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from August 26th to September 1st (Congress Website http://www.iups2001.org.nz). 

 

In 2002 the APPS Meeting will be part of the ASMR Health & Medical Research Congress, to be held 
in the Exhibition Centre in Melbourne. At present five societies will hold their major annual meeting 
and more than 13 other societies will hold symposia within the Congress.  

 

Members should consult the APPS Website www.apps.org.au for further information.  

 

The National Secretary’s email address is rick.lang@med.monash.edu.au . 
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REGULATION OF THE CARDIOVASCULAR SYSTEM 
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and T. Tagawa 
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Introduction 

  The blood flow to any region in the body depends on the perfusion pressure (which is essentially 
the arterial pressure) and the resistance to flow in that region.  The arterial pressure is regulated by 
feedback control systems, operating in both the short term and long term, which rely on autonomic 
nerves and circulating hormones as their effector mechanisms.  The vascular resistance in any 
particular region is influenced, to varying degrees depending on the region, by the activity of 
sympathetic vasomotor nerves, the level of circulating vasoactive hormones, and also by local factors, 
including metabolites and endothelial factors.   
  Fundamentally, homeostasis depends upon the blood flow to all regions of the body being 
appropriate for the metabolic demands of each region.  The metabolic activity may vary greatly, 
particularly in skeletal muscle or the heart, and under some circumstances (e.g. strenuous exercise) a 
large increase in cardiac output is required, if the metabolic demands of skeletal muscles and the heart 
are to be met by appropriate increases in blood flow to those regions.  An increase in metabolic 
activity in these regions results in local vasodilation and thus increased blood flow, which depends 
upon the direct effect of metabolites and endothelial factors on vascular smooth muscle (Delp & 
Laughlin, 1998).  This is a highly efficient means of matching local blood flow to local metabolic 
demands, provided that the perfusion pressure (arterial pressure) is maintained at an appropriate level.  
  The optimal level of arterial pressure is presumably determined by a balance between the need to 
ensure an adequate perfusion pressure on the one hand, and on the other hand by the fact that, as the 
arterial pressure increases, the cardiac work and risk of structural damage to the heart and blood 
vessels also increases.   The level around which arterial pressure is regulated, the "set point", varies 
under different conditions. For example, during dynamic exercise arterial pressure is increased by 
approximately 15-20% (Delp & Laughlin, 1998), and this increase in pressure has been shown to 
confer the benefit of an increased blood flow to exercising skeletal muscles and consequent reduction 
in muscle fatigue (Hobbs & McCloskey, 1987).  Thus, natural selection appears to favour a control 
system that regulates the arterial pressure around a set point that varies according to the animal's 
behaviour.  It is therefore not surprising that continuous measurements of arterial pressure in humans 
and other animals show large variations in arterial pressure over a 24-hour period, which are related to 
changes in the level of activity or arousal (Drayer et al., 1985).   
  Apart from being the principal mechanism for regulating arterial pressure in the short term, the 
sympathetic nervous system also controls the distribution of cardiac output to different vascular beds. 
The distribution pattern also varies according to the external stimuli or stresses imposed upon an 
animal.  For example, hypoxia (signalled by peripheral chemoreceptors) elicits a pattern of changes in 
the activity of sympathetic nerves innervating various vascular beds which is different to that evoked 
by hypotension (signalled by arterial baroreceptors) (Jänig & McLachlan, 1992).  Thus, central 
mechanisms can produce differentiated patterns of sympathetic activity, according to the particular 
stimulus.  
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Figure 1. Schematic diagram indicating short-term and long-term  mechanisms that influence the 
sympathetic outflow to the heart and blood vessels. 

  Short-term (i.e. seconds to minutes) changes in sympathetic activity are triggered either reflexly 
from peripheral receptors, or as part of a centrally generated response (e.g. sympathetic changes that 
occur at the onset of exercise).  Furthermore, long-term changes (i.e. over hours or days or even longer 
periods) can also be evoked by various stimuli. Long-term changes also accompany certain disease 
states, such as heart failure.  Whatever the source of the stimulus evoking changes in sympathetic 
activity, the neural substrate generating these changes include nuclei in the hypothalamus and/or 
medulla (Fig. 1).  This article will briefly consider the different types of central regulatory mechanisms 
that control the sympathetic outflow to the cardiovascular system in the short and long term.   
 
Short term feedback regulation 

  Various external disturbances, if not compensated for, may threaten cardiovascular homeostasis.  
Common examples of such disturbances is a postural change which reduces venous return, or 
increased skeletal muscle activity, which induces vasodilation.  These effects in turn result in a fall in 
arterial pressure, which if not compensated for may result in an inadequate perfusion pressure (and 
thus oxygen delivery) for vital organs such as the brain and heart which have little capacity for 
anaerobic metabolism.  The major compensatory reflex mechanism that responds to such changes in 
arterial pressure is the baroreceptor reflex.   
  The arterial baroreceptors are located in the walls of the carotid sinus and aortic arch, and are the 
terminals of afferent fibres that run in the glossopharyngeal and vagal nerves.  Their adequate stimulus 
is stretch, and they signal changes in arterial pressure over a wide range, from approximately 50-150 
mmHg (Kirchheim, 1976).    
  Studies using a variety of experimental approaches have investigated the central pathways and 
neurotransmitters that subserve the baroreceptor reflex (for reviews see Guyenet, 1990; Dampney,  
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Figure 2. Pathways within the lower brain stem and spinal cord that subserve the baroreceptor and 
chemoreceptor reflex control of the sympathetic outflow to the heart and blood vessels. The open 
triangles indicate excitatory synaptic inputs and the filled triangles inhibitory synaptic inputs. CVLM, 
caudal ventrolateral medulla; IML intermediolateral cell column in the spinal cord; KF, Kölliker-Fuse 
nucleus in pons; NTS, nucleus tractus solidarus. 

1994).  These studies have included electrophysiological and pharmacological studies in anaesthetised 
animals, as well as studies in conscious animals using the method of immediate early gene expression 
in combination with neuroanatomical tracing and immunohistochemistry.  Collectively, these studies 
have resulted in a model of the essential pathways subserving the baroreceptor reflex, as illustrated in 
Fig. 2.  In brief, baroreceptor afferent fibres terminate within the nucleus of the tractus solitarius 
(NTS), and excite second-order neurons via a glutamatergic synapse.  NTS neurons conveying 
baroreceptor signals then project to and excite (again via a glutamatergic synapse) neurons within the 
caudal and intermediate parts of the ventrolateral medulla (VLM). The latter neurons project to and 
inhibit (via a GABAergic synapse) sympathoexcitatory neurons in the rostral VLM.  Blockade of this 
inhibitory synapse in the rostral VLM completely abolishes the baroreflex (Guyenet, 1990), 
demonstrating the pivotal role that this group of neurons play in the baroreceptor reflex.  
  The pathways depicted in Fig. 2 represent the essential central circuitry for the baroreceptor 
reflex, but baroreceptor signals are also transmitted to supramedullary regions, including the forebrain.  
These ascending signals in part regulate the release of vasopressin in response to a sustained fall in 
arterial pressure (Blessing, 1997; Dampney 1994), and may also play a role in the long-term control of 
sympathetic vasomotor activity, as discussed later.  It is also important to note that the NTS, as well as 
other key medullary nuclei subserving the baroreceptor reflex, receive inputs from higher centres of 
the brain, including the hypothalamus and other forebrain regions.  Such descending inputs could 
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modulate the operation of the baroreceptor reflex under particular conditions, as will also be discussed 
later with respect to the cardiovascular response to exercise or to alerting stimuli.  
  The properties of the sympathoexcitatory neurons in the rostral VLM, which as mentioned above 
are powerfully influenced by baroreceptor signals, have been extensively investigated since the 
original discovery by Feldberg and co-workers that the rostral VLM contained a group of tonically 
active neurons that play an essential role in the maintenance of tonic sympathetic vasomotor activity 
and thus resting arterial pressure (for review see Dampney, 1994).   Many physiological, 
pharmacological and anatomical studies have shown that the sympathoexcitatory neurons in the rostral 
VLM project directly to cardiac and vasomotor sympathetic preganglionic neurons in the thoracic and 
lumbar spinal cord, and therefore can be regarded as presympathetic neurons.  Furthermore, they are a 
site of convergence of central pathways mediating cardiovascular responses evoked by stimulation of 
peripheral receptors as well as higher centres of the brain.  The synaptic inputs to rostral VLM neurons 
are excitatory or inhibitory, and are generally mediated via glutamate or GABA receptors, 
respectively.  In addition, however, the rostral VLM presympathetic neurons have receptors for other 
putative neurotransmitters or neuromodulators, such as angiotensin II (Ang  II), enkephalin, or ATP 
(Dampney, 1994; Sun, 1996). The Ang II receptors, which are principally of the AT1 subtype, are 
particularly interesting because in the VLM they appear to be specifically associated with 
cardiovascular neurons (Dampney et al., 1996; Allen, 1998).   
  The tonic activity of rostral VLM presympathetic neurons appears to be the major factor driving 
tonic activity in sympathetic preganglionic vasomotor neurons, at least in anaesthetised animals (for 
reviews see Dampney et al., 2000, Guyenet, 1990).  Such tonic activity obviously also permits 
sympathetic vasomotor activity to be decreased as well as increased via inhibition and excitation, 
respectively, of the rostral VLM presympathetic neurons.  The mechanisms generating tonic activity in 
these neurons has been a controversial subject for a long time.   There is, however, clear evidence that 
these neurons receive tonic GABAergic inputs that are, at least in part, independent of peripheral 
baroreceptors (Dampney et al., 1988) and also some evidence that they receive tonic excitatory inputs 
(Dampney et al., 2000).  The source of these tonic inputs, however, is unknown.  
  A second example of short term feedback regulation of the cardiovascular system is the 
chemoreceptor reflex.  The chemoreceptors are highly specialised receptors that are stimulated 
primarily by a decrease in the oxygen partial pressure of the arterial blood. They are located in the 
carotid and aortic bodies, and their afferent fibres, like baroreceptor afferent fibres, run in the 
glossopharyngeal and vagus nerves.  Chemoreceptor stimulation reflexly evoked both an increase in 
ventilation and sympathetically mediated vasoconstriction in most vascular beds (excluding the brain 
and heart).  The increase in ventilation will tend to increase oxygen uptake into the blood, while the 
sympathetic vasoconstriction will tend to reduce oxygen consumption by the tissues, and thus conserve 
the available oxygen.  Like the baroreceptor reflex, studies in both anaesthetized and conscious 
animals have helped to define the essential pathways that mediate this reflex (Guyenet & Koshiya, 
1995, Hirooka et al., 1997), and these are also shown in Fig. 2.   
  Like baroreceptor primary afferent fibres, chemoreceptor primary afferent fibres terminate in the 
NTS.  In contrast to the baroreflex pathways, however, chemoreceptor signals are transmitted to the 
rostral VLM presympathetic neurons via a direct excitatory glutamatergic synapse (Guyenet & 
Koshiya, 1995).  Blockade of this glutamatergic synapse abolishes the sympathetic component of the 
chemoreceptor reflex (Guyenet & Koshiya, 1995), again illustrating the pivotal role of rostral VLM 
neurons in subserving fundamental cardiovascular reflexes.  In addition, there is also evidence that a 
group of neurons in the pons (A5 cells) are also a component of central chemoreflex pathways 
(Koshiya & Guyenet, 1994).   
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Short term feedforward regulation 

  Neurally-mediated cardiovascular responses are also evoked as part of more complex 
behavioural responses.  For example, there is an immediate increase in heart rate and ventilation at the 
onset of exercise, accompanied by an increase in skeletal muscle blood flow and increase in the 
activity of sympathetic nerves innervating other vascular beds, such as the kidney (O'Hagan et al., 
1997).  The cardiovascular and respiratory changes that occur at the onset of exercise have been shown 
to be a consequence of "central command", initiated from the cortex at the same time as the 
somatomotor activity is increased (e.g. Goodwin et al., 1972).  A dramatic demonstration of "central 
command", or feedforward regulation, is shown in Fig. 3, which is from a study by Gandevia and 
colleagues (1993) in which a paralysed artificially ventilated human subject attempted to perform 
isometric contractions.  Although these attempts did not result in any movement of the muscle, thus 
eliminating the contribution of afferent feedback from the muscle, they did result in marked increases 
in arterial pressure and heart rate, which were graded according to the degree of attempted force.   

Figure 3. Changes in heart rate and arterial blood pressure during attempted voluntary movements in 
a paralyzed, mechanically ventilated but conscious human subject. Numbers indicate percentage of 
maximum effort. From Gandevia et al., (1993), with permission. 

  It is therefore clear that signals arising from cortical regions can result in a patterned activation 
of sympathetic outflows to the heart and blood vessels.  The descending pathways that subserve these 
effects are unknown, although there is some evidence that a region in the caudal hypothalamus may be 
involved (Kramer et al., 2000).   It is thus possible that neurons in this region of the hypothalamus may 
generate the somatomotor and autonomic changes that occur during exercise.  Even if this is correct, 
however, key questions remain, such as the origin of the inputs to the region, and the organisation of 
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the descending pathways from this region to the spinal sympathetic outflow.  A further question is 
whether there is a common set of "command neurons" within this region of the hypothalamus that 
trigger both the somatomotor and autonomic changes.   
  It is well known that acute emotional or threatening stimuli can also elicit a marked 
cardiovascular response.  For example, the classic "defence" or "alerting" response is characterised by 
an increase in arterial pressure, heart rate and skeletal muscle blood flow, accompanied by 
vasoconstriction in the splanchnic, renal and cutaneous vascular beds (Hilton, 1975).  Such a response 
has been observed in conscious animals or humans subjected to an acute alerting stimulus such as air-
jet stress or a loud noise (Davisson et al., 1994; Edwards et al., 1999; Schadt & Hasser, 1998).  This 
patterned response has the effect of increasing cardiac output and re-distributing it preferentially 
towards the skeletal muscle beds, and is thus appropriate for an animal that may need to fight or flee 
from a threatening situation.  Such a response is not part of a feed-back regulatory mechanism (Hilton, 
1975) and can therefore be regarded as a feedforward response.   
  It was first shown many years ago that electrical stimulation of a region in the hypothalamus, 
referred to as the "defence area", elicits a cardiovascular response very similar to that described above 
(Hilton, 1975).  It is not clear, however, whether this response is due to activation of neuronal cell 
bodies within this hypothalamic region, or to fibres of passage that originate from higher centres, such 
as the amygdala.   
  More recently, evidence has accumulated to suggest that the dorsomedial hypothalamic nucleus 
(DMH) plays a key role in integrating the cardiovascular response to acute stress.   It is possible that 
this nucleus corresponds with the hypothalamic "defence area", although the boundaries of the latter 
region are not clearly defined.   In any case, it is very interesting to note that activation of DMH 
neurons, by microinjection of either excitatory amino acids or GABA receptor antagonists results in a 
cardiovascular response that is very similar to the defence or alerting reaction, as well as 
neuroendocrine, gastrointestinal and behavioural changes very similar to that evoked by an acute 
emotional stress  (DiMicco et al., 1996).  Even more importantly, inhibition of neurons in the DMH 
greatly reduces the pressor and tachycardic response evoked by air stress in the conscious rat (Stotz-
Potter et al, 1996).  
  These observations indicate that the DMH may be a critical region integrating the cardiovascular 
as well as other autonomic and non-autonomic components of the response to an acute emotional 
stress or alerting stimulus.  Consistent with this, the DMH receives inputs from several forebrain 
nuclei which are believed to play a role in mediating the response to stress, including the amygdala 
(DiMicco et al., 1991).  In particular, activation of the basolateral nucleus of the amygdala generates a 
cardiovascular response very similar to that evoked by acute stress (Sanders & Shekhar, 1991), and 
this evoked response is dependent on synaptic transmission in the DMH (Soltis et al., 1998).  Very 
recently, a study in our laboratory demonstrated that the vasomotor and cardiac responses that are 
evoked from the DMH are mediated by descending pathways that are dependent and independent, 
respectively, of synaptic transmission within the rostral VLM (Fontes et al., 2001).  Taking all these 
different observations into account, Fig. 4 is a model of the key central connections mediating the 
cardiovascular response to an acute emotional stress. 
  The classic "defence reaction" is not the only stereotyped response that is evoked by a 
threatening or alerting stimulus.  For example, in the conscious rabbit, a stimulus such as a sound or 
touching the fur elicits cutaneous vasoconstriction, but unlike the defence reaction this is not 
accompanied by hindlimb vasodilation or an increase in heart rate (Yu & Blessing, 1997).  At the same 
time, the amygdala appears to play a critical role in mediating this response (Yu & Blessing, 1999), as 
is the case with the stimuli that produce a classic "defence reaction". It therefore seems clear that 
different acute stressors can produce quite different patterns of cardiovascular responses, and that even 
though the same key nuclei may be involved in mediating these different responses, the relay neurons 
involved may be quite specific for the particular stimulus.   
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Figure 4. Schematic diagram showing the postulated central pathways that mediate the 
cardiovascular response to an acute stress. 

  The cardiovascular changes that accompany exercise, or which occur in response to an acute 
emotional stimulus, are usually associated with an increase in arterial pressure.  It is not surprising, 
therefore, that the role of the baroreceptor reflex in regulating arterial pressure under these conditions 
has been a subject of intense investigation (Ludbrook, 1983; Spyer, 1994).  In general, it appears that 
the baroreceptor reflex maintains its ability to regulate arterial pressure but the "set point" may vary 
according to the particular situation.  There are major inputs to the NTS from many supramedullary 
nuclei, including those that are believed to play important roles in mediating cardiovascular responses 
to acute stresses.  For example, there are neurons in the DMH that project directly to the NTS, and a 
high proportion of these have collateralised projections also to the rostral VLM (Fontes et al., 2001).  
Further, physiological studies in anaesthetised animals have shown that electrical stimulation of the 
hypothalamic "defence area" modulates the baroreceptor reflex (for review see Spyer, 1994).  Thus, it 
has been hypothesised that descending inputs from the hypothalamus and other supramedullary regions 
are activated as part of the response to an alerting or stressful stimulus, and that this results in 
modulation of the baroreceptor reflex (Spyer, 1994).  However, there is not yet any direct evidence 
that these descending inputs are activated during naturally evoked defensive behaviour.   
 
