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ABSTRACT

This thesis examines the plasticity of cardiovascular control of golden hamsters 

{Mesocricetus auratus) in four physiological conditions, normal controls at euthermy, 

cold controls (cold-exposed animals that did not undergo hibernation), hibernating 

animals and animals aroused from hibernation for 2 h. There were two main areas of 

study 1) the endothelium and perivascular innervation of mesenteric and renal arteries 

using electron-immunocytochemical techniques and 2) gap junctions in the left ventricle 

and aorta using immunohistochemistry combined with laser confocal microscopy.

During hibernation, the percentages of both nitric oxide synthase (NOS)- 

positive and endothelin (ET)-positive endothelial cells in the superior mesenteric artery 

and renal artery were markedly lower than in the controls. In the mesenteric artery, the 

percentage of NOS and ET positive endothelial cells fell from 22% and 17%, 

respectively, in the normal controls to 1% and 6%, respectively, during hibernation. In 

the renal artery 23% and 43% of endothelial cells contained NOS and ET, respectively 

in the normal controls but only 5% contained NOS and ET in the hibernating group. On 

arousal, the percentages of NOS and ET immunopositive endothelial cells were similar 

to the normal control values (18% and 13%, respectively, in the mesenteric artery and 

21% and 30%, respectively, in the renal artery).

In perivascular nerves, there was an increase in the percentage of axon profiles 

positive for sympathetic nerve markers, tyrosine hydroxylase (from 17% to 57% during 

hibernation in the mesenteric artery and from 20% to 76% during hibernation in the 

renal artery) and neuropeptide Y (from 30% to 65% during hibernation in the 

mesenteric artery and from 25% to 77% in the renal artery). There was also a 

hibernation-associated decrease in the percentage of axon profiles containing a 

parasympathetic nerve marker, vasoactive intestinal polypeptide (from 14% to 4% 

during hibernation) in the mesenteric artery. These changes are consistent with 

increased peripheral vascular resistance during hibernation. The endothelial and neural 

changes reported may reflect a predominantly sympathetic vasoconstrictor control 

during hibernation concomitant with a reduced endothelial contribution to the 

maintenance of vascular tone.

The density of immunoreactive connexin (Cx) 43 gap junctions was significantly 

increased in left ventricular cardiomyocytes in hibernating hamsters (area and 

numerical density were 9.73±1.4 and 16.11 ±1.6 |Lim /̂1000 pm ,̂ respectively, in 

hibernation compared to 4.03±0.93 and 10.68±1.7 pm^/1000 pm^ in normal control.
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hibernation compared to 4.03±0.93 and 10.68±1.7 pm^/1000 in normal control, 

P<0.05). Cx43 plaque size was larger in cold controls and hibernating animals 

(0.52+0.04 and 0.58±0.03 pm ,̂ respectively, compared to normal controls, P<0.05). 

Cx40 immunoexpression at the endothelium lining coronary arterioles of the ventricle 

was increased in the cold control group only: Cx40 area density was

38.99±4.19 pm^/1000 pm  ̂ in cold controls compared to 25.26±3.2 pm^/1000 pm^ in 

normal controls and was significantly greater than during hibernation 

(23.04±3.1 pm^/1000 pm ,̂ P<0.05). There were no changes in Cx40 levels in the aortic 

endothelium or in levels of Cx43 in smooth muscle of the aorta. The increase in 

cardiomyocyte gap junction proteins in the cold controls may represent a compensatory 

response to prepare the animal for hibernation avoiding ventricular fibrillation, while 

during hibernation, increased connexin expression may facilitate intercellular transfer of 

selected signals in readiness for arousal. The elevation of gap junction channels in 

coronary arteriolar endothelium corresponds with the requirement of increased 

intercellular communications during the prolonged circulatory changes required to 

maintain core temperature.

In summary, cardiovascular changes during hibernation operate at several 

different levels, neural, endothelial and at the level of cell to cell communication via gap 

junctions. These changes emphasise the active rather than passive nature of the 

process of hibernation and arousal.
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PREFACE

The cardiovascular system plays an essential role in the maintenance of optimal 

cellular function by supplying the appropriate nutritive materials and oxygen to 

tissues and by removing carbon dioxide and waste metabolites. Blood pressure 

and vascular tone are maintained at appropriate levels for the metabolic 

demands of the tissue by regulation from the central nervous system, the 

autonomic nervous system and from locally released and circulating humoral 

agents. Each of these regulatory systems are the subsets of large and complex 

areas of research. This study focuses on the control of vascular tone by 

autonomic nerves (perivascular nerves) and local control by endothelial cells. 

The study extends to the crucial role of cell-cell communication in the vascular 

wall and myocardium. All of the studies investigate four different physiological 

conditions of a hibernating mammal, the golden hamster {Mesocricetus 

auratus)’, during hibernation, arousal from hibernation, normal controls at 

euthermy and animals maintained in the cold that did not enter hibernation.

During the last two decades, the availability of improved techniques 

(immunocytochemistry, electron microscopy, electrophysiology and 

pharmacology) to study autonomic nerve structure and function have led to the 

discovery that perivascular nerves contain a multiplicity of substances involved 

in neurotransmission. In addition to the classical neurotransmitters, 

noradrenaline (NA) of sympathetic nerves and acetylcholine (ACh) of 

parasympathetic nerves, there are at least 20 neurotransmitter substances in 

autonomic nerves which are monoamines, amino acids, peptides or purines.

15



Preface

Investigations have led to the development of the concepts of cotransmission 

and neuromodulation. Moreover, the finding of the role of the endothelium in 

mediating the vasomotor relaxant response to ACh has initiated a broad area 

of new research. It is now known that a large number of agents exert their 

effects on vascular tone via the endothelium, and some of these agents may 

arise from the endothelium itself. This has highlighted the importance of 

endothelial cells as both a target and a source of vasoactive substances, and 

introduced a new dimension to the concept of local regulation of vascular tone.

Cells in most tissues are coupled together in groups by intercellular 

channels, which allow them to send messages and exchange molecules and 

signals that improve their homeostatic control. These channels or gap junctions 

are specialised membrane structures that are found between nearly all cell 

types including cardiomyocytes, endothelial cells, vascular smooth muscle cells, 

and between endothelial and smooth muscle cells of the vascular wall. 

Integration and co-ordination of responses among vascular wall cells are critical 

to the local modulation of vasomotor tone and to maintenance of circulatory 

homeostasis. Gap junctions provide the mechanistic basis for strong electrical 

coupling between smooth muscle cells, so that even relatively small 

depolarizations can be passively spread over relatively large distances in 

vascular tissues. Gap junctions are dynamic structures under regulated 

expression which can adjust cell to cell communication in response to altered 

physiological needs.

On entering hibernation, hibernators undergo huge changes of 

haemodynamic force as the heart rate and blood pressure reduce and 

peripheral vascular resistance increases prior to reduction of body temperature
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to near freezing point. The heart of hibernators is resistant to ventricular 

fibrillation during hypothermia whereas the nonhibernator heart develops 

ventricular fibrillation and circulatory arrest. Several mechanisms may explain 

the differences in the hibernator heart, such as the difference in the sympathetic 

innervation pattern, properties of lipids and regulation of intracellular calcium.

The aim of this thesis is to examine aspects of local regulation of 

vascular tone during hibernation and arousal from hibernation with emphasis on 

endothelial cells and perivascular nerves. In view of the interest in resistance to 

ventricular fibrillation and in the haemodynamic changes that occur during 

hibernation, gap junction expression is one focus of this study.

The background to the work is given in the general introduction (Chapter 

1). The methods section (Chapter 2) describes the induction of hamsters to 

hibernation and arousal from hibernation, and the techniques employed for 

analysis of neural, endothelial and gap junctional changes. The experimental 

results are presented in four sections (Chapters 3-6). Chapter 3 deals with 

influence of the endothelium in local vascular tone during hibernation. There is a 

change of mediator expression in renal and mesenteric arteries during 

hibernation and reversal during arousal from hibernation. Chapter 4 examines 

the change in autonomic neurotransmitters in perivascular nerves of renal and 

mesenteric arteries during and after arousal from hibernation. Chapter 5 

examines the change in expression of multiple gap junction connexins in left 

ventricles of hamsters during hibernation and arousal. Chapter 6 examines the 

expression of multiple connexins in blood vessels, coronary arterioles and 

aorta, of hamsters on entrance into and after arousal from hibernation.
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Finally, in Chapter 7 the results of all sections of the experimental work 

are addressed in the General Discussion and conclusions of the study, along 

with suggestions for future studies as a result of the findings of this thesis.
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GENERAL INTRODUCTION
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Chapter 1 : General Introduction

This chapter is an introduction to the regulation of the cardiovascular system. It 

is not intended to be a comprehensive review but rather a brief account of the 

general features of neural and endothelial control of the vasculature, and the 

role of gap junctions in blood vessels and the heart, thus giving a perspective 

on the features relevant to this thesis. The characteristics and physiology of 

animals which enter into and arouse from hibernation will also be described.

1.1 Cardiovascular system

The cardiovascular system is composed of the heart, a muscular organ that 

pumps the blood, and two systems of blood vessels, the pulmonary circulation, 

carrying blood to and from the lungs, and the systemic circulation, distributing 

blood to all of the other tissues and organs of the body. The heart and blood 

vessels are essentially a transportation system that supplies all the cells of the 

body, delivering essential materials for survival including nutrients, oxygen, 

hormones, and many other substances and carrying away the waste products 

of metabolism. The blood pumped from the heart passes through arteries of 

diminishing calibre to networks of thin-walled capillaries, and then back to the 

heart through veins of increasing calibre (Gartner and Hiatt, 1997).

1.2 Blood vessels

1.2.1 structure of blood vessels

The walls of arteries are composed of three morphologically distinct layers (Fig. 

1.1) (Gartner and Hiatt, 1997; Fawcett, 1994). The innermost layer, tunica
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Chapter 1 : General Introduction

intima, is composed of a single layer of flattened, squamous endothelial cells, a 

subendothelial layer of delicate fibroelastic connective tissue, and a band of 

elastic fibres, the internal elastic lamina. The middle layer, the tunica media is 

formed mostly of circularly arranged smooth muscle cells which vary their 

number according to the diameter of the artery. The endothelial cell may extend 

processes that penetrate the elastica and make close contact with the adjoining 

smooth muscle cells (myoendothelial junction) (Fig. 1.2). Smooth muscle cells 

and endothelial cells communicate with each other by gap junctions (Fig. 1.3) 

(Segal and Duling, 1986; 1989). The outermost layer, the adventitia, is usually 

separated from the media by a discontinuous sheet of elastin, the external 

elastic lamina. Closely applied to its outer surface are occasional bundles of 

unmyelinated nerve axons, perivascular nerves (Fig. 1.4). These nerves do not 

penetrate into the media but appear to terminate at the external elastic lamina. 

The neural stimulation of the smooth muscle cells evidently depends on 

diffusion of the neurotransmitter through fenestration in this layer of elastin 

(Fawcett, 1994). The resulting depolarisation of the peripheral smooth muscle 

cells is propagated throughout the media via the gap junctions between cells 

(Christ et al. 1993). The adventitia consists of fibroblasts, Schwann cells, loose 

connective tissue containing collagen and elastic fibres, and vasa vasorum. The 

elastic and collagen fibres are oriented, for the most part longitudinally.
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Figure 1.1 Low magnification of an eiectronmicrograph showing the entire 

vascular wall of hamster renal artery in transverse section. The three layers; 

intima, media and adventitia, are clearly shown. Internal elastic lamina (iel) 

separates the intima from the media whilst external elastic lamina (eel) is at the 

junction of media and adventitia. Endothelial cells (ec) are situated on the 

internal elastic lamina facing the lumen (lu). The media comprises a thick layer 

of circumferentially arranged smooth muscle cells (sm). A perivascular nerve 

(pn) at the adventitial medial border is also visible, ct, connective tissue; fb, 

fibroblast cell process. Scale bar is 5 pm.
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Figure 1.2 An electron micrograph of a portion of a renal artery wall in 

transverse section. The processes of endothelial cells (arrows) traverse through 

the small fenestration of internal elastic lamina to a contact smooth muscle cell 

(sm) in the media, m, mitochondria; N, nucleus; ec, endothelial cell; iel, internal 

elastic lamina. Scale bar is 500 nm.
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Figure 1.3 Electron micrograph of renal artery illustrating at least three 

endothelial cells (ec) lining the intima. Internal elastic lamina (iel) has a wavy 

outline of contraction of the vascular wall. Scale bar is 1 pm. Upper inset 

showing gap junctions (arrows) between endothelial cells Scale bar is 100 nm. 

Lower inset, the intercellular junctions (arrows) are exhibited between the 

smooth muscle cells (sm). N, nucleus. Scale bar is 500 nm.
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Figure 1.4 An electron micrograph of the junctional zone between the media 

and adventitia of renal artery. The media is restricted on its outer aspect by a 

discontinuous external elastic lamina (eel). The perivascular nerve at 

adventitial-medial border shows axon profiles (ax) associated with the Schwann 

cell (Sch) processes (asterisk), cf, collagen fibres. Scale bar is 1 pm. Insert; 

High power electron micrograph showing a nerve bundle containing several 

axon profiles. The axons are wrapped by incomplete Schwann cell processes 

and contain granular vesicles and agranular vesicles, gv, granular vesicle; av, 

agranular vesicle. Scale bar is 0.2 pm.
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Chapter 1 : General Introduction

1.2.2 Classification of arteries

Traditionally, arteries are classified into three major types based on relative size, 

morphological characteristics, or both. From largest to smallest, they are elastic 

arteries (conducting arteries), muscular arteries (distributing arteries) and 

arterioles (resistance arterioles).

Elastic arteries (i.e. aorta, pulmonary arteries) have the same general 

structure as other arteries but their intima is relatively thick, containing a few 

fibroblasts, occasional smooth muscle cells and collagen fibres, and a thin 

laminae of the internal elastic lamina. The media is the thickest of the three 

layers, and a prominent feature is the many fenestrated lamellae of elastin 

between the muscle layers.

Muscular arteries (i.e. mesenteric artery, renal artery, coronary artery) 

have more smooth muscle and less elastin in the media and relatively thicker 

adventitia than do elastic arteries. Prominent internal and external elastic lamina 

aid in distinguishing muscular arteries from elastic arteries.

Arterioles (diameter of less than 100 pm) have only a few layers of 

smooth muscle in the media, and very thin internal elastic lamina which might 

be absent. The adventitia is scant and is represented by fibroelastic connective 

tissue housing a few fibroblasts.

Capillaries (diameter of 8-11 pm) consist of a single layer of endothelial 

cells with their basal lamina supported by a loose network of reticular fibres. 

There is no media or adventitia.

Elastic arteries serve primarily as conductive tubes. Their structure 

permits distension of their walls during systole, followed by recoil of their walls
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Chapter 1 : General Introduction

during diastole. This feature assists in delivering a more constant blood 

pressure and flow of blood. Muscular arteries branching from the elastic arteries 

distribute blood to the body and are subject to constant changes in diameter 

resulting from vasoconstriction and vasodilatation. Arterioles serve as flow 

regulators to the capillary bed. Contraction of smooth muscle in the wall of 

arterioles reduce or shut off the blood going to the capillaries (Ross et al., 

1995). Capillaries form blood vessel networks that allow fluid containing gases, 

metabolites, and waste products to move through their thin walls between cells 

and the blood stream.

1.2.3 The vascular neuromuscular junction

The vascular neuroeffector junction consists of varicose nerve fibres within a 

plexus at the adventitial-medial border. The varicosities do not have a fixed 

relationship to particular smooth muscle cells, and the junctional distance varies 

between 60 nm to 2 pm depending on the size of the vessel. This is in contrast 

to the synapse of the skeletal muscle neuromuscular junction and to synapses 

in ganglia, both of which are characterised by the presence of specialisation of 

pre- and post-synaptic membranes, separated by a cleft of 20-50 nm. 

Neurotransmitters released from autonomic terminal varicosities act on specific 

receptors situated on smooth muscle cells, which propagate the electrical 

coupling to neighbouring smooth muscle cells (Burnstock, 1975; 1988; Dhital 

and Burnstock, 1989) via intercellular low-resistance pathways or gap junctions.

The variable geometry of the vascular neuromuscular junction makes 

them particularly amenable to neuromodulation which is an important feature of
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neurovascular control. A neuromodulator is defined as a substance that 

modifies the process of neurotransmission (Burnstock and Warland, 1987). It 

may act as a prejunctional modulator by decreasing or increasing the amount of 

transmitter released by the nerve varicosity, or it may act as a post junctional 

modulator by altering the time course or extent of action of neurotransmitter. 

Neuromodulators may be circulating neurohormones, local agents such as 

prostanoids, bradykinin, and histamine, or neurotransmitter substances 

released from the same varicosity or from varicosities of adjacent nerve 

terminals (Burnstock, 1993) (see section 1.2.4.1).

1.2.4 Perivascular nerves

Perivascular nerves at the adventitial-medial border of most blood vessels form 

a plexus, the “autonomic ground plexus” which consists of an extensive network 

of branching terminal fibres. The terminal axons are devoid of Schwann cell 

covering and are rich in varicosities (0.5-2 pm in diameter), separated by 

intervaricose regions (0.1-0.3 pm in diameter) (Burnstock 1986a). The 

varicosities are the main sites of synthesis and storage of neurotransmitters 

which are released “en passage” by the depolarising effect of nerve impulses 

passing along the axons to reach vascular smooth muscle cells (Burnstock, 

1986b; Burnstock, 1986c).

Classically, the activity of perivascular nerves was considered to 

exclusively involve antagonistic actions between vasoconstrictor 

catecholamines released from sympathetic nerves and the vasodilator 

acetylcholine (ACh) release from parasympathetic nerves. It has become
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evident that perivascular nerves also release transmitters which are neither 

noradrenaline (NA) nor ACh and that these participate in the control of vascular 

tone. These nonadrenergic noncholinergic (NANG) transmitters including 

peptides, purines, and nitric oxide (NO) are present in all classes of perivascular 

nerves. Evidence for the coexistence of more than one neurotransmitter within a 

single nerve terminal has resulted in the concept of cotransmission (Burnstock 

1976): these substances are released simultaneously to elicit postjunctional 

actions, each substance activating their own specific receptors. Many 

substances that are cotransmitters are also neuromodulators (Burnstock and 

Ralevic, 1994).

The transmitters are packaged together in certain specific combinations 

in different neurone types, such that NA, adenosine 5’- triphosphate (ATP) and 

neuropeptide Y (NPY) are characteristically found in sympathetic nerves, ACh 

and vasoactive intestinal polypeptide (VIP) in parasympathetic nerves and 

substance P, calcitonin gene-related peptide (CGRP) and ATP in sensory-motor 

nerves (Milner and Burnstock, 1995).

1.2.4.1 Sympathetic nerves

Cell bodies of sympathetic neurones are in the intermediolateral and 

intermediomedial cell column of the thoracic and upper lumbar spinal cord 

(called the thoracolumbar division). The preganglionic sympathetic fibres travel 

together with the spinal nerves to synapse in the sympathetic chain or form the 

splanchnic nerves or pass through the chain without synapsing only to synapse 

in the adrenal medulla or in the prevertebral ganglia. Postganglionic
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sympathetic nerve fibres travel out and join peripheral nerves to distribute to 

blood vessels and visceral target organs (Appenzeller, 1990). Sympathetic 

nerves supplying effectors located in the abdomen have postganglionic 

neurones in the prevertebral ganglia (coeliac, superior, and inferior mesenteric 

ganglia). Sympathetic nerves comprise the most important division of 

perivascular nerves involved in mediating vasoconstrictor tone. The sympathetic 

transmitters include NA, ATP, NPY, somatostatin, enkephalin, and dynorphin (for 

review see Milner and Burnstock, 1995).

The principal neurotransmitters of sympathetic nerves are NA, NPY and 

ATP. ATP coexists with catecholamines found in chromaffin granules of the 

adrenal medulla (Blaschko et al., 1956; Faick et al., 1956; Hillarp, 1958) and 

sympathetic nerve vesicles (Schumann, 1958; Von Euler et al., 1963). In 

addition to coexistence, corelease of ATP and catecholamine from adrenal 

chromaffin cells has also reported (Douglas and Poisner, 1966; Stevens et al., 

1972). In sympathetic nerves, pharmacological and electrophysiological studies 

have provided evidence that NA and ATP act as cotransmitters in many blood 

vessels (Kennedy et al., 1986; Muramatsu et al., 1981 ; Von Kugelgen and 

Starke, 1985; Hill et al., 1983; Sneddon and Burnstock, 1984a; Burnstock and 

Warland, 1987). The release of NA and ATP is in variable proportions 

depending on the tissue, the species and on the parameters of stimulation 

(Burnstock, 1986c; Evans and Cunnane, 1992).

NA and ATP elicit vasoconstriction of smooth muscle via a r  

adrenoceptors and P2X purinoceptors, respectively (for review see Burnstock 

and Ralevic, 1994). Studies of the response to sympathetic nerve stimulation
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widely use the ai-adrenoceptor antagonist prazosin, while the prazosin- 

resistant component is blocked by the ATP antagonist arylazido 

aminoproprionyl-ATP (ANA-PP3), or by a,p-methylene ATP (which selectively 

desensitizes the ATP receptor-the P2X purinoceptor). ATP is characteristically 

released during short bursts of sympathetic stimulation (1s or less) whereas, 

under prolonged periods of stimulation, the NA component dominates the 

mechanical response (Kennedy et aL, 1986).

NPY is co-stored in and co-released from sympathetic nerves (Lundberg 

et a i,  1983; Stjarne and Lundberg, 1986). Electron microscopy and 

fractionation studies carried out in some non-vascular tissues have 

demonstrated that NPY is preferentially localised with NA and ATP, in large 

dense-cored vesicles (80-90 nm), while no NPY is found in the small dense- 

cored vesicles which are major storage sites for NA and ATP (Stjarne and 

Lundberg, 1986). The pattern of sympathetic stimulation appears to be an 

important determinant of transmitter release, with the preferential release of 

NPY occurring at high frequency intermittent bursts of stimulation (Lundberg et 

a i, 1986). In many vessels NPY has little direct posjunctional action (Pernow et 

a i, 1986; Stjarne and Lundberg, 1986). Its major role appears to be that of a 

neuromodulator. NPY has potent prejunctional actions reducing the release of 

NA and ATP, and postjunctionally enhancing the actions of NA and ATP 

(Stjarne, 1989; Seville et a i, 1990; Wahlestedt et a i, 1986). The geometry of 

particular sympathetic neuromuscular junctions appears to influence the type of 

neuromodulation, i.e., with wide junctions, postjunctional potentiation by NPY 

dominates, while narrow clefts favour prejunctional inhibition by NPY
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(Burnstock, 1990a). Since cleft size in turn may vary with the size of the vessel, 

this has implications for the role of NPY in the microvasculature. NPY has direct 

constrictor actions in some vessels including those in the heart, brain, spleen 

and skeletal muscle, but its origin may be from intrinsic or local neurones rather 

than sympathetic nerves.

1.2.4.2 Parasympathetic nerves

The cell bodies of preganglionic parasympathetic neurones are located in the 

brain stem nuclei and the second to fourth sacral segments (called craniosacral 

division). Their preganglionic nerve fibres extend for long distances in the same 

manner as those of sympathetic nerves, but synapse with the postganglionic 

neurones in small ganglia near or within the target organs.

ACh, VIP, ATP and NO are cotransmitters commonly synthesised in and 

released from parasympathetic nerves. The neuropeptide most frequently 

associated with parasympathetic neurotransmission is vasoactive intestinal 

polypeptide. VIP has been colocalised with the ACh-synthesising enzyme, 

choline acetyltransferase, and in many perivascular nerve fibres where it is 

localised in large vesicles. Direct vasodilator effects of VIP and ACh on vascular 

smooth muscle cells have been reported. From classical studies of 

parasympathetic nerves in vessels of the cat salivary gland, it has been shown 

that VIP and ACh are involved in the control of secretion and blood flow. VIP 

and ACh are stored in separate vesicles in the same nerve terminal, and are 

both released upon transmural nerve stimulation but with different stimulation 

parameters (Lundberg, 1981). ACh is released during low-frequency stimulation
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to increase salivary secretion from acinar cells and to elicit some minor 

dilatation of blood vessels in the gland. At high stimulation frequencies VIP is 

released to produce marked dilatation of the blood vessels in the gland and to 

act as a neuromodulator, postjunctionally on the acinar gland to enhance the 

actions of ACh, and prejunctionally on the nerve varicosities to enhance the 

release of ACh.

Many studies suggest that the parasympathetic nervous system may 

utilise NO as a cotransmitter with ACh and VIP. A rich supply of NOS containing 

perivascular nerve fibres are localised in cerebral blood vessels (Snyder, 1992). 

Lesion studies have demonstrated that NOS containing nerves of cerebral 

arteries originate mainly from nerve cell bodies in parasympathetic 

sphenopalatine ganglia which also contain VIP (Bredt and Snyder, 1992; Nozaki 

et al., 1993). Physiological studies have demonstrated that stimulation of 

perivascular nerves of cerebral arteries causes vascular relaxation which is 

suppressed by NOS inhibition (Toda and Okamura, 1991a). NO has also been 

shown to be involved in NANC vasodilatation of porcine basilar and temporal 

arteries of the monkey and dog (Elfgang et a/., 1995; Lee and Sarwinski, 1991; 

Toda and Okamura, 1991b).

