and cardiopul- 
monary mechanoreceptors (Borst et al. 1984). Other studies support the 
view that ventricular mechanoreceptors play an important role in reflex 
adjustments to orthostatic stress in humans (Ferguson et al. 1983). 

4.4 Atrioventricular Conduction 

The carotid baroreceptors also modulate atrioventricular conduction, 
mainly through vagal cholinergic mechanisms, without affecting the ven- 
tricular portion of the atrioventricular conducting system. This modula- 
tion appears to have the role of maintaining a constant time relationship 
between atrial and ventricular events during reflex changes in heart rate 
(Mancia et al. 1979a). Studies using low-intensity electrical stimulation 
of the carotid sinus nerves in normotensive subjects with coronary artery 
disease have shown a latent period of 0.5-0,6 s for PP-interval changes 
and a latency of 0.9-1.4 s for AV-interval changes. Both latencies increased 
to 3 s after cholinergic blockade (Borst et al. 1974; Borst and Karemaker 
1983). 

4.5 Arterial Blood Pressure 

In normal subjects, the myelinated fibers in the carotid sinus nerves have 
been activated by electrical stimulation with frequencies of 20-200  Hz. 
Judged by the absence of respiratory changes, it is unlikely that chemore- 
ceptor afferents were activated. Changes in arterial blood pressure were 
measured. The reflex effects on blood pressure increased approximately 
with the number of stimulus pulses per unit time up to 80 Hz. When the 
afferent impulse activity exceeded 120 Hz, frequency-dependent adapta- 
tion was observed. These studies support the view that the brain stem is 
largely insensitive to the phasic, cardiac-cycle-related nature of barorecep- 
tor afferent activity (Borst et al. 1983). 

In normal subjects the arterial blood pressure decreases when the carotid 
baroreceptors are activated by application of negative pressure to the 
neck and increases when their activity is lessened by positive pressure. 
When a steady state is reached, and allowance is made for the loss of  pres- 
sure transmission from the neck to the tissue outside the carotid sinus, 
the pressor response to a given change in carotid transmural pressures is 
about 50% greater than the depressor response. Thus the sensitivity of the 
carotid baroreflex seems to be greater during baroreceptor deactivation 
than during activation. This has been explained by the location of the set- 
point (Mancia et al. 1979b). In normal subjects this is near the saturation 
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Fig. 5. Carotid baroreceptor influence on mean arterial blood pressure in 11 normo- 
tensive, 18 moderately hypertensive, and 17 severely hypertensive subjects. Changes in 
carotid transmural pressure were achieved by applying positive and negative pressures 
to an airtight chamber enclosing the neck. The open circle, the closed circle, and the 
cross represent the average (-+ standard error) mean arterial pressure during the control 
period in each group. The continuous lines represent the average of individual regres- 
sion coefficients relating mean arterial pressure to increased and decreased carotid 
transmural pressure with respect to control values, the dashed lines indicating the 
standard errors of the regressions. The data are shown for the late or steady state 
effects of the neck chamber, the carotid transmural pressure being calculated as the 
difference between the mean arterial pressure and the tissue pressure outside the 
carotid sinuses. The latter was calculated from the value of the neck chamber pressure 
variation after application of the correction factors for loss of pressure transmission 
through the neck tissues. (After Mancia et al. 1978d) 

limit of  the curve that relates the carotid baroreflex stimulus to the changes 
in arterial blood pressure. This makes the reflex more effective in buffer- 
ing a reduction in pressure than an increase in pressure (Fig. 5). 

The decrease in arterial blood pressure with neck suction is due to 
various combinations of  decreases in cardiac output  and in total systemic 
vascular resistance; there is little change in stroke volume (Beveg]rd and 
Shepherd 1966b; Mancia et al. 1979b; Mancia and Mark 1983). Likewise, 
increases in cardiac output  and/or resistance contribute to the pressor 
response. Since combined beta-adrenergic and parasympathetic blockade 
abolished the increase in cardiac output  caused by a reduction o f  the 
carotid sinus transmural pressure, it seems that adjustments of  cardiac 
output  are not essential for the buffering action of  the carotid sinus baro- 
receptors (Bjurstedt et al. 1975). Atropine does not affect the changes in 
blood pressure, indicating that cholinergic fibers do not participate. Also 
the epinephrine content  in the plasma does not  alter, so that the adrenal 
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medulla is not involved. Thus alterations in total systemic vascular resis- 
tance depend on alterations in sympathetic vasoconstrictor tone (Mancia 
et al. 1978d). Neck suction causes a greater reduction in mean arterial 
pressure in young subjects because of a greater reduction in total systemic 
vascular resistance than is observed in older adults (Lindbtad 1977). 

Compared to the vagally mediated heart rate changes, the changes in 
arterial blood pressure mediated by the sympathetic nerves are slower. 
Thus, when the carotid baroreceptors are activated by negative pressure 
applied to the neck, a decrease in arterial pressure occurs in about 3 s, 
and reaches a maximum within 10-20 s; with positive pressure a steady 
increase in pressure is reached in 20 -30  s (Eckberg et al. 1976; Mancia et 
al. 1979b). 

In normotensive subjects with coronary artery disease, low-intensity 
electrical stimulation was used to activate both carotid sinus nerves. The 
latent period was estimated, during right atrial pacing, between the start 
of the stimulation and the onset of  the re fex  fall of  diastolic arterial 
blood pressure. With the fixed heart rate, the arterial pressure changes 
started after 2 - 3  s. The central processing time of baroreceptor afferent 
activity was estimated at 0.25 s (Borst and Karemaker 1983). This long 
latency prevents rapid oscillations in blood pressure. 

In subjects in whom arterial blood pressure was monitored continu- 
ously over 24 h, the greater or lesser tendency of blood pressure to vary 
within or among half-hour periods showed an inverse relationship with the 
sensitivity of the baroreceptor reflex as measured by the magnitude of the 
blood pressure response to neck suction or pressure or to the heart rate 
responses to phenylephrine and to trinitroglycerine injection (see Fig. 18, 
p. 67; Mancia et al. 1986). By contrast, heart rate variabilities within and 
among half hours and baroreflex sensitivities were linked by a positive 
relationship. These findings suggest that the arterial baroreflexes buffer 
spontaneous blood pressure changes in man. Baroreceptor-induced changes 
in heart rate, and presumably in cardiac output, may be one of the mech- 
anisms involved. However, the spontaneous changes in blood pressure do 
not increase after atropinization, indicating the importance of other 
compensatory machanisms (Mancia et al. 1985). 

4.6 Vascular Beds 

4.6.1 Skeletal Muscles 

The majority of the studies indicate that, contrary to the findings in 
animals, the carotid arterial baroreceptors may have a minor role in the 
control of  muscle resistance vessels via the sympathetic noradrenergic 
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Fig. 6. Record of sympathetic efferent traffic to the leg muscle vessels of a normal 
human subject (peroneal nerve at the fibular head), showing more bursts occurring 
during a decrease than during an increase in blood pressure. Stippled areas indicate 
corresponding sequences of bursts and heart beats. Compensation made for reflex 
delay of 1.3 s between blood pressure and neural events. (From Sundl6f and Wallin 
1978) 

nerves, whereas the cardiopulmonary receptors have a major influence. 
This, however, may be due to the way in which the carotid baroreceptors 
have been activated or deactivated, i.e., by applying a constant negative 
pressure to the neck or by manual occlusion of both carotid arteries 
(Beveg]rd and Shepherd 1966b; Roddie and Shepherd 1957). When sine 
wave changes in pressure are applied to the neck, greater changes in muscle 
vascular resistance occur. Thus the possibility must be considered that 
arterial baroreceptors can exert considerable transient control over the 
muscle resistance vessels (Wallin et al. 1980; Lindblad et al. 1982). 

Additional information has been obtained by multiunit recordings of 
the sympathetic impulses to the skeletal muscle vessels of the lower limbs. 
These are grouped in pulse-synchronous bursts, which occur during spon- 
taneous reductions in arterial pressure and disappear during spontaneous 
elevations (Fig. 6). The occurrence of bursts correlates with variations of 
diastolic but not of  systolic blood pressure; the changes in sympathetic 
activity per millimeter mercury blood pressure change are greater when 
the blood pressure is decreasing than when it is increasing. Thus acute 
decreases in arterial blood pressure are buffered more efficiently than 
acute increases, and variations of sympathetic activity to skeletal muscle 
are determined mainly by fluctuations in diastolic blood pressure. In nor- 
mal subjects at rest there is a linear relationship between the mean level of 
sympathetic nerve activity to muscle and the plasma concentration of 
norepinephrine. With application of sinusoidal suction to the neck, there 
is a marked though short-lasting inhibition of sympathetic outflow in the 
skeletal muscle nerves. By contrast, steady suction over several minutes 
results in only minor changes in sympathetic activity. This suggests that 
the carotid baroreceptors have a greater influence in modulating the 
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Fig. 7. Effect of passive elevation of the legs of a normal subject on the circulation 
through the forearm. With leg elevation the blood flow in the forearm increases. This 
is due to an increase in muscle blood flow, since the oxygen content of the blood 
draining the forearm muscles increases (Deep Vein) but that of the blood draining the 
forearm skin (Superficial Vein) does not. The increased flow is due to reflex dilata- 
tion, since it was prevented by blocking the sympathetic nerves to the forearm vessels 
with a local anesthetic. The dilatation was not affected by atropine, indicating that it 
was caused by decreased activity of noradrenergic fibers and not by activation of 
cholinergic fibers. It was caused by displacement of blood from the legs, since it was 
prevented by inflation of thigh cuffs to suprasystolic pressure before the leg elevation. 
Since arterial mean and pulse pressures were unchanged, and central venous pressure 
increased, the reflex dilatation is attributed to excitation of receptors somewhere in 
the heart and lungs. (From Donald and Shepherd 1978) 

vascular resistance in the skeletal muscles during dynamic  than during 

static changes in arterial b lood  pressure. The absence o f  a corre la t ion 

be tween  static b lood  pressure levels and the sympathe t i c  activity to skel- 

etal muscle b lood  vessels implies that  static cont ro l  o f  arterial b lood  pres- 

sure depends  more  on the reflex cont ro l  o f  o ther  parts o f  the vascular 

sys tem (Wallin et al. 1975). This contrasts  with the major  influence o f  

receptors  in the low-pressure side o f  the cardiovascular  system on the 

resistance vessels in h u m a n  forearm skeletal muscles (Figs. 7 and 8) 
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Fig. 8. Average values for responses to ramp 
lower-body negative pressure (LBNP) in nine 
subjects. MP, mean aortic pressure; PP, pulse 
pressure; RAP, right atrial pressure; HR, heart 
rate; SBF, splanchnic blood flow; and FBF, 
forearm blood flow. Ramp LBNP applied at 
- 1  mm-Hg/min. Bars with entries for SBF indi- 
cate SE; values for SE for other variables were 
too small to be shown. Asterisks denote first 
three significant decrements in SBF below con- 
trol. At 0-20 mmHg, LBNP reduces RAP with- 
out reducing aortic MP or PP and without in- 
creasing HR. This mild LBNP produced a sub- 
stantial decrease in FBF and slight decreases in 
SBF. At 20-50 mmHg, LBNP reduced aortic 
PP and RAP and produced an increase in HR 
and further decreases in SBF and FBF. (From 
Johnson et al. 1974) 

(Johnson et al. 1974; Wallin et al. 1975; Sundl6f  and Wallin 1977; Donald 
and Shepherd 1978; Sundl6f  and Wallin 1978b). In animal studies, by 
contrast,  the arterial baroreflexes dominate in the control  of  muscle ves- 
sels, whereas the cardiopulmonary have the major role in regulating the 
renal vessels (Donald and Shepherd 1978). 

In other  studies on healthy adults, afferent carotid baroreceptor  activ- 
ity was modified with 30 mmHg neck suction or pressure during held in- 
spiration, and efferent sympathetic  activity was measured from peroneal 
nerve muscle fascicles. Although the resultant changes in muscle sympa- 
thetic responses were profound,  they persisted for only 1 - 2  s despite con- 
t inuation of  neck suction or pressure (Wallin and Eckberg 1982). This is 
in accord with the transient vasodilatation in forearm resistance vessels 
during prolonged neck suction (Lindblad et al. 1982). 

In contrast  to these responses in the skeletal muscle sympathetic nerves, 
the parasympathetic outflow to the heart adapted only slightly during 
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neck-chamber pressure changes. These results suggest that in man the 
input from the carotid baroreceptors is processed differently in central 
vagal and sympathetic networks (Wallin and Eckberg 1982). 

4.6.2 Skin 

Measurements of hand blood flow, which is mainly flow to the skin, indi- 
cate that these vessels are usually unresponsive to alterations in the activ- 
ity of the arterial and cardiopulmonary mechanoreceptors. Thus, with a 
change from the recumbent to the upright position, there is no sustained 
constriction of human skin resistance vessels and cutaneous veins. A 
transient constriction may occur on standing or with a simulated postural 
change, but this is probably mediated by an arousal stimulus from the 
brain itself. This is in contrast to the sustained constriction of the muscle 
resistance vessels, which, together with a constriction of the splanchnic 
resistance and capacitance vessels, acts to maintain the arterial blood pres- 
sure on standing upright. 

Recordings of sympathetic activity of skin nerves to the hand and foot 
show no correlation with spontaneous fluctuations of arterial blood pres- 
sure and direct stimulation of the carotid sinus nerves does not repro- 
ducibly affect their activity (Wallin et al. 1975). Thus, in contrast to the 
sustained activity in sympathetic fibers in muscle nerves in the upright 
position, there are only transient responses in the sympathetic fibers in 
human skin nerves. Only in circumstances where there is a marked decrease 
in the activity of the arterial and cardiopulmonary mechanoreceptors does 
a sustained constriction of skin resistance vessels contribute to the increase 
in systemic vascular resistance (Beiser et al. 1970; Rowell et al. 1973; 
Shepherd and Vanhoutte 1975; Vallbo et al. 1979; Bini et al. 1980a,b). 

Following bilateral blocks with local anesthetic of the glossopharyngeal 
and vagus nerves in the neck of healthy subjects, there was a marked 
increase in muscle nerve sympathetic activity (recorded in the peroneal 
nerve). The normal cardiac rhythmicity was abolished and the spontane- 
ous activity became similar to that in the sympathetic nerves to the skin 
but the bursts of impulses did not become synchronous (Fagius et al. 
1985). At the same time there was a temporary marked increase in heart 
rate and arterial blood pressure consistent with the removal of the in- 
hibitory influence of the arterial and cardiopulmonary mechanoreceptors 
on the vasomotor center (Guz et al. 1966; Fagius et al. 1985). 

From these studies, it is suggested that baroreceptor deafferentation 
may explain the transient hypertension and resting tachycardia in the 
Guillain-Barre syndrome (Fagius and Wallin 1983; Fagius et al. 1985). 
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4.6.3 Splanchnic Region 

Studies in animals and man have demonstrated the importance of reflexly 
induced changes in splanchnic blood flow for the attainment and main- 
tenance of an appropriate arterial blood pressure (Rowell et al. 1972; 
Johnson et al. 1974; Tyden et al. 1979). In this the arterial baroreceptors 
have an important role. When lower-body suction is applied to a degree 
sufficient to reduce mean arterial pressure and pulse pressure, there is a 
marked increase in splanchnic vascular resistance (Fig. 8). The simultane- 
ous stimulation of the carotid sinus baroreceptors during lower-body suc- 
tion does little to the reflex vasoconstriction in the forearm skeletal 
muscles, but greatly reduces the splanchnic vasoconstriction. This illus- 
trates again the nonuniformity in the vasomotor control by the arterial 
and the cardiopulmonary mechanoreceptors (Abboud et al. 1975; Abboud 
et al. 1979). 

4.6.4 Kidney 

Studies in animals have shown the importance of the arterial and cardio- 
pulmonary mechanoreceptors in regulating the renal resistance blood 
vessels (Oberg and White 1970; Ott and Shepherd 1973; Mancia et al. 
1975a). In man, renal blood flow declines with tilting or standing (Smith 
1939). While this implies that these receptors participate in the cardio- 
vascular reflexes, no studies are available on the alterations in the kidney 
circulation in response to specific changes in arterial and/or cardiopul- 
monary mechanoreceptor activity. Such studies are made difficult by the 
time required by current methods for measuring renal blood flow and by 
the ability of the kidney vessels to autoregulate with changes in arterial 
blood pressure. 

4.6.5 Venous System 

Studies of reflexly mediated changes in the venous system in man have 
been limited to the limb veins. The evidence supports the conclusion that 
the carotid baroreceptors do not regulate the cutaneous or other limb 
veins (Epstein et al. 1968b). In animals, the splanchnic capacitance vessels 
participate in concert with the splanchnic resistance vessels - decreasing 
their capacity when the arterial blood pressure decreases and vice versa. 
In this way they contribute importantly to the filling pressure of the heart 
(Shepherd and Vanhoutte 1975). 
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5 Aortic Baroreflexes 
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Of the few observations that have been made in man, one study, based on 
the absence of an increase in arterial blood pressure following bilateral 
vagal nerve block, suggested that tonic aortic baroreceptor activity is 
absent at pressures below the normal resting arterial blood pressure; 
another study suggested that these receptors were operative in the normal 
blood pressure range, while yet others indicated that the aortic barorecep- 
tots are more important than the carotid in the control of  heart rate (Guz 
et al. 1964, 1966; Mancia et al. 1977; Bath et al. 1981; Ferguson et al. 
1985). 

6 Sleep 

Examination of the reflex bradycardia caused by injection of phenylephrine 
indicated that the arterial baroreflex for the control of heart rate was reset 
rapidly to operate around the lower blood pressure during sleep (Smyth 
et al. 1969; Bristow et al. 1969a). Under these conditions, the sensi- 
tivity of this reflex may be greater than when awake (Conway et al. 
1983). Baroreflex sensitivity may also be related to circadian rhythms and 
it is suggested that there is a sleep-independent circadian rhythm ofvagally 
mediated baroreflex sensitivity (Hossman et al. 1980). The influence of 
sleep on the reflex control by the arterial baroreceptors of blood pressure 
and vascular resistance has still to be determined (Mancia and Mark 1983). 

7 Age 

That baroreceptor sensitivity decreases with age is suggested by studies 
where the arterial blood pressure was changed by infusion of vasoactive 
drugs, and the heart rate changes accompanying the alterations in pressure 
were much less in older than in younger subjects (Gribbin et al. 1971; 
Korner et al. 1974; Duke et al. 1976; Randall et al. 1976, 1978). Informa- 
tion on baroreceptor control of  systemic vascular resistance is much less 
conclusive. Lindblad (1977) reported that the reduction in mean arterial 
pressure caused by stimulation of the carotid arterial baroreceptors by 
neck suction was less in elderly than in younger people; since the same 
reduction in cardiac output occurred, this suggested that the reflex de- 
crease in peripheral resistance was attenuated in the older subjects. How- 
ever, Robinson et al. (1983) have observed no impairment of neural 
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modulation by baroreflexes in aged subjects with autonomic dysfunction. 
More recently, Mancia et al. (1984a) have examined the increase in mean 
arterial pressure due to a reduction in carotid baroreceptor activity caused 
by increase in pressure in a neck chamber. The ages of the subjects ranged 
from less than 36 to more than 54 years. They had mild essential hyper- 
tension and the same mean arterial blood pressure. Although the pressor 
responses developed more slowly with aging, the overall effects of altera- 
tions in baroreceptor activity was similar in the different age groups. Thus 
aging may not cause an impairment of the arterial baroreceptors' control 
of arterial blood pressure, despite the fact that in elderly subjects the 
stiffer large arteries should reduce the ability of the baroreceptors to 
respond to changes in transmural pressure (Bader 1967; Gozna et al. 1974; 
Randall et al. 1976). 

Plasma norepinephrine increases with aging. This may be due in part to 
reduced clearance of norepinephrine (Esler 1982) and to an increase in 
sympathetic traffic, as suggested by direct recording from muscle sympa- 
thetic nerves (Sundl6f and Wallin 1978a). 

8 Exercise and Arterial Baroreflexes 

During both rhythmic (dynamic) and isometric (static) exercise the carotid 
baroreceptors are adjusted quickly to a higher level. This permits the per- 
fusion pressure to increase to help meet the metabolic demands of the 
active muscles. The shape of the curve relating the change in carotid sinus 
pressure to the systemic arterial pressure and to the heart rate is unchanged. 
Thus, as the heart rate and systemic pressure increased during supine 
rhythmic leg exercise, the absolute decreases in these measurements result- 
ing from the neck suction were the same as at rest (Beveg~Ird and Shepherd 
1966b). 

In normal subjects aged 31-45 years, during brief periods of exercise 
on a bicycle ergometer, the arterial plasma potassium increased rapidly 
at the start of exercise from 3.8 + 0.3 mmol/1 (mean • SD) to plateau 
levels of 5.4 -+ 0.1 mmol/1. It is suggested that these changes, if transmit- 
ted to the extracellular fluid, could decrease the cell transmembrane 
potential and as a consequence might alter the sensitivity of the arterial 
chemoreceptors and the arterial and cardiopulmonary mechanoreceptors 
(Linton et al. 1984). 

Also during isometric exercise, subatmospheric neck pressure causes a 
similar decrease in arterial blood pressure both at rest and during the exer- 
cise (Ludbrook et al. 1978; Mancia et al. 1982b; Suarez et al. 1982). Thus 
exercise does not diminish the overall gain of the carotid sinus baroreflex, 
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so that its ability to regulate blood pressure is unchanged. The reduction 
in arterial blood pressure with neck suction is due mainly to a decrease in 
cardiac output both at rest and during isometric exercise (Beveg~rd et al. 
1977b). The age of the subject may make a difference to the response; 
older subjects respond mainly with a decrease in cardiac output, in younger 
ones there is a greater reduction in systemic vascular resistance (Lindblad 
1977). The role of the carotid sinus baroreflex in the regulation of heart 
rate during exercise is less certain. Using intravenously injected phenyl- 
ephrine to raise arterial blood pressure and studying the effect on heart 
interval to estimate the sensitivity of the combined carotid sinus and 
aortic baroreceptor reflexes, it was found that exercise caused a reduction 
in reflex sensitivity (Bristow et al. 1971; Pickering et al. 1971; Cunning- 
ham et al. 1972a). It was suggested that in exercise the increase in the 
firing rate of the cardiovascular sympathetic efferent neurons reduced the 
effect of the arterial baroreceptor reflex, thus permitting both heart rate 
and arterial blood pressure to increase. Using the variable pressure neck 
chamber to examine the changes in heart interval with changes in carotid 
sinus transmural pressure, it was found that the immediate transient 
increase in R-R interval that follows an acute rise in transmural pressure 
was diminished during isometric exercise, which agrees with the observa- 
tions just cited using phenylephrine to increase the pressure. This cardiac 
component of the baroreflex was vagally mediated, as evidenced by its 
rapid onset, its abolition by atropine, and the fact that blockade of the 
beta-receptors by propranolol had little effect (Picketing et al. 1972b). 
However, the decrease in R-R interval resulting from an acute fall in 
carotid sinus transmural pressure was virtually unaffected (Mancia et al. 
1978b; Ludbrook et al. 1978). Thus during exercise the effects on the 
R-R interval are evident with an increase in carotid baroreceptor stimula- 
tion, but not with a decrease. As mentioned earlier, the relation between 
R-R interval and heart rate is hyperbolic rather than linear. Thus if reflex 
changes in heart rate are the same at rest and during exercise, the corre- 
sponding changes in R-R will be smaller during exercise (Fig. 3). It seems 
that a reduction in arterial baroreflex sensitivity does not have an impor- 
tant role in the initiation of the increase in arterial blood pressure and 
heart rate caused by isometric exercise (Ludbrook et al. 1978). However, 
in contrast to blood pressure control, there may be an impairment of 
carotid baroreceptor control of heart rate during severe exercise. This 
would permit attainment of higher heart rates (Bristow et al. 1971). 

Studies using dogs with chronic sinoaortic denervation have led to the 
conclusion that the arterial baroreceptors are not important in regulating 
the arterial blood pressure during running (Vanhoutte et al. 1966; Krasney 
et al. 1974; McRitchie et al. 1976). If, however, in dogs with chronic aor- 
tic denervation the influence of the carotid baroreceptors is acutely 
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Fig. 9. Mean arterial pressure (top panel), heart rate (middle panel), and cardiac output 
(bottom panel) during continuous graded exercise in dogs with aortic arch denerva- 
tion before (left) and after (right) vascular isolation and pressurization of carotid 
sinuses. AD, aortic denervation; C, control; Rec, recovery. (From Walgenbach and 
Donald 1984) 

removed, the pattern of  the arterial blood pressure during exercise is 
altered markedly. There is a greater decrease in blood pressure at the onset 
o f  exercise and as the severity o f  the exercise is increased the blood pres- 
sure rises progressively and remains elevated after the exercise ceases 
(Fig. 9). I f  the carotid sinuses are permitted to function again as soon as 
the exercise stops, the pressure abruptly returns to the control level. The 
cardiac output  and heart rate changes are similar with and without  the 
carotid sinuses operative. Thus the carotid baroreceptors regulate the over- 
all changes in systemic vascular resistance during and after exercise, while 
the heart rate and cardiac output  are controlled by other mechanisms 
(Walgenbach and Donald 1983b). The cardiopulmonary mechanorecep- 
tars cannot compensate during exercise for the acute withdrawal o f  the 
carotid baroreflex (Walgenbach and Donald 1983a,b). However, with 
chronic absence o f  the carotid and aortic baroreflexes, the cardiopul- 
monary receptors do not  appear to modify the blood pressure response 
during running; in their absence, however, the arterial blood pressure rises 
rapidly when the exercise ceases, at the time when the cardiac output  is 
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Fig. 10. Arterial blood pres- 
sure and cardiac output dur- 
ing 12 rain graded exercise in 
dogs with chronic sinoaortic 
denervation before (o- - -o) 
and after (o- - -o) vagotomy, o 
Asterisks, significant differ- 
ences before and after vago- "~ 
tomy. (From Daskalopoulas ,~ 
et al. 1984) t~ 

C 
m 

20o 
180 - 

160 - 

8 o - i '  I I I 
o ~ ...... J ....... L ...... t 

0 7 14  2 1  

R e s t  E x e r c i s e .  % g r a d e  

÷ ÷  

R e c o v e r y  

.E 
E 

m 

9 
o 
o 

¢0 
O 

9 

8 

7 

6 

5 

3 -- 
O,t 

Rest  

. . . . . . .  1 ......... 1 ......... 1 . . . . . . . . . .  

0 7 14 21 

E x e r c i s e ,  % g r a d e  

L- - I  I mmule 

n : 4  

R e c o v e r y  

decreasing rapidly to the preexercise level. Thus when the exercise ceases, 
mechanoreceptors in the heart and lungs are necessary, in the chronic 
absence of  the arterial baroreflexes, to quickly reduce the total systemic 
vascular resistance (Daskalopoulos et al. 1984; Walgenbach and Shepherd 
1984) (Fig. 10). 

In young normal subjects, resting supine epinephrine was infused intra- 
venously to produce plasma levels similar to those found in the forearm 
veins during bicycle exercise. The exercise increased the mean heart rate 
from a resting value of 64 to 177 beats/min at the end of the exercise. 
The infusion caused bronchodilation and elevation of  plasma glucose, but 
no significant change in heart rate. It is suggested that during rhythmic 
exercise circulating epinephrine makes little contribution to the hemo- 
dynamic responses (Warren and Dalton 1983). 
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9 Chemoreflexes 

In man little information is available on the role of the aortic and carotid 
chemoreceptors in controlling the circulation. This is because it is not 
possible to limit the effects of changes in oxygen and carbon dioxide ten- 
sion and hydrogen ion concentration to these receptors. Studies in sub- 
jects who had bilateral carotid body resection, without baroreceptor 
denervation, for bronchial asthma suggested that the carotid bodies are 
essential for normal pressor responses during hypoxia, but not for the 
tachycardia of hypoxia or the cardiovascular responses to hypercapnia 
(Lugliani et al. 1973). Using the alpha-sympathomimetic drug phenyl- 
ephrine to cause transient rises in blood pressure and relating changes in 
pulse interval to the pressure changes, it was found that hypercapnia with 
hyperoxia at rest was associated with a rise in systolic pressure and a fall 
of  baroreflex sensitivity with little change in pulse interval; hypoxia with 
hypocapnia at rest was associated with tachycardia, but no significant 
change in pressure or in reflex sensitivity (Bristow et al. 1974; Cunning- 
ham et al. 1972b). In young hypertensive subjects there are increased 
ventilatory and pressor responses to acute hypoxia as compared to age- 
matched normotensive controls, suggesting that in the former the arterial 
chemoreceptor drive is augmented (Trzebski et al. 1982). 

10 Diving Reflex 

Mammals, including man, birds, and reptiles have the ability to redistribute 
their circulation during diving in order to utilize the nonreplenishable 
oxygen stores for high-priority areas. In animals this has been shown to be 
due to the activation of both the trigeminal and the chemoreceptor reflex. 
Immersion of the face in water activates the sensory endings of the 
trigeminal nerve, which elicits a reflex apnea, vagal induced bradycardia, 
and constriction of systemic vessels in the splanchnic region, skeletal 
muscles, and kidneys due to increased activity in the sympathetic nerves. 
The splanchnic and cutaneous capacitance vessels constrict. The apnea is 
followed quickly by a decrease in P,-, and an increase in P,~,-, in the 

v 2  ~ v  2 
arterial blood; this stimulates the arterial chemoreceptors. The continued 
sensory input from the trigeminal nerves overrides the action of the 
chemoreceptors on the respiratory center. The circulatory effects of 
chemoreceptor stimulation augment those from the nose and face, leading 
to further cardiac slowing and constriction of systemic vessels. There is a 
reflex dilatation of the coronary arteries mediated by the vagal nerves. 
The arterial blood pressure is maintained, and the oxygen in the blood is 
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made available to the most vulnerable systems, the heart and brain. Lactic 
acid formed and stored in muscle during a prolonged dive floods into the 
circulation when breathing is resumed (Angell-James and Daly 1972; Blix 
and Folkow 1983). 

In man, a decrease in forearm and hand blood flow occurred during 
immersion of the face in water while breathing air or 10% oxygen. There 
was no change in arterial blood pressure, so that the decreased flow was 
due to vasoconstriction (Brick 1966; Kawakami et al. 1967). The vaso- 
constrictor response to facial immersion was not attenuated by the hypoxia. 
This peripheral vasoconstriction presumably helps in redistributing blood 
flow to organs more sensitive to hypoxia (Heistad and Wheeler 1970). 

11 Cardiopulmonary Reflexes 

Numerous studies in animals have demonstrated that mechanoreceptors 
in the heart and lungs, subserved both by vagal and sympathetic medul- 
lated and nonmedullated afferents, exert a variety of effects on the cardio- 
vascular system. The main effect of  the vagal afferents is tonically to 
inhibit the vasomotor center (Mancia et al. 1976; Donald and Shepherd 
1978; Malliani 1982; Bishop et al. 1983). Medullated afferents in the 
cervical vagus originating in large unencapsulated endings at the junctions 
of the venae cavae and pulmonary veins with the atria and in the atrial 
appendages, however, can exert a selective excitatory action on the sympa- 
thetic outflow to the sinus node; these receptors can also modulate renal 
blood flow, urinary output, and vasopressin secretion (Linden and Kappa- 
goda 1982). Afferent impulses from these receptors are conveyed to 
neurons in the medial region of the nucleus of the solitary tract (Kidd 1979). 

In man only limited data are available on the cardiovascular effects 
exerted by different cardiopulmonary receptors. An increase or decrease 
in intrathoracic blood volume sufficient to alter the central venous pres- 
sure, but insufficient to change arterial mean or pulse pressure, results in 
a reflex dilatation or constriction respectively of the resistance vessels in 
the forearm muscles; these changes are mediated by the sympathetic nor- 
adrenergic nerves (Figs. 7 and 8). The vessels of the skin do not partici- 
pate in these reflex changes unless there is a marked decrease in the effec- 
tive circulatory blood volume (Samueloff et al. 1966; McNamara et at. 
1969). A constriction of the splanchnic resistance vessels and tachycardia 
are seen only when the intrathoracic blood volume is reduced enough to 
cause a decrease in arterial blood pressure (Fig. 8). In the latter circum- 
stances the simultaneous application of negative pressure to the neck, 
sufficient to counteract the reduction in carotid sinus transmural pressure, 
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prevents or attenuates the splanchnic vasoconstriction and the tachy- 
cardia, but does not alter the constriction of the forearm vessels. This 
indicates that in man low-pressure intrathoracic vascular receptors have 
a much greater long-term influence than the arterial baroreceptors on the 
forearm muscle resistance vessels (Roddie et al. 1957, 1958; Roddie and 
Shepherd 1958; Blair et al. 1959b; Gilbert and Stevens 1966; Zoller et al. 
1972; Johnson et al. 1974; Abboud and Mark 1978; Bennett et al. 1979a; 
Bishop et al. 1983). 

Measurement of sympathetic activity to the forearm muscle vessels 
showed that this was enhanced during lower body negative pressure, and 
that this could not be explained by changes in the activity of the arterial 
baroreceptors (Sundl6f and Wallin 1978b). Recent studies, however, 
indicate that the resistance vessels in the calf are less responsive than those 
in the forearm to mechanoreflexes originating in the low pressure side of 
the circulation (Essandoh et al. 1986). However, on changing from the 
lying to the standing position, there is a constriction of similar magnitude 
of forearm and calf resistance vessels. While the increased sympathetic 
outflow to the forearm muscle vessels is due predominantly to the dis- 
placement of blood from the thorax to the dependent parts and the con- 
sequent lessened stimulus to the low-pressure mechanoreceptors, that to 
the calf muscles is due mainly to decreased activity of the carotid sinus 
baroreceptors. This is brought about by the fact that in the standing posi- 
tion the carotid sinus is raised about 20-25 cm above heart level, so that 
despite the fact that there is little if any change in arterial pressure at 
heart level, there is a decrease in pressure at the carotid sinus barorecep- 
tors (Burke et al. 1977). On the reasonable assumption that this reflex 
constriction on standing occurs generally in the skeletal muscles which 
constitute about 40% of the body mass, this contributes importantly to 
the increase in systemic vascular resistance and hence the maintenance 
of the arterial blood pressure. 

The effect of  cardiopulmonary receptor stimulation on the renal circu- 
lation has not been investigated in man. When the central blood volume 
was reduced by application of lower-body negative pressure of 40 mmHg, 
sinusoidal variations in neck pressure ( - 1 0  to - 4 0  mmHg) at a fixed 
frequency induced an augmented effect on the blood-pressure-regulating 
capacity but not on the heart rate response. Thus changes in central blood 
volume can modify the carotid baroreflex, presumably via low-pressure 
intrathoracic mechanoreceptors (Beveg~rd et al. 1977d). 

The injection of phenyl diguanide or sodium cyanide into the main pul- 
monary artery of patients referred for investigation of lung function 
caused a stimulation of breathing, together with bradycardia and hypo- 
tension. Analysis of the mean injection-response time indicated that these 
drugs were acting on the carotid body rather than on receptors in the lungs. 
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In contrast, lobeline sulfate caused apnea before hyperpnea. The former 
was attributed to stimulation of  pulmonary receptors before excitation of  
the carotid bodies, indicating that there are receptors in the human lung 
that are depolarized by chemical agents (Jain et al. 1972). 

A reflex inhibition of  respiration occurs in man with large lung inflations, 
but not at normal tidal volume. Thus the Hering-Breuer reflex appears to be 
less potent  in humans than in animals. Electrical stimulation of  vagal 
afferents caused a fall in arterial blood pressure. However, this was attrib- 
uted to impairment of  venous return and hence of cardiac output  caused by 
the accompanying mechanical changes in the chest associated with coughing 
(Guz et al. 1964). In five patients studied during cardiopulmonary bypass, 
lung inflation had no effect on heart rate or total peripheral resistance. 
These negative results might be attributed to insufficient inflation of  the 
lungs, to the halothane anesthesia, or to the low PCO2 (Ott et al. 1975). 

12 Axon Reflex 

There is evidence both in skin and muscle that a local sympathetic axon 
reflex can be triggered by venous congestion. The receptor site appears to 
be in small veins of  skin, muscle, and subcutaneous adipose tissue and the 
effector sites in the arterioles supplying these tissues. This axon reflex 
may be an important adjunct to the postural reflexes mediated through 
the central nervous system (Henriksen and Sejrsen 1977). 

13 Renin 

Animal studies have shown that release of  renin is governed by intrarenal 
receptors that respond to alterations in renal perfusion pressure, to changes 
in sodium load in the macula densa, and to influences of sympathetic 
nerves on the juxtaglomerular cells mediated by beta-adrenergic receptors 
(Davis and Freeman 1976). The last mechanism is important because it 
can directly modify renin secretion and in addition potentiate the effects 
on the secretion of  the local nonneural mechanisms (Di Bona 1982; 
Stella and Zanchetti 1984). Changes in the activity of  the arterial and car- 
diopulmonary mechanoreceptors subserved by vagal afferents, sufficient 
to increase or decrease sympathetic nerve traffic to the kidney, result in 
increase or decrease in renin release respectively (Thames et al. 1971; 
Thames 1977; Mancia et al. 1975a; Thoren et al. 1976; Beveg~rd et al. 
1977c; Thor~n 1979). In the dog the control of  renin release exerted by 
cardiopulmonary receptors is very sensitive, as shown by the fact that dur- 
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ing hemorrhage small changes in blood volume insufficient to alter arterial 
pressure or heart rate cause a marked increase in renin release (Thames et 
al. 1978). The cardiopulmonary receptors with vagal afferents that modu- 
late the release of renin have not been identified. Since in animals recep- 
tors in the heart and lungs with vagal myelinated or nonmyelinated 
afferents can reflexly alter renal sympathetic nerve activity (Mancia et al. 
1975b), it is assumed that all of them can influence renin release. Much 
less is known of the nervous control of  renin release in man. The reduction 
in plasma renin activity that accompanies administration of beta-adrener- 
gic-blocking drugs suggests the existence of a tonic sympathetic stimula- 
tion of renin secretion (Conway 1983, 1984). Evidence that stimulation 
of renin secretion by acute renal hypotension is enhanced during the cold 
pressor test suggests that this reflex modulation potentiates nonneural 
effects (Guazzi et al. 1985). Passive leg-raising can cause a modest reduc- 
tion in plasma renin activity (Grassi et al. 1985b). However, the role of 
cardiopulmonary receptors in control of  renin release and its importance 
in comparison with the role of arterial baroreceptors have not been un- 
equivocally established. Studies in subjects with normal or high renin 
secretion rates have shown that neck-chamber-induced changes in carotid 
baroreceptor activity do not alter plasma renin activity (Mancia et al. 
1978c, 1981). Other studies have reported that a reduction in thoracic 
blood volume does not reflexly increase plasma renin activity until the 
reduction is sufficient to decrease arterial pressure and unload the arterial 
baroreceptors (Mark et al. 1978). This has been interpreted to mean that 
in man reflex control of renin release takes place only when cardiopul- 
monary and arterial baroreceptors are engaged together (Grayboys et al. 
1974; Mark et al. 1978). However, evidence that a decrease in thoracic 
blood volume insufficient to perturb arterial baroreceptors can cause a 
reflex release of renin has also been reported (Kiowski and Julius 1978; 
Hesse et al. 1975). Using a series of maneuvers designed to examine the 
separate and combined effects of decreasing stretch on the high-and 
low-pressure receptors in normal men, Egan et al. (1983) and Julius et 
al. (1983) concluded that cardiopulmonary receptors interact with high- 
pressure baroreceptors but that in addition they have an independent role 
in the control of renin release. This has been supported by observations 
in normotensive subjects and in patients with primary hypertension; not 
only does a reduction in central venous pressure insufficient to alter 
arterial blood pressure increase renin secretion, but the increase matches 
the increase observed in the same subjects when central venous pressure is 
reduced to a similar extent by tilting (Grassi et al. 1985b) (Fig. 11). 
These observations suggest that cardiopulmonary receptors play in impor- 
tant role in the renin modulation that characterizes changes in posture 
(Cohen et al. 1967; Fasola and Martz 1972). 
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Fig. 11. Effects of a 20-min passive leg elevation (LR), mild lower-body suction (LBS), 
and tilting (T) on plasma renin activity (PRA), mean arterial pressure (MAP), heart 
rate (HR), and central venous pressure (CVP). Data are shown as mean (-+ SE) changes 
from control  values in 21 subjects with normal btood pressure (n = 12) or mild essen- 
tial hypertension (n = 9). Note that the increases in PRA induced by tilting were 
similar to those induced by lower-body suction, suggesting similar cardiopulmonary 
receptor deactivation in the two conditions. The increases in PRA were also similar, 
despite the fact that,  during tilting, carotid baroreceptors were deactivated by the 
positioning of carotid sinuses above the heart. (Grassi and Mancia, unpublished data) 

14 Antidiuretic Hormone, Plasma and Extracellular Fluid Volume 

Under normal circumstances, the plasma and extracellular fluid volumes 
are maintained within narrow limits (Gauer and Henry 1976). In this the 
kidney has the key role by regulating the excretion of  water and electro- 
lytes, particularly sodium, which is the major determinant of  the distribu- 
tion of  the plasma and extracellular fluid. The role of  intravascular recep- 
tors in modulating water and salt excretion by the kidneys is uncertain. 
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It may be that extracellular fluid volume and extracellular sodium con- 
centration are monitored by different sensors, with a central integrator 
to calculate total body sodium (Gilmore 1983). While the osmoreceptors 
signal changes in sodium concentration they cannot, with an isoosmotic 
volume expansion, detect an increase in total body sodium. The great 
distensibility of the atria and other cardiac and pulmonary structures 
favors the possibility that the cardiopulmonary receptors, in particular 
the unencapsulated endings situated in the endocardium of the atria, act 
as volume receptors to sense the fullness of the blood stream (Linden and 
Kappagoda 1982). In dogs balloon distension of the pulmonary veno- 
atrial junctions or the left atrial appendage causes an increase in renal 
blood flow and urine flow, a reduction of vasopressin secretion, and a 
decrease in the secretion of renin and atdosterone as a consequence of the 
decrease in sympathetic outflow to the kidney (Brennan et al. 1971; 
Mancia et al. 1976; Linden and Kappagoda 1982; Bennett et al. 1983). 
Increased vasopressin, renin secretion, and renal sympathetic outflow have 
been observed following hemorrhage or acute interruption of cardioput- 
monary vagal afferents (Share 1965, 1968; Share and Levy 1962; Goetz 
et al. 1974; Thames and Schmid 1979). These combined humoral and 
nervous events will increase or reduce salt and water excretion when blood 
volume is increased or reduced respectively. 

When normal subjects are immersed to the neck in water, about 700 ml 
blood is redistributed from the peripheral veins to the central circulation, 
and the right atrial pressure increases from - 2  to +16 mmHg. The arterial 
blood pressure increases 10 mmHg or less. The stroke volume and cardiac 
output increase with no change or a decrease in heart rate. Diuresis and 
natriuresis take place, and there are decreases in urinary excretion of anti- 
diuretic hormone, plasma renin activity, and plasma aldosterone level. 
This could be explained by stimulation of the receptors in the heart and 
lungs, particularly in the easily distensible atria, due to the increase in 
intracardiac pressures (Arborelius et al. 1972; Epstein 1976, 1978; Epstein 
et al. 1975, 1981a,b). However, studies in the nonhuman primate have 
shown that the reflex control of antidiuretic hormone is largely depen- 
dent on carotid baroreceptors and that vagal afferent pathways are not 
necessary for the renal responses to immersion. The challenge remains to 
determine whether or not large unencapsulated atrial receptors subserved 
by unmyelinated vagal afferents have a key role in causing the diuresis, 
or whether, in the primate, blood volume control is located more on the 
arterial side of the circulation (Gilmore 1983). The observation that in 
man negative pressure applied to the lower body does not increase plasma 
vasopressin unless arterial pressure is reduced suggests the latter possibility 
(Goldsmith et al. 1982). However, the mechanism(s) whereby isoosmotic 
volume expansion causes a decrease in plasma arginine vasopressin remain(s) 



Reflex Control of the Human Cardiovascular System 41 

incompletely defined. It seems that the decrease may occur independently 
of  changes in the renin-angiotensin system (Epstein et al. 198 l b). Studies 
have been conducted in cardiac transplant recipients to assess the contri- 
bution of cardiac volume receptors in the control of  antidiuretic hormone 
release during postural changes; plasma antidiuretic hormone levels were 
reduced with head-down tilt, indicating that cardiac volume receptors 
were not involved (Convertino et al. 1984). In another study, chronic 
cardiac denervation inhibited the antidiuretic hormone response to acute 
plasma volume depletion (Grimaldi et al. 1985). When thigh cuff inflation 
was used to cause selective unloading of  the cardiopulmonary low-pressure 
receptors, the plasma antidiuretic hormone levels increased (Egan et al. 
1984). Thus the role of  the cardiopulmonary receptors in regulating 
release of  this hormone in man is still uncertain. 

In the dog, the cardiopulmonary receptors with vagal afferents tonically 
inhibit the release of  antidiuretic hormone (Thames et al. 1980). In 
humans, the reflex response to stimulation of  somatic afferents (isometric 
exercise of  one arm) is augmented when the input from the cardiopul- 
monary afferents is reduced by lower-body negative pressure (Walker et 
al. 1980; Abboud and Thames 1983). After training, the increase in plasma 
renin, vasopressin, and norepinephrine at the same work load are reduced; 
this might be explained by enhanced activity of the low-pressure intra- 
thoracic mechanoreceptors (Convertino et al. 1983; P6ronnet et al. 1981). 

When the subject changes from the supine to the upright position, 
plasma vasopressin levels are increased, and in patients with orthostatic 
hypotension, tilting evoked a greater decrease in blood pressure in those 
subjects with a subnormal increase in plasma vasopressin. However, if the 
sympathetic nervous system and the renin-angiotensin system are activated 
normally by standing, these serve to maintain the arterial pressure in the 
absence of  any increase in circulating vasopressin levels (Zerbe et al. 1983; 
Bennett and Gardiner 1985). 

During spaceflight, when zero gravity is reached, the blood from the 
legs is displaced centrally. This is manifested by a feeling of  fullness in the 
head and distension of  the neck veins. Diuresis follows, the plasma and red 
cell volume decrease, and the intrathoracic blood volume is restored to 
normal. However, when spaceflight is prolonged, the decrease in total 
blood volume is such that on return to earth gravity, the central blood 
volume and the filling pressure of  the heart are reduced as some of the 
blood is redistributed to the legs; as a result there is reduced tolerance for 
standing and fainting may occur. The zero environment thus offers unique 
opportunities to determine the mechanisms involved. 

Recent studies have shown that the cardiocytes of  mammalian atria 
contain specific secretory granules that synthesize and release peptides 
with diuretic, natriuretic and vasoactive properties. These are referred to 
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as atrial natriuretic factor or atriopeptins. Several of  these peptides have 
been purified, sequenced and synthesized (Needleman et al. 1985). Syn- 
thetic human atrial natriuretic peptide, when injected into healthy humans, 
causes diuresis and natriuresis and a decrease in arterial blood pressure 
(Richards et al. 1985). In the dog, the natriuresis caused by the intrarenal 
infusion of synthetic atriopeptin is associated with an increase in glomeru- 
lar filtration rate, a decrease in proximal tubular reabsorption and an 
inhibition of renin release (Burnett et al. 1984). 

It is suggested that the stimulus for release is stretch of the atrial walls 
(Ledsome et al. 1985) but the physiological stimulus for atriopeptin secre- 
tion remains to be determined. The interrelationship of this system with 
the blood volume control exerted by the cardiopulmonary receptors 
awaits clarification. This will be facilitated by the availability of immuno- 
assay techniques for measuring atriopeptins. The demonstration of atrio- 
peptin immunoreactive neurons in regions of the brain of the rat which 
have connections with the regulation of the cardiovascular system suggest 
that atriopeptin might serve as a neuromodulator as well as a potential 
hormone mediator of changes in body fluid composition, extraceltular 
volume and systemic blood pressure (Needleman et al. 1985). 

15 Salt and Neural Cardiovascular Control 

In animals an increase in the sodium content of the body can enhance the 
vascular responses to activation of the sympathetic nerves. In the Dahl rat 
prone to hypertension, chronic ingestion of an increased amount of salt 
did not change the hindlimb vasoconstriction induced by infusion of nor- 
epinephrine but increased that induced by electrical stimulation of the 
lumbar sympathetic chain (Takeshita and Mark 1978). In the spontane- 
ously hypertensive rat (Okamoto 1969) a greater sodium intake produced 
a more pronounced rise in blood pressure, a greater plasma concentration 
of norepinephrine, and a more marked hypotensive effect of ganglio- 
plegic agents (Wintermintz and Oparil 1982). Mechanoreceptors are sensi- 
tive to extracellular Na ÷ and K ÷ concentrations. In both normotensive and 
spontaneously hypertensive rats, reduction by as little as 5% in [Na*]o 
bathing baroreceptors reflexly increases arterial blood pressure and urine 
output (Kunze et al. 1977; Saum et al. 1976). It is suggested, therefore, 
that sodium sensitivity of baroreceptors may be an important mechanism 
for prompt regulation of body fluid volume. In the deoxycorticosterone 
acetate (DOCA) model of hypertension the greater sodium injection 
necessary for blood pressure to rise was accompanied by evidence of a 
faster turnover of norepinephrine in the sympathetic nerve terminals 
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(de Champlain 1977). Although less conclusive, evidence of a similar rela- 
tionship between sodium and sympathetic function has been obtained in 
man. In healthy volunteers a short-term marked increase in the usual 
sodium intake (about 5 g for 4 days) increased the plasma level of nor- 
epinephrine, while epinephrine levels were not altered significantly 
(Nicholls et al. 1980). Feeding a healthy volunteer with 410 mEq sodium 
daily for 10 days increased the forearm vasoconstriction induced by car- 
diopulmonary receptor deactivation as compared to the response observed 
when only 10 mEq daily sodium were given (Mark et al. 1975). Increased 
pressor and tachycardic responses to mental arithmetic have been observed 
in a number of normotensive adolescents when fed with a diet richer in 
salt (Falkner et al. 1981). Also, there is a positive relationship between 
intralymphocytic sodium content and the pressor responses to mental 
arithmetic and isometric exercise (Ambrosioni et al. 1981). In young sub- 
jects with borderline hypertension moderate sodium restriction (170-  
100 mmol sodium/day) reduced both intralymphocytic sodium content 
and diastolic blood pressure at rest and the increase in pressure during 
handgrip. During a high-potassium diet (130 mmol potassium/day) both 
intralymphocytic sodium content and baseline diastolic blood pressure 
rose and the pressor response to handgrip was reduced by 50% (Ambro- 
sioni et al. 1982a,b). 

A reduction in sodium intake reduced the pressor response to common 
carotid occlusion in the unanesthetized dog (Rocchini et al. 1977). A 
reduction in sodium intake so small as to leave baseline blood pressure, 
heart rate, and plasma renin activity substantially unaltered made un- 
anesthetized rats much less resistant to hemorrhage and development of 
irreversible shock (G6thberg et al. 1983). In unanesthetized rats a 5% 
reduction in the sodium concentration of the perfusate increased the 
threshold and reduced the slope of the firing rate of the arterial barore- 
ceptors in response to a pressure stimulus. Increasing the potassium con- 
centration of the perfusate had an opposite effect (Saum et al. 1977; 
Toubes and Brody 1970; Brown 1980). The effects of alteration in 
sodium and potassium intake on the baroreflexes have not been assessed 
in man. The evidence obtained in animals, however, is sufficient to suggest 
that some of the consequences of a reduced sodium intake may not be 
beneficial for cardiovascular homeostasis. 

16 Static Exercise and Ergoreceptors 

A strong static contraction of skeletal muscles, or rapid powerful rhyth- 
mic contractions, causes a marked increase in arterial blood pressure and 
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Fig. 12. Effect of isometric handgrip o f  the right forearm at one-third of maximal 
voluntary contraction, and of  arterial occlusion of  this forearm instituted just prior to 
the cessation of the contraction, on heart rate, mean arterial blood pressure (MAP), 
forearm (N-m) and calf ( o - o )  blood flows, and resistances. Vascular, resistance was 
calculated by dividing mean arterial pressure by blood flow and is expressed as peri- 
pheral resistance units (PRU). Average results for six subjects in the supine position. 
(From Rusch et al. (1981) 

heart rate. There are resultant complex interactions with the arterial and 
cardiopulmonary baroreflexes (Walker et al. 1980; Abboud et al. 198 lb,  
1983). The increase in perfusion pressure helps to combat the mechanical 
compression of  the vessels by the contracting muscle. 

The receptors in the muscles responsible for the blood pressure rise 
appear to be activated by the products o f  muscle metabolism. A strong 
static contraction o f  the muscles of  one forearm causes an increase in 
heart rate and blood pressure. When the circulation to this forearm is 
arrested by a pneumatic cuff just prior to the cessation of  exercise and the 
arrest is continued, the blood pressure following a brief sag remains well 
above the control level until the circulation is restored, while the heart 
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rate and cardiac output return to the control level. This indicates that the 
maintenance of the elevated pressures is due to receptors activated by 
metabolites trapped in the muscle by the circulatory arrest. By contrast, 
the rapid return of the heart rate to the control level indicates that this 
might be governed by muscle receptors sensitive to changes in tension 
(Fig. 12). The sensory fibers involved are the small myelinated (group III) 
and unmyelinated (group IV) afferents. These endings may serve both as 
metabolic receptors to initiate reflex circulatory and ventitatory changes 
during exercise, and as pain receptors (Mitchell and Schmidt 1983). 

