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-Summary-

In humans and conscious animals progressive blood loss triggers a biphasic

haemodynamic response. Initially, during moderate blood loss (up to 15% total blood

volume), arterial pressure (AP) is maintained within a normal physiological range by a

selective increase in sympathetic vasomotor tone in specific vascular beds (sympatho—

excitation). This initial phase has been termed compensation. As blood loss progresses

and becomes severe (i.e., loss of 30% total blood volume), a second decompensatory

phase is triggered. Decompensation is characterised by a profound, life—threatening fall in

AP driven by a rapid onset, centrally-mediated sympathoinhibition. Surprisingly, the

neural circuitry underlying decompensation is yet to be identified.

The aim of the research described in this thesis was to identify the central afferent and

efferent pathway(s) responsible for triggering decompensation. The ventrolateral column

of the midbrain periaqueductal gray has recently been recognised as being a neural

structure that integrates both the behavioural and cardiovascular components of the

response to injury. Past findings have shown that the ventrolateral column of the PAG co—

ordinates quiescence, hyporeactivity, hypotension and bradycardia in response to deep

pain and haemorrhage, in addition to other inescapable stressors. This response has been

classified as a passive coping strategy to injury and is an adaptive response essential for

the survival of the individual. In addition, it has also been shown that: (i) hypotensive

haemorrhage selectively evokes Fos-expression in the ventrolateral PAG; and (ii)

haemorrhage-evoked decompensation is significantly attenuated following bilateral

microinjection of the local anaesthetic lignocaine or cobalt chloride (an inhibitor of



synaptic transmission). Taken together, these data strongly suggest that the ventrolateral

PAG mediates the decompensatory phase of haemorrhage. This region was therefore used

as an entry point to begin to define the central circuits which mediate decompensation.

In an initial series of functional-anatomical experiments utilising immunohistochemistry

for the protein product of the immediate early gene c-fos, it was revealed that a discrete

midbrain region, the ventrolateral periaqueductal gray (leAG) contains a population of

neurons which are selectively activated by severe blood loss. A second series of

experiments combined retrograde tracing with immediate early gene expression to show

that these neurons project to the caudal midline medulla (CMM), a medullary

cardiovascular region whose integrity is critical for the expression of blood loss—evoked

sympathoinhibition.

Further anatomical experiments aiming to identify the source of afferent drive onto the

leAG showed that the leAG receives significant input from the A1 noradrenergic cell

group. As well, it was revealed that: (i) almost all Al noradrenergic neurons are activated

by severe blood loss; and (ii) intra—leAG microinjections of phentolamine, the broad

spectrum alpha adrenoreceptor antagonist, delay and attenuate the response to blood loss.

These data suggest that ascending noradrenergic drive onto the leAG (arising from the

Al cell group) is responsible for triggering decompensation.

Having outlined both the central afferent and efferent pathways which likely mediate

decompensation, a final series of experiments were performed to investigate the effect of



blockade of noradrenergic neurotransmission within the ventrolateral PAG under

conditions of general (halothane) anaesthesia. Using microinjection of the both broad—

spectrum alpha adrenoreceptor antagonist phentolamine it was revealed that blockade of

noradrenergic neurotransmission within the ventrolateral PAG under conditions of

general (halothane) anaesthesia resulted in a striking delay and attenuation of

haemorrhage-evoked hypotension. A similar response was observed following

administration of the selective alpha 2 adrenoreceptor antagonist yohimbine but not

following the selective alpha 1 antagonist prazosin. Taken together, these data further

support the hypothesis that decompensation is triggered by noradrenergic

neurotransmission within the ventrolateral PAG and provide evidence that alpha 2

adrenoreceptors play a key role in this circuit.

Collectively, these data define a neural circuit which, in the conscious rat, is likely

responsible for triggering the centrally-mediated sympathoinhibition and life—threatening

hypotension evoked by severe blood loss (i.e., decompensation). In addition, these

experiments have significantly advanced modern understanding of the central neural

networks involved in cardiovascular regulation and provide a basis upon which future

therapeutic strategies may be developed to prevent blood loss—evoked shock and

ultimately death, especially under conditions of general anaesthesia.
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-Chapter I -

Literature Review

1.1 Shock

Shock describes a condition in which acute circulatory failure occurs. There are various

types of shock, all characterised by a profound hypotension. These include: (i) septic

shock; precipitated by the release of endo- or exotoxins from bacteria into the

bloodstream; (ii) cardiogenic shock; caused by acute myocardial infarction or chronic

heart failure; (iii) anaphylactic shock; caused by an immediate immune-mediated

hypersensitivity reaction to an exogenous substance; and (iv) hypovolemic shock;

resulting from a reduction in blood volume (haemorrhage).

1.2 Hypovolaemic Shock

The signs of hypovolaemic shock were first described in 1867 by Edwin Morris. From

this description, it is clear that acute blood loss not only evokes cardiovascular changes

but also triggers changes in sensory and motor function;

a deathlike paleness, followed by sickness and vomiting, and afterwards succeeded by

shakes and abundant perspiration, and the wholeframe becomes shaken by a universal

tremor. The pulse is small, feeble and slow. The patient is perfectly senseless and the

respiration scarcely perceptible.
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Figure 1.1

The haemodynarnic response to blood loss induced by venosection in conscious

humans. Initially as blood is withdrawn, increased HR and sympathetic nerve

activity (as shown by an increase in TPR) maintain BP at normal levels despite the

continual decline in CO. However, as blood loss continues both TPR and HR fall

precipitously resulting in a life-threatening hypotension and the subject fainting.

C0, cardiac output; RAP, right auricular pressure; BP, bloodpressure; HR, heart

rate; TPR, total peripheral resistance.



The first detailed measurements of the haemodynamic changes associated with

hypovolemic shock were made during World War II on conscious human volunteers

(Barcroft et al., 1944). These studies revealed that the response to acute blood loss occurs

in two distinct phases (Figure 1). Initially as blood is withdrawn, a reflex increase in heart

rate (HR) and total peripheral resistance (TPR) maintains arterial pressure (AP) at normal

levels despite a continual decline in cardiac output (CO). This preliminary response has

been termed “Compensation”. Once the volume of blood withdrawn reaches a critical

level (15—30%), there is a sudden fall in both HR and TPR resulting in a life-threatening

fall in AP. This second stage of haemorrhage has been termed “Decompensation”.

Although life-threatening if prolonged, the potential short—term benefits of a shift from

compensation (norrnotension, tachycardia) to decompensation (hypotension,bradycardia)

include: (i) an increased likelihood of clotting leading to reduced blood loss; (ii) better

ventricular filling and a longer diastole leading to improved myocardial perfusion; and

(iii) reduced coronary after—load reducing myocardial metabolic demand (Troy et al.,

under review).

1.3 Animal models of hypovolaemic shock

Paralleling studies in the conscious human, studies in the unanaesthetised rat (Darlington

et al., 1986, Fejes—Toth et al., 1988, Haggendal et al., 1986, Skarphedinsson etal., 1989,

Troy et al., 2003), rabbit (Chalmers et al., 1967a, Chalmers et al., 1967b, Komer etal.,

1990, Ludbrook et al., 1984, Neutze et al., 1968, Schadt et al., 1984, Yamashita et al.,

1996), dog (Vatner et al., 1974, Shen et al., 1990, Morita et al., 1985, Hintze et al., 1982)

and sheep have revealed a similar biphasic response to haemorrhage. Figure 1.2 shows

representative traces of both pulsatile and mean AP, renal nerve activity (RNA) and mean

RNA during haemorrhage (5ml/kg per minute) in the unanaesthetised rabbit. Following



Haemodynamic response to
haemorrhage in the conscious
rabbit

 

0% 7% 140/0 210/0 60 seconds

start finish
haemorrhage haemorrhage

Figure 1.2
A representative trace showing pulsatile arterial pressure, mean arterial pressure, raw renal sympathetic
nerve activity and mean renal sympathetic nerve activity during haemorrhage in the conscious rabbit. The
percentages given throughout the haemorrhage period indicate the percent of total blood volume that has
been removed at that point in time. Initially as blood is withdrawn, arterial pressure is maintained at
normal levels (compensation) via an increase in sympathetic nerve activity (sympathoexcitation).
Following removal of approximately 14% total blood volume, arterial pressure falls dramatically
(decompensation) and a striking decrease in sympathetic nerve activity is observed (sympathoinhibition).
AP, arterial pressure; MAP, mean arterialpressure; RNA, renal sympathetic nerve activity; MRNA,

mean renal sympathetic nerve activity. Taken from Yamashita et a1., 1996.



the removal of approximately 15% of total blood volume, AP is maintained at normal

levels due to an increase in sympathetic nerve activity (sympathoexcitation; as illustrated

by the concomitant increase in RNA). However, as blood is continually withdrawn there

is a striking fall in RNA to below pre-haemorrhage levels. This decrease in RNA

indicates a profound sympathoinhibition, which ultimately results in a precipitous fall in

AP.

The biphasic response to haemorrhage, as described above for the rabbit, has also been

demonstrated in the un—anaesthetised dog (Vatner et al., 1974, Shen et al., 1990, Morita et

al., 1985, Hintze et al., 1982). Withdrawal of blood at the constant rate of 0.5ml/kg per

minute results in an initial compensatory increase in RNA and HR which is accompanied

by widespread vasoconstriction of renal, splanchnic and musculocutaneous vascular beds

(Vatner 1974, Morita and Vatner 1985). These changes serve to maintain AP at near

normal levels. However, once blood loss has reached a critical level (39 z 2 ml/kg;

approximately 80mins later) the initial sympathoexcitation is superseded by a profound

sympathoinhibition resulting in widespread vasodilation of renal, splanchnic and

musculocutaneous vascular beds (Vatner 1974). Consequently, AP is observed to fall

precipitously to life—threatening levels (less than 50mmHg).

Interestingly, marked species differences with respect to the timing of the initial

sympathoexcitatory phase have been reported in the literature. In contrast to the

haemodynamic response observed in conscious dogs and rabbits, early experiments

performed in the un—anaesthetised rat suggested that the initial compensatory phase of



haemorrhage (i.e., sympathoexcitation) was markedly reduced (Skoog et al., 1985,

Thoren etal., 1988, Victor et al., 1989). When 20% total blood volume is withdrawn

from the conscious rat at a rapid rate (over 1—3min), there is an immediate fall in AP, only

a slight increase in HR and no increase in plasma norepinephrine spillover concentration

suggesting no compensatory response occurs (Haggendal 1986, Darlington et al., 1986,

Elam et al., 1985, Mansson et al., 1986, Skarphedinsson et al., 1986, Victor et al., 1989).

Furthermore, these data suggest that decompensation in the conscious rat is evoked

following removal of a smaller percentage of total blood volume compared to other

species (c.f., the dog and rabbit).

However, further experiments aimed at characterising more thoroughly the

cardiovascular and hormonal response to haemorrhage in the conscious rat later revealed

that a comparable haemodynamic response to haemorrhage is evoked in the rat by

altering the rate at which blood is withdrawn. When blood is withdrawn at a relatively

slow rate (0.75% total body weight withdrawn over 5min once every half hour for 2hrs),

AP is observed to remain at baseline levels due to a compensatory increase in HR and

sympathetic nerve activity (Little et al., 1989, Fejes—Toth et al., 1988, Ohnishi et al.,

1997). Once, however, a critical volume of blood has been lost there is a profound

sympathoinhibition and precipitous fall in AP. Similar haemodynamic changes have been

observed more recently by Troy et al., 2003 following removal of 30% total blood

volume over a period of 20 minutes. Using this protocol AP and HR are maintained

within 10% of baseline values until approximately 20% of total blood volume has been



removed. From this point onwards, AP and HR fall precipitously to a life-threatening

level approximately 50% below pre-haemorrhage baseline (Troy et al., 2003).

Consistent with Morris’ description of shock in humans, profound alterations in

behavioural state following haemorrhage in the conscious rat have been reported. These

changes are characterised by reduced exploratory locomotor activity and disengagement

from the animals’ environmental surroundings (Persson and Svensson 1981).

In summary, the haemodynamic response to haemorrhage in the conscious, un—

anaesthetised rat, rabbit and dog is characterised by two successive phases: (i) an initial

compensatory phase during which AP is maintained at normal levels via a reflex

sympathoexcitation; and (ii) a subsequent decompensatory phase during which AP falls

precipitously to life—threatening levels due to a profound sympathoexcitation.

Accompanying the haemodynamic changes associated with severe blood loss are striking

alterations in the behavioural state of the animal.

1.4 General anaesthesia alters the haemodynamic response to haemorrhage

It has been reported that the haemodynamic response to blood loss is profoundly altered

by general anaesthesia. Experiments performed in the anaesthetised rat have

demonstrated that when blood is withdrawn there is an immediate reduction in both AP

and HR to below pre-haemorrhage levels. However, when blood is withdrawn at the

identical rate in the conscious, un-anaesthetised rat no change in either AP or HR is

observed (Samar et al., 1979, Seyde et al., 1985).



Underlying the haemodynamic differences observed in anaesthetised animals following

hypotensive haemorrhage compared to that seen in the un-anaesthetised animal are

marked differences in the degree of sympathetic drive evoked under each experimental

preparation. When cardiac output falls at a constant rate of 8.5% per minute in the

conscious rabbit, the normal biphasic response to blood loss is observed. That is, there is

an initial increase in sympathetic nerve activity and consequent maintenance of AP at

normal levels. However, it has been demonstrated in halothane, ketamine and propofol

anaesthetised rabbits that the same fall in cardiac output (8.5% per minute) results in

markedly reduced levels of renal sympathetic nerve activity to below pre-haemorrhage

levels. Consequently, AP is observed to fall precipitously from the onset of blood loss

presumably due to vasodilation of peripheral vascular beds (Van Leeuwen etal., 1990,

Blake et al., 1995, see also Ruta and Mutch 1989, Warren and Ledingham 1978, Yates

and Fentem 1975). Interestingly, a similar monophasic response has been described in

halothane-anaesthetised humans subject to lower body negative pressure (Ebert et al.,

1985).

In summary: The haemodynamic response to haemorrhage is altered by general

anaesthesia. Unlike the biphasic response evoked by blood loss in conscious animals and

humans, haemorrhage performed under conditions of anaesthesia evokes a monophasic

response characterised by a premature centrally-mediated sympathoinhibition and

consequent reduction in AP to below pre—haemorrhage levels. These findings suggest that

under conditions of anaesthesia even moderate hypovolaemia may lead to shock and

ultimately death (Caplan et al., 1988, Vatner 1978) and raise the possibility that



halogenated anaesthetics interact with the central neural circuitry underlying

hypovolaemic shock.

1.5 Phase 1: Compensation

Extensive studies among various species have shown that the initial sympathoexcitatory

phase of haemorrhage is mediated chiefly by the baroreceptor reflex. Following

sinoaortic barodenervation in the conscious dog, rat, rabbit and monkey, AP decreases

progressively from the onset of blood loss (Shen et al., 1989, Koyama et al., 1992,

Rentero et al., 1997, Cornish et al., 1988, Coumeya 1996, Coumeya and Komer 1991,

Victor et al., 1989, Singh et al., 1991). A similar response has also been observed in the

barodenervated rabbit and sheep following inflation of a cuff placed around the inferior

vena cava (caval cuff occlusion), a manipulation used to lower AP (by restricting venous

return) in a manner similar to that of haemorrhage (Ludbrook et a1, 1996, Wood 1989).

1.5.1 Neural Circuitry of the Baroreflex

Three medullary nuclei subserve the baroreflex: (i) the nucleus of the solitary tract

(NTS); (ii) a physiologically defined ‘vasodepressor’ region in the caudal ventrolateral

medulla (CVLM); and (iii) the rostral ventrolateral medulla (RVLM), a medullary region

that contains tonically active presympathetic neurons. The arterial baroreflex is initiated

following distortion of stretch—sensitive receptors located in the carotid sinus and aortic

arch. These so—called baroreceptors are innervated by branches of both the

glossopharyngeal and vagus nerves (cranial nerves IX and X respectively) (Dampney

1994, Spyer 1994).



In the rat, baroreceptor afferent fibres travel through the ventral aspect of the spinal

trigeminal nucleus (SpV) before turning dorsomedially to enter the region of the solitary

tract approximately 2mm rostral to the Obex (Calamus Scriptorius). At this level, some

axons terminate in the dorsal and medial subnuclei of the NTS while the majority travel

ventrally to terminate at the level of Obex in the dorsolateral subnucleus. The remaining

baroreceptor axons temiinate in the ventrolateral and commissural subnuclei between

0.5mm to 1.0mm caudal to Obex (Ciriello 1983, Chan et al., 2000). At the site of

termination, baro—sensitive afferents form excitatory synapses onto second order NTS

neurons (Velley et al., 1991, Aicher et al., 1998), which in turn project to the CVLM

(Cravo et al., 1991, Dampney 1994, Yu and Gorden 1996). The NTS to CVLM

projection is reported to be excitatory, as suggested by data showing that blockade of

glutamate receptors in the NTS with kynurenic acid results in abolition of the baroreflex

(Guyenet et al., 1987, Kubo et al., 1995, Gatti et al., 1995).

The bare—recipient region of the CVLM is located adjacent to (but independent from) the

A1 noradrenergic cell group (Aicher et al., 1995). Cells within this region are considered

to be inhibitory intemeurons located between baro—sensitive NTS neurons, which serve to

excite them, and RVLM presympathetic vasomotor neurons, which they inhibit.

Electrophysiological studies support this by showing that CVLM barosensitive neurons

can be antidromically activated from the RVLM and orthodromically activated by

baroreceptor stimulation (Jeske etal., 1995). In addition, ultrastructural evidence showing

that CVLM neurons form symmetric (inhibitory) synapses with RVLM neurons suggests

that CVLM neurons inhibit RVLM neurons through the release of GABA, a finding



supported by anatomical studies showing that barosensitive CVLM neurons are

GABAergic (Aicher et al., 1995, Jeske et al., 1995, Chan and Sawchenko 1998, Minson

et al., 1997, Schreihofer and Guyenet 2003).