1.2.4.3 Sensory-motor nerves

Primary afferent nerves arise from cell bodies located in the spinal dorsal root 

ganglia and cranial trigeminal sensory ganglia. The sensory nerves are widely 

distributed throughout the cardiovascular system. In addition to their afferent 

(sensory) function whereby they convey signals from the periphery to the
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central nervous system, primary afferents have an efferent (motor) function on 

target tissues (Maggi and Meli, 1988) by an axon reflex arrangement (Lewis, 

1927) or by the release of transmitter from the same terminal that is excited by 

the environmental stimulus (Szolcsanyi, 1988; Maggi and Meli, 1988). The term 

sensory-motor nerves, therefore, was suggested to identify the dual (afferent 

and efferent) function of these nerves (Burnstock, 1985). A sensory neurotoxin, 

capsaicin causes the depletion of neurotransmitters from these nerves and 

degeneration of their neurones when treated in the adult and in neonatal 

animals, respectively (Jancso et al., 1977; 1987; Scadding, 1980; Nagy at a!., 

1981; Holzer, 1988).

The neuropeptides substance P (SP) and calcitonin gene related peptide 

(CGRP) are potent vasodilators and are the principal transmitters in primary 

afferent nerves. They have been shown to coexist in the same large granular 

vesicles in perivascular nerves (Lundberg at a/., 1985; Gibbins at a!., 1985; 

Gulbenkian at a!., 1986; Wharton and Gulbenkian, 1987). The motor function of 

the sensory nerves has been demonstrated in rat mesenteric arteries where 

CGRP acts as mediator of vasodilatation following release from sensory-motor 

nerves (Kawasaki at ai. 1988; Fujimori at a!., 1990) whilst the role of SP 

remains elusive. In most vessels SP has no direct action on the smooth muscle 

receptors to produce vasodilatation (Burnstock and Ralevic, 1996). SP, 

however, produces potent vasodilatation via receptors on the endothelial cells 

leading to the release of nitric oxide (NO) (Christie at a/., 1989).

ATP is also now recognised as a cotransmitter in sensory-motor nerves 

(Holton, 1959; Kakuyama at ai. 1998). More recently endothelin has been
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proposed as a neurotransmitter in sensory nerves (Loesch et al., 1998; 

Szolcsanyi et a!., 1999 ).

1.2.4.4 Plasticity of perivascular nerves

Regulation of the proportion and coexistance of neurotransmitters and 

neuromodulators expressed by autonomic nerves and selective changes in the 

innervation pattern of target tissues co-ordinated to environmental factors 

allows precise matching of neurotransmission to altered demands (Milner and 

Burnstock, 1995; Cowen and Gavazzi, 1998). Several studies have 

demonstrated plasticity in the autonomic nervous system, both in the neuronal 

phenotype and in the pattern of selective innervation during development, 

ageing, pregnancy, hypoxia, and pathophysiological processes (Burnstock, 

1990; Milner and Burnstock, 1995).

There have been several studies on age-related changes to perivascular 

innervation. Age-related changes in the pattern of innervation of blood vessels 

by sympathetic nerves varies between vessel type. Comparative studies 

between young adult (6 months) and aged (3 years) rabbits have shown that 

the sympathetic innervation of small arteries (mesenteric, femoral and basilar) 

declines only slightly in old age whilst there is a significant reduction in nerve 

density in the larger elastic arteries (renal and carotid) (Cowen et a!., 1982). In 

rat cerebral vessels there is a reduction in the density of nerve fibres containing 

NA with age, as in other vessels, and an increase in the density of CGRP and 

VIP-immunoreactive nerves, whilst NPY- and SP- immunoreactive nerve 

density remains constant (Mione et a!., 1988). This demonstrates differential
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regulation of neurotransmitters often colocalised with the same nerve fibres. In 

the mesenteric arterial bed, there is decreased sensory nerve vasodilator 

function in old animals compared to young adults (Li and Duckies, 1993); in the 

femoral artery CGRP levels are reduced whilst NPY levels remain constant 

(Glenn and Duckies, 1994).

Altered patterns of nerve markers of perivascular innervation with age 

may reflect nerve atrophy or growth but may also reflect changes in 

neurotransmitter expression, and selective sensitivity for target derived nerve 

growth factor (NGF) (Cowen and Gavazzi, 1998). The responsiveness of 

sensory CGRP-positive neurones to NGF does not vary with age but 

sympathetic nerves require more NGF in old animals to increase nerve density 

(Gavazzi etal., 1995a; b)

The sympathetic hyperinnervation of cerebral vessels in SHR precedes 

the onset of hypertension and associated medial hypertrophy. In addition, there 

is a differential time course for the increase in innervation by NA- and NPY- 

containing nerves even though NA and NPY are colocalised in the same 

nerves: the density of NA-containing nerves increases between 4-6 weeks 

whilst NPY- containing nerves proliferate after 6 weeks (Dhital et al., 1988). In 

late pregnant guinea-pigs there are marked selective changes in the innervation 

of the uterine artery: NA levels and NA- containing nerve fibres are reduced 

whilst the innervation by NPY-containing nerves increase: the density of VIP-, 

SP- and CGRP- containing nerves remain constant (Mione et ai., 1990a; 1993). 

In pregnant human uterine artery, sympathetic responses to electrical field 

stimulation and endogenous NA levels are reduced and there is increased
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neuronally-mediated dilatation which is mediated in part by NO (Nelson et al., 

1995).

Selective denervation studies have shown that there is a reciprocal 

regulation of sympathetic and sensory innervation which has been attributed to 

competition for target nerve growth factor (Kessler et a!., 1983). Chronic 

sympathectomy is accompanied by increased sensory innervation as 

demonstrated by an increase in SP and CGRP in the iris several weeks after 

sympathetic denervation (Cole et a!., 1983; Schon et a!., 1985) and 

hyperinnervation of several tissues including the mesenteric vasculature by 

CGRP-containing nerve fibres (Aberdeen, 1990; 1992). Sensory

hyperinnervation does not occur following acute sympathectomy. In contrast, 

long-term sensory denervation leads to increased sympathetic innervation as 

demonstrated by increased tyrosine hydroxylase (TH) immunoreactivity in small 

blood vessels in the rat lung (Van Ranst and Lauweryns, 1990).

1.2.5 Vascular endothelium

Endothelial cells form a continuous monolayer at the innermost surface of all 

blood vessels and have the ability to sense and respond to changes in 

haemodynamic forces and circulating or locally produced vasoactive 

substances by synthesising/releasing biologically active substances which 

mediate constriction or dilatation of the underlying vascular smooth muscle.

The realisation that perivascular nerves represent only one facet of the 

control of vascular tone and that the endothelium is a mediator of vasodilation 

stemmed from the pioneering discovery of Furchgott and Zawadski in 1980.
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They showed that endothelial cells play a crucial role in the vasodilator 

response of a blood vessel to ACh via the release of a diffusible non-prostanoid 

mediator which they termed endothelium-derived relaxing factor (EDRF), later 

found to be identical to NO (Furchgott et al., 1987; Ignarro, 1987). In addition, 

EDRF is released following stimulation of endothelial cells by a number of 

vasoactive substances or by other physiological stimuli such as change in blood 

flow or hypoxia (Ryan and Rubanyi, 1992; Rubanyi, 1991). In some 

endothelium-dependent vascular responses, endothelium-dependent 

vasodilatation may occur via the generation of endothelium-derived 

hyperpolarizing factors (EDHF) which hyperpolarize the underlying smooth 

muscle (Feletou and Vanhoutte, 1988; Taylor and Weston, 1988). The identity of 

EDHF is as yet unknown, but candidate mediators include cytochrome P450- 

derived arachidonic acid metabolites (Popp at a/., 1996) and anandamide 

(Randall at a/., 1996). Endothelial cells can also mediate vasoconstriction via 

endothelium-derived constrictor factors (EDCF), diffusable factor (s) produced 

in response to various chemical and physical stimuli, such as NA, thrombin, 

high extracellular potassium, hypoxia, and stretch (De mey and Vanhoutte, 

1983; Rubanyi and Vanhoutte, 1985; Katusic at a!., 1987).

1.2.5.1 Endothelium derived relaxing factors

In a major breakthrough in the study of the nature of EDRF, Furchgott at ai. 

(1987) and Ignarro at ai. (1987) proposed that EDRF effects were identical with 

NO based on chemical and pharmacological similarities between these two 

agents. For example, they cause relaxation of vascular smooth muscle and an
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accompanying increase in cyclic 3’-5’-guanosine monophosphate (cGMP) 

(Furchgott et al., 1987; Ignarro et a i, 1987; Furchgott, 1988); they are unstable 

and the response to each is blocked by haemoglobin and potentiated by 

superoxide dismutase (Furchgott, 1988); and they inhibit platelet aggregation 

(Azuma etal., 1986; Radomski etal., 1987a; 1987b)

Endothelium-dependent vasodilatation has been shown to occur in 

response to many substances, including ACh, ATP, adenosine 5’-diphosphate 

(ADP), arachidonic acid, substance P, 5-hydroxytryptamine (5-HT), bradykinin, 

histamine, neurotensin, arginine vasopressin (AVP), angiotensin II (Agll) and 

thrombin (Furchgott, 1984; Mione et al. 1990b). The stimulation of specific 

endothelial cell receptors leads to activation of nitric oxide synthase (NOS) and 

consequent diffusion of NO to the adjacent smooth muscle layer. NO activates 

soluble guanylate cyclase bringing about relaxation of vascular smooth muscle 

(Vanhoutte, 1989)

In mammalian cells, NO is synthesised from the guanidine nitrogen atom 

of L-arginine by the enzyme NOS through a process that consumes five 

electrons and results in the formation of L-citrulline. There are three isoforms of 

NOS which have been identified and their cDNAs have been isolated and 

sequenced. These are: NOS-I, in nerve tissue, which is referred to as brain, 

neuronal or constitutive NOS; NOS-II, in cytokine and endotoxin-induced cells 

such as macrophages, hepatocytes and vascular smooth muscles, which is also 

called inducible or macrophage NOS; and NOS-III, in endothelial cells, which is 

referred to as endothelial or constitutive NOS (Nathan, 1992; Forstermann et 

al., 1991; 1994; Nathan and Xie, 1994).
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Each of the NOS isoforms is produced by distinct genes with the 

deduced amino acid sequences from the three different cDNAs being 

approximately 50-60% identical with one another (Nakane et al. 1993; Marsden 

et a!., 1993; Xu et a!., 1994). All the three isoforms of NOS use L-arginihe and 

molecular oxygen as substrates and require the cofactors NADPH, 

tetrahydrobiopterine (BH4), flavin adeninedinucleotide (FAD) and flavin 

mononucleotide (FMN). They all bind calmodulin and contain heme (Marietta et 

al. 1988; M ayerefa/. 1991; Forstermann eta l., 1994). The NOS isoforms I and 

III are generally expressed by nerves and endothelial cells respectively, and 

require calcium and calmodulin for their activity (Knowles et al. 1989; Bredt and 

Synder, 1990; Malinski and Taha, 1992). The NOS isoform II is normally absent 

from the cell until it is activated by cytokines, endotoxins or exotoxins (Moncada 

et al., 1991; Nathan, 1992). Like NOS-I and NOS-III which are calcium 

dependent, NOS-II also binds calmodulin despite the calcium independence of 

its activity (Oho et al. 1992; Lowenstein et al. 1992; Schini and Vanhoutte, 

1992).

Small amounts of NO are continuously released from vascular 

endothelial cells and bring about a basal level of vascular smooth muscle 

relaxation (Moncada et al. 1991). Furthermore, NO released from the 

endothelial cells (and also possibly from the platelets) causes inhibition of 

platelet aggregation and adhesion, and thereby prevents blood clotting and 

facilitates blood flow (Radomski and Moncada, 1991). NO released from 

perivascular nerves of certain blood vessels may also contribute to the 

regulation of blood flow and pressure (Rand, 1992). By such means, NO
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regulates the systemic blood pressure as well as local blood flow in specific 

vascular beds in brain, kidney, lung, heart and the gastrointestinal tract 

(Moncada and Higgs, 1993; Lowenstein et al. 1994). Decrease in the systemic 

NO production could lead to vasospasm or hypertension (Panza at a!., 1990). 

In contrast, overproduction of NO is implicated in hypotension of sepsis 

(Lowenstein etal. 1994).

Many of the vasoactive substances which by specific endothelial receptor 

occupation, bring about NO release and consequent vasodilatation, have also 

been localised in endothelial cells and some are released during changes in 

flow and during hypoxia. These substances include ACh, SP, ATP, 5-HT, Agll 

and AVP (Burnstock, 1988; Lincoln et al. 1990; Linnik and Moskowitz 1989; 

Milner ef a/. 1989; Paddle and Burnstock, 1974; Ralevic et al. 1990)

1.2.5.2 Endothelium-derived constrictor factors

Endothelial cells can mediate vasoconstriction via EDCF, a diffusible factor(s) 

produced in response to various stimuli including endogenous substances such 

as ACh, arachidonic acid, NA and thrombin, pharmacological agents, e.g., the 

calcium ionophore A23187, nicotine and high extracellular potassium, physical 

forces (stretch and pressure) and hypoxia (De Mey and Vanhoutte, 1983; 

Rubanyi and Vanhoutte, 1985; Rubanyi, 1988; 1992 ; Katusic ef al. 1987; 

Katusic and Vanhoutte, 1986). The existence of multiple EDOFs appear to be 

different in blood vessels of different anatomical origin and their release 

depends on the nature of the stimulus. At least three different classes of EDCF 

substances have been recognised: 1) metabolites of arachidonic acid; 2) the
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polypeptide endothelin; and 3) still-unidentified diffusible factors released from 

anoxic/hypoxic endothelial cells(Luscher, 1988; Rubanyi and Vanhoutte, 1985).

Endothelin (ET)-1, a 21-amino acid peptide, is a potent vasoconstrictor. It 

was originally isolated and characterised from porcine aortic endothelial cells in 

culture (Yanagisawa et al., 1988) and belongs to a family of structurally related 

endothelins including ET-2 and ET-3. ET-1 has attracted considerable interest 

because of its potent and long lasting constrictor action in many blood vessels, 

for example porcine coronary artery (Yanagisawa at a!., 1988), rat mesenteric 

and rabbit aorta (Warner at a/., 1989) and rabbit, rat, and human skin 

vasculature (Lawrence and Brain, 1992; Brain at a/., 1988). The release of ET-1 

from isolated aortic endothelial cells and the perfused mesenteric arterial bed in 

response to increased flow and hypoxia, has been documented (Rakugi at a/., 

1990; Milner ef a/., 1990).

The biological responses to endothelins are mediated by two receptors, 

ETa and ETb, situated on target tissues. The ETa receptor is highly specific for 

ET-1 and ET-2 rather than for ET-3 whilst ETb receptor responds with all three 

isoforms of endothelins with equal potency (Aral at a/., 1990; Ambar at a/., 

1989; Sakurai at a/., 1990 ). It is well established that ETa receptors are 

localised on smooth muscle cells and mediate vasoconstriction (Maguire and 

Davenport, 1995; Clark and Pierrre, 1995; Schoeffter and Randriantsoa, 1993; 

Hay at a!., 1993). In addition, ETb receptors are found on the endothelial cells 

and the underlying smooth muscle cells (Sakurai at a/., 1992). ETb receptors, 

therefore, mediate both vasoconstriction via smooth muscle cell receptors and
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endothelium-dependent vasodilatation through release of EDRF (Cristol et al., 

1993; Okamura eta!., 1992; Harrison eta!., 1992).

1.2.5.3 Plasticity of expression ofendotheiium vasoactive agents

There is now growing evidence for selective changes in the expression of the 

various substances in endothelial cells and altered patterns of release of these 

substances during naturally occurring events such as development, ageing and 

pregnancy and during a number of pathophysiological conditions. For example, 

during post-natal development and ageing there are changes in the proportions 

of endothelial cells containing NOS and ET, the endothelium of coronary and 

pulmonary arteries being rich in both NOS and ET in the new born rat (Loesch 

and Burnstock, 1995) compared to 1, 6 and 12 month-old animals (Loesch and 

Burnstock, 1996). There is a marked increase (from 10% to 70%) in the number 

of NOS-immunopositive endothelial cells of thoracic aorta of the 24 month-old 

rat compared to the 6 month-old rat (Aliev et al. 1995). In aged rat, the 

percentage of endothelial cells containing ET is no different from 6 month old 

rats whilst twice as many endothelial cells contain AVP, 5-HT and histamine and 

fewer contain SP(Aliev etal. 1995).

Endothelial cells isolated from rabbit thoracic aorta show differential 

expression of ET and AVP and shear stress-induced release of ATP and ET 

with age. There is a two-fold increased in the percentage of endothelial cells 

containing ET and AVP in 12-month old compared to 4-month old animals and 

only older animals show an increased flow-induced release of ET and ATP from 

the endothelium (Milner, et al. 1990; 1992 ). Reduced vascular relaxation to
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ATP and vasoconstriction to ET have been shown in ageing (Chinellato, et al. 

1991; Weinheimer, etal. 1990). Thus, an increased production of ATP and ET in 

response to increased shear stress may be necessary to effect a change in 

vessel tone in older animals. Examples of plasticity of expression of endothelial 

factors during pregnancy include an increase in immunoreactivity to NOS in the 

coronary artery endothelium in mid and late pregnancy (Shochina, M. personal 

communication) and appearance of vasoactive mediators, including ET and 

NOS in the umbilical vessel endothelium in late but not early pregnancy (Sexton 

eta l., 1996). In some models of hypertension, ET expression is up regulated in 

the endothelium (Takada et al., 1996). In renal hypertension, endothelial ET 

expression in rat coronaries is normal but the percentage of cells that contain 

NOS is reduced (Shochina etal., 1997).

1.2.6 Neural-endothelial interactions in the control of vascular tone

Vascular smooth muscle is sandwiched between two regulatory systems, 

perivascular nerves and endothelial cells. There is now evidence that these two 

regulatory systems are able to ‘communicate’ with each other eliciting 

modulatory short-term or long-term interactions (Burnstock, 1994).

Short term interactions between perivascular nerves and endothelial cells are 

by definition short-lived and reversible reflecting the relatively short half-lives of 

the substances involved (Ralevic and Burnstock, 1993). For example, increased 

shear stress of perfused arterial segments has been shown to attenuate the 

effect of sympathetic nerve mediation (vascular constriction) by the release of
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endothelium-derived vasodilator factors to affect the vascular tone 

(Tesfamariam and Cohen, 1988). In several vessels, removal of the 

endothelium or inhibition of NOS increases constrictor responses to electrical 

field stimulation via either prejunctional and/or postjunctional modulation 

(Ralevic and Burnstock, 1996) thus demonstrating the ongoing influence of the 

endothelium on vascular tone due to basal release of NO.

Chronic stimulation and denervation studies have demonstrated the long

term influence of perivascular innervation on the expression of vasoactive 

substances in the endothelium (Milner et a/., 1997). Chronic electrical 

stimulation in vivo of the great auricular nerve (over a 10 day period) results in 

marked structural and immunocytochemical changes in the ear artery 

endothelium; peptides not normally present in ear artery endothelium are 

detected, such as CGRP and NPY (Loesch at a/., 1992). After long-term 

sympathetic denervation with guanethidine, there is an increase in the number 

of endothelial cells containing ET and a decrease in those containing NOS in rat 

aorta (Aliev at a/., 1996); and increased shear stress-induced ET release from 

the mesenteric arterial bed endothelium is augmented. These changes are not 

seen after acute sympathectomy (Ralevic at a/., 1995). In addition, there is 

increased ET release at low flow rate, but reduced ET release with increased 

flow rate from isolated endothelial cells of sympathectomised rat thoracic aorta. 

The release pattern of SP and AVP is unchanged by sympathectomy (Milner at 

a/., 1996). Following chronic sensory denervation with capsaicin, endothelial 

cells express and release more SP and less ET (Milner at a/., 1995; 1996; 

Milner and Burnstock, 1996). Long-term interactions between perivascular
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nerves and endothelial cells are pertinent to situations in which there are 

chronic changes in innervation, for example in disease, during development and 

with ageing (see section 1.2.5.4). Prolonged changes in the release of 

vasoconstrictor or vasodilator substances from perivascular nerves or 

endothelial cells can cause structural changes to the blood vessel wall and 

vascular remodelling (Dzau and Gibbons, 1993; Milner and Burnstock, 1994 ).

Endothelial cells and perivascular nerves play major roles in the 

regulation of vascular tone. However, gap junctions, are considered to be one of 

the crucial factors in coordination of vessel tone (Christ, 1996). Gap junctions 

provide the intercellular pathway for signal coupling between endothelial- 

endothelial cells, smooth muscle-smooth muscle cells, and endothelial-smooth 

muscle cells (Larson and Sheridan, 1982; Rhodin, 1967; Barr et al., 1968; 

Taugner et al., 1984; Spagnoli et al., 1982). These junctions will be discussed in 

more detail in section 1.5.3.

1.3 The heart

The heart consists of four chambers: the left atrium discharging its content into 

the left ventricle, and right atrium emptying into the right ventricle. The right 

atrium receives venous blood returning from the body and expels it into the right 

ventricle, which pumps it to the lungs through blood vessels of the pulmonary 

circulation. The left atrium receives oxygenated blood returning from the lungs 

and expels it into the left ventricle. Ventricular contraction expels the blood from 

the left ventricle into the aorta and thereby throughout the systemic circulation.
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The wall of the heart is made up of three layers: the endocardium, 

myocardium, and epicardium, homologous to the intima, media, and the 

adventitia, respectively, of arteries. The endocardium is a lining layer of 

squamous endothelium, under which is a thin layer of loose connective tissue. 

The myocardium, the middle and thickest of the three layers of the heart, is 

made up of several layers of cardiac-muscle cells of differing orientation. The 

epicardium consists of a layer of mésothélial cells on the outer surface of the 

heart and its underlying connective tissue. The subepicardial layer is of loose 

connective tissue and contains the main coronary vessels, nerves, and ganglia 

(Ross etal., 1995; Gartner and Hiatt, 1997).

1.3.1 Structure of cardiac muscle

Cardiac muscle cells are elongated, branching cells that contain one or 

occasionally two centrally located nuclei. The cells are bound end to end and 

laterally to adjacent cells. At the end of cells are specialised cell-to-cell contacts 

called intercalated disks. The membranes of the intercalated disks have folds 

which greatly increases the area of contact between them. These disks have 

specialised cell junctions; adhesive junctions and gap junctions. The adhesive 

junctions function to hold the cells together. Gap junctions function as areas of 

low electric resistance between the cells, allowing action potentials to pass from 

one cell to adjacent cells (Gourdie et a!., 1991). Thus, electrically, the cardiac 

muscle cells behave as a single unit on which the heart depends for highly 

coordinated contractions.
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1.3.2 Heart function

The heart is basically a pump, which draws in and then expels blood through 

the circulation system by the coordinated contraction of the atria and ventricles. 

The strength and efficiency of heart function depends on the synchronised 

contraction of the working myocytes. The contraction of these cells is triggered 

by an action potential-induced membrane depolarisation. The action potentials 

(APs) originate spontaneously in a small region of the right atrium called the 

sino-atrial (SA) node. From the SA node, the impulse is conducted through the 

atria, the atrio-ventricular (AV) node and the conductive system (comprising the 

bundle of His and its two right and left branches extended by the Purkinje fibres) 

to the ventricles, which contract according to the sequence: right ventricle, left 

ventricle. It has been well documented that the propagation of APs between the 

myocytes depends upon the integrity and the functionality of the particular type 

of intercellular gap junctions (Barr et al., 1965). The GJs ensure the propagation 

of APs between the myocytes, and consequently are responsible for their 

coordinated contraction (for a review see Gros and Jongsma, 1996).

The pumping efficiency of the heart plays an important role in the 

maintenance of homeostasis. Blood pressure in the systemic vessels must be 

maintained at a level at which blood flow is sufficient to achieve nutrient and 

waste product exchange across the walls of the capillaries at a rate that meets 

metabolic demands. The activity of the heart must therefore be regulated 

because the metabolic activities of the tissues change under such conditions as 

exercise and rest.
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1.4 Intercellular junctions

The three types of intercellular junctions, gap junctions, occluding junctions and 

adhesive junctions, each have different functions (Gartner and Hiatt, 1997). Gap 

junctions are essential for interactions between cells in order to coordinate 

activities of individual cells, into that of a tissue organ system. Occluding 

junctions (tight junctions) close the space between cells to diffusion, forming a 

sort of dam that prevents flow of molecules and ions through the extracellular 

space. Adhesive junctions hold cells together, acting as intercellular buttons that 

help maintain cells in their fixed positions in tissue and occur in two primary 

forms, desmosomes and adherens junctions. Although similar in overall 

function, the two types link to different cytoskeletal elements: desmosomes to 

intermediate filaments, and adherens junctions to microfilaments.