There does not appear to be any correlation between the cardiovascular 
response to static exercise and the percentage of fast-twitch muscle fibers 
involved (Leonard et al. 1985). Some studies have reported that static 
exercise of small muscle groups can evoke as large an increase in arterial 
blood pressure as that when large muscle masses are involved, indicating 
that the cardiovascular response was independent of the skeletal muscle 
mass active in the static contraction. Other studies, however, have shown 
that the cardiovascular response is greater when a larger muscle mass is 
involved (Lind 1983; Mitchell et al. 1980; Seals et al. 1983). The pressor 
response to muscle ischemia is proportional to the degree of ischemia and 
oxygen deficiency in dynamically exercised muscle, and the pressor 
responses to muscle ischemia are proportional to the mass of the ischemic 
muscle (Rowell et al. 1981). 

In addition to the reflex from the active muscles, there is a "central 
command" from the cerebral cortex to the cardiovascular and respiratory 
centers in the brain stem (McCloskey 1981). The initial sag in the blood 
pressure when the exercise ceases and the circulatory arrest is maintained 
is indicative of the cessation of this command (Fig. 12). It seems that the 
appropriate cardiovascular response may be elicited via either reflex or 
central neural mechanisms due to their influence on the same regulatory 
nerve cells. It has been suggested that these two control mechanisms are 
redundant and that neural occlusion may be operative. In the presence of 
partial neuromuscular blockade, which induces a disproportion between an 
increase in central command and a constant or decreasing muscle tension 
and metabolism, the larger signal arising from central command determines 
the magnitude of the cardiovascular response (Mitchell and Schmidt 1983; 
Leonard et al. 1985). In other studies, microneurography was used to 
measure the sympathetic discharge in a fascicle of the peroneal nerve to 
muscle vessels. These suggested that central command, while increasing 
heart rate, inhibits increases in muscle sympathetic nerve activity. By con- 
trast, stimulation of chemically sensitive muscle afferents increases sympa- 
thetic nerve activity but has little influence on heart rate (Mark et al. 
1985b). Mark et al. (1985a) measured efferent sympathetic nerve activity 
to human leg muscles by inserting microelectrodes into a fascicle of the 
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peroneal nerve. This permitted an evaluation of  the role of  muscle afferents 
and central command in the regulation of  sympathetic outflow to muscle 
during static and rhythmic arm exercise. They found that the increase in 
muscle sympathetic activity in the leg during sustained handgrip was a con- 
sequence of  the stimulation of  chemically sensitive afferent nerves in the 
contracting muscles. The central command,  which caused the tachycardia, 
did not increase but  instead appeared to inhibit the sympathetic outf low to 
the leg muscles. These studies indicate that heart rate and muscle sympa- 
thetic nerve activity are governed by different mechanisms during static 
exercise. Non-fatiguing rhythmic handgrip increased heart rate and arterial 
blood pressure but  did not increase the nerve activity, presumably because 
sufficient metabolites did not accumulate in the active muscles to activate 
the chemically-sensitive muscle afferents (Mark et al. 1986). 

The increase in blood pressure with static exercise is due to an aug- 
mented sympathetic outflow, which results in cardiac acceleration, an 
increase in cardiac output ,  and only a slight increase in systemic vascular 
resistance. If, however, the cardiac output  cannot increase normally, as 
occurs in healthy subjects who have been given propranolol and atropine 
or in patients after heart transplantation, the same increase in blood pres- 
sure is achieved by increased constriction of  systemic vessels (Haskell et 
al. 1981; Lewis et al. 1983). Thus the prime purpose of  the reflex seems 
to be to increase the blood flow to the contracting muscles and it calls on 
any combination of  cardiac output  and peripheral resistance to achieve 
this goal. At that time, the arterial and the cardiopulmonary mechanore- 
ceptors are rendered unable to oppose the increase in blood pressure. 

Dynamic as well as static exercise of  small muscle groups, performed to 
a common end-point o f  local muscular fatigue, caused a marked pressor 
response, but  only a small increase in heart rate. Cardiac output  increased 
during the dynamic but  not  the static exercise, whereas the reverse is true 
for total peripheral resistance. The pressor response persisted after com- 
bined beta-adrenergic and parasympathetic blockade. However, the car- 
diac output  still increased with the dynamic exercise even though the 
heart rate increase is absent. It is suggested that activation of  the muscle 
pump and alpha-mediated venoconstriction enhanced the ventricular filling 
pressure and hence increased the stroke volume. This again indicates that 
the rise in systemic arterial pressure is a regulated function and is achieved 
by different mechanisms depending on the mode of  muscular contraction 
(Lewis et al. 1983). 

During isometric exercise of  one forearm, the resistance vessels of  the 
muscles in the other forearm and the calf respond differently. The former 

' dilate and the latter constrict. When the circulation is arrested just before 
exercise ceases and the arrest is continued, the forearm vessels constrict 
when the exercise ceases and the calf vessels remain constricted. This 
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implies that the muscle reflex causes constriction in muscle blood vessels 
but in the forearm this is opposed by the central command during exercise 
(Fig. 12) (Rusch et al. 1981). 

17 Thermoregulation 

One of the principal control mechanisms in thermoregulation is the altera- 
tion of the circulation through the skin to govern the rate of heat flow 
from the body core to the environment. Rapid, nervously mediated 
changes in skin blood flow provide the fine tuning for the control of body 
temperature. Along with shivering and increased sweating, this permits 
effective governance of the core temperature during heat stress. 

The thermoregulatory effector mechanisms are controlled by receptors 
in the skin, sensitive to cold and to heat, and by central thermoreceptors 
in the hypothalamus, brain stem, spinal cord and, in sheep and rabbits, 
the abdominal cavity. Some of the thermosensitive nerve endings in the 
skin travel with the sympathetic nerves to the spinal cord. Thus the body 
core and the skin are inputs to the thermoregulatory control system 
(Hellon 1983). 

The cutaneous vessels are also governed by thermoregulatory mecha- 
nisms. Local heating decreases or abolishes a reflexly induced vasocon- 
striction, while local cooling augments it (Zitnik et al. 1971; Shepherd et 
al. 1983; Cooke et al. 1984). 

When resting subjects are exposed to a heat stress, there is a rapid in- 
crease in skin blood flow and in cardiac output. While the skin, like the 
kidney, requires only a small blood flow to meet its metabolic needs, 
during severe heat stress the total skin blood flow may increase from 
about 0.2 1/min during normothermia to about 7 l/min during severe 
hyperthermia, or about 50%-70% of the cardiac output. The cutaneous 
blood volume also increases due to the decrease in sympathetic nerve 
activity to the capacious subpapillary venous plexus. The increase in 
venous blood transit time that accompanies the increased venous volume 
facilitates heat exchanges with the environment. However, during the very 
high skin blood flow accompanying severe heat stress, the increased volume 
of this venous plexus may lead to a reduction of cardiac filling pressure 
(Roddie et al. 1956; Johnson et al. 1974; Rowell 1983). 

In supine subjects at rest, the cardiac output increases by approximately 
3 l/min per degree centigrade rise in the temperature of the blood in the 
right atrium. The increase in skin blood flow exceeds the increase in car- 
diac output, and this increase is compensated for by a simultaneous 
decrease in flow to the kidney and the splanchnic vascular beds (Rowell 
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Fig. 13. Forearm and hand blood flow before and during body heating in a normal 
subject, e, blood flow through the intact forearm; o, blood flow through the nerve- 
blocked forearm; =, blood flow through the hand; A, current (/aa) flowing through the 
skin of the intact forearm: this indicates the activity of the sweat glands. Initially, the 
subject was lightly clad and placed in a room at 16 ° -  18°C to ensure a low blood flow 
to the forearm. Within 5 min after the start of heating, the blood flow through the 
hand increased rapidly and reached 30-35 ml/ t00 ml forearm per minute. At the 
same time, there was a small increase in the blood flow to the intact forearm, which 
remained at this level until the onset of sweating. The flow then increased rapidly; 
this increase was followed by a more gradual rise until the end of the heating period, 
when it reached 14 ml/100 ml forearm per minute by which time the subject was 
sweating profusely. Since body heating dilates only the skin vessels of the forearm 
and the nerve block dilates both muscle and skin vessels, the greater increase in flow 
with body heating than with the nerve block is explained by the activity of vasodilator 
nerves supplying the skin of the intact forearm. Thus this experiment demonstrates 
that the vessels of the forearm skin are supplied with both vasoconstrictor and vaso- 
dilator nerves. (From Shepherd t 984) 

1983).  T h e  m e c h a n i s m s  which  lead to  the  cons t r i c t ion  in these beds  have 

no t  been  de t e rmined .  Hea t  stress also causes an increase in p lasma renin 

act ivi ty  (Escou r rou  et al. 1982).  Increase  in skin flow is achieved in the 

case o f  the  hands  and feet ,  where  a r t e r iovenous  anas tomoses  are p resen t ,  

by  a decrease  in act ivi ty  in the s y m p a t h e t i c  noradrenerg ic  nerves.  In the  

case o f  the  skin o f  the  p rox ima l  par t  o f  the  l imbs  and p r o b a b l y  also o f  the  
skin o f  the  face and b o d y ,  the  f low is m u c h  grea ter  than  tha t  achieved b y  
c o m p l e t e  absence  o f  vasocons t r i c to r  impulses  in the  s y m p a t h e t i c  nerves.  
When a no rma l  subject  is exposed  to  a general ized hea t  stress, the b lood  

f low to  the  innerva ted  f o r e a r m  increases well above  tha t  to  the  oppos i t e  
f o r ea rm  in which  the  cu t aneous  nerves are b locked  wi th  local anes the t ic .  
In the  case o f  the hands  no fu r the r  increase occurs.  This  increase m u s t  
the re fo re  be due  to  vasodi la to r  nerves. I t  is associated wi th  the onse t  o f  
sweat ing  and can be  de layed  or  r educed  b y  inject ing a t rop ine  in to  the 
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brachial artery, indicating that it is due to a cholinergic mechanism 
(Fig. 13). 

Microelectrodes have been used to record from cutaneous sympathetic 
nerves to the hands and feet. Firing in these nerves occurs in bursts. With 
body cooling the interval between bursts decreases and with body warm- 
ing it increases (Vallbo et al. 1979; Bini et al. 1980a,b). The outflow to 
hands and feet is synchronized. When sympathetic nerve activity is recorded 
simultaneously in human nerves to muscle and skin, there is no relation- 
ship in the timing or the amplitude of  the sympathetic bursts of activity. 
This indicates that the sympathetic ganglia contain at least two different 
neuronal populations with independent preganglionic inputs (Bini et al. 
1980a). Recordings of  sympathetic activity to different skin areas in 
humans have demonstrated that the reflex thermoregulatory functions in 
the distal glabrous skin areas are mediated mainly via changes in the activ- 
ity of  sympathetic vasoconstrictor fibers; sudomotor fibers only become 
active at relatively high temperatures. By contrast, sudomotor  fibers 
predominate in the thermoregulatory control of  the hairy skin on the 
dorsal side of  the forearm and hand (Bini et al. 1980b). Recordings of  
sympathetic outflow to the skin demonstrate that during moderate warm- 
ing, the activity becomes minimal, but that it increases again with the 
onset of  sweating, presumably because of  increased traffic in the sudo- 
motor  nerve fibers (Normell and Wallin 1974). It appears that with sweat- 
ing an enzyme is released into the tissue spaces from the sweat glands. 
This enzyme acts on proteins to produce a vasodilator peptide. It has 
been suggested, but not proved, that a bradykinin-forming enzyme is 
released and that the bradykinin formed causes the vasodilatation. Thus 
the linkage of  dilatation to the regulation of  sweating, which is induced by 
cholinergic nerves, and the change from the dominant to the limited con- 
trol by sympathetic nerves occur abruptly between the skin of  the hands 
and feet and that of  the rest of the limb (Shepherd 1963; Rowell 1981; 
Roddie 1983). 

18 Rhythmic Exercise 

With supine leg exercise the sympathetic vasoconstrictor outflow increases 
in proportion to the severity of  the exercise (Beveg~rd and Shepherd 
1966a, 1967). During upright exercise the arterial and cardiopulmonary 
mechanoreceptors are unloaded due to the effects of  gravity on the 
cardiovascular system, leading to a shift of  blood from the central circula- 
tion to the dependent parts of  the body. The resultant increase in sym- 
pathetic outflow reinforces that caused by the reflex originating in the 
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contracting muscles. Thus the blood flow to inactive or less active muscles 
is further reduced, as is that to the splanchnic bed and the kidney (Rowell 
et al. 1964). This strong constriction of the vessels outside the active 
muscles is reflected by the changes in cardiac output, which for identical 
exercise up to submaximal effort is about 2 1/min less during upright than 
during supine exercise (Beveg~rd and Shepherd 1967). There is very little 
rise in venous plasma epinephrine during mild or moderate treadmill 
exercise (Warren et al. 1984). One of the benefits of upright exercise is the 
action of the muscle pump, which by reducing the venous pressure in the 
legs leads to a marked increase in the perfusion pressure of the leg muscle 
vessels. It also restores the translocated blood to the thorax, which main- 
tains the filling pressure of the heart and hence the stroke volume (Beve- 
g~rd and Shepherd 1967). In patients with damage to the venous valves, 
this does not occur; more blood remains in the dependent parts, the car- 
diac filling is hampered, and the stroke volume and cardiac output are less 
than in normal persons (Beveg~rd and Lodin 1962). In the working 
muscles, provided the exercise is mild, a reflex excitation of sympathetic 
nerves can reduce their blood supply. Under these circumstances, the role 
of the sympathetic nerves may be to modulate the local dilator mecha- 
nisms in order to maintain the most economical ratio of blood flow to 
oxygen extraction. At more severe work loads the blood flow to the 
exercising muscles is not affected by sympathetic stimulation because the 
products of metabolism attenuate the action of the sympathetic nerves on 
the muscle resistance vessels; this permits the blood flow to reach its 
maximum under circumstances where maximal oxygen extraction from 
the blood going to the muscles is necessary to sustain their metabolism 
(Strandell and Shepherd 1967; Blomqvist and Saltin 1983). 

In a comfortable environment, the cutaneous vessels constrict at the 
onset of exercise, but this is transient. As the core temperature starts to 
rise the skin vessels dilate. The combined stress of exercise in the upright 
position and of hyperthermia poses the greatest challenge to the cardio- 
vascular system, since skin and muscles must compete for the cardiac 
output to satisfy simultaneously the metabolic requirements of the active 
muscles and the thermoregulatory requirements of the body. During heat 
stress the leg veins refill so rapidly during exercise, due to the great 
increase in skin blood flow, that the muscle pump is less efficient and 
more blood remains pooled in the dependent parts (Rowell et al. 1971; 
RoweU 1983). While there is evidence that during heat stress the removal 
of the inhibitory influence of the arterial and cardiopulmonary mechano- 
receptor on the vasomotor center can cause a temporary constriction of 
the skin vessels of  the forearm (Crossley et al. 1966), it is doubtful if this 
has any important effect on the amount of blood pooled in the dependent 
veins in the heated subject in an upright posture. The consequential 
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Fig. 14. Blood pressure rise during excitement. Original record taken from a 24-h 
blood pressure recording in a normotensive subject. The record was displayed on a 
polygraph after completion of the monitoring time. ABP, pulsatile arterial blood pres- 
sure; MAP, mean arterial pessure; fABP, blood pressure integration over consecutive 
37.5-s intervals; HR, heart rate. The subject played cards (poker) during the interval 
between the arrows (about 2.5 h), during which time the blood pressure and heart 
rate remained elevated. (From Mancia et al. 1984) 

decrease in thoracic blood volume and reduction in cardiac filling pressure 
limit the increase in cardiac output .  Thus for the arterial blood pressure to 
be maintained necessitates a very marked increase in the sympathetic 
outflow, so that there is a maximal constriction of  the splanchnic resis- 
tance and capacitance vessels and of  the renal vessels. Many factors 
operate to cause this reflex constriction, including presumably the recep- 
tors in the active muscles, as well as the arterial baroreceptors when the 
arterial pressure tends to fall. 

19 Emotion 

Direct recordings of  arterial blood pressure in subjects living in their nor- 
mal environment have confirmed that a marked and sustained rise in 
arterial blood pressure can occur during emotional events (Fig. 14) 
(Mancia et al. 1984b). Studies of  the cardiovascular responses to acute 
emotional stress elicited in the laboratory have sometimes had conflict- 
ing results, in part because the responses may be transient and in part 
because the same subject may at different times have different responses 
to the same stress (Parati et al. 1985). When normal reclining subjects 
were subjected to stressful mental arithmetic so that  they became tense, 
nervous, and embarrassed, the mean arterial blood pressure and the cardiac 
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output increased. The forearm blood flow increased, while forearm vas- 
cular resistance decreased (Blair et at. 1959a). When Stroop's color word 
test was used to cause mental stress in healthy volunteers, the resultant 
increase in arterial blood pressure (average 29/14 mmHg) was caused by 
an increase in cardiac output, since total systemic vascular resistance 
decreased. Arterial plasma norepinephrine is increased but peripheral 
venous levels remain unchanged (Hjemdahl et al. 1984). Changes in renal 
blood flow are difficult to interpret, since the duration of the stimulus is 
too brief to permit the collection of urine samples adequate for determina- 
tion of para-aminohippurate clearance, but it is probable that the flow is 
decreased. Values calculated for total systemic resistance were sometimes 
increased and sometimes decreased, but there was thought to be no basic 
difference between these two types of response. The changes in total 
resistance depend on the balance between vasodilatation in muscle and 
vasoconstriction in the kidney and splanchnic circulation; when the 
former is dominant, the value for total systemic resistance is reduced, and 
vice versa (Brod et al. 1959). Cerebral vascular resistance was unchanged 
during the performance of mental arithmetic, but decreased during 
anxiety (Sokoloff et al. 1955). The cutaneous veins constrict; there are 
no data on other capacitance vessels. 

Emotionally induced hyperemia of the forearm muscles is thought to 
result from the combined effects of increased levels of circulating epi- 
nephrine and activation of cholinergic vasodilator fibers. The cholinergic 
pathway, which has been described in the cat and the dog, originates in 
the motor cortex. There is a discrete descending pathway that relays in 
the hypothalamus and continues through the ventral mesencephalon, 
descending via the medullary lateral spinothalamic tracts (~vnas 1967). 
The cholinergic nerves run with sympathetic noradrenergic nerves to the 
resistance blood vessels of skeletal muscle; their activity is reduced or 
abolished by atropinization. The relative importance of these two factors 
is controversial (Greenfield 1966). Evidence for the role of the choliner- 
gic vasodilator fibers comes from the demonstration that the magnitude of 
the hyperemia is diminished by stellate ganglion block and by infusion of 
atropine into the artery of the limb being studied (Blair et al. 1959a; 
Barcroft et al. 1960). 

Surprisingly, emotional stimuli may not be accompanied by any change 
in vascular resistance in the calf (Rusch et al. 1981). There is as yet no 
explanation for this. It has been suggested that the norepinephrine released 
from the sympathetic nerves to the forearm activates both postjunctional 
alpha- and beta-adrenoceptors, with the former predominating, whereas 
in the calf there is only stimulation of alpha-adrenoceptors (Eklund and 
Kaijser 1976). However, there is no evidence of neurogenically mediated 
beta-adrenergic receptor activation in the human forearm (Brick et al. 
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1968), and the vessels of  the forearm and calf dilate to the same extent 
when exposed to isoproterenol (Whelan 1967). Another explanation is 
that the cholinergic vasodilator nerves are distributed to the forearm, but 
not to the calf vessels. That both forearm and calf vessels are capable of  
simultaneous reflex constriction is shown by the decrease in both forearm 
and calf blood flows following the Valsalva maneuver (Rusch et al. 1981). 
It is reported that the Valsalva maneuver and the application of  ice to the 
forehead simultaneously stimulate adrenergic vasoconstrictor and choliner- 
gic vasodilator pathways to forearm resistance vessels. Since the former 
predominates, the vasodilator effect is unmasked only after adrenergic 
blockade (Abboud and Eckstein 1966). 

Alterations in reflex function during mental stress are difficult to deter- 
mine. In cats activation of hypothalamic structures involved in the regula- 
tion of  cardiovascular emotional responses impairs arterial baroreflex con- 
trol of  heart rate more than baroreceptor control of vascular resistance 
and blood pressure (Mancia and Zanchetti 1981). Inhibition of  the cardiac 
vagal component  of  the arterial baroreflex during emotional stress occurs 
in the baboon (Stephenson et al. 1981) and monkey (Engel et al. 1982). 
The smaller increase in heart rate, cardiac output ,  and mesenteric resis- 
tance observed during naturally elicited fighting behavior in sinoaortic 
denervated as compared to intact cats can also be explained by central 
inhibition of the arterial barorefiexes (Baccelli et al. 1981). 

In man phenylephrine has been used to increase arterial blood pressure 
and to stimulate the arterial baroreceptors during stressful mental arith- 
metic. During the latter the slowing of the heart caused by the drug- 
induced increase in arterial pressure was attenuated (Sleight et al. 1978). 
In another study, steady neck suction was used to decrease arterial blood 
pressure and heart rate; the imposition of  mental stress did not alter the 
response to the carotid baroreceptor activation (Lindblad 1980). 

The stimulus of  cold results in hemodynamic changes resembling those 
caused by psychological factors. Keatinge et al. (1964) studied the response 
of normal subjects, sitting and supine, to a shower of  ice-cold water 
(0°-2 .5°C)  run over the chest and abdomen for 2 min at 6 1/min. The 
respiratory rate and the tidal volume increased, while the arterial pCO2 
decreased. The cardiac output ,  systemic arterial pressure, and heart rate in 
the seated subjects increased. The transmural atrial pressure increased. 
There was no significant change in plasma epinephrine levels during the 
showers, and the concentration of norepinephrine increased by an average 
of only 0.3 2 tag/1 plasma. The intense hyperventilation which accompanied 
the cold showers appeared to play no part in causing the hypertension, 
although it may have contributed to the tachycardia. 

These changes can be explained by activation of the sympathetic adrener- 
gic nerves to the heart and blood vessels with an increase in the force and 
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frequency of cardiac contraction, rather than by release of catecholamines 
from the adrenal medulla. The reflex could be mediated through the teg- 
mentum of the midbrain and the hypothalamus, since stimulation of these 
areas in cats caused similar changes (Abrahams et al. 1960). Application of 
cold also causes reflex venoconstriction in the limbs; if this were wide- 
spread, it could help to increase the filling pressure of the heart and thus 
contribute to the increase in cardiac output. 

20 Fainting 

Foster (t 888) believed that the decrease in blood pressure during fainting 
resulted from vagal inhibition of the heart. Lewis (1932) found that, 
although atropine abolished the bradycardia, it had little effect upon the 
hypotension or the level of consciousness. Therefore, he regarded vasodila- 
tation as the primary cause of the decrease of arterial pressure, and intro- 
duced the term "vasovagal syndrome" to emphasize the combined etio- 
logical role of alterations in the behavior of peripheral vessels and in vagal 
activity. 

Fainting associated with loss of  blood has been extensively studied. 
After removal of a large volume of blood from a normal subject by 
venesection, the cardiac output and right atrial pressure are decreased. The 
systemic arterial pressure is at first maintained through reflex constriction 
of resistance vessels due to the combined withdrawal of the inhibition 
exerted by the arterial and cardiopulmonary mechanoreceptors. With the 
onset of fainting, the cardiac output does not usually decrease further, but 
there is a marked reduction in systemic vascular resistance. The blood 
flow through the skeletal muscles of the forearm increases (Barcroft et al. 
1944; Barcroft and Edholm 1945). Since there is simultaneously a 
decrease in arterial blood pressure, the increased flow is due to vasodilata- 
tion. Vasodilatation does not occur in the forearm of patients following 
cervicodorsal sympathectomy. Therefore, it is mediated by sympathetic 
nerves rather than by humoral factors such as endogenous epinephrine. 
The vasodilatation may be mediated by release of sympathetic vasocon- 
strictor tone or alternatively, as Barcroft and Edholm (t945)suggested, 
by increased activity of sympathetic vasodilator fibers. In one subject 
who fainted after standing up, there was a cessation of sympathetic bursts 
in peroneal muscle nerve fascicles during the initial bradycardia. This sug- 
gests that the syncope was associated with an interruption of normal 
baroreflex feedback between blood pressure and sympathetic outflow 
(Burke et al. 1977). 
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Bradycardia, vasodilatation in skeletal muscle, and decreased arterial 
blood pressure also occur during spontaneous or emotional fainting 
(Brigden et al. 1950; Greenfield 1951). 

Some of  the effects resulting from acute hemorrhage during light gen- 
eral anesthesia differ from those observed in conscious subject (de War- 
dener et al. 1953). Loss of  up to about 1500 ml blood led to decreases in 
cardiac output  and constriction of forearm resistance vessels. Hemorrhage 
of this order causes vagovagal fainting, with vasodilatation in skeletal 
muscle in the majority of conscious subjects lying supine. In the anesthe- 
tized patients, the vessels in muscle were constricted even in the rare 
instance where a subject had severe hypotension and bradycardia. This 
suggested that posthemorrhagic hypotension during anesthesia was due 
mainly to the decrease in cardiac output  and not, as in conscious subjects, 
to dilatation of vessels in muscle. 

In contrast to the increased blood flow to the skeletal muscle of un- 
anesthetized subjects during fainting, flow to the splanchnic bed (Beam 
et al. 195 l) and kidneys (de Wardener and McSwiney 1951) is reduced. 
Cutaneous vasodilation may occur (Snell et al. 1955). As consciousness is 
lost, the electroencephalogram shows slow waves of  large amplitude 
(Gastaut and Fischer-Williams 1957). At this stage, cerebral blood flow is 
reduced by about one-third (Finnerty et al. 1954). The cerebral hypoxia 
is mainly responsible for the hyperventilation. Oberg and Thor6n (1972), 
from studies on cats, suggested that the increased sympathetic outflow 
during severe hemorrhage and lowered ventricular filling could cause 
excessive activation of  left ventricular mechanoreceptors with vagal 
unmyelinated afferents. This could cause the bradycardia and peripheral 
vasodilatation. A similar mechanism could explain vasovagal syncope dur- 
ing orthostatic stress in man (Epstein et al. 1968a). 

Orthostatic fainting readily occurs in the presence of conditions that 
interfere with the development of  compensatory vasoconstriction in 
arteriolar beds. After spinal anesthesia, there is persistent arterial dilata- 
tion in the anesthetized portion of the body; relatively slight tipping of 
the body from the horizontal position may lead to an acute fall in blood 
pressure accompanied by vasodilatation in the forearm (Brigden et al. 
1950). The exaggerated decrease in cardiac output  with tipping during 
spinal anesthesia is contributory (Pugh and Wyndham 1950). 
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21 Reflex Control in Cardiovascular Disease 

21.1 Autonomic Failure 

Chronic autonomic failure is caused by multiple lesions of the central or 
peripheral autonomic pathways (Ibrahim 1975). It is characterized by an 
unvarying heart rate and a decrease in arterial blood pressure on standing, 
due to a reduced ability of the heart rate to increase and to a failure of 
constriction of the systemic resistance and capacitance vessels (Bannister 
et al. 1967; Marshall et al. 1961; White 1980). The normal heart rate 
response to standing has a characteristic time course, with an immediate 
increase due to an exercise reflex as a consequence of the muscular effort, 
and later changes due to alterations in the activity of the arterial and 
cardiopulmonary mechanoreceptors. An abrupt and large ihcrease in heart 
rate on standing excludes vagal neuropathy (Wieling et al. 1983). By 
monitoring ambulant intraarterial blood pressure it was found that 
patients with autonomic failure who exhibit postural hypotension have a 
circadian variation in pressure. This was the inverse of the normal pattern, 
with the highest pressures being at night and the lowest in the morning. 
This is consistent with the finding of a peak incidence of the symptoms 
of postural dizziness in the morning (Mann et al. 1983). Recumbent 
hypertension may also be present. This has been attributed to loss of 
central control of baroreflex function, reinforced by supersensitivity of 
the cardiovascular system to circulating catecholamines. While most 
patients with orthostatic hypotension demonstrate these abnormalities in 
sympathetic nervous system function, different mechanisms may be 
involved. Those patients with histochemical and pharmacological evidence 
of a deficit in peripheral sympathetic nerves are classified as having 
idiopathic orthostatic hypotension. Those patients with a central deficit 
in blood pressure regulation are classified as having multiple-system 
atrophy (Shy-Drager syndrome). Chronic autonomic insuffiency also 
occurs with parkinsonism and diabetes (Shy and Drager 1960; Aminoff 
and Wilcox 1971 ; Kontos et al. 1975; Wilcox et al. 1977). 

At autopsy, the most common lesion in all patients is a loss of cells in 
interomediolateral columns of the spinal cord. Lesions have also been 
reported in the locus ceruleus, the nucleus of the solitary tract, the dorsal 
nucleus of the vagus, and the ambiguus nucleus (Bannister 1980). In 
diabetic autonomic neuropathy, heart rate control may be impaired earlier 
than vasomotor function, which is likely to be due to the early involve- 
ment of the cardiac vagus (Bennett et al. 1979b). 

Patients with autonomic dysfunction have norepinephrine depletion 
and a reduced plasma norepinephrine response to standing; in those with 
idiopathic orthostatic hypotension the plasma levels when reclining are 
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lower than normal, whereas they are normal in those with multiple-system 
atrophy (Kontos et al. 1975; Cryer and Weiss 1976). The patients are not 
only hyperresponsive to alpha-adrenergic agonists but also have an exces- 
sive rise in arterial blood pressure in response to intravenous administra- 
tion of  angiotensin II (Davies et al. 1980) and vasopressin (Mohring et al. 
1980). There is also increased beta-adrenoceptor responsiveness in these 
patients and isoproterenol can cause a marked lowering of  arterial blood 
pressure; while there is a sixfold increase in responsiveness to its inotropic 
effect, there is a 17-fold increase in responsiveness to its depressor effect 
(Robertson et at. 1984). Studies of  adrenergic receptor regulation in man 
have been facilitated by the identification of beta-adrenoceptors on 
human leukocytes and alpha-adrenoceptors on human platelets. In sub- 
jects with multiple-system atrophy with sympathetic nerve degeneration 
there is an increased number of  beta-adrenoceptors as measured by [H 3 ] 
dihydroalprenolol ([H 3 ]DHA) binding to beta-receptors on lymphocytes 
isolated from their venous blood (Bannister et al. 1981). It is suggested 
that the decrease in the circulating and vascular concentrations of  nor- 
epinephrine or epinephrine or both may lead to increased numbers of  
beta-receptors (Fraser et al. 1981 a; Hui and Connolly 1981 ; Chobanian et 
al. 1982), or to their increased affinity state (Fitzgerald et al. 1981). 

Another  type of  orthostatic hypotension, referred to as sympathoton.ic, 
does not seem to be due to abnormal sympathetic function. Patients with 
this disease have normal levels of norepinephrine and low mean arterial 
blood pressure when reclining. They also have reduced sensitivity to 
infused norepinephrine. On standing they have a marked tachycardia 
and plasma norepinephrine levels sometimes increase excessively. In these 
patients it seems that the effector organ response is impaired (Klein et al. 
1980; Polinsky et al. 1981). Abnormalities of  adrenergic physiology also 
occur in about 26% of  patients with relatively severe diabetes. Some of  
these patients have hypoadrenergic postural hypotension due to diabetic 
adrenergic neuropathy, and hence have a lessened increase in plasma 
norepinephrine on standing. Other patients exhibit heightened sympathe- 
tic activity, with increased plasma norepinephrine concentrations on 
standing; some of them, however, have postural hypotension (hyper- 
adrenergic postural hypotension), and it is suggested that this might be 
due to vascular resistance to endogenous norepinephrine (Cryer et al. 
1978). 

In elderly subjects with an inability to maintain their blood pressure 
while standing, no evidence was found of impaired baroreceptor function 
or of  a reduction in sympathetic nervous activity. It is suggested that the 
orthostatic hypotension which occurs in 11%-24% of  such subjects is 
due to mechanical factors or to failure of  sympathetically mediated vaso- 
constriction rather than to receptor dysfunction (Robinson et al. 1983). 
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21.2 Cardiac Failure 

Many diseases of the heart are associated with impairment of the arterial 
baroreflex control of heart rate. These include Chagas' disease (Amorin et 
al. 1968; Manco et al. 1969) and ischemic and rheumatic heart disease 
(Eckberg et al. 1971; Eckberg 1980b; Goldstein et al. 1975; Neto et al. 
1980; Goldsmith et al. 1983a). How this occurs is a matter of speculation. 
In subjects with heart failure it may be due in part to reduced compliance 
of the aortic and carotid arterial wall as a consequence of salt and water 
retention. 

Patients with acute heart failure due to myocardial infarction, and with 
radiological evicence of distension of vessels in the upper zone of the 
lungs, have evidence of an increase in renal function (elevation of glomeru- 
lar filtration rate and an increase in urinary output). This lasts for about 
2 days and could be attributed to increased cardiac filling pressure, which 
stimulates cardiac sensory receptors and thus inhibits the sympathetic 
outflow to the kidney. This helps to reduce the intravascular volume and 
thus the abnormally high pressure causing overdistension of the heart 
(Bennett et al. 1977). In congestive heart failure the usual increase in 
heart rate and mean arterial blood pressure during passive upright tilt are 
blunted, and forearm and hepatic vascular resistances do not increase 
(Goldsmith et al. 1983a). The circulating levels of norepinephrine, renin, 
angiotensin II and vasopressin are increased and there is an exaggerated 
sympathoadrenal response to exercise (Chidsey et al. 1962; de Champlain 
et al. 1963; Kramer et al. 1968; Thomas and Marks 1978; Cohn et al. 
1981 ;Goldsmith et al. 1983b; Levine et al. 1983; Mark 1983). This can be 
explained by decreased tonic inhibition of the vasomotor centers by the 
cardiac mechanoreceptors, and can account in part for the retention of 
sodium and water. Impaired ability of the arterial baroreceptors to 
modulate the sympathetic outflow can contribute. During the relatively 
mild exercise of which these patients are capable, there is a greater rise in 
the plasma levels of norepinephrine than with similar exercise in normal 
subjects (Chidsey et al. 1962), and more reflex constriction of systemic 
vascular beds outside the active muscles. This also may be due to the 
decreased ability of the cardiac mechanoreceptors to buffer the excitatory 
reflex from the active muscles. 

In patients with congestive heart failure, the forearm muscle resistance 
vessels do not dilate normally in response to exercise of the forearm or in 
response to a period of circulatory arrest (Zelis and Longhurst 1975). This 
is probably due to an increased stiffness of the vessels as a consequence of 
an increased sodium content and perhaps partly by increased tissue pres- 
sure related to interstitial edema. In patients with borderline hypertension, 
unlike normal subjects, excessive sodium intake causes abnormal increases 
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in forearm vascular resistance, neurogenic vasoconstriction, and arterial 
blood pressure. The reasons for this are not  known (Mark et al. 1975). 

The normal reflex constriction of  the forearm blood vessels which 
occurs with upright tilting of  normal subjects may change to dilatation in 
patients in left heart failure (Brigden and Sharpey-Schafer 1950). The 
mechanism responsible is unknown. It is suggested that it may result 
from paradoxical stimulation of ventricular mechanoreceptors. Thus, 
during the application of  lower-body negative pressure in patients with 
left ventricular dysfunction, the cardiac size may be reduced; this could 
allow for a greater degree of  cardiac fiber shortening with a resultant 
mechanical activation of  cardiac mechanoreceptors and a consequential 
peripheral vasodilatation (Ferguson et al. 1984). After the intravenous 
administration of a digitalis glycoside, the patients who showed a dilata- 
tion of the forearm resistance vessels with lower-body negative pressure 
prior to the drug now had a vasoconstriction. This might be explained by 
a direct sensitizing effect of digitalis on cardiopulmonary and/or arterial 
baroreceptors, or to an indirect mechanical (inotropic) effect on cardiac 
mechanoreceptors (Abboud et al. 198ta; Ferguson et al. 1984; Quest and 
Gillis 1974). Digitalis may result in a potentiation of the arterial baro- 
reflexes; in subjects without heart failure the intravenous administration 
of  lanatoside C enhances the bradycardic and hypotensive effects of  baro- 
receptor stimulation by phenylephrine and neck suction respectively 
(Ferrari et al. 1981; 1983). The lengthening of atrioventricular conduc- 
tion time induced by baroreceptor stimulation at a fixed heart rate was 
also potentiated markedly after administration of  a single dose of  digitalis 
(Fig. 15). Interestingly, the effect of arterial baroreceptor deactivation 
(i.e., tachycardia, hypertension, and shortening of  atrioventricular conduc- 
tion time) were not affected, a finding that may be in accordance with a 
sensitizing action of  the drug on the receptors themselves. While sodium 
restriction and diuresis cause increases in renin and angiotensin levels in 
normal subjects, they cause decreases in patients with heart failure 
(Genest et al. 1968). It seems that the afferent activity from the heart, 
which is impaired in chronic heart failure, increases again during sodium 
restriction, diuresis, and upright exercise. 

When patients with heart failure exercise, the reflex constriction of  
resistance vessels in vascular beds outside the active muscles occurs at 
lower work loads than in normal subjects. This is due to an earlier and 
more intense activation of  the sympathetic outflow, which serves to redis- 
tribute the limited cardiac output  to the vital organs and to maintain the 
arterial blood pressure (Chidsey and Harrison 1962; Francis et al. 1982). 
The stimulus for this and the receptors concerned have not yet been 
elucidated. 
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Fig. 15. Cardiac glycosides and reflex control of  atrioventricular conduction. Linear 
regressions relating the increases and reductions in systolic blood pressure (phenyl- 
ephrine and nitroglycerine techniques) to lengthening and shortening respectively 
of St-Q interval. Data from one subject studied at a constant heart rate by atrial pac- 
ing, namely in the condition required to observe changes in atrioventricular conduc- 
tion time following arterial baroreceptor stimulation and deactivation, r values refer to 
correlation coefficients of the regressions, p values and NS (not significant) to statis- 
tical comparisons (covariant analysis) of  the regressions before and after intravenous 
administration of 0.8 mg lanatoside C. (From Ferrari et al. 1983) 

The increased sympathetic outf low does not impair the vasodilatation 
in the active skeletal muscles (Wilson et al. 1985). 

21.3 Aortic Stenosis 

Patients with aortic stenosis are prone to syncope on exertion. For  a long 
time this has been attributed to an inability to increase the cardiac output  
or to a dysrhythmia. In normal subjects and patients with mitral stenosis 
undertaking supine leg exercise, there is a reflex constriction of  the fore- 
arm resistance blood vessels. By contrast, this constriction is inhibited or 
reversed in patients with severe aortic stenosis and a history of  exertional 
syncope. After aortic valve replacement, the normal constriction of  the 
forearm vessels occurs. Such studies suggest that marked activation o f  left 
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ventricular mechanoreceptors may be responsible for the reflex vasodila- 
tation and as a consequence the syncope during exercise in patients with 
aortic stenosis (Mark et al. 1973). 

21.4 Myocardial Ischemia 

Experimental myocardial ischemia in dogs is accompanied by an increased 
number of  beta-adrenoceptors in the ischemic tissue and a decrease in the 
norepinephrine content. This increase persists for at least 8 h. When these 
receptors are stimulated by isoproterenol, a biological response occurs as 
indicated by an increase in cyclic AMP content and phosphorylase activa- 
tion (Mukherjee et al. 1982). 

Coronary occlusion may simultaneously excite a wide variety of recep- 
tors that exert different reflex effects on the cardiovascular system. The 
early hemodynamic changes which accompany acute myocardial infarc- 
tion in man may result, therefore, not only from cardiac impairment but 
also from changes in activity of  different receptor systems. In patients 
seen within 30 rain after the onset of  infarction, only 17% have a normal 
heart rate and blood pressure, 48% have evidence of  parasympathetic 
overactivity manifested by bradyarrhythmia and hypotension, and 35% 
show evidence of sympathetic overactivity with sinus tachycardia or 
elevated blood pressure or both (Pantridge et al. 1975; Pantridge 1978). 
It is likely that these different manifestations are the result of  different 
degrees of activation and interaction between the vagal and sympathetic 
afferent input from cardiac receptors to the central nervous system and 
the input from the high-pressure receptors. 

Experimental reduction in coronary blood flow activates cardiac recep- 
tors with vagal and sympathetic myelinated and unmyelinated fibers. Left 
ventricular receptors with unmyelinated vagal afferents situated in the 
regions supplied by the occluded coronary artery increase their activity in 
concert with systolic bulging of the ischemic myocardium, suggesting that 
excitation is mechanical rather than chemical (Thor6n 1979). These 
inhibitory cardiac receptors have a preferential distribution to the inferior 
walt of  the left ventricle (Thames et al. 1978; Walker et al. 1978). Activa- 
tion of such receptors is accompanied by cardiac slowing and hypotension 
(Kezdi et al. 1974). Their sensitivity is increased by cardiac glycosides 
(Thames et al. 1980, 1982). These changes are usually transient. Nausea 
and vomiting may also occur, due to reflex gastric dilatation, and are 
mediated by a vagal noncholinergic pathway (Abrahamson and Thor6n 
1973; Johannsen et al. 1981; Sleight 1981). In patients with myocardial 
infarction, nausea and vomiting have been reported to occur more fre- 
quently when this involves the inferior than when it involves the anterior 
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wall o f  the left ventricle (Ahmed et al. 1978). The injection of  radiographic 
contrast media into the coronary artery supplying the posteroinferior wall 
o f  the heart is more often accompanied by bradycardia, vasodilatation, and 
hypotension than when the contrast medium is injected into the artery 
supplying the anterior wall (Carson and Lazzara 1970; Eckberg et al. 1974; 
Perez-Gomez and Cardia-Aguado 1977). The bradycardia is not due to a 
direct depressant effect o f  the contrast media on the sinus node, but  to 
activation of  sensory receptors in the ventricle. The hypotension is due to 
the vasodilatation rather than the bradycardia, since atrial pacing to prevent 
the cardiac slowing only slightly reduces the decrease in blood pressure 
(Eckberg et al. 1974). The reflex vasodilatation in the forearm during 
coronary angiography is blocked by atropine, suggesting that it is due to 
activation of  sympathetic cholinergic fibers (Fig. 16) (Zelis et al. 1976). 

In dogs and cats coronary occlusion and myocardial infarction are fol- 
lowed by a reduction in the ability of  arterial baroreceptors to modulate 
heart rate and sympathetic activity, possibly because o f  interference of  
cardiac receptors with the arterial baroreflex mechanisms (Toubes and 
Brody 1970; Felder and Thames 1979; Takeshita et al. t980).  A similar 
interference may take place in man; during or immediately after a myo- 
cardial infarction there is of ten little tachycardia when the blood pressure 
is reduced by vasodilator agents (Thomas et al. 1966; Smith et al. 1954). 
Also, little bradycardia has been reported when, 4 - 1 3  days after the 
myocardial necrosis, blood pressure was increased by phenylephrine, and 
little forearm vasoconstriction when the pressure was reduced by lower- 
body suction; some of  the baroreflex impairment appeared to regress 
1 or 2 months after the acute episode (Imaizumi et al. 1984). 

With anterior myocardial infarction there may be tachycardia and ele- 
vated arterial blood ressure, and this may be attributed to increased acti- 



Reflex Control of the Human Cardiovascular System 63 

vation of cardiac receptors with sympathetic afferents. An increase in 
arterial blood pressure may occur several hours after coronary bypass sur- 
gery. It is caused by a rise in total systemic vascular resistance. The heart 
rate shows no consistent change. The hypertension is abolished by local 
anesthetic of  one stellate ganglion, due mainly to a reduction in the total 
systemic vascular resistance. It is suggested, therefore, that the hyperten- 
sion is due to a reflex increase in sympathetic activity, due to stimulation 
of  spinal (sympathetic) afferents from the heart (Tarazi et al. 1978; 
Estefanous and Tarazi 1980; Wallach et al. 1980; Malliani 1982). 

A cardiogenic hypertensive chemoreflex might contribute to brady- 
cardia and hypertension during myocardial ischemia. Studies in dogs have 
shown that chemoreceptors with a blood supply from the initial portion 
of the left coronary artery may be activated by release of 5-hydroxytryp- 
tamine from platelet thrombi (James et al. 1979). 

The cardiopulmonary injection of prostacyclin or arachidonic acid in 
anesthetized or conscious dogs causes bradycardia and hypotension. This 
is due to the prostaglandins stimulating the C-fiber vagal afferents with 
chemosensitive endings located predominantly in the posterior wall of  the 
left ventricle. The hypotension is due mainly to reflex vasodilatation in 
the kidneys and the skeletal muscles. Thus the possibility exists that an 
excessive intracardiac production of  prostaglandins could activate these 
chemosensitive fibers (Hintze and Kaley 1984). Bradykinin, which is 
present in the coronary sinus blood of  the ischemic heart, can excite both 
vagal (Kimura et al. 1973; Kaufman et al. 1980) and sympathetic (Uchida 
and Murao 1974; Nishi et al. 1977; Baker et al. 1980; Coleridge and 
Coleridge 1980' Lombardi et al. 1981) cardiac sensory endings. In consci- 
ous dogs the intracoronary injection of  bradykinin initiates pressor reflexes 
in the presence of intact buffering mechanisms. The dogs showed no 
behavioral responses indicative of  pain reaction (Pagani et al. 1985). 

The cardiac pain associated with angina pectoris or myocardial infarc- 
tion is the result of  neural activity carried by sympathetic efferent fibers 
that enter the spinal cord via the T~-T4 rami communicantes (White 
1957). The increased activity in these fibers activates spinothalamic tract 
neurons, which transmit information to regions of  the brain involved in 
the perception of  pain. Stimulation of vagal afferent fibers inhibits the 
spinothalamic tract neuronal activity elicited by activating of  cardiopul- 
monary sympathetic afferents by electrical stimulation or by intracar- 
diac injection of bradykinin. This suggests a role for the vagus in the 
sensation of  cardiac pain and may offer an explanation for the so-called 
silent myocardial infarction (Ammons et al. 1983). 
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21.5 Sudden Death from Coronary Artery Disease 

The simultaneous activation of  both vagal and sympathetic afferents could 
cause an increase in both vagal and sympathetic efferent activity to the 
heart, instead of the usual reciprocity between these two systems. This has 
been demonstrated during myocardial ischemia in animals (Gillis 1971). 
Activation of both noradrenergic and vagal fibers to the heart may increase 
the susceptibility of  the patient to life-threatening arrhythmias (Berga- 
maschi 1978). However, in the normal anterior left ventricular myocar- 
dium of  the dog, activation of  muscarinic cholinergic receptors by vagat 
stimulation prolongs the effective refractory period by antagonism of  
sympathetic activity. This raises the possibility that prolongation of the 
effective refractory period in the ventricular myocardium may prevent or 
interact with arrhythmias (Martins and Zipes 1980). 

Spasm of the coronary arteries is now considered one of the common 
causes of sudden death. The hemodynamic consequences of the spasm are 
due not only to diminished function of the ventricular muscle, but also to 
activation of  sensory receptors in the heart (Perez-Gomez et al. 1979). 
After cardiac denervation the heart is protected from life-threatening 
arrhythmias following myocardial ischemia, indicating the importance of 
the cardiac nerves in their development (Kliks et al. 1975). 

Studies in dogs have demonstrated that myocardial ischemia causes an 
increase in beta-adrenoceptors in the ischemic zone in association with the 
reduction in tissue norepinephrine (Mukherjee et al. 1979). It is possible 
that these changes have a role in the generation of  cardiac arrhythmias 
during myocardial ischemia (Watanabe 1983). 

Studies on patients have shown that reperfusion of  acutely ischemic 
myocardium after intracoronary thrombolysis may be associated with 
transient bradycardia and hypotension, especially when the acute infarc- 
tion involves the inferior wall of  the left ventricle. It is likely that this 
cardioinhibitory and vasodepressor reflex is due to stimulation of  the 
ventricular mechanoreceptors with vagal C-fiber afferents (Wei et al. 
1983). Also, changes in alpha1-adrenoceptor density might be related to 
the enhanced alpha-adrenoceptor responsiveness that appears to cause the 
lethal arrhythmias during reperfusion (Sheridan et al. 1980; Corr et al. 
1981). 

In dogs the depression in the baroreceptor ability to reduce heart rate 
caused by myocardial infarction was associated with a greater suscep- 
tibility to exercise-induced ventricular fibrillation (Billman et al. 1982). 
Increases in baroreflex sensitivity by training greatly improved resistance 
of  the animals to the arrhythmogenic effect of exercise (Billman et al. 
1984). Thus preservation of  the baroreflex may afford protection after a 
coronary attack, possible via maintenace of  the beneficial effect of  the 
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vagus on cardiac electrical instability. Whether this holds true in man is 
unknown. 

21.6 Hypertension 

The increase in blood pressure in patients with essential hypertension is 
due mainly to an increase in total systemic vascular resistance (Pickering 
1936). In some patients with borderline or mild hypertension an increase 
in cardiac output, due to an increase in heart rate, may contribute to the 
rise in pressure. However, as the duration and/or the severity of hyper- 
tension increases, any initial rise in cardiac output disappears, so that in 
the established phase virtually all essential hypertensive subjects have a 
normal cardiac output, a reduction to subnormal values being frequently 
observed as the hypertension becomes more severe. Stroke volume and 
blood volume are normal throughout the course of essential hyperten- 
sion, with the exception of the initial stage, in which an increase in total 
or central blood volume can sometimes be observed (Frohlich et al. 1970; 
Julius and Esler 1975; Conway 1984). In patients with secondary hyper- 
tension due to chronic renal artery stenosis, the hemodynamic pattern is 
similar to that in essential hypertension. In those with secondary hyper- 
tension due to primary aldosteronism and pheochromocytoma it is dif- 
ferent in that the blood volume is frequently increased and reduced 
respectively (Cohn 1977; Levenson et al. 1980). Continuous recordings 
of intraarterial pressure have been made in patients with uncomplicated 
essential hypertension. The major factors influencing variability were the 
level of pressure and the intensity of physical activity. The variations in 
systolic pressure increased with progressive impairment of sinoaortic baro- 
reflexes. Diastolic pressure increased with the level of sympathetic activ- 
ity as reflected by plasma norepinephrine levels. Age of the patients was 
related to blood pressure variability but plasma catecholamine levels were 
not (Clement et al. 1978; Watson et al. 1980). 

In normotensive subjects, and in those with moderate or severe hyper- 
tension, negative and positive pressures have been applied to the neck to 
alter the transmural pressure at the carotid sinuses (and thus respectively 
deactivate and stimulate the carotid baroreceptors) and the resultant 
changes in arterial blood pressure and heart rate have been measured. 
With reductions in transmural pressure the increase in arterial blood pres- 
sure is reduced in moderate and severe hypertension, whereas with in- 
creased transmural pressure there is a greater decrease in arterial pressure. 
These studies indicate that the usual asymmetry of the carotid baroreflex 
is altered in hypertension and that the set-point is displaced, as the hyper- 
tension increases in severity, from a lower to a higher point on the stim- 
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Fig. 17. Sinus node responses of subjects with normal arterial blood pressure (circles) 
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subjects in each group. Carotid distending pressure was considered to be the absolute 
sum of systolic arterial pressure and neck chamber pressure. Brackets indicate SEM. 
(From Eckberg 1979) 

ulus-response curve (Fig. 5). The mechanism by which this occurs is 
unknown. It may be due to central modifications of  the reflex arc, or to a 
progressive stiffening of  the arterial walls in hypertension, so that the 
stimulus to the baroreceptors is lessened. However, these mechanisms are 
not peculiar to primary hypertension because a similar resetting occurs in 
renovascular hypertensive subjects (Mancia et al. 1982a). When anti- 
hypertensive drugs are given, the stimulus-response curves for both the 
arterial blood pressure and heart rate arterial baroreceptor  control can be 
shifted to the left. This can occur within 1 h and suggests that functional 
rather than anatomical properties of  the reflex are involved in the reset- 
ting process (Mancia et al. 1979c, 1980a,b). 