Long term regulation 

  Cardiovascular homeostasis in the longer term depends upon an interaction between hormones 
and the sympathetic nervous system.  For example, a change in salt intake is associated with both 
changes in renin release and long-term changes in sympathetic activity.  Brooks and Osborn (1995) 
have proposed a model to explain the fact that, at least in normal animals, sustained changes in salt 
intake do not result in sustained changes in arterial blood pressure, despite the fact that a change in salt 
intake will affect blood volume and consequently cardiac output.  Key elements in this model are that 
(1) a change in salt intake will result in a reciprocal change in the level of circulating Ang II, and that 
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(2) a sustained change in the level of circulating Ang II will result in a sustained change (in the same 
direction) in the level of sympathetic nerve activity (Brooks & Osborn, 1995).  For example, salt 
depletion leads to activation of the renin-angiotensin system and thus an increase in sympathetic nerve 
activity which helps to maintain arterial pressure despite the reduced salt intake.  According to this 
model, therefore, Ang II (and probably other hormones as well) have a major influence in determining 
the long term level of sympathetic activity.  This mechanism could also be a major factor contributing 
to the increase in sympathetic nerve activity in other conditions where the renin-angiotensin system is 
activated (such as renovascular hypertension or severe heart failure)(Goldsmith, 1999).  Consistent 
with this, blockade of AT1 receptors has been shown to reduce sympathetic nerve activity in 
congestive heart failure (Liu et al., 1999).  
  How can an increase in circulating Ang II lead to an increase in sympathetic nerve activity?  It is 
possible that Ang II may act by enhancing neurotransmitter release at sympathetic nerve terminals, or 
else enhance  synaptic transmission through sympathetic ganglia (Reid, 1992).  Alternatively, although 
circulating Ang II does not cross the blood-brain barrier, there are abundant Ang II receptors in the 
circumventricular organs, particularly the subfornical organ and the area postrema.  Activation of these 
receptors as a result of an increase in circulating Ang II leads to various brain-mediated effects, 
including the release of vasopressin from the posterior pituitary and also drinking behaviour.  In 
addition, it has long been thought that circulating Ang II may also increase blood pressure via a 
centrally-evoked activation of sympathetic nerve activity, although the pathway responsible for this 
effect has not been defined.   
  There are several lines of evidence to suggest that the hypothalamic paraventricular nucleus 
(PVN) could be a key component in the central pathways mediating sustained increases in sympathetic 
nerve activity in response to a raised level of circulating Ang II.  First, the PVN receives direct and 
indirect inputs from Ang-sensitive neurons in the subfornical organ, and activation of this pathway has 
been shown to increase arterial pressure (Ferguson & Washburn, 1998).   Secondly, PVN neurons 
appear to have a higher tonic activity in renal-wrapped hypertensive rats, in which Ang II levels are 
high (Martin & Haywood, 1998).  Furthermore, there is also evidence that the PVN may contribute to 
sustained high levels of sympathetic activity in other models of hypertension, such as the 
spontaneously hypertensive rat (Allen, 2001), or the Dahl salt-sensitive hypertensive rat (Azar et al., 
1981) as well as in heart failure (Patel & Zhang, 1996).  Thus, the PVN could be a central site 
mediating sustained increases in sympathetic activity in response to inputs from a variety of sources.  
Consistent with this, the PVN receives inputs originating from higher centres and peripheral receptors, 
as well as from circumventricular organs (Dampney, 1994).  Thus, it may be proposed that PVN 
sympathoexcitatory are tonically activated by inputs that in turn are activated by one or more of a 
variety of stimuli, such as increases in the level of circulating Ang II, chronic stress or anxiety, or 
peripheral receptors which may be tonically activated under certain conditions (e.g. chemosensitive 
cardiac receptors during heart failure (Zucker et al., 1995).  
  Sympathoactivation evoked by disinhibition of the PVN is partly mediated by a descending 
pathway which includes a synapse in the rostral VLM, and partly via a pathway that is independent of 
the rostral VLM (Tagawa & Dampney,  1999).  It  is interesting to note that the activation of rostral 
VLM presympathetic neurons in response to disinhibition of the PVN is mediated by AT1 receptors 
(Tagawa & Dampney, 1999), just as the activation of PVN neurons by inputs from the subfornical 
organ is also mediated, at least in part, by AT1 receptors (Ferguson & Washburn, 1998).  In addition, 
the PVN also has a major direct projection to the NTS (Dampney, 1994), and it is possible that 
activation of this pathway causes inhibition  of the baroreceptor reflex,  as also occurs in conditions 
where sympathetic activity is chronically increased, such as heart failure (Murakami et al., 1996).   In 
this regard, it is interesting to note that AT1 receptors in the NTS mediate the inhibitory effect on the 
baroreceptor reflex that occurs in heart failure (Murakami et al., 1996).  Thus, Ang II within the brain, 
quite apart from circulating Ang II, may play a key role in generating sustained high levels of 
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sympathetic activity.  Consistent with this view, many studies have indicated that the activity of the 
brain renin-angiotensin system is upregulated in various models of hypertension (for review see 
Steckelings et al., 1992).  A simplified model of the hypothesised role of the PVN and AT1 receptors 
in the long-term regulation of sympathetic activity is shown in Figure 5. 

Figure 5. Schematic diagram showing the postulated central mechanisms that result in a sustained 
increase in sympathetic vasomotor and sympathetic cardiac activity evoked by different types of 
chronic stimulation. 
 
Conclusions 

  Great progress has been made in the last two decades in identifying the central pathways and 
neurotransmitters that regulate the cardiovascular system, particularly those that subserve the short-
term reflex control of sympathetic vasomotor activity.  The importance of the hypothalamus and other 
forebrain regions in circulatory regulation has been recognised for many years, but relatively little is 
known about the functional organisation of forebrain mechanisms that regulate the cardiovascular 
system, both in the short term and long term.  Much more attention is now being paid, however, to 
defining these forebrain mechanisms.  In particular, it is now clear that these central mechanisms can 
be upregulated or downregulated in response to long term physiological or pathophysiological stimuli, 
such as exercise training (e.g. Kramer et al., 2001), changes in environmental temperature (e.g. Peng & 
Phillips, 2001) heart failure (e.g. Patel & Zhang, 1996) or hypertension (e.g. Kramer et al., 2000).  The 
application of new experimental approaches, including molecular techniques, promises to reveal much 
new information about these mechanisms.   
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Summary 

  Endothelium-dependent hyperpolarization (EDH) has been reported in many vessels and an 
extensive literature suggests that a novel, non-nitric oxide and non-prostanoid, endothelium-derived 
factor(s) may be synthesized in endothelial cells. The endothelium-dependent hyperpolarizing factor, 
or EDHF, is synthesized by the putative EDHF synthase and mediates its cellular effects by, directly or 
indirectly, opening K-channels on vascular smooth muscle cells. The question of the chemical identity 
of EDHF has received considerable attention, however, no consensus has been reached. Considerable 
tissue and species differences exist that may imply that there are multiple EDHFs. Leading candidate 
molecules for EDHF include an arachidonic acid product, possibly an epoxygenase product, or an 
endogenous cannabinoid, or simply an increase in extracellular K+. An increasing body of evidence 
suggests that endothelial-dependent hyperpolarization, notably in the resistance vasculature, may be 
mediated via electrical coupling through myoendothelial gap junctions negates the need to hypothesize 
the existence of a true endothelium-derived chemical mediator. In this presentation we review the 
evidence that supports and refutes the existence of a novel EDHF versus a hyperpolarization event 
mediated solely by myoendothelial gap junctions. 
 
Introduction 

  The endothelial-cell derived relaxing factor (EDRF), which was originally described by 
Furchgott and Zawadzki (1980), has been identified as nitric oxide (NO) and is now known to play an 
important role as a key paracrine regulator of vascular tone. However, in many vessels, and notably in 
the resistance vasculature, the pharmacological inhibition, or genetic “knockout,” of the synthesis of 
NO, (or inhibition, of the other identified endothelial-cell derived vasodilator factor, prostacyclin, 
PGI2) does not greatly affect the endothelium-dependent relaxation response to either chemical (i.e. 
acetylcholine, ACh; bradykinin, BK) or mechanical (shear stress) stimulation. There is considerable 
species and tissue variation in the contribution of an NO- and PGI2-independent vasodilatation and this 
could indicate heterogeneity in the nature of the putative mediator and/or, as will be discussed later, 
heterogeneity in the nature and contribution of gap junction proteins. Since the cellular action of this 
putative non-NO/PGI2 mediator has been associated with endothelium-dependent hyperpolarization 
(EDH) of the vascular smooth muscle cell (VSMC) the factor has been named the endothelium-derived 
hyperpolarizing factor or EDHF (see Triggle et al., 1999; Ding et al., 2000a) – see Figure 1A. 
  A change in membrane potential of just a few millivolts (mV) can result in a substantial change 
in vessel diameter (Brayden & Nelson, 1992; Nelson & Quayle, 1995) and thus it can be predicted that 
the release of an EDHF, a putative opener of K+ channels, will make an important contribution to the 
regulation of vascular tone. Furthermore, hyperpolarization of the smooth muscle will, in comparison 
to cellular events mediated by second messengers, produce a rapid effect on blood flow. In addition, 
since the contribution of EDHF to endothelium-dependent vasodilatation is most apparent in resistance 
vessels, it might be anticipated that any intervention that leads to a diminution in the synthesis and/or  
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Figure 1. Endothelium-dependent vasodilators, such as acetylcholine, as well as shear stress (stretch) 
activate endothelial cell (EC) plasma membrane receptors (R) and open a non-selective cation 
channel(s) leading to the entry of extracellular calcium (Ca2+), as well as the release of intracellular 
Ca2+. The increase in intracellular Ca2+ leads to the activation of endothelial nitric oxide synthase 
(NOS), cyclooxygenase (COX), the putative endothelium-dependent hyperpolarization factor(s) EDHF 
synthase and the synthesis of nitric oxide (NO), prostacyclin (PGI2) and EDHF respectively. NO and 
PGI2 ,mediate relaxation of vascular smooth muscle cells (VSMC) via cyclic GMP and AMP-
dependent mechanisms respectively and EDHF via, directly or indirectly, opening of a VSMC K-
channel(s).  
Arachidonic acid (AA) can be metabolized via an epoxygenase (cytochrome P450 isozyme, CYP2) to 
produce epoxyeicosatrienoic acids (EETs) that, directly or indirectly, have been shown to increase the 
probability of opening of big conductance calcium-activated K-channels (BKCa). EETs may function 
as autocrine and/or paracrine mediators; in VSMC they hyperpolarize the cell and decrease the 
probability of opening of voltage-operated Ca2+ channels (VOCC). 20- and 19-
hydroxyeicosatetraenoic acid (20-, 19-HETE), which are produced in VSMC and, possibly EC, 
contract VSMC putatively via an increase in the probability of opening of VOCC and/or closure of 
BKCa. The endogenous cannabinoid, anandamide, is also synthesized from AA via a transacylase. 
Anandamide activates cannabinoid receptors (CB1) in both EC and VSMC and has been reported to 
hyperpolarize VSMC. 
C/ An increase in intracellular Ca2+ in EC activates and increases the opening probability of opening 
of apamin-sensitive small conductance KCa (SKCa) and charybdotoxin-sensitive intermediate 
conductance (IKCa) channels in EC leading to the efflux of K+ from the EC and an increase in 
extracellular K+. A small increase in extracellular K+ leads to the hyperpolarization of VSMC via the 
activation of ouabain-sensitive Na/K- ATPase and an increase in the open probability of barium-
sensitive Kir channels and a lowering of the resting membrane potential (RMP) of VSMC. 
D/ Myoendothelial gap junctions, depicted as six connexin subunits from each cell docking to form 
either a homomeric and heteromeric connexon, provide the means by which low molecular weight 
water soluble molecules, including cGMP, can pass between EC and VSMC and contribute to 
endothelium-dependent hyperpolarization. 

release, of EDHF, could critically affect the regulation of organ blood flow thus contributing to 
pathophysiological states such as hypertension. There is also evidence that EDHF-mediated 
vasodilatation is negatively regulated by NO and this may reflect an inhibitory effect of NO on the 
hypothetical “EDHF synthase”. 
There have been a number of recent reviews on EDHF (Hecker et al., 1994; Mombouli & Vanhoutte, 
1997; Quilley et al., 1997; Edwards & Weston, 1998; Félétou & Vanhoutte, 1999;  Triggle et al., 
1999; Waldron et al., 1999; Ding et al., 2000a). Nonetheless, the nature and, indeed, the existence of 
EDHF remains controversial. In this presentation we will discuss the evidence for and against EDH 
being mediated by:  
A/ Residual NO;  
B/ An arachidonic acid product; 
C/ A small increase in extracellular potassium;  
D/ Myoendothelial cell gap junctions. 
 
A/ NO can mediate EDH: 

  Cohen et al. (1997) raised the possibility that since NO itself can, in some vessels, directly or 
indirectly mediate hyperpolarization, EDHF may be NO. A number of other investigators have reached 
the same conclusion (Kemp & Cocks, 1999; Simonsen et al., 1999; Ge et al., 2000). Cohen et al. 
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(1997) demonstrated that it was not possible to completely inhibit the synthesis of NO with just a 
single nitric oxide synthase (NOS) inhibitor thus challenging the interpretation of data from studies 
wherein it has been concluded that the NOS (and COX) inhibitor-insensitive component of an 
endothelium-dependent relaxation reflected a novel, NO and PGI2-independent, mechanism. Some 
blood vessels, such as the rabbit carotid, human coronary resistance arteries and rat superior 
mesenteric artery, may be able to generate NO, possibly from a non-L-arginine source (see Kemp & 
Cocks, 1999), and this NOS inhibitor–insensitive production of NO  (“residual NO”) mediates the 
EDH (Vanheel & Van de Voorde, 2000).  
  NO may also directly or indirectly activate K-channels in vascular smooth muscle cells (VSMC). 
Thus, Bolotina et al. ( 1994) and Mistry and Garland (1998) have reported that NO directly, via a 
soluble guanylyl cyclase (sGC)-independent mechanism, stimulates charybdotoxin (ChTX)-sensitive 
K+ channels in the rabbit aorta and rat mesenteric arterioles respectively. NO activates KATP channels 
channels in rat mesenteric arteries (Garland & McPherson, 1992) and guinea-pig coronary arteries 
(Parkington et al., 1995), an apamin-sensitive K+ channel (Murphy & Brayden, 1995) and BKCa in 
rabbit middle cerebral arteries (Dong et al., 1997). In the human umbilical artery NO mediates 
vascular relaxation via K-channel and sGC-independent mechanism(s) (Lovren & Triggle, 2000). It is, 
however, important to note that a number of studies have shown that the hyperpolarization mediated 
by NO requires a higher concentration than that required to mediate relaxation (40-fold higher in 
guinea-pig coronary arteries (Parkington et al., 1995)). 
  To determine whether NO contributes to edh a number of studies have used NO-scavenging 
compounds such as carboxy-PTIO, hydroxocobalamin, oxyhaemoglobin, or free radical generating 
compounds such as xanthine-xanthine oxidase, or studied genetic “knockouts” of the endothelial cell 
(EC) nitric oxide synthase (Huang et al., 1995; Waldron et al., 1999a; Ding et al., 2000a). 
 
B. An arachidonic acid product as an EDHF: 

  A number of enzymes can metabolize arachidonic acid into products that affect the vasculature 
and a number of recent reviews have stressed the importance of metabolites of arachidonic acid 
generated by cytochrome P450 (CYP) enzyme activity as being key signaling modulators of vascular 
tone (McGiff et al., 1996; Campbell & Harder, 1999; Alonso-Galicia et al., 1999). Considerable 
evidence has accumulated in support of the hypothesis that an epoxygenase (CYP) product of 
arachidonic acid, notably 5,6-epoxyeicosatrienoic (5,6 EET), is an EDHF in at least some vascular 
beds. Another arachidonic acid product is the endogenous cannabinoid, or “endocannabinoid”, 
anandamide (N-arachidonylethanolamine), which is formed via the action of a transacylase enzyme. 
Randall et al. (1996) reported that in the isolated perfused mesenteric arteriole bed anandamide was a 
potent vasorelaxant. Furthermore, the NO-independent action of the endothelium-dependent 
vasodilator, bradykinin, was inhibited by a putatively selective cannabinoid receptor (CB1) antagonist, 
SR141716A as well as when vascular tone was elevated with high extracellular K+, suggesting that 
anandamide is an EDHF). However, this hypothesis has not received a great deal of support. 
Anandamide does not seem to have the same physiological and pharmacological properties as does 
EDHF (Plane et al., 1997; White & Hiley, 1997; Zygmunt et al., 1997; Chataigneau et al., 1998; White 
& Hiley, 1998). Of interest is that Mombouli et al. (1999) reported that anandamide mobilizes 
endothelial cell Ca2+ from a caffeine-sensitive store via a CB1 receptor-insensitive mechanism. Thus, 
anandamide may serve in an autocrine function as a regulator of endothelial cell calcium and may 
influence the production of EDHF but may not necessarily itself be an EDHF. 
  Stronger evidence in support of a role for an arachidonic acid product in EDH has been provided 
by a study with porcine coronary arteries where a transferable “EDHF” could be detected by bioassay 
and its ability to hyperpolarize detector rat aortic smooth muscle cells (Popp et al., 1996). Popp et al. 

(1996) also demonstrated that the effects of this putative factor were inhibited by CYP inhibitors, 
clotrimazole and 17-ODYA and that the CYP product 5,6-epoxyeicosatrienoic (5,6 EET), acid induced 
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a hyperpolarization of smooth muscle cells; and the induction of CYP activity by beta-naphthoflavone 
significantly enhanced the EDH response. Other products of CYP (CYP4 isozyme) -mediated 
arachidonic acid metabolism, at least in smooth muscle, are 20- and 19-hydroxyeicosatetraenoic acids 
(20-OH-AA), and ω-2, ω-3, and ω–4-hydroxyeicosatetraenoic acids (ω-terminal hydroxylase 
reactions) (Capdevila et al., 2000). 20-OH-AA, and related compounds, cause vasoconstriction of 
cerebral and renal vessels (Harder et al., 1994; Imig et al., 1996) and inhibit big conductance calcium-
activated K+ channels, BKCa, enhancing Ca2+ entry by depolarization of VSM (Zou et al., 1996). EETs 
can therefore be considered to be physiological antagonists of HETES. (Figure 1B)  However, 20-
HETE can also relax VSMC, possibly via metabolism by cyclooxygenase to PGI2 (Pratt et al., 1998).  
  Fisslthaler et al. (Fisslthaler et al., 1999) demonstrated that the transfection of porcine coronary 
arteries with antisense oligonucleotides against CYP 2C8/34 attenuated EDHF-mediated coronary 
vasodilatation and this data is very suggestive that a CYP product is an EDHF. Similar data has been 
provided from studies with the gracilis muscle resistance vessels from the hamster (Bolz et al., 2000). 
Overall, the evidence in favour of an EET being EDHF is strongest in coronary and renal tissues (see 

Komori & Vanhoutte, 1990; McGiff et al., 1996; Harder et al., 1995a,b). Furthermore, if an EET does 
serve as an EDHF and hyperpolarizes smooth muscle via opening BKCa

2+ channels, it would provide 
an endothelial cell-derived antagonist for the action of the vascular smooth muscle derived arachidonic 
acid product, 20-HETE, which has been hypothesized to be an inhibitor of BKCa

2+ channels (Zou et 
al., 1996). Nonetheless, the hypothesis that a CYP product functions as an EDHF has been challenged 
for several reasons. First of all, many of the CYP inhibitors used have considerable non-specific 
actions, notably on K-channels. Edwards et al. (1996) have reported that miconazole and other 
imidazoles are non-specific inhibitors of CYP and also block K-channels whereas the suicide substrate 
of CYP, 17-ODYA, in so far as it only inhibited hyperpolarization of VSMC, appeared to show 
specificity towards CYP. Somewhat similar data has also been provided by Vanheel et. al. (1999) and 
such data clearly indicates the need to verify the specificity of the pharmacological probes used in such 
studies. Furthermore, although the data presented by Fisslthaler et al. (!999) can be interpreted as 
supportive of a role for a CYP product being an EDHF the data could also be interpreted as reflecting 
an autocrine function of an endothelium-derived CYP product that enhances the synthesis/release of a 
non-arachidonic acid EHDF that mediates the hyperpolarization/vasodilatation of VSMC. Such a 
hypothesis has been advanced for EETs (Graier et al., 1995; Hoebel et al., 1997) and also anandamide 
(Mombouli et al., 1999). An additional problem in accepting that an EET may an EDHF is that 
although EETs can hyperpolarize VSMC they seem to do so via the activation of iberiotoxin-sensitive 
BKCa

2+ channels (Hu & Kim, 1993) whereas the hyperpolarization mediated by ACh is usually only 
significantly inhibited by a combination of charybdotoxin and apamin (Edwards et al.,1998). 
 