Gap junctions are clusters of channels that directly link the cytoplasmic 

compartments of neighbouring cells (Fig. 1.3). They form an intercellular 

pathway for the exchange of ions and molecules of up to about 1 kDa 

(Loewenstein, 1981). Aggregates of very few to many thousands of gap junction 

channels are called gap junction plaques and can be visualised by freeze- 

fracture cytochemistry (Zampighi et al., 1989; Kuraoka et al., 1993; Gruijters et 

al., 1987).
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Figure 1.5a Structure of a connexin protein in the cell membrane. A schematic 

drawing of connexin molecule oriented in the plasma membrane, there are four 

transmembrane segments, two extracellular loops which are the sites of 

docking with other connexins from interacting cells and one intercellular loop. N- 

and C-terminal are intracellular. All connexin types share highly conserved 

amino acid sequence, differing only in the cytoplasmic loop and C-terminal 

domains.

Figure 1.5b A model of gap junction formation between two cells. This diagram 

shows plasma membranes of adjacent cells are joined together by numerous 

cylindrical channels of a gap junction. Each cell contributes a half-intercellular 

channel (connexon). These connexons interact in the intercellular space or gap 

to form the complete intercellular channel connecting the cytoplasm of 

neighbouring cells. Each connexon is formed by the aggregation of six connexin 

proteins surrounding a central channel.
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1.4.1 Structure of gap junction channels

Each gap junction channel consists of two connexons (hemichannels), one from 

each of the interacting plasma membranes. Connexons are constructed from 

six protein subunits (connexin), arranged radially around a central pore ~ 2.5 

nm wide (Figs. 1.5.1 and 1.5.2). The junction projects across a 2-3 nm 

extracellular gap (hence the name) to connect to a connexon facing into the 

adjacent membrane (Unwin and Zampighi, 1980; Severs, 1995). The structure of 

gap junction channels is inferred from topographic, electron-microscopy, and X- 

ray diffraction data (Unwin and Zampighi, 1980; Unwin and Ennis, 1984; Yeager 

and Gilula, 1992; Makowski, 1988; Manjunath and Page, 1985). A connexin has 

four transmembrane spanning segments (M1-M4) postulated to be oc-helices, 

with two extracellular loops (E l and E2) and three cytoplasmic portions, the 

amino and carboxyl termini and one central cytoplasmic loop (CL) (Unwin and 

Zampighi, 1980; Zimmer et al., 1987; Yancey et al., 1989; Milks et al., 1988). 

MS, one of the transmembrane domains, has a hydrophilic strip (amphipathic oc- 

helix character) for lining the aqueous channel (Milks et al., 1988) and it may 

alter gating properties by rotating in and out (Unwin and Zampighi, 1980; Unwin 

and Ennis, 1984). Intramolecular disulfide bonds link the two extracellular loops. 

These loops are thought to be involved in the docking of connexons of apposing 

membranes. Cytoplasmic domains may influence or regulate the physiological 

gating of the channel (for review see Sosinsky, 1996).

The connexins are a multigene family. There are two nomenclature 

systems assigned to the connexin. One uses Greek, a and p classes, 

designations based on sequence homologies (Kumar and Gilula, 1992; Kumar
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et al. 1996). The other uses deduced molecular mass (in kDa) predicted by 

DNA sequences. The a connexins differ from the p connexins in that a Cx’s are 

predicted by hydropathy analysis to have a larger cytoplasmic loop (between 

the second and third transmembrane domain) and a substantially larger 

cytoplasmic carboxyl tail (Unger at a!., 1999). Of the 16 connexin genes so far 

identified in mammals, ten belong to the a class and six to the p class (Kumar, 

1999). The size of the connexins ranges from 26 kDa (Cx26) to 50 kDa (Cx50). 

Gap junction proteins were first cloned and sequenced in the late 1980s: a 32 

kDa liver gap junction connexin called PiCx or Cx32 (Kumar and Gilula, 1986; 

Paul, 1986) and a 43 kDa cardiac gap junction named a iC x or 0x43, was 

identified soon after (Beyer at a/., 1987). In this thesis, I will name connexins 

according to their predicted molecular mass.

1.4.2 Factors influencing gap junction conductance

Gap junctions are not static open channels between cells. They are dynamic 

and can change conductance in two ways 1) insertion and removal 2) by being 

in an open or closed state. They have half-lives of 1-3h in cultured cell studies 

(Laird at a/., 1991; Darrow at a/., 1995; Musil and Goodenough, 1990; 

Beardslee at a/., 1998 ; Laing at a/., 1997; Laird at a/., 1991). Factors which 

influence gap junction conductance on a longer time scale include the 

transcription, translation, intracellular trafficking and insertion of newly 

synthesised gap junction proteins in the plasma membrane, assembly or 

disassembly of gap junction plaques by aggregation or dispersal of connexons, 

and endocytic internalisation of unwanted junctional membrane (Larsen and
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Risinger, 1985). Gap junction conductance can be influenced in a short time 

scale by an increase or decrease in various factors such as pH (Hermans et al., 

1995; Morley et al., 1996 Burt and Spray, 1988), voltage (Moreno et al., 1991), 

second messenger systems (cAMP and cGMP) (Burt and Spray, 1988) related 

to phosphorylation by protein kinase (Moreno, 1992; Sprays, 1985; Saez et a i, 

1986), intracellular calcium concentration (Firek and Wiengart, 1995), 

temperature (Chen and DeHaan 1989, 1993; Bukauskas and Weingart 1993) 

and glucose levels (Kuroki etal. 1998).

1.4.3 Gap junctions in heart and blood vessels

Gap junctions play essential roles in the normal function of the heart and 

arteries. They mediate and synchronise the spread of the electrical impulse that 

stimulates contraction of cardiac chambers, and contribute to coordinated 

function of the cells of the arterial walls (Gros and Jongsma, 1996; Severs, 

1996; 1999).

Multiple connexins are expressed in the cardiovascular cells of 

mammals, including 0x43, 0x40, 0x45 and 0x37. The predominant connexin of 

cardiac muscle is 0x43 which is found in abundance in the working ventricular 

and atrial myocardium of all mammalian species (Gros and Jongsma, 1996; 

Gourdie etal., 1991 Severs, 1994; 1999; Gros eta l., 1994; Bastide etal., 1993). 

In addition to 0x43, 0x40 is typically expressed in atrial muscle and the 

conductive system i.e. bundle of His and its branches (Bastide et a i,  1993; 

Gourdie et a i, 1993; Van Kempen et a i,  1996; Davis et a i,  1994; Kanter et a i, 

1993; Gros et a i, 1994). Gap junction channels composed of 0x40 have been
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shown in vitro, to have higher conductance values (typical 160-200 pS) 

compared with Cx43 channels (-60 pS) (Bukauskas and Weingart, 1993). The 

presence of Cx40 in conductive fibres is thought to contribute to the fast 

conduction properties characteristic of these cells, which ensure rapid 

distribution of the impulse throughout the working ventricular myocardium. Cx45 

mRNA expression is low in the ventricles and barely detectable or undetectable 

in working ventricular myocardium. (Coppen et al., 1998; Severs, 1999; Vozzi at 

a/., 1999). Small amounts of Cx37 (mRNA) have been detected in adult heart 

but it is more abundant in the embryonic heart (Delorme, 1995).

Gap junctions in arterial wall cells are thought to contribute to general 

homeostasis of blood vessels and the local modulation of vasomotor tone 

(Christ at a/., 1991; 1996). Ultrastructural studies have demonstrated gap 

junctions between the endothelial cells (Larson and Sheridan, 1982; Rhodin, 

1967), between smooth muscle cells (Barr at a!., 1968) and between smooth 

muscle and endothelial cells (Taugner at a/., 1984; Spagnoli at a/., 1982). The 

endothelium is typically more extensively linked by gap junctions than the 

underlying smooth muscle. Dye tracing studies in isolated arterioles indicate 

that gap junction coupling between endothelial cells is more extensive than that 

between the underlying smooth muscle with a unidirectional dye communication 

from endothelium to smooth muscle (Little at a/., 1995). Several studies have 

suggested that Cxs are important in the coordination of the mechanical 

contraction of smooth muscle cells (Segal and Duling,1986; Larson at ai., 1990; 

Yu at ai. 1994; Haefliger ef a/., 1997).
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The connexin composition of gap junctions in the vascular wall varies 

according to species and blood vessel type. There are three connexins, Cx43, 

Cx40, and Cx37 reported to be expressed in vascular wall cells. Cx43 and in 

some cases Cx40 is found in both smooth muscle and endothelial cells 

(Verheule et a/. 1997; Moore et a/.,1991, 1995; Hong and Hill, 1998; Gabriels 

and Paul,1998; Christ et a/., 1993; Bruzzone et a i, 1993; Beyer et a i, 1992; 

Little et a i,  1995; Yeh et a i, 1997). A third connexin, 0x37, has been reported 

in endothelial cells only (Segal, 1994; Segal, 1992; Gabriels and Paul, 1998; 

Bruzzone et a i, 1993; Reed et a i, 1993). In vitro studies have demonstrated 

that the conductance of junction channels rely on the connexin protein 

component of gap junctions (Veenstra et a i, 1995; Elfgang et a i, 1995; Beblo et 

a i, 1995; Little et a i, 1995) and that the different combination of connexins may 

contribute to functional differentiation in different zones of the vascular system.

The gating of gap junctions (e.g., unitary conductance, voltage sensitivity, 

molecular permeability, and ionic selectivity) varies according to the specific 

connexin expressed (Beblo et a!., 1995; Elfgang et a i, 1995; Little et a i, 1995; 

Veenstra et a i, 1995; Moreno et a i, 1994). Cells expressing more than one gap 

junction structural protein may form connexons which are mixed in connexin 

content. A connexon can be homomeric, containing only a single connexin type, 

or heteromeric containing different connexins. The oligomerisation of different 

connexins into heteromeric connexons has been shown for recombinant 0x26 

and 0x32 in vitro (Stauffer, 1995) and for 0x46 and 0x50 in vivo (Stauffer, 1995; 

Jiang, 1996). From functional expression studies in vitro (Elfgang et ai., 1995; 

White et ai., 1995) and analysis of isolated gap junctions (Sosinsky, 1995) it has
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been assumed that gap junction channels can be generated from different 

combinations of heteromeric and homomeric connexons. The association of two 

homomeric connexons made from the same connexin yields a homotypic 

channel, whereas the alignment of two homomeric connexons made from 

different connexins forms a heterotypic channel (Bruzzone et al., 1996). Three 

connexins, Cx43, Cx40 and Cx37 have been demonstrated in endothelial cells 

and it has been suggested that individual gap junctional plaques may form both 

heterotypic and homotypic channels (Yeh et a!., 1998). In in vitro expression 

systems, connexons composed of Cx43 do not form functional channels with 

those composed of Cx40 (Elfgang et ai., 1995; Bruzzone et ai., 1993). But Cx37 

channels are compatible with both Cx43 and Cx40 (Elfgang et ai., 1995; Brink 

et ai., 1997). In support of this, cell pairs have been shown in which gap junction 

channels are formed by homomeric connexons of Cx43 or Cx37 (i.e. 

Cx43/Cx43, Cx37/Cx37 and Cx43/Cx37) (Brink et ai., 1997). Whilst Cx37/Cx40 

channels do exist (Yeh et ai. 1998) it has not yet been established whether they 

are functional.

1.5 Hibernation

Hibernation or winter torpor in mammals represents a most successful 

adaptation to seasonal food shortage and adverse weather conditions. 

Hibernators have the ability to survive long periods of these conditions by 

marked reductions in the rate of their energy expenditure and body 

temperature. This ability to hibernate which improves survival during these 

stressful periods, occurs in only a few species. These include examples from
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Insectivora (hedgehogs), Primates (mouse lemur, fat-tailed lemur), Chiroptera 

(brown bat), Rodentia (hamsters, birchmouse, dormouse, pocket mouse), and 

Marmotini (woodchucks, ground squirrels, chipmunks) (for review see Lyman, 

1967 ).

There are two main classes of hibernating animals, permissive 

(nonseasonal) and obligatory (seasonal) (Jansky et a i,  1986 ), the difference 

being that hibernation for permissive animals is triggered by environmental 

changes, while obligatory hibernators are controlled by periods of internal 

circannual rhythms. Some species such as ground squirrel and woodchuck are 

very seasonal in their cycle of hibernation. The golden hamster is a non

seasonal or permissive hibernator entering the hibernating state after an 

indefinite, prolonged period of exposure to cold (Morrison, 1960 ). Hibernation in 

these animals can be induced by alterations in ambient temperature, 

photoperiod and food availability (Canguihem at s i,  1993 ).

Over the period of hibernation, which normally lasts for several months, 

hibernating hamsters display alternating bouts of torpor (3-6 days) and arousal 

(1-2 days) (Margules et al., 1979). During the arousal bouts, the animals take 

nourishment from hoarded food supplies and eliminate waste. The precise 

mechanisms which trigger entry into the torpid state and arousal from torpor 

remain unknown.

Hibernation is characterised by a sharp reduction in body temperature 

without pathological consequence for their vital function within the bout of 

hibernation. The heart rate during hibernation is markedly decreased from 350 

beats/min to 2-4 beats/m in (Pakhotin et a!., 1993); respiration rate falls from 35-
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120 breaths/min to <5 breath s/m in (Lust et al., 1989 ); and the rate of 

metabolism decreases from 0.2 cai/g/min to 0.002 cal/g/min (Kayser, 1961). 

Before the body temperature drops from 37°C to 5-10°C (Lust at a/., 1989), 

blood pressure declines and peripheral vascular resistance is increased (Lyman 

and O’Brien, 1960). It is not passive but is a regulated mechanism under neural 

control (quite different from enforced hypothermia) in which body temperature is 

maintained a few degrees above ambient temperature. The hypothalamo- 

adenohypophyseal axis plays a major role in regulation of the body temperature 

in mammals. The hypothalamus itself is temperature-sensitive and receives 

inputs from temperature sensors in the skin, in the spinal cord and elsewhere in 

the body (Heller, 1979).

Hibernating animals return to the euthermic state (arousal) without an 

external heat source. This is accomplished by the metabolism of brown fat 

which acts as a source of internal heat. During arousal, there is an increase in 

respiration rate, followed by cardioacceleration, and accompanied by a 

decrease in peripheral resistance (Lyman, 1967). The increase in metabolic rate 

precedes the rise in body temperature. The warming process appears to be 

concerned primarily with the anterior part of the body. The warming of the 

posterior part occurs when oxygen consumption has already reached its peak 

(Lyman, 1948).

The cardiovascular system of hibernating mammals is adapted to 

function in the cold at reduced core body temperature. Hibernating mammals 

are resistant to fibrillation or cardiac arrest as their body temperature drops 

(Duker at a!., 1983; Johansson, 1984; 1996). There is increased peripheral
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vasoconstriction to direct blood preferentially to the heart, lungs and brown 

adipose tissue (Lyman and O’Brien, 1960). On evoked arousal to the active 

state, rapid vasodilation occurs first to thoracic organs and then abdominally 

(Lyman, 1965). As both endothelial cells and perivascular nerves regulate 

vascular tone it is of interest to understand what changes these systems 

undergo during hibernation and arousal. Very little is known of the regulation of 

vasoactive mediators in these systems during hibernation and arousal. In view 

of the pronounced changes in vascular dynamics which occur and the known 

plasticity of neural and endothelial systems of vascular control, an investigation 

of the expression of vasoactive substances in the endothelium and in arterial 

perivascular nerves is a major area of study in this thesis. Furthermore, the 

intercellular communications (gap junctions) between endothelial cells and 

between smooth muscle cells in blood vessels and between cardiomyocytes in 

the heart may change to facilitate the physiological changes associated with 

hibernation and arousal and are also examined in this thesis.

1.6 Aims of the study

This thesis examines the plasticity of elements involved in cardiovascular 

control of golden hamsters in four different physiological conditions, normal 

controls at euthermy, cold controls, hibernating animals and aroused (2h) 

animals. Two main areas of study include: 1) the endothelium and perivascular 

innervation of mesenteric and renal arteries using electron-immunocytochemical 

techniques 2) gap junctions in the left ventricle, coronary arterioles and aorta 

using immunohistochemistry combined with laser confocal microscopy.
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2.1 Animals

Adult (age-matched) male golden hamsters (Mesocricetus auratus) 12 weeks 

old and weighing 140-150 g, were used for the study: (i) animals were 

maintained under normal conditions (normal control animals), (ii) animals were 

maintained under conditions conducive to hibernation (see below) but failed to 

hibernate (cold control animals), (iii) animals were maintained under conditions 

conductive to hibernation and underwent hibernation (hibernating animals), and 

(iv) animals that had aroused 2 h from hibernation after being brought to room 

temperature surroundings (aroused animals). The investigation was performed 

in accordance with the Home Office Guidance on the operation of the Animal 

(Scientific Procedures) Act 1986, published by HMSG, London.

2.2 Induction of the animals into hibernation and arousal from 

hibernation

Golden hamsters are non-seasonal hibernators, being directly influenced by 

photoperiod and ambient temperature. Whilst hibernation in this species can be 

induced by creating ‘pseudo’ winter conditions, it is not an easy procedure with 

a relatively low success rate: the following conditions resulted in approximately 

30% of hamsters entering into hibernation. Hamsters were initially placed in a 

Leec refrigerated incubator (model PL3) at a temperature of 20° 0  with a light : 

dark photoperiod of 8:16 h. The animals were kept 5 to a cage with food and 

water ad libitum. The temperature was gradually reduced by 1° 0  per day 

together with a reduction of 30 min of light per day until a temperature of 5° C
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and a light: dark photoperiod of 2:22 h was reached (this acclimatisation 

procedure took 12-15 days).

The animals were next transferred to individual cages in a cold room 

which was set at 5°C with 2 h of light per day with food and water ad libitum. 

Sufficient nesting material was also supplied. Inspection of the animals outside 

the designated light period was only performed under a 10 watt red 

photographic light. Hibernation was judged by the lack of response to a physical 

stimulus, namely the sprinkling of sawdust onto the back of a hamster (a 

sleeping hamster always awoke to this stimulus, whereas a hibernating animal 

would not). After a period of approximately 10 weeks, hamsters began to 

hibernate. Those hamsters that failed to hibernate after the 8-10 week period, 

or subsequently, were used as cold control animals. In addition age-matched 

(normal) controls which had not been exposed to a reduced temperature or 

photoperiod were also used. Hibernating animals were allowed to hibernate for 

8 weeks. During this time the hamsters under went “bouts” of hibernation, 

lasting about 3-4 days, with periodic arousal (for approximately 24 h every 3-5 

days). Hamsters were killed only after a deep hibernation bout of 3 days. 

Hamster allowed to arouse were taken from this hibernating group Animals 

were chosen that had hibernated for a minimum of 3 days. They were removed 

from the cold room and placed in a laboratory that was at room temperature 

(22±2° C). The animals were left for exactly 2h and they were aroused before 

they were killed. The body weight, cheek pouch and rectal temperatures of the 

hamsters were measured within one minute after death.

2.3 Immunoelectron microscopy
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Ultrastructural Immunocytochemistry; In immunohistochemistry specific 

antigens localised in tissues are detected by the application of a specific 

antibody and visualised by various labels, such as fluorescent compounds, 

enzymes, ferritin, or colloidal gold particles (Polak and Van Noorden, 1987). 

The original approach was the direct or one step method, where the label is 

conjugated straight to the antibody directed against the antigen (Coons et al. 

1941). Subsequently, the indirect method was introduced by the inclusion of 

additional step(s) (Coon & Kaplan, 1950). Immunohistochemical techniques 

adapted for visualisation at the ultrastructural level are now established 

procedures. The methodology which has been most widely used is the 

peroxidase-antiperoxidase (PAP) method, first described by Stern berger et al., 

(1970) in association with a pre-embedding procedure (Priestley, 1984). 

Improvements of this approach allow the combination of excellent penetration of 

the immunoreagents with conservation of fine ultrastructural detail. There are 

relatively low endogenous levels of peroxidase in biological tissue which can be 

blocked prior to antibody labelling. With the PAP method, three layers are 

employed: first layer, primary antibody binds with the specific tissue antigen; 

second layer, goat anti-host (in which the primary antibody was raised) y- 

globulin with two binding sites, one for primary antibody and the other one for 

the host antibody to peroxidase coupled with peroxidase which is the third layer.

Peroxidase in the bound PAP complex is localised by addition of its 

substrate, hydrogen peroxide, and an electron donor such as the widely used 3, 

3’-diaminobenzidine tetrahydrochloride (DAB); upon oxidation this forms an 

insoluble polymer (coloured reaction product) which can be made electron
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dense with osmium tetroxide. Because of its high sensitivity, the PAP procedure 

was used for ultrastructural immunohistochemical localisation in this study.

2.3.1 Perfusion and tissue preparation

For pre-embedding electron immunocytochemistry, the animals were 

anaesthetised with sodium pentobarbitone (Sagatal, 60 mg/kg i.p.) and 

perfused through the heart (left ventricle) with fixative containing 4% 

paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer (PB) pH

7.4 (at room temperature) for 15 min. After perfusion, renal and superior 

mesenteric arteries were dissected free and immersion-fixed for 5 h at 4°C and 

stored overnight in PB at 4°C.

In the investigation of endothelial cell immuno-localisation, the arteries 

were cut longitudinally to produce 2-3 mm long strips which represented one 

quarter of the circumference of the vessel. These were then processed for pre

embedding electron immunocytochemistry of NOS-III and ET-1 using the 

peroxidase-antiperoxidase (PAP) technique of Stern berger (1979).

For the perivascular nerve immuno-localization study, the arteries were 

cryoprotected overnight at 4°C in 7% phosphate buffer sucrose (pH 7.4). The 

following day the arteries were oriented and embedded in Tissue-Tek Inc., 

frozen by immersion in pre-coo led isopentane in liquid nitrogen, and stored in 

liquid nitrogen until sectioning. Transverse cryosections, 50 pm thick, were cut. 

After washing several times in PB, the specimens were subsequently processed 

for pre-embedding electron immunocytochemistry of TH, NPY, NOS-1, VIP, and 

SP using the PAP technique.
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2.3.2 Tissue processing

2.3.2.) Experimental protocol for endothelial cell Immunocytochemistry

Strips of arteries were initially exposed for 30 min to 0.3% hydrogen peroxide in 

30% methanol (for blocking of endogenous peroxidase), washed for 1 h in 0.1 

M Tris buffer at pH 7.4 (Tris-1), and then incubated for 1 h in normal goat serum 

to block nonspecific antigens diluted 1:30 in Tris buffer containing 0.1% sodium 

azide (Tris-2). After washing in Tris-1 the specimens were incubated for 48 h at 

4°C in a mouse anti-NOS-lll antibody diluted 1:200 or rabbit polyclonal 

antibody to ET-1 at a dilution of 1:1000 in Tris-2, then washed in Tris-1. The 

specimens labelled for NOS-III were exposed for 2 h to goat antimouse 

immunoglobulin G serum diluted 1:40 in Tris-2, whereas the specimens 

labelled for ET-1 were exposed to goat antirabbit immunoglobulin G serum 

diluted 1:50. After rinsing in Tris-1 the NOS-III labelled specimens were 

incubated for 3 h with a mouse PAP complex diluted 1:200 in Tris-2, whereas 

the ET-1 labelled specimens were incubated with a rabbit PAP complex diluted 

1:75, then rinsed in Tris-1. The labelling was visualised by exposure to 3'3'- 

diaminobenzidine and 1% hydrogen peroxide in Tris-1 for 5-10 min,. The 

specimens were several washed in distilled water before processed for electron 

microscopy.

2.3.2.2 Experimental protocol for perivascular nerve immunocytochemistry

Samples of superior mesenteric artery and renal artery from all groups were 

processed for immunolabelling for a particular antigen at the same time. 

Specimens were exposed for 30 min to 0.3% hydrogen peroxide in 30% 

methanol, washed for 1 h in 0.1 M Tris buffer at pH 7.4 (Tris-1), and then 

incubated for 1 h in normal goat serum diluted 1:30 in Tris containing 0.1%
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sodium azide (Tris-2). After washing in Tris-1, the specimens were incubated for 

48 h at 4°C in primary antisera diluted in Tris-2 as follows: TH, 1:500; NPY, 

NOS-1, VIP and SP, 1:1000. After washing in Tris-1, the specimens were 

exposed for 1.5 h to goat antirabbit immunoglobulin G serum diluted 1:50, then 

rinsed in Tris-1. The specimens were incubated for 2.5 h with a rabbit PAP 

complex diluted 1:75, then rinsed in Tris-1. After exposure to 3'3'- 

diaminobenzidine and hydrogen peroxide, the specimens were washed in 

distilled water and processed for electron microscopy.

2.3.3 Electron microscopy

The labelled specimens were post-fixed in 1% osmium tetroxide in 0.1M 

cacodylate buffer pH 7.3, at 4°C for 1h. After washing 3 times with buffer, the 

specimens were dehydrated at room temperature in a graded series of ethanol 

(50%, 70%, 90%, 100%) each for 5 min twice, pure propylene oxide for 10 min 

each, then infiltrated with the araldite epoxy resin diluted in propylene oxide 

(1:1) for 45 min in a rotator. The specimens were infiltrated with the epoxy resin 

and rotated overnight before being embedded in the resin and polymerisation 

in an oven at 60°C for 24 h. The ultrathin circumferential (transverse) sections, 

80-100 nm in thickness, were cut using Ultracut E (Reichert-Jung). The sections 

picked up on the copper grids were stained with uranyl acetate and lead citrate 

for 15 min each and subsequently viewed and photographed with a JEM-1010 

transmission electron microscope.