The baroreceptor  control o f  heart rate in hypertension has been studied 
by both the neck chamber and the vasoactive drug techniques. It has been 
shown that in patients with borderline hypertension the ba rorecep to r -  
heart rate responses are reset to function at higher pressure levels than 
normal, but  the reflex sensitivity is unaltered (Randall et al. 1978). In 
patients with mild, moderate,  and severe hypertension the reset o f  the 
baroreflex toward the elevated blood pressure values is progressively more 
pronounced.  In addition, however, there is a progressive reduction in the 
baroreflex sensitivity, expressed either as changes in heart period in 
response to changes in blood pressure or carotid transmural pressure, or 
as actual changes in heart rate (Fig. 17) (Eckberg 1979; Brown 1980; 
Korner 1983; Bristow et al. 1969c; Gribbin et al. 1971; Mancia et al. 
1978d; Takeshita et al. 1975, 1978; Korner et al. 1979). This reduction 
is not  related to the age of  the hypertensive subjects (Goldstein 1983). 
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Fig. 18. Linear relationships between mean arterial pressure (MAP) and heart rate 
(HR) variabilities and baroreflex sensitivity in 62 ambulant subjects with normal blood 
pressure or essential hypertension in which a 24-h continuous blood pressure recording 
was performed. For each subject MAP and HR variabilities were expressed as the aver- 
age of the standard deviafion calculated for each of the 48 half hours of the recording. 
Baroreflex sensitivity was assessed by the slopes of the increase in R-R interval that 
accompanied a phenylephrine-induced increase in systolic blood pressure (SBP) (upper 
panels) and by the slopes of the reduction in R-R interval that accompanied a nitro- 
glycerine-induced reduction in SBP (lower panels) respectively. The relationships were 
significantly negative (p < 0.01) for MAP variability and significantly positive (p < 0.0 t) 
for HR variability. (After Mancia et al. 1986) 

Thus  there  are d i f fe rences  in the  ef fec ts  o f  h y p e r t e n s i o n  on  the arterial  
b a r o r e c e p t o r  con t ro l  o f  b lood  pressure  and hear t  ra te  ( A b b o u d  1982; 
Mancia  et al. 1978d).  In  each case the ref lex  is reset ;  in the case o f  the  
la t ter  it is no t  only  reset ,  bu t  its sensi t ivi ty is reduced  over  the  to ta l  range 
o f  the  s t imulus- response  curve  (Fig. 18). Thus  arterial  b a r o r e c e p t o r  con-  
trol  o f  b lood  pressure  m a y  be b e t t e r  preserved in h y p e r t e n s i o n  than  
arterial  b a r o r e c e p t o r  con t ro l  o f  hear t  ra te  (Beveg~rd et al. 1977a;  Mancia  
et al. 1978d).  These  f indings are in accord  wi th  those  r epo r t ed  in exper i -  



68 J.T. Shepherd and G. Mancia 

ments on animals (Angell-James and George 1978; Nosaka and Wang 
1972) that have avoided some of the pitfalls inherent to the techniques 
for studying baroreceptor reflexes in humans. 

A challenging issue that has been widely addressed is that of the mech- 
anisms responsible for this greater loss in sensitivity of  the baroreceptor 
control of  heart rate as compared to that of blood pressure. Studies in 
animals have shown that a rise in blood pressure causes acute and chronic 
alterations in the baroreceptors and the arterial walls that increase the 
threshold of the baroreceptor firing and reduce its ability to respond nor- 
mally to a pressure stimulus (Angell-James 1973, 1974; Angell-James and 
Lumley 1974; Sleight et al. 1977; Krieger et al. 1982). This, however, would 
impair all reflex cardiovascular influences, and therefore cannot explain 
the differential reduction between the cardiac and blood pressure compo- 
nents. This might be due to differences in reflex control of  heart rate and 
blood pressure by the arterial baroreceptor, the former depending primarily 
on changes in vagal and the latter on sympathetic activity. Alternatively, 
the hypertension may itself lead to altered responsiveness of the sinus 
node and the resistance blood vessels. Cardiac hypertrophy may result in 
a reduced ability of  the sinus node to respond to neural stimuli, whereas 
hypertrophy of  the wall of  the resistance blood vessels in hypertension 
will amplify the changes in resistance that occur in response to contrac- 
tion of the smooth muscle (Folkow 1973, 1978, 1982; Folkow et al. 1973). 
In spontaneously hypertensive rats there is a reduced bradycardia but a 
normal suppression of  sympathetic activity following arterial baroreceptor 
stimulation. It appears, therefore, that at least some of  the differential 
changes in baroreceptor control of  heart rate and peripheral circulation 
that characterize hypertension originate centrally (Ricksten and Thor6n 
1981). The effect of beta-adrenoceptor antagonists on sinoaortic baro- 
reflex activity is debatable. In one study, in patients with essential hyper- 
tension the sensitivity of  the baroreflex, as determined by changes in the 
pulse interval with injections of phenylephrine, was increased in patients 
under 40 years of age after chronic treatment (Watson et al. 1979). 

Comparison of  cardiopulmonary reflexes in normotensive and hyper- 
tensive subjects is complicated by the difficulty of  properly matching the 
receptor stimuli in the two populations. Nevertheless, there is evidence 
that cardiopulmonary receptor control of renin remains effective in sub- 
jects with high blood pressure (Mancia et al. 1978c, 1981; London et al. 
1983; Grassi et al. 1985b). There is also evidence that reflexes originating 
from heart and lung receptors sensitive to changes in blood volume may 
also be altered in hypertension. Thus in mild and moderately essentially 
hypertensive young men, the vasoconstrictor response in the forearm to 
deactivation of cardiopulmonary receptors (by applying lower-body nega- 
tive pressure) is greater than in normal subjects (Mark and Kerber 1982) 
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Fig. 19. Forearm vascular responses to lower-body negative pressure (LBNP) and neck 
pressure in borderline hypertensive (BHT) and normotensive (NT) subjects. Forearm 
vasoconstrictor responses to LBNP were augmented, whereas forearm vasoconstrictor 
response to neck pressure was impaired in borderline hypertensive subjects. This 
indicates that the cardiopulmonary baroreflexes are augmented but the carotid baro- 
reflexes are impaired in young men with borderline hypertension. (From Mark and 
Mancia 1983) 

(Fig. 19). This suggests that in the initial stage hypertension may be 
accompanied by  an increase in the tonic inhibitory influence of  the car- 
diopulmonary receptors, possibly in concomitance with the resetting, and 
thus the reduced tonic inhibition, of  the arterial baroreflex. Later, as car- 
diac hyper t rophy develops, it is possible that cardiopulmonary reflexes 
become impaired. At this stage the decreased ability o f  cardiopulmonary 
receptors to inhibit sympathetic outflow, combined with the enhanced 
constriction of  the systemic resistance vessels due to hypertrophied vas- 
cular smooth muscle, may help in perpetuating and enhancing the high 
blood pressure state (Mark and Kerber 1982). By contrast, Bovy et. al. 
(1983) concluded that the cardiopulmonary baroreflex control of  the 
forearm vascular resistance is normal in borderline hypertension and that 
the elevation of  the basal forearm vascular resistance is not  due to a sym- 
pathetic hyperactivity. They also conclude that the arterial baroreftex 
is acting normally in borderline hypertension. 

In the early stages of  experimental hypertension, the release of  nor- 
epinephrine in the blood vessel wall is greater than normal during sym- 
pathetic nerve stimulation. This could play a role in the etiology of  the 
disease (Cotlis et al. 1980; Vanhoutte et al. 1981). The greater-than- 
normal release could be due to an inherent defect o f  the adrenergic 
neuron, although modulating influences of  circulating agents such as angi- 
otensin II, epinephrine, or  endogenous inhibition of  Na÷-K ÷-ATPase could 
contribute. Evidence has been obtained of  a plasma factor affecting Na ÷ 
cellular transport in subjects with borderline hypertension and those who 
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are normotensive but have a family history of hypertension (Costa et at. 
1982). Beta-adrenoceptors on the neuronal membrane of adrenergic nerve 
endings have been demonstrated in animal and human blood vessels. When 
activated, they augment the exocytotic release of norepinephrine. It is 
suggested that these receptors may have a role in certain types of hyper- 
tension when increased amounts of epinephrine reach the adrenergic 
neuronal membrane (Langer 198 t ; Majewski and Rand 1981 ; Vanhoutte 
et al. 1981). Angiotensin |I also facilitates the release of the adrenergic 
neurotransmitter. This, combined with the activation of central angioten- 
sin receptor sites and the facilitation of transmission at the sympathetic 
ganglia, can augment the amount of norepinephrine present in the vicinity 
of the cardiac and vascular effector cells (Zimmerman 1978, 1981). 

Debate continues as to the role of the sympathetic nervous system in 
primary hypertension in man (Sannersted et al. 1970). This is due to the 
difficulties in correlating the plasma concentrations of the catecholamines 
with the overall sympathetic outflow and the impossibility of deducing 
from plasma levels difference in sympathetic outflow to the different 
vascular beds (Kiowski et al. 1981; Skrabal et al. 1981; Ibsen and Julius 
1984). Julius et al. (1975) found that cardiac blockade with atropine and 
propranolol normalized the increased heart rate and cardiac output in the 
high-output subgroup of patients with borderline hypertension, but did 
not normalize the blood pressure. The increased plasma catecholamine 
concentrations that occur in some patients and the elevated plasma nor- 
epinephrine levels in relatively young established hypertensive patients are 
consistent with an abnormal and sustained increase in sympathetic out- 
flow in this subgroup (Goldstein et al. 1983). Norepinephrine and nor- 
metanephrine concentrations were increased both in the cerebral spinal 
fluid and the plasma in patients with primary hypertension (aged 40 ± 2 
years mean and SEM). Although in some patients this may be due to a 
defect in the neuronal uptake of norepinephrine (Esler et al. 1981), it is 
likely that both central and peripheral sympathetic activity is increased 
in some patients with primary hypertension, and in particular in the early 
stages of the disease (Dequattro et al. 1984). When the hypertension is 
established there is no evidence of increased sympathetic tone; the sym- 
pathetic nervous system, however, as in normal subjects, continues to play 
an important role in the moment-to-moment control of the arterial blood 
pressure (Ibsen and Julius 1984). 

An increase in the sympathetic mediated response to exercise (Phillip et 
al. 1978; Esler and Nestle 1973; Safar et al. 1973; Cuche et al. 1974), 
head-up tilting, and mental stress (Falkner et at. 1979) has also been 
found in a fraction of the patients with primary hypertension. Thus a 
comparison of three groups of human adolescents, normotensive, border- 
line hypertensive, and hypertensive, demonstrated that those with hyper- 
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tension had higher mean values for plasma norepinephrine when resting, 
and that those with significant hypertension had higher peak heart rates 
and plasma norepinephrine levels during a 90-s maximal voluntary hand- 
grip contraction. During dynamic exercise higher plasma norepinephrine 
values were observed in the group with borderline hypertension than in 
normotensive controls. Also, adolescents with significant hypertension 
had higher values for plasma norepinephrine during dynamic exercise and 
this had a highly significant correlation with the maximal heart rate (Klein 
et al. 1984). It is suggested that these higher values may be a consequence 
of  tess efficient baroreflexes in hypertensive subjects (Sleight et al. 1979). 

A greater pressor response to an intravenous infusion of  both norepine- 
phrine and angiotensin II has been reported in patients with borderline 
hypertension resting supine than in age-matched normal subjects. The 
plasma levels of  norepinephrine and plasma renin activity were similar in 
the two groups, as were exchangeable body sodium and blood volumes. 
The patients had a slight increase in plasma epinephrine. It is suggested 
that these findings indicate that borderline hypertension may be main- 
tained by inappropriately increased cardiovascular responses to norepine- 
phrine and angiotensin II in the presence of normal sympathetic and 
renin activity and body sodium volume state (Meier et al. 1981 ). 

Since the plasma renin activity correlated with plasma norepinephrine 
in primary but not in renal hypertension, it is suggested that the sympa- 
thetic nervous system contributes to basal renin release only in the former 
but not in the latter. In renal hypertension, the basal renin release is 
proably maintained by intrarenal mechanisms (Skrabal et al. 1981). 

Multiunit recordings of  sympathetic activity in skin and muscle nerves 
have been made in healthy and hypertensive subjects. In both groups, the 
sympathetic activity recorded at rest appeared in bursts, with different 
temporal patterns. The bursts in the muscle nerves followed the pulse 
rhythm and random elevations of  blood pressure above a certain level 
suppressed them. This inhibitory blood pressure level was higher in the 
hypertensive subjects, consistent with an elevated baroreceptor working 
range in hypertension. No other difference in muscle nerve activity 
between the two groups was noted. However, with the multiunit recording, 
a quantitative comparison could not be made of  the absolute strength of  
the sympathetic outflow in the normotensive and hypertensive groups 
(Wallin et al. 1973). 

In chronic hypertension there are structural changes in the blood ves- 
sels which limit the maximal degree of  dilatation of  which the resistance 
blood vessels are capable. Such limitations in the ability to achieve the 
same maximal dilatation of  the forearm vessels as control normal subjects 
have been demonstrated not only in patients with intermittent or mild 
arterial blood pressure elevation, but also in normotensive subjects with a 
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family history of hypertension (Takeshita and Mark 1979, 1980). The 
application of ice to the forehead of these latter subjects elicited a greater 
increase in arterial blood pressure and a greater decrease in forearm 
blood flow (Takeshita et al. 1982); thus other factors in addition to the 
arterial pressure elevation may contribute to the structural vascular 
changes. 

21.7 Autonomic Hyperreflexia 

Autonomic hyperreflexia or autonomic dysreflexia can occur in about 
three-quarters of patients with quadriplegia. It is manifested by gen- 
eralized sympathetic hyperreactivity characterized by paroxysmal hyper- 
tension, severe headache, sweating, nausea, and bradycardia. The most 
common cause is distension of the urinary bladder, resulting in a spinal 
cord reflex (Guttman and Whitteridge 1947; Arief et al. 1962; Corbett et 
al. 1971a,b). The rise in arterial pressure activates the arterial barorecep- 
tors and results in the vagally mediated cardiac slowing. However, no 
compensatory changes occur in the sympathetic outflow as a consequence 
of the spinal lesion, so the spinal reflex continues unabated and results in 
increased inotropism and arterial and venous constriction accompanied by 
a marked augmentation of  plasma catecholamines (Wurster and Randall 
1975; Mathias et al. 1976). Above the level of  the lesion in the spinal 
cord, vasodilatation occurs (Pryor 1971 ; Mew 1981). 

Central or peripheral lesions of  the sympathetic nervous system and the 
use of  sympatholytic agents cause orthostatic hypotension. In contrast, in 
patients with cervical spinal cord transection the arterial blood pressure does 
not fall during tilting (Corbett et al. 1971 a,b). This has been ascribed to the 
widespread vasoconstriction caused by increased release of renin (Mendel- 
sohn and Johnston 1971). However, it may also reflect the ability of  an 
isolated but intact spinal cord to integrate homeostatic cardiovascular 
reflexes. 

Microelectrode recordings of  sympathetic activity to skin (peroneal skin 
nerve fascicles) have been made in patients with functionally complete 
spinal cord lesions mainly at cervical levels (Wallin and Stjernberg 1984). 
In contrast to the normal situation where the activity in skin nerves is 
characterized by spontaneously occurring irregular bursts that are com- 
posed of  vasoconstrictor and sudomotor  impulses (Hagbarth et al. 1972) 
this was absent in the spinal patients. This implies that spontaneous sym- 
pathetic discharges in normal man arise at supraspinal levels. There was no 
systematic change in cutaneous sympathetic nerve activity with changes in 
ambient temperature, consistent with an absence of  spinal sympathetic 
thermoregulatory reflexes in man. 
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In the tetraplegic patients, deep breaths, abdominal pressure over the 
bladder and mechanical and electrical skin stimuli applied caudal to the 
spinal transection induced bursts of  neural activity (Wallin and Stjernberg 
1984). However, stronger cutaneous stimuli were required to evoke 
these responses than in normal man. Thus there is no permanent hyper- 
activity of  spinal cutaneous sympathetic neurons in patients following 
spinal cord injury. Concerning the relation of these findings to auto- 
nomic hyperreflexia, the subcutaneous vasoconstriction following a single 
burst of  sympathetic activity lasted longer in the tetraplegics than in 
normals. This might contribute to the episodes of  high blood pressure in 
those with spinal cord lesions. 

21.8 Carotid Sinus Syndrome 

In 1933 Weiss and Baker described a syndrome characterized by the occur- 
rence of  dramatic cardiovascular changes in response to a slight compression 
or massage of  a carotid sinus. In most subjects these changes consisted of  a 
profound vagal bradycardia accompanied by marked hypotension, signs of  
impaired cerebral perfusion, and syncope. In a few subjects it consisted of  a 
similarly marked hypotension due, however, to peripheral vasodilatation 
rather than to cardiac depression. The origin of  the syndrome was identified 
in a hypersensitive carotid sinus capable of  a massive baroreceptor activation 
in response to mild stimuli. Knowledge of  the hypersensitive carotid sinus 
syndrome has not progressed much further since the original description. It 
has been found that this syndrome occurs more frequently in elderly sub- 
jects but that its overall incidence is very low (Walter et at. 1978; Morley et 
al. 1982; Leatham 1982; Sugrue et al. 1984). It is not yet known whether 
the hypersensitivity originates from the baroreceptors or from the stiffening 
of carotid and pericarotid tissues enhancing the baroreceptor discharge by 
mechanical stimuli. It has also been found that in several patients this 
condition reflects a marked depressor response of  a sick sinus node or 
otherwise diseased heart rather than a true hypersensitive carotid sinus. 

Carotid sinus syndrome is associated with carotid body tumors, exten- 
sive atherosclerotic lesions, and Takayasu's disease (Lown and Levine 
1961; Sano and Aiba 1966; Takeshita et al. 1977; Thomas 1969; Walter 
et al. 1978). Recently, however, Dehn et al. (1984) and Morley et al. 
(1984) have reported that in subjects with carotid sinus syndrome the 
heart rate response to neck suction was increased nearly four times as 
compared to that of  an age-matched control group, and that this was the 
case when the heart rate effects of  phenylephrine injection were assessed. 
Thus the possibility of baroreceptors truly hypersensitive to physiological 
stimuli cannot be ruled out. 
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1 I n t r o d u c t i o n  

I n t e r e s t  in  t h e  p h y s i o l o g y  o f  ve ins  h a s  g r o w n  a l m o s t  e x p o n e n t i a l l y  d u r i n g  

m o s t  o f  t h i s  c e n t u r y .  H o o k e r  as  l o n g  ago  as 1918  s h o w e d  t h a t  w h e n  i so-  

l a t e d  s e g m e n t s  o f  ve in  w e r e  s t i m u l a t e d  e l e c t r i c a l l y  t h e r e  w a s  an  i n c r e a s e  in  

t h e  i n t r a v e n o u s  p r e s s u r e ,  a n d  D o n e g a n  ( 1 9 2 1 )  f o u n d  t h a t  w h e n  a s e g m e n t  

o f  ve in  was  p e r f u s e d  a t  a c o n s t a n t  p r e s s u r e  a n d  s t i m u l a t e d  e l e c t r i c a l l y  

t h e r e  was  a d e c r e a s e  in  t h e  f l ow  r a t e .  F o l k o w  a n d  M e l l a n d e r  r e v i e w e d  t h e  

f u n c t i o n  o f  ve ins  a n d  v e n o u s  t o n e  in  1964  a n d  c o n c l u d e d  t h a t  ve ins  w e r e  

" f a r  f r o m  b e i n g  m e r e l y  pass ive  c o n d u i t s  o f  b l o o d " .  T h e y  c o n s i d e r e d  t h a t  

ve ins  w e r e  " a t  l e a s t  as r e a c t i v e  and  we l l  c o n t r o l l e d  as a n y  o f  t h e  o t h e r  

c o m p a r t m e n t s  w i t h i n  t h e  c i r c u l a t i o n  a n d  t h a t  t h e i r  c o n t r o l  f o r m e d  an  

i m p o r t a n t  ' m i s s i n g  l i n k '  in  c a r d i o v a s c u l a r  i n t e g r a t i o n " .  Th i s  v iew s e e m s  

t o  have  b e e n  a c c e p t e d  f o r  t h e  m o s t  p a r t  u n c r i t i c a l l y  eve r  s ince ,  a l t h o u g h  
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Hainsworth and Linden (1979) suggested that some of  the claims made 
for the importance of  veins and vascular capacitance might have been 
overstated. 

1.1 Capacitance Vessels 

The classification of  blood-vessels according to their physiological roles 
originated with Folkow (1959). The physiological classification does not 
coincide precisely with anatomical divisions. For example, resistance ves- 
sels are predominantly small arteries, arterioles and precapillary sphincters. 
However, all blood-vessels make some contribution to the overall hydraulic 
resistance to blood flow. Similarly, capacitance vessels are generally 
regarded as being synonomous with veins, but again, since the concept of  
capacitance means that blood is contained in the vessel and the volume 
contained is dependent on the distending pressure, then clearly all blood- 
vessels and the heart are to some extent capacitance vessels. 

Rather crude estimates, based on anatomical studies, have indicated 
that approximately 70% of  the blood volume is contained in veins (Green 
1950; Green et al. 1963). Large changes in volume can occur in veins with 
only small changes in pressure, due partly to some veins being empty and 
collapsed and partly to veins being highly distensible at low volumes. 
Therefore, it is not unreasonable to consider that the vessels which provide 
the major capacitance function are indeed the veins. 

Not only can the volume contained in veins be changed by a change in 
the distending pressure, but because most veins contain smooth muscle in 
their walls, the volume can also be changed actively by stimulation of that 
muscle. Due to the very large number o f  parallel channels on the venous 
side of  the circulation (the total cross-sectional area of  veins is about 
30 times that of  arterioles), a modest reduction in the overall size of  the 
channels would have a relatively small effect on resistance but a relatively 
large effect on the volume. The exception to this would be in veins carry- 
ing a high flow of  blood, for example those draining exercising muscle, 
where there may be a significant contribution to overall resistance and 
venous constriction would be likely to have the adverse effect of  increas- 
ing capillary filtration (see page 127). Anatomical studies have shown the 
presence of  smooth muscle in the wall of  all veins greater than 0.6 mm in 
diameter (Burton 1954), which suggests a possible role for veins in the 
active regulation of  capacitance. The extent to which active changes occur 
in response to physiological stimuli is the main subject of  this article. 
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Fig. 1. Volume-pressure curves from iso- 
lated segment of saphenous vein of dog 
distended by injection of Krebs-Ringer 
solution. Curves were obtained at rest 
and during electrical stimulation at a 
frequency of 15 Hz. During stimulation 
the volume was reduced at all pressures 
and the pressure increased at any given 
volume. However, at pressures greater 
than 1 kPa (10 cmH20)  the compliance 
of the vessel (AV/zXP) was greater dur- 
ing stimulation. (Vanhoutte and Leusen 
1969) 

1.2 Capacitance 

The concept of capacitance, like that of resistance, is based on an elec- 
trical analogue. Resistance is based on Ohm's law and is equal to pressure 
gradient divided by blood flow (electrical resistance is voltage divided by 
current). Electrical capacitance is the electrical charge stored divided by 
the potential difference across the capacitor. The relationship is linear and 
so the value of the capacitance of a condenser can readily be determined. 
In the vascular system the comparable variables are the volume of blood 
contained within a vessel or a region and the transmural distending pres- 
sure. However, here the analogy breaks down because the volume-pressure 
relationship is not linear. Therefore, it is not possible to define a single 
value for capacitance, but it is necessary to describe the entire volume- 
pressure curve (Fig. 1). 

The ideal distensibility curves of veins are considered to have three 
components (Fig. 2). The initial portion is apparently highly distensible 
and represents merely the filling of  the collapsed vessel so that it becomes 
filled and circular but its wall is not distended. The second portion cor- 
responds to distension of the vessel wall until the limit of distension is 
reached due to tension developed in the collagen fibres. The volume in the 
vein, determined by extrapolation, at which the pressure would be zero as 
called the "unstressed volume". The slope of the volume-pressure curve is 
the "compliance" (Fig. 2). Capacitance may change either as the result of 
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Fig. 2. Idealized volume-pres- 
sure curve. Compliance (C) is 
the slope of the linear port ion.  
Unstressed volume is deter- 
mined by extrapolating the 
line to zero pressure and is 
considered to be the volume 
at which the vessel is filled 
but not distended. A change 
in capacitance can result in a 
change in compliance, un- 
stressed volume, or both.  
(Rothe 1983c) 
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a change in unstressed volume, in which case the curve is displaced up or 
down, and/or as the result of  a change in compliance (see Rothe 1983a,b). 
The idea of  dividing capacitance in this way may have some conceptual 
value but, unless the curves are of  an ideal slope, as in Fig. 2, they may be 
difficult to determine and impossible to interpret. For example, in Fig. 1 
the unstressed volumes would be very negative in the resting state, but 
would increase in the stimulated state. Negative unstressed volumes do not 
only occur when isolated veins are considered but also can occur when 
one is determining the distensibility characteristics of whole organs such 
as the liver (e.g. Greenway et al. 1985). 

The term "capacity" is sometimes used (e.g. Shepherd and Vanhoutte 
1975), and although it has not been precisely defined it is usually taken to 
mean the same as capacitance. 

1.3 Assessment of  a Change in Capacitance 

A change in capacitance implies that the relationship between volume and 
pressure has changed; there is a different curve (e.g. Fig. 1). This may be 
due to a change in the unstressed volume, the compliance, or both. Assess- 
ment  of  only a part of  this curve may be misleading. Determination of 
changes in compliance may give erroneous results. In Fig. 1, when the 
compliance is assessed at distending pressures greater than 1 kPa, it will be 
seen that the stimulated vein is actually more compliant. This is simply 
because, when the vein is not stimulated, at the higher transmural pres- 
sures it is reaching the limits of  distension. Similarly, as pointed out above, 
assessment of  unstressed volume by extrapolation may be equally mis- 
leading. 
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To assess whether there has been an active change in vascular capacitance, 
due to constriction of the smooth muscle within the wall of the blood- 
vessel, it is necessary to demonstrate that the volume-pressure curve is dif- 
ferent and that any change is not merely the consequence of moving along 
the same curve. In isolated blood-vessels, the problem is relatively simple 
and extensive volume-pressure curves can be drawn. In tissues or the 
whole body it is much more complex. The pressures distending the various 
blood-vessels are different and, even if precapillary vessels are ignored, it 
is not adequate simply to control pressure in large veins. This is because 
most of the blood is contained within venules and veins less than 40 tam in 
diameter (see Rothe 1983a), and it is very difficult to measure, let alone 
control, the pressure in these small vessels. If the pressure in large veins is 
constant and there has been a change in blood flow, there must have been 
a proportional change in the small venous pressure (Poiseuille's equation), 
and this will result in passive volume changes. The effect of this is exam- 
ined in more detail later in relation to the limb and splanchnic circula- 
tions. 

If it is impracticable to define complete volume-pressure curves, changes 
in capacitance can be inferred from a change in volume when the distend- 
ing pressure is constant. This can only be achieved by vascular isolation 
of the region, perfusion at constant flow and draining at constant venous 
pressure. Furthermore, because there may be changes in capillary pressure, 
due to changes in pre- and postcapillary resistance (Oberg 1964), account 
must be taken of this and assessments should be made over relatively short 
periods (< 2 min) to ensure that changes in volume due to changes in capil- 
lary filtration are minimized. 

An alternative valid approach to the assessment of capacitance is to 
occlude the circulation to a region, both arterial and venous, so that 
volume is fixed, and to determine capacitance changes from the changes 
in the venous distending pressure. 

In this review I will examine vascular capacitance and its control in the 
various regions of the body. I have adopted this approach rather than the 
usual one of considering the effects on capacitance of various stimuli in 
turn (e.g. Hainsworth and Linden 1979; Rothe 1983a,b) because, as will 
be shown, the responses of the various regions to all stimuli differ much 
more than the responses in a given organ or region differ to different 
stimuli. The likely importance of the various regions in their contributions 
to the overall capacitance response wilt be examined. Finally, I will attempt 
to put vascular capacitance into some sort of perspective and examine 
its likely importance for cardiovascular homeostasis. 
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2 Musculo-cutaneous Circulation 
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Because of its accessibility there have been far more studies of capacitance 
responses in the limb circulation than in any other region of the body. In 
humans, this is the only region to have been studied adequately. There 
are two main approaches to the study of capacitance responses in the limb 
circulation: responses can be studied in individual veins (usually a cutane- 
ous vein) or in a region (either the whole limb or a part of it). 

2.1 Studies in Cutaneous Veins 

2.1.1 Methods o f  Study 

Although it is not intended to give a detailed account of the methods used 
to study capacitance responses (for these see Hainsworth and Linden 
1979 .and Rothe 1983c), a short description will be given to indicate the 
principles of the techniques used and their limitations so that the quality 
of the experimental findings can be assessed. The large number of experi- 
mental approaches used testifies to the difficulties; no method is ideal. 
Some methods are, at best, only qualitative, whereas others are able to 
grade responses and to allow comparison of the results of one interven- 
tion with another. 

In order to assess a capacitance response it is necessary to know not only 
the volume contained within a vessel, but also the pressure distending it. One 
variable should be held constant while changes in the other are determined. 

2.1.1.1 Direct Observation of  Cutaneous Veins 
In translucent tissue it is possible to visualize a vein and to estimate its 
diameter by use of a microscope. This technique has been used to study 
venous responses in a bat's wing (Wiedeman 1959). An alternative approach 
which can be applied to non-translucent tissue and to deeper vessels is 
to inject a radio-opaque dye into a vessel and to estimate its diameter 
radiographically (Morris et al. 1974). Although the radiographic method is 
claimed to be able to discriminate changes in diameter as little as 0.1 mm, 
it does have the disadvantage that expensive equipment is required. Fur- 
thermore, estimations of vessel diameter are only of value provided that 
the pressure distending the vein is known. 

2.1.1.2 Measurement o f  Volume Changes in Isolated Venous Segments 
If a segment of vein is vascularly isolated and maintained at a constant 
distending pressure, a change in diameter or volume can provide a measure 
of the change in the capacitance (Gero and Gerova 1968). 
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2.1.1.3 Measurement of  Pressure Changes in lsolated Venous Segments 
In this method the blood contained within a vein is held constant, so that 
a change in the distending pressure indicates a change in capacitance. By 
infusion and withdrawal of blood it is possible to define pressure-volume 
relationships. 

Salzman (1957) recorded the pressure in a latex balloon inserted into 
a saphenous vein in the anaesthetized dog and considered that changes in 
pressure in the balloon signified a change in the degree of constriction of 
the vein. However, the method has not been validated and it is possible 
that changes in the flow of blood into the vein might influence its pres- 
sure. Indeed, the paper contains an illustration showing a large response 
to a stimulus to which later and validated methods show little or no 
response. 

2.1.1.4 Study of  Pressure Gradients Along Veins 
Constriction of a blood-vessel not only decreases the volume of blood con- 
tained within it but also increases the resistance to the flow of blood along 
the vessel. Because the resistance to flow is a function of the fourth power 
of the radius and the volume is related only to its square, methods based 
on resistance to flow would be expected to be more sensitive. It can be 
calculated that if vessel circumference (and therefore vessel radius) de- 
creases by I 0%, there will be a decrease in volume of 19% but an increase 
in resistance of over 50%. There have been a number of studies which 
have attempted to assess venomotor responses by determining the pressure 
gradients along naturally perfused veins. However, since in such studies 
flow along the veins is not known, these methods are useless for assessing 
even volume changes, let alone active capacitance responses. In some 
studies the total flow to a region has been measured (e.g. Zoster and Tom 
1967), but this does not necessarily imply a constant flow in the segment 
of the vein studied. Even when the flow along a segment of vein is known 
(e.g. Hall et al. 1976), there are problems in calculating venous responses 
from the ratio of pressure to flow when both variables are allowed to 
change, due to non-linearity of the pressure-flow relationship. 

Abboud and Eckstein (1966) vascularly isolated a limb which was per- 
fused through the artery at constant flow. They assessed venomotor 
responses from the changes in pressure gradients along segments of veins. 
However, during electrical stimulation of the efferent sympathetic nerves 
to a limb, blood becomes redistributed from cutaneous veins to muscle 
veins (Diana et al. 1968), so changes in pressure gradients may be due 
solely to changes in flow. 

The errors due to changes in flow along a segment of vein can be avoided 
by artificially perfusing it. Donegan, as long ago as 1921, studied venomotor 
responses by perfusing a segment of vein at a constant pressure and 
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recording changes in flow. More recently, Rice et al. (1966) perfused a 
cutaneous vein at a constant flow and assessed venomotor responses from 
the gradient between the perfusion pressure and a catheter with its tip a 
few centimetres downstream. Webb-Peploe and Shepherd (1968a) used a 
similar technique but measured the pressure gradient between the perfused 
vein and the common iliac vein. Because a change in the flow of  blood 
into the perfused vein from collateral tributaries would be likely to in- 
fluence the venous pressure gradient, they occluded the common iliac 
artery for the period over which observations were made. This method is 
a reliable and sensitive way of  determining the responses of individual 
venous segments. However, it does have the disadvantage that arterial 
resistance responses cannot be determined simultaneously. Also, due to 
the arrested circulation, there would be likely to b e  a change in the 
external environment of the vein which would eventually influence the 
responses. These problems were addressed by Hainsworth et al. (1975), 
who vascularly isolated a dog's hind limb by the use of  strong nylon 
ligatures, which were placed round the main muscle groups but were posi- 
tioned to avoid crushing the femoral and sciatic nerves. The femoral 
artery and a superficial metatarsal vein were perfused at constant flows 
and the blood was drained from the limb into an open reservoir. With this 
preparation responses of  total vascular resistance were assessed from 
changes in arterial perfusion pressure and venous responses were deter- 
mined from changes in the pressure gradient between the perfused vein 
and the femoral vein. One possible criticism of  this method is that, 
although total blood flow to the limb is constant, a change in the distribu- 
tion of flow between the muscle and cutaneous circulations might change 
the flow in collateral venous tributaries and thereby change the venous 
perfusion pressure. This is unlikely to be of importance due to the high 
perfusion pressure used (usually about 4 kPa) and, furthermore, large 
changes in arterial flow had little or no effect on the venous pressure 
(R. Hainsworth and F. Karim, unpublished observations). A further 
criticism could be that the vein might behave abnormally due to its being 
perfused with arterial blood. However, there was no change in perfusion 
pressure if venous blood was used (R. Hainsworth and F. Karim, unpub- 
lished observations). In a further refinement to this method (Karim et al. 
1980a), the circulation to the limb was separated from that to the rest of  
the body by the use of  an artificial gas exchanger. This allowed the study 
of  responses in the limb in the absence of changes in the concentrations of  
blood-borne agents from the rest of  the circulation. 

2.1.2 Responses to Stimulation 

The sympathetic innervation to the veins in limbs of  dogs, cats and rabbits 
was investigated by Donegan (1921). He noted that stimulation of  the 
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spinal roots between T6 and T8 resulted in constriction of forelimb veins. 
Hind limb veins constricted in response to stimulation of the lumbar roots 
between L4 and L7 or S 1. Constriction of veins in response to stimulation 
of sympathetic nerves is not uniform. The largest responses are obtained 
in the more peripheral vessels and little if any change occurs in the larger, 
more central veins. Webb-Peploe and Shepherd (1968a) gradually with- 
drew a catheter so that its tip moved from a femoral vein down the 
saphenous vein and noted an abrupt change in pressure near the popliteal 
fossa. The conclusion was that only the distal veins responded to sympa- 
thetic stimulation. However, there is some evidence that the femoral vein 
can constrict to some extent (Gero and Gerova 1968; Morris et al. 1974), 
and it is possible that the abrupt change in venous pressure near the knee 
noted by Webb-Peploe and Shepherd (1968a) was partly due to the larger 
diameter of the vein and the existence of collateral veins near the knee. 
The rate of constriction of veins depends to some extent on the stimulus 
frequency and is more rapid at higher frequencies. It may require up to 
4 min to reach a maximum value, but this is then sustained for at least 
15 min (Gerova and Gero 1975). 

There are conflicting reports as to the shape of the stimulus-response 
curve of cutaneous veins to sympathetic stimulation. Gero and Gerova 
(1968) obtained a hyperbolic relationship such that over 50% of the 
maximal response was obtained at a stimulus frequency of only 2 Hz. 
Others (Rice et al. 1966; Webb-Peploe and Shepherd 1968a) found that 
the venous perfusion pressure increased in a near linear way with increas- 
ing stimulus frequencies. The difference in the responses is probably at 
least partly related to the method of determining them. Because of the 
Poiseuille relationship, pressure gradient is inversely proportional to the 
fourth power of the radius of the vessel, whereas a change in volume is 
related to its square. As diameter decreases towards zero, the change in 
volume approaches 100% whereas the change in resistance approaches 
infinity. 

Alpha-adrenergic drugs constrict cutaneous veins (e.g. Rice et al. 1966). 
However, the effects of  beta-agonists are not as obvious. In resting condi- 
tions, where there is little or no vasoconstrictor tone to the vein, iso- 
prenaline has little or no effect (Webb-Peploe and Shepherd 1969). How- 
ever, if the vein is initially constricted by sympathetic stimulation or by 
infusion of noradrenaline, then isoprenaline does relax it. 

2. I. 3 Effects of  Temperature 

Cutaneous veins constrict in response to cold and dilate in response to 
warming. Shepherd and co-workers published several papers which 
described the response of a cutaneous vein to local and central temperature 
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changes. Veins in both the forelimb and the hind limb in the dog have 
been shown to constrict progressively as the temperature of the perfusate 
is decreased from 47°C to 17°C (Webb-Peploe and Shepherd 1968b). 
The effect was dependent on sympathetic nervous activity, as it was 
almost abolished after alpha-adrenergic or ganglion blockade. Sympa- 
thectomy also almost abolished the response (Webb-Peploe and Shepherd 
1968b). 

The effects of local temperature changes are particularly marked when 
the sympathetic nerves are stimulated at low frequencies. Karim et al. 
(1980a) showed that when a vein was perfused with blood at 31 °C, stimu- 
lation at frequencies as low as 0.1-0.2 Hz caused venous constriction, 
whereas when the blood was at 38°C it was necessary to stimulate at 
0.5 Hz or above. Temperatures of 31°C are not unusual in cutaneous 
veins; Karim et al. (1980) recorded temperatures of 31°C-34°C in the 
saphenous veins of dogs immediately after exposure to ambient tem- 
peratures of about 10°C. Webb-Peploe and Shepherd (1968b) noted that 
the venoconstriction in response to cooling was not related to cooling of 
the overlying skin. However, the local effect of  temperature was aug- 
mented by a central action. When the rest of the dog was cooled by passing 
blood through a heat exchanger, the cutaneous vein constricted and 
responded more powerfully to local cooling (Webb-Peploe and Shepherd 
1968c). This effect was observed in cutaneous veins but not in the femoral 
vein or in the spleen (Webb-Peploe 1969). The responses to central cooling 
were attributed to hypothalamic-temperature-sensitive neurones (Hardy 
et al. 1964). However, no attempt was made to localize the central cooling 
and Hainsworth and Karim (unpublished observations) did not observe 
any constriction of a dog's cutaneous vein when the blood perfusing the 
cephalic region alone was cooled. 

The effect of  a local temperature change on venous smooth muscle is 
not uniform (Webb-Peploe and Shepherd 1968d). Vanhoutte and Lorenz 
(1970) found that, whilst the constrictions of helical strips of saphenous 
and mesenteric veins in response to electrical stimulation were enhanced 
by cooling, that of a strip of femoral vein was inhibited. Cooling also 
enhances the relaxation by the beta-agonist isoprenaline of cutaneous 
veins that have been stimulated to contract. 

The mechanism whereby local cooling enhances the constriction of 
cutaneous veins has been the subject of  several investigations. The response 
is not peculiar to sympathetic or adrenergic stimuli, but occurs also when 
5-hydroxytryptamine, acetylcholine or ATP are added. However, potas- 
sium chloride or barium chloride causes a venous contraction which is 
reduced with cooling (Vanhoutte and Shepherd 1970). This led to the 
conclusion that the effect of  cooling was on the muscle excitation process 
rather than the contraction mechanism. It was not due to depression of 
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neuronal uptake mechanisms because it was unaffected by chronic sym- 
pathectomy or by administration of cocaine, which blocks the neuronal 
uptake of noradrenaline (Webb-Peploe 1969). Janssens and Vanhoutte 
(1978) determined the affinities of saphenous and femoral veins for nor- 
adrenaline at different temperatures and found that in the saphenous vein, 
in which cooling potentiated the effect of noradrenaline, the affinity of 
the receptor for noradrenaline was increased by cooling. In the femoral 
vein, however, in which no such potentiation occurs, there was no effect 
on the affinity of the receptor. 

2.1.4 Reflex Responses 

2.1.4.1 Baroreceptor Reflexes 
Most studies of baroreceptor reflexes have been confined to the carotid 
sinuses. The relatively few studies of aortic baroreceptors have shown 
that, although the cardiovascular reflex responses are qualitatively similar 
to those from the carotid baroreceptors, they require higher blood pres- 
sures to elicit them and the reponses tend to be smaller (Hainsworth et al. 
1970; Donald and Edis 1971). This is supported by electrophysiological 
studies which have shown the discharge from aortic baroreceptors to 
occur at higher pressures (Pelletier et al. 1972). 

There have been several studies of the responses of cutaneous veins to 
the baroreceptor reflex. The earlier studies provided conflicting results 
(Salzman 1957; Zingher and Grodins 1964; DiSalvo et al. 1971). How- 
ever, in none of these studies were possible effects from responses of pre- 
capillary vessels excluded. Brender and Webb-Peploe (1969) studied the 
responses of a saphenous vein which was perfused at constant flow and 
found no significant response at all to changes in carotid sinus pressure. 
Hainsworth et al. (1975) determined responses of a perfused metatarsal 
vein to changes in both aortic and carotid sinus pressures. Large changes 
in pressure in either region resulted in a small dilatation of the cutaneous 
vein. This response was similar to that obtained by cooling the lumbar 
sympathetic trunks to 5°C to block efferent sympathetic discharge. How- 
ever, it was noted in these studies that, although the venous responses 
were significant, electrical stimulation of the sympathetic nerves at only 
1 Hz resulted in responses four times as large. To induce arterial responses 
similar to those obtained reflexly it was necessary to stimulate at 2 -5  Hz. 

Those experiments provided evidence for an almost complete dissocia- 
tion of sympathetic activity to resistance vessels and cutaneous veins in 
the limb. Because the small response might have been due to changes in 
circulating levels of catecholamines, Karim et al. (1980a) completely 
vascularly isolated a limb and perfused it in a closed circuit with blood 
which passed through a gas exchange unit. Using this preparation, the 
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venous response, although still significant, was even smaller. It was also 
found that the reflex response, like the response to direct electrical stimu- 
lation of  the sympathetic nerves, was significantly increased by cooling 
the perfusate. 

2.1.4.2 Chemoreceptor Reflexes 
The resting discharge rate from both aortic and carotid chemoreceptors at 
normal levels of  blood gas tensions and normal blood pressures is low 
(Biscoe et al. 1970; Sampson and Hainsworth 1972). The discharge fre- 
quency rapidly increases with hypoxia, particularly when accompanied by 
hypercapnia. The effect of  acidaemia on aortic chemoreceptors is less 
consistent (Sampson and Hainsworth 1972) and, unless the oxygen ten- 
sion is low, chemoreceptors are relatively insensitive to moderate degrees 
of  hypotension (Lee et al. 1964). Although both groups of  chemorecep- 
tors stimulate respiration, their effects on the heart are different. In the 
absence of  a change in respiration, stimulation of  carotid chemoreceptors 
results in negative chronotropic and inotropic responses (Daly and Scott 
1958, 1962; Hainsworth et al. 1979), whereas stimulation of  aortic 
chemoreceptors results in positive chronotropic and inotropic responses 
(Karim et al. 1980b). 

The effect of  stimulation of  carotid chemoreceptors on a perfused 
cutaneous vein was studied by PeUetier and Shepherd (1972). They 
reported that, although the resistance vessels constricted, there was a 
dilatation of  the saphenous vein. The magnitude of  this response depended 
on the pre-existing sympathetic efferent nervous activity to the vein, and 
it was inhibited by giving further doses of  the anaesthetic chloralose. The 
degree of  dilatation of  the vein could be graded by grading the intensity 
of the stimulus to the chemoreceptors (Pelletier 1972). The response was 
also dependent on the carotid sinus pressure (Mancia 1975). This was 
despite the failure o f  stimulation of  the carotid baroreceptors to cause any 
direct effects on the perfused vein. Venous responses, like those of  arterial 
resistance, were maximal at intermediate levels of  carotid pressure (about 
18 kPa). At lower carotid pressures, the venous responses to stimulation 
of  chemoreceptors were attenuated and at higher pressures they were to- 
tally abolished. 

There have been few satisfactory studies of  responses of  a cutaneous 
vein to stimulation of  aortic chemoreceptors. In the studies of  Calvelo et 
al. (1970) and Iizuka et al. (1970), nicotine and sodium cyanide were 
injected into the aortic arch to stimulate the chemoreceptors. These 
authors at tempted to delay the effect on the carotid chemoreceptors by 
use of  delay coils originally described by Comroe and Mortimer (1964). 
However, this technique is fraught with problems: firstly, due to a pres- 
sure gradient along the delay coils it is likely that some of  the drug would 
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reach the carotid or other sensory areas by a collateral route and earlier 
than expected; secondly, it is likely that the drug would have reached 
other receptors such as those perfused by the coronary circulation. More 
recently, Britton and Donald (1982)injected sodium cyanide into the 
aortic root and obtained a dilatation of a metatarsal vein when the carotid 
sinus regions were denervated. The responses were shown to be abolished 
after vagotomy or aortic nerve section. Similar responses were also obtained 
when the vascularly isolated aortic arch was perfused with hypoxic blood. 
Thus it appears that, although the effects of aortic and carotid chemo- 
receptors on the heart are different, stimulation of both groups of chemo- 
receptors dilates cutaneous veins. 

2.1.4.3 Cardiac and Pulmonary Receptors 

2.1.4.3.1 Atrial Receptors. Atrial receptors can be stimulated by the 
use of small ballons or pouches (Ledsome and Linden 1964, 1967). The 
only reflex cardiovascular response to this discrete stimulation is an in- 
crease in heart rate mediated solely by a bundle of efferent sympathetic 
nerves which is not affected by stimulation of baroreceptors, chemo- 
receptors or cutaneous or visceral nerves (Linden et al. 1982; Hassan et al. 
1985). There have been no studies of responses in cutaneous veins, 
although Carswell et al. (1970) obtained no change in hind limb vascular 
resistance and Karim et al. (1972) reported that there was no change in 
the efferent nervous activity in the lumbar sympathetic nerves. 

2.1.4.3.2 Ventricular Receptors. The ventricles are innervated mainly by 
unmyelinated vagal afferents (Baker et al. 1979; Thor6n 1979), although 
there are some myelinated fibres (Paintal 1973) and afferent nerves running 
in the sympathetic nerves have also been described (Malliani 1979). Ven- 
tricular receptors can be stimulated mechanically, for example by ven- 
tricular distension or by injection into the coronary circulation of stimu- 
lant drugs, such as the Veratrum alkaloids. The resulting response is the 
Bezold-Jarisch reflex, which is bradycardia, hypotension and vasodilata- 
tion in several vascular beds. 

Ford et al. (1984) studied the responses to injection of veratridine into 
the coronary circulation and found that, in addition to bradycardia and 
arterial vasodilatation, there was also a small dilatation of a perfused 
cutaneous vein. More recently, S. Challenger, R. Hainsworth and K.H. 
McGregor (to be published) increased ventricular systolic pressure and 
obtained a small reflex dilatation of resistance vessels in a perfused limb 
but no significant response of a cutaneous vein. 
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2.1.4.3.3 Pulmonary Receptors. The lung is very richly innervated with a 
variety of  myelinated and non-myelinated nerves (see Widdicombe 1973; 
Coleridge and Coleridge 1984). The various receptors can be stimulated in 
several ways, such as by inhalation of  irritant gases, lung inflation, pul- 
monary congestion and oedema. Each type of  receptor can be excited by 
several stimuli, which makes it difficult to determine which type of recep- 
tor is responsible for a particular reflex. Lung inflation can cause tachy- 
cardia or bradycardia and vasoconstriction or vasodilatation (Anrep et al. 
1936; Daly and Robinson 1968; Glick et al. 1969; Salisbury et al. 1959; 
Hainsworth 1974; Greenwood et al. 1980), although at moderate inflation 
pressures there is usually tachycardia and vasoconstriction and at higher 
pressures, bradycardia and vasodilatation (Hainsworth 1974; Wood et al. 
1985). In the only study of  responses in a cutaneous vein (Greenwood et 
al. 1977) there was no response to lung inflation. 

2.1.4.4 Central Nervous System Effects 
An increase in sympathetic discharge and a pronounced rise in arterial 
blood pressure occur in response to an increase in intracerebral pressure 
(Brown 1956), cerebral arterial hypotension and hypoxia (Sagwa et al. 
t961; Downing et al. 1963; De Geest et al. 1965; Hainsworth and Karim 
1973) and hypercapnia (Hainsworth et al. 1984, 1985; Ford et al. 1985b; 
Soladoye et al. 1985). There have been no reports of  the effects of these 
interventions on cutaneous veins. 

2.1.5 Summary of  Responses of Cutaneous Veins 

Cutaneous veins constrict powerfully in response to sympathetic and 
adrenergic stimulation and to a number of  vasoconstrictor agents. Beta- 
adrenoreceptor stimulation causes venodilatation but only on a background 
of  stimulation. The venoconstriction is greatly potentiated by cooling the 
venous perfusate by a mechanism which appears to increase the affinity 
of  the receptor for the agonist. Central cooling has been reported to cause 
venoconstriction and to increase the constriction in response to local 
cooling. 

Cutaneous veins are weakly engaged in the baroreceptor reflex, if at all. 
However, if they are initially constricted they do dilate slightly in response 
to stimulation of  carotid chemoreceptors and to injections of veratridine 
into the coronary circulation. However, even when they do occur, responses 
of  cutaneous veins to reflex stimuli are small and there is usually evidence 
of  marked dissociation in the magnitude and sometimes the direction of  
the changes in the sympathetic activity to cutaneous veins and resistance 
vessels. 



1 16 R. Hainsworth 

2.2 Regional Responses 

2.2.1 Methods of Study 

Changes in volume in a region can be inferred from the changes in weight 
or determined directly by plethysmography. Other techniques involve the 
use of radioactive tracers and the integration of the difference between 
inflow and outflow of blood to the region. An alternative approach is to 
occlude the vessels to the region and to determine changes in intravascular 
pressures. With all these methods it is important to distinguish active 
changes in intravascular volume from passive changes due to changes in 
distending pressure, or changes in extravascular tissue volume. 

2.2.1.1 Occluded Limb Techniques 
When an occluded limb technique is used, the region investigated, usually 
hindquarters, whole limb or part of a limb, is vascularly isolated from the 
rest of the circulation, and once the pressures have been stabilized, a change 
in venous pressure indicates a change in capacitance (Browse et al. 1966a-c; 
Verrier et al. 1969). If this method is used it is essential to be certain that 
there could be no unoccluded collateral vessels, as this would invalidate the 
results. Disadvantages of this method are that the pressures tend to be un- 
stable and any responses decline after a few minutes of occlusion. Also, it is 
difficult to be certain that all vessels are in communication with each 
other and responses from reactive areas, for example cutaneous veins, may 
disproportionately influence measurements. The responses to a constrictor 
stimulus are dependent on the initial venous pressure, being reduced at 
abnormally high pressures (Samueloff and Chinyanga 1968). 

2.2.1.2 Plethysmography 
Mellander (1960) described a technique for determining changes in volume 
in the hindquarters of the cat. The region was perfused at constant pres- 
sure and changes in volume determined by use of a plethysmograph. An 
increase in activity in sympathetic nerves to the region results in a decrease 
in blood flow, indicating constriction of resistance vessels, and an initial 
rapid decrease in volume followed by a slower prolonged decrease in 
volume. The initial rapid phase was attributed to constriction of capaci- 
tance vessels and the slower phase to changes in extravascular fluid volume. 
Although this method has been very widely used, it cannot be regarded 
as being adequate for determining active responses of capacitance vessels. 
The two main problems are that it cannot readily distinguish slow venous 
responses from changes in extravascular volume and that, due to changes 
in flow, the pressure distending the small veins is likely to change and to 
result in passive changes in volume. 
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Plethysmography has been used with constant flow perfusion (Baum 
and Hosko 1965; Baker 1966). This can give reliable estimates of  capaci- 
tance responses provided that vascular isolation is complete, venous pres- 
sures are constant and the effects of  changes in extravascular volume are 
taken into account either by restricting the time for estimation to about 
2 min or by estimating changes in capillary filtration by use of  radio- 
isotopes. 

2.2.1.3 Weight Changes 
If an organ is continuously weighed a change in weight denotes a change 
in its volume (Shadle et al. 1958; Haddy et al. 1961). The same con- 
straints and limitations apply to this method as to plethysmography. Lesh 
and Rothe (1969) determined changes in weight in an isolated perfused 
muscle and assessed the intravascular and extravascular components by 
use of  S lCr-labelled erythrocytes and by determining mean transit time 
(see also Rothe 1983c). 

2.2.1.4 Inflow-Outflow Difference 
Changes in volume in a limb can be determined by integration of  the dif- 
ference between the inflow and the outflow of  blood to the region (Hains- 
worth et al. 1983c). The limitations of  this method are similar to those of  
plethysmography but, in addition, a very high degree of  vascular isolation 
is necessary, otherwise changes in collateral blood flow result in changes in 
outflow, which are indistinguishable from changes in volume. 

2.2.2 Responses to Direct Stimulation of Sympathetic Nerves 

The reported changes in limb blood volume differ greatly according to 
the experimental approach used. Browse et al. (1966a) studied responses 
in the occluded hind limb and reported quite large increases in venous 
pressure during sympathetic stimulation. These experiments provided 
evidence for constriction of  vessels in the limb but they may have been 
influenced disproportionately by responses of  superficial veins and the 
effect on venous pressure due to arterial constriction cannot readily be 
quantitated. 