Following activation of arterial baroreceptors, the firing rate of RVLM sympathetic

premotor neurons is reduced due to the GABAergic projection from the CVLM. This in

turn results in withdrawal of tonic excitatory input to sympathetic preganglionic neurons

located in the interrnediolateral cell column of the spinal cord (IML) (Dampney et al.,

1988, Dampney 1994). Early electrophysiological studies suggested that many

barosensitive neurons in the RVLM are part of the C1 adrenergic (PNMT containing) cell

population (Schreihofer and Guyenet 1997). Selective destruction of C1 neurons

following injection of anti-dopamine B—hydroxylase into the RVLM significantly

decreases resting AP and attenuates the baroreflex in the conscious rat, although such

changes are surprisingly small (Madden and Sved 2003). Furthermore, both anterograde

tracing and ultrastructural studies show that RVLM efferents and adrenergic terminals

form excitatory synapses with sympathetic preganglionic neurons in the IML (Milner et

al., 1988, Morrison et al., 1991, Oshima et al., 2006). Taken together, these data indicate

that adrenergic RVLM neurons are critical for the maintenance of both resting AP and

baroreceptor-induced sympathoexcitation. It is worthy of note, however, that given such a

small change in AP is noted following destruction of C1 neurons, it may be that non-C1

medullospinal neurons also play an important role in the maintenance of resting AP.
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Figure 1.3

Schematic diagram illustrating the neural circuitry of the arterial baroreflex. An acute reduction in blood

volume triggers a decrease in the rate of firing of tonically active baroreceptors located in the carotid sinus and

aortic arch. Consequently barosensitive neurons in the NTS which project onto CVLM neurons decrease their

rate of firing. This in turn results in disinhbition ofRVLM pre-sympathetic neurons which, via an excitatory

synapse in the IML, gives rise to an increase in sympathetic nerve activity. Arterial pressure is subsequently

maintained at normal physiological levels as a result of increased total peripheral resistance (vasoconstriction).

IX, glossopharangeal nerve; X, vagus nerve; NTS, nucleus ofthe solitary tract; CVLM, caudal ventrolateral

medulla; RVLM, rostral ventrolateral medulla; IML, intermediolateral cell column; TPR, total peripheral

resistance; AP, arterialpressure. (Figure adapted from Dampney 1994)

 



Summary

Compensation is mediated by the baroreflex. As illustrated in Figure 3, the neural

circuitry is located exclusively in the medulla and consists of a serial pathway between

the nucleus of the solitary tract (NTS), the caudal ventrolateral medulla (CVLM) and the

rostral ventrolateral medulla (RVLM). Upon sensing a fall in AP baroreceptor afferents

decrease their rate of firing. Decreased firing of baroreceptor afferents results in

decreased firing of neurons in both the NTS and CVLM. The tonic inhibition of

presympathetic RVLM neurons by GABAergic CVLM cells is thus relinquished leading

to a striking sympathoexcitation and peripheral vasoconstriction in order to maintain AP.

1.6 Phase 2: Decompensation

In contrast to the neural circuitry underlying compensation, the peripheral and central

structures involved in mediating decompensation are not well understood. From Morris’

description of shock it is clear, however, that any region(s) responsible for triggering

shock-like reactions are likely to be capable of integrating both behavioural and

physiological changes.

1.6.1 Evidence that endogenous opiates play a role in triggering decompensation

Early studies aimed at delineating possible neural circuit(s) responsible for triggering

decompensation focussed on the role of endogenous opiates. Endogenous opiates have

been shown to function in a variety of physiological systems including the cardiovascular

system (for recent discussion see Wang et al., 2007). Early experiments performed in the

anaesthetised rat showed that intravenous administration of opioids evokes a significant
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hypotension and bradycardia (Fennessy and Rattray 1971); a response that closely

mirrors that evoked by severe blood loss. Strikingly, intravenous administration of the

broad—spectrum opioid receptor antagonist naloxone has been reported to rapidly reverse

the hypotension evoked by both hypovolaemic and endotoxic shock (Faden and Holaday

1979, Holaday and Faden 1978). Interestingly, the same dose of naloxone given to

normotensive (i.e., unbled) animals had no effect on any element of the cardiovascular

system (see also Gordon 1986, Morilak et al., 1990) suggesting that although opioidergic

systems are inactive under normal circumstances, they likely play a significant role in

triggering shock-like reactions.

Further experimental reports extended these early findings made in anaesthetised animals

by showing that intravenous naloxone significantly increases AP following blood loss in

the un-anaesthetised rabbit, rat and baboon (Schadt and York 1981, Rutter et al., 1986,

Morita et al., 1988, Golanov et al., 1983, Faden and Holaday 1979, Feuerstein et al.,

1981, Bennett and Gardiner 1982). Moreover, the restorative effect of intravenous

naloxone on haemorrhage-evoked hypotension has been shown to occur as a result of

increased peripheral vascular resistance (Schadt et al., 1984) making it likely that

opioidergic mechanisms interact with the sympathetic nervous system in order to trigger

decompensation (Schadt and Gaddis 1985). Further support for this hypothesis arises

from data obtained in conscious rabbits showing that the prophylactic administration of

naloxone (intravenous bolus given prior to removal of blood) significantly attenuates the

fall in renal sympathetic nerve activity, peripheral vascular resistance and arterial
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pressure evoked by haemorrhage (Burke and Dorward 1988, Ludbrook and Rutter 1988,

Yamashita et al., 1996).

Although the experiments described above clearly indicate that opioidergic mechanisms

play a critical role in triggering decompensation, the ability of naloxone to cross the

blood brain barrier meant that it was unclear whether the effects of naloxone were

mediated via central or peripheral opioid receptors. To clarify the site of drug action and

thus further elucidate the role of opioidergic mechanisms in producing shock-like

reactions, Yamishita et al., 1996 compared the effect of naloxone to methyl—naloxone (an

analogue unable to cross the blood—brain barrier) on the changes in renal nerve activity

and AP evoked by hypotensive haemorrhage. By showing that naloxone but not methyl-

naloxone reversed the decrease in renal nerve activity and AP evoked by severe blood

loss it was concluded that the sympathoinhibition and consequent hypotension evoked by

severe blood loss is mediated via central opioid receptors (Yamashita et al., 1996).

1.6.2 Central 6—opioid receptors play a critical role in triggering decompensation

Consistent with the notion that central opioid receptors play a critical role in triggering

decompensation, experiments performed in the un-anaesthetised rat have shown that low

dose naloxone (10ug) microinjected into the lateral ventricle following hypotensive

haemorrhage produces a large pressor response (Holaday et al., 1981). As well, the

minimum fourth ventricular dose of naloxone necessary to prevent haemorrhage-evoked

sympathoinhibition is reported to be 90-900 times less than the minimum required

intravenous dose (Evans et al., 1989).
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Although widely accepted that central opioid receptors are involved in triggering

decompensation, the broad—spectrum action of naloxone meant that the receptor

subtype(s) involved were poorly characterised. An early indication that the effects of

naloxone may be mediated via interaction with o—opioid receptors arose from the

observation that high doses of intravenous naloxone (2—6mg/kg) were necessary to block

decompensation. Naloxone is known to be a strong u-receptor antagonist but only a weak

6-receptor antagonist; therefore, a larger dose was required in order to abolish opioidergic

neurotransmission at 6—opioid receptors (Evans et al., 1989, see also D’Amato and

Holaday 1984).

Further support for é-opioid receptor involvement came when it was shown that small

doses of the 6—opioid receptor antagonist naltrindole made in the fourth ventricle of

conscious rabbits prevented decompensation (Evans et al., 1989, Ludbrook and Ventura

1993). Furthermore, in the same series of experiments the 6-opioid receptor agonist

DPDPE was found to counteract the restorative effect of naloxone on AP (Evans et al.,

1989). Taken together, these data suggest that central é-opioid receptors play an integral

role in mediating decompensation.

1.6.3 Central neural circuitry underlying decompensation

Despite providing a wealth of functional evidence suggesting that central é—opioid

receptors are a critical part of the neural circuitry which triggers decompensation, the

experiments described above provide little anatomical information about possible neural

loci responsible for producing a coordinated shock response (i.e., decompensation).
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A striking finding arose when Evans and colleagues reported that decompensation as a

result of simulated haemorrhage (60% fall in cardiac output evoked by caval cuff

occlusion) was abolished following high mesencephalic decerebration in rabbits (Evans

et al., 1991). Extending this finding, recent work has shown that decompensation is

completely blocked in pre-trigeminal decerebrate rats (transection at the junction of

midbrain and pons) but not in pre-collicular decerebrate rats (transection at the junction

of midbrain and diencephalon) (Figure 4) (Troy et al., 2003). These data suggest that the

integrity of descending midbrain projections are critical for triggering the

decompensatory phase of severe blood loss.

Recent anatomical reports utilising autoradiographic, immunohistochemical and in situ

hybridisation techniques have revealed that o-opioid receptors are extensively located

throughout the midbrain. In particular, 5-opioid receptor immunoreactive cells and fibres

have been localised primarily within the midbrain periaqueductal gray (PAG) (Brodsky et

al., 1995, Kalyuzhny and Wassendorf 1998). Specifically, within the PAG, varicose

fibres and cells expressing o—opioid receptor immunoreactivity are reported to be densely

clustered throughout the ventrolateral subregion (Kalyuzhny et al., 1996, Mansour et al.,

1995, Mansour et al., 1994). As well, accumulations of 6-opioid receptor immunoreactive

varicosities have been found in both ventromedial and dorsolateral subregions of the

PAG (Kalyuzhny et al., 1996, Mansour et al., 1995, Mansour et al., 1994, Commons et

al., 2001, Commons et al., 2003).
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In addition to containing 6—opioid receptor immunoreactive cells and fibres, the PAG is

densely innervated by opioidergic neurons (Khachatun'an et al., 1985, Martin-Schild et

al., 1999) and known to contain relatively high amounts of B-endorphin and

met—enkephalin; both of which act as endogenous ligands for o—opioid receptors

(Paterson et al., 1983). Strikingly, recent experiments performed in the un-anaesthetised

rat have shown that preproenkephalin mRNA is significantly up—regulated in the

periaqueductal gray following severe blood loss (Fan and McIntosh 1993), and that

blockade of 6 opioid receptors, specifically within the ventrolateral subregion of the

PAG, significantly attenuates haemorrhage-evoked hypotension in the conscious rat

(Cavun et al., 2001).

In summary, early decerebrate experiments suggested that descending midbrain

projections are critical for triggering decompensation. As well, functional evidence shows

that central o-opioid receptors form a critical part of the neural circuitry underlying

decompensation. The midbrain periaqueductal gray receives dense opioidergic input and

contains numerous cells and varicosities immunoreactive for the 6-opioid receptor. Data

showing that severe blood loss up-regulates preproenkephalin mRNA within the PAG

makes it likely that the PAG is a pivotal neural locus which triggers decompensation via

6-opioid receptor dependent signalling pathways.
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Figure 1.4

(A) Effect of pre—trigeminal decerebration (transection at midbrain-pontine junction) on the haemodynamic

response to blood loss. Arterial pressure is maintained at normal levels whille blood is removed at a constant rate

during the haemorrhage period. (B). Effect of pre-collicular decerebration (transection at junction ofmidbrain and

diencephalon) on the haemodynamic response to blood loss. In striking contrast to pre-trigeminal decerebration, as

blood is withdrawn AP is initially maintained at normal physiological levels (compensation). Upon removal of a

critical volume of blood, AP precipitously falls to life-threatening levels (decompensatz‘on).
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1.7 The Midbrain Periaqueductal Gray

The periaqueductal gray (PAG) is the cell dense region surrounding the midbrain

aqueduct. In the rat, the PAG lies between 5.2 and 8.8mm caudal to Bregma, with the

rostral two thirds lying ventral to the superior colliculus and the caudal one third ventral

to the inferior colliculus. Laterally the PAG is bordered by descending tectospinal fibres

and the mesencephalic trigeminal tract.

1.7.1 Columnar Organisation of the PAG

Functional studies utilising injections of excitatory amino acids (EAA; D,L-homocysteic

acid, DLH) have revealed that the PAG appreciates a high degree of functional

compartmentalisation. When different populations of PAG neurons are excited one of

three responses consisting of both a behavioural and cardiovascular component occurs.

Intermediate PAG excitation lateral to the aqueduct: DLH microinjection lateral to the

aqueductal in the rostral two thirds of the unanaesthetised decerebrate rat evokes

backward defensive movements including short bursts of movement comprising

dorsiflexion of the back and extension of the forelimbs, accompanied by an increase in

AP and HR (Depaulis et al., 1992; see Figure 1.5). Stimulation of an analogous region in

the cat results in similar behavioural and cardiovascular changes concomitant with an

increase in blood flow to the head and decreased blood flow to the limbs and viscera

(Bandler etal., 1991, Carrive 1991, Carrive and Bandler 1991).
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Figure 1.5

(A) A series of 7 representative coronal sections through the midbrain periaqueductal gray matter

(PAG) of the rat showing sites at which excitatory amino acid (EAA) microinjections evoke

behavioural changes. Note that active defensive behaviour was evoked from the region lateral to

the aqueduct (red filled circles) (taken from Bandler et a1, 1991), whereas passive behaviour was

evoked from the region ventrolateral to the aqueduct (blue filled circles) (taken from Depaulis et al,

1994). (B) An identical series of seven PAG sections indicating sites where EAA microinjections

evoke cardiovascular changes. Note that hypertension and tachycardia can be evoked from the

region lateral to the aqueduct (red filled squares) (taken from Keay et a1, 1990 and Depaulis et a1,

1992), whereas hypotension and bradycardia is evoked from the region ventrolateral to the aqueduct

(blue filled squares) (taken from Keay et al, 1997). III: oculomotor nucleus; Aq; cerebral aqueduct;

DR; dorsal raphe nucleus; EW; Edinger- Westphal nucleus; ml]: medial longitudinalfasciculus.



Caudal PAG excitation lateral to the aqueduct: DLH rnicroinjection lateral to the

aqueduct in the caudal third of the unanaesthetised decerebrate rat evokes forward

defensive behaviours characterised by bursts of fast running (rapid movement of the

forelimbs) in addition to hypertension and tachycardia (Depaulis et al., 1992; see Figure

1.5). The behavioural and cardiovascular changes evoked following stimulation of an

analogous region in the cat parallel those observed in the rat however, in contrast to the

regional blood flow changes evoked following stimulation of the intermediate lPAG,

there is an increase in blood flow to the hindlimbs and a decrease in blood flow to the

head and viscera (Carrive et al., 1987, 1989, McDougall et al., 1985).

Excitation of the Ventrolateral PAG: Stimulation of neurons in the ventrolateral PAG

(leAG) results in quiescence (i.e., cessation of ongoing spontaneous activity) and

hyporeactivity (failure of an age and weight matched partner animal to evoke orientation,

startle reactions or vocalisation) (Depaulis et al., 1994). In addition, DLH microinjection

evokes hypotension (mean decrease of 19:1%) and bradycardia (mean decrease 26:2

bpm) (Depaulis et al., 1994, Keay et al., 1997; see Figure 1.5).

The differing integrated behavioural and cardiovascular responses resulting from PAG

stimulation has led to the emergence of two distinct neural substrates differentially

involved in emotional coping, that is, the ability to affect an appropriate emotional

response to either threatening or stressful situations (Bernard and Bandler 1998; for

summary see Figure 1.6). Lateral PAG excitation evokes active emotional coping

characterised by environmental engagement (confrontation, f1ght—flight reactions) and
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Figure 1.6

Illustration summarising the effects of excitatory amino acid (DLH) stimulation of both lateral and

ventrolateral columns of the midbrain periaqueductal gray (PAG). Excitation of neurons in the

rostral two thirds of the lateral PAG evokes confrontational defensive behaviour ("fight") and an

increase in arterial pressure and heart rate. Excitation of neurons in the caudal third ofthe lateral

PAG evokes forward defensive behaviour ("flight") coupled with an increase in arterial pressure and

heart rate. In contrast, excitation of neurons in the ventrolateral PAG results in quiescence and

hyporeactivity and a concommitant fall in arterial pressure and heart rate. dm, dorsomedial column

ofPAG; dorsal, encompassing both dorsolateral and lateral PAG columns; vl, ventrolateral PAG

column {Modifiedfrom Figure 1 ofKeay and Bandler 2004).



sympathoexcitation (hypertension, tachycardia, distribution of blood flow to vascular

beds with high metabolic demands). In contrast, ventrolateral PAG activation evokes a

passive emotional coping strategy characterised by environmental withdrawal

(quiescence, hyporeactivity) and sympathoinhibition (hypotension and bradycardia; for

summary see Figure 1.6). Passive emotional coping strategies function to cope with

forms of stress that are inescapable or intractable such as those resulting from blood loss

or deep pain following traumatic injury (Bernard and Bandler 1998). Of these, arguably

the most well characterised is the response evoked by pain of deep somatic or visceral

origin.

1.8 Pain of Deep Origin Produces a Shock-like State

In 1942 Sir Thomas Lewis noted that there were striking differences in both behavioural

and cardiovascular responses of people experiencing pain arising from deep origin (i.e.,

noxious deep somatic or visceral) compared to those presenting with superficial pain (i.e.,

cutaneous pain arising from the skin). Lewis reported that “painful sensations derived

from the human skin are associated with brisk movements, with rise of pulse rate, and

with a sense of invigoration, those derived from deeper structures are often associated

with quiescence, with slowing of the pulse, a fall of blood pressure, sweating and nausea”

(Lewis 1942).

Lewis’ clinical observations are supported by animal studies which demonstrate that both

deep somatic (induced by bilateral injection of 5% formalin into the deep dorsal neck

muscles) and noxious visceral (intraperitoneal injection of 3.5% acetic acid)
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manipulations evoke a significant increase in hyporeactivity and quiescence (Keay et al.,

1994). As well, both deep somatic (injection of formalin into gastrocnemius soleus

muscle and/or injection of kaolin/carrageenan into knee joint) and noxious visceral

(intravenous 5-HT and/or intraperitoneal acetic acid) manipulations evoke a substantial

reduction in AP (15—45 mmHg) coupled with a bradycardia (75-100 bpm) (Clement et al.,

1996).

Vigorous study throughout the past decade has shown that the midbrain periaqueductal

gray contains distinct neuronal populations which mediate the differing responses to pain

of deep versus superficial origin. In particular, the ventrolateral column of the

periaqueductal gray (leAG) has been shown to integrate the behavioural and

cardiovascular changes evoked by deep somatic and visceral pain (for recent review see

Keay and Bandler 2005). Briefly, neurons of the leAG have been shown to be

selectively ‘activated’ following: (i) noxious muscle stimulation (5% formalin into

gastrocnernius soleus muscle); (ii) noxious joint stimulation (4% kaolin injected into knee

joint); (iii) noxious cardiopulmonary and peritoneal stimulation (i.v. 5-HT and i.p. 3.5%

acetic acid respectively); and (iv) urinary bladder inflammation (Clement et al., 1996,

Clement et al., 2000, Keay and Bandler 1993, Rodella et al., 1998). That noxious stimuli

known to trigger a passive coping response evokes neural activation within the

ventrolateral PAG strongly suggests that the leAG forms a critical part of the neural

circuitry required to affect a passive coping reaction in response to injury. Moreover,

given that the reaction evoked by noxious deep somatic and visceral stimulation is so

profoundly similar to decompensation lends additional support to the notion that the
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ventrolateral PAG may also integrate the behavioural and cardiovascular changes

evoked by severe blood loss.