C/ Potassium as an EDHF: 

  Edwards et al. (1998) measured potassium, Ko, in the extracellular space between endothelial 
and vascular smooth muscle cells in rat hepatic artery with a K+- sensitive microelectrode and reported 
an ACh-mediated increase in Ko from 4.6 to 11.6mM. Additional evidence in support of the hypothesis 
that an increase in extracellular potassium can mimic the effect of EDHF was also presented by 
Edwards et al. (1998) and was based on the measurement of the membrane potential of both 
endothelial and vascular smooth muscle cells with glass microelectrodes. ACh was shown to 
hyperpolarize both vascular and endothelial cells and hyperpolarization of the endothelial cell was 
inhibited by a combination of apamin and ChTX and vascular hyperpolarization by a combination of 
ouabain and barium (30 µM). These data lead to the conclusion that apamin-sensitive small 
conductance calcium-activated K+ channels (SKCa) and charybdotoxin-sensitive intermediate 
conductance calcium-activated K+ channels (IKCa) on endothelial cells regulate the release of EDHF 
and the ouabain-sensitive electrogenic Na+,K+-ATPase and inward rectifying K+ channel (Kir) on the 
vascular smooth muscle mediate the vascular actions of EDHF (Edwards et al., 1998). See Figure 1C. 
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The conclusion was that EDHF is endothelium-derived K+ that exits endothelial cells as a result of 
ACh-mediated opening of apamin/ChTX-sensitive K+ channels. The increase in extracellular K+ 
activates Na+, K+-ATPase and opens Kir on VSMCs. An increase in K+

o by 5 mM mimicked the 
effects of ACh, and comparable data was reported for the rat mesenteric artery preparation. An 
increase in K+

o was already known to cause vascular smooth muscle relaxation and a role as (an) 
EDHF is an attractive hypothesis that would place K+, together with NO, as a cell-signalling mediator 
that likely evolved as an early regulator of vascular function (Vanhoutte, 1998). Because of the 
similarity of K+-induced vasodilation to that mediated by EDHF in other vessels it was concluded that 
K+ might be the “universal EDHF”.  
  There is a substantive literature that supports hypothesis that small changes in K+

o result in 
vasodilatation. Thus, the activation of VSMC Na+, K+-ATPase as the cellular basis for mediating the 
relaxant effects of ACh in canine femoral arteries has also been reported (De Mey & Vanhoutte, 1980) 
and ouabain has also been shown to inhibit the hyperpolarization, but not the relaxation, initiated by 
ACh in canine coronary arteries (Félétou & Vanhoutte, 1998). Furthermore, it has been established 
that the activation of Na+, K+- ATPase will lead to hyperpolarization of smooth muscle Haddy, 1978; 
Fleming, 1980; Haddy, 1983;  Hermsmeyer, 1993) Somewhat higher increases in K+

o than are needed 
to activate the Na+, K+-ATPase also lead to a reduction in inward rectification allowing the Kir 
channel to carry more outward current (McCarron & Halpern, 1990). An increase in K+

o from 6 to 16 
mM has been reported to result in a sustained dilation of pressurized coronary and cerebral arteries 
from the rat and these dilations were sensitive to block by concentrations of barium (IC50, 3-8 µM) 
Knot et al. (1996) (< 50 µM) that selectively block Kir channels (Quayle et al., 1993). Kir has, for 
instance, been demonstrated to be much greater in the smaller branches of guinea pig vessels (Quayle 
et al., 1996) and cerebral vessels from gene-targeted mice lacking the Kir2.1 fail to dilate to raising 
K+

o from 6 to15 mmol/L9Zaritsky et al., 2000). Overall these data are suggestive that K+ can function 
as a regulator of vascular tone and are supportive of the hypothesis that K+ may be an EDHF. 
  However, the origin of the increase in K+

o is unknown. Given the comparatively small size of 
the endothelial cells it might well be argued that VSMC would more likely contribute to an increase in 
K+

o than would EC. Periods of high neuronal activity can also result in an increase in K+
o and 

increases of  > 10 mmol/L have been reported in the cerebral spinal fluid (Sykova, 1983). Ischemia in 
the coronary circulation increases K+

o (Weiss et al., 1989), and raising K+
o results in dilation in the 

renal circulation Scott et al., 1959). Thus a modest increase in K+
o results in an increase in blood 

supply to areas of high metabolic activity. 
  Data from a number of laboratories have challenged the hypothesis that “K+” is the universal 
EDHF. Thus, Ding et al. (2000a) reported that in saphenous arteries from both endothelial nitric oxide 
synthase expressing (eNOS +/+) and eNOS lacking (-/-) C57 mice relax to both ACh and K+ in 
phenylephrine pre-contracted vessels, however, ACh-mediated relaxations were insensitive to 30 µM 
barium and 10 µM ouabain but were inhibited by a combination of ChTX and apamin; K+-mediated 
relaxations were inhibited by a combination of barium and ouabain but were insensitive to a 
combination of apamin and ChTX. Data from the same laboratory had previously indicated an 
“upregulation”of EDHF in some vessels from mice lacking eNOS (-/-) (Waldron et al., 1999). The 
contribution of K+ to endothelium-dependent vasodilatation may be vessel dependent, which, in itself, 
is very interesting as it would suggest vessel heterogeneity with respect to the contribution of different 
EDHFs in different vascular beds. For instance, in first order mesenteric arterioles from C57 mice, 
barium alone partially blocked both ACh and K+ evoked relaxations, however, a combination of 
barium and ouabain totally blocked K+, but not ACh, evoked relaxations (Ding et al., 2000). In a study 
of guinea pig third order mesenteric artery and the middle cerebral artery Dong et al. (2000) provide 
contrasting data. In neither vessel would the addition of low concentrations of K+ evoke relaxation and 
although ouabain greatly attenuated EDHF-mediated relaxation in the mesenteric arteries it enhanced 
relaxation in the cerebral vessels. These data suggest that, whereas an increase in extracellular K+ may 
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be a contributing factor to EDHF–mediated relaxation in some vascular beds, K+ is unlikely to be the 
primary mediator in all vessels.The ability of K+ to relax vessels may also depend on the level of 
contraction of the vessel (Dora & Garland, 2000), however, it has also been reported that, even under 
comparable levels of contraction, some vessels fail to relax to K+ (Dong et al., 2000; Ding & Triggle, 
2000). Doughty et al. (1999) have also demonstrated in rat mesenteric small arteries that although both 
K+ and EDHF dilate the vessels their profile is quite different and that it is therefore unlikely that K+ is 
EDHF, at least in rat mesenteric small arteries. Nonetheless, Edwards et al. (1998), Ding et al. (2000) 
and Dong et al. (2000) found in the mesenteric vessels of rat, mouse, and guinea-pig evidence 
supportive of a role for K+ and/or Kir in, at least, contributing to the effects of EDHF and the study by 
Beny and Schaad (2000) provides support for the hypothesis that an increase in K+

o may serve as an 
EDHF in some blood vessels.  
 
D/ Myoendothelial cell gap junctions:   

  There is also increasing evidence that endothelium-dependent hyperpolarization (EDH) may be 
mediated by myoendothelial cell gap junctions (Chayter et al., 1998). 
  Gap junctions, via intercellular hemi-channels, allow the passage of inorganic ions and of small 
water-soluble molecules (<1000 Da), including cAMP, cGMP, inositol trisphosphate, but not 
peptides/proteins, between cells. Connexins are the principal proteins that make up the gap junction 
with each connexin molecule possessing four transmembrane domains, six connexin subunits forming 
a connexon and the gap junction is established by the docking of the two connexons hemichannels 
supplied by the two interacting cells. Thirteen rodent connexins have been identified to date (see 
review by Kumar & Gilula, 1996). Connexin 43 has been described as the dominant gap junction 
protein present in both VSMC and EC (Christ et al., 1996; Christ & Brink, 1999). However, Van 
Kempen and Jongsma (1999) used immunohistochemical techniques to study the distribution of 
connexins 37, 40 and 43 in bovine, micropig and rat aorta and coronary veesels and concluded that 
connexin 40 is the constitutive connexin that was found between VSMC and EC with connexin 43 
only between VSMC and connexin 37 between EC. Connexin 45 is expressed in intestinal smooth 
muscle Nakamura et al., 1998), connexin 45 has also been shown to play a role in the regulation of 
human uterine smooth muscle contractilty (Kilarski et al., 1998) and connexin 45 deficient mice show 
defects in the development of the vasculature Kruger et al., 2000) The role, however, of connexin 45 
in the regulation of VSMC-EC communication has not yet been reported. Species and vessel 
differences in the distribution of connexins does exist and the co-localization of connexin 40 and 43 
has also been reported in both EC and VSMC Valiunas et al., 2000). The conductance properties of 
heteromeric gap junction channels that are formed when more than one type of connexin forms the gap 
junction, are reported to be intermediate between those of the homomeric junction and, if expression of 
connexins varies between vascular beds, there is the potential for specialization of function exists 
within the circulation Little et al., 1995; Brink, 2000). 
  Myoendothelial gap junctions occur in greater density in resistance compared to conduit arteries 
Daut et al., 1994) and this may explain the predominance of EDH in the resistance vasculature. 
Sandow and Hill (Sandow & Hill, 2000) have provided anatomical support for this hypothesis with a 
serial-section electron microscopic study of proximal versus distal rat mesenteric arteries and 
demonstrated a significantly greater density of myoendothelial gap junctions in the distal arteries. An 
elegant study by Emerson and Segal (2000) has illustrated the importance of the EC layer as the 
pathway for the EDH signal to VSMC. In the later study it was found that the conduction of the ACh-
mediated hyperpolarization and vasodilation of the hamster retractor muscle feed artery was 
interrupted by damage to the EC, but not the smooth muscle cell layer. Segal and Duling (1986) have 
also reported bi-directional conductance of ACh-mediated vasodilation in microvessels. On the other 
hand, Welsh and Segal (2000) have demonstrated what appears to be an important role for a CYP 
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metabolite as the most important mediator of the conducted vasodilation response to ACh in hamster 
cheek pouch arterioles.  
  Despite the ultrastructural data presented by Sandow and Hill (2000) and the functional data 
from Emerson and Segal (2000), data using pharmacological probes remains controversial as many of 
the studies of the role of myoendothelial gap junctions have used gap junction uncouplers of 
questionable specificity. Agents such as heptanol are notoriously nonselective (Chaytor et al., 1997) 
and the lipophilic saponins derived from the licorice root Glycyrrhizia glabra, that have been reported 
to inhibit intercellular gap-junctional communication (Davidson et al., 1986; Davidson & Baumgarten, 
1988; Yamamoto et al. 1999; Santicioli & Maggi, 2000), also have non-specific actions in a dose and 
tissue-dependent manner (Santicioli & Maggi, 2000; Taylor et al., 1998). A novel approach was taken 
by Griffith and his colleagues who designed an inhibitor based on the amino acid sequence of a portion 
of the second extracellular loop of the fourth transmembrane connexin segment of connexin 43 
(Chaytor et al., 1997, 1998; Dora et al., 1998). The peptide, Gap 27, has 11 amino acids 
(SRPTEKTIFII) and when used at concentrations of 300 µM it perturbs channel integrity by, it is 
assumed, competing with the docking sites on the connexins and thereby preventing connexin-
connexin interactions in pre-existing gap junctions (Chaytor et al., 1998). The specificity of action of 
Gap 27 is implied by two sets of data obtained with the rabbit thoracic aorta and superior mesenteric 
artery: 1/ Gap 27 did not modify force development initiated by phenyleprine nor relaxation mediated 
by NO or sodium nitroprusside. 2/ The "control" peptide, Gap 20, which possesses homology with a 
sequence of the intracellular loop of connexin 43, was inactive (Chaytor et al., 1998). Block of cell-
cell transfer of Lucifer yellow, a small flourescent tracer (MW 457 Da), by Gap 27 has been reported 
by Dora et al. (1998) in a study with cultured COS-7 cells; a monkey fibroblast cell line that expresses 
a low level of connexin 43 (George et al., 1998). Lucifer yellow has been used as a tracer of junctions 
between EC but is a poor tracer for VSMC in hamster cheek pouch arterioles (Little et al., 1995b). The 
contribution of gap junctions to the mediation of EDH may depend on the mechanism whereby the EC 
is activated. Gap 27 inhibited ACh-, but not A23187, evoked hyperpolarization of rabbit superior 
mesenteric artery suggesting that A23187-mediated endothelium-dependent relaxation requires 
chemical transmission whereas relaxation to ACh involves gap junction communication (Hutcheson et 
al., 1999). 
  The study by Sandow and Hill (2000) provided ultrastructural data indicating that there are few 
gap junctions between smooth muscle cells and this would seemingly provide additional data 
supporting the importance of myoendothelial gap junctions. Most of the studies with Gap 27 have been 
with conduit vessels, furthermore, and as pointed out by Fleming (2000), none of the pharmacological 
probes used to date, including Gap 27, can selectively inhibit myoendothelial cell communication 
without affecting communication between smooth muscle cells. Additional studies are clearly required 
before we can determine the contribution of myoendothelial cell gap junctions to EDH. The likelihood 
for heterogeneity between vessels is stressed by Edwards et al.(1999) who have shown that the role of 
myoendothelial cell junctions varies considerably from one vessel bed to another.  
 
Conclusions: 

  Considerable heterogeneity is apparent in the cellular mechanisms that mediate EDH and this 
may reflect vessel specialization. Although the evidence for myoendothelial cell gap junctions in 
mediating EDH is particularly strong in resistance vessels considerable indirect evidence also supports 
the contribution of a chemical mediator.  An arachidonic acid metabolite and/or small changes in Ko 
are leading contenders for EDHF. However, myoendothelial gap junctions, Ko and arachidonic acid 
metabolites do not meet all of the criteria in all vessels thus indicating that other mechanisms and 
mediators need to be pursued. The question of whether different vascular beds have evolved unique 
endothelium-dependent vasodilatation mechanisms remains unanswered but, nonetheless, is an 
exciting area for further research.  



Proceedings of the Australian Physiological and Pharmacological Society (2001) 32(1)         21 

 
References: 

Alonso-Galicia, M., Hudetz, A.G., Shen, H., Harder, D.R. & Roman, R.J. (1999) Contribution of 20-HETE to 
vasodilator actions of nitric oxide in the cerebral microcirculation. Stroke, 30, 2727-2734. 

Beny, J.L. & Schaad, O. (2000) An evaluation of potassium ions as endothelium-derived hyperpolarizing factor 
in porcine coronary arteries. British Journal of Pharmacology, 131, 965-973. 

Bolotina, V.M., Najibi, S., Palacino, J.J., Pagano, P.J. & Cohen, R.A. (1994) Nitric oxide directly activates 
calcium-dependent potassium channels in vascular smooth muscle. Nature, 368, 850-853. 

Bolz, S.-S., Fisslthaler, B., Pieperhoff, S., de Wit, C., Fleming, I., Busse, R. & Pohl, U. (2000) Antisense 
oligonucleotides against cytochrome P450 2C8 attenuate EDHF-mediated Ca2+ changes and dilation in 
isolated resistance arteries. FASEB Journal, 14, 255-260. 

Brayden, J.E. & Nelson, M.T. (1992) Regulation of arterial tone by activation of calcium-dependent potassium 
channels. Science, 256, 532-535. 

Brink, P. (2000) Gap junction voltage dependence: A clear picture emerges. Journal of General Physiology, 
116, 11-12. 

Campbell, W.B. &  Harder, D.R. (1999) Endothelium-derived hyperpolarizing factors and vascular cytochrome 
P450 metabolites of arachidonic acid in the regulation of tone. Circulation Research, 84, 484-488. 

Capdevila, J.H., Falck, J.R. & Harris, R.C. (1996) Cytochrome P450 and arachidonic acid bioactivation. 
Molecular and functional properties of the arachidonate monooxygenase. Journal of Lipid Research, 
2000; 41, 163-181. 

Chataigneau, T., Félétou, M., Thollon, C., Villeneuve, N., Vilaine, J.-P., Duhault, J. & Vanhoutte, P.M. (1998) 
Cannabinoid CB1 receptor and endothelium-dependent hyperpolarization in guinea-pig carotid, rat 
mesenteric and porcine coronary arteries. British Journal of Pharmacology, 123, 968-974. 

Chaytor, A.T., Evans, W.H. & Griffith, T.M. (1997) Peptides homologous to extracellular loop motifs of 
connexin 43 reversibly abolish rhythmic contractile activity in rabbit arteries. Journal of Physiology, 503, 
99-110. 

Chaytor, A.T., Evans, W.H. & Griffith, T.M. (1998) Central  role of heterocellular gap junctional 
communication in endothelium-dependent relaxations of rabbit arteries. Journal of Physiology, 508, 561-
573. 

Christ, G.J. & Brink, P.R. (1999) Analysis of the presence and physiological relevance of subconducting states 
of connexin 43-derived gap junction channels in cultured human corporal vascular smooth muscle cells. 
Circulation Research, 84, 797-803. 