Mellander (1960) reported consistent although small changes in volume 
of the cat's hindquarters in response to sympathetic stimulation. In this 
paper he compared the relative responses of  resistance and capacitance 
at each stimulus frequency and concluded that, at low frequencies, capaci- 
tance responses were relatively more complete. A criticism of  this work, 
apart from the small size of  the responses, is that it does not distinguish 
changes in volume due to active constriction of  capacitance vessels from 
volume changes due to changes in venous distending pressures when the 
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Fig. 3. Changes in volume in vascularly isolated, innervated dog's hind limb 
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in response 
to electrical stimulation of efferent sympathetic nerves at 1 Hz and to large step 
changes in carotid sinus pressure. Left traces were obtained during perfusion and the 
limb at constant flow and right traces under constant pressure. Traces are of difference 
between inflow to the limb and outflow from limb (Dill), outflow, inflow, femoral 
arterial perfusion pressure (FAP), carotid sinus pressure (CSP), systemic arterial pres- 
sure (SAP). All pressures are in kPa and flows in mtnnin -1 . Traces show that during 
constant flow perfusion both stimulation of the sympathetic nerves and changes in 
carotid sinus pressure resulted in changes in perfusion pressure between inflow and 
outflow). However, both interventions resulted in changes in both flow and volume 
during constant pressure perfusion. (Modified from Hainsworth et al. 1983c) 

flow changes. Davis (1963) also reported changes in paw volume in the 
dog due to sympathetic stimulation but, again, the secondary effects of  
changes in flow were not excluded. Nervous stimulation caused a decrease 
in weight of  the isolated perfused dog's limb (Shadle et al. 1958), although 
a possible effect from muscular contraction cannot entirely be ruled out. 

Lesh and Rothe (1969) evaluated responses in perfused dog's gracilis 
muscle. They reported that there was no appreciable change in weight in 
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in vascularly isolated perfused hind limb of dog in response 
to changes in rate of perfusion. Preparation and traces as in Fig. 3. Each step change in 
outflow was followed by a similar change in outflow. However, there was always a lag 
of the response of outflow which resulted in a change in volume similar to that which 
was obtained when the activity in the sympathetic nerves was changed by either direct 
electrical or reflex stimulation. (Hainsworth et al. 1983c) 

response to sympathetic nervous stimulation, despite a large increase in 
total vascular resistance. There were, however, changes in weight when the 
muscle was perfused at constant pressure. 

Recently, Hainsworth et al. (1983c) determined capacitance responses 
in the vascularly isolated dog's hind limb in response to sympathetic nerve 
stimulation during both constant pressure and constant flow perfusion. 
Stimulation of  the sympathetic nerves supplying the limb, during constant 
flow perfusion, resulted in no change or a very small decrease in the limb 
volume (Fig. 3). During constant pressure perfusion responses, although 
still not large, were ten times greater. The difference in the responses 
during the two types of  perfusion is explained by the mechanical effects 
of  the changes in flow (Fig. 4), which passively change the distension of  
the venules and small veins. This conclusion is supported to some extent  
by the earlier findings o f  Oberg (1967), who attempted to control flow 
to a cat's hindquarter during sympathetic stimulation by releasing the 
partial occlusion of  the artery. Although that  work can be criticized due 
to a very low perfusion pressure, changes in volume did occur which were 
attributed partly to changes in flow. 
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2.2.3 Reflex Responses 

Since carefully controlled studies of active capacitance responses in 
muscle tissue (Lesh and Rothe 1969) or the whole limb (Hainsworth et al. 
1983c) have shown that responses to direct electrical stimulation of sym- 
pathetic efferent nerves were very small, it seems unlikely that large 
responses could occur to reflex stimuli. 

The only reports of relatively large or consistent responses of limb 
blood volume to changes in carotid sinus pressure have come from studies 
in which flow was allowed to change (Oberg 1964; Hadjiminas and Oberg 
1968; Hainsworth et al. 1983c). In a study in which responses during con- 
stant flow and constant pressure perfusion were compared (Hainsworth et 
al. 1983c), an increase in carotid pressure resulted in either no change or 
a small decrease in limb volume during constant flow perfusion but con- 
sistent increases in volume during constant pressure perfusion (Fig. 4). 
The absence of reflex venous responses in muscle was also noted by 
Hebert and Marshall (1985), who observed no changes in diameter, by in 
vivo microscopy of muscle blood-vessels of the anaesthetized rat, in 
response to changes in carotid sinus pressure. 

Studies of responses in the occluded limb (Browse et al. 1966a,b) have 
also shown little or no change in venous pressure in response to changes in 
carotid sinus pressure, although there was a decrease in pressure in response 
to stimulation of carotid chemoreceptors (Browse et al. 1966b), or to 
aortic injections of cyanide which, amongst other things, stimulates aortic 
chemoreceptors (Browse and Shepherd 1966). This suggests that this 
method may reflect preferentially the responses of cutaneous vessels, 
since only these have been shown to respond to neural stimulation. 

Stimulation of various areas in the brain, including the medulla, hypo- 
thalamus and midbrain, resulted in small decreases in limb volume similar 
to those occurring during direct stimulation of the sympathetic outflow 
(Baum and Hosko 1965; Manchanda and Bhattarai 1974; Manchanda et al. 
1975 ; Meninger and Baker 1976). 

2.3 Capacitance Responses in Human Limbs 

2.3.1 Methods of Study 

Because the volume of blood contained within a vein or a region is greatly 
influenced by factors other than the state of active constriction of the 
vessel, it has proved extremely difficult to develop reliable techniques for 
assessing capacitance responses in humans. The particular problem which 
has been most difficult to overcome is to distinguish active capacitance 
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responses from effects due to changes in arterial blood pressure or blood 
flow. 

2.3.1.1 Study of  Segments of  Veins 
It is possible to isolate a segment of vein which does not contain tribu- 
taries by applying an external occlusion. Then, by injection and with- 
drawn of volumes of blood, volume-pressure curves can be defined (De 
Pasquale and Burch 1963). It is important to ensure that no small tribu- 
taries are present. Also, if the effect of  an intervention is to be studied the 
same portions of the volume-pressure curves should be examined. If a 
segment of vein is isolated and distended with blood, changes in the dis- 
tending pressure can be used to provide an index of changes in the degree 
of constriction of the vessel wall (Butch and Murthada 1956; Duggan et al. 
1953; Page et al. 1955). An alternative approach is to assess the pressure- 
diameter relationship by use of a microscope focussed on the skin overly- 
ing a superficial vein (Nachev et al. 1971). 

2.3.1.2 Measurement of Volume Changes in a Limb 
There have been several methods used to determine the relationship 
between distending pressure and volume in limbs, and these techniques 
have been most widely used in human research. Changes in volume have 
been determined by air- or water-filled plethysmographs or mercury-in- 
rubber strain gauges (Whitney 1953). Changes in distending pressure are 
imposed by inflation of a pneumatic cuff to an appropriate pressure. 
Responses are assessed from the slope of the plot of change in volume to 
change in pressure (Wood and Eckstein 1958; Sharpey-Schafer 1961; 
Beveg~rd and Shephard 1965a,b; Eckstein et al. 1965; Mason and Braun- 
wald 1964; Burki and Guz 1970). An alternative method of changing 
venous transmural pressure is to apply positive and negative pressures to 
the limb by means of a plethysmograph (Greenfield and Patterson 1956; 
Coles and Patterson 1957; Coles et al. 1957). 

Continuous estimates of volume changes have been determined during 
inflation of a proximal limb cuff to a constant pressure (e.g. 4 kPa) (Ardill 
et al. 1968; Abboud et al. 1968). 

None of these methods can be regarded as adequate. Firstly, the pres- 
sure distending the capacitance vessels is not known. It cannot be assumed 
to be the same as the cuff pressure or even to be a constant value above it 
when blood is flowing. Even when venous pressure is recorded directly 
there can be a wide difference in the values recorded in different veins 
(Brown et al. 1966; Hollenberg and Boreus 1972). 
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2.3.1.3 Measurement of  Pressure Changes in Vascularly Isolated Limb 
The measurement of pressure changes in vascularly isolated limb has been 
described in connection with animal experiments. A proximal cuff 
occludes both arteries and veins to a limb. Initial partial occlusion would 
allow the vessels to become distended before totally occluding them. 
After about 2 min of occlusion, the pressure in the vein becomes relatively 
stable and responses can be determined for periods of up to 12 min 
(Samueloff et al. 1966; Zitnik and Lorenz 1969). The occluded limb 
technique is probably the only valid technique for assessing responses in 
humans. However, it is difficult to make a quantitative assessment of the 
exact significance of a change in venous pressure. 

2.3.2 Reflex Responses in Humans 

It is clearly impossible to obtain the same degree of control of the relevant 
variables in experiments on human subjects as in those involving anaesthe- 
tized experimental animals. However, there have been a number of studies 
which at least point to the probability that responses in humans do not 
differ from those in animals. 

2.3.2.1 Baroreceptor Stimulation 
Several techniques have been used to change the stimulus to arterial baro- 
receptors in man. However, all methods have major disadvantages and in 
none of them is it possible to localize a stimulus to the carotid barorecep- 
tots and to prevent modification of the responses from changes in the 
stimuli to other reflexogenic areas. Perhaps the most direct method is to 
stimulate the sinus nerve directly. This was employed in the treatment of 
anginal patients (e.g. Carlsten et al. 1958; Epstein et al. 1968). Although 
this is an effective method of exciting baroreceptor afferent fibres, it does 
not discriminate between baroreceptor and chemoreceptor afferents. 
Also, it is not possible to quantify the stimulus. Nevertheless, it is possible 
to show decreases in blood pressure, cardiac output and vascular resistance 
and the absence of any consistent venous response (Epstein et al. 1968). 

An alternative method of changing the stimulus to baroreceptors, which 
has the advantage of affecting all arterial baroreceptors, is to inject intra- 
venously vasoactive drugs, such as sodium nitroprusside and phenyl- 
ephrine (Smyth et al. 1969). This technique is mainly useful for studying 
the control of heart rate, since the drugs act directly on blood-vessels and 
this precludes the study of vascular responses. However, if the region 
studied is vascularly isolated by occluding the limb before the drug is 
injected, reflex venous responses can be studied from the changes in 
venous pressure. Using this approach Epstein et al. (1968) showed that 
there was no venous response to changes in arterial pressure even though 
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changes did occur in response to mental arithmetic or to placing ice on the 
abdomen! 

Carotid baroreceptors can be stimulated by enclosing the neck in a rigid 
airtight chamber and applying a subatmospheric pressure (Ernsting and 
Parry 1957; Eckberg et al. 1975). This increases the transmural pressure 
in the carotid sinuses and thus stimulates the baroreceptors. The advan- 
tage of  this is that the stimulus is relatively well localized to the barore- 
ceptors. The disadvantages are that the stimulus declines as blood pressure 
changes; that the stimulus to other baroreceptor areas, in particular aortic 
receptors, is changed; and that the sudden application of  suction can elicit 
emotional venous responses in uninitiated subjects. Distension of  carotid 
baroreceptors in this way, both at rest and during exercise, failed to 
cause any venous responses in an occluded limb (Beveg~rd and Shepherd 
1966). Other techniques which change the stimulus to baroreceptors 
include the application of  a subatmospheric pressure to the lower part of  
the body and uptight tilting. However, these would be likely to change the 
stimuli to many other reflexogenic areas and will be considered separately. 

2.3.2.2 Chemoreceptor Stimulation 
It is not possible in humans to apply a discrete stimulus to chemorecep- 
tors. Animal studies have shown that some of  the cardiovascular responses 
from aortic and carotid chemoreceptors are different and that the primary 
cardiovascular responses are complicated by the effects on respiration. It 
is against this background that responses to hypoxia and hypercapnia 
must be considered. 

Moderately severe hypoxia (breathing < 11% oxygen) induces forearm 
venous constriction (Eckstein and Horsley 1960). However, it is not clear 
whether this is related to hypoxia, the concomitant increase in ventilation 
or hypocapnia. Hintze and Thron (1961) and Weil et al. (1971) reported 
little or no venoconstriction in response to hypoxia when PACO 2 was held 
constant. Thus the most potent stimulus for venoconsttiction seems to be 
the combination of  hypoxia, hypocapnia and hyperventilation (Weil et al. 
197 I). However, hypercapnia also causes venoconstriction (Duggan et al. 
1953), and since moderate hypoxia alone has little effect on the limb vein, 
it seems unlikely that any venous responses can be attributed solely to the 
direct results of  stimulation of  chemoreceptors. 

There have been several studies of  the changes in venous distensibility 
in response to ascent to high altitude (Weil et al. 1969, 1971; Wood and 
Roy 1970; Cruz et al. 1976). Venous constriction was reported to occur 
in all the studies. However, these studies reported venous compliance 
which may be misleading due to non-linear volume-pressure curves (page 
104). Also, responses could be influenced by changes in flow. They cer- 
tainty do little to elucidate the role of  chemoreceptors. 
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2.3.2.3 Deep Breaths 
Taking a voluntary deep inspiration is one of the few procedures which 
consistently results in constriction of veins in limbs (Quiroz et al. 1960; 
Samueloff et al. 1966; Epstein et al. 1968; Zelis and Mason 1969; Browse 
and Hardwick 1969; Delius and Kellerova 1971). The mechanism respon- 
sible for inducing this response is uncertain. It may partly be related to 
the cortical centres responsible for taking the breath or to a change in 
PCO2- Browse and Hardwick (1969) found that the response did not 
occur to positive pressure inflation in anaesthetized and paralyzed sub- 
jects, which suggests that distension of pulmonary receptors is unlikely 
to be the cause of  the response. Also, Burch (1975) found that there was 
habituation, so that the responses to repeated deep inspirations became 
much smaller. 

2.3.2.4 Psychogenic Stimuli 
Mental activity seems to have an important effect on cutaneous veins. 
Their distensibility increases during sleep (Watson 1962). Veins are 
reported to constrict during various mental or emotional stimuli, includ- 
ing mental arithmetic, fear and anticipation (Martin et al. 1959; Delius 
and Kelerova 1971; Burch 1975; Brod et al. 1976). As for the responses 
to deep breaths, Burch (1975) found that repeated applications of alerting 
stimuli resulted in habituation of the responses. 

2.3.2.5 Responses to Shifts in Blood Volume 
The main techniques used have been the application of a subatmospheric 
pressure to the body below the iliac crests and upright tilting on a tilt 
table. The effect of  both of these procedures is to cause distension of 
veins in the lower abdomen and limbs and effectively to reduce the cir- 
culating blood volume. A similar redistribution of blood volume may also 
occur in response to the Valsalva manoeuvre (Sharpey-Schafer 1961, 
1963), positive pressure breathing (Mowassaghi et al. 1969) or haemor- 
rhage (Robinson et al. 1966). 

Both upright tilting and application of lower body negative pressure 
result in decreases in venous return and cardiac output and increases in 
vascular resistance and heart rate. The responses to upright tilting by 
60°-70  ° are very similar to those resulting from a negative pressure of 
4 kPa applied below the iliac crests (AI-Shamma and Hainsworth 1985). 
However, during tilting the hydrostatic pressure distending the blood-ves- 
sels is graded along the length of the body, whereas the suction applies 
the same pressure to all vessels in the region. Also, upright tilting would 
decrease the pressure to the upper part of the body, including the carotid 
baroreceptors. The maximum volume shift in response to suction with 
9 kPa is about 10 ml/kg body weight (Brown et al. 1966). Most authors 
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have reported an increase in limb venous tone in response both to leg 
suction (Gilbert and Stevens 1966; Boreus and Hollenberg 1972; Paessler 
et al. 1968; Page et al. 1955) and lower body negative pressure (Gilbert 
and Stevens 1966; Ardill et al. 1968; Tripathi et al. 1984). However, 
responses were frequently small and transient (Samueloff et al. 1966; 
Paessler et al. 1968), and Epstein et al. (1968) noted that the response 
frequently preceded the stimulus, suggesting the existence of a psychogenic 
component.  Tripathi et al. (1984) reported much larger changes in venous 
volume in response to changes in ambient temperature, although with this, 
as with most other studies, it is not possible to know the extent to which 
the responses were due to active constriction of  capacitance vessels. 

The receptive areas responsible for any responses which occur during 
shifts of  circulating blood volume are not  clear. Many authors have 
assumed that the changes are due to "cardiopulmonary receptors" because 
changes in central venous pressure were observed, but there was little 
effect on arterial blood pressure (e.g. Roddie and Shepherd 1958; Zoller 
et al. 1972; Johnson et al. 1974; Abboud and Mark 1979). However, the 
evidence for this is by no means conclusive. A small change in blood 
pressure, when it influences all arterial baroreceptors at a sensitive part of  
the baroreceptor response curve, is a very potent stimulus. Also, disten- 
sion of  the low-pressure receptors, particularly those in the great veins and 
atria, does not normally result in depressor responses (see Linden and 
Kappagoda 1982). Furthermore, the concept of  "cardiopulmonary recep- 
tors" is one to be avoided, since it implies a homogeneous group of  nerve 
receptors with similar reflex effects and this is far from the truth. 

2.3.2.6 Exercise 
There have been several reports that both phasic and isometric exercise 
result in constriction of veins in a non-exercising limb (Merritt and Weiss- 
ler 1959; Beveg]rd and Shepherd 1965a; Robinson and Wilson 1968; 
Seaman et al. 1973; Detry et al. 1974). The venoconstriction appears only 
to be transient during mild exercise but becomes more sustained with 
more severe exercise (Hanke et al. 1969). However, if body temperature 
rises, the venoconstrictor response to exercise is reduced or abolished 
(Zitnik et al. 1971 ; Wenger and Roberts 1980). The mechanisms which 
may be responsible for any venous responses which may occur during 
exercise are not known. 
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2.4 Importance of Capacitance in Muscle and Cutaneous Circulations 

2.4.1 Magnitude of Responses 

Most of the earlier misconceptions about the extent of active capacitance 
responses in musculo-cutaneous circulations arose from inadequacies of 
the methods used to study them. Studies in which flow was allowed to 
changes (e.g. Mellander 1960) resulted in consistent changes in volume. 
However, the changes in volume are almost entirely secondary to the 
changes in flow (Hainsworth et al. 1983c). If flow is held constant, 
changes in volume, even in response to direct electrical stimulation of the 
sympathetic nerve supply, are trivial and no measurable changes occur at 
all in response to baroreceptor stimulation. The conclusions concerning 
the absence of significant capacitance resPonses in the limbs were obtained 
mainly from carefully controlled studies using experimental animals 
(usually dogs). However, it seems highly likely that the same applies to 
humans. There is no evidence for important reflex capacitance responses 
in the human limbs, although cutaneous veins do seem to constrict in 
response to emotional stimuli. 

Cutaneous veins may respond weakly to some reflex stimuli. They 
dilate weakly in response to stimulation of baroreceptors and chemorecep- 
tors. This is in marked contrast to the large changes which these stimuli 
induce in resistance vessels. There thus appears to be an effective dissocia- 
tion of the sympathetic nerve supply to arteries and veins. However, an 
alternative explanation may be that there is a dissociation between the 
sympathetic innervation to cutaneous vessels (arteries and veins) and that 
to muscle vessels. This possibility is supported to some extent by record- 
ings in humans from nerves presumed to be innervating skin and muscle 
blood-vessels (Wallin et al. 1975). 

The absence of responses of veins in muscle tissue either to reflex stim- 
ulation or to direct stimulation of the efferent nerves is likely to be due 
to lack of smooth muscle in these vessels, poor innervation, or both. This 
view is supported by the findings of Lesh and Rothe (1969) and Hebert 
and Marshall (1985). Also, histological studies have shown a paucity of 
innervation to deep muscle veins (Fuxe and Sedvall 1965; Bevan et al. 
1974). The conclusion to be drawn is that muscle veins do not contribute 
in any measurable way to capacitance responses. 

2.4.2 Physiological Significance of Lack of Capacitance Responses 
in Musculo-cutaneous Circulation 

Evidence has been presented that there are no important reflex capaci- 
tance responses in the limb circulation, at least in the dog and almost 
certainly in man also. It is likely that this lack of response also applies to 
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muscular and cutaneous circulations generally. It is of interest to con- 
sider the physiological significance of this lack of response. At first thought, 
it would seem that, owing to large hydrostatic pressures which can occur 
in vessels in the limbs, particularly in upright man, it would be of extreme 
importance to limit capacitance vessels distension by powerful and active 
contraction of the vascular smooth muscle. However, the consequences of 
a powerful venous constriction would not necessarily be wholly beneficial. 
The volume of blood in both legs of an adult man in the horizontal posi- 
tion is about 250 ml and this doubles to about 500 ml during passive 
upright tilting (Gauer and Thron 1965). During active standing or walking 
the volume of blood accumulated in the limbs would be likely to be less 
owing to the pressure on the blood-vessels from contracting muscle. The 
total volume of blood, therefore, which is contained within this large mass 
of tissue is very small. This contrasts with the abdominal circulation, in 
which the mass of tissue is relatively small but the volume of blood rela- 
tively large. Powerful active constriction of veins in the musculo-cutane- 
ous circulations, therefore, would have only a relatively small direct 
effect on the distribution of blood volume. 

The circulations to muscle and skin are different from those to most 
other regions of  the body in that the flow can change over a very wide range. 
Blood flow to skeletal muscle ranges from 20-50  ml. kg -1 tissue at rest to 
500-750 mt. kg -1 during severe exercise. In a 70-kg man, total muscle blood 
flow can increase from only about 1.0 1. min -1 to as much as 30 1. min -1 
during maximal exercise in an athlete (Folkow and Neil 1971). Similarly, in 
skin, total blood flow can range from about 20 ml-min -1 to 3.0 1-min -~ . 
The importance of this is that if the veins draining these regions were to 
constrict powerfully, the effects on the body would be detrimental. Con- 
striction of veins draining muscle tissue would have only a small effect on the 
regional blood volume but, particularly at high flow rates, it would markedly 
increase the resistance in the postcapillary part of the circulation and this 
would result in a large loss of fluid from the capillaries to the tissue 
(Oberg 1964; Hadjiminas and Oberg 1968; Mellander and Johansson 1968; 
Mitzner and Goldberg 1975). The consequence of this would be that 
prolonged constriction of veins draining muscle and skin would result in a 
decrease rather than an increase in effective circulating blood volume. The 
lack of such a response is therefore likely to be of considerable benefit. 

3 Abdominal Vascular Bed 

Contrary to the case in the limb circulation, in the abdomen studies of 
vascular capacitance have been confined mainly to experimental animals. 
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Some of the studies have examined responses in the whole or most of the 
abdominal circulation, whereas others have examined the major compo- 
nents: intestine, liver and spleen. The few studies in humans of volume 
changes in the splanchnic circulation provide little information on active 
capacitance responses because neither blood flow nor venous pressure 
could be controlled adequately. 

3.1 Studies in Whole Abdominal Vascular Bed 

3.1.1 Methods of Study 

The two main approaches have been to study changes in venous pressure 
at constant vascular volume and changes in volume when venous pressure 
is controlled. 

Bartelstone (1960), by a combination of surgical ligation and clamping 
of major vessels, isolated the circulation to the animal below the level of  
the diaphragm from that above it. Once the arterial and venous pressures 
had equilibrated, changes in venous pressure provided an index of capaci- 
tance vessel responses. This principle has been applied frequently to the 
study of the limb circulation and to the whole body but it has not been 
used recently for the abdomen. The disadvantages are its complexity, the 
very short period for which recordings can be taken before ischaemic 
changes take place, the likelihood of secondary reflex changes occurring, 
and the problem of stress relaxation or creep in blood-vessels (Alexander 
1963). 

An entirely different approach to the study of capacitance in the 
splanchnic circulation was devised by Brooksby and Donald ( 1971). This 
involved the determination of inflow and outflow to the splanchnic region 
and, calculating a change in volume by integration of the difference 
between these flows. The major problem is that, because neither flows nor 
venous pressures were controlled and the region was incompletely isolated, 
the difference between inflow and outflow does not necessarily indicate 
an active capacitance change. Indeed, in a later paper the same authors 
(Brooksby and Donald 1972) estimated that changes in volume which 
were obtained when flow was changed mechanically were only one-third 
less than those occurring in response to sympathetic nervous stimulation. 

A preparation to solve the problems of the above technique was devised 
by Hainsworth and Kafim (1976), who made a much more complete 
surgical isolation of the region by tying or cutting all structures immedi- 
ately above the diaphragm, perfusing the abdominal aorta at constant flow 
and draining the abdominal inferior vena cava at constant pressure. 
Because the region was isolated, inflow was constant and outflow pressure 
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was constant,  changes in capacitance could be calculated from changes in 
outf low. This method addresses the major problems, although there are 
some disadvantages. Even though total flow to the region is constant,  
there is likely to be a change in the distribution between the various com- 
ponents which could affect the volume. Also, there may be a change in 
the pressure distending small vessels due to constriction of  the veins down- 
stream and this could have passive effects. Nevertheless, these effects 
would be likely to be small and, if  anything, would probably slightly 
underestimate capacitance changes. 

Another  approach to the determination of  capacitance in the abdominal 
circulation is by the estimation o f  volume by  indicator dilution and estima- 
tion of  pressure by direct recording (Rothe  1983c). This method can only 
be applied reliably when blood flow and venous pressures are constant,  
conditions which would be unlikely to occur unless the region was isolated 
and perfused. 

3.1.2 Responses to Direct Stimulation o f  Sympathet ic  Nerves 

Capacitance vessels in the abdominal circulation are particularly sensitive 
to sympathetic  nerve stimulation. When the splanchnic nerves are stimu- 
lated at 1 Hz the decrease in capacitance in the abdomen is about  half the 
response obtained at 20 Hz (Karim and Hainsworth 1976). The differ- 
ences in the relative responses o f  resistance and capacitance vessels are 
seen in Fig. 5. It has been argued (Stark 1968) that the difference in the 
shapes of  the resistance and the capacitance response curves is merely a 
geometrical consequence of  the Posseuille equation and the fact that 
resistance is a function of  1/r 4 , whereas capacitance is a function of  r 2 . 
From the data o f  Karim and Hainsworth (1976),  in which the resistance 
response to stimulation o f  20  Hz was + 135%, it can be calculated that the 
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radius of a simple model represented by a single tube would be reduced by 
20%. This would have resulted in a reduction in volume of 36%. At 1 Hz 
stimulation, the resistance change was only 14% and this would correspond 
to a volume change of 6%. Thus, if capacitance vessels were constricted 
by the same amount as resistance vessels, the response at 1 Hz stimulation 
would be only 17% of that at 20 Hz, whereas the measured value was 
nearly 50% of that at 20 Hz. Therefore, it can be concluded that capaci- 
tance vessels in the abdominal circulation shorten relatively more than 
resistance vessels at low stimulus frequencies. 

3.1.3 Reflex Responses 

3.1.3.1 Baroreceptor Reflexes 
Bartelstone (1960) reported changes in pressure in the occluded lower half 
of an animal using the major vessel occlusion technique. However, apart 
from the methodological problems outlined above, it is not possible to 
quantitate responses using this preparation. 

Using the vascularly isolated perfused preparation of the abdomen, 
Hainsworth and Karim (1976) reported relatively large capacitance 
responses' to changes in carotid sinus pressure (Fig. 6). Samoilenko and 
Tkachenko (1971 ) also reported a change in volume in the cat's abdominal 
vascular bed in response to a change in carotid pressure. Hainsworth and 
Karim (1976) found that the maximal response to a change in carotid 
pressure was equivalent to electrical stimulation of both splanchnic nerves 
with a frequency of about 5 Hz. Graded decreases in carotid pressure from 
above saturation levels resulted in relatively greater capacitance responses 
at high pressures compared with the responses of resistance. This was 
shown to be due to the greater sensitivity of capacitance vessels to sym- 
pathetic activity because when the reflex responses of both resistance and 
capacitance vessels were related to responses to nerve stimulation it 
appeared that the impulse activities to the two types of vessel were not 
different (Fig. 7). 

Stimulation of aortic baroreceptors resulted in qualitatively similar 
responses in the abdominal circulation (Karim et al. 1978). Responses of 
both vascular capacitance and resistance to changes in aortic pressure were 
influenced by the level of carotid sinus pressure, both being inhibited by 
elevating carotid pressure. The smallness of responses from aortic recep- 
tors compared with those from carotid receptors may have been due 
partly to the fact that both carotid sinuses were distended, whereas only 
the aortic arch receptors, innervated by the left aortic nerve, would have 
been distended and the subclavian baroreceptors, innervated by the right 
aortic nerve, were excluded from the stimulus. 
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Fig. 6. Responses in the vascularly isolated abdominal circulation to a large step 
decrease in carotid sinus pressure. Traces of outflow from inferior vena cava, inflow, 
carotid sinus pressure (C.S.P.)~ abdominal aortic perfusion pressure (Ao.P.P.), inferior 
vena caval pressure (LV.C.P.), systemic arterial blood pressure (S.A.P.). Inflow and 
inferior vena caval pressure were held constant. A decrease in carotid sinus pressure 
resulted in an increase in arterial perfusion pressure and a transient increase in outflow 
which, on integration, denoted the expulsion of 145 ml blood from the region. Note 
that the changes were reversed when carotid pressure was increased but that the 
change in outflow was slower. (Hainsworth and Karim 1976) 

3.1.3.2 Other Reflexes 
Stimulation of  both carotid and aortic chemoreceptors with either venous 
blood or injections of  sodium cyanide results in a decrease in capacitance 
in the abdominal circulation (Hainsworth et al. 1983a,b). The similarity 
of  the vascular responses to stimulation of  the two chemoreceptor areas 
contrasts with the different cardiac responses: stimulation of  carotid 
chemoreceptors results in bradycardia and a negative inotropic response, 
whereas stimulation of  aortic chemoreceptors results in tachycardia and 
a positive inotropic response (Daly and Scott 1958; Hainsworth et al. 
1979; Karim et al. 1980b). The relative magnitudes of  the response of  
resistance and capacitance vessels to chemoreceptor stimulation depends 
on the baroreceptor input. At high carotid sinus pressures (> 17 kPa) the 
responses of  resistance were significantly greater and those of  capacitance 
significantly smaller than the responses at lower carotid pressures (Hains- 
worth et al. 1983a). This difference can be explained in terms of  the dif- 
ference in sensitivities of  resistance and capacitance to sympathetic ner- 
vous activity. At high carotid pressures the efferent sympathetic nervous 
activity would be low and so a small increase due to chemoreceptor activa- 
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Fig. 7a,b. Responses of resistance (open circles) and capacitance (closed circles) in the 
abdominal circulation to changes in carotid sinus pressure, a Resistance and capaci- 
tance responses at each step of carotid pressure expressed as percentages of the changes 
when carotid pressure was reduced to 8 kPa (60 mmHg). Relative capacitance responses 
were significantly greater than the corresponding resistance responses ( * p  < 0.05, 
**p  < 0.01, ***p  < 0.005; n = 10). b Relates frequencies of electrical stimulation 
of splanchnic nerves required to produce resistance and capacitance responses identical 
to those obtained at each value of carotid pressure. This shows that the relatively more 
complete responses of capacitance at the intermediate values of carotid pressure were 
not due to differences in the sympathetic nervous activities to the two types of vessel 
but were due to the greater sensitivity of capacitance to the sympathetic activity. Note 
also that the responses of resistance and capacitance on decreasing carotid pressure to 
20 kPa (150 mmHg) were similar to those obtained in response to stimulation at 1 Hz, 
the responses at 16 kPa (120 mmHg) were equivalent to those at about 3 Hz, and 
those at 8 kPa were equivalent to stimulation at about 5 Hz. (Hainsworth and Karim 
1976) 
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Fig. 8. Responses of resistance and capacitance in the abdominal circulation to large 
step decreases in carotid sinus pressure at various values of cephalic PCO~. Responses 
at cephalic PCOa of 8 kPa have been expressed as t00%. Results show that at PCO2 of 
5 and 6 kPa the responses of capacitance, relative to that at 8 kPa, were significantly 
greater than the corresponding resistance responses. Results can be explained by 
capacitance vessels, unlike resistance vessels, being almost maximally constricted at 
low carotid sinus pressure and values of cephalic PCO2 of 5 kPa and above. (Ford et al. 
1985b) 

tion would lead to a relatively large capacitance response. At lower carotid 
pressures, when there would be a higher sympathetic efferent discharge, 
most of  the capacitance response would already have been taken up, so 
resistance responses would predominate. 

Reflex cardiovascular responses are importantly influenced by the level 
of  carbon dioxide perfusing the cephalic circulation (Hainsworth et al. 
1984, 1985; Sotadoye et al. 1985; Ford et al. 1985a). An increase in 
cephalic PCO2 results in constriction of  both resistance and capacitance 
vessels in the abdomen and enhances their responses to baroreceptor stim- 
ulation (Ford et al. 1985a). It is of  interest to note that the effect on 
capacitance vessels of  changing cephalic PCO 2 occurs at values below nor- 
mal arterial levels, whereas the effect on resistance occurs mainly when 
PCO~ is increased above normal (Fig. 8). This can also be explained in 
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terms of the relative sensitivities of the two types of vessel to sympathetic 
activation. At normal values of cephalic PCO2 and low carotid sinus pres- 
sure, capacitance vessels, but not resistance vessels, are maximally con- 
stricted. Therefore, increases in cephalic PC02 can only affect the con- 
striction of resistance vessels. 

There is little information on the responses of the whole abdominal cir- 
culation to stimulation of other reflexogenic areas. Ford et al. (1985b) 
described the responses of  the abdominal circulation to stimulation of 
cardiac receptors with veratridine injected into the aortic root. At tow 
carotid sinus pressures this resulted in dilatation of both resistance and 
capacitance vessels. However, when carotid pressure was increased to 
dilate the abdominal vessels, intracoronary veratridine resulted in no 
further response of resistance, but capacitance vessels then constricted. 
The significance of this observation is unknown and it will be necessary to 
examine the responses to more physiological stimuli. 

3.2 Studies in the Intestinal Vascular Bed 

3.2.1 Methods of  Study 

Most of the techniques which have been applied to other regions have 
been used in the intestine. Venous responses have been assessed by direct 
observation of veins (Altura and Zweifach 1965; Johnson 1967; Gaeht- 
gens and Uekermann 1971; Furness and Marshall 1974). Responses have 
also been assessed, when the circulation to part of the intestine was 
occluded, from changes in venous pressure (Hooker 1918) or from volume- 
pressure curves (Alexander 1954). Iizuka et al. (1970) perfused a mesen- 
teric vein at constant flow and assessed responses from changes in perfu- 
sion pressure. Changes in volume of loops of intestine have been deter- 
mined by plethysmography (Folkow et al. 1963), weighing (Selkurt and 
Johnson 1958; Donald and Aarbus 1974) and determination of transit 
time of injected indicators (Rothe et al. 1978; Johns and Rothe 1978). 
The changes in calculated intestinal volume can only be regarded as a 
change in capacitance provided that flow and venous pressure do not 
change (see page 106). 

3.2.2 Responses to Stimulation of Sympathetic Nerves 

Stimulation of sympathetic nerves results in constriction of intestinal 
veins (Alexander 1954; Eckstein et al. 1969; Iizuka et al. 1970). Donald 
and Aarhus (1974) reported that an iliac segment decreased its weight by 
10% on maximal sympathetic stimulation. However, flow was not con- 
trolled and a decrease in flow induced by constriction of the arterial 
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inflow resulted in a change in volume which was only one-third smaller 
than the response to stimulation. Rothe et al. (1978) found that the 
change in intestinal blood volume which occurred during noradrenaline 
infusion was similar to that resulting from a similar decrease in flow with- 
out noradrenaline. However, they did show that at constant flow perfu- 
sion there was a decrease in volume of 24% in response to high rates of 
infusion of noradrenatine. 

3.2.3 Reflex Responses 

3.2.3.1 Baroreceptor Reflexes 
The evidence for a major contribution by capacitance vessels in the 
intestinal vascular bed to baroreceptor reflexes is not overwhelming and 
most previous studies are open to some degree of criticism. Eckstein et al. 
(1969) and Iizuka et al. (1970) reported that there was a small constric- 
tion of a perfused colic vein in response to carotid occlusion. However, 
carotid occlusion is an unsatisfactory method of eliciting the baroreceptor 
reflex because the intensity of the stimulus is unknown and uncontrolled. 
It is possible that responses might have been greater if carotid pressure 
had changed over a wider range. Responses of intestinal capacitance ves- 
vels to carotid occlusion have also been reported by Hadjiminas and Oberg 
(1968), Samoilenko and Tkachenko (1971) and Tkachenko et al. (1978). 
However, Hadjiminas and Oberg (1968) did not control intestinal blood 
flow and the other two papers do not give any quantitative data. 

3.2.3.2 Other Reflexes 
Injection of sodium cyanide or nicotine into a carotid artery failed to 
cause any response of  a perfused colic vein but injection of the same drugs 
in the aortic root resulted in a constriction (Iizuka et al. 1970). However, 
it is uncertain whether this response was due to stimulation of aortic 
chemoreceptors. The responses of intestinal capacitance vessels to stimu- 
lation of chemoreceptors therefore remains uncertain. There have been 
no adequate studies of  the responses of intestinal vascular capacitance in 
other cardiovascular reflexes. 

3.3 The Liver 

3.3.1 Methods of Study 

Studies of capacitance in the liver are complicated by the vascular anat- 
omy. Blood enters the liver through both the hepatic artery and the 
portal vein. The drainage of blood from the liver may be influenced by 
various hepatic sphincter mechanisms, although the importance of such 
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mechanisms is uncertain and may vary in different species (Knisely et al. 
1957; Greenway and Oshiro 1973; Andrews et al. 1973). 

The techniques used for determining hepatic capacitance are broadly 
similar to those used for other regions. Volume changes have been esti- 
mated from changes in diameter, assessed by a variety of transducers 
(Guntheroth and Mullins 1963) and by plethysmography (Greenway et al. 
1969; Carneiro and Donald 1977a). Bennett and Rothe (1981) deter- 
mined changes in hepatic blood volume from the difference between 
inflow in the portal vein and hepatic artery and outflow in the hepatic 
vein, and Lutz et al. (1967) perfused the hepatic artery and/or the portal 
vein at constant flow and assessed capacitance responses from the changes 
in hepatic venous outflow. More recently, Cousineau et al. (1985) assessed 
hepatic volume in dogs by use of an indicator dilution technique. 

Because of the dual circulation and the high degree of compliance of 
the liver, it is difficult to determine active capacitance responses as distinct 
from passive volume changes. In the cat, hepatic compliance varies with 
the venous pressure from about 100 ml. kPa -1 per litre liver tissue at low 
venous pressures (about 0.3 kPa) to about 25 ml.kPa -1 at venous pres- 
sures of about 1-3 kPa (Lautt and Greenway 1976). In addition, at 
moderately raised venous pressures there is continual filtration of fluid, 
the rate of which is directly proportional to the hepatic venous pressure 
(Greenway and Lautt 1970). Bennett and Rothe (1981) studied hepatic 
compliance in dogs with control of both the inflow and the hepatic 
venous pressure and found a relatively constant compliance over a wide 
range of venous pressures. They also noted that Changes in flow resulted 
in important changes in hepatic volume even when venous pressure was 
unchanged. 

3.3.2 Responses to Direct Stimulation of  Sympathetic Nerves 

Direct stimulation of the hepatic nerves results in a reduction of liver 
blood volume in the cat as measured by plethysmography (Greenway et 
al. 1968; Greenway and Oshiro 1972). These responses are similar to those 
resulting from infusion of catecholamines and other vasoactive drugs 
(Greenway and Lautt 1972a,b; Greenway et al. 1985). Similar responses 
occur in the livers of dogs in response to sympathetic nerve stimulation 
(Carneiro and Donald 1977a; Guntheroth and Mullins 1963). However, 
in some of these studies it was not possible to distinguish responses due 
to active constriction of capacitance vessels from those due to the decreased 
passive distension due to the reduction in flow. 

The only adequate study of active capacitance responses in the liver 
circulation was made by Bennett et al. (1982). They found that, during 
constant flow perfusion of the hepatic artery and portal vein, stimulation 
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of the hepatic nerves at 5 Hz reduced hepatic blood volume by an average 
of 76 ml/kg tissue. Responses during constant pressure perfusion were 
larger. The results of  Bennett et al. (1982) did not show the same degree 
of sensitivity to low frequencies of stimulation as was reported by Karim 
and Hainsworth (1976) in the whole abdominal circulation. 

Infusion of catecholamines seems to change hepatic and splanchnic 
blood volume by a beta-adrenergic dilator effect on hepatic outflow 
resistance (see page 150). The importance of this is uncertain. 

3.3.3 Reflex Responses 

Lautt and Greenway (1972) obtained little or no change in liver volume of 
cats in response to carotid occlusion. However, carotid occlusion is an 
unsatisfactory way of eliciting a baroreceptor reflex, and furthermore 
hepatic blood flow was not occluded: An increase in carotid sinus pressure 
resulted in an increase in liver blood volume in the dog (Carneiro and 
Donald 1977a). Although in these experiments hepatic arterial and portal 
venous flows were not controlled, they were measured and the changes 
were relatively small. Very similar results were also obtained using a dif- 
ferent technique by Cousineau et al. (1985). These results would seem to 
suggest that hepatic capacitance does participate in the baroreceptor 
reflex. 

Several other less specific interventions result in decreases in liver blood 
volume. These interventions include haemorrhage (Carneiro and Donald 
1977b). However, in all those studies not only were the methods of 
assessing capacitance inadequate, but the procedures did not examine 
specific reflex mechanisms. 

3.4 The Spleen 

In the dog and cat, in contrast to the case in man, the spleen is a rela- 
tively large blood-filled organ and has the potential to function as a large 
blood reservoir (Barcroft and Barcroft 1923; Barcroft and Stephens 
1927). The potential importance of the spleen in the control of  total 
abdominal vascular capacitance was demonstrated by Karim and Hains- 
worth (1976), who noted that the change in capacitance to splanchnic 
nerve stimulation was reduced by about one-third when the spleen was 
excluded from the response. 

3.4.1 Methods of Study 

Direct observation of the change in size of the spleen in response to 
splanchnic nerve stimulation can leave one in no doubt that it can have a 
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capacitance role. Guntheroth and Mullins (t963) used techniques similar 
to those which they used for the liver to determine changes in splenic 
diameter in conscious dogs. Responses of the spleen can be assessed from 
the changes in its weight (Greenway and Stark 1969; Opdyke and Ward 
1973) or changes in volume measured by plethysmography (Carneiro and 
Donald 1977b), or by determining the reduction in response of the whole 
body or abdomen after its removal (Karim and Hainsworth 1976; Shoukas 
et al. 1981). Webb-Peploe (1969) determined splenic responses from the 
changes in venous pressure in a spleen which was totally vascularly 
occluded (isovolumic). 

3.4.2 Responses to Direct Stimulation of  Sympathetic Nerves 

In dogs and cats at least, the spleen contracts powerfully to sympathetic 
nerve stimulation. The maximal response of the spleen is a decrease in 
flow of about 75% and a decrease in volume or weight estimated in dif- 
ferent studies at between 25% and 70% (Greenway et al. 1968; Opdyke 
and Ward 1973; Donald and Aarhus 1974). Since, in these studies, the 
spleens were normally perfused and there was always a large increase in 
resistance, part of the volume change would have been due to the change 
in flow. However, Donald and Aarhus (1974) showed that only small 
responses resulted from large changes in flow, so it is reasonable to assume 
that most of the change in volume which occurs when the splenic nerves 
are stimulated is due to active contraction of the spleen. 

The spleen appears to be particularly responsive to low frequencies of 
stimulation. In the cat, Greenway et al. (t968) reported that responses 
were maximal at 3 Hz, and in the dog Donald and Aarhus (1974) reported 
that at 2 Hz, 80% of the maximal response was obtained. 

Contraction of the spleen, at least in cats and dogs, results in the release 
into the circulation of blood having a high haematocrit. Donald and Aarhus 
(1974) found that in dogs the haematocrit in the splenic venous blood 
increased to a peak of 80% during splenic nerve stimulation, and Opdyke 
(1970) also found a large increase in haematocrit in response to infusions 
of adrenaline or noradrenaline. The blood with the high haematocrit from 
the spleen is rapidly diluted by the blood from the rest of  the splanchnic 
circulation, and in the blood in the inferior vena cava a change of only 1% 
occurred in response to splanchnic nerve stimulation (Karim and Hains- 
worth 1976). 

3.4.3 Reflex Responses 

There seems to be little doubt that the spleen participates in the barore- 
ceptor reflex. Brender and Webb-Peploe (1969) obtained an increase in 
the pressure in an isovolumic spleen in response to carotid sinus hypoten- 



Vascular Capacitance: Its Control and Importance 139 

sion. The spleen contracts in response to occlusion of  the carotid arteries 
in dogs (Carneiro and Donald 1977b) and cats (Tkachenko et al. 1976). 
Shoukas et al. (1981) evaluated the role of  the spleen in the carotid sinus 
reflex by determining the changes in total body capacitance before and 
after removing or occluding the spleen. The results indicated that the 
spleen is responsible for about a quarter of  the total response of  the sys- 
temic capacitance. 

There have been several other studies which have found a powerful 
splenic contraction in response to other, non-specific stimuli, including 
haemorrhage and hypoxia (Guntheroth and Mullins 1963; Greenway and 
Stark 1969; Opdyke and Ward 1973; Greenway and Lister 1974; Carneiro 
and Donald 1977b). 

3.5 Capacitance in the Human Splanchnic Circulation 

3.5.1 Methods of  Study 

In order to determine changes in capacitance in any region it is essential to 
define the region under study, to control the blood flow, to keep venous 
pressure constant and then to determine changes in volume. Clearly, in 
the human splanchnic circulation it is difficult to measure the relevant 
variables, let alone t o  control them. It is possible to estimate the volume 
of  the splanchnic circulation by the use o f  indicators and the determina- 
tion o f  the mean transit time. The theory and experimental details have 
been given by Rothe et al. (1978) and Rothe (1983c). Pressures are deter- 
mined by arterial and venous cannulation. However, it should be noted 
that any calculated changes in volume using these techniques do not  
necessarily represent capacitance changes because the region is highly 
distensible and volume may change consequent upon changes in pressure 
or flow. 

3.5.2 Responses in the Human Splanchnic Circulation 

There have been no studies o f  the volume responses in the splanchnic vas- 
cular bed to stimulation of  specific sensory areas. Stimulation of  carotid 
baroreceptors by application of  a subatmospheric pressure to the neck 
results in splanchnic vasoconstriction (Abboud et al. 1979), but the effect 
on capacitance is not  known. Effective circulating blood volume has been 
reduced by haemorrhage (Price et al. 1966) or by application of  lower 
body negative pressure (Rowell et al. 1972; Johnson et al. 1974; Abboud 
et al. 1979), which reduces splanchnic blood flow and splanchnic or 
central blood volume. However, because both flow and venous pressure 
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Fig. 9. Changes in splanchnic blood volume occurring in response to splanchnic nerve 
stimulation and arterial inflow occlusion. Initial splanchnic blood flow was varied by 
infusion of vasoactive drugs. Results show that the changes in volume in response to 
stimulation or occlusion were proportional to the initial splanchnic flow. Also, the 
changes in volume in response to sympathetic nerve stimulation were not greatly in 
excess of those induced passively by inflow occlusion. (Brooksby and Donald 1972) 

decrease, it is uncertain to what extent  volume changes are due to active 
constriction o f  capacitance vessels. 

There has been shown to be a marked decrease in splanchnic blood 
volume during exercise (Wade et al. 1956). However, again splanchnic 
flow decreased. Venous pressure was not  reported and, due to the cardiac 
response, it may have decreased. 

3.6 Importance o f  Capacitance in the Abdominal Circulation 

3.6.1 Magnitude of Responses 

There seems to be no doubt  that many physiological stimuli result in 
changes in the volume o f  blood in the abdomen. However, in many o f  
the studies it is uncertain to what extent  these changes are due to active 
constriction o f  capacitance vessels, rather than being passive changes 
secondary to the changes in flow resulting from constriction o f  resistance 
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Fig. 10. Changes in blood volume in spleen, intestine and liver, expressed relative 
to a 10-kg dog, in response to carotid occlusion and to moderate and severe haemor- 
rhage. Note that blood flow was not controlled, so that volume changes would include 
both active and passive components.  The responses of  the spleen were greater than the 
sum of  those of  the liver and intestine. (Carneiro and Donald 1977b) 

vessels. The relative importance o f  active versus passive changes can be 
assessed either by determining the changes in volume in response to a 
stimulus during constant flow and constant pressure perfusion, or by com- 
paring the change in volume which occurs in response to a stimulus during 
constant pressure perfusion with the change occurring when the flow is 
changed artificially by the same amount.  Brooksby and Donald (1972) 
found that a decrease in flow caused by arterial occlusion resulted in a 
change in volume which was only about one-third less than that which 
occurred in response to stimulation of  the sympathetic nerves (Fig. 9). 
Thus, although sympathetic stimulation undoubtedly results in an active 
constriction of  capacitance vessels in the abdomen, during normal perfu- 
sion there would be a decrease in flow which would result in passive 
changes in volume which are probably of  nearly as much importance. 

The magnitude of  the active capacitance change in the abdominal circu- 
lation is not greatly less than that obtained in response to the same stimuli 
in the whole body. For example, Shoukas and Sagawa (1973)repor ted 
that the change in whole body capacitance in response to a large change in 
carotid sinus pressure averaged 7.5 ml .kg  -1 and Hainsworth and Karim 
(1976) obtained 5 ml .kg  -1 from the abdominal circulation alone. This 
evidence, together with the finding that the musculo-cutaneous circulation 
contributes little if anything to the capacitance response, strongly suggests 
that the responses in the abdomen are by far the most important in the body. 

The major components of  the abdominal circulation, gut, liver and 
spleen, all make some contribution to the overall response. The relative 
magnitude of  these contributions is uncertain. Carneiro and Donald (1977b) 
reported that the spleen made a greater contribution than the gut and the 
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liver together (Fig. 10). However, other investigators have concluded that 
the response of the spleen is about one-third or one-quarter of the total 
(Karim and Hainsworth 1976; Shoukas et al. 1981). The difference in 
responses may be related to different venous pressures, different flows or 
different stimuli. The role of the liver remains to be established. There is 
some evidence that, apart from the splenic response, much of the response 
of the total abdominal capacitance, at least to infusion of catecholamines, 
may be due to changes in hepatic outflow resistance (e.g. Rutlen et al. 
1981). 

3.6.2 Sensitivity o f  Abdominal Capacitance Vessels 
to Sympathetic Nerve Activity 

Low frequencies of discharge in the sympathetic efferent nerves result in 
near maximal responses of capacitance vessels. This has been shown for 
the whole abdominal circulation (Karim and Hainsworth 1976; Hainsworth 
and Karim 1976) and the spleen (Greenway et al. 1968; Donald and 
Aarhus 1974), but the liver may have a more gradual stimulus-response 
relationship (Bennett et al. 1982). 

The high degree of  sensitivity of capacitance vessels to sympathetic 
activity is able to explain many of the observations of the reflex responses 
in the region. It can explain why a decrease in carotid sinus pressure, from 
a level which effectively inhibits sympathetic outflow to the abdomen, 
results in constriction of capacitance vessels at higher pressures than those 
at which resistance vessels are powerfully constricted (Hainsworth and 
Karim 1976). It explains why, when carotid pressure is high and sympa- 
thetic outflow is inhibited, an increase in sympathetic discharge due to 
stimulation of chemoreceptors results in larger capacitance and smaller 
resistance responses than those occurring at low carotid pressures (Hains- 
worth et al. 1983a). Also, it explains why an increase in cephalic PCO2, 
which increases sympathetic outflow at low carotid pressures, enhances 
the effects of the baroreceptor reflex on capacitance at lower levels of 
cephalic CO: than those which enhance resistance responses (Ford et al. 
1985a). 

3.6.3 Role o f  the Abdominal Circulation as a Blood Reservoir 

The capacitance function of the abdominal circulation arises not only 
from the effects of active constriction of vessels but also from the changes 
in the volume that can occur in response to changes in the venous distend- 
ing pressure. Such a change can result from a change in the blood flow 
(e.g. Brooksby and Donald 1972), which would influence mainly the pres- 
sure distending the venules and very small veins, and from changes in large 
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vein pressure (e.g. Karim and Hainsworth 1976), which affect all veins. 
The compliance of the abdominal circulation was found to be about 
7 ml-kPa -1 per kilogram body weight (Karim and Hainsworth 1976). 
Thus a change in abdominal venous transmural pressure of 1 kPa would 
result in almost exactly the same change in blood volume as that result- 
ing from maximal stimulation of the sympathetic nerves. The effects of 
changes in venous distending pressure are likely to be of considerable 
significance during changes in posture or changes in central venous pres- 
sure from any other cause, including cardiac failure, and during changes in 
blood volume. 