1.9 Evidence that the ventrolateral PAG precipitates shock following blood loss

As discussed above, excitation of neurons in the ventrolateral column of the PAG with

excitatory amino acids (EAA; DLH) results in cardiovascular (hypotension and

bradycardia) and behavioural (quiescence, decreased vigilance, decreased reactivity)

responses identical to those characteristic of decompensation. As well, intra—leAG

microinjection of the 6-opioid receptor agonist DPDPE has been reported to evoke

hypotension (mean decrease l7 1 2.3%) and bradycardia (mean decrease 31 :- 5.5bpm;

range 6—72bpm) (Keay et al., 1997).

Experiments utilising expression of the protein product (Fos) of the immediate early gene

c-fos to identify the patterns (both spatial and temporal) of neuronal activation in

response to various experimental manipulations have revealed that there is a selective

increase in leAG Fos-expression following severe haemorrhage (removal of 25% total

blood volume over 10 min) (Keay et al., 2002) in addition to pharrnacologically induced

hypotension of comparable magnitude (Murphy et al., 1995, Horiuchi et al., 1999, Potts

et al., 2000, Li et al., 1994).

Still more powerful evidence to suggest that the leAG plays a critical role in the

expression of decompensation has arisen from recent physiological experiments

performed in the conscious rat and rabbit. Electrophysiological recordings made from
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VlPAG neurons have revealed that a discrete population of VlPAG neurons show an

abrupt increase in firing rate moments before the onset of haemorrhage-evoked

hypotension (Schadt et al., 2006). As well, bilateral inactivation of VlPAG neurons

(microinjection of intra-leAG lignocaine or the GABA receptor agonist muscimol) has

been reported to significantly attenuate the hypotensive phase of severe haemorrhage and

to abolish haemorrhage-evoked sympathoinhibition (Cavun and Millington 2001, Dean

2004). Further experiments substituting 1ignocaine with cobalt chloride, an inhibitor of

synaptic transmission, have been shown to produce an even greater inhibitory response

(Cavun and Millington 2001). These data strongly suggest that synaptic transmission

within the VlPAG is responsible for co-ordinating the shock—like reaction precipitated by

severe haemorrhage.

Summary

Stimulation of the ventrolateral column of the midbrain PAG produces a response

strikingly similar to the shock-like reaction evoked by deep pain (somatic and/or visceral)

and severe haemorrhage. Experimental evidence has shown that VlPAG neurons are

“activated” by such events (deep somatic/visceral pain, severe haemorrhage), and that

VlPAG inactivation abolishes the decompensatory phase of haemorrhage. These data

provide powerful evidence that the integrity of the ventrolateral periaqueductal gray is

critical for the expression of shock—like reaction(s) evoked by traumatic injury.
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1.10 Output projections of the leAG — anatomical substrates for decompensation

To produce a co—ordinated shock-like response, the leAG must possess appropriate

efferent pathways capable of modulating cardiovascular sympathetic outflow and

affecting appropriate behavioural changes. Anterograde tracing studies have

demonstrated that the PAG provides no direct input to sympathetic premotor neurons in

the intermediolateral cell column (IML) (Mouton and Holstege 1994, Farkas et a1., 1998).

This suggests that the PAG modulates all sympathetic functions via indirect pathways,

presumably involving synaptic relay(s) in medullary sympathetic premotor cell groups.

Both anterograde and retrograde tracing studies show that the leAG projects to three

main cardiovascular regulatory regions in the medulla: (i) the rostral ventrolateral

medulla (RVLM) (Van Bockstaele et a1., 1991, Keay et a1., 2000, Farkas et a1., 1998,

Chen and Aston-Jones 1995, Chen and Aston Jones 1996, Verbeme and Guyenet 1992);

(ii) the caudal ventrolateral medulla (CVLM) (Henderson et a1., 1998, Henderson et a1.,

2000, Chen and Aston Jones 1996); and (iii) the caudal midline medulla (CMM)

encompassing the nucleus raphe obscurus (RFC) and raphe pallidus (RPa) (Henderson et

al., 1998).

Rostral ventrolateral medulla: Neurons in the leAG have been shown to project to the

sympathoexcitatory region of the RVLM (Carrive et a1., 1989, Carrive and Bandler 1991,

Van Bockstaele et a1., 1991, Keay et a1., 2000, Farkas et a1., 1998, Chen and Aston-Jones

1995, Chen and Aston Jones 1996, Verbeme and Guyenet 1992). Following

microinjection of the anterograde tracer phaseolus vulgaris leucoagglutinin (FHA-L) into

the leAG, labelled fibres and terminals are observed to be intermingled among
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adrenergic neurons of the C1 cell group (as revealed by phenylethanolamine N-methyl

transferase immunoreactivity) (Chen and Aston Jones 1995). However, given that only a

small number of PHA-L varicosities and boutons have been observed in close apposition

with catecholaminergic elements, and that only a small number of RVLM-projecting

leAG neurons are double labelled with pseudorabies virus (PRV) retrogradely

transported from the stellate ganglion (Farkas et al., 1998) suggests that only a small

proportion of RVLM projecting VlPAG output neurons directly innervate C1 adrenergic

cells.

It is well documented that the RVLM contains tonically active pre-sympathetic neurons.

For the leAG to produce sympathoinhibition via the RVLM, logically it would need to

inhibit the ongoing activity of these sympathetic vasomotor neurons. Electrophysiological

studies have revealed that electrical stimulation of the leAG inhibits both spontaneous

and DLH-induced activity of RVLM neurons (Wang and Lovick 1992, Wang and Lovick

1992, Wang and Lovick 1993). This effect has been shown to be reduced following

systemic administration of the 5—HT receptor antagonist spiperone (Wang and Lovick

1992), and by direct iontophoretic application of the selective 5-HT1A receptor antagonist

WAY-100653 into the pressor region of the RVLM. These findings suggest that leAG—

evoked sympathoinhibition may be mediated by 5-HT1A receptors in the RVLM (Bago

and Dean 2001).

Direct evidence for the involvement of the leAG to RVLM pathway in precipitating a

shock-like state arose when it was reported that following intramuscular injection of 5%
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formalin into the deep dorsal neck muscles, a significant number of “activated” neurons

within the caudal leAG projected to the RVLM (approximately 25%) (Keay et al.,

2000). This result suggests that leAG—dependent cardiovascular responses may be

mediated (either wholly or in part) via a direct projection from the leAG to the RVLM.

Caudal ventrolateral medulla: The CVLM is located in the ventrolateral tegmentum of

the medulla extending caudally from the level of Obex to the spinomedullary junction.

Interrningled within this region are catecholaminergic neurons (predominantly

noradrenergic) comprising the A1 cell group. EAA microinjection into the CVLM of the

rat evokes a profound hypotension (mean fall of 29i3%) and bradycardia (mean fall

15:3%) (Henderson et al., 1998, Henderson et al., 2000).

Much attention has been given to the role of the CVLM in modulating acute

cardiovascular perturbations (see baroreflex above). However, evidence also exists which

suggests the CVLM is involved in producing “behaviourally coupled” responses.

Following hypotensive haemorrhage a significant number of CVLM neurons are

activated, including many neurons in the A1 catecholaminergic cell group (Dayas et al.,

2001, Chan and Sawchenko 1994, Chan and Sawchenko 1998, Buller et al., 1999, Dun et

al., 1993). Furthermore, following bilateral inactivation of the CVLM with cobalt

chloride, the magnitude of the fall in both AP and HR is significantly attenuated

following hypotensive haemorrhage (Henderson et al., 2000). These data suggest that the

CVLM is not only involved in regulating acute “homeostatic” cardiovascular functions,
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but may also be involved in mediating “behaviourally — coupled” cardiovascular changes

(i.e., those associated with stimuli capable of producing a shock—like state).

Caudal midline medulla : Neurons within the caudal midline medulla (CMM) including

portions of the raphe obscurus and raphe pallidus nuclei are known to influence

sympathetic nerve activity (Larsen et al., 2000, Nakamura et al., 2004, Gilbey et al.,

1981, McCall and Harris 1987, Morrison 1993, Cao and Morrison 2003, Morrison and

Gebber 1982). Following EAA microinjection into a restricted rostral region of the

CMM (approximately 1.5mm rostral to Obex), powerful sympathoinhibitory and

vasodepressor responses have been observed (Henderson et al., 1998, Henderson et al.,

2000, Heslop et al., 2002, Coleman and Dampney 1995, Coleman and Dampney 1998).

Furthermore, it has been reported that under both halothane and urethane anaesthesia, the

integrity of the rCMM is critical for the expression of the hypotensive phase

(decompensation) of haemorrhage (Henderson et al., 2000, Henderson et al., 2002,

Heslop et al., 2002). Specifically, inactivation of the rCMM with either 1ignocaine or

cobalt chloride abolishes the hypotension and bradycardia evoked by severe haemorrhage

(Henderson etal., 2000, 2002, Heslop et al., 2002).

In contrast to the ventrolateral medulla, the CMM appears to have no role in regulating

homeostatic cardiovascular function. Blockade of the CMM neither alters resting AP and

HR, nor has any effect on the hypotension and bradycardia evoked following

baroreceptor unloading or activation of 5—HT3 sensitive cardiopulmonary vagal afferents

(Coleman and Dampney 1998, Henderson etal., 2000, McCall and Harris 1987).
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Figure 1.7

Schematic summary of the major descending output projections from the ventrolateral
column ofthe PAG. The leAG projects to the "vasopressor" rostral ventrolateral medulla,

the "vasodepressor" region ofthe caudal midline medulla, and the "vasodepressor" region

ofthe caudal ventrolateral medulla. Projections to one or more ofthese areas may be
responsible for mediating decompensation. leAG, ventrolateral periaqueductal gray;

RVLM, rostral ventrolateral medulla; CMM, caudal midline medulla; CVLM, caudal

ventrolateral medulla.



Consistent with these findings, it has been reported that lesions of the midline medulla

blocks the hypotension and bradycardia evoked by electrical stimulation of nociceptive

muscle afferents (A6 and C-fibres originating in the sciatic nerve) but not following

excitation of vagal afferent nerve fibres (Johansson 1962, Evans et al., 1993, McCall and

Harris 1987).

Previous electrophysiological studies have revealed a link between leAG—evoked

vasodepression and the CMM. Excitation of the leAG results in hypotension and

bradycardia which has been shown to be mediated by inhibition of RVLM neurons.

However, microinjection of GABA into the CMM reduces the duration of leAG-evoked

inhibition of RVLM neurons whereas blockade of neural activity within the CMM

abolishes the inhibition altogether (Wang and Lovick 1993, Verbeme et al., 1999, Zhang

et al., 1994, Verbeme and Guyenet 1992). These results strongly suggest that

vasodepression elicited from the leAG is mediated by an output circuit which first

synapses in the CMM before reaching and inhibiting the activity of vasoactive neurons in

the RVLM.

Summary

The ventrolateral PAG has no direct input to sympathetic preganglionic neurons of the

IML indicating that it modulates sympathetic nerve activity via indirect pathways. The

leAG projects heavily onto three important cardiovascular regulatory regions in the

medulla: (i) the vasopressor region of the RVLM; and (ii) the vasodepressor regions of

the caudal medulla; CVLM and CMM. The projection from leAG to RVLM has been
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shown to form part of the circuit responsible for producing a shock—like state following

noxious muscle stimulation while both the CVLM and CMM have been shown to be

critical neural structures for the expression of decompensation. Delineating the

functional-anatomical organization of output projections from the leAG to each of these

medullary regions would undoubtedly provide a significant first step towards

understanding the central events precipitating shock after injury.
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HYPOTHESIS I

It is proposed that the ventrolateral PAG produces the cardiovascular changes evoked by

haemorrhage (i.e., haemorrhage—evoked hypotension) via descending projections to one

or more medullary cardiovascular regulatory regions — RVLM, CVLM, CMM.

To investigate this hypothesis an initial series of experiments were performed to confirm

that the ventrolateral PAG contains a population of neurons which are selectively

activated by severe blood loss. A second series of experiments aimed to identify the

medullary projections of this population of neurons whose selective activation triggers

decompensation.
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1.11 Signals triggering decompensation

Early studies in the cat showing that haemorrhage-evoked hypotension was preceded by

increased activity of left ventricular cardiac mechano—sensitive vagal afferents led to the

hypothesis that decompensation is triggered by a combination of poor diastolic atrial

filling, and subsequent contraction of the myocardium around poorly filled ventricles

(Pearce and Henry 1955, Oberg and Thoren 1970, 1972, 1973). The notion that signals

arising from cardiac vagal afferents were responsible for triggering decompensation

gained further support when it was shown that bilateral cervical vagotomy delays the

onset of decompensation in the unanaesthetised rabbit (Evans et al., 1994), and abolishes

haemorrhage-evoked sympathoinhibition in the unanaesthetised rat (Skoog et al., 1985,

Thoren et al., 1988, Togashi et al., 1990).

In contrast to early work which focussed on the contribution of cardiac vagal afferents in

triggering decompensation, recent work provides compelling evidence to suggest that the

critical signal may infact arise from cardiac spinal afferents. In contrast to bilateral

vagotomy which delays the onset of blood loss induced sympathoinhibition, blockade of

cardiac spinal afferents (in addition to cardiac vagal afferents) with pericardial procaine

infusion abolishes decompensation altogether (Ludbrook and Ventura 1996). Evaluating

the specific contributions of cardiac spinal versus cardiac vagal afferents in the

unanaesthetised rat, Troy and colleagues have since reported that cardiac spinal

deafferentation (achieved by bilateral stellate ganglionectomy) significantly delayed the

onset of decompensation whereas selective cardiac vagal deafferentation (achieved by

bilateral vagal sensory rhizotomy) neither delayed nor attenuated the onset of
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decompensation (Troy et al., in press). Taken together, these findings indicate that in the

conscious rat, haemorrhage—evoked hypotension is triggered by signals arising from the

heart which are carried by spinal rather than vagal afferents.

The central projections of cardiac spinal and cardiac vagal afferents differ. Cardiac spinal

afferents travel within the sympathetic nerves (superior, middle and inferior cardiac

nerves) before terminating in the superficial dorsal horn of the thoracic spinal cord

(lamina 1; T2—T6) (White 1933, Meller and Gebhart 1992). Ascending spinal projections

to the brainstem have been shown to play an important role in initiating homeostatic

control in response to a number of somato-sympathetic reflexes (Sato and Schmidt 1973).

Anterograde tracing studies have revealed dense bilateral inputs arising from spinal cord

lamina 1 to a restricted portion of the caudal ventrolateral medulla, a brainstem region

uniquely positioned to subserve such responses (Craig and Kniffki 1985, Craig et al.,

1995, Westlund and Craig 1996).

The caudal ventrolateral medulla (CVLM) contains neurons integral to cardio—respiratory

function (for review see Dampney 1994). It also contains the A1 (noradrenergic) cell

group which is known to be critical for eliciting appropriate neuro—endocrine responses to

stressful stimulation (Blessing et a1., 1980, Day and Sibbald 1990, Sawchenko et al.,

1996). Previous double—label studies in the primate have shown that ascending neurons

within the superficial dorsal horn (specifically lamina 1) form direct mono-synaptic

connections onto A1 noradrenergic neurons (Westlund and Craig 1996). This finding

suggests that signals arising from cardiac spinal afferents present within the myocardium
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may ascend via lamina I projections and synapse onto A1 neurons within the caudal

brainstem.

Previous reports show that Al neurons are ‘activated’ (i.e., express Fos—IR) following

severe hypotension (haemorrhage and/or graded caval occlusion) in both conscious and

anaesthetised rats (Buller et al., 1999, Chan and Sawchenko 1994, Chan and Sawchenko

1998). As well, the PAG has been shown to receive significant input from the A1 cell

group (Herbert and Saper 1992), and in vitro electrophysiological studies have shown

that noradrenaline depolarises the vast majority of ventrolateral PAG neurons (Vaughan

et al., 1994). Taken together these data suggest that the A1 cell group may play a critical

role in relaying signals received from cardiac spinal afferents (or from other visceral

sites) to the midbrain PAG, which are responsible for triggering decompensation.

The central termination pattern of vagal afferent fibres arising from the heart have been

well characterised. They include: (i) myelinated mechanoreceptive A6 fibres which form

a complex network of flower-spray endings in atrial epicardial and endocardial

connective tissue (Paintal 1963, Miller and Kasahara 1964, Quigg 1991 , Cheng et al.,

1997); and (ii) non-myelinated C-fibres which form a plexus in both atrial and ventricular

endocardium. As well as responding to mechanical distortion of the ventricular

myocardium, cardiac vagal C—fibres have been shown also to respond to chemical and

nociceptive stimuli (Paintal 1963, Miller and Kasahara 1964, Quigg 1991, Cheng et al.,

1997).
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The central projections of cardiac vagal afferent fibres have been well characterised.

Following intra-cardiac injection of HRP, transganglionic labelled fibres are observed to

travel within the dorsomedial medulla before terminating within the nucleus of the

solitary tract (NTS) (Kalia and Mesulam 1980, Xie et al., 1999, Corbett et al., 2005). It

has long been recognised that the NTS is a central sensory relay nucleus critical for

integrating multiple afferent inputs which contribute to autonomic function (Spyer 1994).

NTS neurons have been shown to respond to electrical, chemical and mechanical

stimulation of cardiac vagal afferent fibres (Bennet et al., 1985, Silva-Carvalho et al.,

1998, Oshinara et al., 2006). As well, increased numbers of Fos—positive neurons have

been found in the NTS following hypotensive haemorrhage (Badoer et al., 1993, Dun et

al., 1993). Interestingly, many TH-immunoreactive NTS neurons (i.e., those belonging to

the A2 cell group) have also been found to express Fos protein following hypotensive

haemorrhage (Buller et al., 1999, Dun et al., 1993). These data suggest that NTS

noradrenergic (i.e., A2) neurons may also form an important part of the ascending

pathway responsible for triggering haemorrhage—evoked decompensation.