Christ, G.J., Spray, D.C., EL-Sabban, M., Moore, L.K. & Brink, P.R. (1996) Gap junctions in vascular tissues. 
Evaluating the role of intercellular communications in the modulation of vasomotor tone. Circulation 
Research, 79, 631-646. 

Cohen, R.A., Plane, F., Najibi, S., Huk, I., Malinski, T. & Garland, C.J. (1997) Nitric oxide is the mediator of 
both endothelium-dependent relaxation and hyperpolarization of the rabbit carotid artery. Proceedings of 
the National Academy of Sciences USA, 94, 4193-4198. 

Daut, J., Standen, N.B. &Nelson, M.T. (1994) The role of the membrane potential of endothelial and smooth 
muscle cells in the regulation of coronary blood flow. Journal of Cardiovascular Electrophysiology, 5, 
154-181. 



22         Proceedings of the Australian Physiological and Pharmacological Society (2001) 32(1) 

Davidson, J.S. & Baumgarten, I.M. (1988) Glycyrrhetinic acid derivatives: A novel class of inhibitiors of gap-
junctional intercellular communication. Structure-Activity relationships. Journal of Pharmacology and 
Experimental Therapeutics, 246, 1104-1107. 

Davidson, J.S., Baumgarten, I.M. & Harley, E.H. (1986) Reversible inhibition of intercellular junctional 
communication by glycyrrhetinic acid. Biochemical and Biophysical Research Communications, 134, 29-
36. 

De Mey, J. & Vanhoutte, .P.M. (1980) Interaction between Na+, K+ exchanges and the direct inhibitory effects 
of acetylcholine on canine femoral arteries. Circulation Research, 46, 826-836. 

Ding, H. & Triggle, C.R. (2000) Novel endothelium-derived relaxing factors: identification of factors and 
cellular targets. Journal of Pharmacological and Toxicological Methods, (in press). 

Ding, H., Kubes, P. & Triggle, C.R. (2000b) Potassium- and acetylcholine-induced vasorelaxation in mice 
lacking endothelial nitric oxide synthase. British Journal of Pharmacology; 129, 1194-1200. 

Ding, H., McGuire, J. & Triggle, C.R. (2000a) The other endothelium-derived relaxing factor: A review of 
recent findings concerning the nature and cellular actions of endothelium-derived hyperpolarizing factor 
(EDHF). Biomedical Research, 11, 119-129. 

Dong, H., Jiang, Y., Cole, W.C. & Triggle, C.R. (2000) Comparison of the pharmacological properties of 
EDHF-mediated vasorelaxation in guinea-pig cerebral and mesenteric resistance vessels. British Journal 
of Pharmacology, 130, 1983-1991. 

Dong, H., Waldron, G.J., Galipeau, D., Cole, W.C. & Triggle, C.R. (1997) NO/PGI2-independent 
vasorelaxation and the cytochrome P450 pathway in rabbit carotid artery. British Journal of 
Pharmacology, 120, 695-701. 

Dora, K.A. & Garland, C.J. (2000) A crucial influence of precontraction on potassium-induced relaxation in the 
rat isolated mesentery artery. British Journal of Pharmacology, 131, 27P. 

Dora, K.A., Martin, P.E.M., Chaytor, A.T., Evans, W.H., Garland, C.J. & Griffith, T.M. (1998) Role of 
heterocellular gap junctional communication in endothelium-dependent smooth muscle hyperpolarization: 
Inhibition by a connexin-mimetic peptide. Biochemical and Biophysical Research Communications. 254, 
27-31. 

Doughty, J.M., Plane, F. & Langton, P.D. (1999) Charybdotoxin and apamin block EDHF in rat mesenteric 
artery if selectively applied to the endothelium. American Journal of Physiology, 276, H1107-H1112. 

Edwards, G. & Weston, A.H. (1998) Endothelium-derived hyperpolarizing factor - a critical appraisal. Progress 
in Drug Research, 60, 109-132. 

Edwards, G., Dora, K.A., Gardener, M.J., Garland, C.J. & Weston, A.H. (1998) K+ is an endothelium-derived 
hyperpolarizing factor in rat arteries. Nature, 396, 269-272. 

Edwards, G., Félétou, M., Gardiner, M.J., Thollon, C., Vanhoutte, P.M. & Weston, A.H. (1999) Role of gap 
junctions in the responses to EDHF in rat and guinea-pig small arteries. British Journal of Pharmacology, 
128, 1788-1794. 

Edwards, G., Zygmunt, P.M., Högestätt, E.D. & Weston, A.H. (1996) Effects of cytochrome P450 inhibitors on 
potassium currents and mechanical activity in rat portal vein. British Journal of Pharmacology, 119, 691-
701. 

Emerson, G.G. & Segal, S.S. (2000) Endothelial Cell Pathway for conduction of hyperpolarization and 
vasodilation along hamster feed artery. Circulation Research, 86, 94-100. 



Proceedings of the Australian Physiological and Pharmacological Society (2001) 32(1)         23 

Félétou, M. & Vanhoutte, P.M. (1988) Endothelium-dependent hyperpolarization of canine coronary smooth 
muscle. British Journal of Pharmacology, 93, 515-524. 

Félétou, M. & Vanhoutte, P.M. (1999) The alternative: EDHF. Journal of Molecular and Cellular Cardiology, 
31, 15-22. 

Fisslthaler, B., Popp, R., Kiss, L., Potente, M., Harder, D.R., Fleming, I. & Busse, R. (1999) Cytochrome P450 
2C is an EDHF synthase in coronary arteries. Nature, 401, 493-496. 

Fleming, I. (2000) Myoendothelial gap junctions. The gap is there, but does EDHF go through it? Circulation 
Research, 86, 249-250. 

Fleming, W.W. (1980) The electrogenic Na+, K+ pump in smooth muscle. Physiologic and pharmacologic 
significance. Annual Review of Pharmacology and Toxicology, 20, 129-149. 

Furchgott, R.F. & Zawadzki, J.V. (1980) The obligatory role of endothelial cells in the relaxation of arterial 
smooth muscle by acetylcholine. Nature, 288, 373-376. 

Garland, C.J. & McPherson, G.A. (1992) Evidence that nitric oxide does not mediate the hyperpolarization and 
relaxation to acetylcholine in the rat small mesenteric artery. British Journal of Pharmacology, 105, 429-
435. 

Ge, Z.D., Zhang, X.H., Fung, P.C.W. & He, G.W. (2000) Endothelium-dependent hyperpolarization and 
relaxation resistant to NG-nitro-L-arginine and indomethacin in coronary circulation. Cardiovascular 
Research, 46, 547-556. 

George, C.H., Kendall, J.M., Campbell, A.K. Evans, W.H. (1998) Connexin-aequorin chimerae report 
cytoplasmic calcium environment along trafficking pathway leading to gap junction biosynthesis in living 
COS-7 cells. Journal of Biological Chemistry, 273, 29822-29829. 

Graier, W.F., Simecek, S. & Sturek, M. (1995) Cytochrome P450 mono-oxygenase-regulated signalling of Ca2+ 
entry in human and bovine endothelial cells Journal of Physiology, 482, 259-274. 

Haddy, F.J. (1978) The mechanism of potassium vasodilation.  In: Mechanisms of vasodilatation. Ed. 
Vanhoutte, P.M. & Leusen, I. pp. 200-205. Basel: Karger. 

Haddy, F.J. (1983) Potassium effects on contraction in arterial smooth muscle mediated by Na+, K+-ATPase. 
Federation Proceedings, 42, 239-245. 

Harder, D.R., Campbell, W.B. & Roman, R.J. (1995b) Role of cytochrome P-450 enzymes and metabolites of 
arachidonic acid in the control of vascular tone. Journal of Vascular Research, 32, 79-92. 

Harder, D.R., Gebremedhin, D., Narayanan, J., Jefcoat, C., Falck, J.R., Campbell, W.B. & Roman, R.J. (1994) 
Formation and action of a P-450 4A metabolite of arachidonic acid in cat cerebral microvessels. 
American Journal of Physiology, 266, H2098-2107. 

Harder, D.R., Narayanan, J., Gebremedhin, D., Roman, R.J. (1995a) Transduction of physical force by the 
vascular wall.  Role of phospholipase C and cytochrome P450 metabolites of arachidonic acid. Trends in 
Cardiovascular Medicine, 5, 7-14. 

Hecker, M., Bara, A.T., Bauersachs, J. & Busse, R. (1994) Characterization of endothelium-derived 
hyperpolarizing factor as a cytochrome P450-derived arachidonic acid metabolite in mammals. Journal of 
Physiology, 481, 407-414. 

Hermsmeyer, K. (1983) Sodium pump hyperpolarization relaxation in rat caudal artery. Federation 
Proceedings, 42, 246-252. 



24         Proceedings of the Australian Physiological and Pharmacological Society (2001) 32(1) 

Hoebel, B.G., Kostner, G.M. & Graier, W.F. (1997) Activation of microsomal cytochrome P450 mono-
oxygenase by Ca2+ store depletion and its contribution to Ca2+ entry in porcine aortic endothelial cells. 
British Journal of Pharmacology, 121, 1579-1588. 

Hu, S. & Kim, H.S. (1993) Activation of K+ channel in vascular smooth muscles by cytochrome P450 
metabolites of arachidonic acid. European Journal of Pharmacology, 230, 215-221.  

Huang, P.L., Huang, Z., Mashimo, H., Bloch, K.D., Moskowitz, M.A., Bevan, J.A. & Fishman, M.C. (1995) 
Hypertension in mice lacking the gene for endothelial nitric oxide synthase. Nature, 377, 239-242. 

Hutcheson, I.R., Chaytor, A.T., Evans, W.H. & Griffith, T.M. (1999) Nitric oxide – independent relaxations to 
acetylcholine and A23187 involve different routes of heterocellular communication. Role of gap 
junctions and phospholipase A2. Circulation Research, 84, 53-63. 

Imig, J.D., Zou, A.P., Stec, D.E., Harder, D.R., Falck, J.R. & Roman, R.J. (1996) Formation and actions of 20-
hydroxyeicosatetraenoic acid in rat renal arterioles. American Journal of Physiology, 270, R217–R227. 

Kemp, B.K. & Cocks, T.M. (1999) Adenosine mediates relaxation of human small resistance-like coronary 
arteries via A2B  receptors. British Journal of Pharmacology, 126, 1796-1800. 

Kilarski, W.M., Dupont, E., Coppen, S., Yeh, H.I., Vozzi, C., Gourdie, R.G., Rezapour, M., Ulmsten, U., 
Roomans, G.M. & Severs, N.J. (1998) Identification of two further gap-junctional proteins, connexin40 
and connexin45, in human myometrial smooth muscle cells at term. European Journal of Cell Biology, 
75, 1-8. 

Knot, H.J., Zimmermann, P.A. & Nelson, M.T. (1996) Extracellular K+-induced hyperpolarization and dilations 
of rat coronary cerebral arteries involve inward rectifier channels. Journal of Physiology, 492, 419-430. 

Komori, K. & Vanhoutte, P.M. (1990) Endothelium-derived hyperpolarizing factor. Blood Vessels, 27, 238-245. 

Kruger, O., Plum, A., Kim, J., Winterhager, E., Maxeiner, S., Hallas, G., Kirchhoff, S., Traub, O., Lamers, 
W.H. & Willecke, K. (2000) Defective vascular development in connexin 45-deficient mice. 
Development, 127, 179-193. 

Kumar, N.M. & Gilula, N.B. (1996) The gap junction communication channel. Cell, 84(3), 381-388. 

Little, T.L., Beyer, E.C. & Duling, B.R. (1995a) Connexin 43 and connexin 40 gap junctional proteins are 
present in arteriolar smooth muscle and endothelium in vivo. American Journal of Physiology, 268, 
H729-H739. 

Little, T.L., Xia, J. & Duling, B.R. (1995b) Dye tracers define differential endothelial and smooth muscle 
coupling patterns within the arteriolar wall. Circulation Research, 76, 498-504. 

Lovren, F. & Triggle, C.R. (2000) Nitric oxide and sodium nitroprusside-induced relaxation of the human 
umbilical artery. British Journal of Pharmacology, 131, 521-529. 

McCarron, J.G. & Halpern, W. (1990) Potassium dilates rat cerebral arteries by two independent mechanisms. 
American Journal of Physiology, 259, H902-H908. 

McGiff, J.C., Steinberg, M. & Quilley, J. (1996) Missing links: Cytochrome P450 arachidonate products. A new 
class of lipid mediators. Trends in Cardiovascular Medicine, 6, 4-10. 

Mistry, D.K. & Garland, C.J. (1998) Nitric oxide (NO.-induced activation of large conductance Ca2+-dependent 
K+ channels (BKCa. in smooth muscle cells isolated from the rat mesentery artery. British Journal of 
Pharmacology, 124, 1131-1140. 

Mombouli, J.-V. & Vanhoutte. P/M. (1997) Endothelium-derived hyperpolarizing factor(s): updating the 
unknown. Trends in Pharmacological Sciences, 18, 252-256. 



Proceedings of the Australian Physiological and Pharmacological Society (2001) 32(1)         25 

Mombouli, J.-V., Schaeffer, G., Holzmann, S., Kostner, G.M. & Graier. W.F. (1999) Anandamide-induced 
mobilization of cytosolic Ca2+ in endothelial cells. British Journal of Pharmacology, 126, 1593-1600. 

Murphy, M.E. & Brayden. J.E. (1995) Nitric oxide hyperpolarizes rabbit mesenteric arteries via ATP-sensitive 
potassium channels. Journal of Physiology, 486, 47-58. 

Nakamura, K., Kuraoka, A., Kawabuchi, M. & Shibata, Y. (1998) Specific localization of gap junction protein, 
connexin45, in the deep muscular plexus of dog and rat small intestine. Cell and Tissue Research, 292, 
87-94.  

Nelson, M.T. & Quayle, J.M. (1995) Physiological roles and properties of potassium channels in arterial smooth 
muscle. American Journal of Physiology, 268, 799-822.                                              

Parkington, H.C., Tonta, M.A., Coleman, H.A.& Tare, M. (1995) Role of membrane potential in endothelium-
dependent relaxation of guinea-pig coronary arterial smooth muscle. Journal of Physiology, 484, 469-
480. 

Plane, F., Holland, M., Waldron, G.J., Garland, C.J. & Boyle, J.P. (1997) Evidence that anandamide and EDHF 
act via different mechanisms in rat isolated mesenteric arteries. British Journal of Pharmacology, 121, 
1509-1511. 

Popp, R., Bauersachs, J., Hecker, M., Fleming. I. & Busse, R. (1996) A transferable, β-naphthoflavone-
inducible, hyperpolarizing factor is synthesized by native and cultured porcine coronary endothelial cells. 
Journal of Physiology, 497, 699-709. 

Pratt, P.F., Falck, J.R., Reddy, K.M., Kurian, J.B. & Campbell, W.B. (1998) 20-HETE relaxes bovine coronary 
arteries through the release of prostacyclin. Hypertension, 31, 237-241. 

Quayle, J.M., Dart, C. & Standen, N.B. (1996) The properties and distribution of inward rectifier potassium 
currents in pig coronary smooth muscle. Journal of Physiology, 494, 715-726. 

Quayle, J.M., McCarron, J.G., Brayden, J.E. & Nelson, M.T. (1993) Inward rectifier K+ currents in smooth 
muscle cells from rat resistance sized cerebral arteries. American Journal of Physiology, 265, C1363-
1370. 

Quilley, J., Fulton, D. & McGiff, J.C. (1997) Hyperpolarizing factors. Biochemical Pharmacology, 54, 1059-
1070. 

Randall, M.D., Alexander, S.P.H., Bennett, T., Boyd, E.A., Fry, J.R., Gardiner, S.M., Kemp, P.A., McCulloch, 
A.I. & Kendall, D.A. (1996)  An endogenous cannabinoid as an endothelium-derived vasorelaxant. 
Biochemical and Biophysical Research Communications, 229, 114-120. 

Sandow, S.L. & Hill, C.E. (2000) Incidence of myoendothelial gap junctions in the proximal and distal 
mersenteric arteries of the rat is suggestive of a role in endothelium-derived hyperpolarizing factor-
mediated responses. Circulation Research, 86, 341-346. 

Santicioli, P. & Maggi., C.A. (2000) Effect of 18β-glycyrrhetinic acid on electrochemical coupling in the 
guinea-pig renal pelvis and ureter. British Journal of Pharmacology, 129, 163-169. 

Scott, J., Emanuel, D. & Haddy, F. (1959) Effect of potassium on renal vascular resistance and urine blood flow 
rate. American Journal of Physiology, 197, 305-308. 

Segal, S,S. & Duling, B.R. (1986) Flow control among microvessels co-ordinated by intercellular conduction. 
Science, 234, 868-870. 

Simonsen, U., Wadsworth, R.M., Buus, N.H. & Mulvaney, M.J. (1999) In vitro simultaneous measurements of 
relaxation and nitric oxide concentrations in rat superior mesenteric artery. Journal of Physiology, 516, 
271-282. 



26         Proceedings of the Australian Physiological and Pharmacological Society (2001) 32(1) 

Sykova, E. (1983) Extracellular K+ accumulation in the central nervous system. Progress in Biophysics and 
Molecular Biology, 42, 135-189. 

Taylor, H.J., Chaytor, A.T., Evans, W.H. & Griffith, T.M. (1998) Inhibition of the gap junctional component of 
endothelium-dependent relaxations in rabbit iliac artery by 18-β glycyrrhetinic acid. British Journal of 
Pharmacology, 125, 1-3. 

Triggle, C.R., Dong, H., Waldron, G.J. & Cole, W.C. (1999) Endothelium-derived hyperpolarizing factor(s): 
Species and tissue heterogenity. Clinical and Experimental Pharmacology and Physiology, 26, 176-179. 

Valiunas, V., Weingart, R. & Brink, P.R. (2000) Formation of heterotypic gap junction channels by connexins 
40 and 43. Circulation Research, 86, 42-49. 

van Kempen, M.J. & Jongsma, H.J. (1999) Distribution of connexin37, connexin40 and connexin43 in the aorta 
and coronary artery of several mammals. Histochemistry and Cell Biology, 112, 479-486. 

Vanheel, B. & Van de Voorde, J. (2000) EDHF and residual NO: different factors. Cardiovascular Research, 
46, 370-375. 

Vanheel, B., Calders, P., Van den Bossche, I. & Van de Voorde, J. (1999) Influence of some phospholipase A2 
and cytochrome p450 inhibitors on rat arterial smooth muscle K+ currents. Canadian Journal of 
Physiology and Pharmacology, 77, 481-489. 

Vanhoutte, P.M. (1998) Old timer makes a comeback. Nature, 396, 213-215. 