The abdominal vascular bed is much better designed to serve a capaci- 
tance function than muscle and skin vasculatures. In the limb, for example, 
the volume of blood relative to that of  the tissue is very small. Also, under 
conditions of stress, muscle blood flow is very high. Most of  the increase 
in cardiac output on exercise passes through the limbs. Therefore, as 
pointed out in the discussion of the musculo-cutaneous circulation, an 
intense constriction of limb veins would have little effect on vascular 
volume, but would be likely to lead to an accelerated loss of fluid from 
the capillaries to the tissues. The situation in the abdominal circulation is 
very different. The volume of blood is very large relative to the tissue 
volume. Estimates of abdominal blood volume range from about 20% to 
50% of total blood volume (Delorme et al. 1951; Johnstone 1956; Chien 
1963). The magnitude depends largely on whether the spleen is included 
and on the degree of distension at the time the measurement is made. 
Contrary to the case in the limb, abdominal visceral blood flow is unlikely 
to increase to any great extent due to metabolic requirements. Under con- 
ditions of stress, such as exercise or haemorrhage, when sympathetic 
efferent discharge would be greatly increased, abdominal flow would be 
reduced and volume would decrease both as the result of active constric- 
tion of capacitance vessels and as the result of the decreased flow. Under 
such conditions, abdominal blood volume could be reduced by as much as 
half (Wade et al. 1956; Price et al. 1966; Rowell et al. 1972; Cousineau et 
al. 1985). 

Not only does the abdominal vascular bed make the major contribution 
to whole body capacitance response, therefore, but because of its large 
blood volume and high compliance, its volume can also be changed pas- 
sively. It must thus be regarded as the body's major blood reservoir, which 
can take up or release, actively and passively, the major part of  any 
change in circulating blood volume. 
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4 The Pulmonary Circulation 

R. Hainsworth 

In most regions of the body blood flow is regulated to suit either the local 
metabolic requirements of the tissue or other functional needs. Constric- 
tion of resistance vessels decreases the flow of blood to the region and 
thus results in a greater proportion of  cardiac output  being diverted else- 
where. In the lung, the situation is totally different. Pulmonary blood 
flow is normally entirely dependent on systemic blood flow and not on 
vasomotor responses in the lung. Also, the volume of  blood within the 
lung is determined largely by factors outside the pulmonary circulation. 
A change in pulmonary blood volume would result from a transient dif- 
ference between the outputs of  the fight and left hearts. This difference 
may result from the direct effects of  one or both of  the ventricles, for 
example by a change in rate or inotropic state, or it may result from a 
change in venous return due to postural changes or exercise, or from 
changes in intrapulmonary airways pressure or volume. 

The distribution of resistance to flow through the lung differs from that 
in systemic vascular beds in that, instead of small arteries and arterioles 
providing nearly all the resistance to flow, resistance is much more evenly 
distributed along the various blood-vessels. Over half the total vascular 
resistance in the lung is estimated to be in the pulmonary capillaries and 
veins (Brody et al. 1968). Also, less than half of  the pulmonary blood 
volume is normally contained within veins and, furthermore, the volume 
in the various pulmonary vessels varies with lung inflation (Howell et al. 
1961; Permutt et al. 1961). Therefore, contrary to the case in the sys- 
temic circulation, it is not justified to consider arterioles as resistance 
vessels and veins as capacitance vessels. 

4.1 Methods of  Study 

A change in pulmonary vascular capacitance can only be determined in 
preparations in which pulmonary blood flow and pulmonary venous pres- 
sures are held constant. Consideration of  pulmonary vascular capacitance 
is complicated by the fact that major contributions arise from precapil- 
lary, capillary and postcapillary vessels. Thus if during constant flow per- 
fusion there is an increase in pulmonary arterial pressure, the net volume 
change will be influenced by a change in the distension of  the precapil- 
lary vessels. In the systemic circulation this is of minimal importance 
because so little blood is contained within the active resistance vessels, 
but in the lung this could result in a significant effect on the volume. 
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4.1.1 Constant Flow Perfusion: Measurement o f  Pressure Changes 

Essentially, this technique determines pulmonary vascular resistance 
and was used by Daly and Daly (1959a) in their "vasosensory perfused 
living animal preparation". Because a significant proportion of  the pul- 
monary blood volume is contained in precapiUary vessels and the distribu- 
tion of  resistance is more even along the series vessels, a change in resis- 
tance at constant flow perfusion must be accompanied by a change in 
volume. 

4.1.2 Constant Flow Perfusion: Measurement of  Volume Changes 

A technique is to bypass both sides of  the heart and replace with two 
pumps of  exactly equal outflow (Shoukas 1982). The pulmonary veins 
drain into a reservoir and, since the flows into the pulmonary artery and 
out of  the pulmonary venous reservoir are constant and equal, a change in 
the reservoir volume provides a measure of  the change in pulmonary blood 
volume. By changing the pulmonary venous pressure by altering the 
height of  the venous reservoir, information can be obtained about the 
pulmonary vascular compliance. 

The relative effects on (mainly) the pulmonary arteries and (mainly) 
the pulmonary veins can be assessed by determining the relationship 
between a change in lung volume and either arterial or venous pressure 
with the other pressure held constant (Shoukas 1975). Changes in arterial 
pressure are effected by changing the rate of  perfusion, with adjustments 
being made to the level of  the venous reservoir. Changes in venous pres- 
sure are effected by changing the reservoir level while controlling arterial 
pressure by making adjustments to the flow rate. 

4.1.3 Indicator Dilution Methods 

There have been several studies which have used the mean pulmonary 
transit time of  indicators to determine pulmonary blood volume in man 
(Milner et al. 1960) and dogs (Feeley et al. 1963). Pulmonary blood 
volume is given as cardiac output  multiplied by the difference between 
the mean transit time from pulmonary artery to brachial artery and that 
from left atrium to pulmonary artery. This method gives values of  about 
6 ml/kg in man and 11 ml/kg in the dog (Milner 1980). However, as 
already mentioned, when flow and arterial and venous pressures are 
uncontrolled, pulmonary blood volume is likely to have little relationship 
to any control mechanisms within the lung. 
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4.2 Responses to Adrenergic Stimulation 

Infusions of adrenaline and noradrenaline result in pulmonary vasocon- 
striction (Feeley et al. 1963). This seems to affect mainly the "down- 
stream" vessels, presumably veins, whereas serotonin has a greater effect 
on "upstream" vessels (Maron and Dawson 1980). Using the constant 
perfusion and reservoir technique, Shoukas (1982) obtained small but 
significant reductions in pulmonary blood volume and compliance in 
response to infusions of  adrenaline. 

4.3 Responses to Reflex Stimulation 

Daly and Daly (1959b) reported that an increase in carotid sinus pressure 
resulted in a decrease in pulmonary arterial perfusion pressure, which, at 
a constant blood flow and constant venous pressure, implies that there 
was a decrease in resistance and that there would also have been an increase 
in pulmonary blood volume (capacitance). Shoukas (1982) determined the 
changes in pulmonary blood volume during constant flow perfusion in 
response to large changes in carotid sinus pressure. The change in pul- 
monary capacitance was about 1 ml. kg -1 , which was much less than the 
change in systemic capacitance (7.5 ml .kg  -1). Constriction of  the pul- 
monary vascular bed occurs in response to stimulation of  carotid chemo- 
receptors (Daly and Daty 1959a). However, that response was frequently 
not obtained unless the bronchial circulation was obstructed. 

4.4 Importance of Pulmonary Vascular Capacitance 

The distensibility of  the pulmonary circulation is undoubtedly of  impor- 
tance in that it permits transient imbalance between the outputs of  the 
left and right hearts. However, it seems unlikely that the lung is an impor- 
tant controllable reservoir of blood. Only about 9% of  blood volume is 
contained within the lungs (Dock et al. 1961; Milner et al. 1960) and, in 
man, this volume would rarely change by more than 200 ml (Milner 
1980), most of  which would occur directly as the result of  events outside 
the lungs. Changes in pulmonary blood volume would result from mechan- 
ical factors, change in cardiac output  or posture, and changes due to 
active constriction of  pulmonary blood-vessels are likely to be small. 

It seems likely, therefore, that although it has a role in the balance 
between left and right heart outputs,  the pulmonary vascular bed plays a 
relatively unimportant  part as a blood reservoir and its active capacitance 
role is trivial in comparison with that of  the systemic circulation. 
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5 Whole Body Capacitance 

5.1 Methods of Study 

Estimates of capacitance in the whole body necessarily involve relatively 
complex perfusion techniques. Any values obtained represent a lumped 
value and a change may be due to the effect of increases in capacitance in 
some regions and decreases in others. The principles of measurement of 
changes in capacitance are essentially the same as for regions of the body. 
Changes in volume can be determined at constant flow and constant 
venous pressure or changes in pressure can be determined in the arrested 
circulation. 

5.1.1 Changes in Volume at Constant Flow 
and Constant Venous Pressure 

The technique requires either a left heart bypass or a complete cardio- 
pulmonary bypass and a constant flow perfusion of the systemic circula- 
tion. A change in the total systemic vascular capacitance can be assessed 
from a change in the total venous outflow provided the venous pressure 
did not change. Kahler et al. (1962) and Shoukas and Sagawa (1971) 
bypassed both the heart and the lungs and perfused the systemic circula- 
tion through an oxygenator from a venous reservoir. A change in the sys- 
temic blood volume resulted in an opposite change in the reservoir 
volume. Brunner et al. (1981) described a modified approach which 
avoided the necessity for an oxygenator. The systemic veins drained into 
one reservoir from which blood was pumped at constant flow to the pul- 
monary artery and the pulmonary veins drained into a second reservoir 
from which blood was pumped at constant flow into the systemic arteries. 
Under stable conditions the output of the two pumps would be exactly 
equal. A change in total systemic capacitance would result in a change in 
the volume of the reservoir draining the systemic veins. 

An attempt to assess changes in total body capacitance in conscious 
dogs has recently been reported by Bennett et al. (1984). The technique 
involved a preliminary operation during which heart block was created, 
ventricular stimulating electrodes were implanted, an electromagnetic 
flow transducer was placed round the aorta and catheters were inserted 
in the fight atrium and aorta. At the subsequent investigation, cardiac 
output, as assessed by the aortic flow transducer, was held constant by 
ventricular pacing and changes in capacitance were assessed from the 
changes in central venous pressure. This is an ingenious method and can 
provide useful information. However, the magnitude of a change in 
central venous pressure would be influenced to some extent by any 
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Fig. 11. Technique for estimating mean circulatory filling pressure (Prncf). Heart was 
fibrillated and blood transferred rapidly, at about 2 1/min, from arteries to veins so 
that arterial and venous pressures equilibrate at about 5 s. Note that there was an 
increase in venous pressure after about 6 s, which was attributed to a reflex increase 
in sympathetic nerve activity. (Rothe 1983c) 

change in right heart output ,  which was not controlled, and lung blood 
volume. Furthermore,  there may be reflex changes due to changes in car- 
diac rate or volume of  blood in the great veins, heart or lungs. However, 
these secondary changes may be reduced or prevented by vagal blockade 
or vagotomy. 

5.1.2 Mean Circulatory Filling Pressure 

Mean circulatory filling pressure is the pressure equilibrated throughout all 
systemic blood-vessels immediately after stopping the heart (Guyton et al. 
1955). Since the bulk of  the blood volume is contained within the veins, 
the degree of  constriction of  the veins and the magnitude of  the blood 
volume are factors which are mainly responsible for determining the value 
of  the mean circulatory pressure. Usually, the heart is stopped by induc- 
ing ventricular fibrillation and the arterial and venous pressures are rapidly 
equated by use o f  a pump (Fig. 11); Rothe and Dress (1976) showed that 
repeated estimates could be made provided that the period of  circulatory 
arrest did not exceed 10 s and at least 2 min was allowed between estimates. 
After about 7 s of  arrest arterial and venous constriction occur, which by 
1 min become intense (Rothe 1976). An alternative approach which has 
been used in rats is to arrest the circulation by use of  right atrial or pulmo- 
nary arterial occluders (Samar and Coleman 1978; Yamamoto et al. 1980). 
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A detailed description of  the method has been given by Rothe (1983c). 
Several assumptions are made. Mean circulating filling pressure is assumed 
to be representative of the pressure distending the small veins and is 
independent of  the pre-existing cardiac output.  It also assumes that a 
reliable value can be obtained within 7 s, because after this time reflex 
changes will occur which will change the pressure (Fig. 11). It may be 
difficult to equilibrate the vascular pressures in this time and the presence 
of venous valves interferes with the rapid equilibration. Also, the effect of 
stress relaxation of veins (Alexander 1963) may lead to instability. An- 
other disadvantage of  the technique is that it is not possible to make 
continuous measurements of  mean circulating filling pressure and, if there 
has been a change in the circulating blood volume between successive 
estimates, a change in the recorded pressure will not accurately represent 
an active change in capacitance. 

5.2 Responses to Infusions of Catecholamines 

Infusions of  adrenaline and noradrenaline have been used as methods of  
bringing about a generalized constriction of  capacitance vessels. Most 
studies have employed the constant perfusion and reservoir technique. 
The largest responses were reported in the early studies of  Ross et al. 
(1961a) and Braunwald et al. (1963), in which it was reported that 
infusion of  both adrenaline and noradrenaline resulted in an astonishingly 
large change in reservoir volume averaging 19 ml/kg with a maximum of 
37 ml/kg. These volumes, which are far in excess of  those reported by 
other investigators, may partly be due to changes in tissue volume, because 
responses were assessed over as long as 8 rain, and partly due to inade- 
quate control of  venous pressures. Most other investigations give maximum 
volume changes in response to infusions of  adrenaline and noradrenaline 
of  5 - 1 0  ml-kg-~ (Caldini et al. 1974; Muller-Ruchholtz et al. 1977a,b; 
Shoukas and Brunner 1980; Shoukas 1982). The large responses of  total 
body capacitance following infusion of adrenaline and noradrenaline 
contrast with the absence of  a change in response to infusions of  angiotensin 
II in doses which cause similar pressor responses (Rose et al. 1962). 
Infusion of noradrenaline results in an increase in mean circulatory filling 
pressure and a decrease in whole body compliance (Drees and Rothe 
1974; Fig. 12). 

The mechanism of action of  the catecholamines in reducing systemic 
capacitance is not absolutely clear but seems to be complex. Imai et al. 
(1978) reported that the decrease in capacitance in response to iso- 
prenaline was abolished and that to noradrenaline reversed following beta- 
adrenoceptor blockade. Rutlen et al. (1981) found that isoprenaline 
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Fig. 12. Estimated values of mean circulatory filling pressure following changes in 
blood volume and showing the effects of vasoconstriction from infusion of noradrena- 
line and vasodilatation from administration of hexamethonium. Results show 95% 
confidence bands. (Drees and Rothe 1974) 

resulted in a small decrease in vascular volume and noradrenaline in a 
much larger change. However, after splenectomy the response to nor- 
adrenaline was similar to that during isoprenaline infusion, suggesting that 
the large alpha-adrenergic effect was predominantly due to splenic con- 
traction. The isoprenaline-induced response was prevented by beta-adreno- 
receptor blockade. The whole of  the capacitance response was shown to 
arise from the splanchnic circulation, and evidence was presented suggest- 
ing that the mechanism was mainly due to a reduction in postsinusoidal 
hepatic vascular resistance and that the changes were much reduced by 
portal venting which effectively bypassed the liver. Thus the suggestion is 
that, apart from the spleen, the control of  total systemic vascular capaci- 
tance is almost entirely the result of  changes in outflow resistance from 
the splanchnic circulation. 

Muller-Ruchholtz et al. (1977b) also concluded that both alpha-and 
beta-adrenoceptors were responsible for the change in capacitance. Part of  
the effect may have been a reflex change because denervation of  barD- 
receptors reduced or abolished the capacitance response to isoprenaline. 
However, this is probably not the whole explanation because Rutlen et al. 
( 1981 ) still obtained responses to isoprenaline after ganglion blockade. 

In conscious dogs, Bennett et al. (1984) determined changes in central 
venous pressure during constant cardiac output.  They found that infusion 
of  the alpha-adrenoceptor agonist phenylephrine caused large changes in 
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Fig. 13. Results from conscious dog in which cardiac output was held constant by elec- 
trical pacing of heart and changes in total body capacitance were assessed from changes 
in total body capacitance were assessed from changes in central venous pressure. 
Traces are of central venous pressure (CVP), mean arterial blood pressure (MAP), 
cardiac index (C1) (from implanted fIowmeter) and ventricular rate (VR). Adrenaline 
in increasing doses resulted in increases in arterial blood pressure and in central venous 
pressure. (Bennett et al. 1984) 

arterial pressure but  little effect on venous pressure. Adrenaline resulted in 
little change in arterial pressure but  an increase in venous pressure o f  
0.7 kPa (Fig. 13), and isoprenaline decreased arterial pressure and increased 
venous pressure. The changes in venous pressure were at tenuated follow- 
ing beta-adrenoceptor  blockade with propranolol.  Although the possible 
effects o f  reflexes have not  been excluded, these experiments do support  
the view that stimulation o f  beta-adrenoceptors can be an impor tant  
mechanism for decreasing vascular capacitance. 

Finally, studies have also been carried out  in the rat using the technique 
o f  circulatory arrest by  inflation o f  a right atrial balloon (Trippodo 1981), 
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in which it was shown that an infusion of adrenaline resulted in an increase 
in mean circulatory filling pressure. 

5.3 Reflex Responses 

5.3.1 Baroreceptors 

There have been several studies of the effects of changes in carotid sinus 
pressure on the reservoir volume during cardiopulmonary bypass and con- 
stant flow perfusion of the systemic circulation. Ross et al. (1961a) and 
Braunwald et al. (1963)reported changes in volume as high as 13 ml. kg -1 . 
However, these responses may have been exaggerated because of the long 
time over which assessments were made and because venous pressure was 
not precisely controlled. Much smaller responses were obtained by Muller- 
Ruchholtz et al. (1979) using a similar preparation. Shoukas and Sagawa 
(1973) changed carotid pressure between 10 and 27 kPa and reported an 
average change in reservoir volume, and hence in capacitance, of 7.5 ml. 
kg -1 . Much larger responses were obtained when the region was perfused 
at constant pressure instead of at constant flow. Similar responses were 
obtained in subsequent studies (Brunner et al. 1981; Shoukas 1982). 
Shoukas and Brunner (1980) obtained somewhat larger responses, but in 
that study there was poor control of  temperature. Brunner et al. (1981) 
perfused the whole systemic circulation at constant flow and collected 
the blood from the splanchnic and extrasplanchnic circulations separately 
to test the hypothesis that a change in total body volume in response to a 
change in carotid pressure might have resulted from a differential effect 
on different resistance vessels, perhaps causing, a smaller distension to a 
highly compliant region. They found, however, that there was only a 
small (5%) distribution of blood away from the splanchnic circulation 
when carotid pressure was decreased, and this was not considered suf- 
ficient to explain the response. They also noted that almost all the change 
in volume was from the splanchnic circulation. 

Shoukas and Sagawa (1973) reported no difference between the sinus 
pressures at which the "gains" were maximal for resistance and capaci- 
tance responses. This contrasts with the results of  Hainsworth and Karim 
(1976), who found that, for the abdominal circulation at least, resistance 
responses occurred at significantly lower carotid sinus pressures. This dif- 
ference may be related to the method of assessing the responses. Shoukas 
and Sagawa (1973) determined the gains, defined as the response to a 
small step change in carotid pressure, whereas Hainsworth and Karim 
(1976) determined the cumulative responses and observed that the resis- 
tance curves were displaced to correspond with lower carotid values than 
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the capacitance curves. Replotting the data of Shoukas and Sagawa 
(t 973) does show a small displacement of the curves at least qualitatively 
similar to the results of  Hainsworth and Karim (1976). 

Bennett et al. (1984) occluded the carotid arteries in conscious dogs in 
which cardiac output was controlled (see page 147) and obtained no 
change in central venous pressure unless the vagi had been blocked, in 
which case there was a small increase in central venous pressure (+ 0.1 kPa). 
This response seems to be small in comparison with the results from the 
anaesthetized animal preparations, but the stimulus, carotid occlusion, is 
likely to have been smaller than in the other studies. 

5.3.2 Responses to Other Interventions 

Haemorrhage resulted in a decrease of total body compliance as estimated 
by determining mean circulation pressure and its responses to infusions 
and withdrawals of volumes of  blood (Rothe and Drees 1976). Ventricular 
distension has been reported to result in a decrease in total body capaci- 
tance (Salisbury et al. 1960; Ross et al. 1961b). However, in these studies 
ventricular systolic and, particularly, diastolic pressures were raised well 
beyond normal ranges. Furthermore, venous pressure was not reported 
and the slow time course of the responses casts doubt on the extent to 
which changes were actually due to capacitance vessel constriction. The 
role of cardiac receptors in the control of capacitance, therefore, remains 
uncertain. 

There has been only one study which aimed to determine the capaci- 
tance responses to stimulation of atrial receptors (Rutlen 1981). In this, 
distension of the left atrium by a large balloon resulted in a small decrease 
in vascular volume which was reversed when the atrium was distended fol- 
lowing vagotomy or administration of the beta-adrenoceptor antagonist 
propranolol. However, in this study there would have been changes in 
cardiac and pulmonary blood volumes, which makes interpretation of the 
results difficult. Also, the absence of any response until 4 min after atrial 
obstruction casts doubt on the responses being due to active capacitance 
vessel constriction. 

A decrease in blood volume occurs in response to hypoxia (Kahler et al. 
1962) and this does not occur after chemoreceptor denervation. Also, the 
mean circulatory filling pressure is increased during hypoxia (Smith and 
Crowell 1967). However, there have been no studies of the responses of 
total body capacitance to a discrete stimulus applied to chemoreceptors. 

Increase in intracerebral pressure results in an intense vasoconstriction: 
the Cushing response. There is also evidence of venous participation in 
this response (Rodbard and Stone 1956; Brown 1956; Brashear and Ross 
1970). Richardson and Fermoso (1964) reported an increase in mean 
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circulating filling pressure. Stein et al. (1983) determined total body capa- 
citance from changes in reservoir volume during constant right atrial per- 
fusion and reported that cerebral compression resulted in a decrease in 
total body capacitance of about 10 ml-kg -1 , which probably represents 
the maximal response obtainable. 

6 Importance of Vascular Capacitance 

In the introduction to this review I noted that Folkow and Mellander 
(1964) claimed that veins were "at least as reactive and well controlled as 
other elements in the circulation and had an important role to play in 
cardiovascular integration". Earlier, Folkow (1959) had stated that 
changes in vascular capacitance form "the basis of a rapidly mobilisable, 
centrally controlled intravascular fluid reserve, which is so necessary for 
good pump performance in a closed flow circuit". Mark and Eckstein 
(1968) considered that "the venous system functions as a dynamic reser- 
voir from which blood is pumped by the heart". Clearly, then, these 
prominent research workers, as well as many others (e.g. Gauer and Thron 
1962; Weil and Shubin 1970; Shepherd and Vanhoutte 1975; Rothe 1979, 
1983a,b), regard veins and vascular capacitance as playing a major role in 
cardiovascular control. In this section I will examine whether the claims 
made for the importance of vascular capacitance are supported by the 
evidence. 

6.1 Extent and Magnitude of Capacitance Changes 

One important functional difference between vascular resistance and capa- 
citance is that control of resistance is concerned with the regulation of 
flow in the tissue in which the particular resistance vessels are situated, 
whereas the control of capacitance vessels are concerned with the whole 
body and cardiac filling. Constriction of capacitance vessels in a particular 
region has little or no direct functional effect on that region. 

The evidence now seems to be overwhelming, from experiments on 
both animals and man, that blood-vessels in the muscle and cutaneous 
circulations make little or no active contribution to the body's capaci- 
tance control. The lung may make a small contribution, but the pul- 
monary circulation is entirely dependent on the systemic circulation and, 
due to its distensibility, any active capacitance response in the lung is 
totally overshadowed by secondary effects due to changes in cardiac 
output and posture. Thus the great bulk of the tissue in the body is of no 
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importance in capacitance control. This leaves the 20% or so of  the blood 
volume which is contained in the splanchnic circulation. There is evidence, 
at least in experimental animals if not in man, that a reduction in blood 
volume in the splanchnic vascular bed can occur which is not dependent  
on changes in blood flow. However,  in dog it has been shown that about  
40% of  the maximal response is due to contraction o f  the spleen. This is 
a very large contactile organ in the dog but  in man it is relatively insig- 
nificant. 

Most reports o f  the magnitude o f  the response o f  total body  capaci- 
tance to powerful reflex stimuli, for example a large change in carotid 
sinus pressure, give responses of  the order o f  7.5 ml-kg  -I . Rather larger 
changes may occur in response to extreme interventions, such as cerebral 
ischaemia. However,  such interventions do not occur as a normal part o f  
daily life. If  the normal maximal response in the dog is assessed to be 
7.5 ml. kg -a and 40% of  this is due to splenic contraction, the response of  
the rest o f  the vasculature becomes 4.5 ml-kg -1 . Since man does not have 
a large contractile spleen like the dog, and if it is assumed that the rest o f  
the human circulation behaves like that o f  the dog, the maximal capaci- 
tance response will be 4.5 ml. kg -1 , which for a 70-kg man represents a 
volume change of  315 ml. 

The mechanisms responsible for the change in capacitance in the 
splanchnic circulation excluding the spleen are not  clear. There is undoub- 
tedly adequate evidence that intestinal veins can constrict in response to 
nervous stimuli (e.g. Iizuka et al. 1970; Donald and Aarhus 1974), but  the 
extent  to which this is responsible for the overall response is not known. 
The liver may have a more important role that was hitherto not recog- 
nized. In addition to the likelihood that hepatic volume can actively 
decrease, there is evidence that at least when there are increased levels o f  
catecholamines, regulation of  hepatic venous outf low resistance may make 
an important contribution to the total volume change. 

6.2 Active Versus Passive Volume Changes 

In the hind limb circulation the active capacitance responses resulting 
from electrical stimulation of  the sympathetic nerves are very small 
indeed and no significant responses are obtained to reflex stimuli (Lesh 
and Rothe 1969; Hainsworth et al. 1983c). Nevertheless, when the region 
is perfused at a constant pressure, stimulation of  sympathetic nerves 
either directly or reflexly does significantly reduce the volume o f  blood 
in the region (Mellander 1960; Hainsworth et al. 1983c). Hainsworth et al. 
(1983c) found the magnitude o f  this active plus passive response in the 
limb to be about  ten times as large as the active response determined 
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under conditions of constant flow, and Brooksby and Donald (1972) 
found that even in the sptanchnic circulation, which is the one region 
which can contribute significantly to capacitance responses, when flow to 
the region was reduced artificially by the same amount as that occurring 
during stimulation of sympathetic nerves, the change in volume was only 
one-third less than that which occurred during sympathetic stimulation. 
The flow-related ¢hanges in vascular volume can be attributed to changes 
in pressure gradient along the veins. If the downstream, or large vein, 
pressure is constant, then the pressure in the smaller upstream vein will 
change by an amount which is such that the pressure gradient is pro- 
portional to flow (Poiseuille's equation). Since most of the blood is con- 
tained in the small veins and these veins are distensible, changes in flow, 
even at constant pressure in the large veins, result in changes in volume. 

Large changes in regional vascular volumes occur when there are gen- 
eralized changes in venous pressure due, for example, to changes in pos- 
ture. Estimates of total vascular compliance in both man and dog give 
values of 15-20 ml.kg -t .kPa -1 (Echt et al. 1974; Drees and Rothe 
1974; Larochelle and Ogilvie 1976; Shoukas and Sagawa 1973). During 
upright tilting or quiet standing in man the greatest pressures occur in the 
veins of the lower parts of  the legs and feet. However, relatively little 
blood is pooled in these vessels because, even when they are fully dis- 
tended, only a small additional amount of blood can be stored in them 
due to the limit to their distension. It has been estimated that in recum- 
bent man the legs contain about 250 ml blood and that on upright tilting 
this increases to about 500 ml, a quite small increase of about 250 ml. 
Also, to some extent an increase in the volume of blood in the legs on 
standing would be offset by a gravitational decrease in the volume of 
blood contained in the veins in the upper part of the body. The abdominal 
vessels, however, are much more distensible. In the dog, abdominal 
vascular compliance is about 10 ml.kg -1 .kPa -1 (Karim and Hainsworth 
1976). Thus although only about 20% of blood volume is contained with- 
in this region, it is responsible for the major portion of the total body 
compliance. To some extent, the accumulation of blood in the abdominal 
capacitance vessels during postural stress may be limited by the external 
pressure on the vessels exerted by the weight of the viscera, which are 
effectively contained within a relatively non-elastic bag. Nevertheless, it 
is not difficult to see how, in man, stresses including gravitational and 
respiratory manoeuvres, including positive pressure ventilation, can result 
in the retention in the abdominal circulation of large volumes of blood. 
The passive changes in volume in the abdominal capacitance vessels which 
occur with changes in venous pressure resulting from changes in posture 
are likely to be approximately equal and opposite to thsoe which occur 
actively when the sympathetic nerves are maximally excited. It should 
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also be noted that changes in venous pressure will result also in changes in 
capillary pressure, and hence changes in blood volume will occur due to 
exchange of fluid between the capillaries and the tissues. 

6.3 Potential Importance of Capacitance Vessels 

The main function of the control of vascular capacitance is said to be the 
regulation of cardiac output. Even a modest constriction of veins, because 
they contain so much blood, is said to boost venous return, increase 
central venous pressure and increase cardiac output. Guyton (1955, 1963) 
described the relationships between venous return, central venous pressure 
and cardiac output. There is an equilibrium value of right atrial pressure 
which is determined by venous return and the contractile properties of the 
heart. Guyton regards the mean circulatory filling pressure (the pressure 
which would exist when the heart is stopped and the pressure in all blood- 
vessels is rapidly equated) as the primary determinant of cardiac filling, 
and therefore of cardiac output. Since most of the blood is in the veins, 
the two factors which are of greatest importance in determining the mean 
circulatory pressure are the volume of blood in the circulation and the 
state of constriction of the capacitance vessels. Since various nervous and 
reflex stimuli cause changes in the mean circulatory pressure and the time 
course of these responses is such that they could not be due to changes in 
vascular volume, the implication is that capacitance responses must be of 
prime importance in the control of cardiac output. 

There seem to be a number of difficulties with this line of reasoning, 
however. The use of the concept of  mean circulatory pressure ignores any 
dynamic consideration in the circulation. At high outputs there would be 
likely to be significant inertial forces (momentum) which would propel 
blood back to the heart. The mean circulatory pressure is unaffected by 
blood flow, whereas the pressure gradient along the blood-vessels is 
directly proportional to flow. Also, it ignores effects of  pressure generated 
by extravascular tissues and any pumping action caused by phasic com- 
pression of veins. 

Some idea as to the likely effect of a change in total body capacitance 
on cardiac output can be obtained by studying the effects of haemorrhage 
and transfusion. However, the effects of changes in blood volume on car- 
diac output are variable. Bishop et al. (1964) found that, in conscious 
dogs, an increase in right atrial pressure of about 0.5 kPa was sufficient to 
more than double cardiac output. More recently, Barnes et al. (1979) 
reported that much larger increases in left atrial pressure (+ 2.7 kPa) were 
required to result in the doubling of cardiac output. Infusions to consci- 
ous dogs result in increases in cardiac output of 4 ml- kg -~ • min -~ for each 
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1 ml. kg -1 infused (Vatner and Boettcher 1978). The sensitivity of cardiac 
output to right atrial pressure is much greater when the influence of 
reflexes is prevented (Herndon and Sagawa 1969). Frye and Braunwald 
(1960) studied normal humans and found that infusion of 1500 ml blood 
had no significant effect on cardiac output unless reflexes were prevented 
by ganglionic blockade, in which case cardiac output increased by about 
50%. 

The studies of the effects of haemorrhage and transfusion show that a 
mechanism can exist whereby constriction of capcitance vessels can result 
in an increase in the flow of blood to the heart and a consequent increase 
in cardiac output. Shoukas and Sagawa (1973) reported that the maximal 
capacitance response to change in carotid sinus pressure was 7.5 ml. kg -1 . 
They calculated that this would result in an increase in mean circulatory 
pressure of 0.5 kPa, which according to Guyton's curves would result 
in an increase in cardiac output of  about 60%. 

6.4 Vascular Capacitance in Perspective 

So far in this review, I have examined the changes in capacitance in vari- 
ous regions of the body and in the whole body in response to a variety of 
stimuli. Many of the earlier studies can be seriously faulted because they 
failed to distinguish changes in volume which occurred as a direct result 
of constriction of blood-vessels from responses due to changes in the vas- 
cular distending pressures consequent upon changes in venous pressure or 
changes in blood flow. When only the studies are considered which have 
satisfactorily met the criteria for assessing active capacitance changes, it 
is apparent that significant active capacitance changes occur only in the 
abdominal circulation. The bulk of the body mass, muscle and skin, has 
no active role to play in the control of vascular capacitance. 

When responses to resistance and capacitance are compared, it is appar- 
ent that in tissues in which there is a change in capacitance in response to 
a stimulus there is no evidence that the efferent discharge rate to capaci- 
tance vessels is any different from that to resistance vessels; the observa- 
tions that stepwise decreases in baroreceptor distending pressure result 
in an initial preponderance of capacitance, and the interaction of the 
responses to the stimulation of different reflexes, can be explained by the 
greater sensitivity of capacitance vessels to sympathetic activity. 

In the dog, the maximum capacitance response of the whole body to a 
reflex stimulus is only about 7.5 ml.kg -1 , and of this at least one-third 
can be attributed to contraction of the spleen. Unlike the dog, man does 
not have a powerfully contractile spleen so, if the rest of his vasculature 
behaves like that of  the dog, the total response in man would be only 
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4.5 ml.kg -1 . This would represent a total actively mobilizable blood 
reserve of 315 ml in a 70-kg man. A transfusion of this volume of blood 
would have a negligible effect on cardiac output, at least in presence of 
active reflexes. If reflexes did not modify the response the change in 
cardiac output would be somewhat larger. If the calculations are based on 
the effects of a change in whole body capacitance (excluding spleen) and 
if the mean circulatory filling pressure is determined and the data are 
applied to Guyton's curves (Shoukas and Sagawa 1973), the predicted 
maximal increase in cardiac output will be about 40%. 

The next question to consider is under what circumstances would a 
capacitance response be expected to occur. Capacitance vessels in the 
abdomen, which is the only region to make a significant contribution, are 
very sensitive to low frequencies of sympathetic nerve activity. Responses 
of 50% of maximal occur during stimulation at only 1 Hz. Comparison of 
the responses to direct and reflex stimuli indicate that at a carotid sinus 
pressure of about 20 kPa the degree of constriction of abdominal capaci- 
tance vessels is the same as that during electrical stimulation at 1 Hz; 
i.e. responses are half maximal. At 17 kPa carotid pressure, responses are 
70% maximal. A number of assumptions are required to relate these 
studies of responses to non-pulsatile stimulation of the carotid sinus in 
the anaesthetized dog with those of responses to pulsatile stimulation of 
all arterial baroreceptors in conscious man. Nevertheless, it is not unreason- 
able to assume that when man is standing, the efferent sympathetic activ- 
ity is equivalent to a regular stimulus of at least 1 Hz. Firm evidence on 
this is lacking, but experiments from relatively intact anaesthetized 
animals give values for the resting sympathetic discharge rate of about 
2 Hz (Fotkow 1959; Koizumi and Brooks 1972). Some recordings have 
been made in man from presumed cutaneous sympathetic efferent nerves 
and, although these may not be related to the frequency of discharge in 
the abdominal circulation and the activity tends to occur in bursts, the 
discharge frequency does increase substantially with the assumption of an 
upright posture (Burke et al. 1977; Hallin and Torebjork 1974) and it is 
unlikely to be less than the equivalent of stimulation at tess than 1 Hz. If 
it is assumed that in the recumbent position sympathetic efferent dis- 
charge is near zero, then on upright tilting or standing the change in capa- 
citance would be about 60% of maximal, i.e. about 200 ml. This would 
leave a further capacitance reserve of only about 150 ml when the sym- 
pathetic system is strongly stimulated. 

The rather small active capacitance responses can be contrasted with 
the much larger changes which occur in response to a change in the venous 
distending pressure. If it is assumed that total body compliance (mainly 
venous) is about 20 ml.kPa -1 -kg -1 , then in a 70-kg man a change in 
venous pressure of 1 kPa would result in a change in volume of nearly 



160 R. Hainsworth 

1.5 1. The pressure change required to produce the same volume change as 
the maximum possible capacitance change is of the order of 0.2 kPa 
(2 cmH~ O). Changes in venous distending pressure arising from changes in 
flow can result in larger changes in volume than those which occur as the 
result of constriction of capcitance vessels. Indeed, in most of the body 
only passive changes in volume occur. Thus it is not an exaggeration to 
state that arterioles are probably of greater importance in the control of 
venous pressure and hence their volume than are the veins. 

In addition to these effects of  blood flow and body position, the trans- 
mural pressure of veins is importantly affected by external pressure from 
surrounding tissues. Contraction of limb muscles compresses and empties 
the deep veins. The weight of the abdominal viscera, as well as abdominal 
wall and diaphragmatic contractions, compresses the abdominal veins. 
Veins in the upper part of the body normally remain almost empty by 
the influence of gravity. Thus events external to the veins can result in 
larger changes in venous volume than those resulting from contraction of 
the vein wall itself. 

6.5 Conclusion 

In this review I have presented evidence that vascular capacitance can be 
controlled by a number of cardiovascular reflexes. In particular, changes 
in the stimulus to baroreceptors can result in near maximal responses of 
capacitance. The vessels in the abdomen are almost certainly the only ones 
which make a significant contribution to the overall response and these 
vessels are particularly sensitive to tow frequencies of sympathetic dis- 
charge. The overall maximal reflex change in capacitance, particularly if 
the spleen is excluded, is quite small in relation to changes in volume 
which occur secondarily to changes in tissue blood flow or in venous pres- 
sure from other causes. There are likely to be few manoeuvres which 
would result in an active capacitance response in man greater than about 
200 ml and the maximal response is unlikely to be much more than about 
300 ml. It seems likely that most of the capacitance "reserve" would be 
taken up when man assumes an upright posture and it is unlikely that any 
large further mobilizable reserve is available. However, although the total 
response seems to be small, it may not be entirely unimportant. Standing 
reduces cardiac output by about one-third under normal circumstances 
and, presumably, despite constriction of  the capacitance vessels. Without 
this constriction, it would probably be equivalent to a small haemorrhage, 
and following even quite small haemorrhage postural hypotension is much 
more common. 
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Thus capacitance control is probably of some significance during pos- 
tural changes, but it is hard to envisage many other circumstances when 
it would be likely to be of any great importance. 
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1 Introduction 

In vitro cell-to-cell fusion has proved to be a valuable tool in membrane 
research, genetic mapping and, in particular, genetic engineering (1-6) .  
Fusion mediated by chemicals and inactivated virus has led to new strains 
of bacteria (7, 8), yeasts and fungi (9, 10), hybrid plants (11, 12), and 
hybrid mammalian cell lines (13, 14). Although cell fusion was introduced 
as early as 1909 by Ktister (15), the standard conventional techniques 
still have many, and sometimes severe, limitations. Chemically induced 
and virus-induced fusion is therefore still more of an art than a real 
science. 

To overcome the shortcomings of the standard techniques, Zimmermann 
and co-workers developed an electrical fusion technique (16-28).  In 
electrofusion the cells are brought into tight membrane contact in an in- 
homogeneous field, and the cell pairs or multiples are then fused by short 
field pulses of high intensity. This results in a controlled increase of the 
permeability in localized zones of the membrane (so-called reversible 
electrical breakdown, electropermeabilization or electroporation)(18, 29, 
30). Electrofusion provides selectivity for desirable fusion products, 
efficient control of the fusion process, prediction of the fusion conditions, 
and high yields of viable hybrids. 

The results obtained so far with electrofusion have been reviewed a 
number of times from different aspects (19-28).  However, the author 
believes that rapid development in this field in the last two years justifies 
a new critical review of this method and its potential applications. The 
need for a critical discussion of recently published results was recognised 
when it became clear that a certain lack of understanding of the physical 
processes underlying electrofusion was creating apparent confusion rather 
than new insights. 

An understanding of these processes is both an important prerequisite 
for the application of this universal fusion method and a guide to the kind 
of electronic components required for electrofusion. These of course 
make a significant contribution to the successful electrical production of 
viable hybrids. 

This review also aims to point out that electropermeabilization is a 
valuable tool for sequestering such foreign substances as drugs, proteins, 
and DNA into cells without causing damage or deterioration of cellular 
functions (electroinjection). Although this technique has been known for 
more than a decade (29-34)  it has only recently aroused increasing 
interest among biologists and medical researchers. 
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2 Electropermeabilization 

I77 

The key step in the standard and modified electrofusion techniques of 
attached cells, or in DNA-transfection of free suspended cells is the 
reversible electrical breakdown of the cell membrane (18, 19, 29, 30, 3 5 -  
37). Electrical breakdown o f  the cell membrane is achieved when the cell, 
cell pairs, or cell multiples are exposed to a field pulse of high intensity 
(kV/cm range) and short duration (ns to tas range) (Fig. 1). The membrane 
capacitor is charged by the external electrical field due to charge move- 
ment, so that a corresponding membrane potential is induced and this is 
superimposed on the intrinsic membrane potential. The transformation of 
external fields into in situ fields and membrane potentials is described by 
Schwan (38); a rigorous mathematical treatment has been published by 
Jeltsch and Zimmermann (39). 

If the total membrane potential exceeds a critical value of about 1 V, 
the phenomenon of reversible electrical breakdown - which is known 
from solid state physics - occurs. The electrical breakdown of the mem- 
brane capacitor causes greater or lesser local perturbations of the mem- 
brane structure, which in turn increase the permeability of the membrane. 

For the biological applications considered in this review, it is of par- 
ticular significance that these field-induced perturbations of the membrane 
structure are reversible - particularly at higher temperatures (37°C) - 
(analogous to the self-healing technical capacitors), provided both that the 
field strength was not too high and that the duration of the external field 
pulse was short enough (nanoseconds to a couple of microseconds). 
Otherwise permeabilization of the membrane in response to the field 
pulse is irreversible (18, 37) (Fig. 1). Zimmermann et al. (30) therefore 
termed this effect "reversible electrical breakdown," in order to distin- 
guish it from irreversible damage to the membrane in response to field 
pulses of longer duration. For a more detailed discussion the reader is 
referred to the extensive literature on this particular subject matter (18 -  
20, 23, 24). 

The term "electrical breakdown" refers to the primary event which 
then leads to secondary changes in the membrane properties and sub- 
sequently - owing to osmotic processes - to changes in the cell interior 
(18). This term reveals nothing about the molecular mechanism leading 
to electrical breakdown, which still has to be elucidated. A number of 
models have been proposed (35, 37, 40-65) ,  among them one which 
postulates that electrical breakdown leads to local instabilities in the 
membrane by way of electromechanical compression and electrical field- 
induced tension, so that pores are able to form (35, 37, 40-50,  64, 65). 
These fill up with conducting intracellular and extracellular solutions, thus 
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Fig. l a - d .  Schematic diagram of reversible and irreversible breakdown. 
a The membrane can be considered as a capacitor filled with a dielectric (hatched 

area). The normal resting potential difference across the membrane, V m, is about 10 inV. 
b Exposure of the membrane (cell) to an external electrical field (pulse) leads to the 

build-up of a membrane potential difference V due to charge separation across the 
membrane. V is proportional to the field strength E and to the radius of the celt. The 
increase in the membrane potential leads to a reduction in the membrane thickness. 

c Breakdown of the membrane occurs if the critical breakdown voltage V c (of the 
order of 1 V) is reached by a further increase in the external field strength. It is 
assumed that breakdown causes the formation of transmembrane pores (filled with 
conductive solution), which leads to an immediate discharge of the membrane and, in 
turn, to a decompression of the membrane. Breakdown is reversible if the product of 
number and size of  the pores is small in relation to the total membrane surface. 

d At supracritical field strengths (but also at longer exposure times) larger and 
larger areas of the membrane are subjected to breakdown. If the size and number of 
pores become large in relation to the total membrane surface, reversible breakdown 
turns into irreversible breakdown associated with mechanical destruction of  the cell 
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Fig. 2. Schematic diagram of a cell exposed to high + 
electrical field strengths. The membrane potential / 
V m, which is built up across the membrane in re- / 
sponse to the external field, is at its highest value / 
at membrane sites oriented in field direction (poles) / 
and progressively decreases towards the equator 
(perpendicular to the field direction). For mem- / 
brahe sites in perpendicular orientation to the / 
field direction, the potential V m is zero. The break- / 
down voltage V c is therefore first reached in field 
direction, E = E c. It is only reached in membrane / 
sites orientated at a certain angle ~ to the field 
direction if supracritical field strengths (E >~ E c) are 
applied. Breakdown of the membrane is indicated 
by the formation of transmembrane pores (see Fig. 1) 
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causing the electrical conductivity and permeabili ty o f  the membrane 

to increase (Figs. 1 and 2). Although the pore model is certainly a very 

lucid one, we have to point  out  that the molecular interpretat ion o f  
electrical breakdown in terms o f  pores is not  proven. On the contrary,  

evidence provided by Zimmermann and co-workers (22, 66, 67), that 
organelles (Fig. 3) and whole cells (Figs. 4 and 5) can be sequestered by 
electrical means across the membrane o f  the host cell under  appropriate 
field conditions, seems to rule out  the formation at least o f  stable pores 
(see below). Likewise, the observation by Vienken et al. (68) of  electro- 
fusion o f  two myeloma cells on pronase/polylysine-treated microslides 
cannot be reconciled with the idea o f  simple stable pores. These authors 
observed that after the cells had been aligned on the surface o f  the micro- 
slide with the aid o f  an alternating field and subsequent application of  
field pulses, they first moved away from each other  before approaching 
each other  again after about  one minute and fusing. On the basis of  his 
experiments where he changed the sequence in which the square pulse 
and the alternating field were applied, Sowers (69) also came to the 
conclusion that pore formation was not  involved. He concluded from 
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a 

. /  Fig. 3a -d .  Field-induced release of 
chloroplasts (arrow) from a meso- 
phyll cell protoplast of Arena 
sativa, a Before field application; 
b after injection of a field pulse of 
4 kV/cm and 40-/as duration; c, d 
after the injection of a second and 
a third pulse, respectively, of the 
same strength and duration. The 
time interval between subsequent 
pulses was about 5 s. Bar in d, 
10/am. From (66) 

O 
e d r 

Fig. 4a,b. Field-induced uptake of a mouse lymphocyte cell through the membrane 
of a Friend cell (virus-induced leukaemic cell). The lymphocyte cell was placed on top 
of the Friend cell (a) using the arrangement for dielectrophoresis (see Fig. 19) and an 
alternating field of I MHz and 200 V/cm. Uptake and incorporation of the lympho- 
cyte cell occur after application of a field pulse of 3.5 kV/cm and 20/as duration (b). 
The cells were suspended in an isotonic mannitol solution. Photograph b was taken 
30 s after field application. Magnification × 1000. From (67) 

b 
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Fig. 5a,b. Electrical field induced uptake ("Endocytosis") of 11 Friend cells into a 
Petunia protoplast a 2 min and b 5 min after application of a field pulse of 2 kV/cm 
strength and 20/~s duration. Interference phase contrast micrographs;t t20 #m. 
From (200) 

studies of  different pulse forms that more complicated mechanisms in the 
membrane must come into play as a result o f  the field. 

The fusion experiments of  Lucy and co-workers [(70) see also (71 ,72) ]  
and electrical breakdown studies on red blood cells (73, 74) suggest that 
- at least for red blood cells - secondary osmotic processes are involved 
in fusion and uptake (see below). Osmotic processes may also well 
account for the observations o f  Vienken et al. (68) and Sowers (69). 

The term "electroporat ion",  introduced by Neumann et al. (75) to the 
term "reversible electrical breakdown",  is very appealing, but  may not be 
totally accurate under the circumstances. In fact, it may well be mislead- 
ing since other permeability changes in the membrane structure elicited by 
the breakdown pulse are not taken into account. This could lead to 
completely erroneous interpretations o f  the events involved in electro- 
fusion and electrotransfection and hence to erroneous experimental con- 
cepts. In particular, studies by  Deuticke and co-workers (76, 77) have 
shown that electrical breakdown reduces the asymmetry of  the biological 
membrane by an increased transbilayer mobility rate of  the lipid mole- 
cules. Reduced asymmetry leads to increased permeability. The input of  
electrical energy from the field pulse corresponds roughly with the activa- 
tion energy for the flip-flop (Zimmermann, unpublished data). However, 
as pointed out in the Appendix the flip-flop process does not necessarily 
contradict the pore model. It is also conceivable that permeability changes 
are brought about  by phase transitions in the lipid phase o f  the membrane 
(62). 

The particular problem of  the mechanism of  electrical breakdown is 
considered in more detail in the Appendix. The information provided 
there should serve to further optimise electrofusion and electrotransfec- 
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mum voltage to which a planarlipid membrane 
made up of oxidized cholesterol/n-decane can 
be charged by a charge pulse of 400 ns dura- 
tion. For further details see (37) 

tion , and the interest reader is referred to this section for detailed 
information. In any case, on the basis o f  these considerations, I would 
regard the use of  the term electroporation as inappropriate - at least for 
the time being. The terms electropermeabilization or electroinjection, on 
the other hand, are quite acceptable if we place more emphasis on the 
consequence o f  reversible electrical breakdown. The increased permeability 
of  the membrane is, after all, the significant event as far as biological 
applications are concerned. 

Like reversible electrical breakdown, these terms give no indication of  
the type of  molecular changes induced in the membrane by the critical 
field pulse. 

The breakdown voltage is in the order of  1 V, corresponding to a field 
pulse of  kilovolt per centimetre intensity. The breakdown voltage is not 
dependent  on the pH of  the solution, but  is influenced by some other 
membrane and system parameters [e.g., (19, 35, 37, 78)], particularly 
temperature (37, 40, 79) (Fig. 6). Direct breakdown measurements on 
planar lipid bilayer membranes (37) and on giant algal cells of  Valonia 
utricularis (40, 79) have shown that the breakdown voltage of  a unit 
lipid-protein membrane is about  2 V at 4°C, 1 V at 20°C (room tempera- 
ture) and about  0.5 V at 30°C-40°C.  Fusion experiments are usually 
carried out  at room temperature, so that a value o f  about  1 V can be 
assumed when calculating the critical field strength with the integrated 
Laplace equation (Eq. 1). DNA transfection by electrical field pulses, on 
the other hand, has to be performed at 4°C because otherwise the life 
span of  the field-induced perturbations (pores) in the membrane would be 
too  short to sequester sufficient DNA or other macromolecules across the 
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membrane [e.g. (18, 30, 33, 80, 81)]. At low temperatures it is therefore 
necessary to apply pulses of  higher field strength in order to induce 
electrical breakdown. Potter et al. (82) applied field strengths of  4 - 8  kV/ 
cm at 4°C for DNA transfection and were therefore apparently unable to 
achieve the breakdown voltage for most cell volumes. This accounts for 
the relatively low yield quoted by these authors. We will be returning to 
this point later on. 

The critical field strength for electrofusion and DNA transfection is 
generally calculated for spherical cells according to Eq. 1 (Fig. 2): 

V c =  1.5E c . a . c o s O  (1) 

where V c = breakdown voltage; a = cell radius; E c = critical field strength; 
and 0 = angle between a given membrane site and field direction. 

Equation 1 is derived for certain boundary conditions and is only valid 
for the stationary case, i.e., the external field has to be applied until the 
corresponding potential has been established across the membrane.  The 
time required for this depends on the relaxation time of  the membrane 
(20): 

1 1 
l i t  = + (2) 

R m "C m a . C  m (Pi +0"5pe  ) 

where R m = specific membrane resistance (~2 cm 2); C m = specific mem- 
brane capacitance (uF cm -2 ); 0i = internal specific resistance (~2 cm); and 
Pe = external specific resistance (&2 cm). 

Equation 2 demonstrates that the relaxation time of  a spherical cell 
consists of  two terms, an RC term and a term determined by the intra- 
cellular and extracellular conductivity. 

When cells are field-treated in conductive solutions (e.g., loading of  
cells with such substances as proteins and DNA), the RC term is usually 
negligible compared with the second term. In nonconductive or weakly 
conductive solutions, on the other  hand, such as those used in standard 
electrofusion, the RC term is in the same order o f  magnitude as the con- 
ductivity term and must therefore be taken into account in any calcula- 
tions. For a cell diameter of  a few micrometres the relaxation time for the 
charging process of  the membrane is about 500 ns or less in conductive 
solutions, so that we can assume that the equilibrium potential is reached 
with pulse durations of  a few microseconds. In weakly conductive solu- 
tions, on the other hand, the relaxation time is in the order of  a few 
microseconds. On the basis o f  our experience we know that electroper- 
meabilization and electrofusion generally require pulse durations o f  less 
than 20 us. Since the equilibrium potential is reached after roughly five 
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times the relaxation time, the final value for the membrane potential is 
not always achieved for a given field strength under these conditions, so 
that the actual value of the membrane voltage is lower than the one cal- 
culated with Eq. 1. Given the different relaxation times in conductive and 
nonconductive solutions, it is also possible to explain why pulses up to 
40 us in duration can be applied in standard electrofusion in weakly con- 
ductive solutions, whereas similar exposure times in DNA transfection in 
conductive solutions lead to irreversible changes. Erythrocytes represent 
an exception here since they have no nucleus [e.g. (17)] 

A closer inspection of Eq. 2 shows that the following approximation 
can be used to calculate the relaxation time for electrofusion in weakly 
conductive solutions with a conductivity in say the millisiemens per cen- 
timeter range (because the term RC can be neglected under these condi- 
tions). This is because the internal specific resistance is generally in the 
order of 100 f2 cm and thus about 2 orders of magnitude lower than the 
external specific resistance: 

r = a • Cm(P i + 0.5 pe ) (3a) 

and for Pi ~ Pe 

r = 0 . 5 a . C  mp e (3b) 

Since it is easy to measure the external specific resistance (or conductivity) 
of media, Eq. 3b can be used to estimate which fraction of the induced 
membrane potential calculated with Eq. 1 is present for a given pulse 
duration of the electrical field. In fusion experiments, it should be borne 
in mind that as a rule only unbuffered or weakly buffered solutions can 
be used (for reasons of conductivity). This means that considerable changes 
in the absolute conductivity (and hence in the specific resistance) of the 
solution may occur when cells become leaky in these solutions during 
prolonged incubation. If such changes are ignored, the electrical boundary 
conditions of electrofusion may well alter to the extent that fusion no 
longer takes place. 