1.12 Other signals triggering decompensation:

In addition to the signals arising from the heart, two other potential signals that have been

suggested as being critical for the expression of decompensation are: (i) signals arising

from the kidney; and (ii) nociceptive signals arising from the viscera as a result of global

ischaemia.
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1.12.1 Signals arisingfrom the kidneys: During the initial compensatory phase of

haemorrhage, renal vasoconstriction results in a dramatic decrease in renal blood flow

(up to 70%), which decreases even further with the onset of decompensation (up to

250%). The combined effect of this intense vasoconstriction has been shown to lead to

renal ischaemia (Anderson and Szenasi 1994). Renal arteries and veins both contain

mechanoreceptors and chemoreceptors, the latter of which may become activated by the

ischaemia resulting from severe blood loss (Recordati et al., 1978, 1981). In the rat,

electrical stimulation of the renal nerve results in a profound decrease in arterial pressure

coupled with an increase in plasma vasopressin concentration (Ueda et al., 1967, Herman

and Kostreva 1986, Lappe et al., 1985, Webb and Brody 1987, Simon et al., 1989, Stella

and Zanchetti 1991).

Studies utilising transport of horseradish peroxidase from the cut end of the renal nerve

have identified that renal afferents enter the dorsal horn of the spinal cord through the

dorsal root ganglia of lower thoracic and upper lumbar segments (T6 to L2) (Ciriello and

Calaresu 1983, Donovan et al., 1983, Ferguson et al., 1986). Renal afferent terminations

in the spinal cord are localised to lamina I, III, IV, V and X where they synapse onto

spinal cord neurons which also receive input from other deep visceral and somatic

structures (Stella and Zanchetti 1991). However, lamina 1 neurons are unique and

respond exclusively to stimulation of renal nerve fibres not to stimulation of other

visceral structures (Knuepfer et al., 1988) suggesting that lamina I neurons, which receive

renal afferent input, may be reserved for relaying signals to the brainstem when renal

homeostasis becomes compromised such as during severe blood loss.
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Afferent information carried from the kidney to the spinal cord originates from one of

two sensory receptors: (i) renal mechanoreceptors sensitive to mechanical stimuli (i.e.,

changes in arterial, venous, or ureteral pressure); and (ii) renal chemoreceptors activated

by renal ischemia, changes in ionic composition of the interstitium, or by noxious

stimulation (Moss et al., 1990, Recordati et al., 1980, Recordati et al., 1978, Rogenes

1982). It is suggested that signals from the kidney which may be critical for the

expression of decompensation arise from renal chemoreceptors given that these receptors

become active only during conditions of impaired renal blood flow such a those resulting

from clamping of the renal artery, prolonged renal vein occlusion, and systemic asphyxia

(Recordati et al., 1978).

Functional—anatomical studies using occlusion of the renal artery to induce renal ischemia

(and subsequent activation of renal chemoreceptors) have revealed that large numbers of

c-Fos immunoreactive nuclei are expressed in the dorsolateral aspect of lamina I of the

spinal cord (Rosas—Arellano et al., 1999). Furthermore, renal ischaemia has been shown

to evoke large numbers of Fos—positive catecholaminergic neurons within the

ventrolateral medulla (Ding 2001).

Experiments performed to identify the contribution renal afferents make toward

triggering decompensation revealed that bilateral renal denervation in the conscious rat

delays and attenuates the fall in AP evoked by severe haemorrhage (Kemal Ozsayin.,

Honours Thesis 2004). Interestingly, hypotensive haemorrhage following renal

denervation produced a tachycardia of 25% relative to baseline values suggesting that the
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attenuation in hypotension evoked by renal denervation may reflect a change in cardiac

contractility. Further experiments showed that atropine administration prior to

hypotensive haemorrhage results in an identical delay and attenuation of haemorrhage—

evoked hypotension. It is therefore unlikely that renal afferents provide a significant

contribution toward triggering decompensation; however likely play a role towards

triggering haemorrhage—evoked bradycardia.

1.12.2 Nociceptive signals arisingfrom deep somatic and visceral structures: It has been

suggested that nociceptive signals of deep somatic or Visceral origin contribute to

triggering hypotension and bradycardia evoked by severe blood loss (Evans and

Ludbrook 1991, Fitzpatrick etal., 1993, Ludbrook 1993, Evans et al., 1994). During the

initial compensatory phase of blood loss, blood flow is redirected from selected vascular

beds such as splanchnic, renal, cutaneous; in order to maintain perfusion to vital

structures (brain, myocardium etc.) (Johnson 1994, Thoren et al., 1998, Vissing 1997).

The redistribution of blood flow, in addition to intense vasoconstriction as a result of

increased sympathetic drive and rapidly decreasing cardiac output, may be sufficient to

produce severe ischaemia in many skeletal muscle and visceral vascular beds (Mudge et

al., 1976, Skarphedinsson et al., 1986).

Ischaemic cells have been shown to release potassium ions, prostaglandins, and

bradykinin, all of which are capable of depolarising nociceptive nerve fibres. Nociceptive

signals are relayed to the central nervous system via either lightly myelinated (A6) or

unmyelinated (C-fibre) afferent nerve fibres. Nociceptor activation following renal-pelvic
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distension (Brasch and Zetler 1982), colo—rectal distension (Banner et al., 1995),

distension of the small intestine (Skofitsch and Lembeck 1980) and noxious stimulation

of the stomach, heart and peritoneum (Sabbatini et al., 2004, Meller and Gebhart 1992,

Dawes 1947, Clement et al., 1996, Keay et al., 1994) has been shown to evoke a

hypotension and bradycardia strikingly similar to that of haemorrhage.

The caudal VLM has been identified as a brainstem region critical for nociceptive—

cardiovascular integration (Tavares et al., 1997). Stimulation of the caudal VLM results

in a powerful inhibition of spinal cord dorsal horn nociceptive neurons (Morton et al.,

1983, Janss and Gebhart 1988, Liu and Zhao 1992) as well as depression of nociceptive

reflexes (Gebhart and Osipov 1986, Janss and Gebhart 1987). Furthermore, blockade of

the caudal VLM abolishes the depressor response evoked by stimulation of greater

splanchnic nerve afferent fibres, electrical stimulation of the tibial nerve, and the

vasodepression evoked by activation of 5—HT3 sensitive cardiopulmonary afferents (Peng

et al., 2002, Verbeme et al., 1989, Ruggeri et al., 1995). Thus, nociceptive signals arising

from deep somatic or visceral structures as a result of the initial compensatory phase of

haemorrhage are likely to be relayed to the caudal VLM where an appropriate integrated

nociceptive-cardiovascular response is actioned.

It is interesting to note that in addition to releasing substances that activate nociceptors,

ischaemic cells also release substances that have the capacity to activate chemoreceptors

present on cardiac spinal afferents within the myocardium (Ludbrook 1990, Hainsworth

1991). There is much evidence to suggest that sympathetic afferent nerves arising from
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the left ventricle exhibit chemo-sensitivity given that they respond to acetylcholine,

sodium cyanide, histamine, veratridine, bradykinin and asphyxia (Nishi and Takenaka

1973, Staszewska—Woolley et al., 1986, 1988). The activity of cardiac sympathetic

afferents has been shown to increase following coronary artery occlusion and injection of

both bradykinin and capsaicin into the epicardium (Staszewska—Woolley et al., 19876,

1988, Pan et al., 2004). Moreover, Fos expression has been shown to increase in lamina I

of the spinal cord, as well as within the ventrolateral medulla in response to activation of

cardiac ischaemia-sensitive afferent neurons (Hua et al., 2004, 2003).

In summary: Early experimental reports suggested that haemorrhage-evoked hypotension

is triggered by activation of left ventricular cardiac mechano-sensitive vagal afferents

precipitated by a combination of poor atrial diastolic filling and subsequent contraction of

the myocardium around poorly filled ventricles. However, recent evidence suggests that

haemorrhage—evoked hypotension is triggered by activation of cardiac spinal afferents.

The central patterns of termination differ; cardiac spinal afferents terminate within lamina

I of the spinal cord before ascending to the ventrolateral medulla while cardiac vagal

afferents terminate wholly within the NTS. Increased levels of Fos expression have been

demonstrated in both the VLM and NTS, most notably within A1 and A2 cell groups

suggesting that medullary catecholaminergic neurons (in particular noradrenergic

neurons) may form a critical part of the central afferent responsible for triggering

decompensation.
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HYPOTHESIS II

It is proposed that the central afferent pathway responsible for relaying signals from the

heart and/or ischaemic viscera in order to trigger decompensation involves a

catecholaminergic projection arising from medullary catecholaminergic cell groups to the

ventrolateral PAG.

To investigate this hypothesis an initial series of experiments were performed to quantify

the patterns of haemorrhage-evoked neural activity in specific medullary

catecholaminergic cell groups. A second series of anatomical experiments was then

carried out to determine the distribution of medullary catecholaminergic projections to

the ventrolateral PAG. A third and final series of physiological experiments confirmed

that noradrenergic neurotransmission within the ventrolateral PAG plays a critical role in

triggering decompensation.
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1.13 Clinical Correlations: Hypotensive haemorrhage in the clinical setting

As discussed in section 1.4, the haemodynamic response to blood loss is profoundly

altered by anaesthesia. Under conditions of general anaesthesia, even moderate

hypovolaemia has been shown to precipitate a profound and premature centrally—

mediated sympathoinhibition resulting in shock and ultimately death. Presently, the most

widely used general anaesthetics in the clinical setting are halogenated (i.e., sevoflurane,

isoflurane, halothane). Therefore, understanding the complex interaction(s) between

halogenated anaesthetics and the central mechanism underlying hypovolaemia represents

an important clinical issue.

The experiments performed in this thesis aiming to delineate the central afferent pathway

responsible for triggering hypovolaemic shock (presented in chapters 4 and 5) revealed

that the leAG receives dense ascending input from noradrenergic neurons in the

ventrolateral medulla (the A1 cell group). Strikingly, the vast majority of these neurons

are ‘activated’ following hypotensive haemorrhage suggesting that a noradrenergic

mechanism within the leAG may trigger the hypotension evoked by severe blood loss.

Further experiments showing that bilateral microinjections of phentolamine, a broad

spectrum alpha receptor antagonist, made in the leAG significantly delayed and

attenuated the magnitude of haemorrhage—evoked hypotension lend further support to the

hypothesis that leAG noradrenergic neurotransmission is critical for the expression of

decompensation.
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Interestingly a past study has revealed that induction of halothane anaesthesia results in a

striking increase in catecholamine concentration Within the ventrolateral PAG (Roizen et

al., 1976). As well, it has been reported that induction of halothane anaesthesia evokes

Fos—expression in leAG-projecting, A1 noradrenergic neurons (Clement et al., 1998).

The authors of this latter study suggested that activation of this pathway by halogenated

anaesthetics may explain why decompensation is dramatically potentiated in

anaesthetised animals (Ong et al., 1984, Ingwersen et al., 1987, Seyde and Longnecker

1984, Van Leeuwen et al., 1990), and why in humans, induction of general anaesthesia is

usually associated with a significant hypotension (McKinney and Fee 1998, Kadam et al.,

1993, Ebert et al., 1985).

HYPOTHESIS III

It is proposed that activation of ventrolateral PAG-projecting A1 noradrenergic neurons

by halothane anaesthesia results in the premature expression and potentiation of the

decompensatory response to severe blood loss in anaesthetised animals.

To address this issue, a final series of physiological experiments was carried out to

determine whether blockade of noradrenergic neurotransmission within the ventrolateral

PAG has any effect of the haemodynamic response to severe blood loss under conditions

of halogenated anaesthesia.
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-Chapter 2-

General Methods

All experiments were carried out following the guidelines of the NHMRC/CSIRO/AAA

“Code and Practice for the Care and Use of Animals in Research in Australia” and were

approved by the University of Sydney Animal Care Ethics Committee.

2.1 Animals

All surgical and experimental procedures were performed on adult male Sprague-Dawley

rats. All rats were obtained from ARC Perth. Prior to experimentation the animals were

housed in groups of six and were provided with food and water ad libitum. Room

temperature was maintained at 22°C and the lights were kept on a 12 hour on-oflcycle.

2.2 General Surgical Procedures

Prior to all surgical and/or experimental procedures, animals were removed from their

home cage and weighed. All procedures were performed on rats weighing between 250

and 400 grams.

2.3 Anaesthesia

Ketamine: Each animal was placed in an air—tight perspex box. In order to initiate a brief

period of CO2 narcosis, carbon dioxide was introduced into the box for approximately

five seconds via a hose connected to a C02 cylinder. During this time the animals
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respiratory signs were closely monitored. Once unconscious, the animal was removed

from the box, placed in the prone position and given an intramuscular injection of

ketamine (75mg/kg) and xylazine (4mg/kg) into the biceps femoris muscle.

Halothane: Each animal was placed into an air-tight perspex box which had an outlet

connected to a halothane vaporiser. Halothane (5%) mixed with 100% 02 was introduced

into the box at a rate of 1 litre/minute. Once unconscious, the animals were transferred to

a custom built face mask consisting of two outlets; one connected to the halothane

vaporiser, the other to an evacuation pump. The halothane concentration was

subsequently reduced to 2% in 100%2 and evacuated at a rate of 1250c/minute for the

duration of the procedure.

Anaesthesia induced by either ketamine or halothane was considered to be at an

acceptable surgical level if there was an absence of both hindlimb withdrawal and corneal

blink reflexes.

2.4 Body temperature regulation

While under anaesthesia animals were placed on a homeothermic blanket. Body

temperature was monitored via a therrno—sensitive probe which was connected to a

homeothermic blanket control unit. The temperature of the blanket was maintained at 37

: 1°C.
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2.5 Chronic Arterial and Venous Cannulation

Arterial pressure (AP) was measured via a cannula inserted into the left common carotid

artery. A venous cannula placed in the right jugular vein was used to facilitate blood

withdrawal.

Common carotid arterial cannulation: Once under halothane anaesthesia, the animal was

placed in the supine position and a superficial midline incision was made. The

stemocleidomastoid muscle was retracted allowing the common carotid to be carefully

dissected free from the carotid sheath and vagus nerve. Once free, the distal end of the

artery was occluded with silk thread (4-0) and the proximal end temporarily occluded

with a second silk thread. A small incision was made in the arterial wall allowing a

polyethylene cannula (ID 0.58mm; OD 0.96mm) filled with heparinized saline to be

inserted to the level of the aortic arch. The free end of the cannula was connected to a

pressure transducer which was in turn connected to a recording amplifier. The raw signal

was filtered through a Maclab and the pulsatile arterial pressure trace then displayed and

recorded on a Macintosh computer running Chart 4.01.

Jugular vein cannulation: Once under halothane, the animal was placed in the supine

position before an incision lateral to the midline at the level of the clavicle was made.

The right jugular vein was exposed by blunt dissection. The distal end of the vessel was

occluded with silk thread (40) and the proximal end temporarily occluded with a second

silk thread. A small incision was made in the venous wall allowing a polyethylene

cannula (ID 0.8mm; OD 1.2mm) filled with heparinized saline to be inserted to the level
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of the superior vena cava. The cannula was then passed subcutaneously and exteriorised

between the scapula. After cannulation, halothane anaesthesia was discontinued and the

animal returned to its home cage. A twenty—four hour recovery period followed before

any further experimental manipulations were performed.

2.6 Retrograde Tracer Injections

Medullary Microinjections: Following ketamine anaesthesia animals were transferred to

a stereotaxic frame and placed in the flat skull position. Non penetrating ear bars

positioned in the external acoustic meatus secured the animals head. The dorsal surface of

the skull and the dorsal neck muscles were exposed with a scalpel incision. The three

layers of dorsal neck muscles were displaced with forceps to expose the baso—occipital

plate. A dental drill was then used to remove a small (approximately 5mm2) medial

portion of the baso—occipital plate, exposing the cerebellum and dorsal surface of the

medulla at the level of the obex.

Midbrain Microinjections: Following ketamine anaesthesia animals were transferred to a

stereotaxic frame and placed in the flat skull position. The dorsal surface of the skull was

exposed with a scalpel incision. An area of bone (approximately 25mm2) located

approximately 12mm caudal to Bregma and 1.8mm lateral to the midline was removed

with a dental drill. The underlying dura mater was removed with a 19—gauge needle to

expose the dorsal surface of the cerebellum.



Pressure Injections

Microinjections were made using single barrel glass micropipettes connected to an

automated air pressure injection system (Picospritzer II). The automated air pressure

system was connected to a compressed air cylinder and applied brief pulses of air to the

micropipette barrel via polyethylene tubing. Both the strength and duration of the air

pulses were adjusted to suitable levels in order to control the injection volume. The

volume of each injection was monitored by observing the meniscus of the injectate

through a calibrated graticule eyepiece on a dissecting microscope.

2.7 Experimental Protocols

The experiments performed in this thesis aimed to identify the central circuit(s) mediating

decompensation. Three experimental protocols were used:

Normotensive (10%) Haemorrhage: Following a 2hr habituation period to the

environmental surroundings (i.e., level of lighting and ambient noise in the laboratory),

10% total blood volume was withdrawn via the venous cannula over a 10 minute period.

Following blood withdrawal, the rat was left undisturbed for a further 110 minutes before

being transcardially perfused. Ten percent total blood volume is equivalent to withdrawal

of 8 ml/kg. This manipulation was used to control for the initial norrnotensive phase of

haemorrhage (i.e., compensation).

Hypovolaemz'c (30%) Haemorrhage: Following a 2hr habituation to the environmental

surroundings (i.e., level of lighting and ambient noise in the laboratory), 30% total blood
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volume was withdrawn via the venous cannula over a 20 minute period (10% over 10

minutes, followed by the removal of an additional 20% over the subsequent 10 minutes).

Following blood withdrawal, the rat was left undisturbed for a further 100 minutes before

being transcardially perfused. Thirty percent total blood volume is equivalent to

withdrawal of 24 ml/kg.

Euvolaemic Hypotension: Following a 2hr habituation to the environmental surroundings

(i.e., level of lighting and ambient noise in the laboratory), the peripheral vasodilator

sodium nitroprusside was infused at a rate of 30ul/min over 20 minutes. The rat was then

left undisturbed for a further 100 minutes before being transcardially perfused.

2.8 Perfusion Procedure

Animals were placed in an airtight perspex box and exposed briefly to C02. Once

unconscious the animal was removed and given a 1.0ml intra—peritoneal injection of

sodium pentobarbitone (Nembutal; 60mg/ml). In experiments where the animal was

cannulated, Nembutal was administered intravenously (0.5ml made up in 0.9% NaCl).