Waldron, G.J., Ding, H., Lovren, F., Kubes, P. & Triggle, C.R. (1999) Acetylcholine-induced relaxation of 
peripheral arteries isolated from mice lacking endothelial nitric oxide synthase. British Journal of 
Pharmacology, 128, 653-658.  

Waldron, G.J., Ding, H., Lovren, F., Kubes, P. & Triggle, C.R. (1999a) Acetylcholine-induced relaxation of 
peripheral arteries isolated from mice lacking endothelial nitric oxide synthase. British Journal of 
Pharmacology, 128, 653-658. 

Weiss, J.N., Lamp, S.T. & Shine, K.I. (1989) Cellular K+ loss and anion efflux during myocardial ischemia and 
metabolic inhibition. American Journal of Physiology, 256, H1165-H1175. 

Welsh, D.G. & Segal, S.S. (2000) Role of EDHF in conduction of vasodilation along hamster cheek pouch 
arterioles in vivo. American Journal of Physiology, 278, H1832-H1839. 

White, R. & Hiley, C.R. (1997) A comparison of EDHF-mediated and anandamide-induced relaxations in the 
rat isolated mesenteric artery British Journal of Pharmacology, 122: 1573-1584. 

White, R. & Hiley, C.R. (1998) The actions of some cannabinoid receptor ligands in the rat isolated mesenteric 
artery. British Journal of Pharmacology, 125, 533-541. 

Yamamoto, Y., Imaeda, K. & Suzuki, H. (1999) Endothelium-dependent hyperpolarization and intercellular 
electrical coupling in guinea pig mesenteric arterioles. Journal of Physiology, 514, 505-513. 

Zaritsky, J.J., Eckman, D.M., Wellman, G.C., Nelson, M.T. & Schwartz, T.L. (2000) Targeted disruption of 
Kir2.1 and Kir2.2 genes reveals the essential role of the inwardly rectifying K+ current in K+-mediated 
vasodilation. Circulation Research, 87, 160-166. 

Zou, A.P., Fleming, J.R., Falck, J.R., Jacobs, E.R., Gerbremedhin, D., Harder, D.R. & Roman, R.J. (1996) 20-
HETE is an endogenous inhibitor of the large-conductance Ca2+ K+ channel in renal arterioles. American 
Journal of Physiology, 270: (Regulatory Integrative Comp. Physiol. 39): R228-R237. 

Zygmunt, P.M., Högestätt, E.D., Waldeck, K., Edwards, G., Kirkup, A.J. & Weston, A.H. (1997) Studies on the 
effects of anandamide in rat hepatic artery. British Journal of Pharmacology, 122, 1679-1686. 

 



Proceedings of the Australian Physiological and Pharmacological Society (2001) 32(1)         27 

. 
 
 
 
 
 
 
 
 
 
 
 

NEW FRONTIERS IN MUSCLE RESEARCH 
 
 
 
A Symposium New Frontiers in Muscle Research took place on Wednesday November 22nd, 2000, 
during the Meeting of the Society at RMIT University in Melbourne. The Symposium contained five 
papers, reproduced here in pp. 28 – 98.    
 
These papers are to appear also in Clinical and Experimental Pharmacology and Physiooogy. 
 
The Symposium was chaired by Dr Graham Lamb and Dr David Williams. 
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Summary 

In skeletal muscle, excitation-contraction (E-C) coupling describes a cascade of cellular events 
initiated by an action potential (AP) at the surface membrane which ultimately results in muscle 
contraction. Being able to specifically manipulate the many processes that constitute E-C coupling as 
well as the many factors that modulate these processes has proved challenging.  One of the simplest 
methods of gaining access to the intracellular environment of the muscle fibre is to physically remove 
(mechanically skin) the surface membrane.  In doing so the myoplasmic environment is opened to 
external manipulation.  Surprisingly, even though the surface membrane is absent, it is still possible to 
activate both twitch and tetanic force responses in a mechanically-skinned muscle fibre by generating 
an AP in the transverse tubular system. This proves that all the key steps in E-C coupling are retained 
in this preparation.  By using this technique, it is now possible to easily manipulate the myoplasmic 
environment and observe how altering individual factors affects the normal E-C coupling sequence.  
The effect of important factors, such as the redox state of the cell, parvalbumin, and the sarcoplasmic 
reticulum Ca2+-ATPase, on twitch and tetanic force can now be specifically investigated independent 
of other factors. 
 
1.  Overview of excitation-contraction coupling in skeletal muscle  

  Given the extensive literature on E-C coupling in skeletal muscle, a detailed examination of each 
step in the process is beyond the scope of this article.  Instead, recent reviews are cited where 
appropriate and only a brief account of E-C coupling is given here to help the reader appreciate certain 
points raised later in this review.  In this article, I will give examples of the recent use and possible 
future contributions of mechanically-skinned fibre technique towards the understanding certain parts 
of the E-C coupling cascade, namely: a) the spread of excitation within the transverse tubular (t-) 
system; b) the mechanisms of communication between the voltage-sensors in the t-system and the 
Ca2+ release channels of the terminal cisternae of the sarcoplasmic reticulum (SR); and c) Ca2+ 
handling by the SR. 
  In skeletal muscle, the AP at the surface membrane rapidly spreads down into the t-system of the 
muscle fibre where the associated depolarization is sensed by the voltage-sensors (dihydropyridine 
receptors - DHPRs) (Schneider, 1994; Melzer et al., 1995).  The DHPRs of skeletal muscle are 
modified L-type Ca2+ channels in which the Ca2+ channel function is virtually redundant because 
entry of Ca2+ into the cell is not necessary to initiate contraction (Rios & Pizzaro, 1991; Dulhunty, 
1992; Melzer et al., 1995).  The DHPR consists of five subunits, with the α1 subunit playing the 
primary role in E-C coupling.  The α1 of the DHPR is composed of four repeats (I-IV), each with six 
hydrophobic intramembranous segments (s1-s6).  The fourth segment (s4) of each repeat contains a 
series of positive charges which are thought to be the voltage-sensitive elements that underlie the 
voltage-dependent asymmetric charge movement observed originally by Schneider & Chandler (1973).  
Connecting each repeat are hydrophilic peptide loops, with the myoplasmic loop joining repeats II and 
III being essential for signal transmission to the SR in vertebrate skeletal muscle (Tanabe et al., 1990).  
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The DHPRs co-localize in arrangements of four, termed tetrads (Block et al., 1988), and are located 
immediately adjacent to alternate Ca2+-release channels (ryanodine receptors - RYRs) in the adjacent 
SR.  Activation of the DHPRs subsequently leads to the activation of the RYRs by a mechanism that is 
not fully understood.  The RYRs are large homotetrameric Ca2+ channels which tightly bind the plant 
alkaloid ryanodine.  The RYRs specific to skeletal muscle are termed RYR1 and are arranged in 
closely packed arrays in vivo (Block et al., 1988).  In mammalian muscle, every RYR1 appears to be 
functionally identical at the biochemical level (Ogawa, 1994), although the properties of DHPR 
coupled versus DHPR uncoupled RYR1s in vivo may differ.  In amphibian muscle, the RYR1s are 
composed of two isoforms, α and β, of which the properties of the β-isoform may or may not be differ 
from amphibian α and mammalian RYR1 (Ogawa, 1994; Franzini-Armstrong & Protasi, 1997; Ogawa 
et al., 1999).  A distinct feature of the various RYR1s of both amphibian and mammalian skeletal 
muscle is the strong inhibition of channel activity by physiological levels of  Mg2+ (~1 mM), 
millimolar concentrations of Ca2+, and the ability of ATP to stimulate channel activity even in the 
absence of Ca2+ (Lamb, 2000).  These features are essential for the type of E-C coupling observed in 
skeletal muscle as opposed to cardiac and smooth muscle cells. 
  Precisely how the DHPR and the RYR1 interact has not been established, although a direct 
interaction between these two channels is thought to occur (Melzer et al., 1995; Meissner & Lu, 1995; 
Franzini-Armstrong & Protasi, 1997).  Activation of the RYR allows Ca2+ stored in the SR to enter the 
myoplasm where it binds to the contractile apparatus to initiate force production (Melzer et al., 1995).  
The release of Ca2+ is tightly controlled by the DHPRs (Rios & Pizzaro, 1991; Melzer et al., 1995).  
The cessation of Ca2+ release upon deactivation of the DHPRs leads to relaxation of force as the Ca2+ 
initially released is resequestered back into the SR through the activity of the SR Ca2+-ATPases and in 
fast-twitch fibres, relaxation may be aided by the binding of Ca2+ to parvalbumin (Rall, 1996). 
 
2.  Techniques for investigating E-C coupling in skeletal muscle 

  Many techniques have been used in the study of E-C coupling and all have both advantages and 
disadvantages. Whole intact cell preparations have the advantage that they retain normal physiological 
function.  However, the usefulness of these preparations is to some extent limited by difficulties in 
controlling and measuring intracellular processes.  One way around this problem is to use molecular 
biology techniques, such as the knockout of a specific gene.  In this way the influence of a specific 
protein can be removed and the effect of this studied in the intact system.  However, given the complex 
interaction between many cellular constituents, the removal of a specific component may cause some 
unintentional change in the function of other components.  In contrast, the biochemical approach 
involves the study of key components in well controlled artificial environments, such as the isolation 
of a single channel in an artificial lipid bilayer.   In this way the basic function of a particular 
component can be determined in isolation, although the effect of complex interactions with other 
cellular components that may normally occur in vivo is lost.  Bridging the gap between intact fibre and 
biochemical techniques are the skinned muscle fibre preparations.  The key advantage of these 
preparations is that the myoplasmic environment can be easily manipulated whilst in certain skinned 
fibre preparations (see below), all the essential elements in the E-C coupling cascade also remains 
intact. 
 
3.  Types of skinned fibre preparations 

  There are a two main ways to permeablise a skeletal muscle fibre – chemically and 
mechanically.  However, these differ in the consequences they have on the various structures of the 
muscle fibre. 
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Figure 1. Intact and mechanically-skinned portion of a skeletal muscle fibre. Schematic diagram 
showing the skinning of a single skeletal muscle fibre by rolling back the surface membrane 
(sarcolemma - S) with a pair of forceps (F), forming a 'cuff'.  The transverse tubular system (T) seals 
off to form a closed compartment after skinning.  SR, sarcoplasmic reticulum; Z, Z-line; C, contractile 
apparatus.  (Modified from Posterino et al., 2000). 

a)  Chemical skinning  

  This involves the use of a number of  chemical reagents that permeablise the various membranes 
of the fibre – some are more selective than others.  Commonly used reagents are saponin, β-escin, 
glycerol and triton-X 100.  The more selective permeablising agents (e.g. saponin and β-escin) are 
thought to act primarily on the surface membranes (sarcolemma) and t-tubules by binding cholesterol 
which is largely absent from the SR.  However, this selectivity is not as precise as first thought and 
significant effects on the SR have been observed (Launikonis & Stephenson, 1997, 1999).  Other non-
specific reagents (such as triton-X 100 and glycerol) destroy all the membrane structures and leave 
only the contractile machinery intact.  The type of permeablising reagent that is most appropriate 
depends on the particular cellular process the investigator wishes to examine.  For examination of the 
properties of the contractile apparatus, it is often best to remove all membrane structures to ensure that 
they do not interfere with the measurements.  For example, the presence of a functional SR can greatly 
affect the Ca2+ gradients within the fibre and this may significantly affect the force-[Ca2+] relationship 
unless the [Ca2+] was buffered very strongly.  If on the other hand the purpose is to investigate the 
Ca2+-handling properties of the SR, one needs to use the more selective reagents that leave the SR 
intact and functional - and this may not be possible with even the more selective reagents used (cf. 
Launikonis & Stephenson, 1997, 1999).  Thus, to avoid any undesired effects of permeablising 
reagents it is perhaps best to use mechanically-skinned fibres.   
 
b)  Mechanical-skinning 

  The mechanically-skinned fibre technique (originally termed Natori-type fibres) was first 
developed by Natori in 1954.  He showed that it was possible to gain access to intracellular 
environment by physically rolling back the surface membrane of a single muscle fibre with a pair of 
fine needles under paraffin oil (see Fig. 1.).  Unlike chemically-skinned fibres, in which the surface 
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membrane, t-system and SR are perforated by various chemical agents, in mechanically-skinned fibres 
the t-system seals off to form an intact, fully functional compartment (see later).  The SR also remains 
intact and fully functional.  There are other variations of this technique, such as splitting the fibre, 
however, the t-system in this preparation does not seal off which limits its experimental application.  
The functional integrity of mechanically-skinned fibres is one of the key advantages of this preparation 
and this can be seen by its use in the examination of many aspects of E-C coupling. 
 
Examination of the contractile apparatus:  One of the earliest uses of mechanically-skinned fibres was 
in the study of the various properties of the contractile apparatus in which a number of models derived 
from earlier biochemical studies could be tested in a more physiological preparation (Gordon et al., 
2000).  These fibres were often also treated with membrane permeablising  reagents, such as triton X- 
100, and are thus better termed chemically-skinned fibres.  Nevertheless, the specific role of Ca2+, 
Mg2+, ATP and other compounds in the regulating contraction has been studied extensively by 
exposing the myofilaments of both mechanically-skinned and chemically-skinned fibres to various 
buffered solutions (Stephenson, 1981; Gordon et al., 2000).  Mechanically-skinned fibres are useful in 
understanding the properties of the contractile apparatus as it has been shown that the intrinsic 
contractile properties of intact fibres can be observed in mechanically-skinned fibres provided that the 
buffering of various factors in solution is firmly controlled (Moisescu, 1976).  More recently, a study 
comparing the Ca2+-activation properties (i.e. the Ca2+-sensitivity and Hill coefficient) of both intact 
and mechanically-skinned fibres further demonstrate that contractile function remains unchanged 
following skinning (Konishi & Watanabe, 1998). 
 
Examination of SR properties:  Biochemical assays have provided enormous insight into the function 
of the SR and its key molecules. However, during preparation of these assays, the structure of the SR 
and associated proteins may be compromised and no longer representative of their state in vivo. 
Furthermore, the normal constraints and relationships between RYR1s and other key molecules 
present in vivo are typically lost (Favero, 1999).  The importance of such constraints and relationships 
between molecules for their normal function is becoming clearer.  As mentioned earlier, RYR1s are 
arranged in a closely packed array in vivo and it has been shown recently that RYRs will 
spontaneously form these arrangements in solution (Yin & Lai, 2000).  Furthermore, RYRs in bilayers 
have been observed to open and close in synchrony (termed coupled gating, Marx et al., 1998).  This 
phenomena suggested that there is physical cooperativity between such channels and this could well be 
important for normal Ca2+ release.  There is also a close association between RYR1 and DHP 
receptors of the t-system (Block et al., 1988) and recent studies have suggested that RYR1 can bind 
DHP receptors in vitro (Murray & Ohlendiek, 1997).  The close proximity of the DHP receptors and 
RYR1 appears to directly influence their individual functions (Nakai et al., 1996).  Associated proteins 
of the RYR1, such as FKBP-12, also help to link and control neighbouring channels (Marx et al., 
1998) whilst other associated molecules, such as calmodulin and calsequestrin, appear to regulate 
channel activity at an individual level (Franzini-Armstrong & Protasi, 1997).  Mechanically-skinned 
fibres retain these relationships and structural constraints and are thus ideal for the examination of the 
activity of the  RYR1 and the Ca2+-ATPase in their native state.  The endogenous Ca2+ content of the 
SR, which is reported to regulate the activity of the RYR1 (Sitsapesan & Williams, 1997), can also be 
assayed and controlled in this preparation.  By using a number of RYR agonists and antagonists, such 
as caffeine and ryanodine, as well as antagonists of the Ca2+-ATPase, such as 2,5-di(tert-butyl)-1,4-
benzohydroquinone (TBQ), the properties of the SR and related molecules can be examined (see later). 
 
Examination of voltage-dependent Ca2+ release:  Considering the apparent importance of maintaining 
normal structural integrity, how do we really know that mechanically-skinned fibres accurately 
describe events that occur in vivo given that the surface membrane is removed in this preparation?  



32        Proceedings of the Australian Physiological and Pharmacological Society (2001) 32(1) 

One of the most important features of mechanically-skinned fibres is that activation of Ca2+ release 
from the SR can be elicited by activation of the voltage-sensors (DHP receptors) present in the t-
system just as it is in an intact fibre.  That is, the normal E-C coupling mechanism is retained in this 
preparation.  What is the evidence for this?  The first indication came from experiments conducted by 
Natori in the fifties.  He showed that small contractions could be elicited in mechanically-skinned 
fibres when large electrical stimuli (>110 V cm-1) were applied via electrodes to fibres under oil 
(Natori, 1954) (see later section).  Later, Costantin & Podolsky (1967) showed that both electrical 
stimulation and raising the [Cl-] in the myoplasm of mechanically-skinned fibres produced contraction.  
At the time, not much was known about the mechanism of E-C coupling and these authors could only 
conclude that such contractions arose from depolarisation of some internal membrane compartment in 
the skinned fibre and favoured the idea that it involved both the t-system and SR.  However, from this 
point in time electrical stimulation of skeletal muscle was not pursued further.  Instead, the focus was 
directed towards the mechanism of Cl--induced activation of mechanically-skinned fibres.  This led to 
the discovery that the t-system sealed off after skinning to form a separate compartment (see Fig 1).  It 
was subsequently shown that by forming a separate compartment that is isolated from the myoplasmic 
environment of the fibre (as it is normally in an intact fibre), the t-system of a mechanically-skinned 
fibre could be polarized if the fibre was bathed in a solution that mimics the normal myoplasm (e.g. 
high [K+], some Na+, 8 mmol l-1 ATP, 10 mmol l-1 creatine phosphate, 1 mmol l-1 free Mg2+, 0.1 
umol l-1 Ca2+, pH 7.1) (Donaldson, 1985; Stephenson, 1985; Fill & Best, 1988; Lamb & Stephenson, 
1990).  Repolarization of the sealed t-system was possible due to the presence of functional Na+-K+ 
pumps that reestablish the normal Na+-K+ gradient (Donaldson, 1985; Stephenson, 1985; Fill & Best, 
1988; Lamb & Stephenson, 1990).  Some control of the t-system potential was then possible by simply 
changing the [K+] bathing the fibre (Fill & Best, 1988; Lamb & Stephenson, 1990; Posterino & Lamb, 
1998a).  If all the K+ in the bathing solution was rapidly removed, it was possible to depolarize the t-
system.  The K+ ion was often replaced with Na+, although in some instances, the K+ was replaced 
with choline chloride, in which the simultaneous increase in the [Cl-] helped to further depolarize the t-
system (Lamb & Stephenson, 1990).  Such depolarization led to the activation of force in 
mechanically-skinned fibres which was subsequently shown to involve the activation of both the 
DHPRs in the t-system and the RYR1s of the SR because such responses were: a) inhibited by 
antagonists of DHP receptors, such as nifedipine and verapamil (Posterino & Lamb, 1998a; Lamb & 
Stephenson, 1990); and b) completely blocked by ryanodine and ruthenium red, specific antagonists of 
RYRs (Lamb & Stephenson, 1990).  The transient force responses observed following depolarization 
of the t-system in this manner last a few seconds and are graded by the myoplasmic [K+].  These 
results confirm that mechanically-skinned fibres retain functional E-C coupling and it is clear that such 
force responses are analogous to K+ contractures generated in intact fibres (i.e. when extracellular [K+] 
is increased).  These results also showed that the essential elements involved in E-C coupling must be 
very robust as they are retained following mechanical-skinning and after the normal myoplasmic 
constituents are replaced with a minimal physiological solution (Lamb, 2000). 
  Nevertheless, despite many useful properties mentioned above, the mechanically-skinned fibre 
technique does have several limitations.  One is that the t-system membrane potential can not be 
directly measured and importantly, can not be accurately controlled.  A second, and perhaps the most 
important, is the slow depolarization of the t-system associated with diffusion of the bathing solution 
into the fibre.  This prevents the study of rapid voltage-dependent Ca2+ release from the SR. 
Depolarization-induced force responses elicited by solution substitution occur with a rise time of some 
500 ms, with the whole response lasting some 2-3 s.  Consequently, force responses elicited in this 
manner may not be as sensitive to changes in Ca2+ release as a more rapid physiological response seen 
during a single twitch or a tetanus. 
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Figure 2.  Twitch and tetanic (50 Hz) force responses elicited by applying 50 V cm-1 field stimulation 
(2 ms duration) to a segment of a mechanically-skinned EDL muscle fibre of the rat bathed in a 
solution mimicking the normal myoplasmic environment (ie. high [K+]; see Section 3).  The applied 
stimulus is simultaneous recorded below each force response.  Maximum Ca2+-activated force (max) 
was elicited in the same fibre using a heavily buffered Ca-EGTA solution and is indicated by the solid 
bar above the tetanic force response. 