Recently Pilwat and Zimmermann (83) showed that electrical break- 
down studies also allow direct measurement of the internal conductivity 
so that the exact relaxation time can be calculated according to Eq. 3a for 
weakly conductive solutions. In this method the signal of  cells generated 
in the orifice of a particle analyser (Coulter Counter) is measured before 
and after the breakdown of the membrane in dependence on the external 
conductivity (Figs. 7a,b). The signal of the particle, compared with that of 
the intact cell, is reduced once breakdown has occurred. The reduction 
of the signal is due to the breakdown of the membrane and the high 
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Fig. 7a. The effect of increasing resistivity of the suspension medium on the pulse 
height of size distributions of human red blood ceils measured as a function of the 
current through the orifice of a particle volume analyser. The different resistivities 
were achieved by adding isotonic sucrose solution to an isotonic NaC1 solution. Resis- 
tivities and final sucrose concentrations: o - - o  69.4 ~2 cm, 0 mmol; (~--0  and ~7--~7 , 
98.6 ~2 cm, 90 mmol; ~ - - ~  120 ~2 cm, 120 mmol; • - - n  145.5 ~2 cm, 150 mmol. 
Before electrical breakdown for a given current the mean pulse heights of the size 
distributions are independent of the resistivity of the suspension medium. This is 
because the analyser uses a "current-sensing" amplifier. After electrical breakdown 
the mean pulse heights of the size distributions depend on the resistivity of the 
medium. With increasing resistivities of the medium and therefore higher resistances in 
the orifice the electrical breakdown occurs at smaller currents. Nevertheless, the 
electrical field strength for breakdown is constant for all resistivities of the incuba- 
tion medium as demonstrated in the inset. From (83) 

in ternal  conduc t iv i t y ,  which  inf luences  the  height  o f  the  signal a f t e r  

b r e a k d o w n .  

The  m e t h o d  o f  Pilwat  and Z i m m e r m a n n  (83)  has so far  been  appl ied 

to  the  d e t e r m i n a t i o n  o f  the  in ternal  conduc t iv i t y  o f  h u m a n  red b lood  
cells. Pre l iminary  e x p e r i m e n t s  wi th  m y e l o m a  cells show,  however ,  tha t  

this p r o c e d u r e  can also be  used for  m e a s u r e m e n t s  on  nuc lea ted  cells 
(Broda ,  Pi lwat  and Z i m m e r m a n n ,  unpub l i shed  data) .  

Since the  re laxa t ion  t ime  and the  b r e a k d o w n  vol tage depend  on  the  

radius ( second t e rm) ,  it m a y  be necessary ,  unde r  cer ta in  condi t ions ,  to  
m a k e  co r re spond ing  ad ju s tmen t s  to  the s t rength  and the du ra t i on  o f  the  
critical field pulse.  F o r  example ,  w h e n  e x p e r i m e n t i n g  wi th  eggs (e.g., 
Xenopus eggs wi th  a radius o f  5 0 0 / a m  to  1 m m ) ,  the  pulse dura t ion  has to  
be  e x t e n d e d  to  5 ms  in o rde r  to  achieve reversible electr ical  b r e a k d o w n  
(84) .  On the  o t h e r  hand ,  the  app l ica t ion  o f  field pulses o f  such long 



186 U. Zimmermann 

1.0 

0.~ 

0.6 

0,4 

0.2 

I I I I I l I I 
o~ zs so n ~ m ~so 17s 

pe ( ~ cm) 

Fig. 7b. The relationship between the reciprocal value of the term [s • f/(1 - s)] + 1 
and the resistivity of the medium, Pe, for the data ~resented in a. The resulting straight 
line can be extrapolated for (Is • f/(1 - s)] + 1)- = l leading to a value for the resis- 
tivity of the cell interior. The result indicates that the measurement of the intracel- 
lular resistance can be conducted at any extracellular resistance, s, slope ratio of post- 
breakdown to pre-breakdown signal; f, shape factor. For further details see (83) 

duration to the much smaller plant protoplasts, mammalian cells, and 
bacteria undoubtedly leads to irreversible deterioration of  the membrane, 
since the final value for the membrane voltage is reached much more 
rapidly because of  the shorter relaxation times mentioned above. Under 
these conditions the cells are exposed to an intense field for some time 
after electrical breakdown, so that secondary processes such as local 
heating, electrophoresis in the membrane, and pronounced osmotic pro- 
cesses which are ultimately lethal for the cells come into play (18, 85, 86). 
Since plant protoplasts have a somewhat larger diameter than animal, 
yeast, or bacterial cells, it is possible to use slightly longer pulses (up to 
about 40 us) in these biological systems without  causing irreversible 
damage. 

The dependence of  the relaxation time and the breakdown voltage on 
cell radius can also lead to considerable problems if cells with substantially 
different radii are to be fused, e.g., myeloma cells with unstimulated 
lymphocytes.  The latter have a mean radius o f  3/~m, while myeloma cells 
have a radius of  7 urn. At a given field strength the induced membrane 
potential is greater for a larger cell than for a smaller cell. However, it has 
to be noted that,  if the exposure times in the electrical field are not long 
enough to allow the stationary value of  the membrane potential to be 
established, the differences in the actual membrane potential between 
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a large and a small cell become smaller. In any case, because of  this 
dependence on the radius, the breakdown voltage for smaller cells is only 
reached at external field strengths which are higher than those required 
for larger cells. The critical field strengths which bring about the break- 
down voltage for smaller cells may however be supercritical for the large 
cells, so that reversible electrical breakdown turns into irreversible destruc- 
tion of  the membranes of  the cells. A related event is shown very clearly 
in Fig. 4a. A Friend cell is aligned with a lymphocyte cell by dielectro- 
phoresis (see below), and field pulses are applied which are not high 
enough to break through the membrane of  the small lymphocyte,  but are 
sufficient to break through the membrane of  the Friend cell. Under these 
conditions the small cells penetrate the membrane of  the larger cell with- 
out fusion (Fig. 4b). Uptake of  many Friend cells into a plant protoptast 
is shown in Fig. 5 using similar field conditions. Generally similar con- 
siderations also apply to electropermeabilization experiments for DNA 
transfection. If the cell suspension exhibits a large volume of  distribution, 
electrical breakdown at a given critical field strength will only occur in 
those cells with a large volume, and not in those cells with a smaller 
volume. At very much higher field strengths, on the other hand, electro- 
permeabilization will also occur in the smaller cells, but the larger cells 
may be irreversibly destroyed in the process. There are various ways of  
overcoming these difficulties in fusing cells of  different sizes. 

As far as electropermeabilization of  free suspended cells is concerned, 
the simplest method is to remove the largest or smallest cells in order to 
narrow down the size distribution. Various methods for doing this have 
been described (19). 

Since the total electrical field in the membrane or the total membrane 
voltage determine the electric breakdown behaviour of  the membrane 
(87, 88), it is possible in principle to achieve a reasonably good agreement 
between the actual membrane potentials of  large and small cells at a given 
external field strength by changing the intrinsic field, e.g., by reducing 
the intrinsic field in the membranes of  the larger cells. Both types of  cell 
then exhibit roughly the same electrical breakdown behaviour. The 
intrinsic membrane potential is made up of the diffusion potential, the 
surface potential and those potentials resulting from the presence of  
electrogenic pumps in the membrane (89). The surface potentials in par- 
ticular can be specifically influenced by changes in the charge density 
and by the ionic strength in the solutions (89). This is possibly the reason 
why field conditions can be found in which myeloma cells and unstim- 
ulated lymphocytes can be fused with a good yield (90, 91). Changes in 
the surface charges and hence the surface potentials could also be respon- 
sible for the fusion-promoting effect of pretreatment of cells with diges- 
tive enzymes. Zimmermann et al. (92, 93) found that pretreatment of  
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cells with enzymes like pronase and dispase resulted in a field stability of 
the cell membrane, i.e., cells suffered no adverse side effects when ex- 
posed to field strengths which would normally lead to irreversible changes 
in the membrane and cell. By combining this field stability with the 
electrofusion method, it was possible for the first time to produce mouse 
and human hybridoma cells [(94), see also (95)]. Pretreatment with dis- 
pase in particular seems to be suitable for a number of applications, 
since it does not influence the viability and ability of the cells to divide, 
even if a few molecules are taken up into the cell interior during electro- 
permeabilization or electrofusion (see below). However, with the current 
commercially available fusion media (90, 91) pretreatment with enzymes 
is in many cases unnecessary, since the presence of C a  2÷ and Mg 2÷ ions 
and albumin in the fusion media changes the surface charge in the appro- 
priate manner. However, since these substances are also capable of induc- 
ing other effects in biological membranes, we cannot rule out the possibil- 
ity that other causes are responsible for the increased fusion of myeloma 
cells and lymphocytes in such solutions. 

The dependence of the induced membrane potential on the cell radius 
can also be largely eliminated by physical means, as will be described in 
detail in the following section. 

2.1 Overcoming the Radius Dependence of Membrane Potential 

Fourier analysis shows that each square pulse consists or can be thought 
to consist of a sum of sine waves with different frequencies. For a pulse 
length of 5-15 tss, which is typical in electrofusion, most of  the frequen- 
cies of these waves are at 100 kHz, although there are also some higher 
frequencies. The assumption that cells are poor conductors is only justi- 
fied for lower frequencies. At low frequencies the cell capacitor prevents 
the interior from participating in the conduction process. When the 
frequency, f, increases significantly, the membrane capacity become 
short-circuited, and the membrane potential built up across the mem- 
brane is lower than predicted by Eq. 1. The frequency dependence of the 
membrane potential is described by Eq. 4: 

1.5 - E . a - c o s O  
V m = (4) 

fi''"+ (2 nf"  r) 2 

where r is the relaxation time given by Eq. 3. For high frequencies, a 
combination of Eq. 3 and 4 yields: 
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Fig. 8. A p lo t  o f  the  m e m b r a n e  p o t e n t i a l  V m per  un i t  E as a f u n c t i o n  o f  the  f r equency  
f accord ing  to  Eq. 4. Curve a co r r e sponds  t o  l y m p h o c y t e s  and  curve b to  m y e l o m a  
cells. The  fo l lowing da ta  were used:  curve a, radius  = 3 / a m ,  C = 1 / a F / c m  2 , Pi = 65 m S /  
cm and Pe = 320/as/cm; curve b, radius = 7.5/am, C = 1/aF/cm 2, Pi = 25 mS/cm, Pe = 
320/aS/cm. It is evident that the two curves merge into each other above a frequency 
of about 1 MHz. (Bi~chner and Zimmermann, unpublished data) 

1.5 E • cos O 

Vm = 2 ~rf - C m (Pi + 0.5 pe ) 
(5) 

i.e., the induced membrane potential becomes independent o f  the radius 
and drops linearly with the frequency [see (20)]. The cut-off  frequency, 
fc' is given by: 

fc = 1/2 rrr (6) 

Figure 8 shows typical curves for the dependence of  the membrane poten- 
tial on frequency for myetoma cells and lymphocytes.  For  the plots values 
were used which fit with the standard electrofusion conditions. It is evident 
that above a frequency of  1 MHz the induced membrane potential is the 
same for both the small and the large cells, although it is considerably 
reduced compared with the membrane potential at low frequencies or 
under steady state conditions. The external field strength must therefore 
be correspondingly increased in order to achieve membrane potentials 
compared to the situation at low frequencies. The problem of  the radius 
dependence of  the membrane potential in electrical breakdown experiments 
can thus be avoided if  pulses are used which consist mainly of  since waves 
with frequencies above 1 MHz. This cannot be achieved with a single 
pulse, but  is possible with a sequence of  consecutive pulses, each lasting 
5 us. Fourier analysis shows that this block of  pulses arises from the 
superimposition o f  sine waves whose frequency lies mainly around 2 MHz. 
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Fig. 9. Experimental arrangement for electrical breakdown of cell membranes. Sus- 
pended cells are pipetted into the gap between two cylindrical or flat Pt-electrodes 
arranged in parallel (say 500 /am to 1 cm apart). The electrodes are connected to a 
capacitor via a switch. The capacitor is charged by a voltage generator to a certain 
voltage (up to 20 kV/cm). When the switch is closed, the capacitor is exponentially 
discharged through the cell suspension. For uptake of foreign substances (e.g., genes) 
into the cell by means of electrical breakdown, the substances to be incorporated 
are added to the solution ~rior to the application of the field pulse. Field application 
is usually performed at 4 C. The subsequent resealing process of the field-induced 
perturbations in the membrane is achieved by raising the temperature to 37°C. For 
electrofusion a frequency generator is additionally connected to the electrodes 
(dashed line). The frequency generator is used for dielectrophoretic collection of the 
cells (see Fig. 19) 

Preliminary studies in this direction in our laboratory have demonstrated 
that a sequence of three pulses at intervals of  5/as results in high yields 
in the fusion of  myeloma ceils and lymphocytes.  

This method of  overcoming the radius dependence of  the membrane 
potential could have interesting implications, since the possibility exists 
of  developing a universally applicable protocol for the electrofusion and 
electropermeabilization of  completely different cells. 

2.2 Electroinjection of  Foreign Molecules into Cells 

Zimmermann and co-workers were able to demonstrate more than 10 years 
ago (18, 3 0 - 3 4 ,  80, 81, 96 -98 )  that electropermeabilization o f  the celt 
membrane would allow substances to be incorporated in the cell without  
destroying its integrity. Most of  these experiments were made by the high 
voltage discharge technique (Fig. 9). 

In the early experiments radioactively labelled albumin was entrapped 
in red blood cells, while a large part of  the haemoglobin was lost into the 
solution (30-34) .  The protein-loaded ghost cells were stable in vitro after 
incubation in appropriate isotonic solutions. Particularly good results 
were obtained if the field pulse applications were carried out at 4°C in 
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Fig. 10. Catalysed hydrolysis of urea to ammonium and carbon dioxide by urease and 
(14C)-sucrose loaded human red blood ghost cells using the discharge set-up (Fig. 9). 
In one set of experiments (o) ghost cells were suspended in a solution containing 
145 mmol NaC1, 5 mmot KC1, 4 mmol MgC12, 7.6 mmol Na2HP04, 2.4 mmot 
NaH2PO4, and 10 mmol glucose, pH 7.2 to which 50 mmol urea was added. The 
analysis of the ammonium produced was based on the so-called Berthelot reaction 
[see (80)]. The blue color developed was measured photometrically at 550 nm. • denotes 
sucrose loss observed during the experiment (measured in the sediment). In another 
set of experiments urease and (14C)-sucrose loaded cells were incubated in the same 
solution without urea. • denotes the sucrose loss as function of incubation time 
measured in the supernatant; z~ denotes the results of the urease analysis in the super- 
natant. It is obvious that urease has not passed the membrane and it is also evident 
from the figure that sucrose loss is not affected by the urea in the solution since • and 
• are on the same line. From (80) 

so lu t ions  which,  co r r e spond ing  to  the c o m p o s i t i o n  o f  the  in t racel lu lar  
f luid,  con ta ined  a high p o t a s s i u m  c o n c e n t r a t i o n  (18) .  F igure  10 shows 
e x p e r i m e n t s  wi th  urease- loaded  red b lood  cells which  were  incuba ted  in 

i so tonic  physiologica l  so lu t ion  conta in ing  added  urea  a f te r  the  resealing 
process  had been  c o m p l e t e d  (80) .  Figure 10 shows tha t  urea  di f fuses  
th rough  the  e r y t h r o c y t e  m e m b r a n e  and tha t  it is b r o k e n  d o w n  in to  CO2 
and a m m o n i a  by  the  urease e n t r a p p e d  in the  cells. The  degrada t ion  o f  
urea  is measu red  e x p e r i m e n t a l l y  by  the  release o f  a m m o n i a .  

In these  e x p e r i m e n t s  rad ioac t ive ly  labelled sucrose was e n t r a p p e d  in 

the  cells t oge the r  wi th  urease,  in o rde r  to  invest igate  the  cell m e m b r a n e  

in tegr i ty  and its change  dur ing  subsequen t  i ncuba t ion  in i so tonic  phys io l -  
ogical solut ions ,  Af t e r  the  resealing process  and a 22-h incuba t ion  per iod ,  
the  m e m b r a n e  exh ib i ted  an increased pe rmeab i l i t y  to  sucrose - albei t  
on ly  a slight one  (see Fig. 10). Figure  11 shows the u p t a k e  o f  the  dye  

eosin in to  m o u s e  t h y m o c y t e s  (18).  In the  absence  o f  an electr ical  field 
the  dye  is no t  t aken  up  into  the  cells. However ,  when  the  b r e a k d o w n  
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Fig. 1 la--c.  The entrapment of eosin into 
mouse lymphocytes after the application 
of electrical field pulses (a--c, 6, 12 or 
18 kV/cm, respectively; pulse duration 
0,5 /2s) at 4°C. They dye was added to 
the isotonic solution before pulse applica- 
tion. The phase contrast pictures show 
that the number of lymphocytes taking 
up eosin steadily increases with increas- 
ing field strength. From (19) 

voltage for membrane sites oriented in field direction is exceeded and the 
field strength is progressively increased, there is an increased uptake of  
dye into more and more cells. 

The graphic evaluation of  such microscopic data in Fig. 12 shows that 
because of  the radius dependence of  the breakdown voltage, about  18 kV/ 
cm is required in order to stain more than 80% of  the cells. In these 
experiments, which were carried out in isotonic electrolyte solutions, the 
pulse duration had to be about  500 ns, since irreversible damage in the 
membrane and cell was observed at longer pulse durations (18). 

The resealing process, particularly at higher temperatures, was demon- 
strated in a modified experiment (Fig. 13). The lymphocytes  were sub- 
jected to breakdown at 4°C, then the temperature was elevated to 37°C 
and the dye was added at different time intervals. It is evident that the 
original impermeability of  most o f  the cells towards eosin was restored 
after about  2 minutes. 
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Fig. 12. Graphic evaluation of the eosin uptake in mouse thymocytes  ( lymphocytes).  
The cells were suspended at a density of  1:20. The pulse length was 0.5 #s. During 
field a~plication the temperature was kept constant at 4°C, and after 10 min elevated 
to 37 C in order to restore the original membrane permeability.  Eosin was added 
in a final concentration of 2,3 mmol to the suspension before field application. The 
percentage of eosin loaded thymocytes  is plot ted against increasing field strength of 
the applied electrical field. Data were taken from phase contrast microscope measure- 
ments as shown in Fig. 11. Each data point represents 300 cells of three independent 
experiments. Bars indicate standard deviation. From (18) 
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Fig. 13. Resealing of field-treated mouse thymocytes  ( lymphocytes).  Thymocytes 
were subjected to a field pulse of 14 kV/cm pulse length 0.5 /Is. The temperature of 
the suspension was raised 10 min after field application at 4°C to 37°C. Eosin (2.3 mmol) 
was added at different time intervals within a period of  5 min after raising the tem- 
perature to 37°C. The number of the cells able to trap eosin decreases from about 70% 
in the first few seconds to almost 5% after 5 rain. This indicates that the original 
membrane permeabili ty towards eosin has been restored during this time interval. 
From (18) 
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Fig. 14. a Schematic diagram of an erythrocyte prior to the application of an electrical 
field pulse. Hemoglobin molecules are represented by open circles, b An electrical field 
pulse (6-8 kV/cm field strength and 10-40 #s duration) brings about electrical break- 
down which leads to the formation of "pores" in the membrane (indicated by the 
dashed line; temperature 4°C). c Hemoglobin molecules diffuse out through the 
"holes" in the membrane while foreign molecules added to the external medium, 
e.g., drug molecules (filled circles), pass through the erythrocyte membrane into the 
cell interior, d The membrane "reseals" when the temperature is raised to 37°C 

Electropermeabilization was successfully used by Zimmermann and 
co-workers (18, 34, 9 6 - 9 8 ) ,  and later by Tsong and co-workers (99, 100), 
to load red blood cells with drugs (Fig. 14). Drug-loaded cells have great 
potential for targeting drugs to specific sites in an organism. They can also 
be used as depot  systems in the blood circulation for continuous release 
of  drugs into the blood over long periods of  time. The interested reader 
is referred to the review article by Zimmermann published on this sub- 
ject matter (34). 

However, it is worth mentioning at this point that under the appro- 
priate experimental conditions, particles of  microscopic size can be trans- 
ported through membranes with the aid o f  the electropermeabilization 
technique. Small magnetic particles were incorporated into red blood cells 
by electrical breakdown for specific targeting of  drug-loaded cells (34, 
97). Figure 15 shows a typical in vitro experiment with red blood cells 
which contained both a drug and small magnetic particles (Fig. 15a). The 
magnetically identifiable erythrocytes  were concentrated between the 
poles of  a permanent magnet (Fig. 15b). It was also possible to entrap 
latex particles in erythrocytes with this method (81, 101 ). 

In the meantime it has also become possible, by the appropriate choice 
of  experimental conditions, to release organelles from plant protoplasts 
(Fig. 3) into the external solution by electrical means without  loss of  cell 
membrane integrity (22, 66, 67). As mentioned above it is even possible 
to transport smaller cells through the membranes of  larger host cells by 
electrical means (Figs. 4, 5). 
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Fig. 15. a Human red blood ceils which have been loaded with very small magnetic 
particles (Fe30a )  by means of an electrical field pulse are placed between the poles 
of a permanent magnet, b The "magnetically labelled" erythrocytes quickly accumu- 
late in the magnetic field. From (97) 
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The first proof of DNA transfer with the aid of this electrical method 
was provided by Auer et al. (102). Using the erythrocyte system these 
authors demonstated that DNA and viral RNA can be sequestered across 
the cell membrane and that both DNA and RNA can be entrapped in the 
cells when the resealing process is completed. 

In the meantime there have been other studies of electrically induced 
DNA transfer. Langridge et al. (103) used electropermeabitization for the 
transformation of carrot protoplasts with Ti-plasmid DNA from Agrobac- 
terium tumefaciens. The uptake of labelled plasmid DNA, 26-200 kbp in 
size, into carrot protoplasts was stimulated by high field pulses at field 
strengths from 0 .5-4  kV/cm. Protoplast regeneration, somatic embryo- 
genesis and plantlet regeneration were unaffected by the electropermeabil- 
ization conditions used for DNA uptake. Plasmid pTiC58 transformed 
carrot protoplasts to hormone independence. Teratoma-like somatic 
embryos were detected in electrotransformed carrot cultures 45 days 
after electropermeabilization, at frequencies greater than 1.5 X 103 trans- 
formants per 106 somatic embryos per ~g pTiC58 DNA. The transformed 
somatic embryos developed into teratomas which synthesised nopaline. 
A labelled T-DNA fragment from pTiC58 hybridised to DNA fragments 
from 4-month-old teratomas regenerated from electrotransformed proto- 
plasts. 

Karube et al. (104) recently reported on the successful electrical 
transformation of yeast cells [see also (20)]. 

There have also been reports of electrically induced DNA transfer in 
nucleated mammalian cells from Neumann et al. (75) and Potter et al. 
(82). However, the yields of DNA transfection are not very high, and it 
therefore seems worthwhile discussing the experimental conditions used 
by these authors in more detail, since this discussion will show how im- 
portant it is to harmonise the individual steps in this method carefully in 
the light of the preceding considerations. Neumann et al. (75) used tryp- 
sinised cells. However, as electrorotation experiments have shown (105, 
106), trypsin leads to irreversible changes in the cell membrane and 
should therefore not be used at least not for electrical breakdown 
experiments. Dispase is much more suitable for suspending cells (grown 
in confluent layers), since neither the viability of the cells nor the elec- 
trical properties of the membrane are affected. In addition Neumann et al. 
(75) performed electrical field applications in solutions containing high 
concentrations of sodium chloride but no potassium ions. Because potas- 
sium ions leak through the membrane permeabilized by the electric field 
and treated by trypsin, the viability of the cells will be greatly reduced 
when the reseating process is completed. Furthermore, electropermeabil- 
ization was carried out at 30°C. At this temperature the life span of the 
high permeation state of the membrane is very short. Under these condi- 
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tions even small molecules like sucrose are only taken up into the cells 
in small quantities compared with the amounts taken up at lower tempera- 
tures (80). The temperature dependence of  the resealing process is one of 
the reasons why Neumann et al. (75) had to apply a t  least three break- 
down pulses in order to achieve gene transfer at all. 

The field conditions used by Potter et al. (82) for gene transfer were 
such that extremely low transfection rates were predictable from the out- 
set. They used field intensities between 4 kV/cm and 8 kV/cm. Consider- 
ing the steep increase in the breakdown voltage towards lower tempera- 
tures, the field strength of the external field pulse must be at least 8 kV/ 
cm in order to achieve sufficient permeabilization of  the membrane. A 
temperature of  0°C, as used in the experiments of Potter et al. (82), 
should definitely be avoided, not only because the breakdown voltage 
increases considerably below 4°C, but also because irreversible changes in 
the membrane are observed during field application at this temperature 
(40). 

Stopper et al. (107) have recently developed a DNA transfection proto- 
col which leads to extremely efficient transformation of  animal cells with 
the aid of  the electropermeabilization method. In princible this protocol 
is based on the originally published experimental conditions (18, 30-34) ,  
but it also takes into account the latest findings relating to electrically 
induced transport of substances through biological membranes. 

As mentioned above, the electrical breakdown of  the cell membrane 
is governed by the total potential across the membrane which is made up 
of the intrinsic membrane potential V m and the potential Vg generated in 
response to the electrical field (87, 88). As shown in Fig. 16, these two 
potential differences are superimposed in parallel in one cell hemisphere, 
and antiparallel in the other hemisphere. In theory, we can therefore 
expect breakdown of  the two cell hemispheres to be asymmetric, in addi- 
tion to the radius and angle dependence of  the breakdown voltage. This 
was indeed observed in plant protoplasts and in animal cells (Stopper and 
Zimmermann, in preparation). In nonconductive solutions fluorescent 
dye was found to enter the cell hemisphere facing the anode (see Fig.17). 
When the ionic strength of  the solution was raised (by adding about 
45 mmol electrolyte) symmetrical uptake into animal cells was observed, 
at least for myeloma cells. If the electrolyte concentration was raised 
still further, very often asymmetric uptake was again observed, however 
this time by the cell hemisphere facing the cathode. This finding can be 
explained by the assumption (see above) that changes in the surface 
potentials with ionic strength can lead to changes in the intrinsic mem- 
brane potential (89). 

Pretreatment of  animal cells with dispase results in a more markedly 
asymmetric uptake of  the fluorescent dye over the entire electrolyte range. 
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Fig. 16. Schematic diagram of a 
cell exposed to a uniform electri- 
cal field (~)  between two large 
electrodes, a, Radius of the proto- 
plast; V'm, resting transmembrane 
potential;  Vg, generated (superim- 
posed) membrane potential;  0, 
angle between a given membrane 
site and the field direction 
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Fig. 17. Microfluorimetric deter- 
_ mination of the uptake of ethi- 

dium bromide by intact oat meso- 
phyll protoplasts without (a) or 

- after (b, c) treatment with an 
electrical field pulse (2 kV/cm, 
20 gs). After  pulse application 
the time course of the change in 
fluorescence intensity of the 

- protoplast  hemisphere oriented 
toward the anode (b) or toward 
the cathode (c) was determined. 
From (87) 
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Table 1. Yield of stably transfected clones of mouse L-cells under various field condi- 
tions, obtained with circular plasmid DNA 

Exp. no. Field Number Number Clones Clones DNA con- 
intensity of of per per 106 cells centration 
(kV/cm) 5/~s pulses cell clones 106 cells and 1/.tg (~g/ml) 

DNA 

8-1 8 1 320 71.7 23.9 
8-5 10 1 243 71.9 24.0 

13-1 10 1 72 122 40.7 
10-1 10 1 105 128 42.7 

8-2 15 1 358 65.6 21.7 
8-3 20 1 306 63.6 21.2 
8-6 10 2 397 58.8 19.6 

13-2 10 3 93 88 29.3 
8-7 10 3 504 86.8 28.9 

Average clone number: 266 84 28 

9-1 10 1 65 8.9 (130) 29.7 0.1 
9-2 10 1 240 41.4( 9.6) 2.8 5 
9-3 10 1 240 44.4 ( 4 8 )  14.7 1 

Unless otherwise stated the DNA concentrations was t /~g/mt. Numbers in parentheses 
refer to the number of clones per 1 ~tg DNA. In control experiments, in which cells 
were subjected to the same experimental procedure without pulse application, either 
no or only a single clone was found. From (107) 

We can the re fo re  presume tha t  electr ical ly induced gene t ransfer  is 

inf luenced by  the ionic s t rength  o f  the  solut ion.  S toppe r  et al. (107)  
found  tha t  high yields o f  t r ans fo rmed  mouse  L-cells could be ob ta ined  in 
an isotonic  inosi tol  so lut ion conta ining 30 mmol  KC1, provided that  the 
cells had been  pre t rea ted  with dispase. One in te rp re ta t ion  o f  this would be 
that  the chances  o f  survival o f  the  cells are increased i f  b r e a k d o w n  occurs  
in on ly  one  cell hemisphere  while the o the r  remains relatively intact .  

In the exper iments  o f  S toppe r  et al. (107)  electrical t ransfec t ion  o f  
mouse  L-cells was carried ou t  wi th  the aid o f  the plasmid pSV-neo which 
confers  resistance to  the ant ib iot ic  G-418.  As shown in Tables  1 and 2 
up to 500  clones were ob ta ined ,  whe reby  the yield was much  higher  when  
linearised DNA was used ra ther  than  a circular  one.  

As in the deve lopmen t  o f  e lec t rofus ion ,  we can expec t  fu r the r  optimisa-  
t ion  o f  the electrical parameters  and media  cond i t ions  to  lead to  even 
higher  yields o f  t r ans fo rmed  cells. However ,  one  thing is already clear, 
namely  that  the e lec t ropermeabi l iza t ion  m e t h o d  is well able to  compe t e  
wi th  the convent iona l  chemical  t ransfec t ion  methods .  

Fo r  the sake o f  comple teness ,  we should men t ion  that  there  are repor t s  
o f  DNA t rans fec t ion  b y  o the r  physical  means.  Z i m m e r m a n n  (108)  showed 

tha t  macromolecu les  like pro te ins  and drugs can be incorpora ted  by  
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Table 2. Comparison between the yield of stable transformants of mouse L-cells ob- 
tained with circular and linearised plasmid DNA. The linearised DNA was obtained 
from the circular form by digestion with EcoR 1 (107). The results were obtained in 
parallel experiments using 1 gg/ml of DNA and 1.3 and 2.4 × 106 cells/ml for the 
circular and linear form of DNA respectively 

Form of Field intensity Number of Number of Clones per Clones per 
DNA (kV/cm) 5/is pulses cell clones 10 6 cells 10 6 cells and 

1 /ag DNA 

Circular 10 1 112 22 5.5 
Linear 10 1 4153 439 109.8 

osmotic processes, at least as far as red blood cells are concerned. Auer 
and Brandner (109) also reported on the successful loading of  human red 
blood cells with DNA and RNA. The osmotic technique seems to be 
restricted to the red blood cell system because of  the peculiar properties 
of  these cells (73). 

A new physical method of  DNA transfection was recently published by 
Tsuhakoshi et al. (110). These authors used laser microbeams to per- 
meabilise cell membranes and incorporate the splicing genes from Esche- 
richia coli (Eco-gpt) into rat kidney cells. They claimed a high yield of  
transfection. However, in contrast to electropermeabilization, the require- 
ments in terms of  equipment seem to be very high. Only time will tell 
which technique has the greater potential for cell biology and technologi- 
cal applications. 

Finally, I would like to point out  that the incorporation of  whole cells 
or organelles into other host cells may have great potential in future. It 
is conceivable that this technique can be used to introduce artificial 
"organelles" into a living system. For  example, Ringsdorf and co-workers 
(111, 1 1 3 - 1 1 5 )  and, independently,  Chapman and co-workers ( t  12) 
described vesicles made up of  artificial lipids which can be polymerised 
by UV or other agents. Incorporation of  substances into such vesicles 
prior to polymerisation and subsequent entrapment have also been 
demonstrated.  It is thus conceivable that vesicles entrapped in a host 
cell with the aid of  electrical breakdown could act as a pool o f  substances 
which could be used to control a number of  processes, provided that there 
is a continuous and controllable release o f  these substances from those 
vesicles. The author of  this review believes that there is great potential 
for such a system, e.g., in the field of  drug delivery systems as discussed 
above. Although it has been possible to load red blood cells with drugs 
and these were able to circulate in the blood of  a mouse for more than 
two weeks (34), such systems exhibit severe limitations as to the type of  
drug they can carry. Most of  the drugs interact with the cell membrane 
and cause it to become leaky. However, the limitations of  this and other 
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Fig. 18. Diagrammatic representation of electrofusion of two cells adhering to each 
other in the direction of the external electrical field by dielectrophoresis or other 
physical forces (left). Electrical breakdown occurs in the membrane area in the zones 
of contact which are oriented vertically with respect to the field lines (see arrows). 
Under the given conditions electrical breakdown does not only induce exchange of 
substances between the cells and their medium but also intercellular exchange. As a 
result fusion occurs (right) 

carrier systems could be overcome by incorporating the drug in poly- 
merised vesicles and subsequently entrapping these drug-loaded vesicles 
in red blood cells. The actual concentration o f  the drug in the cyto- 
plasm of  the red blood cell would be very low on average so that severe 
side effects on the membrane would be minimised. 

Such shuttle systems would also have an enormous range of  applica- 
tions, e.g., in the s tudy of  membrane structure or in triggering processes 
within the cell. 

3 Fusion with Dielectrophoresis 

Electrical breakdown wilt trigger fusion o f  cells, provided that the mem- 
branes are in close contact  with each other. In the standard electrofusion 
technique (Fig. 18), close membrane contact  is achieved by cell move- 
ment,  orientation and alignment in an inhomogeneous alternating elec- 
trical field of  relatively low intensity (Fig. 19) compared to the field 
strengths involved in electropermeabilization (range o f  1 - 1 0 0  V/cm 
depending on the cell radius). This effect ( 1 1 6 - 1 5 4 )  was termed dielec- 
trophoresis, although the underlying mechanism is completely different 
from that involved in electrophoresis (Fig. 19a). Since this term now 
seems to be well established, we will continue to use it here. 

The effect o f  dielectrophoresis has been discussed from various aspects 
in a number  o f  reviews ( 1 9 - 2 8 ) .  I will therefore restrict myself  to a 
brief description o f  this phenomenon and devote more attention to recent 
findings and new approaches in this field. Briefly, dielectrophoresis is the 



202 U. Zimmermann 

b 

C 

Fig. 19a-e. Diagrammatic representation of electro-and dielectrophoresis. Because of 
the net charge on the outer surface of the membrane, cells or charged particles migrate 
in the direction of an electrode (electrophoresis) in a homogeneous electrical field 
(plate capacitor) (a). The direction of migration depends on the sign of the charge and 
on the direction of the external voltage. In general, cells have a negative surface charge. 
In addition, a dipole is induced in a dielectric particle or in a cell (regardless of whether 
these particles carry a net charge or not) (b). Since the electrical field intensity is equal 
on both sides of the particle or cell (b), this induced charge does not contribute to 
movement. Uncharged particles are thus unable to migrate in a homogeneous field. In 
an inhomogeneous electrical field, on the other hand, uncharged particles are also able 
to migrate because the electrical field exerts a net force on the electrically induced 
dipole (c); the field intensity is not equal on both sides of the particle, resulting in 
a net force acting on the particle. This effect is known as dielectrophoresis. In contrast 
to the direction of migration during electrophoresis, the direction of the dielectro- 
phoretic migration of the particles and cells is not reversed when the external electrical 
voltage between the two electrodes is reversed (d). The cells adhere to each other and 
form chains at the electrodes along the electrical field lines, because the dipoles 
induced in the cells attract each other (e) 

m o t i o n  o f  neutral  (or  charged) bodies  in a n o n u n i f o r m  field. As shown in 

Fig. 19 the presence o f  the electrical field leads to the generat ion o f  a 

dipole due to  the  charge separat ion process men t ioned  above (see also 
Figs. 1 and 2). Fo r  a spherical b o d y  the relaxat ion t ime o f  the charging 

process is given by  Eq. 3. In a n o n u n i f o r m  field, the field strengths acting 



Electrical Breakdown, Electropermeabilization and Electrofusion 203 

Fig. 20. Pearl chain formation of mesophyll protoplasts of Arena sativa in an inhomo- 
geneous alternating electrical field between two cylindrical parallel electrodes (fre- 
quency 1 MHz, field strength 200 V/cm, isotonic mannitol solution). The distortion of 
the field lines in the neighborhood of the protoplast chains was made visible by addi- 
tion of small bacteria cells. It is obvious that the electrical field across the gap between 
adjacent cells is intensified greatly by current constriction; this makes nonlinear charge 
transport on the outer membrane surface likely [see also (21)]. (W. Mehrle, R. Hampp 
and U. Zimmermann, unpublished data) 

on the separated charges on the two sides of  the cell will be different. This 
gives rise to a net force which pulls the particle in the direction of  the 
highest field intensity, provided that the complex dielectric constant o f  
the particle is higher than that o f  the surrounding medium. Otherwise the 
particle will move towards the region of  the weakest field intensity. If  
particles approach each other  during their migration, they will attract each 
other  because the attractive forces arising from the dipoles are much 
higher than the repulsion forces arising from the net surface charge, from 
Brownian motion and from the hydration forces (Figs. 19 and 20). These 
will only become dominant at very close distances between the cells, 
because o f  the a -4 dependent  dipole-dipole interaction. The overall result 
is the formation of  "pearl chains" in which the cells are in very close con- 
tact with each other. Breakdown will occur predominantly in the contact 
zone if the field strength is just high enough to induce electropermeabil- 
ization. The latter immediately leads to cell fusion. 

In contrast to electrophoresis, cell alignment (dielectrophoresis) will 
also operate in an alternating field, as is evident from Fig. 19. The effect 
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Fig. 21a,b. Up to a frequency of 7 MHz turkey red blood cells suspended in an iso- 
tonic mannitol solution form chains, in which the longest axis of the cells is parallel to 
the field lines (a). Above 25 MHz the shortest axis of the cells is parallel to the field 
lines (b). This results in cell stacks which can be fused together. From (22) 
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Fig. 22. Formation of cell chains at high 
suspension densities of a blood sample 
containing normal red blood cells and 
sickle cells. In contrast to the orienta- 
tion of normal cells, sickle cells (arro wed) 
are oriented perpendicular to the field 
if an alternating field is applied (5 MHz, 
250 V/cm). The electrodes appear as 
darklines (x 300). From (153) 

of  electrophoresis is thus masked if an alternating field is applied. Nor- 
mally alternating fields o f  frequencies between 10 kHz and 3 MHz are 
used. The lower limit of  the frequency range is determined by the occur- 
rence o f  electrolysis. 

The orientation of  nonspherical particles in an alternating electrical 
field is dependent  on the frequency ( 2 0 - 2 8 ,  129-143) ,  as shown in 
Fig. 21 for turkey red blood cells (20) and in Fig. 22 for a mixture of  
normal human red blood cells and sickle cells (153). In the kilohertz range 
orientation of  the longest axis in parallel with the field lines is generally 
favoured, whereas above a certain turnover frequency in the megahertz 
range (depending among other things on the external specific conductivity) 
the shortest axis is orientated in field direction so that stacks of  par- 
ticles are formed. With turkey erythrocytes  the situation is somewhat 
more complicated because these cells have three different semi-axes and 
a flattened ovoid shape [see (22)]. Semi-quantitatively the frequency- 
dependent  orientation arises from the radius- (axis-) dependent  membrane 
potential and from the radius-dependent charging time which is different 
in the three directions of  a nonspherical cell (Eqs. 3 and 4). 

The different types o f  orientation result in varying degrees of  mem- 
brane contact.  For  example, turkey erythrocytes can only be fused if 
they are oriented at 3 0 - 6 0  MHz frequency (Fig. 2 I). 
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Fig. 23. Dielectrophoretic collection of Friend cells. The cells were suspended in 0.3 M 
mannitol solution and placed between the electrodes. After application of an inhomo- 
geneous alternating field ( 1 O0 V/cm, 2 MHz) the cells arrange like pearl chains between 
the electrodes 

Fusion is usually performed with cell chains which are in contact  with 
the electrode surface or which have formed on the glass surface at the 
bo t tom of  the electrode chamber (Fig. 23). Electrostatic attraction 
between the charged glass surface and the surface charges of  the cells 
prevents the cell chains from migrating towards the electrodes. Contact 
between the glass surface and the cells can be varied by pretreating the 
cells (e.g., with polylysine or a polylysin-pronase mixture) in such a way 
that the mobility of  the cells in the chains remains sufficiently high to 
enable the fused cells to become rounded (68). Performing cell fusion 
without electrode contact  (93) can sometimes be advantageous when the 
cells tend to adhere too strongly to the electrode surface. Fusion without  
electrode contact  also prevents the cells within a pearl chain from being 
exposed to markedly different field strengths. It should be borne in mind 
that the field strength increases dramatically near the electrodes, some- 
times by 2 orders o f  magnitude. Although studies of  the hybridisation of  
yeast cells (90) and the production of  hybridoma cells (9 t )  have shown 
that such problems rarely occur, it may nevertheless be sometimes neces- 
sary to carry out  large-scale fusion without  electrode contact.  

This could be achieved with the aid of  appropriate chambers in com- 
bination with dielectric levitation ( 1 4 4 - 1 4 7 ) .  Although experiments o f  
this kind have still to be performed, we would like to consider in more 
detail this interesting modification o f  dielectrophoresis for cell fusion, 
since dielectric levitation has already been extensively studied for dielec- 
tric particles (Fig. 24). In general the term "levitation" means that a stable 
cell suspension with no physical contact  is established in a suitable field 
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Fig. 24. Typical electrical field plot for ring 
disk electrode showing cusped electrical 
field. From (146) 

Ring 
Etecfrode 
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against gravity, using static (or quasi-static) electrical or even magnetic 
fields. In a static equilibrium the physical forces compensate the gravita- 
tional forces so that the particles are suspended freely in space. Several 
authors (144-146)  have identified the general requirements for stable 
electrostatic and magnetohydrostat ic levitation for dielectric material 
(like droplets and bubbles contained in liquids and gaseous media). Lin 
and Jones (146) demonstrated that electrostatic levitation can be achieved 
particularly easily with the aid of  cusped electrical fields (Fig. 24). They 
also set up the appropriate equations so that the necessary conditions for 
cusped electrical fields can be calculated. The interested reader is referred 
to the relevant literature. Here we will only consider the conditions that 
give rise to stable levitation for dielectric particles. In principle at least, 
these considerations also apply qualitatively to cells, although, as we have 
already said, cells are particles exhibiting dielectric losses. 

The dielectrophoretic force, ~ ,  exerted on an uncharged dielectric body 
in a nonuniform field is given by Eq. 7 for a spherical particle: 

F = 2 rra a o e0 ' e, 7 2 e ,  

where el and e= are the relative dielectric constants of  the medium and 
the particle respectively, and E is the imposed electrostatic field. Equa- 
tion 7 indicates that if el < e=, the particle will seek out the maxima of  
electrical field intensity, whereas if el > e2, the particle will seek out the 
minima. The dielectrophoretic force is independent of  the electrical field 
polarity (Fig. 19). Its direction depends only on the gradient of  E and 
the relative magnitude of  el and e=. If E is a sinusoidal t ime-dependent 

--+ 

electrical field, then F reduces to a constant (average) term plus a time- 
dependent  term (at twice the frequency of  the electrical field). The average 
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force is determined by using the root-mean-square electrical field magni- 
tude in Eq. 7. If dielectrophoretic levitation of a spherical particle (or 
bubble, etc.) in the gravitational field is considered, the net force is: 

4 
Fne t = F +~'zra 3 (p2 -P'I  )g (8) 

where p'1,2 are the mass densities of  the medium and the particle, respec- 
tively, and g is the local gravitational acceleration. 

Levitation occurs if the dielectrophoretic force is balancect by the 
opposing gravitational force. 

Virtually all dielectric materials exhibit some conductive behaviour 
which can influence the effective dipole moment  generated in the field. 
Benguigui and Lin (147) arrived at a compact form for the time average 
force that must now replace Eq. 7: 

/ e 2  .--el 3 (elo2 - e 2 o l )  ~ 2 (9) 
F = 2 7ra  3 e l  \e + )2 2 ] v Erm s 

2 + 2 e l  r(o2+2ol ( l + c o  r 2) 

where co is the angular frequency of  the electrical field and 

e2 + 2 e l  
T ~ 

o2 + 2 o 1 

ol ,2 are the specific conductivities of  the medium and the particles, 
respectively. 

This equation is easily interpreted with the aid of  Table 3 which shows 
the generalised dielectric levitation criteria. 

It is evident for dielectric particles that stable levitation over the entire 
frequency range can be only achieved when e2 < el .  For the case of  
e2 > e l ,  stable levitation is expected only for smaller frequency ranges, 
provided that the conductivity of  the particle is less, than that of  the 
external medium. Indeed, Benguigui and Lin [e.g., (144, 147)] have 
reported success in levitating particles with e2 > el in a quasi-two dimen- 
sional electrode configuration presumably using an alternating voltage 
(see Fig. 24). 

In any case, since there are frequency ranges in which negative dielec- 
trophoresis is observed (e.g., 10 kHz for yeast cells), it is possible, in 
principle, for dielectrophoretic levitation to occur with living cells. How- 
ever, it is difficult to predict which frequency range will give rise to levita- 
tion of  cells because the equations are not valid for particles and media 
exhibiting dielectric losses. The equations can therefore only be used for 
a qualitative discussion of  the effects to be expected. 
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Table 3. Criteria for dielectrophoretic levitation 
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e2 < el e2 > •1 

o2 > ol stable levitation for w 2> COo no stable levitation at any 
only frequency 

o2 <~ ol stable levitation for all stable levitation for co < COo 
frequencies only 

co~ ~ _ o l  - -  0 2  l 

~2 - -  e l  r 

This generally applies to the derivation of Eq. 7 and to the quantitative 
analysis of  the effects involved in pearl chain formation given by Krasny- 
Ergen (120) and, particularly, by Saito and Schwan (118). Generally 
speaking, these analyses are based on the relations for t h e  body force 
which were derived from the Helmholtz energy principle of  electrostatics 
(see above). As Sauer (150) recently pointed out, this principle fails and 
cannot be applied to media and particles with losses (dielectric losses, 
conducting media). In this case, it is necessary to calculate the forces 
with the help o f  the electromagnetic momentum balance via the Maxwell 
stress tensor. This leads to other complications because of  the intimate 
connection of the Maxwell stress tensor with the pressure tensor. Sauer 
(150) has given an approximate solution of  the problem and was able to 
explain for the first time the trajectories of  the particles (cells) in a non- 
uniform sinusoidal field. The mathematics of  his theory are very demand- 
ing, and the interested reader is referred to the relevant paper by Sauer 
(150). 

Within the framework of  this review we can conclude that the future 
application of  Sauer's theory to dielectric levitation of  cells will un- 
doubtedly improve the present techniques of  establishing membrane con- 
tact by dielectrophoresis. 

The electrode arrangements used at present for dielectrophoresis in the 
standard electrofusion technique are described in detail elsewhere ( 1 9 -  
28). Some chambers used for electrofusion so far are shown in Fig. 25. 
I would also like to point out that the socalled helical chamber (see 
Fig. 26) and the rotational chamber (Figs. 27 and 28) have proved to be 
extremely efficient for the large-scale production of  hybrids by electro- 
fusion. Axial symmetric fields such as are established between two con- 
centric metal electrodes are also very suitable for cell fusion by electrical 
fields (21, 151) (Fig. 25c). The advantage of  such fields is that they. enable 
the precise calculation of  the field strength. For this reason they were 
used by Dimitrov and co-workers (151, 152) for the exact experimental 
measurement of  the dielectrophoretic mobilities of  cells. 
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Fig, 25a--e, Set-up used for electrically induced fusion, a Two cylindrical platinum 
wires are mounted in parallel on a slide, The gap between the two electrodes has to be 
matched to the size of the cells to be fused, b Electrode arrangement for the produc- 
tion of large amounts of fused cells; so-called meander chamber, c Stronger divergence 
of the field can be achieved with a set-up in which a central wire (or cylindrical elec- 
trode) is surrounded by an outer cylindrical electrode of larger diameter, d Flow 
chamber system for the production of cell hybrids of different species in high yield. 
Two highly diluted cell suspensions are successively sucked through the slit between 
the electrodes, e Flow chamber system in which the cells enter centrically the gap 
between 4 electrodes arranged crosswise. Cells move to the region of highest field 
intensity between the individual electrodes due to dielectrophoresis 

Dielectrophoresis should, if possible, be performed in weakly conduc- 
tive solutions. Normally, sugars are used to maintain isotonicity. Certain 
conditions have to be fulfilled so that the cells can survive in this environ- 
ment. The problems involved have been discussed in several review articles 
(20, 22, 28). However, we can confirm that, if the individual stages of 
electrofusion are carried out correctly, there are no adverse side effects, 
not even when the ceils are incubated in weakly conducting solutions 
[see also (154)]. This conclusion is supported by similar findings in free 
flow electrophoresis where weakly conductive solutions are used for cell 
separation ( 155-158). 
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Fig. 26. Large-scale production of fused cells. In principle the helical chamber consists 
of a hollow Perspex tube around which are wound two cylindrical Pt-electrodes at a 
distance of, say, 200/am (total length about 1 m). The Perspex tube can be filled with 
cooling medium in order to avoid temperature increases during the field application. 
The Perspex tube with the Pt wires is introduced into a cylindrical jacket which 
already contains the ceil suspension. The cell suspension rises up through the inter- 
vening space. Analogous to the arrangment in Figs. 19, 20 and 25, cell chains are 
formed between the parallel electrode wires in response to an alternating field. After 
application of a breakdown pulse and subsequent fusion, the cells can be collected by 
centrifugaton into a receptacle by way of a valve. The receptacle is disposable and can 
very easily be removed for cloning of the fused hybrids. The whole procedure can be 
performed under sterile conditions. From (67); the photograph was given by courtesy 
of GCA Corporation, Chicago, Illinous, USA 

Final ly ,  I would like to  discuss the degree o f  i nhomogene i t y  o f  the field 
required for  o p t i m u m  fusion. An inhomogeneous  field can be established 
by  using e i ther  appropr ia te ly  shaped e lec t rodes  (Figs. 2 5 - 2 8 )  or  a h o m o -  
geneous  field wi th  the appropr ia te  suspension densi ty .  In the  la t ter  case, 
which also represents  the  first successful m e t h o d  for  fusing cells by  elec- 
trical means  (16) ,  a h o m o g e n e o u s  field is established be tween  the  plates 
o f  a capaci tor .  The  i n h o m o g e n e i t y  o f  the  field required for  the  establish- 
men t  o f  close m e m b r a n e  con tac t  is p roduced  by  the cells which are intro-  
duced  in to  the field. Each cell causes a d i s to r t ion  o f  the field lines in its 
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Fig. 27. In principle the rotational fusion chamber consists of a cylindrically shaped 
casing which may be made to act as a centrifuge by spinning it around its axis of sym- 
metry. In practice the floor of the chamber consists of  a Plexiglass carrier plate onto 
which electrodes have been previously vacuum-evaporated. Of the various electrode 
configurations, Fig. 27 (left, below) shows a configuation which has proved suitable 
for the mass production of electrically fused yeast hybrids and hybridoma cells. The 
electrodes cover the circular area of the carrier disk, with electrode pairs (two elec- 
trodes running in parallel at a distance of 125 pm) radiating out from the center (see 
Fig. 28). The thickness of  the vacuum-evaporated electrodes is about 1 pm. The circu- 
lar electrode-plate (or disk) is surrounded by a lower-tying, annular channel into which 
the fused cells can be centrifuged after the fusion process has been completed. The 
channel is filled with postfusion medium, when hybridoma are produced [see (91)]. 

The figure on the right side shows a drive unit consisting of a rotor driven by a 
motor. After the electrofusion event the entire chamber can be inserted into the rotor 
for centrifugation of  the fused cells. After centrifugation an outlet system using a 
valve allows the cells and the medium to be collected directly from the annular chan- 
nel into culture vessels. During the fusion process the kinetics of fusion can be moni- 
tored through the carrier plate by means of an inverted microscope. 