Once unconscious the animal was placed in the supine position and three incisions made:

one through the skin and muscles above the xyphoid process followed by an incision

through both sides of the rib cage. The diaphragm was cut and the rib cage retracted to

expose the thoracic cavity. The pericardium was gently teased away from heart and a

perfusion needle connected to a peristaltic pump was inserted into the left ventricle. The

right atrium was cut and 500ml of 0.9% isotonic saline followed by 500ml of cold (4°C)

4% paraforrnaldehyde (in borate-acetate buffer; pH 9.6) was pumped through the heart.



Following perfusion the animals skull was removed, the brain collected and post-fixed in

4% paraformaldehyde for 24 hours. Following post-fixation the brain was cut into three

blocks: (i) a medullary block extending from the midbrain-pontine junction to the upper

cervical spinal cord; (ii) a midbrain block extending from the midbrain-pontine junction

to the optic chiasm; and (iii) the forebrain block extending from the optic chiasm to the

olfactory bulbs. Each block was cryoprotected in 10% sucrose made up in 0.1M

phosphate buffered saline for 2—4 days.

2.9 Mounting and Coverslipping

Once all immunohistochemical procedures had been completed each section was

mounted onto twice dipped gelatinised (1%) glass slides and allowed to air dry overnight.

Sections were then passed through an ascending series of alcohols (50%, 70%, 90%,

100%; 1min in each) before being cleared in Histoclear for approximately 10 minutes.

Each slide was then coverslipped using medical coverslips and DPX mounting medium.

Where sections contained fluorescent tracer, they were briefly dipped in 100% ethanol

and Histoclear (approximately 1min each) before being coverslipped with medical

coverslips and Fluromount mounting medium.

2.10 Microscopy

Non—fluorescent immunohistochemistry was analysed under the light microscope. Cells

were considered to be Fos-immunoreactive if DAB reaction product was clearly visible in

the nucleus at x40 magnification and could be distinguished from the background

staining at x4 to x20 magnifications. The presence of retrograde label (Fast Blue or
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Fluorogold) in neurons was determined under fluorescence illumination at x100

magnification. Double labelled neurons were identified by switching between

illumination conditions.



-Chapter 3-

Hypovolaemic shock: critical involvement of a projection

from the ventrolateral PAG to the caudal midline medulla

3.1 Introduction

In conscious mammals (including humans) progressive blood loss triggers a biphasic

haemodynarnic response. Initially, during moderate blood loss (up t015% total blood

volume), arterial pressure is maintained within a normal range by a selective increase in

sympathetic vasomotor tone in specific vascular beds (skeletal muscles, most viscera).

The net effect of this compensatory response is to maintain, in the face of falling cardiac

output, adequate vascular perfusion of critical structures (brain, heart) (Schadt and

Ludbrook, 1991, Ludbrook, 1993). In behaving animals compensation is associated

usually with increased vigilance and alertness (Persson and Svensson, 1981).

Compensation is triggered by baroreceptor unloading, i.e., it is blocked by

barodenervation (Evans and Ludbrook, 1991, Evans et al., 1994a).

If blood loss progresses and becomes severe (e.g., 15—30% total blood volume) a second

or decompensatory phase (i.e., shock), is triggered. This phase is characterised by a large

and sustained fall in arterial pressure mediated by a rapid-onset sympatho—inhibition and

often a vagally—mediated bradycardia (Schadt and Ludbrook, 1991, Ludbrook, 1993). In

behaving animals decompensation is associated with quiescence, decreased vigilance and

decreased reactivity (Persson and Svensson, 1981).
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Decompensation is thought to be triggered, at least in part, by cardiac mechanoreceptors

and/or cardiac nociceptors detecting inadequate ventricular filling and/or myocardial

perfusion (Oberg and Thoren, 1970, Oberg and Thoren, 1972, Oberg and Thoren, 1973,

Skoog et al., 1985, Thoren et al., 1988, Victor et al., 1989, Togashi et al., 1990, Evans et

al., 1994b).

Although it is well established that the baroreceptor circuitry contained within the lower

brainstem (pons, medulla) is sufficient to mediate compensation (Schadt and Ludbrook,

1991), the neural structures mediating decompensation have yet to be identified. Recent

experiments suggest that decompensation requires the integrity of the midbrain. That is,

severe haemorrhage triggers decompensation in pre—collicular decerebrate rats (midbrain

and lower brainstem intact), but not in rats decerebrated at the pre—trigeminal level

(midbrain absent) (Evans et al., 1991 , Troy et al., 2003). Additional data indicate that the

critical midbrain region mediating decompensation is the ventrolateral column of the

periaqueductal gray region (leAG). Specifically: (i) stimulation of the leAG with

excitatory amino acids evokes cardiovascular (hypotension, bradycardia) and behavioural

(quiescence, decreased vigilance and decreased reactivity) responses identical to those

characteristic of decompensation (Zhang et al., 1990, Lovick, 1992a, Depaulis et al.,

1994, Keay et al., 1997a);(ii) severe haemorrhage preferentially evokes immediate early

gene (c-Fos) expression within the leAG column (Keay et al., 1997b, Keay et al., 2002)

and (iii) synaptic blockade or reversible inactivation of the leAG significantly delays

and/or attenuates the sympathoinhibition, hypotension and bradycardia evoked by severe

haemorrhage (Cavun and Millington, 2001, Cavun et al., 2001, Dean, 2004).

The specific aim of this study was to identify the main descending pathway(s) via which

leAG neurons trigger decompensation in response to severe blood loss. A first set of

experiments confirmed that the leAG contains a population of leAG neurons
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selectively activated by severe blood loss. Subsequent experiments used a combination of

retrograde tracing and immediate early gene expression (i.e., double labeling) to identify

the medullary projections of the population of leAG neurons whose selective activation

triggers decompensation.
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Figure 3.1

Graphs illustrating the mean (iSEM) changes in arterial pressure (AP)

(percent of baseline) following either: A 10% (normotensive)

haemorrhage; B 30% (hypotensive) haemorrhage; or C intravenous

infusion of sodium nitroprusside (SNP 1mg/ml at 30u1/min). The black

marker along the abscissa indicates the period of blood withdrawal

(A&B) or infusion (C).



3.2 Materials and Methods

Data were obtained from 88 male Sprague-Dawley rats (240-400g). Prior to surgery all

animals were housed in groups of six, kept on a 12 hour 1i ght/dark cycle, and had access

to food and water ad libitum. Initially, 47 rats were anaesthetised with an intramuscular

injection of ketamine and xylazine (Ketalar 75mg/kg; Rompun 4ml/kg) before being

placed in a stereotaxic frame in the “flat—skull” position.

3.2.1 Selection of medullary sites for retrograde tracer injection: Previous anatomical

studies indicate that the leAG projects to three major medullary cardiovascular regions:

(i) the caudal midline medulla (CMM) a ‘vasodepressor’ region, which in the rat has

a restricted rostro-caudal extent (obex to approximately +1.5mm) (Cameron et al.,

1995, Henderson et al., 1998b); (ii) the caudal ventrolateral medulla (CVLM) a

‘vasodepressor’ region, located at the level of the obex, containing RVLM-projecting

GABAergic neurons (Cameron et al., 1995); and (iii) the rostral ventrolateral medulla

(RVLM) a ‘vasopressor’ region, which in the rat is co—extensive with the C1 (adrenergic)

cell group (Lovick, 1992a, Lovick, 1992b). Retrograde tracer injections were aimed at

each of these leAG-recipient, medullary cardiovascular regions.

CMM injections: In 29 rats the posterior calvarium and dorsal neck muscles were

exposed and reflected, and a small part of the occipital plate was removed exposing the

cerebellum and dorsal surface of the medulla. A single barrel glass micropipette (tip

diameter 10 — 20mm) was lowered 2.25mm from the midline on the dorsal surface of the

medulla (0.5 -1.0mm rostral to the obex) at a 23° caudo-rostral angle. Microinjections

(50ml) of retrograde tracer (Fast Blue: N=7; Fluorogold: N=22) were made via an

automated air-pressure system that applied brief air pulses (10 msec.) to the pipette

barrel. The tracers Fast Blue (FE) and Fluorogold (FG) share similar uptake, spread and
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labelling efficiencies (Richmond et al., 1994, Novikova et al., 1997, Choi et al., 2002).

To determine the volume of injectate, the level of the meniscus in the micr0pipette was

monitored via a calibrated graticule in a dissecting microscope. Each injection was made

over a period of 10 minutes after which time the pipette remained in situ for a further 10

minutes. Following removal of the pipette, the rat was removed from the stereotaxic

frame, the neck muscles sutured and the scalp incision closed. Subsequently, each animal

was given fluids (2.0ml, 0.9% saline i.p.) before being returned to its home cage. The

mobility, activity level, eating, drinking and grooming of each rat was closely observed

each post-operative day. A period of seven days was allowed for transport of the tracer

before further experimental procedures were undertaken.

RVLM and CVLM injections: In 18 rats, the dorsal surface of the cerebellum was exposed

by a small craniotomy to allow injection of retrograde tracer to be made into either the

rostral VLM (Fast Blue; N=5) or the caudal VLM (Fluorogold; N=13) using stereotaxic

co—ordinates relative to anatomical landmarks (RVLM: 12.5mm caudal to bregma;

2.0mm lateral; 10.5mm below cerebellar surface; and CVLM: obex; 1.8mm lateral;

2.25mm below medullary surface). Injection of retrograde tracer and the post-injection

recovery period was as described above. A period of seven days was allowed for

transport of the tracer before further experimental procedures were undertaken.

3.2.2 Cannulation Procedures: Each of the 47 rats injected with retrograde tracer, plus

an additional 18 rats (no tracer injection) were cannulated for subsequent removal of

blood. Each rat was anaesthetised with halothane (2%) and a cannula was placed into the

right external jugular vein. The cannula (PE tubing, OD: 0.96mm, with a 32mm silastic

tip OD: 1.19mm) was passed subcutaneously and exteriorised in the interscapular region.

Following cannulation, anaesthesia was discontinued and each animal was given an

injection of antibiotic (Norocillin, 150mg/kg, i.m.) and fluids (2ml, 0.9% saline i.p.) and
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returned to its home cage. In another 17 rats, in addition to cannulation of the R external

jugular vein, an additional cannula was placed in the L carotid artery to record pulsatile

arterial pressure. These 17 animals were used to validate the cardiovascular responses to:

(i) 10% haemorrhage; (ii) 30% haemorrhage; and iii) sodium nitroprusside infusion (see

Figure 1).

3.2.3 Experimental Protocols: Twenty four hours following cannulation surgery rats

were placed on their own bedding in an opaque plastic cage (30cm dia.) in a dimly lit

experimental room and the venous cannula was connected via heparinized, PE 50 tubing

to a 1m] plastic syringe. Each rat was then left undisturbed for 2 hours to habituate to the

surroundings. Subsequently, each rat was subjected to one of four procedures:

(i) Venous cannulation alone (no haemorrhage): following the habituation period

rats were left for an additional 2 hours and then perfused.

(ii) 10% (normotensive) haemorrhage: following habituation, 10% total blood

volume (t.b.v.) was withdrawn over a 10 min period after which the rat was

left undisturbed for an additional 110 min, followed by perfusion. Ten percent

(10%) total blood volume is equivalent to withdrawal of 8ml/kg, the range of

volumes removed was 1.84m] to 3.0m]. A 10% haemorrhage does not alter

significantly resting arterial pressure (Figure 1A).

(iii) 30% (hypotensive) haemorrhage: following habituation, 30% t.b.v. was

withdrawn over 20 min (10% over 10 minutes, followed by the removal of an

additional 20% over the subsequent 10min). Rats were then left undisturbed

for an additional 100min, followed by perfusion. Thirty percent (30%) total

blood volume is equivalent to 24ml/kg, the range of blood volumes removed



during a 30% haemorrhage was 6.72m] to 9.6111]. A 30% haemorrhage evokes

a sustained hypotensive response (Figure 1B).

(iv) Euvolaemic hypotension: following habituation, sodium nitroprusside (SNP),

a peripheral vasodilator(1mg/ml solution) was infused at a rate of 3001/min over

20 min. Rats were then left undisturbed for an additional 100min, followed by

perfusion. Infusion of sodium nitroprusside evokes a hypotensive response

similar that evoked by 30% haemorrhage (of. Figures 1B and 1C).

(v) Non—cannulated control: 6 additional rats were taken from their home cage,

placed in the opaque plastic cage in the experimental room and left

undisturbed for the same duration as procedures (i) to (iv) above and then

perfused.

3.2.4 Perfusion: each animal was deeply anaesthetised (sodium pentobarbital, 90mg/kg

i.v.) and rapidly perfused transcardially with 500ml of 0.9% saline followed by 500ml of

ice cold fixative (4% paraforrnaldehyde in borate-acetate buffer, pH 9.6). The brains were

removed, post-fixed for 4 hours in the same fixative, then cryoprotected for at least 3

days in 10% sucrose in 0.1M phosphate buffer. Fifty micron frozen, serial coronal

sections of the medulla were out immediately in order to identify the location and extent

of each retrograde tracer injection. Subsequently, frozen, 50pm serial, coronal sections of

the midbrain were cut. Every second section was collected in 0.1M phosphate buffered

0.9% saline (PBS pH 7.4) for immunohistochemical processing.
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3.2.5 Immunohistochemistry: Free-floating midbrain sections were washed in PBS, and

incubated in polyclonal rabbit anti—c—Fos (Santa Cruz, sc-5021:2000 for 24 hours at 4°C).

Sections were then washed (PBS) and incubated in biotinylated goat anti-rabbit IgG

(Vector Labs: 1:500, 2 hours at room temperature. The sections were washed again and

incubated in Extr-Avidin peroxidase (Sigma: 1:1000, 2 hours at room temperature).

Following a final wash in PBS, chromogenic detection of Fos protein with 3,3,-

diaminobenzidine tetrahydrochloride (DAB) was performed. The sections were incubated

for 20 minutes in “DAB mix” containing 10mg 3,3,—diaminobenzidine

tetrahydrochlon'de, 0.2m] of 4% ammonium chloride in 0.1M PBS (pH 7.4), 0.2m] of

20% D—glucose in 0.1M PBS (pH 7.4), made up to 20m] with 0.1M PBS (pH 7.4). The

sections were then placed in a fresh 20ml of “DAB mix” and 20_l of glucose oxidase

(Sigma: 1000U/ml) was added to the solution to initiate the chromogenic reaction.

The reaction was carried out over ice to control chromogenesis and the reaction stopped

when the background staining became visible by rinsing the sections in several changes

of 0.1M PBS (pH 7.4) (Clement et al., 1996). Sections were mounted onto gelatinised

slides, air dried, rapidly dehydrated, cleared and coverslipped with Fluoromount (Gurr).

3.2.6 Analysis: The numbers of single-labelled (Fos—immunoreactive (IR) or

retrogradely-labelled) and double-labelled (Fos-IR and retrogradely labelled) PAG

neurons were counted in five equi-distant midbrain sections (-6.8, -7.3, -7.8, —8.3 and -8.8

mm caudal to bregma) (Paxinos and Watson, 1986). Fos-IR neurons were defined under

light microscopic conditions by the presence of DAB reaction product clearly visible in

the nucleus at 40x magnification (for details see (Clement et al., 1996). The presence of

retrograde label (Fast Blue, Fluorogold) in neurons was determined under fluorescence

illumination at 100x magnification. Double-labelled neurons were identified by switching

between illumination conditions. The boundaries of each PAG column were defined

using anatomical and functional criteria as described previously (Keay and Bandler,
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2001, Keay and Bandler, 2004). The mean numbers of single-labelled and double-

labelled neurons (:SEM) in each PAG column, under each experimental condition were

compared using non-parametric statistics (Mann-Whitney U-test). Camera-lucida plots of

the distribution of single— and double—labelled PAG neurons were drawn from

representative animals.
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3.3 Results

3.3.1 PAG Fos-Immunoreactivity (IR): control, venous cannulation and

haemorrhage groups:

Figure 3.2 presents the mean numbers (:SEM) of Fos-IR cells observed in each PAG

column in the following groups: control (basal Fos—IR), venous cannulation,

norrnotensive haemorrhage (10% tbv removed) and hypotensive haemorrhage (30% tbv

removed). Comparisons of the numbers of PAG Fos—IR cells in control versus venous

cannulation animals revealed a significant increase in Fos-IR in the leAG of the venous

cannulation group alone (control, 137.5 1 14.8 vs v cann, 227.3 1- 27.1, p<0.01). Compare

also Figs 3.3B and 3.3C and Figs 3.4B and 3.4C.

Compared to venous cannulation rats, norrnotensive haemorrhage increased the numbers

of Fos—IR cells only in the dorsolateral (leAG) and lateral (lPAG) columns (leAG: v.

cann 105.8: 9.9 vs 10% haem 173.3 $11.9, p< 0.01; lPAG: v. cann 151.7 1 7.3 vs 10%

haem 193.3 i 13.6, p< 0.05; leAG: v cann 227.3 :1: 27.1 vs 10% haem 226.7 i 7.6, n.s.).

Compare also Figs 33.C and 3.3D and Figs 3.4C and 3.4D. In contrast, when 30% tbv

was withdrawn, i.e., a hypotensive haemorrhage, Fos—IR was increased only in the leAG

(leAG: 10% haem 173.3 1 11.9 vs 30% haem 163.7 i 14.2, n.s.;1PAG: 10% haem

193.3 i 13.6 vs 30% haem 191.0 1 19.7, n.s.; leAG: 10% haem 226.7 :I: 7.6 vs 30%

haem 512.0 : 32.9, p< 0.001). Compare also Figs 3.3D and 3.3E and Figs 3.4D and 3.4B.

To summarise, the sudden transition during progressive blood loss, from normotension

to hypotension is associated with a selective and dramatic increase in Fos-IR only within

the leAG.
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Figure 3.2

Bar graphs summarising the PAG columnar distribution of Fos—immunoreactive (IR)

neurons. Each bar represents the mean number (:bSEM) of Fos-IR cells in: (i) control

rats (N=6), and following (ii) venous cannulation alone (N=6); (iii) 10%

(normotensive) haemorrhage (N=6); and (iv) 30% (hypotensive) haemorrhage (N=6).

Significance relative to control (Mann-Whitney U-test), Tp<0.05, Hp<0.01,

THp<0.005. Significance relative to venous cannulation alone (Mann-Whitney U-

test), *p<0.05, **p<0.01, ***p<0.005.
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Figure 3.3

Panels A to F show camera lucida reconstructions of five, equi-distant PAG coronal sections (bregma -6.8mm to

-8.8mm; rostral to left). Panel A shows the location ofthe dorsomedial (deAG), dorsolateral (leAG), lateral
(lPAG) and ventrolateral (leAG) columns of the PAG as defined by earlier functional-anatomical studies (for
review see Keay and Bandler 2004). Panels B to F show the location ofFos-IR neurons (black dots) evoked in B

naive controls, and following C venous cannulation; D normotensive (10%) haemorrhage; E hypotensive (30%)

haemorrhage; and F euvolaemic hypotension (sodium nitroprusside infusion; 1mg/ml).