4.  Electrical stimulation of mechanically-skinned fibres 

  As mentioned earlier, electrical stimulation of mechanically-skinned fibres has not been re-
examined for some 25 years since the last experiments performed by Costantin.  At the time large 
electrical stimuli were required to elicit relatively weak force responses.  The reason for this may be 
due to the fact that mechanically-skinned fibres were stimulated under oil which left the t-tubules in a 
poorly polarised state.  Furthermore, fibres were typically stimulated with a longitudinal electric field 
and with very large voltages that may have damaged the fibre.  Recently, Posterino et al. (2000) 
revisited the idea of electrically-stimulating mechanically-skinned fibres, modifying both the solutions 
used to bath mechanically-skinned fibres and the orientation of the electric field.  Thin platinum wire 
electrodes were positioned parallel with the long axis of the muscle fibre at a distance of 4 mm apart 
and along the whole length such that a uniform stimulus was applied.  Fibres were bathed in a 
physiological solution that mimics the normal myoplasmic environment ensuring that the t-tubules 
were well polarized (Posterino & Lamb, 1998a; Lamb, 2000).  A brief 2 ms, 20-25 V stimulus was 
applied giving a field strength of 50-60 V cm-1.  In this manner, Posterino et al. (2000) were able to 
elicit reproducible twitch and tetanic force responses in mechanically-skinned fibres (see Fig 2).  
Precise positioning of the fibre between the electrodes was not necessary and twitch and tetanic force 
could be elicited in both mammalian fast-twitch fibres (Posterino et al., 2000) or amphibian twitch 
fibres (unpublished data).  
  Twitch or tetanic force responses in mechanically-skinned fibres are initiated by the generation 
of APs in the sealed t-tubules and by the activation of voltage-dependent processes that underlie 
normal E-C coupling (Posterino et al., 2000).  Thus, even the first step in E-C coupling is retained in 
mechanically-skinned fibres – the ability to generate an AP.  The evidence for this is threefold.  Firstly, 
it was noted that the twitch response in fibres was steeply dependent on the applied voltage and 
exhibited a sharp threshold in which the transition between zero force and 70% of maximum twitch 
size required only a 10% increase in the applied electric field.  Secondly, chronic depolarisation of the 
t-system prevented any twitch or tetanic response from being elicited by field stimulation.  This is 
consistent with the inactivation of voltage-dependent processes that underlie both the AP and 
activation of the voltage-sensors of the t-system.  And thirdly, the presence of 10 µM TTX in the 
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sealed t-tubules strongly inhibited such responses proving that activation of Na+ channels (and the 
generation of an AP) in the t-system is essential in triggering further steps in the cascade. 
  The characteristics of both twitch and tetanic force responses elicited in mechanically-skinned 
fibres closely resemble the responses observed in intact fibres (Fryer & Neering, 1988; Schwaller et 
al., 1999).  The peak amplitude of the twitch response in fast-twitch mammalian and twitch amphibian 
muscle is between 30% and 60% of maximum Ca2+-activated force.  Tetani (50 Hz) elicits force 
responses between 80-100% of maximum Ca2+-activated force.  The twitch-tetanus ratio in 
mammalian fast-twitch skinned fibres ranges between 0.40 and 0.60 which is larger than that observed 
in intact fibres (~0.30) (Schwaller et al., 1999).  The larger twitch-tetanus ratio and the ability to 
achieve near maximal force during a tetanus, is possibly due at least in part to the loss of parvalbumin 
in mechanically-skinned fibre preparations (Stephenson et al., 1999). 
  The clear functional similarities between intact and mechanically-skinned fibres highlight the 
potential of the mechanically-skinned fibre technique in the study of skeletal muscle physiology.  
Nevertheless, there are a few differences in the responses observed between mechanically-skinned 
fibres and intact fibres.  One such difference is that tetanic force in fast-twitch mechanically-skinned 
fibres declines much more rapidly during high frequency stimuli than in intact fibres, with force fading 
after ~200 ms of stimulation (termed fade; see Fig. 2).  The cause of this phenomenon is not certain.  
Posterino et al. (2000) attributed this to a gradual build up of K+ in the sealed t-system with repeated 
APs leading to depolarization; this would not normally occur in an intact fibre where the t-system is 
open to the extracellular environment.  However, we have recently observed that this phenomena 
appears to be related to the fibre length, as fade was largely eliminated in fibres that were stretched 
from between 120% to 140% of their resting length (unpublished results). This is currently being 
further examined.  Another difference between mechanically-skinned fibres and intact fibres is that the 
absence of a surface membrane means the intracellular Ca2+ content of the fibre can vary from the 
endogenous level.  The comparatively large volume of solution bathing the mechanically-skinned fibre 
means that a substantial amount of Ca2+ can be gained from (or lost to) the bulk solution.  In order to 
maintain the normal endogenous level of SR Ca2+, both over time and with repeated responses, it is 
necessary ensure that the free [Ca2+] of the bathing solution is buffered to the normal resting 
myoplasmic concentration (pCa 7.0).  This limits the amount of Ca2+ loading.  It is noteworthy that 
little variability is observed between successive twitch responses in mechanically-skinned fibres which 
suggests that the SR Ca2+ content remains relatively stable under the conditions used.  However, a 
more precise determination of changes in the SR Ca2+ content during repeated stimulation is still 
needed as well as a better way of clamping the SR Ca2+ content. 
 
5. Recent contributions and future directions 

  The ability to electrically stimulate mechanically-skinned fibres helps bridge the gap between 
biochemical and whole cell studies.  Some recent findings illustrate the current and future potential of 
this technique towards the understanding of E-C coupling in skeletal muscle.   
 
a)  Mechanisms and pathways involved in the initial spread of excitation   

  The first step in E-C coupling involves the initiation and spread of the AP throughout the muscle 
fibre.  It is generally accepted that the spread of excitation into the t-system in amphibian skeletal 
muscle involves an AP (Costantin, 1970; Bezanilla et al., 1972; Nakajima & Gilal, 1980).   In 
mammalian skeletal muscle, it was not known if the spread was either passive or active, although it 
was assumed to involve an AP.  As indicated earlier, the ability to generate an AP in mechanically-
skinned fibres by electrical stimulation now provides direct evidence that excitation also spreads down 
the t-tubules via an active process in mammalian muscle (Posterino et al., 2000).  This observation is 
unambiguous as there is no surface membrane present.  Furthermore, it is apparent that other 
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characteristics of the AP in the t-system can also be determined using this preparation.  By using the 
twitch response as an indirect measure of the AP, it is possible to estimate the relative refractory period 
of the AP.  If two single stimuli are elicited in close succession (less than 6 ms) no summation of the 
twitch force response was observed.  However, if the second stimulus is applied 6 ms (or later) after 
the first, the twitch response is potentiated.  This indicates that the refractory period of the AP is at 
most 6 ms long (unpublished data).  Refinement of this measure could be achieved by examining the 
Ca2+ transient rather than force. 
  Experiments with electrically-stimulated mechanically-skinned fibres have also revealed the role 
of a previously identified structure in skeletal muscle.  The observation that contractions (either 
spontaneous or elicited electrically) have the ability to propagate over hundreds of sarcomeres in 
mechanically-skinned fibres  revealed a mechanism that allows excitation to spread throughout a 
skeletal muscle fibre independent of the surface membrane (Natori, 1954; Costantin & Podolsky, 
1967; Posterino et al., 2000).  It was found that an AP(s) could propagate along the entire length of 
skinned fibre segment (without the presence of a surface membrane) and could cause relatively 
synchronous activation of a large proportion of the fibre (>70%) travelling with an estimated velocity 
of some 13 mm s-1

 (Posterino et al., 2000). It was suggested that the structure involved in the spread of 
the AP must be the longitudinal tubular system (LTS) which has been observed with electron 
microscopy (EM) (Franzini-Armstrong & Jorgenson, 1988; Stephenson & Lamb, 1992) and by 
confocal imaging of mechanically-skinned fibres in which a fluophore was trapped in the t-system 
(Peachey, L.D., 1965).  These findings in mechanically-skinned fibres revealed a fundamental property 
that is likely to be important in the spread of the AP throughout a fibre, in fatigue and during 
myogenesis. 
 
b)  Internal transmission of excitation and control of Ca2+ release 

  Data obtained from mechanically-skinned fibres in which functional E-C coupling is retained 
have also provided strong evidence for and against a number of ideas regarding the mechanism by 
which the DHPRs and the RYR1s communicate.  It is clear from some experiments in mechanically-
skinned fibres that the link between these two channels does not involve a diffusible second messenger 
such as inositol 1,4,5-trisphosphate (Walker et al., 1987; Posterino et al., 1998b) or Ca2+(Endo, 1985; 
Meissner et al., 1986; Lamb & Stephenson, 1991; Owen et al., 1997; Lamb & Laver, 1998).  The link 
was also previously thought to involve the transient formation of disulphide bonds between the DHPRs 
and the RYRs (Salama et al., 1992).  However, recent experiments in mechanically-skinned fibres 
have showed that strong sulphydryl reducing reagents do not interfere with normal E-C 
coupling(Posterino & Lamb, 1996).  Nevertheless, various sulphydryl oxidants have been shown to 
modulate the RYR1 function (Dulhunty et al., 1996) indicating that the cellular redox state may effect 
E-C coupling in a more complex manner that is dependent on the precise ratio of endogenous redox 
reagents (ie. ratio of glutathione to reduced glutathione) both within the myoplasm and the lumen of 
the SR Feng et al., 2000).  Here again we can see the potential advantage of mechanically-skinned 
fibres in addressing this question which can not readily be observed in an intact fibre preparation. 
 
c)  Ca2+ handling 

  As mentioned earlier, mechanically-skinned fibres rapidly loose their parvalbumin after skinning 
and this may account for some of the dynamic differences between twitch responses observed between 
mechanically-skinned fibres and intact fibres.  The absence of parvalbumin in mechanically-skinned 
fibres allows the examination of the functional role of this protein in SR Ca2+ handling.  Most previous 
studies examining the role of parvalbumin have been limited by the inability to remove the effects of 
parvalbumin completely.  Only one recent study using mice in which the parvalbumin gene has been 
knocked out has been able to examine the precise contribution of parvalbumin on twitch and tetanic 
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characteristics (Fryer & Neering, 1988).  This study showed that twitch-tetanus ratio was greater in 
fibres from parvalbumin knockout mice (PKM) than from wildtype mice.  Interestingly, the 
characteristics of the twitch response from PKM greatly resemble those from mechanically-skinned 
fibres.  Nevertheless, it is possible that the absence of parvalbumin in PKM may have effected the 
other constituents important in E-C coupling and Ca2+ handling.  The unique properties of 
mechanically-skinned fibres allows the examination of parvalbumin more precisely without the 
problem of non-specific effects that may arise from gene knockout.  Parvalbumin can be simply added 
to and removed from the bathing solution of mechanically-skinned fibres and the effects on the twitch 
and tetanus observed in the same fibre.  Apart from parvalbumin, mechanically-skinned fibres can 
allow the precise examination of the role of the SR Ca2+ ATPase in contraction and relaxation.  In 
intact fibre studies, the role of the SR Ca2+ ATPase is often examined by using specific inhibitors such 
as TBQ and thapsigargin (Westerblad & Allen, 1994; Caputo et al., 1999).  However, it is difficult to 
be sure that complete block of the pump has taken place and that there are no complicating effects of 
increased resting Ca2+.  Similarly, the intact fibre studies must also take into account any effects of 
parvalbumin.  An advantage of mechanically-skinned fibres is that distinct qualities of the SR Ca2+ 
ATPase can be examined in isolation of parvalbumin and without changes to resting myoplasmic 
[Ca2+]. 
 
Conclusion 

  To date, mechanically-skinned fibres have been a useful tool in the study of many aspects of E-C 
coupling in skeletal muscle.  The controlled nature of the myoplasmic environment of skinned fibres, 
the presence of functional E-C coupling that can be now be activated in the same manner and with a 
similar time course as an intact fibre, and the fact that the key structures involved in E-C coupling 
obviously remain as they were in vivo, demonstrate the potential of this technique in further aiding our 
understanding of E-C coupling in skeletal muscle. 
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Summary 

Since the inception of the patch-clamp technique, single channel recording has made an enormous 
impact on our understanding of ion channel function and its role in membrane transport and cell 
physiology. However, the impact of single channel recording methods on our understanding of 
intracellular Ca2+ regulation by internal stores is not as broadly recognized. There are several possible 
reasons for this. First, ion channels in the membranes of intracellular organelles are not directly 
accessible to patch pipettes, requiring other methods, which are not as widely known as the patch-
clamp techniques. Secondly, bulk assays for channel activity have proved very successful in advancing 
our knowledge of Ca2+ handling by intracellular stores. These assays include Ca2+ imaging, ryanodine 
binding assays and measurements of muscle tension and Ca2+ release and uptake by vesicles that have 
been isolated from internal stores.  This review describes methods used for single channel recording 
and analysis, as applied to the calcium release channels in striated muscle, and details some of the 
unique contributions that single channel recording and analysis have made to our current 
understanding of the release of Ca2+ from the internal stores of muscle. With this in mind, it focuses on 
three aspects of channel function and shows how single channel investigations have led to an improved 
understanding of physiological processes in muscle. Finally, it describes some of the latest 
improvements in membrane technology that will underpin future advances in single channel recording. 
 
Regulation of intracellular [Ca2+] by internal stores in striated muscle 

  In many cell types the intracellular free calcium ion concentration is altered by the uptake and 
release of calcium from internal stores such as the endoplasmic reticulum (ER) and sarcoplasmic 
reticulum (SR). In striated muscle, intracellular calcium concentration, and hence muscle force and 
cardiac output, is regulated by release of calcium from the SR via ryanodine receptor calcium channels 
(RyRs) and uptake via the Ca-ATPase. Ca2+ fluxes across the SR often take place in the presence of a 
changing cytoplasmic milieu during episodes of metabolic challenge such as that seen during hypoxia, 
ischaemia and fatigue. For example, the large changes in the concentration of cytoplasmic anions such 
as inorganic phosphate, phosphocreatine, and ATP seen during muscle fatigue have profound effects 
on SR Ca2+ handling. In striated muscle the depolarization of the surface membrane and transverse-
tubular (T) system by an action potential (the T-system is an invagination of the surface membrane) 
triggers calcium release from the SR by a process known as excitation-contraction coupling (EC 
coupling). Dihydropyridine receptors (DHPRs, L-type calcium channels in the T-system) act as 
voltage-sensors that detect depolarization due to an action potential. Depolarisation induced activation 
of DHPRs somehow activates RyRs in the apposing SR membrane. In cardiac muscle the influx of 
Ca2+ through DHPRs is believed to activate RyRs (Nabauer et al., 1989) whereas in skeletal muscle 
DHPRs are mechanically coupled to RyRs (Tanabe et al., 1990) so that Ca2+ influx through the 
DHPRs receptors is not a prerequisite for muscle contraction (Ashley et al., 1991). However, the 
specific details of EC coupling are not understood, specifically how it is modulated or limited by 
various cytoplasmic and luminal factors. 
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Figure 1. Formation of lipid bilayers and incorporation of RyRs. (A) A photograph of a lipid bilayer 
(bottom half of aperture) during its formation from a thick lipid film (top half). The lipid film was 
spread across an aperture (~100µm diameter) in a delrin septum. The thick lipid film strongly reflects 
the incident light whereas the bilayer, which shows the black background, is totally transparent. The 
bilayer portion of the film spreads across the entire aperture in a few seconds leaving a region of thick 
film at the periphery. (B) A schematic diagram of the process of lipid bilayer formation showing the 
lipid monolayers that the two oil-water interfaces. The lengths of the arrows, which are shown in each 
aqueous phase, indicate the relative strengths of the Van der Waals compressive forces between the 
adjacent water phases. This compressive force squeezes the oil (n-alkane in this case) out from 
between the monolayers. (C) The procedure for incorporating ion channels form the SR (RyRs in this 
case) into lipid bilayers. Vesicles of SR membrane ( ~0.1 µm diameter) are isolated from muscle 
tissues using differential centrifugation methods. SR vesicle containing ion channels are added to the 
bath near the lipid bilayer. Fusion of the vesicles with the bilayer carries ion channels into the bilayer 
membrane. 