2.3.4 immunocytochemistry controls and antibody specifications

2.3.4.1 For endothelial cell Immunolocallsatlon
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The mouse anti-NOS-lll monoclonal antibody (N30020), isotype: lgG1, was 

manufactured and characterised by Transduction Laboratories, Lexington, USA. 

The antibody was used at an optimal dilution of -1 pg/ml according to the 

manufacturer's directions. In the present study no labelling was observed when 

the anti-NOS-lll antibody was omitted from the incubation medium and/or 

replaced with non-immune normal goat serum and non-immune normal mouse 

serum as well as when goat antimouse immunoglobulin G serum was omitted. 

Also preabsorption experiments with human endothelial cell lysate showed a 

substantial reduction in NOS-III immunoreactivity in rat carotid arteries (Loesch 

and Burnstock, 1996).

Rabbit antiserum to human ET-1 has been used for the PAP electron- 

immunocytochemistry of endothelial cells (Loesch et a/., 1991; Loesch and 

Burnstock, 1995,1996; Shochina at a i, 1997) and for immunoassay to detect 

ET levels in the perfusate of freshly harvested endothelial cells (Milner at a/., 

1990). An inhibition enzyme-linked immunosorbent assay demonstrated that 

this antibody cross-reacted 7% with proendothelin 39, 15% with ET-2 , and 

100% with ET-1 and ET-3 (Bodin at a i, 1992). Preabsorption of ET-1 antibody 

with synthetic human ET-1 at a concentration of 0.1 mM, eliminated positive 

labelling in human and animal vascular endothelial cells (Loesch at a i, 1991; 

Loesch and Burnstock, 1995). In the present study, the specificity of 

immunolabelling was tested by omission of the primary antibody and IgG steps, 

independently, and by substitution of primary antibody with non-immune normal 

rabbit serum at a dilution 1:250 and 1:1000, respectively. Positive labelling was 

not observed in these control preparations.
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2.3.4.2 For perivascular nerve immunolocallsatlon

The rabbit antisera used in this study were polyclonal and have been 

characterised by the manufacturers: antisera to TH; NPY; NOS-1, N31030; VIP; 

SP. In the present study, the specificity of the immunostaining was tested by 

omission of primary antisera from the incubation medium and/or replacing the 

primary antisera with normal rabbit serum at a dilution of 1:1000, and by 

preabsorption of the primary antisera for 24 h at 4°C with a 1 pM solution of the 

appropriate antigen. NOS-1 was preabsorbed with rat pituitary lysate. 

Immunoprecipitate was not observed in these control preparations.

2.3.5 Measurement of the percentage of immunopositive labelling.

2.3.5.1 For endothelial cell Immunolabelling

In order to establish the percentages of endothelial cells which were positively 

and negatively stained for NOS-III and ET-1, these cells were counted in 

ultrathin sections taken from different levels of specimens separated from each 

other by a distance of -  20 pm (average size of endothelial cells) to avoid 

double counting of the same cells. Approximately one-quarter of the 

circumference of the vessel was examined. Endothelial cells were counted by 

examination with the electron microscope (JEM 1010). All endothelial cells were 

included whether or not the nucleus was visible. The identity of each sample 

was unknown to the observer to allow unbiased evaluation. All samples were 

evaluated by the same observer to ensure that the same criteria were used 

throughout to define immunopositive cells. There were some differences in the 

intensity of immunostaining, but immunopositive endothelial cells were clearly
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distinguished by immunoprécipitation throughout the cytoplasm and in 

association with intracellular membranes.

2.3.5.2 For perivascular nerve Immunolabelling

In order to establish the percentage of axon profiles positive and negative for a 

given antigen, axons were counted in ultrathin sections taken from different 

levels of specimens separated from each other by a distance of -50  pm. Axon 

profiles were counted at a magnification of x6,000-10,000 by examination with 

an electron microscope (JEM 1010) using uncoated cross grids. However, some 

areas of view were obscured by the bar of the grid. Coated slot grids were not 

used as weak immunolabelling was not always visible due to the opacity of the 

formvar film. At least half of the vessel circumference was always examined.

2.3.6 Statistical analysis

2.3.6.1 For endothelial cells

Results are expressed as mean ± standard error of the mean (S.E.M.) of the 

percentage of immunopositive cells/section of arteries from 2 active, 3 cold- 

exposed, 2 hibernating and 2 animals following 2 h arousal from hibernation; at 

least 10 sections were examined per animal group, each with a minimum of 464 

endothelial cells. Due to the uneven distribution of labelled cells in the intima 

(see e.g. Tomlinson et al., 1991; Loesch and Burnstock, 1996) as well as the 

fact that relatively small fragments of the arteries were examined 

ultrastructurally, these data are only representative of the proportions of 

immunopositive cells in the different animal groups. Statistical evaluation of the 

data was not appropriate with the small number of animals used per group.
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23.6.2 For perivascular nerves

Results were expressed as mean ± S.E.M. of the percentage of immunopositive 

axons per section of artery from normothermic, cold-exposed, hibernating and 

aroused animals; at least 12 sections were examined per animal group, with a 

minimum of 830 axon profiles per group. Statistical evaluation of the data was 

not appropriate with the small number of animals used per group.

2.4 Immunocytochemistry and laser scanning confocal microscopy

2.4.1 Tissue preparation

Six hamsters from each of the 4 experimental groups (normal controls, cold 

controls, hibernated and aroused) were killed by carbon dioxide asphyxiation 

(Schedule l, in accordance with the Animal Scientific Procedures Act). The left 

ventricle and thoracic aorta were quickly dissected out, orientated and 

embedded in Tissue Tek , pre-cooled in iso-pentane slush then frozen in liquid 

nitrogen, and stored at -70°C until sectioning. Tissue may have shrunk during 

processing but the four tissue groups were processed in the same way and 

therefore remain directly comparable. Cryosections were cut at a thickness of 

10 nm (Reichart cryostat) and mounted onto albumin coated slides and stored 

at -70°C until use.

2.4.2 Antibodies

The immunolabelling studies utilised rabbit polyclonal antibodies specific to 

Cx43 and Cx40. Polyclonal rabbit anti-Cx43 was raised against a peptide 

corresponding to a portion of the cytoplasmic tail (C-terminal). The anti-Cx40
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antiserum was raised in rabbit against the peptide corresponding to residues 

256 to 270 of the cytoplasmic C-terminal tail of rat 0x40 sequence (Yeh et al., 

1998).

To confirm the distribution of labelling, normal control hamster vessels 

were immunostained using another antibody to 0x40 (Gap17, raised in rabbit 

against the peptide corresponding to residues 331-344 of rat 0x40) and two 

extra antibodies to Ox 43 from different sources (Gap15 and GaplA, both 

raised in rabbit against the peptide corresponding to residues 131-142 of rat 

0x43 (Becker et al., 1995). Normal rat (Sprague Dawley, male 250g) left 

ventricle and thoracic aorta were also processed alongside these hamster 

tissues.

2.4.3 Immunostaining

Immunohistochemistry: immunofluorescence

The indirect method of immunohistochemical staining (see section 2.3) has 

been modified to incorporate avidin and biotin into the system in order to obtain 

the advantage of the very high affinity of avidin for biotin. In this method, biotin 

is conjugated to a secondary antibody, directed against the immunoglobulin G 

of the host in which the primary antibody was raised. This is followed by 

incubation with streptavidin coupled with a label. Streptavidin, is derived from 

Streptococcus avidini (Ooggi et al, 1986). For its high sensitivity and efficiency, 

the biotin-streptavidin method was used in the present study.

The methods used were adapted from Gourdie et al., 1991. In brief, 

tissue sections were fixed in acetone for 10 min then incubated for 1 h at room 

temperature with primary antibodies: anti-Cx43, 1:500 dilution in phosphate
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buffer saline (PBS) containing 0.1 M L-lysine, 0.01% bovine serum albumin and 

0.1% Triton-x (dilution buffer); anti-Cx40, 1:800 dilution in the dilution buffer. 

After washing in PBS, the sections were incubated in the secondary antibodies, 

biotinylated anti-rabbit IgG, diluted 1:200 in dilution buffer for 30 min. After 

rinsing in PBS they were incubated in 1:200 Streptavidin-Fluoroscein 

isothiocyanate conjugate (Streptavidin-FITC) for 30 min. The sections were 

rinsed in PBS, then mounted in Citifluor.

For the aorta and coronary arteriole tissue sections, propidium iodide (a 

nuclear stain) was used (1 mg/ml) with Cx40 immunolabelled sections to 

confirm the intact endothelial cell lining in the vascular wall.

2.4.4 Immunohistochemical controls and antibody specificity

For controls, the same procedure was followed; however, (1) the primary 

antibody was substituted with dilution buffer, or (2) tissue was incubated with 

normal rabbit serum in place of primary antibody, or (3) tissue was incubated 

with primary antibody preabsorped with Cx43 peptide (lO^g/ml for use with 

1 fag/ml of primary antibody). Care was taken to ensure that dissecting, 

sectioning, and staining of tissues were done under identical conditions. 

Immunostained sections were examined blind on a Leica IC S  4D confocal 

microscope immediately after immunostaining. Optical images were stored 

digitally for subsequent analysis.

2.4.5 Laser scanning confocal microscopy and image analysis

The design of the analysis was as follows. From each of the four groups, the left 

ventricle of six individual animals was sectioned longitudinally. Five randomly
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selected fields from equivalent regions within the apex of ventricle were optically 

sectioned in five 1-pm steps. Sections were scanned under identical parameters 

of imaging (1024x1024 pixel), pinhole (90|im), objective (x63), filter and laser 

power. 1024x1024 pixel is equivalent to 158.7x158.7 pm^ = 25192 pm^. Levels 

were set according to procedures standardised to ensure that the image 

collected displayed a full range of grey level values from black (0 pixel intensity 

level) to peak white (255 pixel intensity level). Each image was signal-averaged 

(line average = 8) during acquisition to reduce noise levels and improve image 

quality. The entire Z series was finally projected as a single composite image by 

superimposition. Quantification of Cx43 expression in the intercalated disks of 

the ventricle was performed according to the methods of Gourd ie et al. (1991). 

The final image was thresholded to form a binary image for analysis by NIH 

image software 1.62 and the size and number of plaques counted.

Quantification of gap junction expression was also performed according 

to an adaptation of the method in Gourdie et al. (1991). Five optical fields x 6 

animals of each group, were analysed for: the mean gap junction plaque size 

(pm^) (total area of junctions/total number of junctions); the area density (total 

area of junction/1 OOOpm )̂ and numerical density (total number of 

plaques/1 OOOpm )̂.

Quantitative analysis of Cx40 and Cx43 gap junction proteins in coronary 

arterioles were accomplished by the same method as for ventricle (the area and 

numerical densities calculated from total area of junction and total number of 

plaques, respectively, per lOOOpm^) . However, the density was calculated per 

circumferential length (intima layer) for the aorta analysis. To obtain the density
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of gap junction protein in the smooth muscle, the area of smooth muscle was 

performed by delineation between internal and external elastic lamina.

The projected image used for quantification provides data from 3- 

dimensions. This approach may, however, over-estimate plaque size and 

under-estimate the number of gap junction plaques due to unrelated plaques 

being fused/overlaid in the projected image. However, comparison of plaque 

analysis of projections and their component sections revealed no significant 

differences in size and number of plaques.

2.4.6 Statistical analysis

Data are expressed as the mean ± SEM of 6 animals in each group. Analyses 

and tests were carried out using Minitab software (Minitab Inc. and Stat view 

Pak). Statistical differences between the 4 groups was determined by analysis 

of variance (AN OVA) followed by Tu key's test. P< 0.05 was considered as 

significant. Statistical differences between the frequency distribution of plaque 

sizes for the 4 animal groups were determined using the Kolmogorov Smirnov 

two-sample test (GB-Stat School Pak).

2.5 Materials

2.5.1 Solutions for immunoelectron microscopy

0.2M Phosphate buffer (PB) pH 7.4: 5.25g NaH2P04.H20, 23g 

Na2HP04, 1L distilled water. This solution was stirred and kept at room 

temperature.

8% Paraformaldehyde: This fixative was made by dissolving 40g 

paraformaldehyde in 500ml distilled water and stirred at 60°C in a fume

74



Chapter 2: Materials and Methods

cupboard, until the solution was homogeneous and milky in appearance. To the 

solution, a pellet of sodium hydroxide was added and stirred until the solution 

became transparent. This solution was freshly-made before each use.

4% Paraformaldehyde and 0.1% glutaraldehyde in 0.1M PB pH 7.4: 

600 ml 8% paraformaldehyde, 600 ml 0.02M PB, 4.8 ml 25% glutaraldehyde. 

This solution was prepared in a fume cupboard, filtered and used in the fresh 

each day.

0.1 M Tris Buffered Saline (TBS): 1,4g Tris base, 6.0g Tris MCI, 8.75g 

NaCI, 1L distilled water. This buffer was stirred and kept at 4°C.

0.1 M 3'3'-diaminobenzidine (DAB) in TBS: 0.1 mg DAB, 15ml TBS. 

This was agitated and filtered using a 0.45^m nitrocellulose filter in a fume 

cupboard . The solution was freshly-made before each use.

Epoxy resin mixture: lOg Dodecenyl succinic anhydrite (DDSA), lOg 

araldite CY212, and 0.8g dibutyl phthalate (plasticizer). This was heated and 

stirred at 40°C for 5 min in a fume cupboard then 0.4ml benzyldimethylamine 

(BDMA) was added and stirring continued for 5 min. The resin was freshly- 

made before use.

Lead citrate: To a solution of 1.33g lead nitrate in 30 ml distilled water, 

add 1.76g sodium citrate and shake well until the solution is milky homogenous. 

After adding of 8 ml 0.1 M sodium hydroxide, the solution became clear and then 

make up a volume of 50 ml solution with distilled water. This solution was 

filtered using a 0.45|Lim nitrocellulose filter and stored at 4°C until use.

2.5.2 Solutions for immunofluorescent microscopy 

Albumin coated slide:
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- Gelatin solution: 0.5g gelatin, 100ml distilled water. This was 

heated at 60°C to allow the gelatin to dissolve, left to cool down to room 

temperature; 0.05% chrome alum (chromium potassium sulphate) was then 

added. The solution was filtered and kept at 4°C.

- Acid alcohol: 1% HCI, 70% alcohol. This solution was made up 

freshly before use.

- Protocol: Slides were washed in acid alcohol for 10 min, washed 

in running tap water for 1h, rinsed in distilled water for 30 min, twice. Slides 

were dried in an oven and after removal left to cool down at room temperature. 

Slides were dipped in the gelatin solution and then dried in an oven overnight.

1M Phosphate buffer saline: 8g NaCI, 0.2g KOI, 0.2g KH2P04, 1.15g 

Na2HP04, 1L distilled water. This stock solution buffer was stored at room 

temperature.

Dilution buffer: 0.05g Bovine serum albumin (BSA), 0.5g lysine, 0.5g 

sodium azide, 0.5ml triton-XlOO, 500ml 0.1 M PBS in 0.1% sodium azide. This 

solution was stored at 4°C.

2.5.3 Sources of antibodies, chemicais and reagents

Unless otherwise stated all materials were obtained from Sigma Chemicals Co. 

Ltd. or BDH Laboratory Supplies.

Antibodies

normal goat serum Nordic Immunology, Tilburg, The Netherlands

goat antimouse immunoglobulin G serum Cappel Labs, West Chester, USA 

goat antirabbit immunoglobulin G serum Biogenesis, Bournemouth, UK
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mouse PAP complex 

rabbit PAP complex 

nonimmune normal goat serum

Da ko, Glostrup, Denmark 

Dako, Glostrup, Denmark 

Nordic Immunology

nonimmune normal mouse serum BioCell, Cardiff, UK 

NOS-III Transduction Laboratories, Lexington, USA

ET-1 Research Biochemicals, UK

TH Eugene Tech International Inc.

NPY UC Bioproducts S.A., Belgium

NOS-1 Transduction Laboratories, Lexington, USA

VIP CRB, Cambridge, U.K

SP CRB

normal rabbit serum 

biotinylated anti-rabbit IgG 

rabbit polyclonal Cx43 antibody 

rabbit polyclonal Cx40 antibody

Nordic

Amersham

Zymed Laboratory, Inc, USA 

provided by Dr RG Gourdie, Medical

University of South Carolina, SC, USA 

monoclonal anti-smooth muscle actin Sigma

Chemicals and reagents

sodium pentobarbitone Sigma

paraformaldehyde TAAB

glutaradehyde EMS

hydrogen peroxide Sigma

methanol BDH

Tris-buffer Dako
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sodium azide 

3’,3’-diaminobenzidine 

osmium tetroxide 

ethanol

propylene oxide 

araldite CY212 

dodecenyl succinic anhydride 

dibutyl phthalate 

benzyldimethylamine 

lead nitrate 

sodium citrate 

uranyl acetate

human endothelial cell lysate

rat pituitary lysate

tissue-Tek

iso-pentane

acetone

DL-lysine

bovine serum albumin 

Streptavidin-FITC 

citifluor 

Cx43-peptide

Sigma

Sigma

EMS

BDH

BDH

TAAB, UK

AGAR Scientific, UK

AGAR

AGAR

BDH

BDH

AGAR

Transduction Laboratories, Lexington, USA

Transduction Laboratories

Miles Inc., Elkhart, Ind., USA

BDH

BDH

Sigma

Sigma

Amersham

Citifluor Ltd., UK

Zymed
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CHAPTER 3

Ultrastructural Localization of Nitric Oxide Synthase and 

Endotheiin in the Renai and Mesenteric Arteries of the Golden 

Hamster: Differences during and after Arousal from Hibernation.
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3.1 Abstract.

This is a study of the electron-immunocytochemical localization of nitric oxide 

synthase (type III) and endotheiin in renal and mesenteric artery endothelial 

cells of normal (active) and hibernating hamsters, as well as hamsters exposed 

to the cold but not hibernating, and hamsters aroused for 2h following 

hibernation. In the renal artery of hibernating hamsters and cold-exposed 

hamsters, a subpopulation of nitric oxide synthase-positive endothelial cells 

displayed immunoprecipitate predominantly in the vicinity of the Golgi complex 

indicating intracellular translocation from the cytoplasm to the Golgi complex. In 

hibernating animals, the percentages of both nitric oxide synthase-positive and 

endothelin-positive endothelial cells were notably lower than those observed 

either in active, cold-exposed or aroused animals. These changes may reflect a 

reduced endothelial contribution to the maintenance of vascular tone in these 

vessels during hibernation and an upregulation of expression of nitric oxide 

synthase and endotheiin in the endothelium early on during arousal from 

hibernation.
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3.2 Introduction

During mammalian hibernation there are huge changes in cardiovascular 

dynamics. Entrance into hibernation is a regulated process under neurogenic 

control with the slowing of metabolic rate, heart rate and respiration occurring 

before any detectable decline in body temperature (Spurrier et al., 1980). 

During hibernation, peripheral resistance is increased to allow preferential 

shunting of blood to the heart, brain, lungs and brown adipose tissues and 

circulatory homeostasis is maintained. Renal function is reduced to 

approximately 10% of the euthermic level and food intake and gut function is 

suspended. Arousal to euthermy is characterised by regulated vasodilatation, 

first to thoracic organs and then abdominally (Lyman, 1965).

Vascular tone is under the dual control of endothelial cells and 

perivascular nerves. Endothelial cells are uniquely situated to act as sensors of 

changes in local environment such as changes in blood flow and oxygen 

content and respond by releasing vasoactive substances. The importance of the 

endothelium in the control of vascular tone was initially exemplified by Furchgott 

and Zawadski in 1980, and has since been the subject of a multitude of reports 

(see Moncada at a/., 1991; Ralevic and Burnstock, 1993; Lincoln at a/., 1997). 

Endothelial cells respond to many vasoactive substances and other stimuli via 

the release of endothelium-derived relaxing factor (EDRF), which is identical to 

nitric oxide (NO) or a labile nitroso compound (Ignarro, 1992). They are also 

sources of endothelium-derived constrictor factors (EDCF) which include 

metabolites of arachidonic acid, free radicals and the peptide, endotheiin 

(Yanagisawa at a!., 1988).
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In normal vascular endothelium, NO is constitutively synthesized from L- 

arginine by nitric oxide synthase (NOS) (Palmer et al., 1987, 1988). NOS has 

been localized in endothelial cells of several vessels using ultrastructural 

immunocytochemical techniques (Loesch and Burnstock, 1993; 1995; 1996; 

Dikranian at si. 1994; Loesch eta!., 1994).

Endotheiin is a potent 21 amino acid vasoconstrictor peptide isolated 

initially from the conditioned medium of cultured vascular endothelial cells 

(Yanagisawa at a/., 1988). Three ET isoforms are expressed in tissues but 

endothelial cells only normally express ET-1 (Inoue at a!., 1989).

In the present study, our objective has been to determine whether the 

endothelial ultrastructural distribution of NOS-III and ET-1 in renal and 

mesenteric arteries is altered during hibernation and arousal from hibernation.

3.3 Materials and Methods 

Induction to Hibernation and Arousal

Nine adult (age-matched) male golden hamsters {Masocricatus auratus) were 

used in this study; (1) two animals were maintained under normal conditions 

(active control animals), (2) three animals were maintained under conditions 

conducive to hibernation but failed to hibernate (cold-exposed animals), (3) two 

animals were maintained under conditions conducive to hibernation and 

underwent hibernation (hibernating animals), and (4) two animals were 

examined 2 h after being brought to room temperature surroundings to arouse 

from hibernation (aroused animals).

Four animals groups were obtained as described in section 2.2. After 

perfusion and collecting specimens for the endothelial cell immuno-localisation
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(see 2.3.1), renal and superior mesenteric arteries were processed pre

embedding electron-immunocytochemistry to localise NOS-III and ET-1 using 

the peroxidase-antiperoxidase (PAP) technique (see section 2.3.2.1 and 2.3.3). 

The immunocytochemistry controls and antibody specification were performed 

as described in section 2.3.4.1. The measurement of percentage of 

immunopositive endothelial cells and statistical analysis were carried out as 

described in section 2.3.5.1 and 2.3.6.1, respectively.

3.4 Results

3.4.1 Physiological changes during hibernation and arousal

After 8 weeks of hibernation the body weights of the hibernating and aroused 

hamsters were less than those of the cold-exposed and the active-controls. In 

addition, on sacrificing, the cheek pouch and rectal temperatures were 

decreased in the hibernating compared with the aroused, cold-exposed and 

active control animals. All values were within the range of data taken from a 

larger number of animals (Table 3.1).

Two hours after transferring the hibernating animal to room temperature 

the animal had aroused, going through the following stages: (i) after 20 min the 

heart rate and breathing rate had increased and appeared normal; (ii) after 60 

min the hamster was shivering, flexing its head and its eyes were open; (iii) after 

75 min the animal was moving its front limbs before it moved its back limbs, was 

very unsteady on its legs and was shivering less; (iv) after 90 min the animal 

was fully awake and moving but did not eat or drink anything; (v) by 120 min it 

was asleep.
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3.4.2 Immunolabelling of the endothelium

Subpopulations of endothelial cells immune reactive for NOS-III and ET-1 were 

observed in each animal group examined. However, there were qualitative and 

quantitative changes, namely in the intracellular distribution of immunoreactivity 

(Figs 3.1-3.3) and the percentage of NOS-III- and ET-1- positive endothelial 

cells (Table 3.2).

3.4.3 Distribution of NOS-III labelling in renal and mesenteric arteries 

Active control animals

The NOS-lll-positive endothelial cells of renal and mesenteric arteries appeared 

singly or in groups, and contained "black" immunoprecipitate throughout the cell 

cytoplasm and in association with the membranes of mitochondria, endoplasmic 

reticulum and cytoplasmic vesicles (Fig. 3.1a,b). Immunoprecipitate was not 

observed in the lumen cytoplasmic vesicles. Cell nuclei also showed no 

immunopositive reaction.

Cold-exposed non-hibernating animals

As in the active control animals, NOS-lll-positive endothelial cells were present 

singly or in groups alongside immunonegative cells (Fig. 3.1c). In the renal 

artery, at least 2 patterns of immunolabelling were observed. In some cells, the 

immunoprecipitate dominated throughout the cell cytoplasm. In other cells, the 

immunoprecipitate was prominent in the perinuclear region of the cell, 

particularly in the vicinity of the Golgi complex (Fig. 3.1c).

Hibernating animals

As in the cold-exposed non-hibernating animals, the renal artery of the 

hibernating animals displayed variations of intracellular labelling for NOS-III.
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Most of the endothelial cells showed an uneven distribution of NOS-III 

immunoreactivity. The labelling was localized mainly in perinuclear cytoplasm 

but not in the distal regions of the cell (Fig. 3.1d). In some cells, the 

immunoprecipitate was restricted to the cisterns of the Golgi complex and/or 

endoplasmic reticulum, exclusively (Fig. 3.1e). Other NOS-immunopositive 

endothelial cells of the renal artery and all NOS-immunopositive endothelial 

cells of the mesenteric artery showed labelling throughout the cytoplasm and in 

association with intracellular organelles (Fig. 3.1f).