This new chamber (available commercially from GCA Corporation, Chicago, 
Illinois, USA) not only permits large-scale production of hybrids, but also allows 
rapid screening of optimal media components and other system parameters (e.g., 
the ratio of cell numbers when fusing cells of different species). For this purpose 
droplets of cell suspension are applied to different points on the disk area. Because of  
the cohesive forces of the water, the droplets do not spread out, so that it is possible, 
for example, to test quickly the influence of different ions in the fusion medium on 
the yield of fusion 

i m m e d i a t e  s u r r o u n d i n g s .  I f  a n o t h e r  ce l l  is p r e s e n t  in t h e  i m m e d i a t e  v ic in-  

i t y  o f  t h e  f i r s t  ce l l ,  i .e . ,  i f  h igh  s u s p e n s i o n  d e n s i t i e s  a re  u s e d ,  t h e  ce l l s  
a t t r a c t  e a c h  o t h e r .  H igh  s u s p e n s i o n  d e n s i t i e s  t h u s  c a u s e  t h e  f ie ld  b e t w e e n  

t h e  c a p a c i t o r  p l a t e s  to  b e c o m e  s t r o n g l y  i n h o m o g e n e o u s .  T h e  d i s t i n c t i o n  



Electrical Breakdown, Electropermeabilization and Electrofusion 213 

Fig. 28. Fusion of yeast cells in the rotational fusion chamber is shown after applica- 
tion of the breakdown pulse [see (90, 91) for experimental conditions]. The chamber 
can be sealed with a lid, allowing the entire fusion process to be completed under 
sterile conditions 

between homogeneous and inhomogeneous fields ( 1 5 7 ) i s  therefore 
misleading from a physical point  o f  view. This aspect has already been 
discussed in detail elsewhere (20). 

Which method is chosen depends on the nature of  the problem to be 
solved and on the cells under investigations as well as on the cell suspen- 
sion density. I f  a large number of  cells is available, it is possible to use a 
field in a plate capacitor for the fusion of  the cells in combination with a 
discharge capacitor (see Fig. 9). Under these conditions the electrical 
breakdown pulse may already be sufficient to achieve migration over a 
short distance during its application. Though relatively short, this pulse is 
o f  high intensity. 

Alternatively, the alternating field need only be applied for a very short 
period of  time (a few seconds) in order to establish intimate membrane 
contact.  The critical suspension density required for this experimental 
procedure can be calculated with Eq. 6 in (20). However, in this particular 
experimental set-up, there is no provision for controlled fusion between 
cells o f  different species. Fusion between cells occurs at random (statis- 
tically). Where few cells are available, or in experiments where controlled 
membrane contact  between one parental cell o f  one species and one 
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parental cell of a second species is required, it is necessary to use an 
appropriate inhomogeneous alternating field with appropriately shaped 
electrodes (Fig. 25). The aim here is to reduce the distance between the 
cells by making them migrate further, so that they come within the sphere 
of attraction of the appropriate partner cell. In producing mouse hybri- 
doma cells, Vienken and Zimmermann (94) were able to show that the 
inhomogeneity of the field in the vicinity of a cell can be used for the 
preferential production of lymphocyte/myeloma combinations (94). 
When geometrically dependent inhomogeneous fields are used, cell chains 
are formed whose length and position depend on the suspension density 
and duration of the applied alternating field. Cell chains emanate from the 
electrodes, but they are also formed in the centre of the electrode gap as 
mentioned above (see Fig. 23). 

Analogous cell chains are formed when the suspension density in the 
plate capacitor is high. The statement by Watts and King (159), that in 
the presence of geometrically dependent inhomogeneous fields fusion were 
only possible between cells adhering to the electrode surface is incorrect. 
Fusion between adhering cells occurs throughout the entire electrode 
space, for example in the case of two parallel cylindrical Pt electrodes 
glued onto a microslide. With this electrode arrangement, the field is only 
weakly inhomogeneous so that the equations for the field calculation, for 
the induced membrane potential and for the relaxation time of the estab- 
lishment of the membrane potential, which were derived for a homogene- 
ous field, are virtually wholly applicable. Focussing through the depth of 
the electrode space with a microscope shows clearly that most of the cells 
are arranged in chains in the electrode gap and that they fuse in this loca- 
tion. In cases where the density of the cells is greater than that of the 
medium, fusion of the cell chains occurs preferentially on the floor of the 
fusion chamber, i.e., on the surface of the microslide (Fig. 23). 

We can therefore establish the following practical guidelines for the 
etectrofusion of cells of one or more species: 

1. The dielectrophoretic force or the attractive forces between two cells 
depend on the dielectric properties of the medium and the cell. These in 
turn are dependent on the frequency. The dielectrophoretic force is 
proportional to the volume of the cells and to the square of the field 
strength and increases with increasing inhomogeneity of the field (diver- 
gence of the field) (Eq. 7). For cells with a large diameter (e.g., plant 
protoplasts), alternating fields with only very weak field strengths are 
required in order to achieve dielectrophoresis and membrane contact 
(157). With high suspension densities, membrane contact may already be 
achieved during the short duration of a breakdown pulse. Fusion is 
possible under these conditions. The field may be "geometrically" homo- 
geneous. 
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2. In the case of smaller cells (e.g., most animal cells), the field should 
be weakly inhomogeneous, particularly if only low suspension densities 
are available. It is possible to use fields that would still be effective with 
large cells (protoplasts), but either higher field strengths would be required 
or the alternating field would have to be applied for longer periods of  
time at a weaker intensity in order to achieve membrane contact. Both 
procedures could have adverse side effects on the viability of  the fused 
cells, because the presence of  an alternating field or a square field pulse 
causes interactions with the membrane components by way of  the tan- 
gential components of  the field (20). The result is a redistribution of  
proteins (and probably also of  charged lipid molecules). If there is exten- 
sive redistribution over large areas o f  the membrane, the effect may be 
irreversible. Irreversible clustering of  proteins and other molecules in- 
fluences the viability of  the fused cells in a negative way. It is therefore 
better to increase the divergence of  the field rather than the field strength 
itself. The divergence should be chosen so that cell contact is achieved 
within 2 0 - 6 0  s. 

3. In the case of  very small cells (bacteria and organelles), more strongly 
divergent fields [e.g., a central electrode wire surrounded by a cylindrical 
electrode (Fig. 25c)] must be used in order to establish adequate con- 
tact between the membranes. If weaker inhomogeneous fields and cor- 
respondingly higher field strengths are used, there is a danger that the 
dielectric breakdown voltage of the cells is reached or even exceeded dur- 
ing the application of  the alternating field. As discussed elsewhere (20), 
this has a lethal effect on the cells. The commercial fusion devices sup- 
plied by GCA Corporation, Chicago, Illinois, USA, and Bachofer, Reut- 
lingen, Federal Republic of  Germany, therefore include an alarm which 
is triggered as soon as this critical field range in the alternating field is 
reached. 

4 Fusion without Dielectrophoresis 

Membrane contact with subsequent application of  field pulses can also 
be achieved by other chemical and physical means. In general, the use 
of  chemicals (usually PEG) does not  allow controlled membrane contact 
to be established between suspended cells, whereas the standard electro- 
fusion technique does (nonuniform alternating field and breakdown 
pulse). One exception is the establishment of  membrane contact by speci- 
fic chemical reactions (e.g., avidin-biotin binding). This interesting tech- 
nique is dealt with later. In this section we will only discuss methods that 
use physical (i.e. vectorial) forces to establish membrane contact. The 
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simplest procedure is to use high suspension densities (16, 20), discussed 
in the previous section. In the extreme case, fusion and production of  
hybrids are also possible in a cell pellet obtained by centrifugation (20). 
The high suspension density technique has also been employed by Watts 
and King (159) for plant protoplast fusion. However, the theoretical back- 
ground of  this paper is rather poor. The authors suggest that some kinds 
of  cooperative effects are responsible for membrane contact at high sus- 
pension densities because they recorded no fusion below a critical sus- 
pension density. 

The following represents another very efficient way of fusing cells with 
electrical field pulses (28, 160): free suspended cells at low suspension 
densities or at very high dilutions are subjected to field pulses followed by 
centrifugation. Under these conditions fusion occurs in the pellet. In this 
way it was possible to produce yeast hybrids and also hybridoma cells (by 
fusing myeloma cells with lymphocytes). Yields tended to be high if the 
whole process was carried out at a low temperature because the life span 
of the field-induced perturbations in the membrane was longer. However, 
higher field strengths were required because the reduced temperature 
increased the breakdown voltage (see above). These experiments also show 
that the simple pore model for electrical breakdown is not appropirate 
because the "pores" would not be in the correct orientation to each other 
in the pellet. 

Both techniques share the disadvantage that the fusion process cannot 
be monitored by optical means. 

Cells can be pushed together mechanically by micropipettes and then 
subjected to a fusion pulse, as shown by Senda et al. (84) and by Schnett- 
let and Zimmermann for yeasts (unpublished data). 

This method is restricted to the fusion of  only a few cells. More cells 
can be fused if the filter technique is used (28). Cells of  each species are 
sucked into the pores of  filters or artificial membranes or are bound elec- 
trostatically to the surface of  artificial membranes. The cell-loaded filters 
(or membranes) are placed between two parallel flat electrodes. The dis- 
tance between the two electrodes or filters can be reduced with the aid of  
a suitable device (e.g., a micrometer screw) until contact is made between 
the cells in the two sheets (combination with dielectrophoresis is also 
possible). Preliminary experiments have shown that high yields of  hybri- 
doma cells can be obtained with this technique (160). 

Using Fe3 04 particles, Kramer et al. (161) were able to produce mag- 
netically coated erythrocytes (161) and yeast cells (unpublished data). 
These coated cells could be attracted into a small volume by means of  
crossed magnetic fields (Fig. 29). The force directed towards the centre of  
this volume was sufficient (the fields had strong gradients) to establish 
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Fig. 29. Scheme of the chamber used for magneto-electro-fusion. Thin Fe-Si sheets 
are glued on top of a support. The constant distance of 12.5/am between the four 
sheets is achieved by means of Kapton films. On top of the sheets two Pt-electrodes 
(diameter 150 /am) are arranged about 200/am apart from each other and separated 
from the metal sheets by means of an insulating foil (not shown). A magnetic-field 
gradient is induced in the area of the cross by applying 5 V (for fusion of red blood 
cells) to two independent coils with iron cores (number of windings, 1700; R = 32 ~2) 
which "'sit" at points denoted by 1,1 and 2,2. Any magnetic particle (e.g., a "mag- 
netic" blood cell) experiences forces in these magnetic gradients so that it moves 
towards the "gaps," The geometry not only causes an alignment of magnetic particles 
but also gives rise to close contact between the particles because there is a moderate 
force directed to the midpoint. The fusion of the magnetically collected cells was 
triggered by two electrical breakdown pulses. From ( 161 ) 

contact between the cells so that the application of  two field pulses pro- 
duced fusion. 

If  the fusion products contain magnetic particles (due to uptake during 
the intermingling process), then this may be used to advantage in a sub- 
sequent magnetic isolation o f  fused cells, allowing for example the isola- 
tion of  hybrids formed from commercially important  yeast cells (which 
possess no usable genetic markers). The breakdown voltage of  coated cells 
was found to be 40% higher than that of  normal cells, and the fusion pulse 
had to be considerably stronger and longer than expected. Possibly the 
magnetic coating acts to attenuate shorter pulses or to prevent optimal 
contact between the cell membranes. 

A further advantage o f  this technique is that fusion can be performed 
in conductive solutions because of  the absence of  heat production. The 
amount  o f  heat developed during the breakdown pulse is so small as to 
be negligible. 

In a sonic field forces are exerted on the particles in a way that is 
analogous to dielectrophoresis (162, 163). The force exerted in the sonic 
field depends on the difference in density between particles and medium, 



218 U. Zimmermann 

[ = I MH~ 

Fig. 30. Set-up for electro-acoustic fusion. For further details, see (164, 165) 

whereas in dielectrophoresis the difference in dielectric constants is the 
important factor. 

Sound wavelengths have been used which are much smaller than the 
fusion chamber. This allows not only the production of pearl chains (in 
a purely propagating wave) but also the formation of very high concentra- 
tions of cells at standing-wave pressure maxima. Vienken et al. (164, 165) 
were able to use 1 MHz ultrasound (1-mm wavelength) to concentrate 
erythrocytes and myeloma cells. The standing-wave maxima of 0.5 mm 
periodicity were developed between the coaxial electrodes of the appara- 
tus shown in Figs. 30 and 31. Fusion followed the application of a pulse 
consistent with normal electrofusion practice, so presumably good mem- 
brane contact was achieved. By varying the cell density it was possible to 
achieve preferential formation of two-cell or multi-cell fusion products 
(Fig. 32). Fusion can also be performed in a conductive solution. 

The author believes that this technique may be of great value in the 
future because of the simplicity of the procedure and because there is no 
need to lable the membranes of the cells. It should be noted that only a 
piezoelectric crystal is needed in connection with the fusion device 
(GCA Corporation, Chicago, Illinois, USA, or Bachofer, Reutlingen, 
Federal Republic of Germany. 
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Fig. 31a--c. To illustrate the banding 
of red blood cells following sound irra- 
diation a Camlab-Microslide is filled 
with a suspension of erythrocytes and 
inserted into the container of the elec- 
tro-acoustic fusion set-up (a) (see also 
Fig. 30). Two seconds after the begin- 
ning of irradiation, cells are no longer 
suspended homogeneously (a), but 
show a banding over the whole length 
of the microslide (b) due to the sound 
aggregation forces. At higher magnifi- 
cation (c) the concentration of red 
blood cells at planes separated by half 
a wavelength and at right angles to 
the direction of sound propagation is 
clearly to be seen 

Finally, it may well become possible to bring cells together by means 
of laser beams. This has already been done successfully by Ashkin and 
Dziedzic (166) with oil drops 7 um in diameter. 

5 Electrofusion 

From the very beginning of  electrofusion, Zimmermann and co-workers 
(e.g. 19-21)  have suggested that  this technique should be a general, 
predictable fusion method applicable to all living cells, liposomes and 
planar lipid bilayer membranes. The proposed universality of  the method 
is based on the fact that  both electrical breakdown and membrane contact 
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Fig. 32. Electro-acoustic fusion of 
myeloma cells. After a 10-s period 
of sound irradiation three electri- 
cal field pulses of 10/as duration 
and 60 V amplitude are applied. 
Fusing cells are now maintained in 
contact by a further sound irradia- 
tion of 50 s and then pipetted on 
a microslide. The elongated cell 
aggregates will become spherical 
after the addition of PBS approx- 
imately 10 min later (interference 
phase micrograph, bar 20 /am). 
From (164, 165) 

by physical means reflect characteristic features o f  living and artificial 
lipid bilayer membranes. Membranes of  dead cells do not exhibit the 
electrical breakdown phenomenon (167). In the meantime, so many 
studies have been carried out that we can safely assume that any given cell 
or liposome/lipid membrane system can be fused with the aid of  electrical 
fields. 

Results obtained up to the beginning of  1984 have been extensively 
reviewed (19-28) .  In this review we shall therefore restrict ourselves to a 
brief summary of  these data and discuss in more detail the most recent 
findings on this subject matter. 

5.1 Planar Lipid Bilayer Membranes 

Electrofusion of  black lipid membranes has so far only been reported by 
Melikyan et al. (168). Using a special Teflon cell, two planar lipid bilayer 
membranes were brought into juxtaposition at a distance of  about 1 mm. 
The application o f  a small hydrostatic pressure difference forced the two 
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Fig. 33a--c. Phase-contrast photographs of the fusion process of lipid vesicles, prepared 
from a 1:1 mixture of polymerizable lipid butadien derivate/cholesterol (171); diam- 
eter of the vesicles, 37 /am and 45 /am, respectively; a alignment in an alternating 
electrical field of about 200 V/era; b elongated fused liposome, 1 s after application of 
a pulse of 3 kV/cm strength and 30/as duration; e spherical new vesicle after turn off 
of the alternating field; diameter of the new liposome 51/am 

membranes to bulge towards each other until they made contact.  Subse- 
quent  injection of  an electrical breakdown pulse gave rise to the formation 
of  a cylindrical membrane,  i.e., the two bilayers fused. The membranes 
were made up o f  dioleoyl-phosphatidylcholine (DOPC), DOPC/cholesterol 
(9:1 w/w),  azolectin or phosphatidylethanolamine (PE). If  symmetrical 
charged or uncharged membranes were used, e.g. two DOPC/cholesterol or 
two azolectin membranes,  fusion could only be obtained by external field 
pulses. On the other  hand, it a charged membrane made up o f  azolectin 
(surface potential 87 mV) was brought into contact  by the hydrostatic 
pressure difference with a neutral bilayer made up of  DOPC/cholesterol,  
spontaneous fusion was observed. Melikyan et al. (168) interpreted these 
findings in terms o f  the hypothesis o f  Gingell and Ginsberg (169) and 
Zimmermann and Scheurich (170),  namely that in the latter case the 
intrinsic field is strong enough to fuse the membranes (see also above). 
Measurements of  the surface charge revealed that the cylindrical mem- 
brane formed by either spontaneous or electrostimulated fusion of  charged 
or uncharged bilayers has an intermediate surface charge which correlates 
with the area ratio of  the noncontacting parts o f  the two individual mem- 
branes in the "s tuck"  state prior to fusion. 

5.2 Liposomes 

Btischl et al. (171) described fusion of  large liposomes made up of  natural 
and polymerizable lipids, using the standard electrofusion technique 
(Fig. 33). Both preparation o f  the large liposomes (average diameter about  
5 urn) and electrofusion were performed in distilled water (172). The data 
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has been reviewed [e.g. (22)], and we will only mention the fact that 
liposomes without surface charge (e.g., DOPC liposomes) exhibit negative 
dielectrophoresis in the kHz frequency range, whereas either positively or 
negatively charged liposomes (e.g., phosphatidylserin, PS) exhibit positive 
dielectrophoresis in the kilohertz range. Electrofusion of  liposomes with 
cells is also possible (173). Because of  the presence of a cell partner, such 
experiments have to be carried out in isotonic sugar solutions. It is inter- 
esting to note that liposomes made up of charged lipids also exhibit 
negative dielectrophoresis in such solutions. Positive dielectrophoresis of  
such liposomes, which is required for membrane contact between lipo- 
somes and cells, can be re-established if electrolyte is entrapped inside 
the liposomes during their preparation. However, liposomes cannot be 
obtained in the presence of  high electrolyte concentrations. On the other 
hand, preparation in 6-carboxyfluorescein gives rise to liposomes which 
show positive alignment (173). At the same time it is easily possible to 
monitor the fusion of  such stained liposomes with cells under a fluores- 
cence microscope. Biischl (173) was able to show that liposomes made up 
of polymerisable lipids can be electrofused with cells under these condi- 
tions. These studies also pave the way to future experiments in which 
DNA encapsulated in liposomes can be entrapped in cells with the aid of  
electrofusion. 

5.3 Bacteria 

Shivarova et al. (174) reported fusion of Bacillus thuringiensis by com- 
bined chemical-field treatment. These authors agglutinated protoplasts of  
two gram-positive mutant  strains of  B. thuringiensis. One strain, con- 
taining the plasmid pUB 110, was resistant to kanamycin; the second was 
sensitive to kanamycin and produced a brown pigment. The agglutinated 
protoplasts were subjected to three short consecutive electrical field pulses 
with an intensity of 20 kV/cm. The authors reported that colonies were 
obtained in selective media which were kanamycin-resistant and able to 
produce the brown pigment. With PEG alone as the fusogenic chemical, 
no colony formation was observed. 

The first electrofusion of  bacteria was recently reported by Ruthe and 
Adler (175). These authors fused spheroplasts of Escherichia coli (E. coli 
AW405 and E. coti DH1) and Salmonella typhimurium (S. typhimurium 
TH32) using the standard electrofusion technique. Alignment of  the 
normal gram-negative cells of  E. coli or S. typhimurium was observed in 
an inhomogeneous alternating field, but electrofusion was not possible, 
not even at a field strength of  25 kV/cm, presumably because of  the rigid- 
ity of  the peptidoglycan layer of  the bacterial cell envelope. 
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Spheroplasts (size between 2 - 1 0  tam) obtained by growth of the cells 
in the presence of penicillin (an inhibitor of peptidoglycan synthesis) 
were also not fusable with electrical field pulses. Neither was electrofusion 
possible with spheroplasts (0.5-1.0 tam in diameter) obtained by the 
treatment of the bacteria with Tris/EDTA/lysozyme to hydrolyse the 
peptidoglycan layer. However, electrofusion was easy when giant sphero- 
plasts were used. For this purpose the bacteria were first grown into long 
filamentous cells, 50-150 tam long, in the presence of cephalexin, a 
O-lactam antibiotic. These filaments were then treated with Tris/EDTA/ 
lysozyme to form giant, nonseptate spheroplasts (average diamater 7 tam). 
More than 90% of the spheroplasts of E. coli and S. typhimurium can 
revert to the bacterial form. 

Alignment of the spheroplasts was found to be optimal at a field 
strength of 1 kV/cm and a frequency of  1 MHz. High fusion yield (more 
than 60%) of the aligned spheroplasts was observed when the cells were 
subjected to a sequence of 5 pulses, 5 kV/cm in strength and 15 tas in 
duration, provided that fusion was carried out in a medium containing 
0.8 M sucrose and 1 mmol MgC1. The addition of Ca 2÷ was not as useful 
as Mg 2÷ and tended to inhibit fusion. Pronase was also found to be of little 
use in these biological systems. Viability and reversion of the fusion pro- 
ducts were demonstrated by electrofusion of a mixture of cells with two 
different genetic markers. 

In one set of experiments Ruthe and Adler (175) used E. coli DH1 
because its properties F-, X- should reduce the spontaneous exchange of 
genetic material. E. coli DH1 was transformed by non-self-transmissible 
plasmids carrying eithr tetracycline or kanamycin resistance. Giant sphero- 
plasts of the two transformed strains were electrofused and transferred to 
selection medium. Five to 200 colonies of E. coli which were resistant 
to both tetracycline and kanamycin were counted on plates containing 
both antibiotics. Genetic markers for E. coli DH1 were found for all 
doubly resistant colonies tested. In a second set of experiments these 
authors electrofused spheroplasts of S. typhimurium TH32 with those of 
E. coli DH1. Being sensitive to kanamycin, the first strain is highly motile 
and can grow on citrate as the sole carbon source, while the second one 
(nonmotile) cannot utilise citrate, but when transformed with the kana- 
mycin resistance plasmid, it can grow in the presence of kanamycin. 
Electrofusion of a mixture of these two strains yielded about 100 colonies 
in each of the seven experimental runs which were able to grow on citrate 
as the sole carbon source and in the presence of kanamycin. The colonies 
exhibited motility characteristics of S. typhimurium TH32. 
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5.4 Fungi 

Electrofusion of fungal protoplasts has recently been demonstrated by 
Schnettler and Zimmermann (unpublished results). The experimental 
conditions, particularly the fusion medium, are almost identical with 
those developed for the fusion of yeast by Schnettler and Zimmermann 
(90). 

5.5 Yeast 

Chemical (PEG)-induced fusion of two different genetically marked 
strains of the yeast Saccharomyces cerevisiae has been reported by Weber 
et al. (176, 177). In their experiments the fusion rate of yeast protoplasts 
was enhanced by a factor of 200 by the external electrical field pulse, 
compared with the yield obtained with PEG alone. At an optimal field 
strength of 2.5 kV/cm, these authors obtained 233 colonies per plate con- 
taining the minimal medium, compared with the initial 108 protoplasts 
subjected to fusion. The low field strength of the pulse is very surprising, 
because with a mean cell radius of 3 tam for yeast cells this field strength 
would only just be sufficient to reach the breakdown voltage. With the 
standard electrofusion technique (see below) higher field strengths are 
required in order to achieve high yields of fusion products (see below). 
Weber et al. (176, 177) also reported higher field strengths for inter- 
genetic PEG/field fusion (Saccharomyces lipolytica/Loderomyces elongi- 
sporus), but not for the intra-specific PEG/field fusion of S. lipolytica. 
The very low field strengths required for the fusion of S. cerevisiae 
mutants may be due to the natural properties of these cells. Weber et al. 
(177) used strains with the phenotype a and ~ which tend to exhibit 
spontaneous fusion anyway if the cell wall is not removed. 

Halfmann et al. (178) were the first to report that yeast protoplasts 
can be fused with high yields by means of the standard electrofusion 
technique (Fig. 34). These authors fused the two heterozygous diploid 
strains of S. cerevisiae 3441 and 2114 with each other. Strain 3441 car- 
ries several auxotrophic markers, whereas strain 2114 is a respiratory 
deficient mutant. Before electrofusion the cells were field-stabilised by 
pronase pretreatment. Alignment was achieved at a field strength of 
1 kV/cm and at a frequency of 2 MHz. Fusion was initiated by the appli- 
cation of two consecutive breakdown pulses, 7 -8  kV/cm in strength and 
40 /as in duration. An anylsis of  the colonies of the fusion products in 
selection medium showed that a high rate of plasmogamy had occurred 
(1-2  x 10 -2 compared with about 10 -5 when conventional fusion tech- 
niques were used), but that no karyogamy had taken place. The absence 
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Fig. 34a---d. Electrofusion of yeast protoplasts of two different strains (Saccharornyces 
cerivisiae 2114 and 3441). a Dielectrophoresis was performed in an alternating elec- 
trical field (i .8 kV/cm, 2 MHz). b Fusion was initiated by two subsequent breakdown 
pulses (7 kV/cm, 40/as duration) applied at an interval of about 10 s. d The final stage 
is reached after about 3 min. From (178) 

of  karyogamy seems to be an inherent feature of  the heterozygous diploid 
strains. It is well known that during the life cycle of  yeasts, copulation 
with subsequent karyogamy takes place only between haploid cells or 
between diploid cells that are homozygous for mating type. In a follow-up 
paper, Halfmann et al. (179) were in fact able to show that electrofusion 
of  protoplasts of  the haploid partners S. cerevisiae 21 a and 111 a (identical 
mating type) resulted in karyogamy. By appropriate labelling of  the 
strains it was possible to distinguish, after electrofusion, between plas- 
mogamy and plasmogamy followed by karyogamy. In these experiments 
the protoplasts were not pretreated with pronase. Alignment conditions 
were the same as before,  except that the field strength and duration of  
the two consecutive breakdown pulses were 11 kV/cm and 7/as respec- 
tively. The fusion frequency of  viable hybrids produced by plasmogamy 
was estimated to be 5 x 10 -2 , that of  hybrids produced by karyogamy 
5 x 10 -3 . Halfmann et al. (180) were also the first to demonstrate that it 
is possible to fuse yeast partners o f  different sizes. They electrofused 
electrical-field-aligned cells o f  the haploid straind S. cerevisiae 111 a with 
the polyploid (triploid) strain 93 (baker's yeast) by the application of  two 
breakdown pulses, 8 kV/cm in strength and 40/as in duration. 

The hybrids obtained after transfer to selection medium were hetero- 
karyons which gave rise to spontaneous parental-type segregants on nutri- 
tionally complete  medium. Stable hybrids could be obtained after several 
passages on selection medium. Genetic analysis o f  these hybrids showed 
that recombination had taken place with partial or even complete elimina- 
tion of  the chromosome set. The authors suggested that there was a 
chromosome imbalance in one hybrid.  

Recently Schnettler and Zimmermann [(90), see also (181)] consider- 
ably improved the electrofusion technique of  yeast cells, so that now 
large numbers of  yeast hybrids can be produced with the aid of  this tech- 
nique. The work o f  these authors simultaneously led to the formulation 
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of advanced protocols for the efficient and reproducible production of 
hybridoma cells by means of electrofusion (91). The progress in electro- 
fusion of yeast protoplasts was mainly attributable to the use of new 
fusion chambers and new fusion media. Instead of the simple two elec- 
trode wire chamber used by Halfmann et al. (178-180). Schnettler and 
Zimmermann (90, 181)used the helical chamber (Fig. 26) for electro- 
fusion and showed that about 60 hybrids could be obtained per experi- 
mental run when electrofusion was performed in isotonic sorbitol solution 
(181). However, certain additives to the fusion solution considerably 
increased the number of hybrids. In particular, the addition of 0.1 mmol 
calcium acetate, 0.5 mmol magnesium acetate, and 1 mg/ml bovine serum 
albumin resulted in about 4000 hybrids per experimental run in the 
helical chamber (90). In the meantime, further improvements are produc- 
ing yields of about 7000 hybrids (Tsoneva, Schnettler and Zimmermann, 
unpublished data). 

The field conditions were similar to those described by both Halfmann 
et al. (178-180) and Schnettler et al. (90). This demonstrates that the 
application of an alternating field and high-intensity field pulses in the 
appropriate manner does not lead to any severe side effects within the 
cells and the membrane, but rather that more consideration needs to be 
given to the composition of the fusion media and to the system parameters 
(chambers, temperature, etc.). 

The studies of Schnettler and Zimmermann (90, 181) are worth men- 
tioning from another point of view, because these authors were able to 
show for the first time that vector-bound DNA in yeast cells can be trans- 
ferred with the aid of electrofusion. The authors used two yeast strains of 
the same mating type: S. cereviskte AH22 and AH215 (both of mating 
type a). Strain AH22 is characterised by the double mutation leu 2-3, 
2-112, and the single mutation his 4-519. The transformation of strain 
AH22 with plasmid pADH 040-2 results in a compensation of the leu 2 
mutation. Plasmid pADH 040-2 encodes the leu 2 gene of yeast and the 
t3-1actamase gene from E. coli which allow a quick detection of plasmid 
positive cells. Strain AH215 carries the same double mutation leu 2-3, 
2-112 and in addition the double mutation his 3-11, 3-15. Hybrids of 
AH215 and AH22 (pADH 040-2) were able to grow on minimal media 
containing neither leucine nor histidine because of the non-allelic his 
mutations and the presence of the plasmid. 

5.6 Plant Protoplasts 

A large number of papers have been published on the electrofusion of 
plant protoplasts (17-28,  87, 160, 170, 182-200) (Fig. 35). This is hardly 
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Fig. 35a-d. Electrofusion between a green mesophyll protoplast and two etiolated 
protoplasts of Avena sativa. Both kinds of protoplasts were suspended in 0.5 M sor- 
bitol solution and aligned by dielectrophoresis (frequency 1 MHz, field strength 
75 V/cm). The fusion process began immediately after pulse application (750 V/cm 
field strength and 20/as duration). Time course of fusion: a before field pulse applica- 
tion; b 30 s; c 8 min and d 10 min after pulse application. Apparently the cytoplasms 
of the original ceUs do not mix, as chloroplasts and etioplasts remain in distinct areas 
for some time (about 30 min). Bar in a represents 10/am. From (184) 

surprising, given the enormous potential o f  this fusion technique for plant 
breeding and the fact that plant protoplasts can easily be fused by  elec- 
trical means. Because of  their membrane properties, plant protoplasts can 
be fused under virtually any field conditions and in a great variety of  dif- 
ferent media without  any particular know-how. However, one factor that 
is frequently overlooked is that the system parameters determine the 
viability and regenerative capacity of  the obtained fusion products.  Senda 
et al. (84, 85), for example, fused two plant protoplasts brought together 
mechanically by two micropipettes by applying a field pulse of  milli- 
second duration. As described above, this inevitably leads to irreversible 
changes in the membrane. 

In most o f  the work published to date on the electrofusion of  proto- 
plasts, the standard electrical field technique (dielectrophoresis and break- 
down pulse) was used. However,  for the sake of  completeness, we should 
mention that Senda et al. (84) published a follow-up paper (85) in which 
they describe the use of  the discharge technique of  Zimmermann and 
Pilwat (see Fig. 9) for the fusion of  protoplasts isolated from cultured 
cells o f  Rauwolfia serpentina vat. bentham and from mesophyU cells o f  
Hordeum vulgate L., Gose shikoku and Nicotiana tabacum vat. samsum. 
In these experiments the authors also used exposure times in the milli- 
second range for cells in the electrical field. 

Alignment o f  plant protoplasts is normally achieved at frequencies 
between 20 kHz and 2 MHz. Generally a breakdown pulse of  0 . 5 - 5  kV/cm 
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Fig. 36. Parental protoplasts (S. tuberosum cv. Maris Piper, mesophyll and Nicotiana 
sytvestris Aec R suspension) were electrically fused (pulse duration 50/~s, t.2 kV/cm 
strength). The figure shows several heterokaryons after isolation by micropipette and 
culture within a nutrition medium 

strength (depending on the radius of  the protoplast) and 2 0 - 5 0  t~s dura- 
tion is sufficient. 

Electrofusion is reported for protoplasts isolated from the mesophyll 
cells of  leaves, from stomata and root tips, and from suspension cultures 
of Avena sativa, Petunia inflata, Vicia faba, Kalanchok" daigremontiana, 
Vigna, Brassica napus, Solanum brevidens, Triticum aestivum, Hordeum 
vulgare, Nicotiana sylvestris, N. rustica, N. tabacum, Datura innoxia, 
S. brevidens, Lycopersicon esculentum, etc. (17 -28 ,  87, 160, 170, 182-  
2OO). 

Gaff et al. (199) recently demonstrated electrofusion of  protoplasts 
prepared from desiccation-tolerant "resurrection grasses" of  the genera 
Eragrostis and Sporobolus (E. nindensis, S. festivus, S. lampranthus and 
S. stapfianus) and from desiccation-sensitive grasses of  the same genera 
(E. te f  and S. pyramidalis). 

Saga et al. (192) electrically fused protoplasts isolated enzymatically 
from the marine alga Enteromorpha intestinalis. Their work could be 
important because o f  the potential of  somatic hybridisation for the devel- 
opment  of  new marine crop plants. 

Cell wall regeneration of  electrofused plant protoplasts was first demon- 
strated for Petunia inflata by Zimmermann et al. (19). 
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Fig. 37. Dividing heterokaryon of the electrofusion experiment described in Fig. 36 

Electrical-field mediated interkingdom fusion was recently described by 
Salhani et al. (200). These authors fused a plant protoplast of  Petunia 
hybrida cv. comanche with a Friend cell. Properties of  both parents 
were expressed in the fusion product. Celt wall regeneration was observed, 
and haemoglobin synthesis could be induced with the addition of  DMSO 
(dimethylsulfoxide). 

Proof that electrically fused plant protoplasts are able to regenerate to 
the callus stage was first provided by Koop et al. (195, 196) who fused 
two mesophyll protoplasts of N. tabacum cv. xanthi by electrical means. 
The fusion products were transferred in microdroplets of nutrient medium 
and cultured individually. From 100 individually cultured fusion products, 
Koop et al. (195, t96) succeeded in regenerating 62 microcalli. The 
ability to regenerate to the callus stage was not  significantly different 
from that of  unfused protoplasts from the same course. Tempelaar and 
Jones (190) demonstrated that regeneration of shoots from calli obtained 
by electrofusion is also possible. These authors produced heterokaryons 
by electrofusion of mesophyll protoplasts and suspension cells of  dif- 
ferent species (Figs. 36-38) .  Kohn et al. (197) reported somatic hybridi- 
sation of electrofused protoplasts isolated from suspension cultures 
of  two nitrate reductase deficient mutant  cell lines of  N. tabacum cv. 
gatersleben. They aligned protoplasts in an alternating field of 400 V/cm 
and a frequency of  0.9 MHz. Optimal results were obtained by injecting a 
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Fig. 38. Colonies from the experi- 
ments described in Figs. 36 and 37 
about 6 weeks after electrofusion. 
Photographs (Figs. 36-38) by 
courtesy of Dr. M.G.K. Jones and 
Dr. M.J. Tempetaar, Dept. of Bio- 
chemistry, Rothamsted Experi- 
mental Station, Harpenden, Hefts, 
U.K. 

pulse of 50 us duration and t.5 kV/cm strengths. Somatic hybrids were 
selected by their vigorous growth on a nitrate-containing culture medium 
and were found to have an active nitrate reductase system. The authors 
concluded that somatic hybrids derived from electrofused plant proto- 
plasts were viable and capable of regenerating into calli and exhibiting 
organogenetic responses by shoot differentiation. 

Although high yields of fused plant cells (capable of whole-plant regen- 
eration) have been obtained by electrofusion, it is thought that their 
viability may be compromised by the vacuoles. These may release salts, 
acids and lytic enzymes during the fusion process, and their large size may 
act to inhibit cell division. The electrofusion process itself is retarded by 
the presence of vacuoles. Zimmermann and Vienken (26) have reported 
that vacuoles only fuse about a minute after the intermingling process of 
the plasmalemma membranes. The fused cells can only become rounded 
when the vacuoles have fused. Isolated vacuoles, on the other hand, fuse 
in a fraction of a second after the application of the breakdown pulse. 

Bearing these problems in mind, Griesbach and Sink (201) developed a 
centrifugal method of vacuole removal. Hampp et al. (198) subsequently 
demonstrated the electrofusion of such evacuolated plant protoplasts. It 
is interesting to note that the field strength required for electrofusion of 
evacuolated protoplasts is half that required for fusion of normal proto- 
plasts (if the different radii are taken into account). This result is to be 
expected if the two membranes, tonoplast and plasmalemma, are switched 
in series - from an electrical point of view - in normal cells. 

In any case, the work of Hampp et al. (198) may provide a new way of 
achieving better regeneration of fused hybrids of different origin for plant 
breeding purposes. 
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Fig. 39. Fusion of human red blood cells. Top: Cell chain formation of human ery- 
throcytes at high suspension densities (400 V/cm, 1 MHz, 0.3 mol mannitol solution). 
Bottom: Fusion was induced by three subsequent electrical field pulses of 6 kV]cm 
strength and 5 ~s duration. The giant cells are surrounded by erythrocytes which were 
not exposed to the electrical field. From (80) 

5.7 Animal Cells 

Zimmermann and Pilwat (16) were able to demonstrate as early as 1978 
that discharging a high voltage capacitor through a human red blood cell 
suspension leads to fusion of  cells. However,  electrofusion using alternat- 
ing fields for alignment is more efficient. The controlled fusion of  thou- 
sands of  red blood cells with the standard electrofusion technique (Fig. 39), 
giving rise to  giant cells with a diameter of  30 tam to 1 mm ( 1 9 - 2 8 , 2 0 2 ) ,  
is a spectacular example. The production of  giant nucleated cells by  
electrical means is also possible ( 1 9 - 2 8 , 2 0 3 )  (Fig. 40). Ultrasound field 
fusion and magneto-electrofusion of  human red blood cells at high suspen- 
sion densities favour fusion o f  aggregates o f  2 or 3 red blood cells by field 
pulses, especially if ultrasound is used to establish cell contact  (164, 165). 
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Fig. 40. Formation of giant Friend cells of different sizes obtained by electrofusion of 
many pearl chains attached to each other (not shown, but see also Fig. 23). Fusion was 
induced by the application of a field pulse of 2.7 kV/cm strength and 20/as duration. 
The cells were suspended in isotonic marmitol solution. About 1 min after field pulse 
application electrolyte solution was added to induce the rnultinucleated fused cells to 
become spherical 

Electrofusion of  human red blood cells requires pretreatment of  the 
cells with neuraminidase, pronase or dispase, whereas nucleated cells like 
Friend cells, myetoma cells and lymphocytes  can be electrically fused in 
the absence of  these digestive enzymes (provided that the appropriate 
solutions are used). 

In general, however, the fusion rate of  animal cells and eggs is increased 
by a brief enzyme pretreatment.  As mentioned elsewhere (203), enzyme 
pretreatment increases the stability of  the cells in high field strengths so 
that the critical value at which reversible breakdown turns into irreversible 
mechanical destruction of  the membrane becomes significantly higher. 
The various possible mechanisms responsible for this effect o f  the diges- 
tive enzymes are discussed elsewhere (20). Recently the facilitation of  
electrofusion by proteolytic enzymes has been reinvestigated by Ohno- 
Shosaku and Okada (204, 205) who found that electrofusion of  mouse 
lymphoma (L 5178 Y) was also enhanced by dispase, pronase and trypsin 
treatment. Protease inhibitors (aprotinin and p-tosyl-L-lysine chloro- 
methylketone)  suppressed the effect of  trypsin. On the other hand, the 
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protease inhibitor PMSF (phenylmethylsulfonyl fluoride) failed to abolish 
the pronase effect on electrofusion of  mouse lymphoma cells. This finding 
agreed with the results reported by Vienken et al. (68) who found that 
fusion between SP 20 and X 63 mouse myeloma cells on the surface of  
microslides treated with poly(L)-lysine and pronase is not affected by the 
presence of  PMSF. Ohno-Shosaku and Okada (204, 205) argued that the 
discrepancy between the different effects of inhibitors on trypsin and 
pronase can easily be explained by the heterogeneous composition of the 
pronase enzyme. They pointed out that PMSF may not inhibit all com- 
ponents of  pronase. Their conclusion was supported by the experimental 
finding that heat treatment of  pronase E (90°C, 3 min) significantly 
reduces its effect on electrofusion of  mouse lymphoma cells. Ohno- 
Shosaku and Okada (204, 205) therefore concluded that the facilitation 
of electrofusion by proteases is attributable to their proteolytic activities. 
However, they pointed out  that very low concentrations of  free Ca 2÷ ions 
are a necessary prerequisite, having found that Ca 2÷ (but not Mg 2÷) ions 
at more than millimolar concentrations are indispensable for cell fusion. 

The author of  this review believes that the positive effect of pronase on 
electrofusion may be due to changes in the surface charge and hence the 
surface potential, caused by the proeolytic reaction. As discussed in 
previous sections, a change in the surface potential leads to changes in the 
intrinsic membrane potential (field). If we assume that the intrinsic field 
is reduced, then higher field strengths are required for breakdown. 

In a follow-up paper, Ohno-Shosaku and Okada (206) showed that 
extracellular application of  phospholipase A or C suppressed the fusion 
yield. This finding could indicate that phospholipid domains play a crucial 
role in electrofusion and that the proteolytic reaction gives rise to protein- 
free lipid domains. This has also been suggested by Zimmermann et al. 
(19 -28)  with the comment  that this possible interpretation need not  
necessarily contradict the "surface potential" hypothesis. The two effects 
may be connected or occur simultaneously. Further studies are undoub- 
tedly necessary in order to explain the effect of  these enzymes. 

Normal human lymphoblasts (HSC93) and mouse leukaemic lympho- 
blasts (MCN 151) which have a similar phenotype to Fanconi's anaemia 
cells have been successfully fused with the standard electrofusion tech- 
nique [field conditions (204), alternating field 0.8 kV/cm in strength, 
duration 10 us]. Differential staining of  the two cell types with Janus 
Green and Neutral Red revealed that about 40% of  viable fused cells 
represented heterokaryonic fusion. 

Podesta et al. (207) recently reported steroid hormone and cyclic AMP 
production in adrenal-Leydig cell hybrids generated by electrofusion. 
Leydig cells were prepared by collagenase digestion of  adult rat testis and 
fused with rat adrenocortical cells obtained by trypsin digestion from the 
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zona fasciculata-reticularis. It is interesting to note that alignment of  com- 
binations of the two cell types in an alternating field of 650 kHz frequency 
and 2.5 kV/cm field strength took 9 min and that fusion could only be 
achieved by injecting 9 pulses of  15 us duration and 3.75 kV/cm field 
strength. The resulting hybrids simulatenously synthesised testosterone 
and corticosterone when stimulated with lutropin or adrenocorticotropin. 

The groups of Tsong and Teissie (208-210)  reported electrical pulse- 
mediated fusion of cells in monolayer cultures. In these experiments 
natural cell-to-cell contact in confluent was used. Teissie et al. (208) fused 
mouse 3T3-C2 fibroblasts by electrical means. The application of 5 suc- 
cessive pulses of  1 kV/cm field strength and 50 us duration caused approx- 
imately 20% of  the cells to fuse in the presence of  1 mmol magnesium. 
Multinucleated cells were also obtained. On the other hand, electrofusion 
of free suspended 3T3 cells, using the standard technique, resulted in a 
high yield of  fusion products, but high field strengths (7 kV/cm) were 
required to obtain viable products as verified by Trypan Blue staining [see 
review (20)]. Blangero and Teissie (210) fused Chinese hamster ovary 
cells (CHO) in monolayers. They claimed yields of up to 80%; the viabil- 
ity was also checked with Trypan Blue. 

Using the same pulse technique, Finaz et al. (209) fused a co-culture of  
clone ID and CH rodent cell lines (using 5 successive pulses of 1.5 kV/cm 
strength and 50 t~s duration). Hybrids were obtained in selection medium 
with a frequency of  1 x 10 -3 , which is 100 times higher than with PEG. 
Seventeen of  the 325 hybrid clones obtained in this manner were pro- 
pagated for 2 months in selective medium and karyotyped and analysed 
for their enzymatic markers to confirm their hybrid nature. 

Electrical pulse-induced fusion of  a special biological system is described 
by Neumann et al. (211) who electrically fused clustered cells of  the 
mould Dictyostelium. 

5.7.1 Hybridoma 

Hybridoma cells are capable of  permanent production of  an antibody 
specifically directed against a given antigen (so-called monoclonal anti- 
body) and therefore have enormous potential in medicine (serology, dia- 
gnostics and therepeutics) and technology (2 12, 213). The production of 
hybridoma ceils which secrete monoclonal antibodies is based on the 
fusion of myeloma cells and spleen cells from appropriately immunised 
animals (usually mice or rats). 

Electrofusion of  mouse myeloma cells with lymphocytes was first 
reported by Vienken and Zimmermann (94), who used a special electro- 
hydraulic procedure in order to obtain high yields of pronase-pretreated 
myeloma/lymphocyte pairs. Production of  human hybridoma cells by 
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electrofusion was reported at the same time by Bischoff et al. (214). 
These studies have already been reviewed in detail, so there is no need to 
discuss them at length here. However, we should mention that Htibner 
et al. (215) have also recently reported on the successful production of  
human hybridoma cells with the aid of  electrofusion. 

Recent progress in electrical field-induced production of  hybridoma 
cells has been achieved by improving the fusion medium and the resealing 
conditions. Vienken and Zimmermann (91) found that, as in the case of  
electrofusion of  yeast cells (90), divalent cations played an important role 
and that the sugar included in the nonelectrolyte solution in which electro- 
fusion is performed influenced the viability of  the fusion products. 
Optimal fusion in the helical chamber with very high yields of  hybridoma 
cells was obtained when fusion was performed in isotonic isositol solu- 
tions containing 0.1 mmol Ca2÷-acetate, 0.5 mmol Mg2÷-acetate and 
1 mmol phosphate buffer. Thirty seconds after electrofusion the tempera- 
ture was raised to 37°C, and so-called postfusion medium was added to 
improve the resealing process of  the membranes of  the resulting hybridoma 
cells. The composition of  the postfusion medium was: 132 mmol NaC1, 
8 mmol KC1, 0.1 mmol Ca2÷-acetate, 0.5 mmol Mg2÷-acetate, and phos- 
phate buffer. A 30-min incubation of  the fusion products in this solution 
and subsequent transfer to selection (HAT) medium led to yields of  
hybridoma cells which were 2 - 3  orders of  magnitude higher than those 
obtained by PEG fusion. The hybridoma cells obtained with lymphocytes 
stimulated in vitro by lipopolysaccharides or by immunisation of  mice 
with sheep red blood cells were found to secrete monoclonal antibodies 
(Schmitt and Zimmermann, unpublished data). It should be noted that 
pretreatment of  the parental cells with digestive enzymes was not required 
in these experiments. 

Karsten et al. (216) and Brown et al. (217) were also able to produce 
hybridoma cells capable of  secreting monoclonal antibodies, using the 
standard electrofusion technique and conditions described by Vienken 
and Zimmermann in their first two papers (94, 214). Even though these 
authors pretreated the parental cells with pronase, the yield of secreting 
hybridoma cells was satisfactory. It was a little higher than in the control 
experiments where PEG had been used for fusion. 

Further improvement o f  hybridoma electrofusion is expected if it 
becomes possible to presetect actively secreting lymphocytes prior to 
fusion. Arnold et al. (105, 106, 218) showed that it is possible to distin- 
guish actively secreting lymphocytes from nonsecreting cells by means of  
the technique of  cell rotation in a rotating electrical field. When a rotating 
field of  variable frequency is applied to a cell suspension, the maximum 
rotation rate occurs at a specific frequency which depends (among o ther  
things) on the cell membrane properties (105,106,  218, 219). The differ- 
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ences in the specific frequencies detected between secreting and non- 
secreting tymphocytes may therefore reflect changes in the membrane 
capacitance or resistance or in the internal conductivity of the cells. This 
technique is sensitive to all these changes (219). Preselection of other 
physical stages of  cells may well be possible with this technique, thus 
allowing for more successful and precise cell fusion. 

Another approach of  combined preselection and electrical pulse- 
mediated fusion of myeloma cells with lymphocytes was reported by Lo 
et al. (220). These authors were able to ensure proximity between B lym- 
phocytes and myeloma cells by synthesising a selective cross-bridge 
between the two. The B cell is bound by the antigen against which it is 
specialised (the surface of the B cell has receptors for this antigen). The 
myeloma cell surface is modified with biotin and therefore binds to avidin 
molecules which are covalently linked to the antigen. It is then possible 
to achieve fusion between myeloma cells and those B lymphocytes secret- 
ing a particular antibody. Electrically fused hybridoma cells have shown 
to produce monoclonal antibodies. 

Although the above technique is interesting, it does require the time- 
consuming multistep synthesis of a new link molecule for each new anti- 
body to be produced. In addition, the antigen must be strongly interactive. 

5. Z2 Blastomeres and Eggs 

Berg (221 ) described electrical field-mediated fusion of  2- to 8-ceU mouse 
blastomeres using attached microelectrodes. However, no mention is made 
of the viability of  the fusion products. 

Electrofusion of blastomeres of  2-cell mouse embryos with an intact 
zona pellucida was also reported by Kubiak and Tarkowski (222). Fusion 
was most frequent with the field strength of 1 kV/cm and field pulses of 
100-250 tas duration. An electrolyte solution (PBS) was used instead of  
a nonelectrolyte solution (0.3 M mannitol). The viability of blastomeres 
fused in these two types of  solution is similar. Fused 2-cell blastomeres 
develop into tetraploid blastocysts but die after implantation. Embryos 
in which blastomeres failed to fuse despite the treatment (diploid con- 
trols) developed tilt term. The technique was also be applied to 3- and 
4-ceU embryos and to zona-free oocytes and blastomeres. 

Electrofusion has also been used to fuse eggs. Richter et al. (223) fused 
denuded eggs of the sea urchin species Paracentrotus lividus (Fig. 41). 
Because of  the size of the eggs, special electrofusion chambers with a large 
space between the electrodes were requited. Egg chains were obtained in 
an alternating field of 2 MHz. In well-pigmented eggs, pigment capping 
was observed in the areas of  contact. Fusion was initiated by an initial 
short electrical field pulse (400 V/cm, 50-400/as  duration) followed by a 



Electrical Breakdown, Electropermeabihzation and Electrofusion 237 

Fig. 41a-g. Time course of electrofusion between three sea urchin eggs attached to the 
electrode by dielectrophoresis in nonconductive, isotonic solution (frequency 2 MHz, 
field strength about 200 V/cm). Fusion was triggered by the application of two field 
pulses (400 V/cm, 50 /.ts). Photographs were taken after pulse application: a 1 min, 
b 2 min, c 3 min, d 7 min and e 15 min. In e-g the eggs were transferred into arti- 
ficial sea water, f, g irregular cleavage patterns of fused two-egg stages after fertilisa- 
tion by sperm. From (223) 

second pulse 3 min later. The fused eggs had intact nuclei and could be 
fertilised, but underwent abortive cleavage. 

Savage et al. (83) also recently reported the successful electrofusion of  
Xenopus eggs. Pulse lengths in the millisecond range were required 
because of  the radius-dependent relaxation time for the build-up of  the 
membrane potential (see above). 

6 Electrofusion as a Tool in Membrane Research 

Etectrofusion has great potential not only in somatic hybridisation but 
also in membrane research. 

The controlled production of  giant cells by fusing thousands of  indi- 
vidual cells enables microelectrodes to be introduced into these giant cells 
for measurement of  the electrical properties of  cell membranes (Figs. 39 
and 40). This opens the way to direct studies of  the interactions of  mem- 
brane-active substances (including pharmaceuticals). 
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For example, Salhani et al. (224) investigated the hydraulic conduc- 
tivity (water permeability) of  fused plant protoplasts. They found that the 
values for the hydraulic conductivity agreed well with those published in 
the literature and measured with different techniques such as the pressure 
probe (47,225).  

Since the fusion process is synchronous for all cells exposed to the 
electrical field pulse, the individual intermediate stages can be studied in 
detail. For example, Vienken et al. (185) showed by light microscopy of  
both plant and mammalian cells (unpublished data) that vesicles are 
formed during the intermingling process of  the membranes of  adjacent 
cells up to the rounding-off stage. The formation of  vesicles was to be 
expected in the light of  the mechanism of electrofusion [(19-28) ,  see also 
(220, 227)]. It should also be noted that the arrangement of  the vesicles 
may reflect a periodicity in the contact points, as predicted by the mem- 
brane-wave theory of Dimitrov (64, 65). Periodicity in the contact area 
of poly-lysine aggregated erythrocytes has also been observed by Hewison 
et al. (228). 

Studies of the rate of rounding-off of  the cells after application of the 
breakdown pulses can also yield information on the factors involved. 
Verhoek-K6hler et al. (186, 191) were thus able to demonstrate that the 
rate of rounding-off of  mesophyll protoplasts ofA. sativa was affected by 
the energy charge of the cells which could be influenced by various 
metabolic inhibitors. The authors were also able to show on various fused 
multiples of  plant protoplasts that the ATP/ADP ratio did not change. 
This indicated that no leakages had occurred during the fusion process. 