 
Figure 3.4
PanelA illustrates on a 00mm! section ofthe PAG (Bmgma -7.8mm) the location ofthe dorsomedial
(deAG), dorsolateral (leAG), lateral (lPAG) and ventrolateral (leAG) eolmmm (Bmdler and
Shipley 1994, Keay and Bandler 2004). Panels B-F are low power photomieiogmphs illustrating
Fos-IR in the leAG region indicated by the rectangle in: (B) control rats; and rats subjected to (C)
venous cannulation alone; (D) 10% (normotensive) haemorrhage; (E) 30% (hypotensive) hemor-
rhage; or (F) euvolaemic hypotension (infusion ofsodium niu'oprusside: SNP). Scale bar represents

200nm. Aq, cerebml aqueduct.



3.3.2 Medullary projections of VlPAG Fos-IR neurons following hypotensive

haemorrhage:

Camera-lucida reconstructions and photomicrographs of representative sites of

retrograde tracer injections made in the caudal midline medulla (CMM), caudal

ventrolateral medulla (CVLM) and rostral ventrolateral medulla (RVLM) are shown in

Figure 3.5. The mean (iSEM) numbers of VlPAG neurons labelled following these tracer

injections are summarized in Table 3.1A. It can be seen (Table 3.IA, left column) that: (1)

injections of Fast blue (PE) or Fluorogold (FG) into the CMM labelled similar numbers

of VlPAG neurons (Mann—Whitney, n.s.); (ii) FG injections into the CMM labelled

approximately twice the number of VlPAG neurons as did FG injections made in the

CVLM; and (iii) FB injections into the CMM labelled approximately three times the

number of VlPAG neurons as did FB injections made in the RVLM.

The numbers and proportions of medullary—projecting VlPAG neurons which were also

Fos— IR (i.e., double-labelled) following hypotensive (30%) haemorrhage are summarised

in Table 3.1A, right column (see also Fig 3.7A). It can be seen that ~1% of RVLM—

projecting and ~5% of CVLM-projecting VlPAG neurons were double—labelled. In

contrast, ~20% of CMM-projecting VlPAG neurons were double—labelled.

Photomicrographs of single and doublelabelled VlPAG neurons are shown in Fig 3.6.

As summarized in Figure 3.7B, with respect to VlPAG outputs to the medullary

cardiovascular regions studied, the vast majority of VlPAG neurons ‘activated’ by

hypotensive haemorrhage project to the CMM (~90% of all double—labelled neurons).

Many fewer double—labelled VlPAG neurons projected to the CVLM (~10%), and the

RVLM—projecting VlPAG neurons were rarely activated.
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Figure 3.5

Rows A-C show camera lucida reconstructions of representative coronal sections of the medulla. A:

representative sites of retrograde tracer injections made in CMM (FG), CVLM (FG) or RVLM (FB)

of rats subjected to hypotensive (30%) haemorrhage. B: representative injection sites in CMM (FG)

and CVLM (FG) of animals subjected to normotensive (10%) haemorrhage. C: representative

injection site in the CMM (FG) of a rat subject to euvolaemic hypotension (SNP infusion). The sites
of tracer injection are shown in black shading and the penumbra of spread in grey stippling. D:
representative photomicrographs of retrograde tracer injections made in CMM (FG), CVLM (FG) or

RVLM (PB). The scale bar indicates 1mm.



A: Hypotensive (30%) Haemorrhage
 

 

Retrogradely Labelled Neurons Double Labelled Neurons
(leAG) (VIPAG)

CMM (F8) 572 :1: 28.2 107 i 16.4 (19%)

CMM (FG) 482 i: 36.5 103 i 7.8 (21%)

CVLM (FG) 255 i 54.1 13 i 2.6 (5%)

RVLM (F8) 178 :1: 23.3 2 i 0.8 (1%)
 

B: Normotensive (10%) Haemorrhage
 

 

Retrogradely Labelled Neurons Double Labelled Neurons
(leAG) (VIPAG)

CMM(FG) 516: 18.7 St 1.5 (1%)

CVLM (FG) 237 i 31.9 4 i 1.3 (2%)

 

C: Euvolaemic Hypotcnsion (SNP)
 

 

Retrogradely Labelled Neurons Double Labelled Neurons
(vIPAG) (leAG)

CMM (FG) 548 i 22.6 14 .+. 1.2 (3%)
 

Table 3.1

Summary of the proportions of double-labelled leAG neurons projecting to targetted

medullary cardiovascular regions following: (i) hypotensive (30%) haemon'hage; (ii)

normotensive ( 10%) haemorrhage; and (iii) euvolaemic hypotension (SNP infusion).



 
Figure 3.6

Photomicrographs A-D show leAG neurons in four individual animals. Fos-IR cells are
identified by a darkly stained nucleus (nickel-enhanced diamino-benzidine). A single-labelled
Fos-IR nucleus is indicated by the white arrow in plate B. CMM-projecting (retrogradely
labelled) neurons are identified by their fluorescence under UV-light. The black arrow in plate
B indicates a single labelled (CMM-projecting) leAG neuron. The scale bar in plate D shows

20um.



3.3.3 Medullary projections of leAG Fos-IR neurons following normotensive

haemorrhage:

To determine whether the above patterns of double—label were specific to hypotensive

haemorrhage, the numbers of double—labelled leAG neurons (FG/Fos) projecting to the

CMM and CVLM were evaluated also for the normotensive (10%) haemorrhage

condition.

Firstly, it can be seen (c.f., Tables 3.1A and 3.1B, left column) that the numbers of single

(retrograde) labelled neurons in the normotensive haemorrhage experiments did not differ

significantly from those in the 30% haemorrhage experiments. However, in striking

contrast to the proportions of double—labelled neurons observed after 30% haemorrhage

(c.f., Tables 3.1A and 3.1B, right column), very few medullary-projecting leAG neurons

were double-labelled following 10% haemorrhage (CMM-projecting: hypotension, 21%

vs normotension, 1%; CVLM-projecting: hypotension 5% vs norrnotension 2%).

To summarize, with respect to leAG (medullary-projecting) output neurons ‘activated’

by hypotensive haemorrhage, almost 90% project to the CMM and further the

‘activation’ of these neurons is specific to the decompensatory phase of the response. The

relative contribution of CVLM—projecting leAG neurons is both smaller and less

specific to decompensation.

3.3.4 Fos-IR in CMM-projecting vll’AG neurons following euvolemic versus

hypovolemic hypotension:

In a final set of experiments the numbers of double-labelled neurons evoked by

euvolemic (SNP infusion) versus hypovolemic hypotension were compared to determine

the extent to which the ‘activation’ of CMM—projecting leAG neurons was a direct

consequence of blood loss. A comparison of Figs 3.1B and 3.1C shows that the SNP
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Figure 3.7

A: Bar graphs summarising the mean number (iSEM) ofCMM- (FG: N=8, FB: N=7), CVLM-

(FG: N=8) and RVLM- (FB: N=5) projecting leAG neurons which were also Fos-IR (i.e.,

double labelled) following 30% (hypotensive) haemorrhage. B: illustrates that the vast majority

(89%) project to the caudal midline medulla (CMM).



infusion evoked a maximalfall in AP nearly identical in size (60.715 mmHg vs 62.512.7

mmHg) and duration (16411.2 min vs 16511.4 min) to that evoked by 30%

haemorrhage.

Table 3.1C shows that the numbers of CMM-projecting leAG neurons were nearly

identical to those of the previous experiments (c.f., Table 3.1A, 3.18 and 3.1C, left

column). Figures 3.3 and 3.4 indicate that similar to hypotensive (30%) haemorrhage,

SNP infusion also dramatically increased leAG Fos expression over and above the

levels seen in control, venous cannulation and normotensive haemorrhage animals (of,

3.3B,C,D vs 3.3F and 3.4B,C,D vs 3.4F).

The numbers of leAG Fos-IR neurons following euvolaemic versus hypovolaemic

hypotension are compared in Figure 3.8A. It can be seen that the SNP infusion evoked

significantly less Fos—expression than did hypotensive haemorrhage (SNP 510 1 16.3 vs.

612 1 24.5. p<0.005 Mann Whitney U test). The numbers of leAG double labelled

neurons are compared in Figure 3.83. Note that in striking contrast to the large numbers

of CMM—projecting leAG neurons double—labelled after a 30% haemorrhage, veryfew

CMM-projecting leAG neurons were double-labelled after SNP infusion. In fact, the

absolute difference in the numbers of double-labelled leAG neurons following 30%

haemorrhage versus SNP infusion (103 1 7.8 vs 14 1 1.2; a diflerence of 89 neurons) (see

Fig 3.8B and c.f., Table 3.1A and 3.1C, right columns) is remarkably similar to the

difference in the numbers of Fos—IR leAG neurons following 30% haemorrhage versus

SNP infusion (612 1 24.5 vs 510.0 1 16.3; a difierence of 102 neurons) (see Figure 3.8A).

In other words, compared to hypotension triggered by SNP infusion, the hypotension

triggered by severe hypovolaemia (i.e., 30% tbv removal) evoked Fos-expressz'on in an

additional group ofleAG neurons (Figure 3.8A), ~90% ofwhich project to the CMM

(Figure 3.88).
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Figure 3.8

Bar graphs showing A: mean number (:SEM) of single labelled

Fos-IR leAG neurons; and B: the mean number (iSEM) of double

labelled (i.e., CMM-projecting, Fos-IR) neurons following

euvolaemic hypotension evoked by SNP infusion (N=5) and 30%

(hypotensive) haemorrhage(N=8). *p<0.05, ***p<0.005 (Mann-

Whitney U-test).



3.4 Discussion

The major findings of this study are illustrated schematically in Figure 3.9. Figure 3.9A

summarises the sources of leAG Fos—IR associated with an experimentally-induced,

hypovolemic (30%) haemorrhage. It can be seen that ~44% of the total Fos-IR is due to

the combination of basal expression (27%) and cannulation surgery (17%) (Figure 3.2).

The initial withdrawal of 10% total blood volume (tbv) (i.e., a normotensive

haemorrhage) did not increase leAG Fos-IR (Figure 3.2). However, the subsequent

removal of an additional 20% tbv (sufficient to trigger decompensation) more than

doubled the numbers of leAG Fos-IR cells (see Figure 3.2). As illustrated in Figure

3.9B this large increase in leAG Fos—expression (+ 56%) was a consequence of: (i) the

removal of additional blood (hypovolemia) (16% of the additional Fos—IR); and (ii) the

resultant hypotension (40% of the additional Fos-IR) (see also Figure 3.8A). Finally,

Figure 3.9C illustrates that the leAG neurons that project to the CMM are activated

almost exclusively by severe hypovolaemia and not by hypotension.

3.4.1 Haemodynamic Response to Haemorrhage: Role of Midbrain

The first study to address the possible contribution of the rostral brainstem/forebrain to

the biphasic haemodynamic response to haemorrhage, reported that decompensation to a

simulated haemorrhage (60% reduction in cardiac output evoked by gradual caval

occlusion) in the rabbit, was blocked completely by a high mesencephalic decerebration

(Evans et al., 1991). As the extent of midbrain damage was not evaluated histologically,

the authors concluded cautiously that the integrity of a suprapontine site(s) was critical

for haemorrhage-evoked decompensation. More recently (Troy et al., 2003) evaluated

specifically the contribution of the midbrain by comparing the hemodynamic response to

blood loss in precollicular decerebrate versus pre-tn'geminal decerebrate rats. It was

found that pre-trigeminal decerebration (removal of forebrain + midbrain) blocked the
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Figure 3.9
A: illustrates the sources ofleAG Fos-IR associated with an experimentally-induced,
30% hypotensive haemorrhage. B: illustrates the increased leAG Fos—IR specific to
hypotensive haemorrhage (30% tbv removal) is a consequence of both hypovolaemia

and hypotension. C: illustrates that the vast majority ofleAG neurons activated by

severe hypovolaemia, but not by hypotension, project to the caudal midline medulla.



decompensatory response evoked by 30% haemorrhage; whereas after pre-collicular

decerebration (removal of forebrain only) normal hypovolemic hypotension and

bradycardia was observed. These results indicate a critical role for the midbrain and its

descending connections in mediating hypovolaemic shock.

Earlier findings that: (i) hypotension and bradycardia were evoked by microinjection of

excitatory amino acids into the leAG of intact or pre-collicular decebrate animals

(Carrive and Bandler, 1991, Lovick, 1992a, Depaulis et al., 1994, Keay et al., 1997a);

and (ii) hypotensive haemorrhage evoked Fos—expression selectively in the leAG (Keay

et al., 1997b, Keay et al., 2002), raised the possibility that the critical midbrain region

mediating decompensation was the leAG. This hypothesis was confirmed by later

studies which reported a significant attenuation of haemorrhage—evoked decompensation

after bilateral microinjections into the leAG of either local anaesthetic (lignocaine) or a

synaptic blocker (cobalt chloride) (Cavun and Millington, 2001, Cavun et al., 2001,

Dean, 2004).

3.4.2 Ventrolateral PAG Projections to Medullary Cardiovascular Regions:

Previous anatomical tract-tracing studies revealed substantial projections from the leAG

to multiple medullary cardiovascular regions including: rostral (‘vasopressor’) (Lovick,

1985, Carrive et al., 1988, Van Bockstaele et al., 1991, Verberne and Boudier, 1991,

Lovick, 1992b, Cameron et al., 1995, Henderson et al., 1998b) and caudal

(‘vasodepressor’) parts of the VLM (Van Bockstaele et al., 1991, Cameron et al., 1995,

Henderson et al., 1998b), and the vasodepressor part of the CMM (Henderson et al.,

1998b). Somewhat surprisingly, given the extensive medullary outputs of the leAG, the

results reported here indicate that haemorrhage-evoked haemodynamic changes are

mediated by only a small subset of these projections. Specifically: (i) almost no leAG

neurons selectively activated by severe hypovolemia projected to the rostral VLM; and
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(ii) only a small number of leAG neurons selectively activated by severe hypovolemia

projected to the caudal VLM; whereas (iii) nearly all leAG neurones selectively

activated by severe hypovolemia (loss of 30% tbv) project to the CMM. In other words,

the sympathoinhibition and bradycardia triggered by severe blood loss depends critically

on activation ofCMM-projecting leAG neurons.

Consistent with this conclusion are earlier findings that microinjection into the CMM of

either local anaesthetic (lignocaine) or a synaptic blocker (cobalt chloride) respectively

either blocked, or delayed and attenuated, haemorrhage—evoked decompensation

(Henderson et al., 1998a, Henderson et al., 2000, Henderson et al., 2002, Heslop et al.,

2002). Strikingly, such blockade of the CMM altered neither resting AF or HR, nor did it

affect cardiovascular reflexes triggered by either baroreceptor—loading (i.v.

phenylephrine) or activation of 5-HT3— sensitive cardiopulmonary afferents (i.v

phenylbiguanide or serotonin) (Henderson et al., 2000). In this context the dramatic

effects on haemorrhage—evoked decompensation suggest that CMM neurons are recruited

only under special circumstances (i.e. injury—related/life—threatening challenges), the

adaptive responses to which require more than basic homeostatic cardiovascular

adjustments (see also Johansson, 1962). Injury-related signals from nociceptors in deep

somatic and visceral structures are known to trigger sudden falls in both AP and HR (i.e.,

the so called vaso-vagal reactions). Such signals are likely to be relayed to the CMM, as

its major afferents include inputs from: (i) spinal cord (laminae IV, V and X); (ii) spinal

trigeminal nucleus, specifically the transition area between 11. interpolaris and n.

caudalis; and (iii) solitary tract nucleus, particularly ventrolateral and parasolitary

subnuclei (Potas et al., 2003).

The efferent projections of the CMM have been studied recently using a combination of

retrograde and anterograde tract tracing techniques (Heslop et al., 2004). The outputs via



which the CMM could mediate haemorrhage-evoked hypotension and bradycardia

include projections to: (i) the VLM region which contains vagal (preganglionic) cardiac

motor neurons; (ii) the caudal VLM region from which vasodepression can be evoked;

(iii) regions containing sympathetic preganglionic neurons (i.e., the IML and to a lesser

extent the IMM) in the upper thoracic (Tl—T4) and thoraco-lumbar (T9-L2) spinal cord;

and (iv) the rostral VLM region from which vasopressor responses can be evoked. The

importance of the contributions of each of these pathways has yet to be established

(although see Dean and Bago, 2002).
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-Chapter 4-

Ascending medullary noradrenergic input to the

ventrolateral PAG is critical for the expression of

decompensation

4.1 Introduction

Previous studies suggest strongly that the sympathoinhibition, hypotension and

bradycardia evoked by hypotensive haemorrhage in the conscious rat is likely mediated

via a projecton from the leAG to the caudal midline medulla. Microinjection of

excitatory amino acids made into the CMM produce both sympathoinhibitory and

vasodepressor responses (Henderson et al., 1998, 2000, Heslop et al., 2002, Coleman and

Dampney 1995, 1998). As well, inactivation of the CMM with both lignocaine and cobalt

chloride has been shown to abolish the hypotension and bradycardia evoked by severe

haemorrhage (Henderson et al., 2000, 2002, Heslop et al., 2002). The anatomical studies

carried out in the preceding chapter fit well with these reports by showing that CMM

projecting leAG neurons are activated exclusively by severe hypovolaemia. Still

unknown, however, are the afferent pathway(s) which are responsible for depolarising the

population of CMM-projecting, leAG neurons which trigger decompensation.