Animals aroused from hibernation for 2 hours

Immunopositive and immunonegative endothelial cells were present in both 

renal and mesenteric arteries (Fig. 3.2a,b). The NOS-lll-positive endothelial 

cells displayed intense labelling throughout the cell cytoplasm and in 

association with the membrane of intracellular organelles (Fig. 3.2a,b).

3.4.4 Distribution of ET labelling in renal and mesenteric arteries.

Active control animals

In renal and mesenteric arteries, endothelial cells immunoreactive for ET 

frequently displayed “black” immunoprecipitate in groups (Fig. 3.3a,b) although 

they also appeared singly. The immunoprécipitation was distributed in the 

cytoplasm and on the membrane of intracellular organelles, including the 

endoplasmic reticulum, mitochondria and cytoplasmic vesicles. Labelling was 

not observed in the nucleus or lumina of cytoplasmic vesicles (Fig. 3.3a,b). 

Cold-exposed non hibernating animals

As in active controls, the immunoreactivity of labelled endothelial cells was 

shown throughout the cell cytoplasm and in association with intracellular

85



Chapter 3: Immunocytochemistry of Endothelium during Hibernation

organelles in both renal and mesenteric arteries (Fig. 3.3c). The nucleus 

showed no labelling.

Hibernating animais

The distribution of ET-labelling within endothelial cells of the renal and 

mesenteric arteries of hibernating animals (Fig. 3.3d,e) was similar to the 

controls (Fig. 3.3a-c).

Animais aroused from hibernation for 2 hours

As for all other groups of animals investigated, immunoreactivity to ET in the 

renal and mesenteric arteries was localised to the cytoplasm and membranes of 

intracellular organelles but not to the lumina of cytoplasmic vesicles (Fig, 

3.3f,g).

3.4.5 Percentages of NOS-III- and ET-immunopositive endothelial cells

Data representing the percentages of NOS-III and ET-immunopositive 

endothelial cells of renal and mesenteric arteries from control, hibernating and 

aroused animals are given in Table 3.2. There were noticably fewer endothelial 

cells immunoreactive for NOS-III and for ET in both renal and mesenteric 

arteries from hibernating hamsters compared to the remaining three groups. 

After 2 h arousal from hibernation, the numbers of NOS- and ET- 

immunopositive cells appeared no different from the controls.

4. Discussion

In the present study, immunoreactivity to NOS-III and ET-1 has been localized 

in endothelial cells of the renal artery and mesenteric artery of control, cold 

exposed, hibernating and aroused hamsters. The most striking difference
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between the groups was the marked decrease of NOS-lll-positive and ET- 

positive endothelial cells in both renal and mesenteric arteries of hibernating 

animals. Following a 2 h arousal period, the endothelial distribution of NOS and 

ET in both vessels was indistinguishable from the non-hibernating controls. This 

suggests that there is reduced expression of NOS-III and ET in the endothelium 

of these vessels during hibernation and subsequently increased expression in 

the early stages (within the first 2 h) of arousal from hibernation. A reduction in 

both dilator (NO) and constrictor (ET) elements of the endothelium indicates a 

dampening of the endothelial contribution to control of local vascular tone during 

hibernation. As peripheral resistance is increased during hibernation, neural 

control may predominate in this situation. NOS and ET have previously been 

colocalized in endothelial cells from rat coronary and femoral arteries (Dikranian 

et al., 1994): further studies are required to determine whether NOS and ET are 

colocalized in hamster renal and mesenteric artery endothelial cells and 

whether altered expression of both substances occurs in the same population of 

cells during hibernation and arousal.

It has already been shown that during hibernation there is a large 

reduction of renal blood flow (South and Jeffay, 1958; Johansen, 1961; Bullard 

and Funkhouser, 1962; Thomson et a/., 1977; Zatzman, 1984), a restriction or 

even cessation of the glomerular filtration (Moy, 1971; Moy at a/., 1972; Volkert 

at a/., 1976), and a thickening of the glomerular epithelial basement membrane 

(Zimney and Rigamer, 1966; Zimney, 1968; Tempel at a/., 1977). These 

changes probably express the mechanisms responsible for the water/electrolyte 

balance during hibernation and accompanied hypothermia (Zatzman, 1984).
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Increased sympathetic neurotransmission has been reported in the 

hamster mesenteric arterial bed during hibernation whilst endothelium- 

dependent responses were unchanged (Ralevic et al., 1997). From our present 

observations, a reduced endothelium-dependent vasodilatation during 

hibernation may have been predicted. The explanation for this apparent 

discrepancy between NOS immunoreactivity and function in mesenteric vessels 

is not clear; there may be sufficient NOS activity to maintain vasodilatory 

responses even though the quantity of enzyme is reduced. The autonomic 

parasympathetic nervous system is also involved in the maintenance of the 

hibernation state and the hibernation-associated increased blood pressure 

(Twente and Twente, 1978; Ray and Zatzman, 1983).

In the animals arousing from hibernation, the increase in heart rate, blood 

flow and blood pressure occurs quite rapidly, reaching euthermic levels over a 

period of 3 hours (Lyman 1965): these changes are accompanied by an 

increase in the activity of the sympathetic nervous system (Bullard, 1964; 

Kirkebo, 1968a; Buckberg at a!., 1977; Twente and Twente, 1978). The 

increased blood flow during arousal may also be due to reduced blood viscosity 

(Bullard, 1964; Kirkebo, 1968b). Increased expression of NOS and ET in the 

endothelium during a 2 hour arousal period may be due to neural-endothelial 

interactions and/or to local physiological changes such as increased shear 

stress (Milner ef a/., 1990).

In agreement with our present findings for control renal and mesenteric 

arteries, previous ultrastructural studies of the endothelium have shown that the 

reaction product marking NOS-III antigenic sites is present in the 

cytoplasm/cytosol and/or in association with the membranes of cytoplasmic
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vesicles, mitochondria and endoplasmic reticulum (Pollock et al., 1993; Loesch 

et al., 1994). However, localisation of NOS-immunoprecipitate particularly in the 

vicinity of the Golgi complex and/or the endoplasmic reticulum in a 

subpopulation of endothelial cells from cold-exposed and hibernating hamster 

renal artery was noted. This may reflect intracellular translocation of NOS-III in 

endothelial cells during cold exposure and hibernation in this vessel. A similar 

intracellular localization of NOS-III has been reported in basilar artery 

endothelial cells of hypertensive rats (Shochina et al., 1997). NOS-III N- 

myristoylation enables binding of the enzyme to the cell membranes (Knowles 

and Moncada, 1994). Membrane binding of NOS-III appears to affect its 

capacity to synthesise NO; the specific activity is higher when membrane bound 

than when free in the cytoplasm. More specifically, the presence of NOS-III in 

the Golgi complex may be functionally important both for the NOS-III activation 

and the release of NO from endothelial cells (Sessa et al., 1995). It has also 

been suggested that Golgi complex-associated vesicles may be involved in the 

release of NOS-III from endothelial cells and that NO is synthesised 

extracellularly (O'Brien et al., 1995), although our findings do not support a 

vesicular localization of NOS-III. Quantitative imaging of intracellular calcium has 

shown high resting levels of calcium in perinuclear and Golgi regions in several 

mammalian cell lines (Chandra et al., 1990). As the Golgi complex plays an 

important (active) role in Ca^^ storage and the intracellular Ca^^ regulation (Zha 

et al., 1995), the association between the availability of Ca^^ in the Golgi 

complex and the activation of NOS-III (which is a constitutive Ca^Vcalmodulin- 

dependent enzyme) might be of relevance. Whether the changes in 

immunoreactivity suggesting translocation of NOS-III from the cytoplasm to the
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Golgi complex are associated with intra-endothelial Ca^^ changes in hibernating 

animals and/or cold-exposed animals has yet to be determined.

In summary, during hibernation, when blood flow is dramatically reduced, 

notably fewer endothelial cells immunostain for NOS-III- and ET in renal and 

mesenteric arteries. The observation that during arousal from hibernation, the 

percentage of endothelial cells immunostaining for NOS-III and ET is as for non

hibernating controls suggests an upregulation of expression of NOS and ET in 

the endothelium in the early stages of this process.
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Figure 3.1 Renal artery (a,c,d,e) and mesenteric artery (b,f) labelled for NOS- 

l l l in  active-control (a,b), cold-exposed (c) and hibernating (d,e,f) hamsters, a. 

Two NOS-lll-positive endothelial cells (showing cytoplasmic immunolabelling); 

adjacent cell is NOS-lll-negative (asterisk). N  Nucleus; el elastic lamina; lu 

lumen, b. A fragment of artery displaying two NOS-lll-positive cells showing 

cytoplasmic labelling and some NOS-lll-negative endothelial cells (asterisks), 

sm smooth muscle, c. A higher magnification micrograph of an NOS-lll-positive 

endothelial cell showing prominent immunolabelling in the Golgi complex (Go). 

Particles of immunoprecipitate are also seen in the cytosol and in association 

with the membrane of the mitochondria (m) and cytoplasmic vesicles (v). An 

unlabelled endothelial cell profile can also be seen, c centriole. d. NOS-lll- 

positive endothelial cell showing the labelling predominantly in the perinuclear 

cytoplasm (open stars) but not in the region distal from the nucleus (filled star)\ 

note that the labelling is less intense than those observed in the active control 

animals (see Fig. la). An NOS-lll-negative endothelial cell (asterisk) is also 

seen. Arrows indicate intercellular junction, e. Note intensely labelled cisterns 

of the Golgi complex (Go) in an endothelial cell, v cytoplasmic vesicles, f. An 

NOS-positive endothelium containing numerous cytoplasmic vesicles (v) and a 

multivesicular body (mb). Scale bars ; a, b, d = 1 pm; c, e, f  = 500 nm.
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Figure 3.2 Renal artery (a) and mesenteric artery (b) labelled for NOS-III in 

aroused hamsters, a. A fragment of the artery showing one NOS-lll-positive 

endothelial cell displaying immunoprecipitate distributed throughout the 

cytoplasm; adjacent cells are NOS-lll-negative {asterisks). Also note well 

preserved intercellular junctions (arrows). N nucleus, ext extracellular matrix; m 

mitochondria; Go Golgi complex, b Two neighbouring NOS-lll-positive 

endothelial cells intervene three NOS-lll-negative cells (asterisks), el elastic 

lamina; sm smooth muscle. Scale bars : a = 500 nm; b = 1 pm.
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Figure 3.3 Renal artery (a,d,f) and mesenteric artery (b,c,e,g) labelled for ET-1 

in active-control (a,b), cold-exposed (c), hibernating (d,e), and aroused (f,g) 

hamsters, a. Two ET-1-positive cells showing moderate intensity of 

immunostaining and one ET-1 negative endothelial cell (asterisk) are visible. N 

nucleus; el elastic lamina; b. A group of ET-1-positive endothelial cells showing 

cytoplasmic labelling, sm smooth muscle; lu lumen, c. One ET-1-positive 

endothelial cell and an ET-1-negative endothelial cell (asterisk) are seen. Note 

the well preserved intercellular junctiond (arrow) between the adjacent cells, m 

mitochondria ; v cytoplasmic vesicles; mb multivesicular body. d. Note one ET- 

1-positive cell showing particles of labelling reaction in perinuclear cytoplasm 

and in association with membranes of mitochondria and cytoplasmic vesicles 

and an unlabelled cell nucleus. Two ET-1-negative endothelial cells (asterisks) 

are also seen. e. A process of an ET-labelled endothelial cell is covered by 

some ET-1-negative cells (asterisk), f. ET-1-positive process of an endothelial 

cell displaying immunoreaction associated with intracellular organelles and 

structures, er endoplasmic reticulum. An ET-1-negative cell body (asterisk) is 

also seen. g. A fragment of artery showing at least two ET-1-positive cell 

processes (asterisks) and one ET-1-negative cells (asterisk). Scale bars : a, b, d 

= 1 pm; c, e, f  ,g = 500 nm.
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Table 3.1 Table showing the mean ± SEM of body weight, cheek pouch 
temperature and rectal temperature of active-control, cold-exposed, 
hibernating (for 8 weeks), and aroused (for 2 h) hamsters.

Animals Weight (g)
Cheek pouch 
temperature 

(«0)

Rectai
temperature

(»C)

Active-control
(n=13)

156.6 ±5.0 35.7 ±0 .2 33.2 ±0.3

Cold-control
(n=31)

141.0±3.1 35.5 ±0.2 32.7 ±0.2

Hibernation
(n=50)

106.8 ±6.4 8.9 ±0 .4 9.6 ±0.4

Aroused
(n=3)

100.6 ±2.9 33.5 ±0 .5 32.5 ±0.5

Measurements were made within one minute after death.
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Table 3.2 Percentages of the renal and mesenteric artery endothelial cells 
of active controls, cold-exposed, hibernating and aroused hamsters 
showing immunoreactivity to NOS-III and ET-1.

Artery & animal 
groups

Percentage of immunopositive endothelial cells 
NOS-III ET-1

Renal artery

Active control 23.2 ±2.1 (464) 43.8 ± 12.3 (755)

Cold-exposed 32.2 ±4 .5  (1879) 33.8 ±12.0 (1417)

Hibernating 4.7 ± 1.2 (935) 5.2 ±4.2  (658)

Aroused 21.5 ±3.6 (1192) 30.6 ± 19.9 (1035)

Mesenteric artery

Active control 22.1 ±6.5 (642) 17.4 ± 10.1 (1080)

Cold-exposed 24.9 ± 10.5(1568) 13.3 ±6.4 (1644)

Hibernating 1.0 ± 1.6 (884) 6.2 ± 2.0 (958)

Aroused 18.3 ±6.4 (965) 13.2 ±4.1 (898)

Data expressed as mean±S.E.M. from at least 10 sections of artery examined 
per animal group.
Number of endothelial cells examined are shown in parenthesis.
The number of animals per group were as follows: active control, 2; cold 
exposed, 3; hibernating, 2; aroused, 2.
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Electron-lmmunocytochemical Studies of Perivascular Nerves 

of Mesenteric and Renal Arteries of Golden Hamsters during 

and after Arousal from Hibernation
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4.1 Abstract.

Electron-immunocytochemistry was used to examine perivascular nerves of 

hamster mesenteric and renal arteries during hibernation and 2 h after arousal 

from hibernation. Vessels from cold-exposed but non-hibernating, and 

normothermic control hamsters were also examined. During hibernation the 

percentage of axon profiles in mesenteric and renal arteries that were immuno

positive for markers of sympathetic nerves, tyrosine hydroxylase (TH) and 

neuropeptide Y (NPY), were increased 2-3 fold compared with normothermic 

and cold control animals. This increase was reduced markedly only 2 h after 

arousal from hibernation. The small percentage of nitric oxide synthase-1- 

positive axon profiles found in mesenteric (but not renal) arteries was also 

increased during hibernation and returned towards control values after arousal. 

In contrast, the percentage of perivascular axons immunostaining for vasoactive 

intestinal polypeptide (VIP), a marker for parasympathetic nerves, was reduced 

in mesenteric arteries during hibernation. There was no labelling of perivascular 

nerves for substance P in either mesenteric or renal arteries. It is suggested 

that the increase in percentage of TH- and NPY-immunostained perivascular 

nerves may account for the increased vasoconstriction associated with high 

vascular resistance that is known to occur during hibernation. The reduction in 

the percentage of axons positive for VIP in hibernating animals would contribute 

to this mechanism since this neuropeptide is a vasodilator.
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4.2 Introduction

In mammals, hibernation represents an effective strategy for surviving periods 

of harsh ecological conditions, a scarcity of food and adverse low temperature 

weather conditions. The physiological change from the normothermic condition 

to the state of hibernation is characterised by a decrease in metabolic rate and 

body temperature to below 10°C, a reduced heart rate to below 10 beats/min, 

reduced respiratory rate of less than 3 breaths/min, a decrease in systemic 

blood pressure to about 50 mm Hg, but an increase in peripheral vascular 

resistance (Lyman, 1965; Nedergaard & Cannon, 1990; Nürnberger, 1995). 

Food intake and gut function is suspended and renal function is reduced. 

Arousal is rapid and starts with an increase in heart rate, respiration and oxygen 

consumption, followed by a rise in body temperature and regulation of 

vasodilatation which leads to an increase in blood pressure and blood flow 

(Chatfield & Lyman, 1950; Lyman, 1965; Lyman & O’Brien, 1988).

Vasodilatation and vasoconstriction respectively, are fundamental 

physiological adjustments to increased and decreased metabolic demands by 

tissues. The changes of peripheral vascular resistance to allow blood flow are 

mediated by dual local control, by endothelial cells and perivascular nerves 

(Burnstock & Ralevic, 1994). Sympathetic nerves exert vasoconstrictor tone in 

most blood vessels, utilizing noradrenaline (NA), adenosine 5’-triphosphate 

(ATP) and neuropeptide Y (NPY). Antibodies to tyrosine hydroxylase (TH), a 

rate-limiting enzyme involved in the synthesis of catecholamines, and NPY, can 

be used to examine changes in sympathetic nerves, whereas antibodies to 

vasoactive intestinal polypeptide (VIP), a potent vasodilator, can be used as an 

immunomarker for parasympathetic nerves. Nitric oxide (NO) which acts as a
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potent vasodilator in mesenteric and renal arteries in various mammalian 

species (Yoshida et al., 1993; Oka mura et al., 1995; Vials et al., 1997) is 

probably released from perivascular sensory-motor nerves during axon reflex 

activity (Holzer et al., 1995) or maybe associated with parasympathetic nerves 

(Nozaki et al., 1993). In some species nitric oxide synthase (NOS) has also 

been localised in neurones of sympathetic ganglia (Sheng et al., 1993; Misa et 

al., 1995). Substance P (SP) and calcitonin gene-related peptide (CGRP) are 

localised in sensory-motor nerves, i.e. primary afferent nerve fibres which also 

have an efferent function (Maggi & Meli, 1988).

There is pharmacological evidence for an increase in sympathetic 

neurotransmission in mesenteric arteries and renal arteries in the hamster 

during hibernation, whilst endothelium dependent responses are unchanged 

(Ralevic et al., 1997; Karoo n et al., 1998). A reduction of both vasodilator (NO) 

and vasoconstrictor (endothelin) elements in mesenteric and renal artery 

endothelium during hibernation (Saitongdee et al., 1999) as peripheral vascular 

resistance increases, suggests that neural control may be the predominant 

mechanism involved in this situation.

The aim of the present study was to examine, at the ultrastructural level, 

the distribution of immunoreactivity to TH and NPY (markers for sympathetic 

nerves); VIP (a marker for parasympathetic nerves); NOS-1 (the enzyme 

involved in NO synthesis) and SP (a marker for sensory-motor nerves) in the 

mesenteric and renal vasculature of hamsters during and after arousal from 

hibernation.

99



Chapter 4: Perivascular Innervation during Hibernation

4.3 Materials and Methods

Adult male golden hamsters were used in this study (see section 2.1) as follows: 

(I) normothermic control animals maintained in normal animal housing 

conditions (n=3), (II) cold-exposed controls maintained under conditions 

conducive to hibernation that failed to hibernate (/?= 3), (III) hibernating 

hamsters maintained under conditions conducive to hibernation that underwent 

hibernation (n=2), and (IV) hibernating hamsters that were examined 2 h after 

being brought to room temperature surroundings to arouse from hibernation 

(n=2).

All animals were obtained as described in section 2.2. After perfusion 

and collecting renal and superior mesenteric arteries for the perivascular nerve 

immuno-localisation (see 2.3.1), the specimens were processed for pre

embedding electron-immunocytochemistry to localise TH, NPY, NOS-1, VIP 

and SP in the perivascular nerves using the PAP technique (see section 2.3.2.2 

and 2.3.3). In order to confirm the specificity of antibodies, 

immunocytochemistry controls and antibody specification were performed (see 

section 2.3.4.2). The measurement of percentage of immunopositive cells and 

analysis was carried out as described in section 2.3.5.2 and section 2.3.6.2, 

respectively.

4.4 Results

4.4.1 Animals

There was a difference in cheek pouch and rectal temperatures among the four 

groups of hamsters. The cheek pouch temperature of the hibernating hamsters 

was 8°C compared with 35°C for both control groups and 33°C for the arousal
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group. The rectal temperature of the hibernators was 9°C compared with 33°C 

for both control groups and 32°C for the arousal group. These temperatures 

were within the range of previously reported values from a larger number of 

animals (Saitongdee etal. 1999).

4.4.2 Ultrastructure of perivascular nerves

Perivascular nerves were observed both in mesenteric and renal arteries. The 

nerve profiles were covered incompletely by Schwann cells and were rich in 

both varicosities and intervaricosities. Varicosities contained small or large 

vesicles which were not found in the intervaricosities. The neuromuscular gaps, 

the distances between the axon terminals and smooth muscle cells, were 

usually interposed with connective tissues, fibroblasts or Schwann cell 

processes. The neuromuscular distance for NPY-positive varicosities was 731 ± 

5 nm (26 varicosities) in the mesenteric artery and 1304 ± 166 nm (12 

varicosities) in the renal artery; there were no notable differences between the 

experimental groups.

4.4.3 Immunolabelling of perivascular nerves

Perivascular nerve fibres (axons) immunoreactive for the antigens examined 

were present mainly in nerve bundles, but also in a few solitary axon profiles 

enclosed by basal lamina or processes of Schwann cells (Figs 4.1-4.3). In 

general, the density of TH- and NPY-immunopositive nerve bundles did not 

appear to vary between the groups of animals examined (qualitative 

observation). Immuno-positive and -negative axons were seen either associated 

with, or free from, Schwann cell processes. The labelled axons showed
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electron-dense immunoreactive particles in the axoplasm and/or the 

membranes of mitochondria in varicosities and microtubules mainly in 

intervaricose regions. The intensity of labelling of different nerve profiles was 

variable, but in all cases positive nerve fibres could clearly be distinguished 

from neighbouring negative ones.

In general, TH, NPY, NOS and VIP-immunopositive axons were 

observed in the mesenteric arteries of each animal group examined, but no SP- 

immunolabelled axons were seen. In the renal artery, TH- and NPY- 

immunoreactive axons were demonstrated in all four groups, but 

immunoreactive axon profiles for VIP were observed only sparsely and only in 

the cold control group; neither SP- nor NOS-immunostained axon profiles were 

observed in any animal group. The percentage of positive axon profiles for TH, 

NPY, NOS, VIP, and SP are shown in Table 1 and examples of the distributions 

of immunostained perivascular nerves are displayed in Figs 4.1-4.3.

4.4.4 Immunolabelling for TH

TH-immunoreactive axon profiles of normothermic control, cold control, 

hibernated and aroused hamster mesenteric and renal arteries (Fig. 4.1) 

exhibited mostly vesicles and mitochondria (Fig. 4.1c). A large number of axons 

positive for TH were observed in mesenteric and renal arteries of hibernating 

animals (Fig. 4.1cf,e). Following 2 h arousal from hibernation, most nerve 

bundles had a comparable appearance to the controls (Fig. 4.1 fw ith la).

4.4.5 Immunolabelling for NPY
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NPY-immunoreactive axon profiles (Fig.4.2a-/) showed mitochondria and small 

and large vesicles (Fig. 4.2b); the central core of some large granular vesicles 

was immunolabelled (Fig. 4.2b,/). The mesenteric and renal arteries of 

hibernating animals displayed the highest number of axon profiles labelled for 

NPY (Fig. 4.2e-g).

4.4.6 Immunolabelling for NOS

Axons positively-labelled for NOS-1 were sparse in the mesenteric arteries from 

all groups of animals examined (Fig. 4.3a-e). No NOS-1-immunoreactive axons 

were observed in the renal arteries.

4.4.7 Immunolabelling for ViP

Axon profiles immunolabelling for VIP (Fig. 4.3/-b) displayed mitochondria and 

small agranular and large granular vesicles (Fig. 4.3f,b); the central core of 

some granular vesicles contained immunoprecipitate. Fewer VIP-positive axon 

profiles were observed in hibernating mesenteric arteries compared with 

normothermic controls. Renal artery exhibited no VIP-immunolabelled nerve 

fibre profiles, apart from an occasional axon profile in the cold-exposed control 

group.

4.4.8 Immunolabelling for SP

No SP-immunolabelled axon profiles were observed in either mesenteric or 

renal arteries.

4.4.9 Percentages of TH-, NPY-, NOS-,VIP-, SP-immunopositive axon profiles
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Data representing the percentages of TH-, NPY-, NOS-, VIP- and SP- 

immunoreactive axon profiles of mesenteric and renal arteries of normothermic 

control, cold control, hibernating and aroused hamsters are given in Table 4.1. 

There was a striking increase in the percentage of immunoreactive axons for TH 

and NPY in both mesenteric and renal arteries from hibernating hamsters as 

compared with the remaining three groups. After 2 h arousal from hibernation, 

the percentage of TH- and NPY-immunopositive axons was reduced compared 

with the hibernating group, but was still higher than those of the two control 

groups. The percentage of axons with positive immunolabelling for NOS in the 

mesenteric arteries was slightly increased in hibernation compared with the 

other groups. For VIP, the percentage of positive axon profiles in the mesenteric 

artery was reduced in the cold controls and in the hibernating group.