  The RyR is a homotetramer of ~560 kDa subunits containing ~5035 amino acids. Electron 
microscope image reconstruction shows RyRs to have four-fold symmetry with a large cytoplasmic 
domain (the foot region) and a relatively small transmembrane region that forms the Ca2+ pore (Orlova 
et al., 1996). The trans membrane pore is comprised of the ~1000 C-terminal amino acids (aa 4000-
5000) and the remaining amino acids form the foot region. In mammals, three isoforms of RyRs have 
been cloned and sequenced: namely, ryr-1 found in skeletal muscle and brain, ryr-2 most abundantly 
found in brain and cardiac muscle and ryr-3, though originally found in the brain, is the major isoform 
in smooth muscle (Ogawa, 1994). 
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The Bilayer method 

  At the same time that Neher and Sakmann were developing the patch-clamp technique (Neher 
and Sakmann, 1976), Miller and Racker (1976) discovered that SR vesicles isolated from muscle could 
be fused with artificial lipid bilayers and so incorporate ion channels from muscle membranes into 
artificial membranes. Artificially produced, planar, bimolecular lipid membranes (bilayers) were 
originally used as model systems for studying cell membrane structure. Their large area (they can be 
produced with diameters ranging from 1 µm to 1 cm) and planar geometry made them particularly 
convenient membrane models for electrical and mechanical measurements. For the purposes of 
studying ion channels, bilayers are usually formed using a modification of the film drainage method 
developed by (Mueller et al., 1962). A solution of lipids in a hydrophobic solvent (usually n-decane) is 
smeared across a hole in a plastic septum (eg. Delrin, polycarbonate or Teflon) to produce a thick lipid 
film separating two baths (Fig. 1A). The bilayer forms spontaneously from this thick lipid film. During 
bilayer formation the surface-active lipids aggregate into monolayers at the oil-water interfaces on 
each side of the thick film. The solvent drains away from between the two monolayers thus allowing 
their apposition and formation of the bilayer structure (Fig. 1B). 
  Incorporation of ion channels into bilayers is usually simply done by adding ion channel protein 
to one of the baths and stirring. Ion channel incorporations occur spontaneously and can be detected by 
conductance changes in the bilayer membrane. For studying the SR ion channels, the bilayers are 
produced with a diameter of ~100 µm. SR vesicles are added to a final concentration of 1-10 µg/ml 
and the bath is stirred until channel activity indicates vesicle fusion with the bilayer. The side of the 
bilayer to which the vesicles are added is usually defined as the cis side (Fig. 1C). Conditions that 
promote vesicle fusion are: 1) a gradient in osmotic potential across the membrane (cis high), 2) cis 
[Ca2+] at mM concentrations and 3) vigorous stirring of the cis bath. The cytoplasmic side of the SR 
membrane, when fused with the bilayer, faces the cis bath and the luminal side faces the trans bath. 
Stirring of the cis and trans (cytoplasmic and luminal) chambers is usually done using magnetic 
stirrers.  
  Cesium methanesulfonate (CsMS) is commonly used as the principal salt in the bathing 
solutions. This is to prevent current signals from other ion channels from interfering with RyR 
recordings: the RyR is quite permeable to Cs+ whereas other ion channels in the SR do not conduct 
MS- and Cs+. Experiments also use a [Cs+] gradient across the bilayer (250 mM cis and 50 mM trans) 
to promote vesicle fusion (see above). 
  When a vesicle has fused with a bilayer the ion channels embedded in the vesicle membrane 
become incorporated into the bilayer. Once this happens it is possible to determine the ionic 
conductance of a single channel and to monitor it’s opening and closing (gating) by measuring the 
current through the membrane in response to an applied electrochemical gradient. The bilayer 
technique allows considerable flexibility in manipulating the experimental conditions. One can 
examine the response of channels to a variety of substances in the cytosolic and luminal baths as well 
as changes in the composition of the bilayer itself. One can also measure channel function under 
steady-state conditions or when solutions are rapidly and transiently altered. With this experimental 
technique, like with the patch-clamp technique, it is possible to obtained very detailed information 
about mechanisms determining channel conductance and gating. 
 
Single channel analysis. 

  This section is devoted to examining the most commonly used methods for describing the 
properties of ion channel signals and inferring their mechanisms of function. Single channel signals 
generally appear as a series of stochastic current jumps between stationary current levels (e.g. see Fig. 
2A). For most channel types the jumps are mainly between the closed state and a maximum level (the  
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Figure 2. Analysis of single channel parameters. (A) A typical example of a current signal from a 
single RyR (left) where channel openings are marked by upward transitions in the current. The dotted 
lines indicate the current levels corresponding to the open and closed channel. The dashed line shows 
the current threshold, which defines open and closed events in the analysis. (B) An amplitude 
histogram of the data in part A which shows a bimodal distribution with peaks corresponding to the 
stationary current levels (i.e. Open and Closed). The maximum unitary current is Im. The open and 
closed dwell times are given by the parameters, nto and ntc respectively. The equations show how open 
probability, Po, mean open dwell-time, To and mean open dwell-time, Tc, are calculated from the dwell-
times. 

unitary current, Im). Intermediate current levels correspond to subconductance (substates) of the 
channel.  
  Channel function is broadly characterised by the amplitudes and durations of stationary current 
levels. The most popular method for visualizing the different current levels from a channel signal is the 
all-points amplitude histogram. This is a histogram of all data points grouped according to their 
amplitude (Fig. 2B). Peaks in the histogram correspond to sustained current levels in the record. The 
width of the peaks is proportional to the size of the background noise and the area under each peak is 
proportional to the total time spent at that level. An overall measure of the channel activity can be 
obtained from the open probability, Po and the fractional, mean current, I. Po is the fraction of time the 
channel is in a conducting state and is calculated from the ratio of the number of data points in 
conducting levels and the total number of points in the record (assuming equally spaced data samples). 
The fractional, mean current is equal to the time-average of the current amplitude divided by Im. A 
value of one indicates that the channel is never closed and a value of zero indicates that the channel is 
never open. For ion channels with only one open conductance level Po and I give the same value. 
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Although these parameters provide an overall picture of channel activity, they do not provide much 
more information than what can be obtained from bulk assays of channel activity.  
  A more detailed and rewarding analysis of channel activity can be derived from the statistics of 
amplitudes and durations (i.e. dwell-times: the times spent at each current level before it jumps to a 
new value). An overall picture of channel gating rates is encapsulated in the mean open and closed 
dwell-times (To and Tc, see Fig. 2). Frequency histograms of open and closed dwell-times graphically 
show the kinetic signature of the gating mechanism and provide clues to the underlying gating 
mechanisms (see below). The frequency distributions of dwell-times can be well described by the sum 
of decaying exponential functions. There are several graphical methods for displaying these 
histograms, two of which are shown in Figure 3A. The most useful types of plot is that developed by 
Sigworth and Sine (1987) which is shown in Figure 3B. The data are grouped into bins that are equally 
spaced on a log scale. In this log-binned scale the broadening of the bins at longer times increases the 
number of counts in each bin which tends to counter the exponential decline seen in uniformly binned 
distributions. Distributions that are exponentially distributed on the linear scale form peaked 
distributions in log-binned histograms where each peak corresponds to an exponential component of 
the distribution. Probability distributions of dwell-times can be obtained from frequency distributions 
by dividing the data by the total number of events in the distribution (i.e. the area under the curve 
becomes one). In addition when the square root of the probability is plotted, the statistical scatter on 
the data becomes uniform across the entire distribution. 

Figure 3. Frequency histograms of open and closed dwell-times. (A) A fictitious distribution of dwell 
times, typical of that obtained from single channel recordings, which is comprised of two exponential 
components with distinctly different decay constants (time constants). (B) The probability distribution 
from the same dwell-time data is plotted using log-spaced bins (i.e. they appear equally spaced in the 
log-time scale). The wider bins (in absolute terms) at the right end of the scale tend to collect more 
data counts than the narrower bins at the left. The probability distribution is calculated by normalizing 
the frequency distribution according to the area under the curve (see text). Hence the two exponential 
decays in part A assume a double peaked distribution in part B. The locations of the peaks on the time-
scale approximately correspond to the time constants of each exponential. 

  From the kinetic signature it is possible to make inferences about the mechanisms underlying 
the gating processes of the channels. This is illustrated here with a simulated single channel recording 
based on a six-state gating scheme with three open and three closed states (Fig. 4A). The timing of 
transitions between states is calculated from the reaction rates using a stochastic algorithm. Figure 4B 
(circles) shows probability distributions (log-binned) of open and closed dwell-times obtained from the 
simulated recording. These open and closed probability distributions show three exponential time 
constants, which are manifest as three peaks in the distributions. Each peak corresponds to a different 
open or closed state of the reaction scheme. In this simple case, each exponential time constant in Figure  
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Figure 4. (A) A reaction scheme describing some of the aspects of RyR gating in which the channel 
can adopt three different open and closed states. Rather than showing all the reaction rates just the 
mean lifetimes of each state is shown here. (B) A probability (the square root) distribution of open (¡) 
and closed (l) dwell-times obtained from a simulated, single channel recording which was generated 
from a gating mechanism given by the Scheme shown in part A (see text). The arrows indicate the 
peaks in the distributions that correspond to the various states in the gating scheme. The solid lines 
are theoretical probability functions derived from the gating scheme in part A, using the method of 
Colquhoun and Hawkes (1981). 

4B (arrows) corresponds approximately in value to the average time spent in each state in Figure 4A. 
Generally, the number of exponential components observed in the open and closed dwell time 
distributions gives a lower estimate of the number of different states (i.e. protein conformations) 
associated with channel open and closed events respectively. It is also possible to predict theoretical 
probability distributions from the reaction rates using methods detailed by Colquhoun and Hawkes 
(1981). The theoretical predictions from the gating scheme are shown as solid curves in Figure 4B. 
Thus by fitting the data with these predictions it is possible to model the data in terms of rate constants 
between different conformational states of the channel. 
 
A Study of Ca2+ and Mg2+ regulation of RyRs: An example of single channel analysis 

  The gating of RyRs depends on cytoplasmic Ca2+ and Mg2+ concentrations. RyRs from skeletal 
and cardiac muscle (ryr-1 and ryr-2 respectively) are activated by µM Ca2+ and inhibited by mM Ca2+ 
and Mg2+. Several studies show that Mg2+ is a strong inhibitor of Ca2+ release in skeletal muscle 
(Owen et al., 1997) and plays an important role in EC coupling (Lamb & Stephenson, 1991, Lamb & 
Stephenson, 1992). 45Ca2+ release from skeletal SR vesicles suggests that regulation of RyRs by Mg2+ 
and Ca2+ is tied to two common mechanisms (Meissner et al., 1986) but it was recognized that 
confirmation of that hypothesis awaited detailed single channel experiments. This section will show 
how single channel measurements of the Mg2+- and Ca2+-dependent gating kinetics in skeletal and 
cardiac RyRs identified two mechanisms for Mg2+-inhibition. Details of this work can be found in 
(Laver et al., 1997a, Laver et al., 1997b, Laver et al., 1995). 
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Figure 5. (A) The dependence of the Po on the cytoplsmic [Ca2+] from three groups of RyR. (l)-sheep 
cardiac RyRs treated with CHAPS or high [CsCl] that were insensitive to inhibition by mM cis Ca2+,  
(¡)- native cardiac RyRs which could be inhibited by mM cis Ca2+, (n)- rabbit skeletal RyRs.  (B) The 
[Mg2+]-dependence of the Po of cardiac RyR in the presence of 1 µM Ca2+ (¡) or 1 mM Ca2+ (l). The 
lines show Hill fits to the data (see below) using the following parameters: (solid line)- H = 1, Km = 
1.8 mM. (dashed line)- H = 1.5, Km = 26 mM. The Hill equation used here relates the degree of 
channel inhibition by Mg2+ (Po/Pocontrol) to its binding affinity (Km), Hill coefficient (H) and 
concentration: 

Analysis of the effects of non-physiological [Ca2+] and [Mg2+] can identify multiple mechanisms that 
are difficult to distinguish under physiological conditions.  

  It has long been recognized that there are two distinct Ca2+ regulation mechanisms in RyRs: one 
that activates them at µM cytoplasmic [Ca2+] and another that inhibits them at mM [Ca2+] (Meissner, 
1994). This case study focuses on three groups of RyRs: Rabbit skeletal RyRs (n), sheep cardiac 
RyRs(¡) and modified cardiac RyRs(l) which have been exposed to 500 mM CsCl or CHAPS 
detergent and so have lost their sensitivity to Ca2+ inhibition. An overall picture of the regulation of 
the three types of RyR by cytoplasmic Ca2+ is obtained from measurements of channel open 
probability (Po) in Figure 5A. The three RyR types were similarly activated by cytoplasmic [Ca2+] of ~ 
1µM but they were differently inhibited by Ca2+. Cardiac RyRs are, on average, 10 fold less sensitive 
to Ca2+ inhibition than skeletal RyRs, and cardiac RyR treated with CHAPS were not significantly 
inhibited by [Ca2+], even at 100 mM. Mg2+ inhibited the three RyR groups. Once again, measurements 
of Po give the overall picture of this inhibition. Increasing concentrations of Mg2+ progressively 
reduce the activity of RyRs (Figs. 5B and 6). Mg2+ differently inhibited the three RyR groups. Figure 
7A shows the concentration of Mg2+ needed to reduce the Po of RyRs by 50%, plotted against the Ca2+ 
concentration. The data in Figure 7 shows two broad features in the [Ca2+] dependence of Mg2+ 
inhibition. One of these is an ascending limb where increasing [Ca2+] causes the channel to become 
less sensitive to inhibition by Mg2+. At low [Ca2+] the Ca2+-dependence of Mg2+ inhibition of the 
cardiac RyRs (both native and treated with CHAPS or CsCl) clearly show this ascending limb. There 
is also some indication of this with the skeletal RyRs at very low [Ca2+]. The other feature is the 
plateau region, which occurs at higher [Ca2+] where Mg2+ inhibition is insensitive to [Ca2+]. This is 
clearly seen in the data from skeletal and cardiac RyRs in Figure 7A, although this was not apparent in 
the data obtained from RyRs treated with CHAPS or CsCl. A model for explaining the Po data is 
shown schematically in Figure 8 in which there are two Ca2+ and Mg2+ dependent gates acting in 
series. One gate opens (activation gate) when the [Ca2+] increases above 1 µM giving rise to Ca2+- 
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Figure 6. Single channel recordings of sheep cardiac RyRs in lipid bilayers showing the effects of 
Mg2+-inhibition on the pattern of channel gating. The cis bath contained 250 mM CsCl and the trans 
bath contained 50 mM CsCl. The potential difference across the bilayer is 40 mV (cis-trans) and the 
current baseline is at the bottom of each trace (dashed lines). (A) Mg2+-inhibition in 1 µM Ca2+ 
appears to increase the duration of channel closures. (B) 10 mM Ca2+ was added to a RyR initially in 
1 mM Ca2+ and this inhibits the channel. The cis bath was flushed with solutions containing 1mM Ca2+ 
and maximal channel activity was restored. Then 10 mM Mg2+ was added to the cis bath. Gating 
pattern of the RyR inhibited by 10 mM Mg2+ + 1 mM Ca2+ appeared to be the same as that inhibited 
by 11 mM Ca2+ alone.  Mg2+-inhibition in 1 mM Ca2+ also appeared to induce a more flickery gating 
pattern than in 1 µM Ca2+. 

activation of the RyR. Another gate closes (inhibition gate) when [Ca2+] rises to mM levels. Mg2+ at 
the activation gate reduces Po by competing with Ca2+ for activation sites. However, Mg2+ is unable to 
open the channel. At the inhibition gate, Mg2+ and Ca2+ can each bind at the inhibition site and cause 
channel closure by a common mode of action. In this model the two gating mechanisms are assumed to 
operate concurrently and independently. The combined effect of both gates is such that the open 
probability of the channel is equal to the product of the open probabilities of each gate. It follows that 
the gating of the channel will tend to be dominated by the gate that is least open (see Fig. 7B) which 
explains why different inhibition mechanisms become apparent at low and high [Ca2+]. 

Analysis of single channel gating kinetics can provide a stringent test for gating models.  

  If Ca2+ and Mg2+ do inhibit via a common mode of action then the kinetic signatures of Ca2+ 
and Mg2+ inhibition should be identical in the plateau region of the data (see Fig. 7). Moreover, the 
kinetic signature of Mg2+ inhibition in the plateau region should be different to that seen in the 
ascending limb since it is assumed that these two features arise from different mechanisms. Figure 9 
shows that this is the case. Single channel recordings of native cardiac RyR inhibited by Mg2+ in the 
presence of low (1 µM) and high (1 mM) [Ca2+] are shown in Figure 6 (different inhibition mechanism 
should be apparent at low and high [Ca2+] see above). Inhibition by 2 mM Mg2+ in the presence of 1 
µM Ca2+ reduced Po to 50% of the control value and inhibition by10 mM Mg2+ in the presence of 1 
mM Ca2+ also reduced Po by 50%. Even though Mg2+ produced the same degree of inhibition in both 
cases, inspection of the pattern of gating in these records shows that Ca2+ and Mg2+ have very 
different effects on channel gating. Moreover, at high [Ca2+], addition of either Ca2+ or Mg2+ produced 
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Figure 7 (A) The mean (± sem) cis [Mg2+] causing 50% inhibition of RyRs, KI(Mg2+), plotted against 
cis [Ca2+] for three groups of RyR, namely, (l)-sheep cardiac RyRs treated with CHAPS or 500 mM 
[CsCl] that were insensitive to inhibition by mM cis Ca2+,  (¡)- native cardiac RyRs which could be 
inhibited by mM cis Ca2+. (n)- Rabbit skeletal RyRs. Three model predictions for the Ca2+-dependence 
of KI(Mg2+), shown in part B, are compared with the data. (B) Model predictions for KI(Mg2+) 
showing the relative contributions of Mg2+-inhibition at the activation and inhibition gates of cardiac 
(Cd) and skeletal (Sk) RyRs. The solid lines are two of the model fits to the data in Part A. The only 
difference between the two fits are due to differences in the affinity of Ca2+ and Mg2+ at the inhibition 
gate. The thick dashed lines show the Ca2+-dependence of the [Mg2+] required to halve the open 
probability of the activation and inhibition gates separately. It can be seen that for the cardiac RyRs 
(upper solid line) KI(Mg2+) at high and low [Ca2+] extremes are similar to that expected solely from 
each inhibition mechanism separately. 