As discussed in chapter 1 (section 1.11), early studies in the cat showing that

haemorrhage-evoked hypotension was preceded by increased activity of left ventricular

cardiac mechano—sensitive vagal afferents led to the hypothesis that decompensation is

triggered by a combination of poor diastolic atrial filling, and subsequent contraction of
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the myocardium around poorly filled ventricles (Pearce and Henry 1955, Oberg and

Thoren 1970, 1972, 1973). This hypothesis (that signals arising from cardiac vagal

afferents were responsible for triggering decompensation) gained further support when it

was shown that bilateral cervical vagotomy delays the onset of decompensation in the

unanaesthetised rabbit (Evans et al., 1994), and abolishes haemorrhage—evoked

sympathoinhibition in the unanaesthetised rat (Skoog et al., 1985, Thoren etal., 1988,

Togashi et al., 1990). However, recent work showing that: (i) blockade of cardiac spinal

afferents with pericardial procaine infusion abolishes decompensation; and (ii) selective

cardiac spinal deafferentation (achieved by bilateral stellate ganglionectomy) but not

selective cardiac vagal deafferentation (achieved by bilateral vagal sensory rhizotomy)

significantly delays the onset of decompensation (Troy et al., in press) has raised the

possibility that haemorrhage—evoked hypotension may be triggered by signals arising

from the heart which are carried by spinal rather than vagal afferents.

Despite these new insights into the peripheral triggers responsible for triggering

decompensation, the neuroanatomical pathway through which cardiac afferents (spinal

and/or vagal) convey signals from the heart to the ventrolateral PAG remains unknown.

Cardiac vagal afferents from the heart terminate within the nucleus of the solitary tract; a

central sensory relay nucleus critical for integrating multiple afferent inputs relating to

autonomic function (Spyer 1994). Increased numbers of Fos—like immunoreactive

neurons have been observed in the NTS following hypotensive haemorrhage (Dun et al.,

1993, Buller et al., 1999, Chan and Sawchenko 1994, Chan and Sawchenko 1998). As

well, a significant number of catecholaminergic NTS neurons (i.e., those belonging to
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either the A2 and/or C2 cell groups) have been found to express Fos protein following

hypotensive haemorrhage (Buller et al., 1999, Chan and Sawchenko 1994) suggesting

that catecholaminergic neurons within the NTS may play a critical role in triggering

decompensation.

Cardiac afferent projections to the spinal cord terminate in the superficial dorsal horn

within thoracic spinal segments T2-T6 (White 1933, Meller and Gebhart 1992).

Significant brainstem projections arising from superficial spinal cord laminae (lamina 1)

have been widely reported. Of particular interest, double-label studies performed in the

primate have revealed that ascending neurons within the superficial dorsal horn form

direct mono—synaptic connections with A1 noradrenergic neurons (Westlund and Craig

1996); a brainstem cell group known to be critical for eliciting appropriate neuro-

endocrine responses to stressful stimulation (Blessing et al., 1980, Day and Sibbald 1990,

Sawchenko et al., 1996).

Ventrolateral medullary A1 neurons are ‘activated’ (i.e., express Fos-IR) following

severe hypotension (evoked by haemorrhage and/or graded vena caval occlusion) in both

conscious and anaesthetised rats (Buller et al., 1999, Chan and Sawchenko 1994, Chan

and Sawchenko 1998). As well, much evidence has been gathered to suggest that Al

catecholaminergic neurons play an important role in mediating the neuro—endocrine

response to severe hypovolaemia (Buller et al., 1999, Gieroba et al., 1994, Head et al.,

1997). Haemorrhage in the conscious, unrestrained rat and rabbit has been shown to

evoke Fos-expression in PVN—projecting medullary catecholaminergic cells, suggesting
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that Al neurons are critical for the regulation of post-haemorrhagic vasopressin release

(Gieroba et al., 1992, Day 1989, Lightman et al., 1994).

In addition to providing direct input to hypothalamic nuclei involved in regulating

vasopressin release, previous anatomical reports suggest that catecholaminergic neurons

located in the lower brainstem project also to the periaqueductal gray (Herbert and Saper

1992). Following large injections of retrograde tracer in the midbrain PAG, significant

numbers of double—labelled (FAG-projecting and catecholaminergic) neurons are

observed in the region(s) of A1, A2, C1 and C3 cell groups. Further experiments utilising

immunohistochemistry directed against phenylethanolamine—N—methyltransferase

(PNMT) enabled the authors to conclude that the PAG receives significant input from

noradrenergic neurons in both the ventrolateral medulla (A1) and nucleus of the solitary

tract (A2), as well as from adrenergic neurons arising from the C1 and C3 cell groups.

Unfortunately, the midbrain PAG injections of retrograde tracer made in the above study

were not confined to any one PAG column. As discussed in chapter one, the PAG

appreciates a high degree of anatomical specialisation. Neurons located lateral to the

aqueduct produce behavioural and cardiovascular excitation when injected with an

excitatory amino acid (DLH; hyper-reactivity, hypertension, tachycardia). Conversely,

neurons located ventrolateral to the aqueduct produce behavioural and cardiovascular

depression (hyporeactivity, quiescence, hypotension, bradycardia). Earlier findings that:

(i) hypotension and bradycardia are evoked following microinjection of excitatory amino

acids into the leAG; (ii) hypotensive haemorrhage selectively evokes Fos-expression in
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the ventrolateral PAG; and (iii) haemorrhage—evoked decompensation is significantly

attenuated following bilateral microinjection of the local anaesthetic lignocaine or cobalt

chloride (an inhibitor of synaptic transmission), strongly suggests that the ventrolateral

PAG mediates the decompensatory phase of haemorrhage. If A1 and/or A2 noradrenergic

neurons do form part of the afferent pathway responsible for triggering decompensation,

naturally one would expect there to be significant and specific projections from these

regions onto the leAG.

Therefore, the following experiments were performed in order to define possible central

afferent pathway(s) responsible for triggering decompensation. An initial series of

experiments was designed to quantify the relative pattern of ‘activation’ (i.e., Fos—IR) of

medullary catecholaminergic cell groups following: (i) norrnotensive (10%)

haemorrhage; (ii) hypotensive (30%) haemorrhage; and (iii) euvolaemic hypotension

(peripherally-mediated hypotension evoked by sodium nitroprusside infusion). The

outcome of these data will provide a valuable first step in evaluating whether

decompensation might be triggered by afferent signals arising from medullary

catecholaminergic neurons, or whether the activation of such cells, as previously reported

by other authors, can be attributed to either: (i) the initial compensatory period of

haemorrhage; or (ii) occurring secondary to the fall in AP evoked by severe blood loss.

In a second series of experiments, a combination of retrograde tracer microinjections,

restricted to the ventrolateral PAG, and immunohistochemical techniques for tyrosine

hydroxylase (TH) and phenylethanolamine-N—methyltransferase (PNMT) was used to
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determine the distribution of medullary catecholaminergic projections to the ventrolateral

PAG.
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4.2 Materials and Methods — Experimental Series I

4.2.1 Animals and Surgery: Data were obtained from 14 male Sprague—Dawley rats

(250-350 grams) in accordance with animal care and ethics protocols (see chapter 2).

Prior to surgery all animals were housed in groups of six, kept on a 12 hour 1i ght/dark

cycle, and had access to food and water ad libitum.

4.2.2 Cannulation Procedures: Each of the 14 rats were cannulated for subsequent

removal of blood. Each rat was anaesthetised with halothane (2%) and a cannula placed

into the right external jugular vein. The cannula (PE tubing, OD= 0.96mm, with a 32mm

silastic tip OD= 1.19mm) was passed subcutaneously and exteriorised in the interscapular

region. Following cannulation, anaesthesia was discontinued and each animal was given

antibiotics (Norocillin, 150mg/kg, i.m.) and fluids (2ml, 0.9% saline i.p.) and returned to

its home cage.

4.2.3 Haemorrhage Protocol: Twenty four hours following venous cannulation each rat

underwent one of three procedures:

(i) Normotensive haemorrhage: withdrawal of 10% total blood volume (t.b.v.)

over 10 min. Ten percent (10%) total blood volume is equivalent to

withdrawal of 8ml/kg.

(ii) Hypotensive haemorrhage: withdrawal of 30% t.b.v. over 20 min (10% over

10 minutes, followed by the removal of an additional 20% over the
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subsequent 10min). Thirty percent (30%) total blood volume is equivalent to

24ml/kg.

(iii) Euvolaemic hypotension: infusion of sodium nitroprusside, a peripheral

vasodilator (1mg/ml solution: 30yl/min over 20 min). As described in the

previous chapter this rate of infusion evokes a hypotension identical in size

and duration to that evoked by 30% haemorrhage.

Two hours later each animal was deeply anaesthetised (sodium pentobarbital, 90mg/kg

i.v.) and rapidly perfused (transcardially) with 500ml of 0.9% saline followed by 500ml

of ice cold fixative (4% paraforrnaldehyde in borate-acetate buffer, pH 9.6). The brains

were removed, post-fixed for 4 hours in the same fixative, then cryoprotected for at least

3 days in 10% sucrose in 0.1M phosphate buffer.

4.2.4 Immunohistochemistry: Serial coronal sections of the medulla were cut on a

freezing microtome (50pm, one in five series), from the level of the spino-medullary

junction to the caudal border of the pens. Free floating sections were initially

permeabilised for thirty minutes in 50% alcohol before being washed in 3% H202 in 50%

ethanol. The sections were then rinsed for fifteen minutes in phosphate buffered saline

(PBS, pH 7.4) and blocked for ten minutes in 1% phosphate buffered saline horse serum

(PBH) before being incubated in rabbit polyclonal antibody to Fos protein (1:2000

dilution in 1% PBH), for 24 hours at 4°C. Following the primary incubation period, the

sections were washed in 0.1M PBS for thirty minutes before being incubated for 2 hours

at room temperature in biotinylated horse anti-rabbit IgG in a 1:500 dilution with PBH.
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After this incubation, the sections were again washed for thirty minutes in 0.1M PBS

before being incubated in a l: 1000 dilution of Extravidin peroxidase (in PBS) for 2 hours

at room temperature. A final fifteen minute wash in PBS followed this incubation before

the sections were placed in 15ml of DAB mix, containing 10mg diaminobenzidine, 0.2m]

of 0.4% ammonium chloride in 0.1M phosphate buffer (pH 7.4), 0.2m] of 20% D-glucose

in 0.1M phOSphate buffer (pH 7.4), and 10011.] of NiCl, on ice for 10 minutes. Fifteen

microliters (15ul) of glucose oxidase was added to the DAB mix to initiate the

chromogenic reaction, which was terminated with three rinses in 0. 1M PBS when either

Fos-immunoreactive cells were observed under a light microscope, or the background

staining became prominent.

Following the initial chromogenic reaction to reveal Fos positive medullary nuclei, the

sections were re-incubated in either mouse anti-tyrosine-hydroxylase (Santa Cruz CA;

125000 dilution in 1% PBH), or rabbit anti—phenyl-N—methyl-transferase (Santa Cruz;

PNMT, 1:1000 dilution in 1% PBH) at 4°C for three days.

Following re—incubation in primary antibody, the sections were washed in 0.1M PBS for

thirty minutes before being incubated for 2 hours at room temperature in either

biotinylated anti-mouse IgG; or biotinylated anti-rabbit IgG, in a 1:500 dilution with

PBH. After this incubation, the sections were again washed for thirty minutes in 0.1M

PBS before being incubated in a 1:1000 dilution of Extravidin peroxidase (in PBS) for 2

hours at room temperature. A final fifteen minute wash in PBS followed before the

sections were placed in 15ml of solution containing 3-amino, 9—ethy1carbazole (AEC; in
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5% dimethylformamide and 95% SOmM acetate buffer). The reaction was initiated with

H202 and terminated when neurons reactive for either TH or PNMT were visualised

under the light microscope.

Reacted sections were immediately mounted onto twice dipped gelatinised slides, air

dried, briefly immersed in glycerol (50% in PBS), and coverslipped with glycerol gelatin.

4.2.5 Materials and Methods — Experimental Series II

All experiments were carried out following the guidelines of the NHMRC/CSIRO/AAA

“Code of Practice for the Care and Use of Animals in Research in Australia” and with the

approval of the University of Sydney Animal Ethics Committee. Prior to surgery animals

were housed in groups of six, kept on a 12 hour light/dark cycle, and had access to food

and water ad libitum.

4.2.6 Animals and Surgery: Data were obtained from 6 male Sprague-Dawley rats

(250-350 grams). Rats were sedated by brief exposure to CO2 then anaesthetised with an

intramuscular injection of ketamine/xylazine (ketamine hydrochloride 75mg/kg:Rompun

4ml/kg) before being fixed in a stereotaxic frame in the “flat-skull” position. Body

temperature was maintained at 37°C with a thermoregulatory heating blanket.
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4.2.7 leAG Retrograde Tracer Microinjections: Retrograde tracer (cholera toxin

subunit B (CTb) 1%) was pressure injected into the ventrolateral PAG (for review see

Bandler and Keay 2004). Injections were made via an automated air pressure system that

applied brief air pulses (lOms) to the pipette barrel. To control the volume of injectate

the level of the meniscus in the micropipette was monitored with a calibrated graticule in

a dissecting microscope. Coordinates with respect to Bregma were antero-posterior; 12

mm caudal, mediolateral; 0.6—0.8mm and dorsoventral; 5.5mm. All injections were

made at a caudal to rostral angle of 30° to prevent leakage of tracer into the dorsally

adjacent lateral and dorsolateral PAG columns. Each injection was made slowly over a

period of 30 minutes after which time the pipette remained in situ for a further 10

minutes. Each animal was subsequently removed from the stereotaxic frame, sutured and

treated with antibiotics (Norocillin, 300mg/kg i.m.). The activity, eating, drinking and

grooming behaviour of each rat was closely monitored for the duration of the recovery

period, which lasted 7 days.

4.2.8 Perfusion and Tissue Processing: Seven days following leAG injection of

retrograde tracer each animal was sedated with a brief exposure to CO2 before being

deeply anaesthetised with a 1.0m] intraperitoneal injection of Nembutal (60mg/kg). Each

animal was subsequently perfused with 500ml 0.9% saline followed by 500ml of ice cold

fixative (4% paraformaldehyde in phosphate buffer pH 7.4). The brain of each animal

was removed and postfixed overnight in fixative before being transferred to a 30%

sucrose solution and cryoprotected for 3-4 days. Serial 50pm thick coronal sections of the
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midbrain were cut on a freezing microtome to identify the location and extent of each

leAG CTB retrograde tracer injection site.

4.2.9 Fluorescent Immunohistochemistry: Serial coronal sections of the medulla were

cut on a freezing microtome (50pm, one in five series) from the level of the Spino-

medullary junction to the caudal border of the pons. Free floating sections were initially

washed in phosphate buffered saline (0.1M, pH 7.4) for thirty minutes before being

permeabilised with a 30min wash in 50% ethanol. The sections were then rinsed for

fifteen minutes in fresh PBS and blocked for ten minutes in phosphate buffered saline

horse serum (PBH, 1% with 0.1% Triton-X 100) before being incubated for 72hr at 4°C

in a cocktail of goat anti-choleragenoid (1:2000 dilution) and either mouse anti—tyrosine

hydroxylase (1:500 dilution) or rabbit anti—phenylethanolamine-N-methyltransferase

(PNMT; 1:500 dilution) made up in PBH.

Seventy two hours later the sections were washed for thirty minutes in PBS before being

incubated in a cocktail of donkey anti—goat IgG conjugated to Cy-3 (1:200 dilution), and

either biotinylated horse anti-mouse IgG (1 :500 dilution) or biotinylated horse anti—rabbit

IgG (1:500 dilution) made up in PBH for 2hrs at room temperature. The sections were

then washed for thirty minutes in PBS before being incubated a final time in Cy-5

conjugated streptavidin (1:500 dilution made up in PBH) for 2hrs at room temperature.

Once completed the sections were rinsed for fifteen minutes in PBS, mounted onto twice

dipped gelatinised slides and coverslipped with a 50:50 mix of PBS and glycerol.
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4.2.10 Analysis — Experimental Series I: For each rat, both the number of single

labelled (Fos—IR, TH—IR, and PNMT-IR) and double labelled (Fos/l"H and Fos/PNMT)

neurons were counted in the nucleus of the solitary tract (NTS) and the ventrolateral

medulla (VLM) of individual 50pm coronal sections at seven equidistant medullary

levels (-1.0mm, —0.5mm, 0mm, 0.5mm, 1.0mm, 1.5mm, and 2.0mm relative to Obex).

The rostral and caudal limits of medullary catecholaminergic cell groups were chosen

based on values given in the chemoarchitectonic atlas of the rat brainstem (Paxinos et al.,

1999), and on previous studies (Buller et al., 1999, Chan and Sawchenko 1994, Chan and

Sawchenko 1998, Chan and Sawchenko 2000, Dayas et al., 2001a, Dayas et al., 2001b).

All data are expressed as mean 2 SEM for each region based on the combined data from

each group of animals.

The ventrolateral medulla and nucleus of the solitary tract are known to contain a mixed,

interrningling population of adrenergic and noradrenergic neurons. PNMT is known only

to occur in adrenergic cells whereas TH is an immunohistochemical marker for both

adrenergic and noradrenergic cells. Thus, the number of noradrenergic neurons was

approximated by subtracting the number of PNMT-positive neurons in one section from

the number of TH—positive neurons in an immediately adjacent section. The validity of

this method is supported by findings that in regions of the brain known to contain

adrenergic neurons only (i.e., those cells immunoreactive for PNMT), the number of TH—

positive neurons is almost identical (for details see Buller et al., 1999).
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For each group, the total number of neurons between experimental groups were

compared using non-parametric statistics (Mann-Whitney U-test); P < 0.05 was

considered significant. Between-group comparisons were made relative to animals

subject to norrnotensive (10%) haemorrhage. The validity of these comparisons is

supported by data presented in Chapter 3 which shows that there is no significant

difference in the number of Fos-like IR neurons observed in: (i) naive controls; (ii)

animals subject to venous cannulation only; and (iii) animals subject to normotensive

(10%) haemorrhage. That is, venous cannulated controls were not used in this instance

since the levels of Fos expression in naive controls, and the venous cannulated group, and

the norrnotensive (10%) haemorrhage group are indistinguishable.

Representative sections were plotted under a light microscope with camera lucida

attachment before being reconstructed onto standard atlas sections. Representative

photomicrographs were taken with an Olympus microscope (BX 51) and compiled using

Adobe Photoshop software.