4.5 Discussion

The current study shows a remarkable increase in the immunoreactivity for the 

sympathetic nerve markers TH and NPY in perivascular nerves in both 

mesenteric and renal arteries of hibernating hamsters. Two hours after arousal 

from hibernation, the percentage of TH- and NPY-immunoreactive nerve 

profiles was reduced, but it was still higher than those of normothermic and cold 

control animals. This increase is consistent with reports of high peripheral 

vascular resistance and of increased sympathetic nerve activity during 

hibernation (Lyman, 1965; Nedergaard & Cannon, 1990). A decrease in 

immunoreactivity of the sympathetic markers 2 h after arousal from hibernation 

indicates a rapid mechanism for return of sympathetic nerve activity to 

normality.

104



Chapter 4: Perivascular Innervation during Hibernation

Previous immunohistochemical studies for NA and NPY at the light 

microscope level did not reveal any obvious changes in the density of the 

sympathetic nerve supply in the mesenteric artery during hibernation (Ralevic et 

al., 1997). This may reflect our findings of no apparent change in the density of 

TH- and NPY-immunopositive nerve bundles in hibernation. However, at the 

electron microscope level, an increase in number of immunopositive axons/ 

nerve bundle were noted; these changes would not necessarily be detectable at 

the light microscope level. The percentage of NPY-positive axon profiles was 

often slightly higher than the percentage of TH-positive axon profiles. This may 

be due to actual differences in expression or to differences in avidity of the 

respective antibodies used for the immunodetection. Our present data give no 

information of possible hibernation-induced changes in TH activity, as opposed 

to TH content, or of levels of NA in the varicosities.

In addition to increased sympathetic nerve activity, there is evidence for 

enhancement of post-junctional responses to NA in vessels of hibernating 

woodchuck and hedgehog (Eliassen & Helle, 1975; Miller at a/., 1986) and in 

pre- and post-junctional modulatory responses in hamster mesenteric arteries 

(Ralevic at a/., 1997, 1998). In most blood vessels, NPY, co-stored and co

released with NA from sympathetic nerves, acts predominantly as a post

junctional neuromodulator, producing a powerful potentiation of noradrenergic 

vasoconstriction (Ekblad at a/., 1984; Pernow at a/., 1986). Lack of functional 

responses to NPY in hamster mesenteric arteries suggests a neuromodulatory 

role in this vessel (Hill at a!., 1996). The distance between the NPY-containing 

varicosities and adjacent smooth muscle in hamster mesenteric and renal
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arteries is consistent with a predominantly post-junctional neuromodulatory 

action for NPY (Burnstock, 1990c; Owen, 1993).

Potent vasodilator responses to exogenous VIP have been reported in 

the hamster mesenteric arterial bed (Hill et al. 1996). In the present study, a 

relatively high percentage of VIP-immunoreactive axon profiles were observed 

in the mesenteric artery of normothermic hamsters, but fewer were evident in 

the cold controls with even less in the hibernating animals. A decrease in 

immunoreactivity for this parasympathetic vasodilatory neuropeptide during 

hibernation may contribute to the observed increased vascular resistance at 

least in the mesenteric bed. In contrast, there were virtually no VIP- 

immunoreactive nerves in the renal arteries of any of the hamsters examined 

suggesting that VIP does not play a role in renal vascular control in this species.

There was a sparse innervation of the hamster mesenteric artery by 

NOS-positive nerves. The percentage of NOS-containing axon profiles 

increased during hibernation, returning towards the control levels during 

arousal. It is not clear which population of nerves are the source of this increase 

in NOS. NOS-positive nerve profiles were absent from the hamster renal artery. 

As VIP- and CGRP-immunoreactive axon profiles were also only detected in the 

mesenteric artery (see later) it is likely that in these animals, NOS is localised in 

parasympathetic and/or sensory-motor nerves. The lack of vasodilator 

transmitters in hamster renal artery perivascular nerves, as demonstrated in the 

present study, highlights the importance of NO released from the endothelium in 

the control of vascular tone in this vessel. Our previous studies have shown that 

the percentages of both NOS-positive and endothelin-positive endothelial cells 

of the mesenteric and renal arteries are notably lower in hibernating hamsters
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than in control animals and following arousal from hibernation. (Saitongdee et 

al., 1999). These changes may reflect a reduced endothelial contribution to the 

maintenance of vascular tone during hibernation. The present findings indicate 

that this occurs in concert with a marked increase in sympathetic innervation, 

supporting a predominantly vasoconstrictor control of mesenteric and renal 

arteries during hibernation.

There were no perivascular nerves immunoreactive for SP in either 

mesenteric or renal arteries from any of the animal groups examined. A sparse 

supply of calcitonin gene-related peptide-containing nerves was detected in the 

mesenteric artery, but there were none in the renal artery (unpublished 

observation). The presence of calcitonin gene-related peptide, but not SP, in the 

hamster mesenteric artery concurs with a previous report (Hill et a/., 1996). 

Sensory-motor nerves may not participate in regulating blood flow in hamster 

mesenteric artery, whereas they have an efferent vasodilatory function via 

calcitonin gene-related peptide release in rat mesenteric arteries (Kawasaki et 

al. 1988; Hill eta l., 1996).

The rapid decrease in percentage of TH-, NPY-, and NOS- 

immunoreactive axons only 2 h after arousal raises interesting questions about 

the mechanisms involved. As it is unlikely that retraction of nerves would occur 

during this time scale, the observations could be due to decreased expression 

of the sympathetic markers and/or their depletion from the varicosities. It should 

be noted that axon profiles counted included both varicosities and 

intervaricosities. A reduction in the mRNA expression of the markers at the level 

of the sympathetic ganglia and consequent reduction in axonal transport of the 

end product to the terminal varicosities may bring the levels in the
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intervaricosities to below that of immunodetection. Changes in gene expression 

of TH and NPY can occur rapidly, within hours, for example in the superior 

cervical ganglion after axotomy (Zigmond et al., 1998) and in the adrenal gland 

after cold exposure (Baruchin at a!., 1990). Identification of genes differentially 

expressed in ganglia during the regulated processes of entrance into and 

arousal from hibernation when there are marked changes in autonomic control 

will shed light on the molecular mechanisms involved and are currently 

underway in our laboratory.

To summarise, the increase in immunoreactivity for the markers TH and 

NPY for sympathetic nerves mediating vasoconstriction and concomitant 

decrease in immunoreactivity of VIP the marker for parasympathetic nerves 

mediating vasodilatation, are consistent with evidence for an increase in 

peripheral vascular resistance in hibernating animals.
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Figure 4.1 Mesenteric artery (a, c, d, f) and renal artery {b, e, g) labelled for TH 

in normothermic control (a, b), cold control (c), hibernating (of, e) and aroused (f,

g) hamsters, (a) Two TH-positive (arrow) and several TH-negative (asterisks) 

axon profiles are seen in a nerve bundle, m, Mitochondria; col, collagen fibres, 

(b) Three TH- positive axons in a nerve bundle are close to external elastic 

lamina (el), (c) A higher magnification of TH-positive varicosities showing 

immunoreactive particles in axoplasm, and associated with the membranes of 

mitochondria and vesicles (v). Unlabelled axon can also be seen, sm, Smooth 

muscle, (of) Most of the axon profiles in several nerve bundles showing heavy 

positive-labelling for TH. Note both longitudinal and transverse orientated axon 

profiles are observed, (e) Low magnification micrograph showing a large 

number of TH-positive axons (arrows) distributed closely to external elastic 

lamina at adventitial medial border. Ad, Adventitia, (f) At least two TH-positive 

axons (arrows) among several TH-negative axon profiles (asterisks) are seen in 

a nerve bundle, mt. Microtubules, (g) A nerve bundle showing the TH-positive 

axon profiles associated with Schwann cell (Sch). Scale bars: a, b, c, f  = 500 

nm; cf, e, g = 1 pm.
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Figure 4.2 Mesenteric artery (a, c, e, f, h) and renal artery {b, d, g, i) labelled 

for NPY in normothermic control (a, b), cold control (c, d), hibernating (e, f, g) 

and aroused {h, i) hamsters, (a) A nerve bundle showing NPY-positive axon 

profiles (arrows)', NPY-negative axon profile (asterisk) containing numerous 

mitochondria (m) and unlabelled Schwann cell (Sch) can also be seen, sm, 

Smooth muscle, el, external elastic lamina, (b) Two NPY-positive and many 

NPY- negative axon profiles are seen in a nerve bundle, col. Collagen fibres, (c) 

A higher magnification of NPY-positive varicosities showing agranular (av) and 

granular (gv) vesicles and mitochondria. Unlabelled axon profiles are also seen. 

(d) A nerve bundle showing NPY-positive and NPY-negative axon profiles 

associated with a Schwann cell, (e) Several NPY-positive axon profiles lie along 

the side of adventitial medial border. NPY-negative axon profiles can also be 

seen, (f) A higher magnified portion of nerve bundle contain many NPY-positive 

axon profiles. Note large granular vesicles (gv) displaying labelled cores in a 

varicosity, (g) A nerve bundle showing several NPY-positive axon profiles are 

incompletely enclosed in Schwann cell processes, (h) A nerve bundle showing 

NPY-positive and NPY-negative axon profiles. (/) A nerve bundle showing many 

NPY-positive axon profiles associated with a Schwann cell. Scale bars: a, e, / = 

1 pm; b, c, d, f, g, h= 500 nm.
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Figure 4.3 Mesenteric artery. Examples of axon profiles labelled for NOS (a-e), 

and VIP (f-h) in normothermic control (a, f), cold control (b, g), hibernating (c, d,

h) and aroused (e) hamsters, (a) NOS-positive axon profile showing moderate 

immunoreaction. Unlabelled axon profiles (asterisks) are seen. N, Nucleus of 

the Schwann cell, (b) A portion of nerve bundle showing three heavily NOS- 

labelled axons among NOS-negative ones, (c) A higher magnified nerve 

bundles showing NOS-positive and NOS-negative axon profiles incompletely 

enclosed in Schwann cell processes (Sch). m, Mitochondria; col, Collagen fibre, 

(d) NOS-positive axon profile showing strong immunoreaction. (e) A nerve 

bundle showing two prominent NOS-positive and two negative axon profiles. F  

fibroblast, N nucleus, (f) An electron micrograph showing VIP-positive (arrows) 

and VIP-negative (asterisks) axon profiles, sm. Smooth muscle; el, external 

elastic lamina, (g) A higher magnified portion of nerve bundle showing VIP- 

positive and VIP-negative varicosities. Note VIP-positive varicosity displaying 

heavy immunoreaction in large granular vesicles (gv). (/?) A nerve bundle 

illustrate several VIP-negative and one VIP-positive axon profiles. Note VIP- 

positive varicosity showing the immunoprécipitation in large granular vesicle 

and attached to membrane of mitochondria. Scale bars: a-h = 500 nm.
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Table 4.1 Percentages of the superior mesenteric artery and renal artery axon 

profiles of normothermic control, cold control, hibernating and aroused 

hamsters showing immunoreactivity to TH, NPY, NOS, VIP and SP.

Percentages of immunopositive axon profiles

TH NPY NOS VIP SP
Mesenteric

artery
Normothermic 17.0±0.9 29.9+3.0 1.2+0.3 14.3+1.2 0

control (1164) (1244) (1557) (1530) (967)
(n=3)

Cold contol 22.1±2.1 27.6+2.7 1.7+0.4 6.4+1.0 0
(n=3) (1956) (1718) (1778) (1806) (831)

Hibernating 57.0+1.3 65.2+1.8 7.5+0.7 3.8+0.4 0
(n=2) (1126) (1607) (1033) (1540) (795)

(n=3)
Arousal 33.2±2.1 44.2±3.9 2.8+0.9

(n=2) (1167) (1141) (1151)

Renal artery
Normothermic 19.6+2.3 25.5+2.0 0 0 0

control (1573) (1527) (1387) (1529) (1381)
(n=3)

Cold contol 22.3+2.7 35.0+1.9 0 0.1+0.2 0
(n=3) (1400) (1638) (1448) (1396) (916)

Hibernating 75.8+1.3 76.8+1. 0 0 0
(n=2) (1306) (1297) (927) (1020) (850)

Arousal 53.0+6.7 49.2+3.4 0
(n=2) (1394) (1596) (968)

Data expressed as mean ± SEM from at least 12 sections per animal group. Number of 
axon profiles examined in parenthesis, n = number of animals used.
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CHAPTER 5

Increased Connexin43 Gap Junction Protein in Hamster 

Cardiomyocytes During Cold Acclimation and Hibernation.
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5.1 Abstract.

The physiology of hibernation is characterized by dramatic reductions of heart 

rate, respiration, metabolism, blood pressure and body temperature and by 

resistance to ventricular fibrillation. Gap junctions in the heart provide low 

resistance pathways, facilitating electrical and metabolic coupling between 

cardiac muscle cells for coordinated action of the heart and tissue homeostasis. 

The conductance of these junctions, and therefore their function, is likely to be 

affected by the physiological changes which take place during hibernation. Our 

objective was to quantitate gap junction protein levels in cold acclimation, 

hibernation and arousal.

We have used specific antibodies to connexins 43 and 40, in combination with 

confocal microscopy, to quantitatively analyze the expression of connexin 

protein in hamster (Mesocricetus auratus) left ventricles in four animal groups: 

normal controls at euthermy, cold controls (cold-exposed animals that did not 

undergo hibernation), hibernating animals and animals aroused from 

hibernation for 2 h. Connexin 40 immunostaining was not detected in 

cardiomyocytes in any animal group but connexin 43 was found in all groups. 

Connexin 43 expression was significantly enhanced in hibernation and cold 

control ventricular cardiomyocytes. Total plaque area, numerical density and 

plaque size were higher in the cold controls and hibernating hamsters 

compared to normal controls and animals aroused from hibernation. It is 

possible that the increased size and number of connexin 43 gap junction 

plaques in the cold controls may represent a compensatory response in order 

to maintain sufficient gap junction communication during physiological
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conditions that would reduce conductance. These changes may represent a 

mechanism by which the hamster avoids ventricular fibrillation during 

hibernation and arousal.

5.2 Introduction

Hibernation of mammals is a complex adaptive phenomenon to facilitate 

survival during unfavourable environmental conditions, cold acclimatization and 

food shortage. Under these conditions organ functions and energy expense is 

depressed. The heart rate of hibernating rodents decreases from 350 

beats/minute to 2-4 beats/minute (Pakhotin et al., 1993); respiration rate falls 

from 35-120 breaths/minute to <5 breaths/minute (Lust at a!., 1989); 

metabolism is reduced to 1-5% of the rate during normothermia (Kayser, 1961); 

body temperature reduces from 36-37°C to 5-10°C (Lust at a/., 1989); blood 

pressure declines and peripheral vascular resistance is increased (Lyman and 

O’Brien, 1960).

Mammalian hibernators can periodically and spontaneously arouse from 

hibernation and elevate their body temperature to 37°C, an event requiring an 

intense thermogenic effort (Papafrangos and Lyman, 1982). Arousal starts with 

an increase in heart rate, respiratory rate and oxygen consumption, followed by 

a rise in body temperature using only endogenously generated heat (Lyman 

and O’Brien, 1988). In the hamster, full arousal from hibernation takes 

approximately 2-3 hours (Hayward and Lyman, 1967). Both hibernation and 

arousal occur without pathological consequence.
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Hibernators, unlike non-hibernators, are resistant to ventricular fibrillation 

as body temperature cools below 20°C (Duker et al., 1983; Johansson, 1984). 

The homeostatic maintenance of ion gradients across cell membranes is 

considered to be of fundamental importance in cold tolerance (Willis, 1978) and 

inappropriate myocardial intercellular coupling has been implicated in 

arrhythmogenesis (Kaprielian at a!., 1998). Myocardial gap junctions facilitate 

passive conduction of the cardiac action potential and coordination of the 

synchronous contractions of the heart (Severs, 1990; Beyer at a/., 1990; 

Gourdie at a/., 1992). Their normal functioning under conditions of stress is 

essential for the heart to continue to work.

Gap junction channels consist of two hemichannels (connexons), one 

from each of the interacting cell plasma membranes. Each connexon is formed 

from six connexin (Cx) subunits. Connexins are a multigene family of conserved 

proteins, 16 members of which have so far been sequenced from mammalian 

tissues (Beyer at a/., 1990; Willecke at a/., 1990; Kumar, 1999). They are 

commonly known either according to their MW or under a Greek nomenclature 

system (e.g.0x43 or a1; 0x40 or a5) and each has tissue specific expression 

patterns (Severs, 1990; Beyer at a!., 1990; Willecke at a!., 1990). Gap junctions 

are not static but undergo a continual process of formation and removal. The 

half-life of 0x43, for example, can be as short as 1.5-3.5 h (Laing at a/., 1998). 

Gap junctions also change their conductance or gating in response to changes 

in their intracellular environment, such as: Oa^, pH and temperature (Firek and 

Weingart, 1995; Hermans at a/., 1995; Morley at a/., 1996; Ohen and Dehaan, 

1989; 1993; Bukauskas and Weingart, 1993).
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Cx43 is the principal connexin of mammalian heart (Beyer et al., 1987; 

Severs, 1999) and is found in large quantities in ventricles and atria. Cx40 is 

abundant in the atrioventricular conductive system (His bundle, bundle 

branches and Purkinje fibers) (Severs, 1999; Bastide et al., 1993; Kanter et al., 

1993; Gourdie et al., 1993; Davis et al., 1994) and in the endothelium and 

smooth muscle cells of many blood vessels (Bastide et al., 1993; Gros et al., 

1994; Verheule et al., 1997).

In the present study, we have investigated the immunoexpression of 

Cx43 and Cx40 in hamster left ventricle myocardium in hibernating animals, 

animals aroused from hibernation for 2 hours, normal controls and animals 

maintained in the cold that did not enter hibernation. We quantified the density 

and plaque sizes of 0x43 gap junction proteins in these groups.

5.3 Materials and Methods 

Animals

Male golden hamsters (Mesocricetus auratus) used for this study again were 

composed of four animal groups, hibernating and aroused animal groups, and 

normal and cold control animal groups. Six animals in each group were 

obtained as described in section 2.1 and 2.2. The animals were killed by carbon 

dioxide asphyxiation (Schedulel, Scientific Procedures Act) and the left 

ventricles were collected and processed for cryosections (see section 2.4.1). 

The antibodies used in this study include Cx43 and Cx40 (see section 2.4.2). 

Immunostaining and immunohistochemical controls and antibody specificity 

were performed as described in section 2.4.3 and 2,4.4, respectively. Sections
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were scanned by confocal microscope under identical parameters and the 

images were quantitatively analysed as described in section 2.4.5. Data 

obtained, then, were statistically analysed (see section 2.4.6).

5.4 Results

5.4.1 Animals

The body weight of the animals and their cheek pouch and rectal temperatures 

are summarized in Table 5.1. The mean body weight of animals from the 

hibernating and aroused groups were significantly less than those from the cold 

control and normal control groups while the mean body weight of the cold 

controls was significantly less than the normal controls (Table 5.1). The cheek 

pouch and rectal temperatures were significantly lower (P<0.05; ANOVA) in the 

hibernating animals only (Table 5.1).

5.4.2 Cx43-immunolabeling of left ventricle

In ventricular tissues of all animal groups, the anti-Cx43 antibody mainly stained 

at intercalated disk structures between cardiomyocytes as bright punctate 

staining with very little on the longitudinal cell border (Figure 5.1). Cold controls 

and animals in hibernation exhibited higher labeling levels compared with the 

normal control and arousal groups (Figures 5.1b and 5,1c compared to 5.1a 

and 5.Id , respectively). Immunostaining for 0x43 protein in heart blood vessels 

was not detected (Figure 5.2a). Heart tissue sections incubated in anti-Cx43 

antiserum preabsorbed with the parent peptide (Figure 5.2b) or normal rabbit 

serum (Figure 5.2c) showed no detectable fluorescence signal.
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Histograms showing the results of quantitative analysis of Cx43 gap 

junction plaque area and numerical densities (per 1000 |im^) and plaque size 

(pm^) for the four animal groups are shown in Figure 5.3. In normal controls 

(/?=6), the area density was 4.03±0.93 pm^/1000 pm^, the numerical density 

was 10.68±1.73 plaques/1000 pm^ and the plaque size was 0.35±0.05 pm^. 

Compared with the normal controls, there was a tendency for an increase in 

total plaque area and numerical density in the cold controls and a significant 

increase in plaque size: there were significant increases in all parameters in the 

hibernation group (P<0.05; ANOVA followed by Tu key's test). There were no 

significant differences between the cold control and hibernation groups. In the 

arousal group, area density, numerical density and plaque size were all 

significantly reduced compared to the hibernation group and were not 

significantly different from normal controls.

Frequency distributions of plaque sizes in the four groups of hamsters 

are shown in Figure 5.4. 0x43 plaque sizes ranged mainly from 0.02-5 pm^ 

whereas approximately 1 % of the total population plaques was larger than 5 

pm^ (not shown). The majority of plaques were less than 0.5 pm^ (normal 

control, 79%; cold control, 74%; hibernation, 72% and arousal, 79%). There 

was a significant difference in the pattern of size frequency distribution between 

the normal controls and aroused groups compared with the cold control and 

hibernation groups (P<0.05; Kolmogorov Smirnov two-sample test) reflecting an 

increase of larger sized plaques in the latter groups.

5.4.3 Cx40- immunolabeling of ventricle cardiomyocytes
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Immunostaining for Cx40 was confined to the endothelium of blood vessels, 

with no staining in the vascular smooth muscle or cardiomyocytes. There was 

no expression of Cx40 detected in cardiomyoctes in any of the experimental 

groups.

5.5 Discussion

Cx43 immunoexpression in the ventricie

Cx43 gap junctions in normal hamster left ventricle were punctate, precisely 

demarcating intercalated disks, consistent with previous reports of Cx43 

labeling of mammalian heart (Gourdie et al., 1991; Musil and Goodenough, 

1990; Luque et a!., 1994). Quantitative analysis of Cx43 gap junction plaque 

size of the normal controls was very similar to those for hamster ventricle 

reported by Gourdie et al. (1991). This confirms that our staining is real and at 

normal levels in control animals. Any differences detected in connexin 

expression can therefore be interpreted as due to the physiological changes 

associated with the experimental conditions.

The main finding of the present study was an increase in ventricular 

cardiomyocyte Cx43 immunolabelling in hamsters maintained in the cold and 

during hibernation and a reduction to normal control levels within 2 hours of 

arousal to euthermy. The quantitative analysis showed significantly higher Cx43 

gap junction expression in terms of the number of plaques and in the plaque 

area during hibernation compared with normal controls. In cold controls and 

hibernation the Cx43 gap junction plaque size was significantly higher than in 

normal controls. There were no significant differences in Cx43 expression
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between cold controls and hibernators. In aroused animals, there was a marked 

return of all parameters of Cx43 expression to normal control values: there 

were no significant differences between aroused and normal controls groups.

Differences in the frequency distribution of gap junction plaque size in 

cold controls and hibernators indicate that increased Cx protein is trafficked to 

existing plaques as well as being inserted as new connexons in the myocardial 

cell membrane.There are other examples of changes of connexin plaque size in 

conditions where gap junction conductance is reduced (Becker and Davies, 

1995). In “chronic hibernation” in the human heart, a state of persistently 

impaired myocardial function at rest due to severely reduced blood flow (quite 

different from biological hibernation as studied in this thesis), 0x43 expression 

is reduced and it is clearly the larger plaques that are diminished (Kaprielian et 

a/., 1998).

In the present study, 0x40 immunostaining was not found in hamster 

ventricular myocytes although it was detected in ventricular blood vessels. This 

is consistent with previous reports for mammalian heart (Severs, 1999; Gros et 

a/., 1994; Verheule et a/., 1997). Reports of localization of 0x40 and 0x45 in 

cardiomyocytes have been attributed to cross reactivity of the antibodies used 

in these studies (Severs, 1999). Our finding that 0x40 was not present in the 

cardiomyocytes of any of the animal groups examined indicates that there is no 

new expression of this connexin in the myocardium during cold exposure or 

hibernation.

Cold-induced events in relation to hibernation

121



Chapter 5: Connexin Expression in the Hibernating Heart

Our data indicate that, in the hamster, chronic periods in the cold initiate the 

increase in Cx43-immunoexpression in ventricular cardiomyocytes which is 

maintained during hibernation. This is perhaps surprising since the 

physiological responses to chronic exposure to the cold are opposite to those 

occurring during hibernation. During cold exposure there is increased 

sympathetic activity leading to stimulation of thyroid hormone release and an 

increase in body metabolism (Bauman et al., 1968). There is rising 

thermogenesis, mainly from brown adipose tissue, to produce heat to maintain 

core temperature (Mohell, 1984; Blumberg, 1997). Heart rate rises requiring a 

reduction in the duration of action potentials in atrial and ventricular fibers 

(Rosaroll at a!., 1996). Increased oxygen consumption increases stroke volume 

to increase cardiac output (Blumberg, 1997; Foster and Frydman, 1979). Rats 

exposed to the cold for 1-3 weeks become hypertensive with tachycardia and 

cardiac hypertrophy (Sun at a/., 1997). The maintenance of higher Cx43 levels 

during hibernation implies that the factors involved in induction of this increase 

are not related to core body temperature, metabolism or heart rate as these are 

dramatically reduced during hibernation.