Hampp et al. (198) showed that various physical factors such as vis- 
cosity and surface tension of  the cell membrane may also be involved in 
the kinetics of  electrofusion. That the effective viscosity of  the cell con- 
tents is sometimes limiting is evident from the observation that, compared 
to protoplasts, fused cells without vacuoles round off very slowly, whereas 
vacuoles (184) fuse very rapidly [as do liposomes (171), see also above]. 
Hampp et al. (198) also found that the threshold voltage for fusion of  
protoplasts is almost double that of evacuolated cells. We can therefore 
deduce that the vacuolar membrane is electrically in series with the plas- 
malemma under fusion pulse conditions. 

The combination of freeze-fracture electron microscopy and electro- 
fusion is likely to be of particular value for membrane studies. Sowers 
(229, 230) demonstrated this for the first time for vesicle-shaded mito- 
chondrial inner membranes and for red blood cells. He was able to show 
that it is possible to precisely co-ordinate quick-freezing of the suspension 
with electrofusion at a known time after fusion had been initiated elec- 
trically. In two recent papers (231,232).  Sowers studied the movement of  
a fluorescent lipid label (DiI), following electrofusion, from a labelled 
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erythrocyte membrane to an unlabelled one. The great advantage of  the 
electrofusion technique, namely the synchronicity of the fusion process, 
is highlighted by this author. The average lateral diffusion coefficients 
measured by Sowers (231 ,232)  compare very favourably with the results 
of the photobleaching studies of  the lateral diffusion of  DiI in erythrocyte 
membranes. 

Donath and Arndt (233) also measured diffusion constants by using the 
electrofusion technique. Their approach is quite ingenious. They fused 
neuraminidase- or trypsin-pretreated human erythrocytes with untreated 
cells. The resulting doublets had a permanent disappearance of  the dipole 
moment  which disappeared as a function of time. Since the disappearance 
of  the dipole moment  is due to protein interdiffusion, it is possible, in prin- 
ciple, to determine the lateral diffusion coefficient. The authors achieved 
this by fixing fused cells at different time intervals after the electrical pulse 
and by measuring the reorientation of fixed doublets in a static field. They 
found a surprisingly high diffusion constant for proteins (3 x 10 -9 cm 2/s). 

Even though we are only just beginning to apply this technique to 
membrane research, it has become evident that electrofusion is an invalu- 
able tool for the elucidation of  membrane processes and structure. 

7 The Possible Role of  Electrofusion in Evolution 

There is now strong experimental evidence (234-237)  to support the 
hypothesis of Zimmermann (67) that electrofusion was an important step 
in evolution after the first simple cells or analogous entities had come into 
being. High electrical field of  millisecond duration, such as are required 
for the electrical breakdown of the cell membrane, continue to occur on 
Earth even now. The critical breakdown voltage could easily be reached if 
the electrical field was suddenly increased by a lightning discharge or even 
as a direct effect of  the currents radiating from a nearby stroke to ground. 
The typical duration of  lightning is 1 - 100/~s which would be sufficient to 
produce the occasional viable hybrid. Large electrical fields can also be 
built up during the freezing process of  aqueous solutions, the so-called 
Workmann-Reynold effect [see review (23)]. For example, a voltage 
potential of  20 V can be generated in the interphase between unfrozen 
solution and ice during the freezing of  1 mmol NaC1 solution. Experimen- 
tal evidence supports the view that these high voltages arise from charge 
separation. This seems to be the result of selective rejection from the ice 
rather than selective inclusion of  ions in the ice crystals. 

High electrical fields (sufficient to cause coronal discharge) within the 
Earth's surface are also thought to be generated by severe earthquakes, 
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perhaps by a mechanism involving rapid vaporisation of  water within the 
fracture zone (238). However, other mechanisms which possibly operate 
during earthquakes, e.g. piezoelectricity (239), could also be candidates. 
The short time constant of  the piezoelectric effect in rocks of  realistic 
conductivities is no disadvantage, because membrane breakdown occurs in 
10 ns or less (240). 

Zimmermann and Ktippers (234-236)  performed simulated lightning 
experiments in the laboratory and were able to show that mesophyll 
protoplasts of A. sativa could be fused, provided that the suspension 
density was sufficiently high. Under these conditions, dielectrophoresis 
with subsequent membrane contact is established for the duration of the 
field exposure. Dielectrophoresis could also be induced by electromagnetic 
waves such as are emitted by the sun. Subsequent simulated lightning dis- 
charge also resulted in the fusion of  plant protoplasts. 

Broda and Zimmermann (237) have also been able to demonstrate that 
simulated lightning discharges lead to fusion between yeast cells (S. cere- 
visiae) with different genetic markers, analogous to the experiments of  
Schnettler and Zimmermann (90). Viable hybrids resulting from such 
experiments could be obtained with the aid of  selection media. 

Zimmermann and Ktippers (234-236)  were able to demonstrate most 
convincingly that cells could be fused between pieces of  ore-containing 
rocks if the cells were exposed to electrical discharges in gaps between the 
rocks (Fig. 42). Theoretical estimates of  Ktippers et al. (236).show that 
under certain conditions, electrical migrating waves in the earth can lead 
to fusion in pond water at distances of  up to half a kitometre from the 
lightning strike. Moreover, Broda and Zimmermann (237) have demon- 
strated that lightning strikes in water can lead to fusion by way of  electric 
fields caused by lightning discharge into the water. 

In the light o f  these experimental findings, the question is to what 
extent present-day atmospheric conditions can be extrapolated to the 
beginnings of  evolution, i.e., how frequent were lightning storms during 
evolution? There are hardly any archaeological traces of  such storms 
(sand and stone fulgurites), and in the case of  possible fossil fulgurite 
finds, the possibility of  a more recent origin cannot be ruled out. 

Nevertheless, we can safely assume that lightning storms frequently 
occurred in the primitive atmosphere, given that creation of  a lightning 
storm only requires a dense atmosphere in which charge separation can 
take place. The composition of  the atmosphere plays a completely sub- 
ordinate role in this process. Planets in our solar system such as Venus, 
Jupiter, and Saturn, which fulfil the criteria of  a dense atmosphere, 
also exhibit atmospheric electrical discharges. No discharges are observed 
on Mars because the atmosphere is too thin. 
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Fig. 42. Set-up of the "evolution" experiments. Plant protoplasts were fused between 
two pieces of ore-containing rocks. Fusion was iniated by a spark discharge (not 
shown) 

If we further consider that lightning storms are particularly common in 
the warm humid regions of  the Earth, then the hypothesis of  lightning- 
induced electrofusion has to be accorded a certain amount of  credibility. 
At the very least, this hypothesis has the advantage over other hypotheses 
currently under discussion that it can be supported by experiments in the 
laboratory. 

It is also interesting to note that Hui et al. (241) described a fusion 
method for liposomes based on freezing and thawing. It is conceivable 
that the basic step in the fusion of liposomes with this procedure is an 
electrical field effect arising from the high field strength at the membrane/  
water interface. Freezing and thawing may therefore represent an alter- 
native method of  generating short-lived electrical fields of  high intensity. 
Steponkus et al. (242) also recently reported that they have strong 
evidence for the involvement of  electrical breakdown in the cryoinjury of  
isolated plant protoplasts. 

If this is true, we can speculate that transient high electrical fields occur 
during freeze-fracture which may alter the membrane structure, with the 
consequence that freeze-fracture electron microscopy does not reflect the 
natural state of  the membrane or the cell interior, but rather the state 
after breakdown has occurred. 

In this context it is also worth mentioning again that organeUes and 
even whole cells can be sequestered through membranes with the aid of  
electrical breakdown, without influencing cell integrity (Figs. 3 -5 ) .  The 
hypothesis that chloroplasts and mitochondria in eukaryotic cells origi- 
nated from bacteria taken up into the cells is strongly supported by these 
laboratory experiments. Furthermore, Hub et al. (172) found that uni- 
lamellar liposomes of  celt size are able to form when lipid solutions are 
exposed to an elevated temperature of  70-90°C for about 4 - 6  h. In 
particular, high yields of  cell-sized liposomes are produced when the sur- 
face area is increased, for example by adding small glass beads to the lipid 
solution (243). It is likely that such temperatures occurred in the primaeval 
soup. In addition, the tidal times of  6 h (low tide and high tide) correspond 
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to the times at which optimal liposome formation is observed. The required 
surface could have been provided by sand grains contained in rocky 
pools of  primaeval soup. Since liposomes can easily be fused by electri- 
cal fields, it is possible that electrical fields were also involved in the 
creation of the first cell entity for which a lipid membrane was undoub- 
tedly an important prerequisite. If we also take into account the experi- 
ments of  Miller (244) (i.e., the generation of biological building blocks by 
means of lightning discharges), we may postulate that life can only be 
created if the atmosphere of a planet has all the prerequisites for lightning 

discharges. 

8 Conclusions 

The considerable amount  of  activity in the field of electrofusion and 
electropermeabilization is very promising from the point of  view of new 
insights into biomembranes and new technologies in the future for the 
production of new compounds and modification of  cell systems for nutri- 
tion, energy production and the removal of  waste products. It is particu- 
larly gratifying to see how basic science has provided the foundation for 
a useful technology, although in some cases the time needed to develop an 
application is very long. In other cases, it is necessary to overcome the 
difficulties posed by existing schools of thought which have been shown 
to be wrong. It is fascinating to observe the many developments and dis- 
coveries in the areas of physics, material science, space technology and 
electronics which are just waiting to be applied to biological systems. An 
increased interdisciplinary collaboration between physicists and biologists 
could provide considerable impetus to biology and its application in tech- 
nology. However, this can only be achieved if basic research into biological 
membranes is accelerated. The techniques for electrical breakdown, 
electropermeabilization and electrofusion could be an important tool in 
this process, since we cannot rule out the possibility that the high electri- 
cal fields occurring naturally in the membrane play an important role in 
the selective transport of  substances across the membrane as well as in 
natural regulatory processes. 

Acknowledgement. I am very grateful to Mrs, I. Stiirmer for typing the manuscript. 
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Appendix: Mechanism of Electrical Breakdown 

The molecular processes and structural reorganisations leading to electrical 
breakdown and occurring during the subsequent resealing process still 
have to be fully elucidated. However, in recent years a number of theoreti- 
cal concepts about the mechanism of electrical breakdown have been 
developed which represent the first stages towards an understanding of the 
field-induced molecular processes. Instabilities of  the membrane which 
arise as a result of  electrical or osmotic (mechanical) stress and ultimately 
lead to reversible breakdown, can be described by various thin film models 
using a linear stability analysis (35, 37, 40-50 ,  64, 65). 

Crowley (44) developed a thin film model for irreversible electrical 
breakdown of bilayer membranes. In this model, the membrane is regarded 
as an isotropic elastic layer sandwiched between two semi-infinite, elec- 
trically conducting liquids. Crowley (44) assumed that the instability in 
response to a membrane potential developed as a monotonic growth of 
some small initial disturbances, as opposed to an oscillation of increasing 
amplitude. The calculations of the resulting changes in the electrical and 
elastic stresses and the analysis of the equations obtained showed the 
existence of a critical membrane potential at which rupture occurs. The 
calculated breakdown voltages of about 200-300 mV were too low to 
explain reversible electrical breakdown at about 1 V (but see below), but 
they agreed very well with the voltage values at which irreversible mechan- 
ical rupture of cell membranes and artificial bilayer membranes had been 
observed [see also (37)]. The belief was therefore at the time that a mem- 
brane cannot be polarised beyond, say, 200-400 mV. 

On the basis of Crowley's model, Zimmermann et al. (35) and Zimmer- 
mann and Coster (40, 4 1 , 4 5 - 4 7 )  developed an etectromechanical model 
for reversible electrical breakdown, in which they included mechanical 
external forces in the analysis, in addition to the electrical forces. 

Briefly, the membrane can be regarded as a capacitor filled with a 
dielectric material of  a low dielectric constant (of the order of 2) compared 
with that of water (Fig. 1). As a result, free charges can be accumulated 
at both membrane surfaces, but cannot exist in high concentrations in the 
membranes, at least not within the hydrocarbon layer. The application of 
the field pulse leads to an accumulation of more surface charges or to an 
increase in the transmembrane potential (see above). The generated 
charges are of opposite signs and attract each other. This attraction gives 
rise to a compression pressure which acts on the membrane surface and 
causes the membrane thickness to decrease (Fig. lb). The distance between 
the opposite charges on the two membrane surfaces is thus reduced, and 
the compression pressure is correspondingly raised because the electric 
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forces increase with decreasing separation. An elastic or viscoelastic (for 
rapid thickness changes in response to high electric field pulses of  very 
short duration) restoring force opposes the electrocompression of  the 
membrane thickness. Since these electric compressive forces increase more 
rapidly with decreasing membrane thickness than the elastic restoring 
compression forces, a local breakdown of  the membrane occurs at a 
certain external electrical field strength (compression pressure). This is 
because any local perturbations of  the membrane surface shape (due to 
thermal fluctuations or other  causes) will grow spontaneously in an 
electrical field which has sufficient intensity to overcome the opposing 
rheological forces. 

A theoretical analysis shows (40) that the breakdown voltage is repre- 
sented by the following equation: 

0.369 7m 
g 2 = . 2 

c (p=o) em .eo . d  o (10) 

where V c (P = 0) = breakdown voltage at pressure zero, 7m = elastic com- 
pressive modulus, e m = dielectric constant of  the membrane,  e o = dielec- 
tric constant o f  the vacuum and d o = thickness o f  the membrane in the 
unstressed state. 

The incorporation of  mechanical compression forces arising from 
hydrostatic pressure differences or osmotic differences across the mem- 
branes (which in plant cells are stabilised by a cell wall) leads to the fol- 
lowing dependence of  the breakdown voltage on the hydrostatic pressure 
difference: 

Vc = Vc (P = 0) exp ( -P /7 )  (ll) 

where 3' = effective elastic modulus [see (225)]. 
Equation 11 shows that the breakdown voltage should decrease as the 

pressure gradient increases. This prediction has been confirmed experi- 
mentally for a pressure range o f  a few bar by combined direct pressure 
and breakdown measurements in giant algal cells of  Valonia utricularis 
(41). The predicted decrease of  the breakdown voltage with increasing 
pressure gradient can be understood qualitatively, since precompression o f  
the membrane by mechanical forces must lead to an equivalent reduction 
of  the electrical compression forces. If Eq. 11 is extrapolated to high pres- 
sure values, we would expect the mechanical precompression of  the 
membrane to become so high in the extreme case that the breakdown 
voltage is achieved by the natural resting potential. Indeed, Zimmermann 
et al. (49, 50)were able to demonstrate that a uniform hydrostatic pressure 
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of about 600 bar leads to a reversible breakdown of the membrane, as 
measured by the increase of the potassium efflux. This pressure range was 
predicted by the electromechanical model (by making some assumptions 
about the effect of uniformly acting pressure and of the pressure depen- 
dence of the elastic modulus). 

The electromechanical model of Zimmermann et al. (35, 41)has  the 
advantage that all parameters are experimentally accessible and that a 
number of experimental findings can be explained. Moreover, by analysing 
the breakdown data in terms of electromechanical compression, it was 
postulated for the first time that the membrane can be compressed 
perpendicular to the normal, i.e., that the membrane thickness in walled 
cells is a function both of the turgor pressure and the transmembrane 
potential and so should be dependent on those ions in the solution that 
determine the potential (225,245). 

Nowadays, it is generally accepted that the biological membrane is 
compressible. 

However, this simple thin film model could not explain - at least not 
quantitatively - the pulse length dependence of the breakdown voltage 
in the tas range which was discovered by Benz and Zimmermann for the 
membranes of Is. utricularis and for artificial bilayer membranes [see 
review (19, 246-248)].  The electromechanical model had also failed to 
take into account the contribution of the surface tension and the viscous 
properties of the membrane. 

The kinetics of reversible breakdown and in particular the pulse length 
dependence of the breakdown voltage were recently explained by Dimitrov 
(64) and Dimitrov and Jain (65) who generalised the thin viscoelastic film 
model by using the disjoining pressure approach. This means that the 
effects of  the long-range intermolecular forces are incorporated into the 
boundary conditions instead of being introduced into the equation .of 
motion (body force approach) as was originally done by Jain and Mal- 
darelli (249) and Sanfeld and co-workers (250). 

The linear stability analysis consisted of an analysis of the behaviour of 
small perturbations (due to thermal fluctuations or external constraints 
like the electrical field) of  the shape of the two membrane surfaces. An 
arbitrary shape perturbation can be represented by a superposition of  
waves characterised by their wave numbers k, where the wave number is 
inversely proportional to the wavelength. The wave number k of a pertur- 
bation that corresponds to marginal stability is referred to as the critical 
wave number k c. In most cases, waves with smaller wave numbers than the 
critical one lead to membrane instability. Among these waves there are 
one ore more for which the so-called growth factor has a maximum value, 
which means that the perturbation will grow. These waves are called 
dominant because they will break and/or bend the membranes faster than 
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the other waves. In this way, the time of rupture or bending can be 
estimated as being proportional to the inverse value of the growth coef- 
ficient of the dominant wave. An analysis of the equation relating the 
frequency to the wave number (i.e., the disperson equation) shows that 
the perturbation motion can be split into two fundamental modes of 
vibration: a squeezing mode in which the two surfaces are out of phase 
(phase shift 180 ° ) and the film exhibits local thinning (as in the simple 
electromechanicat model), and a stretching and bending mode in which 
the surfaces are in phase and the film thickness remains constant. One or 
both of the modes may be present during membrane instability, leading to 
membrane rupture and/or bending. 

The disjoining pressure approach of Dimitrov (64) has the advantage of 
being simpler than the body force approach of Jain and Maldarelli (249). 
Because of the lack of experimental data for more complicated viscoelastic 
models, Dimitrov (64) analysed the simple case of a Kelvin body. The 
theory predicts a critical potential which is given by Eq. 12 for the bound- 
ary condition that the membrane tension is zero: 

.24 • o t • ')'m " d3o ~ 1/4 

Vc ---- 2 2 ) e o e m 
(12) 

where a t = surface tension. 
Equation 12 holds for zero membrane tension. 
This equation differs from the predictions of the electromechanical 

model of  Zimmermann and Coster (40, 41 ,45 -47)  by the factor )1,4 
3' m 

(13) 

(see also Eq. 10). 
It is evident that the breakdown voltage is proportional to o~/* in 

Dimitrov's model. A reduction of the surface tension, e.g., by the addition 
of detergents and local anaesthetics, thus leads to a decrease in the break- 
down voltage even though the elastic compressible modulus Tm may be 
very high. As demonstrated by Pilwat et al. (78) this is indeed the case, at 
least for the local anaesthetic benzyl alcohol at high concentrations. The 
theory also yields the following relationship between the breaking time, 
which is inversely proportional to the growth factor of the dominant 
wave, and the apparent critical breakdown voltage: 

- = V - 4  - 1 ( 1 4 )  Tb 1 
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where r b is the normalised time constant of membrane breakdown in this 
particular case, the time after which an applied electrical field will induce 
a high conductance state; V = V m/V c. 

In other words, Eq. 14 states that higher voltages must be established 
across the membrane at shorter pulse lengths, i.e., the breakdown voltage 
increases compared to the values at longer exposure times. In contrast, 
the electromechanical model explains the increase of  the breakdown 
voltage at shorter pulse lengths qualitatively by the assumption that the 
elastic compressive modulus ~/m increases with shorter pulse lengths 
because of  the viscoelastic properties of  the membrane, with the con- 
sequence that the breakdown voltage actually increases according to 
Eq. 10. A combination of  Eqs. 12 and 14 gives rise to Eq. 15: 

= (1 + lO-lg~'b) 1/4 (15) 

Equation 15 was used to fit the experimentally established dependence of 
the breakdown voltage on pulse length (246-248) .  Using the appropriate 
values, Dimitrov (64) was able to show that the data of  Benz and Zimmer- 
mann (246-248)  could be fitted very well over a wide range of  pulse 
lengths with the exception of  pulse lengths below 100 ns. The data of  
Abidor et al. (51) on the other hand could only be fitted over a narrow 
range of  longer pulse lengths by the theoretical equation. However, this 
disagreement is understandable in the light of  the experimental approach 
used by these latter authors. 

On the basis of  the good agreement between the theory and the experi- 
mental data of Benz and Zimmermann (19 ,246-248) ,  Dimitrov (64) sug- 
gested the following sequence of  events involved in electrical breakdown: 
(1) growth of  the membrane shape fluctuations, (2) molecular rearrange- 
ments leading to a discontinuity of  the membrane (which is not as yet 
clarified), and (3) expansion of  the pores resulting in the mechanical 
breakdown of  the membrane. 

The first process lasts microseconds or less and is described by the thin 
film model. The second stage is very short (nanoseconds). The last stage 
takes milliseconds or more and may be described by the phenomenolog- 
ical statistical theory of Chizmadshev and co-workers (51-59)  or by the 
stochastic model of  Sugar and Neumann (63). 

The statistical model of  Chizmadshev and co-workers (51-59)  is based 
on the assumption that the existing defects in the membrane structure can 
increase in size under the influence of  the electric field. This process leads 
to irreversible destruction of  the membrane. The disadvantage of this 
theory is that the final equations contain some parameters which are not  
accessible experimentally. 
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Petrow et al. (60) investigated the formation of hydrophobic pores and 
their transition to hydrophilic ones in the course of their growth. By 
analogy to Chizmadshev et al. (51--59). Petrow et al. (60) examined the 
influence of a radius- and field-dependent edge energy upon pore stability. 
As he pointed out, these relationships are very important. 

The field dependence of edge energy due to the favorable orientation of 
head group dipoles was also studied by Petrow et at. (60) and Sugar (62). 

In this context, it should be noted that Petrow et aI. (60) also demon- 
strated that curvature-induced polarisation may make a considerable con- 
tribution to the membrane potential [see also (251)]. Such effects may 
also be involved in electrofusion (20). 

Finally, we would like to discuss the question of whether pores actually 
do occur in the membrane as a result of electrical breakdown. The term 
electrical breakdown means - when analogous phenomena in solid state 
physics are taken into account - that transmembrane defects occur which 
can be considered as pores, channels, irregular leaks or orientation defects 
(251). 

Evidence for the formation of pores comes from electrical breakdown 
experiments on planar lipid bilayer membranes. Benz et at. (37) showed 
that reversible electrical breakdown in lipid membranes made up of 
oxidised cholesterol leads to a change in the resistance of the lipid bilayer 
by more than 8 orders of magnitude in the presence of 1 mol KCI solution 
on both sides. Such dramatic changes in the membrane resistance can 
apparently only be explained by assuming the presence of pores filled 
with conductive solution. Similar changes in the membrane resistance, 
once reversible breakdown has occurred, have also been observed in lipid 
bilayer membranes of different composition (which were partly modified 
by the addition of uranyl ions) (252,253). Such marked membrane resis- 
tance changes have not as yet been observed in cell membranes. Direct 
measurements on giant algal cells of V. utricularis by means of intracel- 
lular and extracellular electrodes have revealed changes in the membrane 
resistance of only about 1 order of magnitude (40, 79). In a lipid bilayer 
membrane, the resealing times of the generated perturbations are very 
short (about 2 - 2 0  tas) compared with the longqived defects in biological 
membranes which can persist for 10 min or more at low temperatures. 
We therefore have to conclude that conformational changes of proteins or 
nonuniform aggregation of proteins as a result of the tangential compo- 
nents of the electrical fields in the membrane give rise to these long-lived 
permeabilization stages of the lipid-protein membrane. In addition, 
rearrangements of the membrane components should occur very easily 
because of the high diffusion coefficients of the components in a mem- 
brane exhibiting a large number of defects [see (233)]. 
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Schwister and Deuticke (254) showed in erythrocytes that the electri- 
cally induced leaks do not discriminate very well between the alkali ions, 
but that in contrast the sodium halides permeate at increasing rates in the 
order o f  NaF < NaC1 < NaBr < NaJ, the sequence of decreasing hydrated 
radii. Organic anions are discriminated according to size and charge. The 
common properties of  these electrically induced defects and of  chemically 
induced leaks (diamide, periodate, t-butylhydroperoxide) in the erythro- 
cyte membrane led these authors to conclude that there are common 
similarities in the molecular organisation of  the electrically and chemically 
induced defects. They pointed out that the electrically induced pertur- 
bations may be comparable to the "leaky patches" thought to be formed 
in membranes round the complement complex after its insertion into the 
target membrane. 

Schwister and Deuticke (254) also suggested that a redistribution of  
proteins in the electrical field may be responsible for the occurrence of  
such leaky patches [see also (20)]. 

Dimitrov (64) also argued that it is still not clear whether these defects 
can be regarded as hydrophilic or hydrophobic pores in the lipid bilayer 
membrane of  the red blood ceils or whether they represent some sort of  
induced mismatch between lipids and intrinsic proteins. This is the key 
point which leads us back to the question formulated at the beginning, 
namely whether we can regard the long-lived defects induced in cell 
membranes as pores. At the present time it is difficult to make a decision, 
although the author of  this review believes, in the light of  the results and 
theoretical considerations of  Sackmann (251) and the arguments pre- 
sented above, that this concept is too simple and that the structural 
changes are considerably more complex. It is worth noting that Deuticke 
et al. (74, 77) have pointed out the parallels in the molecular properties 
or pores and flip sites. These authors have also shown that the dielectric 
breakdown of  the erythrocyte membrane enhances transbilayer mobility 
of  phospholipids. Their results clearly suggest the formation of  reversible 
structural changes in the lipid domain of  cell membranes after breakdown. 
The concept that such structural defects may represent pores as well as 
flip sites has been proposed by Van Deenen and co-workers (255) for 
artificial lipid and lipid-protein systems. An enhanced flip-flop could be 
connected with the formation of  pores, as suggested by Sackmann (251) 
and McLaughlin and Haray (256). 

As was first described by McLaughlin and Hara3/(256), the voltage drop 
across the bilayer provides an important driving force for the inside/out- 
side distribution of  charged lipids. These lipids determine the charge 
density of  the inner and outer membrane surface. According to Boltz- 
mann's law, we would expect: 
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Oo/Oi '= exp (--eV m/kT)  (16) 

where the indices i and o stand for the charge density o ' in the inner and 
outer lipid-water interface respectively. For normal flip-flop times of  some 
5 h, the lipid distribution could not follow changes in the membrane 
potential. However, if hydrophilic pores were able to form, the inside/ 
outside lipid distribution could change within a time scale o f  1/~s. This is 
the time a lipid would need to cross the pore by lateral diffusion. Thus, 
such effects can operate in the membrane once breakdown has occurred. 
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- - a s s e s smen t  o f  1 0 6 , 1 1 6  
- - c h a n g e  in  1 0 5 , 1 0 6  

- - - ,  e x t e n t  a n d  m a g n i t u d e  o f  154 ,  155  
- - c o n c e p t  o f  104  
- - c o n t r o l  155  
- - h e p a t i c ,  t e c h n i q u e s  136  
- - i m p o r t a n c e  o f  154 f f .  
- - pe r spec t i ve s  1 5 8  
- - p u l m o n a r y  1 4 4 - 1 4 7  
- - - ,  i m p o r t a n c e  o f  146  
- - r e s p o n s e s  1 1 7 , 1 1 9 , 1 2 0 f f .  
- - - ,  ac t ive  1 3 6 , 1 4 1 , 1 5 9  

- - - ,  i m p o r t a n c e  o f  1 2 6 , 1 2 7  
- - - , l a c k o f  1 2 6 , 1 2 7  
- - - ,  m e t h o d s  u sed  1 0 7 - 1 0 9 ,  116  

- - - ,  m i s c o n c e p t i o n s  1 2 6  
- - t o t a l  b o d y ,  m e t h o d s  o f  s t u d y  147  

a n d  c a t e c h o l a m i n e s  1 4 9 - 1 5 1  
- - - ,  r e f l ex  r e s p o n s e s  1 4 9 , 1 5 2 - 1 5 5  

s y s t e m i c  147  
- vs. r e s i s t ance  r e s p o n s e s  158  

- vessels 10 ,  1 0 3  
, a b d o m i n a l  a n d  s y m p a t h e t i c  s t i m u l a t i o n  

1 2 9 - 1 3 3  
, ac t ive  r e sponses  116  

- - a n d  c h e m o r e c e p t o r s  1 3 1 - 1 3 3  
, f u n c t i o n  o f  157  
, f u n c t i o n a l  e f f e c t  1 5 4  
, h u m a n  6f f .  
, s y m p a t h e t i c  a c t i v i t y  159  

c a p a c i t y  105  
c a r d i a c  c a t h e t e r  3 

- d e n e r v a t i o n  11 
, l a ck  o f  a r r h y t h m i a s  6 4  

- fa i lu re ,  r e f l ex  c o n t r o l  5 8 ,  5 9  
- o u t p u t  4 4 ,  4 6 ,  4 7 , 5 0 ,  1 4 6 , 1 4 7 , 1 5 7  
- - a n d  b a r o r e f l e x  2 2  

, dec rease  31 ,  3 2  
- - ,  in h y p e r t e n s i o n  6 5  

, m e a s u r e m e n t  o f  3 
- p a i n  6 3  
- r e c e p t o r s  1 5 3  
- r e f l exes  u p o n  c h e m o r e c e p t o r  a c t i v i t y  131  
c a r d i o c y t e s ,  a t r i a l  4 1  
c a r d i o p u l m o n a r y  b a r o r e f l e x e s  a n d  m u s c l e  

c o n t r a c t i o n s  4 3 f f . ,  4 9 f f .  
- m e c h a n o r e c e p t o r s ,  t e c h n i q u e s  16 
- r e c e p t o r s  9 , 1 2 5  

- - ,  d e a c t i v a t i o n  4 3  
- - ,  in h y p e r t e n s i o n  6 9  

, e f fec t s  o n  r e s i s t ance  vessels 2 4 ,  25 ,  27 ,  
2 8 ,  3 2 ,  3 3 ,  35 f f .  

- - ,  in v o l u m e  r e g u l a t i o n  4 0  
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cardiopulmonary reflexes 3 5 - 3 7  
- - , s t u d y o f  16, 17 
- - , v e n o u s  responses 114 ,115  
cardiovascular control ,  veins in 154 

- disease, reflex control  in 56ff. 
- events,  measurement  of  3ft. 
- reflexes, h u m a n ,  techniques  o f  s tudy 

1 3 - 1 7  
- sys tem,  h u m a n  2ff. 
carotid artery occlusion 15 
- body tumors  73 
- nerve s t imulat ion 15 
- sinus, smoo th  muscle in 15 

syndrome 73 
cateeholamines and adrenoceptors  6 
- ,  arteriovenous difference 8 
- ,  clearance 8 
- and hepat ic  circulation 137 
- ,  plasma levels 70 
- ,  splenic circulation 138 

- and total  vascular capacitance 1 4 9 - 1 5 1  
- as t ransmit ters  12 
cell a l ignment 2 0 3 , 2 0 4 , 2 1 4 , 2 3 1  
- format ion,  in evolution 242 
- fusion, filter technique 216 

- - ,  high suspension densities 216 
- - ,  me thods  2 1 5 , 2 1 6  

wi thout  electrode contact  206 
- isolation, magnetical  217 
- rotat ion,  technique 235 
- suspension densi ty  2 1 1 , 2 1 3 , 2 1 4  
cells, giant,  product ion o f  231 
Chagas'  disease 58 
chemical breakdown 249 
chemoreceptors  in man,  venous response 123 
- ,  pu lmonary  37 
- ,  s t imulat ion of,  in man  123 
chemoref lexes  45 
- ,  abdominal  circulation 131 
- and age 34 
- ,  cardiogenic hypertensive 63 
- ,  intestinal vascular 135 

- in man  34 
- ,  venomotor  response 113 
chloroplasts,  field-induced, release o f  180 
cholinergic vasodilator sys tem 52,  53 
circulation, abdominal ,  blood reservoir 142, 

143 
, impor tance  o f  capacitance 1 4 0 - 1 4 3  
, reflexes f rom cardiac receptors 134 

- central,  redistr ibution 40,  41 
- cutaneous,  reflex control  27 

- hepatic 135 
, reflex responses 137 ,141  

- human  splanchnic,  me thods  o f  s tudy 139 
, responses in 139 

- muscular ,  reflex 2 3 - 2 6 , 5 2 , 5 3  
- musculo-cutaneous  107ft.  
- pulmonary ,  capacitance response 154 
- - ,  me thods  o f  s t udy  144 ,145  

- - ,  responses o f  146 
- renal 4 7 , 5 0  

, , reflex control  26, 28 
effects 36 

- ,  splanchnic 47,  50, 5 5 , 1 5 0 ,  152 
• , change in capacitance in 155 
, , reflex regulation 28 

- ,  splenic, reflex responses 1 3 8 , 1 3 9 , 1 4 1  
cocaine 112 
cold pressure test  38 
- showers 53 
compliance t04 ,  105 
- ,  abdominal  143 
- ,  hepat ic  vascular 136 
- ,  pu lmonary  vascular 145 
- ,  t o t a l b o d y  149 ,156 ,  159 
compression forces, mechanical  244ff .  
conduct ivi ty,  external  specific 1 8 3 - 1 8 6  
- ,  hydraulic 238 
- ,  internal 1 8 3 - 1 8 5  

- te rm 183 
constant  flow perfusion 145 
coronary artery disease, sudden death 64 

, injection of  contrast  media  62 
, reflex dilatation, vagal 34 
, spasm 64 

- bypass surgery 63 
cuffs,  congesting 17 
Cushing response 153 
cyanide 36 
cyclic AMP 61 

delay coils 113 
denervation,  sinoaortic 18 
depressor drugs 15 
diabetes 56, 57 
dielectric levitation 2 0 6 - 2 0 9  
dielectrophoresis 1 8 0 , 2 0 1 , 2 2 7  
- ,  cell fusion with 201ft .  

, wi thout  215 
- ,  definit ion 2 0 1 - 2 0 3  
- o f  l iposomes 222 
dielectrophoretic force 2 0 7 , 2 1 4  
digitalis and cardiovascular reflexes 59,  60 
dipole-dipole interaction 203 
discharge technique 227 
discharges, electrical, a tmospheric  240 
dispase 188 ,196 ,  1 9 7 , 1 9 9 , 2 3 2  
distensibility curves o f  veins 104 
diving reflex 34, 35 
DNA transfect ion 187 
- - ,  electropermeabilization 199 
- - ,  various me thods  199 ,200  

- transfer 226 
- - ,  electrically induced 196 
Doppler signal 3 
dysrefiexia, au tonomic  72 

eggs, electrofusion 236,  237 
electrical breakdown see breakdown 

- discharges see discharges 
- field see field 
electro-acoustic fusion 2 1 8 - 2 2 0  
electrocompression,  membrane  244 
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electrofusion, animal cells 231ff. 
- bacteria 22 ,223 
- blastomeres and eggs 236,237 
- chambers used 2 1 0 - 2 1 2 , 2 2 6  
- critical field strength 183,185 
- electromechanicalmodel  243-245  
- enzymepre t rea tment  232,233 
- freezing and thawing 241 
- fungi 224 
- hybridoma 234-236  
- kinetics of  238 
- lightning-induced 240,241 
- lipid bilayer membranes 220,221 
- in membrane research 237 -239  
- ,  plant protoplasts 226 -230  
- ,  role of, in evolution 239 -242  
- standard technique 2 0 1 , 2 0 9 , 2 1 0 , 2 2 4 ,  

227 
- techniques 177 
- ,  universality of  method 219 
- ,  yeast 224 -226  
electroinjeetion 182 
- ,  molecules into cells 190ff. 
electron microscopy, freeze-fract ure 238,241 
electropermeabilization, free suspended cells 

187 
- ,  pulse properties 183 
- ,  reversibility 177 
electrophoresis 202 
electroporation 181,182 
electrorotation experiments 196 
electrotransfection 181 
emotion,  sympathetic response 12, 14 
emotional fainting, blood pressure 55 

- s t i m u l i ,  venoconstrietion 126 
- stress, cardiovascular responses 5 1 - 5 4  
endocytosis 181 ,184 ,185  
eosin, electroinjection 191-193  
ergoreceptors and blood pressure control 

43ff., 49ff. 
ethidium bromide, uptake 198 
exercise 143 
- and arterialbaroreflexes 16, 3 0 - 3 3 , 4 3 f f .  
- ,  circulating epinephrine during 33 
- and plasma catecholamines 10, 11 
- ,  resistance changes during 58, 59 
- ,  sympathetic activity 12 
- ,  - response, hypertension 70 
- ,  upright vs. supine 50 
- ,  venoconstriction 125 
extracellular fluid, reflex regulation 40 

fainting with blood loss 54 
- ,  blood pressure in 54 
- ,  orthostatic 55 
flbroblasts 234 
Fick principle 3 
field, electric, ceU fusion 2 0 2 , 2 0 7 , 2 0 9 , 2 1 3 -  

2 1 5 , 2 1 7 , 2 2 4  
, , cusped 207 
, , naturalproduct ion 239 
, , external pulse 177 

pulses, DNA transfection 182, 183 
- - - and temperature 182 
- - rotating 235 

strength, critical 183,185 
- - - and frequency 189 

, supracritical 178, 179 
filling pressure, cardiac 17 
filtration rate, glomerular 3 
Friend cell 180 ,181 ,187 ,206 ,  229,232 
fused ceils, production of  211,212 
fusion chamber, rotational 212 

gene transfer, electrically induced 199 
giant cells, production of  237 
gravitation and abdominal circulation 156 
gravity 49 
Guillain-Barr6 syndrome 27 

habituation 124 
heart failure, congestive, disturbed reflex 

control 58, 59 
- rate 30 ,39  
- - ,  aortic baroreceptors 29 
- - ,  carotid baroreflexes 18 
- - ,  reflex changes 31, 32 
- - ,  response to standing 56 
- transplantation 46 
- - ,  supersensitivity after 11 
heat stress 47, 48, 50 
hemorrhage 3 8 , 4 0 , 1 2 4 , 1 3 9 ,  143,153,  

157 
- in anesthetized patients 55 
- ,  blood pressure in 54, 55 
hepatic circulation, see circulation 135 

- sphincter mechanisms 135 
Hering-Breuer reflex 37 
high suspension density technique 216 

- voltage discharge technique 190 
histamine receptors 10 
human limbs, capacitance responses 120ff. 
hybrid formation 225 
hybridoma cells 1 8 8 , 2 0 6 , 2 1 1 , 2 1 2 , 2 1 6 ,  

226 
- - ,  production 235 
5-hydroxytryptamine see serotonin 
hypercapnia 34, 1 1 3 , 1 1 5 , 1 2 3 , 1 3 3  
hypertension 22, 30, 34, 38, 43, 70, 71 
- ,  blood pressure change 13 
- ,  cardiovascular reflex events 65ff. 
- and catecholamines 8, 9 
- ,  norepinephrine release 69, 70 
- ,  rat 42 
- ,  reflectory 63 
- ,  secondary 65 
- ,  vessel structure 71 
hyperventilation 55 
hypocapnia 133 
hypotension,  orthostatic 56, 57 
- ,  sympathotonic 57 
hypothalamus, temperature regulation 12 
hypoxia 1 1 3 - 1 1 5 , 1 2 3 , 1 3 9 , 1 5 3  
- ,  pressorresponses  34 
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indicator-dilution method 3 
- - ,  pulmonary circulation 145 
infarction, myocardial 58 

, , cardiovascular changes 61 
- ,  - ,  reflex events 64 
inspiration, constriction of veins 124 
intermediolateral horn ceils, inputs to 11, 12 
intestinal veins, reflex responses 135 

, sympathetic stimulation 134,135 
- vessels, methods of study 134 
ischemia, cerebral 155 
- ,  myocardial and cardiovascular reflexes 61 
isoprenaline 110 ,111 ,150 ,151  

kanamycin 223 
karyogamy 224,225 
kidney, arterial stenosis 65 
- ,  autoregulation 28 

lactic acid 35 
laser beams, cell accumulation by 219 
- microbeams, gene transfection 200 
lateral diffusion coefficient 239 
latex 194 
leukocytes, beta-adrenoceptors 6 
levitation, dielectric 206-209  
- ,  electrostatic 207 
- ,  magnetohydrostatic 207 
Leydig cells 233 
lightning discharges, simulated 240, 241 
lipid bilayer membranes 182,220,221 
liposomes, electrofusion 222 
liver, see hapatic 135 
lobeline 37 
local anaesthetics 246 
locus coeruleus 56 
lymphoblasts 233 
lymphocyte, cell uptake 180 
lymphocytes, electrofusion 186,187,190 
- ,  electroinjection 192 

magnetic blood cell 216, 217 
magneto-electro-fusion 217 
mammalian cells, electrofusion 186 
membrane asymmetry 181,184,185 
- capacitance 183,188 
- capacitor, electrical breakdown of 177 
- compression 244-246  
- contact, chemically induced 215 
- ,  lipid distribution 249,250 
- permeability increase 179 
- ,  pore formation 178, 179 
- potential, changes by electric field 177, 

179 
- - in electrofusion 184, 186,187 

, frequency dependence 188 
- - ,  intrinsic 187 
membrane potential, radius dependence of 

188ff. 
membrane proteins, conformational changes 

248 
- ,  relaxation time 183-186 

- resistance, in changes 248 
- ,  induced structural defects 249 
- surface potentials 187 
- thickness 178,245 
mental activity and veins 124 
- stress, blood pressure 52, 53 
mesophyll protoplasts, rounding-off 238 
microneurography in man 5 ,45 
mitochondria, incorporation into cells 241 
mitral stenosis 60 
mobility, lipid molecules 181 
muscarine receptors 10 
muscle contraction, cardiovascular effects 

44, 45, 50 
- ,  venous reflex responses 120 
- tissue, capacitance responses 120 
- veins, sympathetic irmervation 126 
musculocutanous circulation 107ft. 
- - ,  size of 127 
myeloma cells 220 
- - ,  conductivity 185 
- - ,  electrofusion 179, 186,187,190,  

234 
- - ,  fusion with lymphocytes 234-236  
myocardium, refractory period 64 

Na+-K+-ATPase, endogeneous inhibition 69 
natriuretic factor, atrial 41 ,42  
natriuresis 40, 42 
nausea 61 
neck suction 18, 19, 21, 22, 53, 65 ,66  
negative pressure application 124 
- - ,  lowerbody 69,139 
nitroglycerine 15, 60 
nitroprusside sodium 8, 15,122 
noradrenaline receptor affinity 112 
noradrenergie activity to muscle 25 
norepinephrine clearance 7, 8 
- inCSF, hypertension 70 
- outflow from organs 8, 10 
- ,  plasma 41 ,52 ,  5 6 - 5 8  

, , aging 30 
, concentration 7, 8, 42, 43 

- release 10 

occluded limb technique 116, 122 
oocytes, electrofusion 236 
organdies, incorporation into cells 200 
orthostatic response 36, 124,127 
- - ,  cardiovascular 17, 20 
- stress 55 
- - ,  ventrieular mechanoreeeptors 21 
osmoreceptors 40 
osmotic processes 181 
oxygenator 147 

pain, cardiac 63 
parasympathetic overactivity 61 
parkinsonism 56 
peax chain formation 203, 218 
peptidoglycan 223 
phenyl diguanide 36 
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phenylephrine 8, 15, 23, 31, 34, 53, 60,150 
- ,  baroreceptor stimulation 18 
pheochromocytoma 6, 65 
phospholipase 233 
plant protoplasts 186,187 

, alignment 227 
, fusion 2 2 6 - 2 3 0 , 2 4 0  
, hydraulic conductivity 238 

- - ,  organeUes, release 194 
, regeneration of 229,230 

plasma flow, renal 3 
- potassium 30 
- volume, reflex regulation 39ff. 
plasmid DNA 196 ,199 ,200  
plasmogamy 225 
platelets, alpha-adrenoceptors 6 
plethysmography 3, 7 , 1 1 6 , 1 2 1 , 1 3 4 , 1 3 6 ,  

138 
PoiseuiUe relationship 110 
postural reflexes 37, 38, 41 

- stress 156 
pressor response 43, 45, 46, 71 
pressure approach, disjoining 246 
- ,  cardiac filling 51 ,58  
- ,  carotid sinus 36 
- changes, pulmonary 145 

in vascularly isolated limb 122 
- curve, carotid sinus 30 
- -diameter relationship 121 
- difference, hydrostatic 244 
- drugs 15 
- - ,  reflex changes 149 
- ,  intracerebral 115,153 
- ,  mean circulatory filling 148,149,157 
- to neck 13, 14 
- ,  neck chamber 30, 31 
- ,  negative to lower-body 16, 26, 28, 36, 41 
- ,  right atrial 157 

- ventilation, positive 156 
- -volume curves 7 
pronase 232,233 
propranolol 153 
prostacyclin 63 
prostaglandins, chemosensitive fibers 63 
psychogenic stimuli and veins 124,126 
pulmonary receptors 115,124 
purine receptors 10 

receptors, cardiac, and aortic stenosis 61 
- ,  metabolic in muscle 45 ,46  
- ,  muscular, multimodal 44 ,45  

- for pain 45 
- ,  ventricular, distribution 61 

, , sensitivity and activation of  61 ,62  
red blood cells, chain formation 204 ,205 ,231  
. . . .  , drug loading 194 
- - - ,  electricalbreakdown 194 
- - - ,  electrofusionof 232 
- - - ,  electropermeabilization 181,184, 

185 
- - - ,  fusion of  231 
- - - ,  giant 231 

- - - ,  ghosts, electroinjection 190,191 
- - ,  leaks induced 249 

- - , incorporation of  magnetic particles 
194,195 

- - - ,  magnetically coated 216 
. . . .  , osmotic injection method 200 
- - - ,  turkey 205 
reflex 37 

- apnea 34 
- bradycardia 29 
- capacitance responses, l ackof  126 
- ,  cardioinhibitory 64 
- r e s p o n s e s ,  abdominalveins 130-134 ,141  

- - ,  totalvascular capacitance 1 4 9 , 1 5 2 -  
154, 155 

- stimulation, pulmonary circulation 146 
- - ,  vascular capacity 155 
reflexes, cardiovascular 158 
- ,  hepatic vessels 137 
relaxation time 188,202 
renin activity, plasma 39 

- -angiotensin system 41 
- ,  reflex regulation 37-39 ,  68 
- release 37,38 

- - ,  inhibition of  42 
- secretion, nonneuralmechanisms 37 
. . . .  , sympathetic stimulation 38 
resealing process 193,194,235 

- - ,  temperature dependence 197 
resistance, hepatic outflow 142 
- ,  vascular 108,110 

, , and catecholamines 9 
, , cerebral 52 
, , changes 117 
, , in pulmonary circulation 144,145 

- ,  - ,  sympathetic responses, abdominal 
circulation 129 

, , total systemic 23, 27, 31,54,  65,109 
- vs. capacitance curves 152 

- vessels 10 ,46 ,103 ,126  
. . . . . .  and chemoreceptors 131-133 
- - ,  functionalrole 154 
- - ,  renal 28 
- - ,  splanchnic 28, 34 -36  
- - ,  sympathetic control 3 
respiration, changes in baroreflex 19, 20 
- ,  reflex inhibition 37 
respiratory center, central command 45, 46 

- oscillator, central 20 
reticular nucleus, paramedian 11 

salt-water-balance, reflexes 39ff. 
sequestration, electrical 179 
serotonin 63,111 
- receptors 10 

- as transmitter 12 
Shy-Drager syndrome 56 
sickle cells 205 
sinus nerves, electrical stimulation 21, 23 
- node, sensitivity 68 
sleep 124 
- and baroreflex 29 



Subject  Index  263 

smooth muscle, vascular, sensitivity 68 
sodium content, intralymphocytic 43 
- intake 43,58 
- and renal cardiovascular control 42, 43 
- ,  total body, regulation 40 
- transport in hypertension 69, 70 
solitary tract nucleus 35, 56 
- - - ,  connexions and cardiovascular 

control 11, 12 
spaceflight 41 
spheroplasts 223 
spinal anesthesia 55 
- cord, intermediolateral lesions 56 
- - lesions, autonomic system 72,73 
spinothalamic tract, neuronal activity 63 
splanchnic circulation, capacitance in 128 
spleen, contraction of 155,158 
- vasculature, methods of study 137 
stability analysis, linear 243,245 
standing, cardiovascular responses to 20, 21 
stress 10, 12 
stretch receptors, pulmonary 19 
substance P 12 
sucrose, permeability 191 
sudomotor fibers 49 
- impulses 5 
surface charges, accumulation of 243 
sweat glands, enzyme release 49 
sympathectomy 111,112 
sympathetic activity 34 

see also s. discharges, etc. 
- - ,  abdominal vessels 142,143 

and blood pressure changes 23, 25 
- - ,  capacitance vs. resistance vessels 133, 

134 
- - ,  cutaneous nerves 5,27, 35 
- - ,  multiunit recordings 5, 71,72 

in muscle nerves 24, 25, 27, 35, 36 
and plasma norepinephrine 8 -10  

- - ,  renalreflex 38,40 
- - ,  venomotorresponse 111-113, l17ff., 

155 
- afferents 35,61 
- cholinergicfibers 62 
- control, descending 11 
- discharges, differentiated pattern 9 -12  
- - ,  multiunit recordings 24, 26, 27, 45,49 
- dissociation 126 
- function and sodium 43 
- nerves,juxtaglorrterular 37 
- neuronal populations 49 
- noradrenergicaetivity 48 
- outflow during exercise 46, 49, 50 
- - ,  fainting 54 

in hypertension 71 
- - ,  orthostasis 49 
- - ,  regulation of 10-13 
- - ,  renal 58 

to sinus node 18 
after spinal lesions 72, 73 
in stress 52, 53 

- overactivity 61 

- reflexes, combined with parasympathetic 
53,64 

- stimulation and hepatic circulation 136 
- - intestinal veins 134 
- - ,  splenic vessels 138 
- - ,  capacitance response 155,156,159 
- vasodilator fibers 54 
syncope during exercise 60, 61 

Takayasu's disease 73 
temperature changes and venoconstriction 125 
tensor, Maxwell stress 209 
thermodilution method 3 
thermoreceptors, peripheral and central 47 
thermoregulation, reflex events 47ff. 
thermosensitivity, central 111 
thin film models 243,245 
thrombolysis, intracoronary 64 
thymocytes, resealing 193 
tilting 17 
trigeminal reflexes 34, 35 
trinitroglycerine 23 
trypsin 196,232,233 

ultrasound, cell concentrating 218,219 
uptake, field induced 180,181 
urea 191 

vacuoles and electrofusion 230 
vagal activity, cardiac 18, 19 

, recording of 5 
- afferents 35,61 
- - ,  electrical stimulation 37 
- C-fibers 64 
- control, cardiac 14 
- nuclei, cardiac 11 
- neuropathy 56 
Valsalva maneuver 53 
vascular bed, abdominal, studies in 128ff. 
- capacitance see capacitance, vascular 
vasoconstriction, neurogenic 59 

- and plasma norepinephrine 9 
- ,  splanehnic 28, 35, 36 
vasoconstrictor fibers, sympathetic 4, 5, 48, 

49 
vasodilation in hypertension 71 
- ,  local 4, 10 
- ,  refleetory 60-62 
vasodilator fibers, cholinergic 52 

, sympathetic 4 
- impulses 48 
vasomotor center, central command 45, 46 

, disinhibition 27, 50, 54, 58 
, inhibition 35 

- tone 12 
vasopressin 35, 40, 41,57, 58 
vasovagal syndrome 54 
- syncope 55 
veins, blood volume 103,106,110 
- ,  eutaneous effects of temperature 110-112 

, studiesin 107ft. 
- ,  diameter measurement 7 
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veins, diameter, radiographic method 107 
- ,  hepatic, and sympathetic action 136 
- humanl imbs  120ff. 
- intestinal, nervous stimuli 155 
- measurement of volume changes 107,108 
- pressure-flow relations 108 
- - gradients 108 
- regionalresponses, methods l l6 f f .  
- resistance-volume relation 110 
- role in cardiovascular control 154 
- smooth musclein  102,126 
- stress relaxation 149 
- sympathetic effects upon 108 ,110-113 ,  

117ff., 155 
- ,  see also venous etc. 112 
- ,  volume changes 6, 7 , 1 1 7 - 1 1 9  
venoconstriction, functional importance 127 
- ,  stimulus for 123 
venomotor responses, studies of 104 ,108 ,109  

- tone measurement 7 
venous pressure 7 
- reflex responses l12ff. ,  120 
- - - ,  in humans 122ff. 
- responses, CNS stimulation 120 
- return 157 
- segments in humans 121 

, studies of  responses 108,109 
- smooth muscle, effect of  temperature 

111 
- system, reflex regulation 28 
- tone, history 102,103 
ventricular receptors 114 

, activation of 64 
veratridine 114 
- ,  intracoronary 134 
vesicles, drug incorporation 200 
- ,  formation 238 
vessels, muscular, baroreflexes on 2 3 - 2 6  
volume see blood volume 145 

- changes, active versus passive 155,156, 
159 

- - in human limb veins 121 
- ,  unstressed 104,105 
- -pressure curves 104-106 ,123  
vomiting 61 

weight changes 117-119 
Workmann-Reynold effect 239 

Xenopus eggs, electrical breakdown 185 

yeast protoplasts, fusion of  224-226  