Figure 8. A schematic diagram of a RyR 
which illustrates the main aspects of the 
model for Mg2+-inhibition of RyRs. Gating 
mechanisms for Ca2+-activation and Ca2+-
inhibition of the RyR are labelled (A) and (I) 
respectively. These gates are assumed to 
operate independently and such that both 
gates must be open for the channel to conduct. 
At the activation gate inhibition occurs when 
Mg2+ binds and prevents opening of the 
activation gate by competing with Ca2+ for the 
activation site. However, unlike Ca2+ binding 
(~1 µM affinity) the binding of Mg2+ at this 
site (~1 mM affinity) does not open the 
channel. At the inhibition gate, inhibition 
occurs with the binding of Mg2+ or Ca2+ (~ 
mM affinity) at a common set of sites. 
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Figure 9. Probability distributions of open and closed dwell times obtained from the same records as 
shown in Figure 6. (A&C) The effect of Mg2+ on the probability distributions closed (A) and open (C) 
dwell-times of cardiac RyRs in the presence of 1 µM cis [Ca2+]. The probabilities were calculated 
from number of events/ bin divided by the total number of events (~1500 events in each record). The 
histograms were extracted from single channel recordings of ~15 second duration. The dwell-times 
are “log binned” and displayed using the approach of Sigworth and Sine (1987). The distributions of 
open and closed dwell-times could be fit by the sum of three exponentials shown separately by the 
three curves in part C. (B&D) The effect of Mg2+ on the probability distributions of channel closed (B) 
and open (D) dwell-times of cardiac RyRs in the presence of 1 mM [Ca2+]. The gating of a single 
cardiac RyR was initially measured when the cis bath contained 1 mM CaCl2 (x). The 
measurement was repeated after 10 mM CaCl2 was added to the bath (open circles). The cis bath was 
then flushed with solution containing 1 mM CaCl2. The cis [Mg2+] was increased to 10 mM before the 
final measurement was made (closed circles). In both experiments a 50% inhibition of the RyR, by the 
addition of either 10mM Ca2+ or Mg2+, had identical effects on channel gating. 
 
inhibition with a similar gating pattern. Probability histograms of open and closed dwell-times quantify 
these Mg2+-inhibition effects on the channel gating. Inhibition by Mg2+ at low [Ca2+] significantly 
increased the probability of long closed dwell-times (Fig. 9A) but produced no significant change in 
the open dwell-time distribution (Fig. 9C). In contrast, Mg2+ inhibition a high [Ca2+] both increased 
the probability of long closed dwell-times (Fig. 9B) and increased the probability of short open dwell-
times (Fig. 9D). Thus Mg2+ inhibition clearly has a different kinetic signature at high [Ca2+] than at 
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low [Ca2+]. However, the kinetic signatures of Ca2+ and Mg2+ inhibition at high [Ca2+] are identical 
indicating that Ca2+ and  
Mg2+ inhibit RyRs by modulating the same gating mechanism. It is highly unlikely that different 
mechanisms as complex as these (complex meaning that they are described by 6 exponentials and11 
independent parameters) could, by coincidence, produce the same gating pattern.  
 
Biophysical characterization of RyR regulation mechanisms has physiological relevance.  

  The fact that Ca2+ and Mg2+ share a common inhibitory mechanism provides an answer to the 
question of why RyRs are inhibited by mM cytoplasmic Ca2+ when [Ca2+] never reach this level in 
muscle. Once it is realized that Mg2+ inhibition shares a common mechanism with Ca2+ and that Mg2+ 
is present at mM concentrations the answer becomes apparent. Thus it is likely that inhibition by Mg2+ 
is the physiologically relevant mechanism (as suggested by Lamb, 1993) and by focusing on Ca2+-
inhibition of RyRs one misses the physiologically important process. This interpretation sheds a new 
light on the molecular basis of Malignant Hyperthermia. Malignant hyperthermia (MH) is an inherited 
skeletal muscle disorder of humans and pigs that can be triggered in susceptible individuals by 
anesthetics, such as halothane, and by certain other agents and even by stress (Mickelson & Louis, 
1996). The disorder is due to abnormal regulation of intracellular [Ca2+] in the muscle cells due to over 
active RyRs. If an MH episode is initiated, it results in muscle rigidity, severe metabolic changes and 
excessive heat production, often leading to death if untreated. Porcine Malignant Hyperthermia is 
associated with the Arg615Cys mutation in the RyR, which alleviates RyR inhibition at mM [Ca2+] 
(Mickelson & Louis, 1996). Because cytoplasmic [Ca2+] never reaches mM levels it was not clear how 
the RyR mutation caused Malignant Hyperthermia.  However, once it is realized that Ca2+ and Mg2+ 

share the same inhibitory mechanism then alleviation of Mg2+ inhibition becomes a plausible 
mechanism for altered Ca2+ release by RyRs. At physiological [Mg2+] (~1 mM) RyRs from Malignant 
Hyperthermia susceptible muscle are less depressed by Mg2+ than normal RyRs. Therefore MH RyRs 
are more readily activated by any stimulus because cytoplasmic Mg2+ does not hold them as tightly 
shut as normal RyRs and this is a likely cause of the abnormally high Ca2+ release associated with this 
myopathy (Laver et al., 1997b). 
 
Variations between individual RyRs and different RyR types provide additional information about 
regulation mechanisms.  

  It is commonly found in single channel studies that the gating properties of ion channels differ 
to some extent from one channel to the next and RyRs are no exception to this. Several studies have 
focused on the heterogeneity of RyRs in bilayers (eg. Laver et al., 1995, Copello et al., 1997). While 
RyRs of one type all share common regulation mechanisms, there are substantial variations in RyR 
sensitivity to regulatory ligands such as ATP (Laver et al., 2000b), Ca2+ (Laver et al., 1995), Mg2+ 
(Laver et al., 1997b, Laver et al., 1997a) and pH (Laver et al., 2000a). This variability provides an 
opportunity to examine correlations between different properties of the RyR that would suggest 
common underlying mechanisms. For example, if Ca2+ and Mg2+ do inhibit RyRs by a common 
mechanism then their sensitivity to Ca2+ should be correlated with their sensitivity to Mg2+. The Mg2+ 
sensitivity of cardiac RyRs varied by an order of magnitude between individual channels. Half 
inhibition by Mg2+ in the presence of high [Ca2+] (in the plateau region, see Fig. 7) occurred at [Mg2+] 
ranging from 2 to 10 mM. The sensitivity to Ca2+ and Mg2+ inhibition in the variable RyR population 
were compared in the same RyR as shown in Figure 10, which shows a good correlation and equality 
between half inhibiting concentrations of Ca2+ and Mg2+. In addition to variations between individual 
RyRs of one group there are systematic differences in the mean sensitivity of different groups of RyRs 
to Ca2+ and Mg2+ inhibition. In this regard, cardiac RyRs are less sensitive than skeletal RyR and 
skeletal RyRs with the MH mutation are less sensitive than normal skeletal RyRs. When the sensitivity 
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Figure 10. Correlation between the sensitivity to 
inhibition by Ca2+ and Mg2+ in individual RyRs. Half 
inhibition by Mg2+, KI(Mg2+), and by Ca2+, KI(Ca2+), 
was determined on the same RyRs. The correlation 
between KI(Mg2+) and KI(Ca2+

) is also shown for 
different groups of RyR which have, on average, 
different sensitivities to Ca2+ and Mg2+ inhibition. 
Within each group there is significant variation in these 
properties. Unless otherwise stated cis [Cs+]=250 mM; 
(¡)- cardiac RyRs in the presence of 1mM Ca2+ where 
they showed normal Ca2+-inhibition, (l)-cardiac RyRs 
in the presence of 1mM Ca2+ where they showed reduced 
Ca2+-inhibition because they had been exposed to cis 
500 mM CsCl or CHAPS for one minute prior to 
measurements of divalent ion inhibition, (o)- normal 

pig skeletal RyRs in the presence of 50 µM Ca2+ and 100 mM CsCl (n)-MHS RyRs in the presence of 
50 µM Ca2+ and 100 mM CsCl. (r)-normal pig skeletal RyRs in the presence of 50 µM Ca2+, (p)-
MHS pig skeletal RyRs in the presence of 50 µM Ca2+. (X)- cardiac RyR in the presence of less than 
100 µM Ca2+. 

of individual RyRs to Ca2+ and Mg2+ inhibition are compared across a range of RyR types there is a 
tight correlation and equality between the half inhibiting concentrations of Ca2+ and Mg2+ over three 
orders of magnitude (correlation coefficient, r = 0.96 or coefficient of determination, r2=0.9). In 
contrast to this was the lack of any correlation (r = 0.17) between Ca2+ and Mg2+ inhibition when 
Mg2+ inhibition was measured in the presence of low [Ca2+]. This clearly shows that the Mg2+/Ca2+ 
equivalence does not apply under low [Ca2+] conditions suggesting that Mg2+ inhibition at low [Ca2+] 
are due to a different mechanism to Ca2+ inhibition. 
 
Functional  interactions between RyRs and other endogenous proteins. 

  Several proteins are now known to have effects on the activity of the RyR in muscle. The most 
notable of these is the DHPR (see above). In addition there is also calmodulin, calsequestrin, triadin, 
junctin and the FK506 binding protein (FKBP). These proteins are believed to form part of a large 
complex that is the machinery for EC coupling in muscle. With bilayer methods it has been possible to 
dismantle the EC-coupling machine to gain clues as to how the individual components contribute to its 
overall function. With the likely exception of the DHPR, native RyRs in lipid bilayers appear to 
remain associated with the above-mentioned co-proteins. The effects of these co-proteins on RyR 
activity have been studied in lipid bilayers by dissociating these proteins while simultaneously 
recording channel activity. Biochemical methods such as SDS-PAGE, Western blots and radio active 
labeling have been used to confirm that the treatments used to dissociate RyR co-proteins in lipid 
bilayer experiments are specific to the protein of interest. This approach has been used to study 
interactions between RyRs and calmodulin (Tripathy et al., 1995), calsequestrin (Beard et al., 2000, 
Beard et al., 1999) and FKBP (Ahern et al., 1997). So far this approach has not proved successful for 
studying the effect of DHPRs on RyRs in lipid bilayers. However, inroads into this area have been 
made using less direct means. The DHPR and RyR in skeletal muscle are believed to interact via the 
cytoplasmic loop region between transmembrane repeats II and III of the DHPR α1 subunit (aa 666-
791, Tanabe et al., 1990). The isolated skeletal II-III loop has been added to single RyRs in bilayers 
and was found to activate them (Lu et al., 1994). Also, synthetic peptides, encompassing regions of the 
skeletal II-III loop have been applied to RyRs and were found to regulate RyR activity (Dulhunty et 
al., 1999).   



 

52        Proceedings of the Australian Physiological and Pharmacological Society (2001) 32(1) 

  An example of how single channel experiments have been used to study the functional 
interactions between RyRs and other proteins is the investigation of calsequestrin. Calsequestrin is a 
protein found in the lumen of the SR, which acts as a moderate affinity (KD=1 x 10-5 M) Ca2+ binding 
protein that buffers the luminal free [Ca2+] (MacLennan & Wong, 1971). Two other proteins, triadin 
and junctin, span the SR membrane and these proteins bind to both calsequestrin and the RyR 
(Knudson et al., 1993, Kanno & Takishima, 1990, Zhang et al., 1997, Jones et al., 1995, Guo et al., 
1996). SDS-PAGE and Western Blotting techniques have shown that calsequestrin can be dissociated 
from the RyR complex by exposing SR membranes to raised ionic strength (ie 500 mM as apposed to 
250 mM), or by exposing them to higher than usual [Ca2+] (13 mM as apposed to 1 mM).  By applying 
similar solutions changes to RyRs in bilayers it was possible to see the effects of a calsequestrin 
dissociation event during recordings of RyR activity. To do this the ionic strength or [Ca2+] of the 
luminal bath in bilayer experiments was increased like that in the SDS-PAGE experiments. This 
caused an increase in RyR activity that could only be reversed by addition of purified calsequestrin to 
the luminal bath. The presence or absence of calsquestrin on the RyR in bilayers was confirmed using 
an anti-calsequestrin antibody that inhibits channel activity when it binds to the calsequestrin-RyR 
complex. The data were consistent with an overall picture in which calsequestrin dissociation 
enhanced native RyR activity and calsequestrin binding suppressed channel opening. The next step 
would be to assess the combined effects of triadin, junctin and calsequestrin on RyR activity. Junctin 
and triadin can be dissociated from the RyR by solublising the SR membranes with CHAPS detergent 
and purifying the RyR. Thus by applying triadin, junctin and calsequestrin, in various combinations, to 
purified RyRs in bilayer experiments it will be possible to systematically piece together these 
components of the EC coupling machinery and measure their effects on RyR activity. 
 
RyR function and its relationship to its tetrameric structure 

  Electron microscope image reconstruction shows RyRs to have four-fold symmetry (Orlova et 
al., 1996). This four-fold symmetry means that each of the four subunits must somehow contribute 
equally to ligand binding and channel gating. Therefore the mechanisms regulating channel gating are 
likely to be complex.  Single channel studies are now starting to give an insight into how 
homotetrameric structures like the RyR control channel activity.  
 
Four-fold structure inferred from channel conductance.  

  Telltale signs of the contribution of four subunits to channel conductance appeared not long 
after the discovery of the RyR (Ma et al., 1988, Smith et al., 1988). RyRs displayed multiple 
conductance levels with subconductances near 25%, 50% and 75% of the maximum (ie equally spaced 
levels) conductance level. These were interpreted a current flow through pores formed by the 
activation of different numbers of subunits; 25% corresponding to one, 50% to two subunits etc. Very 
clear and sustained substate activity at approximately equally spaced levels has been observed in RyRs 
that were modified either by the binding of ryanodine (Ma & Zhao, 1994) or the stripping of the 
FKBP, a co protein to the RyR (Ahern et al., 1997). Amplitude histograms of channel activity revealed 
that the spacing of substates was not exactly equal. Nonetheless, these studies interpreted the substates 
as the opening of four separate conducting pathways in the channel. These must gate cooperatively and 
simultaneously in order to produce the observed gating of the RyR complex between closed and 
maximum conductance levels in a single transition. More recently mutations in the RyR have been 
discovered that alter channel conductance and experiments with hybrid RyRs containing these 
mutations have shed more light on subunit contributions to channel conductance. A highly conserved 
10 amino acid segment within the pore-forming region about aa4824 was found to be the determinant 
of channel conductance (Zhao et al., 1999). Single channel studies showed that the glycine to alanine 
substitution, G4824A, reduced channel conductance by 97%. Co-expression of mutant and wild-type 
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subunits produced a range of hybrid channel types with six different maximal conductance levels that 
lie between those of the homozygous mutant and wild-type RyRs. The number of different 
conductance levels corresponds to the number of subunit combinations that are possible with two types 
of subunits in a tetramer. The fact that six conductance levels could be observed suggest that the four 
subunits somehow contribute to a single conduction pathway through the RyR as apposed to the idea 
that each subunit possesses a separate pathway. 
 
Four-fold structure inferred from steady state channel gating.  

  The gating of RyRs has exhibited phenomena that suggest mechanisms stemming from a 
tetrameric structure. The Arg615Cys mutation (MH mutation in pigs, see above) in the RyR alleviates 
RyR inhibition at mM [Ca2+] and [Mg2+]. Shomer et al. (1995) found that RyRs expressed in 
heterozygous pigs gave rise to hybrid RyRs with gating properties intermediate to those of the wild 
type and mutant. This indicated that each subunit in the RyR tetramer has an influence over the Ca2+ 
sensitivity of the channel.  More recently, Chen et al. (1998) discovered an alanine to glutamate 
substitution, E3885A, which decreased the sensitivity of RyR to Ca2+ activation by four orders of 
magnitude such that mM levels of cytoplasmic Ca2+ were required to activate the channel. Co-
expression of subunits containing altered sites for Ca2+-activation with wild-type subunits produced 
five or six types of RyRs with sensitivities to Ca2+ activation ranging between those seen for the 
mutant and wild type homotetramers. Chen et al. (1998) suggested that all four subunits contribute to 
each Ca2+ activation site. A more detailed interpretation of these experiments awaits the development 
of methods for linking the stoichiometry of the hybrid channels with the observed channel function. 
 
Four-fold structure inferred from non-steady state channel gating.  

  Aspects of the tetrametric structure of RyRs may also show up in the response of RyRs to rapid 
changes in the concentration of regulatory ligands. It is recognized that during muscle contraction the 
RyRs respond to rapid (~ms) step increases in [Ca2+] resulting from Ca2+ flow through nearby 
dihydropyridine and ryanodine receptors. Consequently there has been considerable interest in the 
effects of rapid [Ca2+] transients on the activity of RyRs in bilayers (see perspectives by Sitsapesan & 
Williams, 2000, Lamb et al., 2000, Fill et al., 2000). Now there is also a growing interest in the effects 
of rapid application of other regulatory ligands such a protons (Laver et al., 2000a). The effect of 
steady cytoplasmic pH on RyRs has been addressed in several studies (Rousseau & Pinkos, 1990, 
Shomer et al., 1994, Ma et al., 1988), which show acid pH inhibits RyRs; with half inhibition at pH6.5 
and with near total inhibition below pH6. However, rapid changes in pH reveal new characteristics of 
RyR gating not apparent in steady state recordings.  The pH was increased from ~5.5 (inhibiting pH) 
to above 7 (activating pH) over a 500 ms period by squirting solutions from a perfusion tube placed in 
the vicinity of the bilayer. Rather than activating in a graded manner reflecting the continuous change 
of pH over this period, the RyRs activate in a stepwise manner. As the RyRs activate their open 
probability RyRs increases in what appears to be different gating modes with ascending Po (see Fig. 
11A). Amplitude histograms of RyR Po (Fig. 11B) show four of these gating modes as four distinct 
peaks. The four gating modes correspond in number to what would be expected if RyR subunits 
activated separately in response to proton dissociation. Thus the first, lowest Po mode would be when 
one subunit is active and higher Po modes would occur as more of the four subunits activated. If this 
hypothesis were correct then the stability of ligand mediated channel openings would depend on the  
number of subunits that have bound ligand molecules. This phenomenon has been seen in the cyclic 
nucleotide gated channel (Ruiz & Karpen, 1997). 
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Figure 11. (A) Recording of a single RyR showing recovery from inhibition at low pH. The 
cytoplasmic pH was rapidly raised (~1s) from 5.3 to 7 by moving a solution stream from a tube onto 
and away from the bilayer. The onset of solution change occurred at the beginning of the trace. In the 
first 200 ms the channel showed slight activation (Po~0.01) that jumped to a Po of 0.3 at 200ms, 0.6 at 
400 ms and 1.0 at 800 ms into the record. The heavy line shows a running average of the current 
record, which rises in a stepwise manner as the channel activates. (B) The amplitude histogram of the 
running average showing peaks, which correspond to relatively stationary segments of activity in part 
A. The weakest activation seen in the first 200 ms produced the peak at zero current and the other 
three modes of activity give rise to peaks at 6pA, 20pA and 34 pA.  
 
Future directions in single channel recording 

  The rate at which single channel recording techniques have advanced our knowledge is 
generally limited by the rate at which good recordings can be obtained from either membrane patches 
or artificial bilayers. Single channel recording is a slow and tedious process where progress is 
constrained by a range of technical limitations. First, the techniques are notoriously hit and miss in that 
they do not provide control over the number and types of channels observed.  It is common for 