An increase in immunodetectable levels of Cx43 may reflect increased 

Cx43 mRNA expression. Alternatively, or in additon to this, there may be 

reduced degradation of Cx by proteasomal and lysosomal enzymes. Indeed, 

heat shock proteins are increased in cold stress and there are indications that 

these, specifically HSP70, protect against 0x43 degradation (Laing at a!., 1998; 

Laios at a/., 1997). Increased sympathetic activity, as occurs during cold 

exposure is unlikely to be involved in Cx expression in that there are no
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sympathetic nerves to the ventricular myocardium in hamsters; sympathetic 

terminals are restricted to the conductive fibers and myocardial blood vessels 

(Nielsen and Owman, 1968). This is in contrast to non-hibernating mammals 

where the ventricular myocardium is richly innervated by sympathetic nerves 

(Nielsen and Owman, 1968). It will be important to know whether the increased 

Cx43 immunoexpression is specific to hibernators or whether non-hibernating 

mammals also show this change on cold exposure.

Functional state of gap junctions in hibernation

Gap junctions can be present in membranes in different functional states (Gros 

and Jongsma, 1996). Channel conductance is regulated by changes in a range 

of factors. Increased intracellular calcium concentration (Firek an Weingart,

1995), decreased pH (Hermans at a/., 1995; Morey at a/., 1996), decreased 

temperature (Chen and Dehann, 1989; 1993; Bukauskas and Weingart, 1993) 

and high glucose levels (Kuroki at a/., 1998) all reduce gap junction 

conductance. Phosphorylation of connexins can either increase or decrease 

conductance depending on the particular connexin and phosphorylation sites 

(Becker and Davies, 1995; Burt and Spray, 1998).

During hibernation, low body temperature may be a principle 

physiological factor affecting ventricular myocyte gap junction conductance by 

decreasing the frequency of channel opening. Furthermore, there is a decrease 

of cAMP formation in ventricles during hibernation (Pleschka at a/., 1996). 

Other factors which influence gap junction gating, for example [Ca^T and pH, 

are well regulated during hibernation (Liu at a/.,1990; Liu, 1993); during
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hibernation, respiratory acidosis regulates the temperature-dependent increase 

in pH and in heart tissue there is adequate metabolic compensation to maintain 

pH at a normal level (Malan et al., 1988; Malan and Mioskowski, 1988).

There are reports of an inverse relationship between gap junction 

expression and conductance. For example there is up-regulation of gap 

junction proteins when junctional conductance is low and down-regulation when 

junctional conductance is high in the preimplantation mouse embryo (Becker 

and Davies, 1995). Additionally, PI 9 embryonal carcinoma cells (cell line) 

express high levels of connexin when gap junction-mediated intercellular 

communication is blocked (Bani-Yaghoub at a!., 1999). Our study shows that in 

hibernation, ventricular Cx43 levels appear to be increased at a time when the 

gating of these gap junctions is likely to be diminished and increased numbers 

of channels may compensate for their reduced conductance.

Non-hibernating mammals are susceptible to ventricular fibrillation as 

core temperature decreases below 20°C (Johansson, 1996). Several 

characteristics of the hibernator heart confer resistance to ventricular fibrillation 

including physico-chemical properties of lipids, avoidance of Ca^ overload and 

the lack of sympathetic innervation to the ventricular myocardium (Johansson,

1996). One explanation for the cold exposure-induced changes in gap junction 

plaque density and size in the heart of the hamster may be to prepare the 

animal for ventricular fibrillation tolerance as it enters hibernation.

124



Chapter 5: Connexin Expression in the Hibernating Heart

Arousal

On arousal from the hibernating state, the heart rate begins to increase, slowly 

at first, and then more quickly with a concurrent rapid increase in rate of 

conduction of the cardiac impulse (Lyman, 1965). It is vitally important that the 

cardiovascular system quickly returns to its normal euthermic function to assist 

in the re-warming process. An increase in body temperature from 5°C to 37°C 

will increase the frequency of gap junction channel opening. The reduction of 

gap junction content and size to euthermic controls levels within 2 hours from 

the beginning of arousal from hibernation may reflect reduced expression 

and/or activation of multiple proteolytic pathways (Laing et a/., 1998; Beardslee 

et al., 1998) to readjust to normal conductance states.

Summary

In summary, hamsters maintained in a cold environment conducive to 

hibernation express markedly increased Cx43 in ventricular myocytes. This 

increase is maintained during hibernation and reverts to normothermic levels 

within 2 hours of arousal from hibernation. The enlargement in cardiomyocyte 

Cx43 gap junction proteins in cold-exposed hibernators may represent a 

compensatory response to prepare the animal for entrance into hibernation, 

avoiding ventricular fibrillation. During hibernation increased levels are 

maintained to facilitate intercellular transfer of selected signals when 

conductance may be low, in readiness for the rapid changes in heart function 

that occur during arousal.
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Figure 5.1 Confocal fluorescent microscopy of anti-Cx43 immunostaining in left 

ventricle of normal control (a), cold control (b), hibernation (c), and aroused (d) 

hamsters. Projectional images were constructed from 5 optical sections. The 

lines of punctate staining represent gap junctions organized in the pattern of the 

intercalated disc between longitudinally oriented cardiomyocytes. Note higher 

intensity of the immunolabeled gap junctions in hibernation (c) and cold control 

(b). Note some labeling located on the lateral surface of the cells. Scale bar = 

10 pm.
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Figure 5.2 Confocal micrographs showing the positive Cx43 immunolabeling of 

hamster ventricular myocytes but no staining in a blood vessel (a). The staining 

was completely depleted by preincubation of the antibody with the peptide 

against which it was raised (b) and by incubation with non immune serum (c). 

Scale bar = 10 ^m.
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Figure 5.3 Histograms showing results of quantification of Cx43 gap junction 

area and numerical densities and plaque size, expressed from the values 

obtained from projection images of 5 levels (each interval of 1 pm optical 

section) in 5 randomly examined areas for each individual animal tissue. The 

data are from the left ventricle of six animals from each group and expressed as 

mean±SEM. * Denotes significant difference between groups marked by 

horizontal bar P<0.05.
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Figure 5.4 Histograms showing frequency distributions of Cx43 immunopositive 

gap junction plaque sizes, as measured by fluorescent spot in pixels (1 pixel = 

0.024 pm^), in left ventricular myocardium of four experimental hamster groups; 

normal control; cold control; hibernation; arousal. Bars represent the actual 

percentage of gap junction plaques of increasing size. A few immunostained 

junctions above 5 i^m^were detected (not shown) accounting for less than 1% 

of the total population of gap junctions. Larger plaques were more frequent in 

the cold control and hibernation groups compared to the normal control and 

aroused groups (P<0.05).
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Table 5.1 Body weights, cheek pouch and rectal temperatures of hamsters 

from the 4 experimental groups expressed as mean±SEM.

Normal

control

Cold control Hibernator 

(8 weeks)

Aroused 

(2 hours)

Body weight (g) 165.4±7.2 136.8±4.6 104.1±5.2

*

98.6±2.0

*

Cheek pouch 

temperature (°C)

35.1±0.2 35.0±0.5 9.6±0.5

**

34.6±0.4

Rectal 

temperature (°C)

32.2±0.5 32.1±0.4 9.8±0.5

**

31.5±0.5

Six animals in each group were used in this study.

* Denotes significant difference from normal control and cold control, P<0.05. 

** Denotes significant difference from normal control and cold control, and 

arousal, P<0.05.
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CHAPTER 6

Levels of Gap Junction Proteins in Coronary Arterioles and 

Aorta of Hamsters Exposed to the Cold and during Hibernation 

and Arousal.
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6.1 Abstract.

There are marked changes in vascular dynamics during prolonged periods in 

the cold, entrance into hibernation and arousal to euthermy. Cell to cell 

communication through gap junction channels plays a pivotal role in the control 

of vasomotor function. Two of the major gap junction proteins in blood vessels 

are connexin 40 (0x40) and connexin 43 (0x43). Using immunofluorescent 

techniques, combined with confocal microscopy, we quantitated the levels of 

0x40 and 0x43 in coronary arterioles and thoracic aorta of the golden hamster 

in 4 physiological conditions: normal control animals at euthermy; cold-exposed 

animals (before entrance into hibernation); during hibernation and; after 2h 

arousal from hibernation. In all groups, 0x40 was localised in endothelial cells 

of the coronary arterioles and aorta and 0x43 was confined to smooth muscle 

cells of the aorta. In the cold exposed group, there was a significant increase in 

the immunolabelling for 0x40 in the endothelium of coronary arterioles: this 

increase did not occur in the aorta. During hibernation 0x40 expression 

reverted to the levels of the normal controls and remained unchanged on 

arousal. 0x43 immunoexpression in the aorta remained constant in all 

conditions examined. Expression of 0x40 may be increased during chronic cold 

exposure to facilitate intercellular communication during prolonged circulatory 

changes required to maintain core temperature. These changes in Ox 

expression do not occur during the rapid circulatory changes associated with 

arousal from hibernation.

6.2 Introduction
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Mammalian hibemation is a natural adaptation to a periods of harsh 

environmental conditions (cold weather and food shortage). After a prolonged 

period of cold conditions, entrance into hibernation begins: there is a dramatic 

reduction of heart rate, respiration rate, metabolism and blood pressure, 

followed by a marked decrease of body temperature (Kayser, 1961; Lust et al. 

1989; Pakhotin et al. 1993). Autonomic neural functions are precisely regulated 

to accommodate these changes. There is increased vascular resistance in 

peripheral vessels, maintained by enhanced sympathetic activity, to allow 

preferential shunting of blood to the heart, lungs and brown adipose tissue 

(Lyman and O’Brien, 1960; Ralevic et a/. 1998; Saitongdee et al. 1999). These 

changes are rapidly reversed (within 2-3 h) upon arousal of the animal to 

euthermy (Hayward and Lyman, 1967; Lyman and O’Brien, 1988).

The change of vascular tone in response to neural and endothelial 

vasoactive factors is achieved by synchronisation of changes in membrane 

potential through gap junction channels coupling endothelium, smooth muscle, 

and/or endothelial and smooth muscle cells (Segal, 1992; 1994; Taylor et al. 

1998). Gap junction channels have been shown between endothelial cells 

(Larson and Sheridan, 1982; Rhodin, 1967), between smooth muscle cells 

(Barr et al., 1968) and between smooth muscle and endothelial cells (Taugner 

et al., 1984; Spagnoli et al., 1982). Gap junctions are intercellular channels 

connecting the cytoplasmic compartments of adjacent cells that permit direct 

exchange of ions and small molecules between cells (Willecke et al., 1990; 

Beyer et al. 1992). Each cell of adjacent pairs contributes one hemichannel 

(connexon) which is composed of six protein subunits called connexins (a
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multigene family of proteins). At least 16 different connexins have been 

identified in mammals (Kumar, 1999).

Whilst there are variations in the reported Cx detection patterns between 

different animal species and vessel types, Cx40 and Cx43 remain the major 

gap junction proteins expressed in blood vessels. Previous reports have 

demonstrated Cx40 localisation between endothelial cells in large arteries and 

microvessels (Yeh et al., 1997; 1998; Verheule et al., 1997; Little et al., 1995; 

Bruzzone et al., 1993; Bastide et al., 1993; Gabriles and Paul, 1998, Severs, 

1999 ) and smooth muscle cells of resistant arterioles and aorta (Little et al., 

1995). Cx43 has been detected in the endothelium and smooth muscle of 

various arteries (Severs, 1999; Little et al., 1995; Yeh et al., 1997; 1998; Hong 

and Hill, 1998; Benny and Connat, 1992; Bruzzone et al., 1993; Christ et al., 

1993). In addition to Cxs 40 and 43, 0x37 has also been localised in the aorta, 

restricted to the endothelium (Yeh et al., 1997, 1998; Verheule et al., 1997; 

Gabriels and Paul, 1998; Severs 1999).

There is an increase in 0x43 gap junction protein expression in 

ventricular cardiomocytes of cold exposed and hibernating hamsters 

(unpublished observations). In view of the marked changes in vascular 

dynamics during cold exposure, hibernation and arousal, in the present study 

we have investigated whether there are changes in gap junction expression in 

the vasculature in these physiological conditions. We have examined the 

expression of 0x40 and 0x43 in the coronary arterioles (terminal branches of 

arterial tree) and aorta (a major distribution vessel) in hamsters during 

hibernation and after 2h arousal from hibernation compared to cold-exposed
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control (cold control) and normal control animals. The expression of gap 

junction proteins was determined by the use of indirect immunofluorescent 

techniques combined with quantitative laser scanning confocal microscopy.

6.3 Materials and Methods

Adult male golden hamsters (Mesocricetus auratus) of four groups, normal 

control, cold control, hibernation and arousal were obtained as described in 

section 2.1 and 2.2. The animals were killed by carbon dioxide asphyxiation 

(Schedulel, Scientific Procedures Act) and the left ventricle and thoracic aorta 

were collected and processed for cryosections as per section 2.4.1. Cx43 and 

Cx40 antibodies (see section 2.4.2) were used and the techniques for 

immunostaining and immunohistochemical controls and antibody specificity 

were performed as per section 2.4.3 and 2.4.4, respectively. Confocal 

microscopy was done under identical parameters and the quantitative and 

statistical data were analysed as per section 2.4.5. and 2.4.6, respectively.

6.4 Results

6.41 Animals

There were 6 hamsters in each experimental group. The body weights (g) of 

animals from the hibernating (104.1 ±5.2) and aroused (98.6±2.0) groups were 

significantly (P < 0.05) lighter than the cold control (136.6+4.6) and normal 

control (165.4+7.2) groups. The cold control group was significantly (P < 0.05) 

lighter than the normal control.
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The cheek pouch and rectal temperatures ( °C) of the hibernating 

(9.6±0.5, 9.8+0.5, respectively) group were significantly (P < 0.05) lower than 

those of normal control (35.1 ±0.2, 32.2±.05), cold control (35.0±0.5, 32.1 ±0.4) 

and arousal (34.6±0.4, 31.5±0.5) groups, which were not different from each 

other.

6.4.2 Distribution of immunostaining in the coronary arterioles

Micrographs depicting immunolabelling of Cxs in hamster coronary arterioles 

are shown in Fig. 6.1 and 6.2 and quantitative data given in Fig. 6.3. In the 

coronary arterioles of the four experimental animal groups, positive 0x40- 

immunolabelling was confined to the endothelium with no staining in the media 

(Fig.6.1a-d). Anti-smooth muscle actin antibody was localised in smooth muscle 

surrounding the 0x40 labelled endothelial cells (Fig.6.2a). There was no 

fluorescent signal when the primary antibody was substituted with non-immune 

serum (Fig.6.2d).. In all animal groups, there was no positive staining for 0x43 

throughout the arteriolar wall (Fig. 6.2c). However, in sections of left ventricle 

supplied by coronary arterioles, 0x43 staining was detected at intercalated disk 

structures between cardiomyocytes (Fig. 6.2c). Some sections were processed 

alongside sections of aorta which showed positive staining for 0x43 (Fig. 6.4b), 

thus confirming that the lack of detection of these Oxs in coronary arterioles 

was reliable and not due to procedural factors.

0x40 immunostaining using a different source of antibody (Gap17) and 

0x43 immunostaining using two different sources of antibody (Gap15 and
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Gap1A) showed the same distribution of staining as above, which was similar to 

that of the rat coronary arteriole.

Immunostaining for Cx40

Cx40 staining was prominent and appeared as bright fluorescent puncta in the 

luminal aspect of the coronary arterioles. Cx40 labelling was consistantly seen 

as a comb-like pattern along the intercellular membrane of adjacent endothelial 

cells (Fig 6.1 a-d). The cold control animals (Fig.6 .1b) exhibited consistantly 

higher levels of Cx40 staining compared with the normal control (Fig.B.la), 

hibernating (Fig.6 .1c) and aroused (Fig.6.Id ) animal groups. There was also 

clear labeling of Cx40 in capillaries in the ventricular tissue (Fig. 6.2b) in all 

animal groups examined: nuclear staining revealed that this was between the 

endothelial cells (not shown).

Histograms showing the results of quantification of Cx40 gap junction 

plaque area, numerical densities and plaque size in the coronary arterioles of 

the four animal groups are shown in Fig.6.3. In normal control animals, the area 

density was 25.26±3.2 ^im^lOOO jum ,̂ the numerical density was 81.82±6.49 

plaques/1000 pm^ and the plaque size was 0.3±0.02 pm^. Cold control animals 

showed an increase in the 0x40 area density compared with the other groups, 

which was significant compared with levels in the hibernation group (P<0.05). 

There were no significant differences between the normal control, hibernation 

and arousal groups. There were no significant differences in the numerical 

density and plaque size of endothelial 0x40 gap junctions among the four 

animal groups.
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6.4.3 Distribution of immunostaining in the aorta

Micrographs showing immunolabelling for Cxs in the hamster aorta are shown 

in Fig. 6.4 and quantitative data for 0x40 are given in Fig. 6.5. In all four animal 

groups examined, immunostaining for 0x40 was confined to the endothelium 

and immunostaining for 0x43 was confined to the smooth muscle cells (Fig. 6.4 

a and b, respectively). No immunostaining was detected when the primary 

antibody was substituted by non-immune serum, or in the case of 0x43, with 

anti 0x43 preabsorbed with 0x43 peptide (Fig 6.4c).

0x40 immunostaining using a different source of antibody (Gap17) and 

0x43 immunostaining using two different sources of antibody (Gap15 and 

Gap1 A) showed the same distribution of staining as above, which was similar to 

that of the rat aorta.

Immunostaining for Cx40

Prominent fluorescent puncta of 0x40 staining was seen predominantly in the 

the tunica intima (Fig 6.4a). Nuclear staining revealed that this staining was 

restricted to the luminal monolayer of endothelial cells.

Histograms showing the results of quantification of 0x40 gap junction 

plaque expression in endothelial cells of the aorta are shown in Fig 6.5. In 

normal controls the area density was 215.95±43.45 pm^/1000 }jm, the 

numerical density was 217.59±11.94 plaques/1000 pm and the plaque size was 

0.96+0.18 pm^. There were no significant differences in any parameters of 

endothelial cell Ox40-staining among the four animal groups.
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The normal control mean Cx40 plaque size in the aortic endothelium 

(0.96± 0.18pm^) was approximately three times that in the coronary arteriole 

endothelium (0.30+0.02 pm^).

Immunostaining for Cx43

Cx43 labelling was detected in the aortic smooth muscle cells, with no labelling 

in the endothelium. (Fig 6.4b). No differences in staining were discernable 

between the 4 groups of animals. Quantitative measurements of aortic smooth 

muscle Cx43 plaque area density; numerical density and size revealed no 

significant differences between the animal groups. In normal controls the area 

density was 0.22±0.14 ^im^/1000 pm^, the numerical density was 1.61 ±0.12 

plaques/1000 pm^ and the plaque size was 0.12±0.01pm^.

6.5 Discussion

In hamster coronary arterioles and aorta, gap junction proteins were seen by 

immunofluorescent staining as fluorescent puncta between endothelial cells 

and/or smooth muscle cells as previously described in the rat and rabbit (Carter 

et a/., 1996; Beny and Connat, 1992; Bruzzone at a/., 1993; Christ at a/., 1993; 

Bastide at a/., 1993; Haefliger at a/., 1997; Yeh at s i,  1997; Verheule at a/., 

1997; Gros and Jongsma, 1996; Hong and Hill, 1998). Cx43 gap junction 

plaques in hamster ventricular myocardium were similar to those previously 

reported (Gourdie, 1991). Using 2 different antibodies to Cx40 and 3 different 

antibodies to Cx43, we found a consistent localisation of Cx 40 in hamster 

coronary arteriole endothelium and aortic endothelium and of Cx43 in smooth
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muscle cells of the aorta only. Using these same antibodies, the distribution of 

staining was the same in the rat. Cx40 expression in endothelial cells of 

coronary arterioles and aorta is consistent with the reports by Yeh et al. (1997; 

1998), Little et al. (1995), Gabriles and Paul (1998), Bruzzone et al., (1993) and 

Bastide et al., (1993) in the rat. Cx43 expression in aortic smooth muscle cells 

but not endothelium has also been described in the rat (Bruzzone et al., 1993; 

Christ et al., 1993) although others have localised 0x43 in the endothelium 

(Yeh et a i, 1997; Haefliger ef a/., 1997; Hong and Hill 1998). Lack of detection 

of 0x43 in arteriolar smooth muscle is consistent with previous reports 

(Bruzzone et al. 1993; Bastide et al. 1993; Verheule et al. 1997; Hong and Hill

1998).

When comparing differences in gap junction protein levels in hamster 

vessels during prolonged exposure to cold, hibernation and arousal, the main 

finding of the present study was that there was a selective increase in 0x40 

gap junction plaque area in the endothelium of coronary arterioles of hamsters 

exposed to long periods in the cold. During hibernation, the expression of 0x40 

gap junction plaques was reduced to normal control levels and remained 

constant during arousal. It is remarkable that changes were found in the cold 

control animals whilst no changes from the normal control levels were detected 

in either hibernation or arousal, as in the latter two physiological conditions 

there are profound changes in vascular dynamics. On the other hand, we have 

previously shown that chronic cold exposure induces an increase in Cx43 

expression in ventricular cardiomyocytes in the hamster (unpublished 

observations). In this tissue, increased Cx43 expression is maintained during
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hibernation and reverts to normal levels on arousal. We have proposed that 

these changes contribute to mechanisms offering tolerance to ventricular 

fibrillation in hibernators as body temperature drops.

Hibernators and non-hibernators respond to cold acclimation in a similar 

way to maintain core temperature (Pohl and Hart 1964). Circulatory responses 

during chronic cold exposure include increased heart rate and stroke volume 

concomitant with subcutaneous vasoconstriction under sympathetic control 

(Pohl and Hart 1965; Rosaroll et al., 1996). Rats exposed to the cold for several 

weeks become hypertensive (Fregly et a i, 1991; Sun et al., 1997). In the cold, 

coronary arteriolar vasodilatation is required to ensure adequate nutrient supply 

to the heart muscle via increased blood flow (Rosaroll et a i, 1996; Blumberg 

1997). 0x43 mRNA expression is upregulated in cultured endothelial cells of rat 

aorta exposed to laminar shear stress and in smooth muscle cells exposed to 

stretch (Cowan et a i, 1998 ). In addition, in rat endothelium, Cx43 is particularly 

localised to sites of turbulent shear stress in the aorta whereas Cx37 and Cx40 

are uniformly distributed (Gabriels and Paul 1998). Shear stress and stretch- 

enhanced coupling of cells via gap junctions may amplify signal propagation 

and influence vasomotor reactivity at sites of increased metabolic activity, i.e. at 

sites of increased blood flow (Cowan et a i, 1998 ). There is also a precedent 

for Cx upregulation in hypertension. Electron microscopy studies have shown 

that gap junction number and plaque size is increased in the smooth muscle 

cells of the hypertensive rat aorta (Berry and Sosa-Melgarejo, 1989; Grunwald 

et a i, 1982). Increased expression of Cx43 protein in aorta smooth muscle cells 

has been demonstrated in some models of hypertension (Watts and Webb
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1996; Haefliger et a!., 1997). Conversely, hypertension induced by inhibition of 

nitric oxide synthase leads to a reduction of 0x43 mRNA in aorta smooth 

muscle (Haefliger et al., 1999). As far as we are aware, there are no reports of 

differential regulation of 0x40 protein expression in the endothelium in 

response to chronic changes in the vasculature. We did not detect 0x43 in the 

coronary arteriole and aortic endothelium in the hamster but 0x40 plaques were 

prominent. An explanation for the increased levels of 0x40 observed in the cold 

exposed hamsters in the present study may be that 0x40 mRNA was 

upregulated in response to the increased coronary blood flow and hence 

increased shear stress at the vessel lumen.

Whilst we cannot comment on the functional integrity of gap junction 

channels from our studies, increased gap junction plaque formation between 

endothelial cells may serve to increase the efficiency of inter-endothelial 

communication to ensure a sustained widespread vasodilation (Segal et a!., 

1989; Segal and Duling, 1986; 1989). Increased blood flow stimulates 

endothelial cells to release vasoactive agents which act via nitric oxide to bring 

about smooth muscle relaxation and vasodilatation (Rubanyi et a!., 1986; Milner 

et a!., 1990). There is evidence that nitric oxide modulates gap junctional 

conductance: in interneurones of the retina, nitric oxide reduces the overall 

open probability of gap junctions by activation of guanyl cyclase and protein 

kinase G (Lu and McMahon 1997). Recent reports have demonstrated that 

heterocellular gap junctional (myoendothelial) communication contributes to 

nitric oxide- and prostanoid-independent vasorelaxation attributed to
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endothelium-derived hyperpoiarizing factor (Chaytor et a i, 1998; Dora et a/.,

1999).

Another factor that may lead to an increase in gap junction density 

during cold exposure is reduced degradation of Cx by proteasomal and 

lysosomal enzymes. Heat shock proteins are increased in cold stress and it has 

been shown that HSP70 protects against Cx degradation (Laios et al., 1997; 

Laing eta!., 1998).

On entrance into hibernation there was a reversal of the increased Cx40 

immunoexpression in coronary arteriole endothelium to normal control levels. 

On arousal from hibernation there were no significant changes in gap junction 

protein expression compared to during hibernation. In hibernating animals there 

are several changes in the circulating blood which may influence the 

endothelium: arterial pH drops from 7.39 to 7.01 due to respiratory acidosis 

(Malan et al., 1988); plasma glucose levels are reduced (from 142 mg% to 96 

mg%) as glucose consumption exceeds glycogenolysis (Galster and Morrison, 

1970; Al-Badry and Taha, 1983; Atgie et al., 1990) and blood flow is drastically 

reduced (at least 90%). As all these factors are reversed on arousal, when gap 

junction protein levels do not change, it is unlikely that they are involved in the 

selective reduction of gap junction expression as animals enter hibernation after 

prolonged periods in the cold.

In summary, increased Cx40 expression in the endothelial cells of 

coronary arterioles of cold control animals may reflect the requirement of 

increased intercellular communications during prolonged periods of increased 

thoracic blood flow and pressure during cold stress. These changes are
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reversed during hibernation. The rapid changes in circulatory dynamics 

associated with arousal do not appear to involve gap junction protein 

expression.
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Fig 6.1 Laser scanning confocal micrographs constructed from 5 optical 

sections showing positive Cx immunostaining in hamster left ventricle, (a-d) 

Cx40 immunostaining in coronary arterioles of normal control (a), cold control 

(b), hibernation (c), and aroused (d) hamsters. Abundant fluorescent punctate 

labelling was seen between the adjacent endothelial cells. Note greater intensity 

of labelled gap junctions in cold control (b) compared to the other groups 

(a,c,d). Lu, the lumen of the vessel. Scale bar = 25 pm.





Chapter 6; Vascular Expression of Gap Junctions during Hibernation

146



Fig 6.2. Confocal projection images in hamster left ventricle, (a) In selected 

experiments in which 0x40 was visualised (green) in endothelial cells of 

coronary arteriole, smooth muscle staining (red) was carried out using mouse 

anti-smooth muscle actin monoclonal antibody (with a dilution of 1:500) 

detected with goat anti-mouse IgG conjugated to CY3. (b) 0x40 immunostaining 

in normal control hamster left ventricular tissues showing fluorescent punctate 

labelling confined to the endothelial cells of capillaries (arrows) with no staining 

of cardiomyocytes, (c) 0x43 immunostaining confined to the intercalated disks 

between ventricular cardiomyocytes but no staining in a coronary arteriole (OA). 

(d) Oontrol staining of coronary arteriole using non-immune serum. Scale bar = 

25 pm.
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Fig 6.3 Histograms showing results of quantitative analysis of Cx40 gap 

junction area and numerical densities and plaque size in the coronary arterioles 

from the 4 animal groups . Values were obtained from projection images of 5 

levels, in 5 examined arterioles for each individual animal tissue.

The data are expressed as meantSEM. n = 6 for each group. * Denotes 

significant difference between groups marked by horizontal bar P<0.05.
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Fig 6.4 Projection confocal microscopy of Cx immunostaining in transverse 

sections of hamster aorta, (a) 0x40 immunostaining in a normal control 

istrikingly fluorescent punctate labelling was located between neighboring 

endothelial cells (arrows) close to the lumen (Lu), (b) 0x43 immunostaining in a 

normal control: discrete gap junctions were scattered throughout the smooth 

muscle wall. Note the greater intensity and size of gap junction staining in the 

endothelium (a) compared to the smooth muscle (b). (c) Oontrol staining of the 

aorta using non-immune serum.

Scale bar = 25 pm.
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Fig 6.5 Histograms showing the results of quantification of Cx40 junction area 

and numerical density and plaque size in aortic endothelial cells. Values were 

obtained from projection images of 5 levels, in 5 fields of aorta for each 

individual animal tissue. Note gap junction plaque densities were calculated per 

circumferential length of endothelial cell layer. The data are expressed as 

meaniSEM. n = 6 for each group.
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Chapter 7: General Discussion

Hibernation is a precisely controlled active process that allows the sustainment 

of life under extremely low body temperature. It should be noted that bouts of 

hibernation usually alternate with regular intervals of brief periods of 

wakefulness. The reason for this has been debated. It has been suggested that 

arousal is required to eliminate metabolic waste products (Fisher and Manery, 

1964), to replenish blood glucose levels (Galster and Morrison, 1970), to restore 

cellular electrolyte balance (Fisher and Manery, 1964), or to wake up to sleep 

(Daan et al. 1991). In addition, on exposure to external stimuli such as noise, 

vibration, light and increasing temperature, hibernating animals respond by 

abruptly initiating tachycardia and increasing cardiac contractility (Armour et a i, 

1974). This response may initiate the onset of a full arousal process. In other 

words, during hibernation animals remain sensitive to even minimal 

environmental stimuli. Central elements of the neuroendocrine system have 

been thought to play a role in the regulation of hibernation and arousal and a 

detailed analysis of changes in peptide and amine components occurring in the 

hypothalamo-neurohypophysial axis and hypothalamo-adenohypophysial axis 

on entering, during, and on arousal from hibernation have been described 

(Nürnberger, 1995). The extent of involvement of the nervous system in 

maintaining peripheral vascular resistance during hibernation is less clear. 

Hibernation is an ideal model of naturally occurring plasticity in the autonomic 

nervous system. The results of this thesis show that in addition to selective 

changes in perivascular innervation there are also marked changes in the 

expression of vasoactive substances in the endothelium and also changes in 

the expression of gap junctions in the cardiovascular system. These results
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demonstrate the co-ordinated responses of several factors involved in control of 

vascular tone and emphasise the active rather than passive nature of 

hibernation and arousal.

7.1 Influence of the endothelium in hibernation

Considering the marked haemodynamic changes associated with hibernation 

there have been surprisingly few studies on the influence of the endothelium in 

this naturally occurring phenomenon. The results of this thesis show for the first 

time hibernation induced changes in the immunolocalisation of NOS and ET-1 

in endothelial cells of renal and mesenteric arteries at the ultrastructural level. 

The main finding was a marked reduction in the percentage of endothelial cells 

staining positive for both these vasoactive substances during hibernation and 

an upregulation to euthermic levels on arousal. It is known that the integrity of 

endothelial cell functions play a crucial role in local vascular control, and using 

immunohistochemistry, ET-1, a potent vasoconstrictor and NOS, a marker of 

the vasodilator NO, have previously been localised (Bredt et al., 1990; Loesch 

et al., 1993; Loesch and Burnstock, 1996; Nozaki et al., 1993) and colocalised 

(Dikranian et al., 1994) in endothelial cells of various blood vessels. Reduced 

production of ET and NOS by the endothelium may reflect an adaptive 

mechanism of hibernating animals to regulate vascular control as they enter into 

hibernation i.e. a compensatory change of biological advantage.

There is now evidence for selective changes in the expression of 

vasoactive substances in endothelial cells and altered patterns of release of 

these substances during other naturally occurring events such as development, 

ageing and pregnancy (Burnstock and Ralevic, 1994). For example, in the rat
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from 6 to 24 months of age, there is an approximately 7 fold increase in NOS- 

immunopositive endothelial cells and about a 2 fold increase in AVP, 5-HT and 

histamine immunopositive cells in the thoracic aorta whilst no change occurs in 

the percentage of endothelial cells containing ET (Aliev et al., 1995). During 

pregnancy, the percentage of immunopositive endothelial cells for NOS 

increases in mid and late pregnancy in the rat coronary artery (Shochina at a!., 

personal communication)

The reduction in expression of both a vasodilator (NO by examining NOS 

levels) and vasoconstrictor (ET) is curious in terms of functional effect. This may 

reflect an overall reduced endothelial contribution to the control of vascular tone 

in favour of a dominance by sympathetic perivascular control. There are other 

examples in the literature where both vasodilator and vasoconstrictor elements 

of the endothelium show increased expression and release. For example, the 

percentages of both ET and NOS positive endothelial cells in the coronary and 

pulmonary arteries are higher in the new born rat, than in rats at 1, 6 and 12 

months of age (Loesch and Burnstock, 1995). A prominent role for the 

endothelium in vascular control of the new born has been proposed (Loesch 

and Burnstock, 1995). Shear stress-induced release of ATP (a vasodilator when 

acting via the endothelium) and ET and the expression of ET and AVP change 

with age in endothelial cells of rabbit thoracic aorta (Milner at a/., 1990; 1992): 

there is an increased flow-induced release of both ET and ATP in aortic 

endothelial cells from 12 month old animals which does not occur in cells 

isolated from 4-month old animals. These changes may reflect the dynamic 

balance between perivascular nerves and endothelial cells in view of the known 

plasticity of innervation with ageing (see 1.2.5.4).
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There are several factors that may influence or bring about the reduction 

in expression of endothelial ET and NOS during hibernation. These include: 1) 

reduced blood flow (Wells, 1971 ) of the circulating blood and hence reduced 

shear stress sensed by the endothelium; 2) altered composition of the blood i.e. 

a significant reduction in the number of white blood cells and platelets (Frerichs 

et a/., 1994) and hence reduced exposure of the endothelium to a number of 

cytokines and reduced potential for endothelial activation; and 3) increased 

expression of sympathetic neurotransmitters in perivascular nerves as an 

example of long-term neural-endothelial interaction (see section 1.2.3).

With acute changes in haemodynamics, the response to stretch or shear 

stress activates ionic channels (Hassessian et al., 1993; Olesen et al., 1988) 

and/or disturbs signal transduction-linked cell surface integrins (Davies, 1995) 

which leads to the rapid release of vasoactive substances from the 

endothelium. For example, in the rat mesenteric arterial bed, increased flow 

causes release of ATP and SP from the endothelium (Ralevic et al., 1992). 

These substances are then free to act on specific receptors at the endothelial 

surface downstream, causing NO-mediated vasodilatation. Haemodynamic 

shear stress also elevates the expression of ET-1 mRNA in the endothelium , 

accompanied with increased release of the peptide (Emori et al., 1989; 

Yoshizumi et al., 1989; Milner et al., 1990). Whilst both NO and ET are released 

with increased shear stress, there is a complex balance between NO and ET 

expression as the release of NO itself inhibits the production of ET-1 (Boulanger 

and Luscher, 1990). When shear stress is diminished in hibernation, the 

stimulus for NOS and ET synthesis is reduced and this may explain the
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resultant low expression of these substances in the endothelium during 

hibernation.

There are many interactions between cytokines and the endothelium 

(Suschek et al., 1994; Kilbourn and Belloni, 1990; Bodin at a!., 1995). For 

example, the cytokines, interleukin-1 and interferon-y, which generally influence 

reorganisation of the cytoskeleton, may affect endothelial cells by increasing 

synthesis of NO and altering blood pressure (Suschek at a/., 1994; Kilbourn and 

Belloni, 1990). After 24 h incubation of human umbilical vein endothelial cells 

with both cytokines, there are changes in the cobblestone appearance of the 

cells, an increase in the release of ET and reduction in the release of SP at low 

flow and an attenuation of high flow-induced release of both peptides (Bodin at 

a/., 1995). Thus these cytokines appear to alter the sensitivity of endothelial 

cells to shear stress. Increased cytokine expression by blood borne 

components of the circulation, in particular lymphocytes, leukocytes and 

monocytes, is an inflammatory response to injury. The large reduction in the 

number of white blood cells, characteristic of hibernation, may result in reduced 

circulating cytokine levels and reduced stimulation of the endothelium to 

produce vasoactive agents.

7.2 Plasticity of the autonomic nervous system in hibernation

The results of this thesis show that in the renal and mesenteric arteries there is 

a 2-3 fold increase in the percent of axon profiles positive for markers of 

sympathetic neurotransmitters during hibernation. Ultrastructural studies are 

particularly valuable as the number of immunopositive axons per nerve bundle 

can be counted whereas at the light microscopic level only immunopositive
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nerve fibres and nerve bundles can be assessed (see Ralevic et al., 1997; 

1998; Saitongdee et al. 1999). As the changes reported in hibernation are 

rapidly reversed on arousal (in 2 h), it is unlikely that they reflect nerve fibre 

growth but more likely that there are changes in the amount of 

neurotransmitters in nerve varicosities due to increased synthesis or reduced 

release. As levels of NPY in sympathetic ganglia are not increased in 

hibernation (P. Milner personal communication), increased proportions of 

immunopositive varicosities may also reflect increased axonal transport of this 

neuropeptide. NPY- and TH- mRNA expression studies would be useful in 

determining the mechanisms involved. The reduction in the number of axon 

profiles containing the parasympathetic neurotransmitter VIP during hibernation 

which may be expected to contribute to the increased vascular resistance is an 

example of the selective regulation of autonomic control. Hibernation- 

associated increased neural localisation of sympathetic nerve markers (TH and 

NPY) is consistent with pharmacological studies of neurotransmission which 

have demonstrated increased sympathetic neurotransmission in hamster 

mesenteric and renal arteries during hibernation (Ralevic et al., 1997; 1998; 

Karoon et al., 1998).

Altered expression of neurotransmitters provides a relatively rapid and 

precise mechanism of adjustment of neuronal function to changing 

environmental conditions. The precise mechanisms regulating neural 

expression of transmitters in hibernation and arousal are unknown but almost 

certainly are under central nervous system control rather than in relation to 

target tissue demands (Cowen and Gavazzi, 1998).
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Several studies have demonstrated selective changes in perivascular 

innervation in other naturally occurring conditions such as ageing and 

pregnancy (Burnstock and Ralevic, 1994) (see 1.2.4.4). In contrast to the 

situation in hibernation, pregnancy is characterised by a general vasodilatation 

i.e. a decrease in vascular resistance which is partially attributed to reduced 

sympathetic neurotransmission via pre and post synaptic mechanisms (Ralevic 

and Burnstock, 1996).

The perivascular innervation profile in the mesenteric and renal arteries 

of hamsters maintained for long periods in the cold (cold controls) was no 

different from that of the hamsters maintained at ambient temperature (age 

matched controls). However exposure to cold is known to increase the activity 

of sympathetic nerves supplying cutaneous and more peripheral blood vessels. 

In the rabbit, ear artery constriction is a physiological response to cold stress to 

minimise heat loss and maintain core temperature. In these conditions NPY and 

TH levels increase in the superior cervical ganglia although the number of NA- 

containing varicosities in the ear artery do not change. This suggests cold- 

induced changes involve increased neurotransmitter synthesis rather than 

changes in neuronal morphology (Cowen et a i, 1988; Andrews et a i, 1993). In 

contrast, hyperinnervation of sympathetic nerves in the spontaneous 

hypertensive rat is not accompanied by increased levels of sympathetic 

neurotransmitters in the ganglia (Dhital et a i, 1988). These studies highlight the 

different levels at which sympathetic neurotransmission can be regulated.

There appears to be an imbalance of contribution by neural and 

endothelial factors during hibernation with an emphasis on neural regulation. 

Reversal to the normal balance of neuronal-endothelial influence occurs rapidly
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on arousal. The time period in which this happens is very short (2h) compared 

to other examples of neuronal plasticity quoted in this thesis but is consistent 

with previously reported time scales of regulation of gene expression of 

neurotransmitters (Zigmond etaL, 1998; Baruchin eta l., 1990).

7.3 Gap junction expression in hibernation

The stimulus for changes in the levels of gap junction proteins reported here 

appeared to be chronic cold exposure, unlike the stimulus for changes in the 

perivascular nerves and at the endothelium which were selective for 

hibernation only. Increased gap junction plaque density in cardiomyocytes was 

maintained during hibernation whilst in coronary arterioles increased plaque 

density at the endothelium was reversed during hibernation. Cx40 and Cx43 

expression in the aorta did not change during these physiological conditions. 

These differences highlight regulated tissue specific responses to cold exposure 

and hibernation.

Increased Cx43 immunolabelling in ventricular card io myocytes in the 

cold suggests an adaptation to prepare the animal for entrance into hibernation 

and may be functional in maintaining sufficient cell-cell communication to 

prevent ventricular fibrillation. Increased expression of Cx40 in endothelium of 

coronary arterioles when the animal is exposed to chronic cold may facilitate 

prolonged vasodilatation in these vessels. It is not possible from my studies at 

the light microscopic level to distinguish between endothelial Cx40 gap junction 

plaques that are endothelial-endothelial or myo-endothelial communications. 

Intracellular microiontophoresis studies using biocytin dye have shown coupling 

between endothelial cells and between endothelial cells and smooth muscle
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cells but not between smooth muscle cells and endothelial cels (Little et al. 

1995). Heterocellular communication between endothelial and smooth muscle 

cells has been shown to contribute to endothelial-dependent NO-independent 

relaxation, probably via EDHF (Chaytor et a!., 1998). Thus increased 

endothelial Cx40 levels during cold acclimation may facilitate NO independent 

vasodilatation via myo-endothelial communication as well as facilitating signal 

transfer via endothelial-endothelial communication to allow conducted 

vasodilatation (Segal, 1994).

As different blood vessels were used in this study to examine neural and 

endothelial plasticity in hibernation and changes in gap junction proteins, it is 

not possible to relate changes in connexin expression to neural and endothelial 

events in the physiological conditions investigated. The vascular responses of 

coronary arterioles to cold stress and hibernation would be quite different from 

the responses of the mesenteric and renal arteries as blood supply is 

preferentially diverted to the heart. In view of the marked hibernation-related 

changes in endothelial content of NOS and ET and in innervation in the 

mesenteric and renal arteries (see chapters 3 and 4) information as to gap 

junction plaque formation in these tissues may shed light on the interactions 

between these systems.

There is evidence that NO modulates conductance of gap junction 

channels. For example, reduction of the overall open probability of gap junctions 

by NO via activation of guanyl cyclase and protein kinase G is reported in 

interneurones of retina (Lu and McMahon, 1997). As there are examples of up

regulation of gap junction proteins when junctional conductance is low (Becker
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et a i, 1992; Becker and Davis, 1995), reduced NO in hibernation in mesenteric 

and renal arteries may influence connexin expression in these vessels.

There are an increasing number of papers in the literature describing 

altered expression of Cxs in the cardiovascular system in vascular disease and 

with increased shear stress (Haefliger and Meda, 1999; Kwak et al., 1999; 

Cowan et al., 1998; Haefliger et al., 1999; Bastide et al., 1993 see section 6.5). 

There is evidence that the expression of gap junction protein in the vascular 

wall could be regulated by growth factors such as basic fibroblast growth factor 

(Pepper and Meda, 1992) Thus several different mechanisms operate to 

regulate Ox expression (Makarenkova etal., 1997; Nadarajah etal., 1998).

To consider the functional implications of changes in gap junction protein 

expression, information as to the conductance through these gap junction 

channels is essential. This is particularly so with regard to the increased levels 

of 0x43 in the ventricular cardiomyocytes in cold control and hibernating 

animals. In order to explain these changes, it is proposed that in cold stress the 

increased number of gap junction channels present are functional thus 

increasing intercellular communication to prevent fibrillation on entrance into 

hibernation. During hibernation the levels remain high to facilitate intercellular 

communication when conductance is reduced, due mainly to low body 

temperature (Chen and DeHaan, 1993; Bukauskas and Weingart, 1993), in 

readiness for the rapid changes in heart rate that occur in the initial stages of 

arousal. Conductance studies are required to substantiate these proposals.

In the present study, only Cx40 and Cx43 levels were examined by 

immunolabelling. Other connexins present in ventricular cardio myocytes e.g. 

Cx45 (Davis, 1994; Kanter, 1993; Verheule, 1997) and in blood vessels e.g.
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Cx37 (Reed, 1993; Verheule, 1997; Gabriels and Paul, 1998; Severs, 1999) 

were not studied due to unavailability of appropriate antibodies.

The finding of increased expression of Cx40 in endothelium of coronary 

arterioles and Cx43 in ventricular cardiomyocytes supports a role for increased 

gap junction communication in the physiological events leading to hibernation.

7.4 Conclusion and future directions

Studies in this thesis have demonstrated hibernation-related plasticity of 

expression of vasoactive agents in the endothelium (the percentage of NOS 

and ET containing endothelial cells are reduced in renal and mesenteric arteries 

during hibernation) and hibernation-related plasticity of the autonomic 

innervation to the vasculature (sympathetic nerve markers TH and NPY are 

increased during hibernation whilst the parasympathetic nerve marker VIP is 

decreased). Both endothelial and neural events are rapidly reversed on arousal. 

In addition, during cold stress and hibernation there is a marked increase in gap 

junction plaque formation in the myocardium, again reversed within 2 hours of 

arousal. 0x40 levels in the endothelial cells of coronary arterioles already 

raised during cold acclimation are reversed to normal control levels during 

hibernation and arousal.

These findings emphasise the complex nature of the process of 

hibernation and arousal involving several aspects of vascular control, neural, 

endothelial and gap junctional intercellular communication. It is suggested that 

these changes accommodate the cardiovascular events associated with 

hibernation and arousal.
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Future directions

This thesis has outlined for the first time hibernation-related plasticity in neural 

and endothelial parameters in the vasculature and in gap junction connexin 

expression in the ventricles and blood vessels of the heart. These descriptive 

observations open up many avenues for further study.

Relating to the endothelium

This thesis has reported changes in the percentage of NOS- and ET- 

immunolabelled endothelial cells during hibernation and arousal. However, 

many other vasoactive substances including, ACh, SP, ATP, 5-HT, AVP and 

Agll are produced and released by endothelial cells. In order to obtain a more 

complete understanding of the role of the endothelium during hibernation, the 

expression of these substances should also be investigated. As there was a 

concomitant decrease of both NOS and ET in hibernation, double labelling 

immunogold techniques should be employed to determine whether NOS and 

ET levels diminish in the same endothelial cells. In addition, as gap junction 

plaque density is increased in the endothelium of coronary arterioles in 

response to exposure to the cold, it is necessary to know if there also changes 

in the expression of endothelial vasoactive substances in these vessels.

Relating to perivascular innervation

My work has shown that there are differential changes in the percentage 

of perivascular axon profiles containing sympathetic and parasympathetic 

neurotransmitters during hibernation. As this could reflect either altered 

expression of neurotransmitters in the neuronal cell bodies, or changes in post
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transcriptional processing, axonal transport or release, studies should be 

planned to determine the mechanisms involved. An investigation of selective 

neuropeptide mRNA expression in autonomic ganglia would be beneficial in 

this regard, particularly to decipher the temporal responses on arousal. An 

examination of the period between initiation of arousal up to 2 hour after 

initiation is suggested. In view of the known trophic role of NGF in the ANS 

(Zettler and Rush, 1993; see Levi Montalcini et al., 1996), it is important to know 

whether there are changes in vascular smooth muscle NGF expression during 

hibernation and arousal.

Relating to gap junctions

Whilst immunohistochemical localisation of Cxs in tissues is a useful 

technique to provide information on plaque distribution, density and size, 

examination of mRNA expression of selected Cxs using Northern blot 

hybridisation and reverse transcription polymerase chain reaction would be 

useful to determine quantitative changes in gap junction Cx expression and 

would also allow examination of up- or down-regulation of Cxs not investigated 

in this thesis due to lack of suitable antibodies (e.g. Cx45 in heart and Cx37 in 

blood vessels).

Information as to the conductance or open state of gap junctions formed 

during cold exposure and hibernation is essential to substantiate suggestions 

made in this thesis concerning the implications of altered Cx levels in the 

myocardium and possible involvement in tolerance to ventricular fibrillation. The 

conductance of gap junction channels in hamster cardiomyocytes in culture 

could be studied and the effects of low temperatures on conductance
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investigated using dye transfer injection and gap junction inhibitors such as 

heptanol (a lipophilic agent which reduces the open state of gap junctions) or 

Gap27 ( a specific inhibitor gap junction peptide). In addition, the effects of 

temperature reduction on Cx43 expression and conductance should be 

compared in hamster and rat (or other nonhibernator) cardiomyocytes to 

determine hibernator-specific responses. If increased gap junction plaque 

formation in cardiomyocytes on cold exposure is a unique response of 

hibernators to offer resistance to ventricular fibrillation as body temperature 

drops, a nonhibernator would not be expected to show this response, as they 

are not tolerant to fibrillation below 20° C. Thus Cx expression in the ventricles 

of rats exposed to long periods in the cold should be examined to support this 

proposal. Gap junction protein expression in other structures of the heart, in 

particular in the conductive system of hibernators also merits investigation. 

0x40, rather than 0x43 of the cardio myocytes, is the major gap junction in the 

fastest conducting tissue of the mammalian heart, with relatively high levels in 

the atrioventricular bundle and lower levels in the Purkinje fibres (Bastide et. al., 

1993). 0x40 expression is increased in the conductive system in conditions 

which carry a high risk of cardiac arrhythmia (Bastide et. al., 1993). Information 

of Ox expression and conductance in the conductive system of the hamster 

heart during cold exposure and hibernation, in conjunction with the known 

changes in 0x43 expression in the ventricular cardio myocytes (section 5.5) will 

give a more complete picture of the role of gap junctions in the cardiac 

physiology associated with hibernation.

Assessment of gap junction plaque density, size and distribution in the 

blood vessels in which I have demonstrated hibernation-induced neural and
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endothelial plasticity, i.e. mesenteric and renal arteries, should be carried out. 

Cx expression in the medial smooth muscle and at the endothelium of these 

vessels combined with information of gap junction expression in other models of 

neural and endothelial plasticity, as outlined in this thesis, may reveal important 

correlations between these 3 systems of vascular control.
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