4.2.11 Analysis — Experimental Series II: The numbers of single-labelled (TH—

immunoreactive, PNMT-immunoreactive and CTb—immunoreactive) and double—labelled

(TH-IR/Ctb—IR and PNMT-IR/Ctb-IR) neurons were counted (bilaterally) in seven equi-

distant coronal sections (—1.0, -0.5, 0, +0.5, +1.0, +1.5, +2.0mm relative to Obex) in both

the ventrolateral medulla and nucleus of the solitary tract. Both the ventrolateral medulla

and NTS are known to contain a mixed population of adrenergic and noradrenergic

neurons. PNMT is known only to occur in adrenergic cells whereas TH is an
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immunohistochemical marker for both noradrenergic and adrenergic cells. Thus the

number of noradrenergic neurons was approximated by subtracting the number of

PNMT—positive neurons in one section from the number of TH—positive neurons in an

immediately adjacent section. This method is supported by the report that in regions of

the brain known to contain adrenergic neurons only, the number 'of TH-positive neurons

is almost identical (for details see Buller et al., 1999). The presence of fluorescent label

(Cy—3 and Cy—5) in neurons was determined under fluorescent illumination at 20x

magnification. Double-labelled neurons were identified by switching between filters

appropriate for excitation of Cy-3 and Cy—5 fluorophores.
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4.3 Results — Experimental series I

Ventrolateral Medulla:

4.3.1 Fos-expression following normotensive (10%) haemorrhage, hypotensive

(30%) haemorrhage, and euvolaemic hypotension (SNP infusion):

Representative photomicrographs showing examples of Fos—like immunoreactivity (Fos-

IR) following normotensive (10%) haemorrhage, hypotensive (30%) haemorrhage, and

euvolaemic hypotension at caudal and rostral levels of the VLM are shown in Figure 4.1.

Figures 4.23—4.20 show camera lucida reconstructions of the location of Fos-IR neurons

in seven equidistant medullary coronal sections (—1.0mm, —0.5mm, 0mm, +0.5mm,

+1.0mm, +1.5mm, +2.0mm relative to Obex) evoked by: A normotensive (10%)

haemorrhage; B hypotensive (30%) haemorrhage; and C euvolaemic hypotension (iv

infusion of sodium nitroprusside; SNP). The histogram in Figure 4.3 summarises the

mean number (:SEM) of Fos—IR neurons observed in the ventrolateral medulla (VLM)

evoked by each manipulation. As seen in Figure 4.3 similar numbers of Fos-IR neurons

were evoked in the VLM by both normotensive (10%) haemorrhage and euvolaemic

hypotension (SNP infusion) (114.0:17.4 and 13012223 respectively). In contrast,

hypotensive (30%) haemorrhage evoked significantly more Fos—IR neurons in the VLM

(248.1:235; P<0.05 Mann—Whitney U—test) compared to both normotensive (10%)

haemorrhage and SNP infusion. Inspection of Figure 4.2 reveals that the increase in Fos-

IR seen following hypotensive (30%) haemorrhage relative to both (10%) haemorrhage

and euvolaemic hypotension was most pronounced at levels caudal to the Obex (i.e., in

the region of the A1 cell group).
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Figure 4.1 (on opposite page)
The reconstruction in Panel A illustrates the location (i.e., caudal to the Obex) of each photomicrograph

shown in Panels C, E, & G. The reconstruction in Panel B illustrates the location (i.e., rostral to the Obex)

of each photomicrograph shown in Panels D, F, & H.

Panels C-H are representative photomicrographs illustrating the pattern of Fos—like immunoreactivity at

both caudal (photomicrographs C, E, & G), and rostral (photomicrographs D, F, & H) levels of the
ventrolateral medulla evoked by: (i) normotensive (10%) haemorrhage (C & D); (ii) hypotensive (30%)

haemorrhage (E & F); and (iii) euvolaemic hypotension ( G & H). The scale bar represents 0.25mm. NTS,

nucleus of the solitary tract; SpV, spinal trigeminal nucleus; A1, A1 noradrenergic cell group; C1, C1
adrenergic cell group.



A Normotensive (10%) Haemorrhage

 
Figure 4.2
Representative camera lucida reconstructions of seven equidistant coronal sections through the ventrolateral medulla showing the
location of Fos immunoreactive neurons evoked by A normotensive (10%) haemorrhage, B hypotensive (30%) haemorrhage, and C
infusion of the peripheral vasodilator sodium nitroprusside (SNP). The rostro-caudal level of each section is indicated relative to
Obex (calamus scriptorius). SpV, spinal trigeminal nucleus; 10, inferior olivary nucleus; NTS, nucleus ofthe solitary tract; XII,

hypoglossal nerve; VII, facial nucleus.
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Figure 4.3
Histogram illustrating the mean number (+/- SEM) ofFos-immunoreactive nuclei

observed in the ventrolateral medulla following: (i) 10% normotensive haemorrhage;

(ii) SNP induced peripherally mediated hypotension; and (iii) 30% hypotensive

haemorrhage. Asterisks indicate significance with respect to SNP infusion *P<0.05

(Mann-Whitney U-test). Daggers indicate significance with respect to 10%

haemorrhage TP<0.05 (Mann-Whitney U-test).



4.3.2 VLM catecholaminergic neurons which express Fos-IR following hypotensive

(30%) haemorrhage:

Representative photomicrographs showing double labelled TH—immunoreactive (TH—IR)

and PNMT-immunoreactive (PNMT—IR) neurons are shown in Figures 4.4 and 4.5

respectively. Camera lucida reconstructions showing the location of double labelled TH-

IR neurons, and double labelled PNMT—IR neurons at each rostrocaudal level of the

medulla analysed are shown in Figures 4.6 and 4.7 respectively. Figure 4.8a shows the

mean number (:SEM) of double labelled (Fos-positive) TH—IR neurons evoked by

hypotensive (30%) haemorrhage. Figures 4.8b and 4.8c show the mean number (=SEM)

of double labelled (Fos—positive) adrenergic (C1) and noradrenergic (A1) neurons evoked

also by hypotensive (30%) haemorrhage. Recall that the number of noradrenergic (A1)

neurons was estimated by subtracting the number of PNMT—IR neurons in one section

from the number of TH—IR neurons in an immediately adjacent section (for details see

Methods 4.2.5). It can be seen that hypotensive (30%) haemorrhage evoked substantial

numbers of Fos—positive, catecholaminergic cells in the ventrolateral medulla (Figure

4.8a; 174 r: 18.0). Only a small number of these double—labelled catecholaminergic

neurons were found to belong to the C1 (adrenergic) cell group (35.4 i 8.3; Figure 4.8b).

In striking contrast, the vast majority of calculated A1 noradrenergic neurons (86%) were

found to express Fos-IR following hypotensive (30%) haemorrhage (150 2 7.9 cells;

Figure 4.8c).
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Figure 4.4
High power photomicrographs illustrating three different tyrosine hydroxylase immunoreactive
neurons located in the ventrolateral medulla which express Fos protein following hypotensive (30%)
haemorrhage. These neurons were located between 1.0mm and 1.5mm caudal to the Obex (Calamus

Scriptorius) and are therefore presumed to belong to the A1 noradrenergic cell group. The scale bar

represents 20pm.



Figure 4.5

Photomicrographs taken of the rostral ventrolateral medulla showing: A. three C1 adrenergic (i.e.,

phenylethanolamine—N-methyltransferase immunoreactive) neurons which do not express Fos-like

IR following hypotensive (30%) haemorrhage; B & C. high power photomicrographs of double

labelled (i.e., Fos-positive and phenylethanolamine-N-methyltransferase immunoreactive) C1

adrenergic neurons evoked by hypotensive (30%) haemorrhage. The scale bar represents 20um.



A Normotensive (10%) Haemorrhage

 
Figure 4.6

Representative coronal camera lucida reconstructions through the caudal (Obex- 1 .0mm) to rostral (Obex+2.0mm) medulla

illustrating the location of double labelled Fos-IR and TH containing neurons in the ventrolateral medulla ofanimals

subjected to A. 10% normotensive haemorrhage, B. 30% hypotensive haemorrhage or C. lIlquiOI‘l ofthe peripheral

vasodilator sodium nitroprusside (lmg/ml). SpK Spinal trigeminal nucleus; 10, inferior olivary nucleus; Pyr; pyramidal

tract; LRN, lateral reticular nucleus; VII, facial nucleus.



A Normotensive (10%) Haemorrhage

 
Figure 4.7
Representative coronal camera lucida reconstructions through the caudal (Obex- 1 .0m) to rostral (Obex+2.0mm)

medulla illustrating the location of double labelled Fos-IR and PNMT containing neurons in the ventrolateral medulla
of animals subjected to A. 10% normotensive haemorrhage, B. 30% hypotensive haemorrhage or C. infusion ofthe
peripheral vasodilator sodium nitroprusside (1mg/m1). SpV, Spinal trigeminal nucleus; 10, inferior olivary nucleus;

Pyr, pyramidal tract; LRN, lateral reticular nucleus; VII, facial nucleus.
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Histograms illustrating (A) the mean number (iSEM) of double labelled (ie., Fos-positive) tyrosine hydroxylase

immunoreactive neurons in the ventrolateral medulla of animals subject to hypotensive (30%) haemorrhage. The insert

shows the mean number (i SEM) of double labelled neurons at each of the seven levels analysed; (B) the mean

number (iSEM) of double labelled (Fos-positive) phenylethanolamine-N-methyltransferase immunoreactive neurons

in the ventrolateral medulla of animals subject to hypotensive (30%) haemorrhage. The insert shows the mean number

(i: SEM) of double labelled neurons at each of the seven levels analysed; (C) the mean number (tSEM) of double

labelled (Fos-positive) noradrenergic neurons in the ventrolateral medulla of animals subject to hypotensive (30%)

haemorrhage. The insert shows the mean number (at SEM) of double labelled neurons at each ofthe seven levels

analysed.



4.3.3 VLM catecholaminergic neurons which express Fos-IR following normotensive

(10%) haemorrhage:

Figure 4.9a illustrates the mean number (:SEM) of double labelled (Fos-IR) TH-positive

neurons, figure 4.9b the mean number (:SEM) of double labelled (Fos-IR) C1 neurons,

and figure 4.90 the mean number (=SEM) of double labelled (Fos-IR) A1 neurons evoked

by normotensive (10%) haemorrhage. Inspection of Table 4.1a reveals that consistent

numbers of TH-IR and PNMT—IR neurons were found in the VLM of animals subject to

normotensive ( 10%) haemorrhage and hypotensive (30%) haemorrhage (Table 4.1a).

Worthy of note, however, is the apparent decrease in noradrenergic neurons observed

following normotensive (10%) haemorrhage compared to hypotensive (30%)

haemorrhage (especially noted at the level of obex; cf Figure 4.8c & Figure 4.9c). One

possible explanation for such findings is the differential time- and dose-related effect of

haemorrhage on tyrosine hydroxylase expression in medullary catecholaminergic neurons

(for details see Chan and Sawchenko 1998). The shorter duration of the normotensive

haemorrhage, combined with the smaller volume of blood removed, may account for the

diminished numbers of TH and thus noradrenergic neurons observed.

As well, normotensive (10%) haemorrhage evoked significantly fewer double—labelled

catecholaminergic neurons (i.e., Fos-IR/TH—IR) than did hypotensive (30%) haemorrhage

(Figure 4.9; 6.8 i 2.5; P<0.05 Mann—Whitney U-test). Interestingly, the number of

PNMT-IR neurons found to express Fos following normotensive haemorrhage was

identical to the number of double labelled (Fos—IR) TH—positive neurons evoked by
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Figure 4.9

Histograms illustrating (A) the mean number (tSEM) of double labelled (ie., Fos-positive) tyrosine hydroxylase

immunoreactive neurons in the ventrolateral medulla of animals subject to normotensive (10%) haemorrhage. The

insert shows the mean number (3: SEM) of double labelled neurons at each of the seven levels analysed; (B) the mean

number (iSEM) of double labelled (Fos-positive) phenylethanolarnine-N-methyltransferase immunoreactive neurons

in the ventrolateral medulla of animals subject to normotensive (10%) haemorrhage. The insert shows the mean

number (rt SEM) of double labelled neurons at each of the seven levels analysed; (C) the mean number (:hSEM) of

double labelled (Fos-positive) noradrenergic neurons in the ventrolateral medulla of animals subject to normotensive

(10%) haemorrhage. The insert shows the mean number (:I: SEM) of double labelled neurons at each ofthe seven levels

analysedThe number of noradrenergic neurons shown in (C) was estimated by subtracting the number ofPNMT—IR

neurons in (B) from the number ofTH-IR neurons in (A).



Table 4.1a
 

 

 

 

 

 

Tyrosine Hydrmylase Phenylelhanol-N-methyltransfemse

(TH) (PNMT)

Nomotensive (10%) Haemorrhage 236.0 i 5.5 128,0 1: 17.8

Hypotensive (30%) Haemorrhage 276.9 1 9.1 129.7 1: 7.6

Euvolaemic Hypotension (SNP) 249.3 1: 14.1 104.6 1: 9.6

Table 4.1b

Tymsine Hydroxylase PhenylethanoI-N-methyltransferase

(TH) (PWT)

Normotensive (10%) Haemorrhage 146.0 1 17.8 18.7 i 5.3

Hypotensive (30%) Haemorrhage 2340 i 27.2 30.9 :t 6.1

Euvolaemic Hypotension (SNP) 1746 i 8.4 16.6 1 1.0

Table 4.1c

Tyrosine Hydmxylase PhenylethanoI—N-methyllransferase

(TH) (PNMT)

Ventrolateral Medulla (VLM) 218.7 :l: 14.9 88.5 :1: 13.6

Nucleus Tractus Solitarius (NTS) 217.3 1 11.0 51.2 t 2.7

Table 4.1a

Comparison between the numbers of tyrosine hydroxylase (TH) and

phenylethanolamine-N-methyltransferase (PNMT) neurons evoked in the ventrolateral medulla (VLM)

by normotensive (10%) haemorrhage; hypotensive (30%) haemorrhage; and euvolaemic hypotension

(SNP infusion).

Table 4.1b
Comparison between the numbers of tyrosine hydroxylase (TH) and

phenylethanolamine-N-methyltransferase (PNMT) neurons evoked in the nucleus of the solitary tract
(NTS) by normotensive (10%) haemorrhage; hypotensive (30%) haemorrhage; and euvolaemic

hypotension (SNP infusion).

Table 4.1 c

The absolute number oftyrosine hydroxylase (TH) and phenylethanolarnine-N-methyltransferase

(PNMT) neurons observed in both the ventrolateral medulla (VLM) and nucleus ofthe solitary tract

(NTS) following standard fluorescent immunohistochemical procedures as described in Chapter 4 part H.

It can be seen that these numbers of neurons are comparable to those shown in tables 4.1a and table 4.1b.
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Histograms illustrating (A) the mean number (iSEM) of double labelled (ie., Fos-positive) tyrosine hydroxylase

immunoreactive neurons in the ventrolateral medulla of animals subject to euvolaemic hypotension. The insert shows

the mean number (2*: SEM) of double labelled neurons at each ofthe seven levels analysed; (B) the mean number

(iSEM) of double labelled (Fos-positive) phenylethanolamine-N—methyltransferase immunoreactive neurons in the

ventrolateral medulla of animals subject to euvolaemic hypotension. The insert shows the mean number (d: SEM) of

double labelled neurons at each ofthe seven levels analysed; (C) the mean number (iSEM) of double labelled

(Fos-positive) noradrenergic neurons in the ventrolateral medulla of animals subject to euvolaemic hypotension. The

insert shows the mean number (3: SEM) of double labelled neurons at each of the seven levels analysed.



norrnotensive haemorrhage. This finding indicates that norrnotensive (10%) haemorrhage

results primarily in the activation of C1 adrenergic neurons.

4.3.4 VLM catecholaminergic neurons which express Fos-IR following euvolaemic

hypotension:

Figure 4.10a illustrates the mean number (:SEM) of double labelled (Fos-IR) and TH-

positive neurons, figure 4.10b the mean number (=SEM) of double labelled (Fos-IR) C1

neurons, and figure 4.10c the mean number (=SEM) of double labelled (Fos—IR) A1

neurons evoked by euvolaemic hypotension. Inspection of Table 4.1a reveals that

consistent numbers of TH—IR and PNMT-IR neurons were found in the VLM of animals

subject to euvolaemic hypotension compared to animals subject to: (i) norrnotensive

(10%) haemorrhage; and (ii) hypotensive (30%) haemorrhage (Table 4.1a). Figure 4.10,

however, shows that euvolaemic hypotension evoked significantly fewer double labelled

Fos—positive, catecholaminergic neurons than did hypotensive (30%) haemorrhage (52.0

1 7.8; P<0.05 Mann-Whitney U-test). Specifically, 18% fewer C1 (adrenergic) neurons

and 65% fewer A1 (noradrenergic) neurons were found to express Fos-like IR following

euvolaemic hypotension compared to hypotensive (30%) haemorrhage (of, Figures 4.8

and 4.10).

In summary:

These data show that hypotensive (30%) haemorrhage evokes a selective increase in

ventrolateral medullary Fos expression compared to both norrnotensive (10%)

haemorrhage and euvolaemic hypotension. Furthermore, hypotensive (30%) haemorrhage



evokes Fos—expression (i.e., neural activity) in the vast majority (86%) of Al

noradrenergic neurons but not C1 adrenergic neurons. Significantly fewer double-labelled

A1 (65% fewer) and C1 ( 18% fewer) neurons were found evoked by euvolaemic

hypotension. Normotensive (10%) haemorrhage evoked neural activity only in C1

adrenergic neurons.

Nucleus of the Solitary Tract:

4.3.5 Fos-expression following normotensive (10%) haemorrhage, hypotensive

(30%) haemorrhage, and euvolaemic hypotension (SNP infusion):

Representative photomicrographs showing examples of Fos—IR following norrnotensive

(10%) haemorrhage, hypotensive (30%) haemorrhage, and euvolaemic hypotension at

caudal and rostral levels of the NTS are shown in Figure 4.11. Figures 4. 12a-4. 12c show

camera lucida reconstructions of the location of Fos-like immunoreactive (Fos-IR)

neurons in seven equidistant medullary coronal sections (—1.0mm, -0.5m, 0m,

+0.5mm, +1.0mm, +1.5mm, +2.0mm relative to Obex) evoked by: A normotensive

( 10%) haemorrhage; B hypotensive (30%) haemorrhage; and C euvolaemic hypotension

(i.v. infusion of sodium nitroprusside; SNP). The histogram in Figure 4.13 summarises

the mean number (:SEM) of Fos—positive neurons observed in the nucleus of the solitary

tract (NTS) evoked by each manipulation. It can be seen that similar numbers of Fos—IR

cells were found in the NTS following hypotensive haemorrhage and euvolaemic

hypotension (464 t 73.0 vs 485 t 39.4; NS, Mann-Whitney U—test). Significantly fewer

Fos-IR neurons were evoked by normotensive (10%) haemorrhage (104.3 x 16.8).
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Figure 4.11 (on opposite page)
The reconstruction in Panel A illustrates the location (i.e., caudal to the Obex) of each photomicrograph

shown in Panels C, E, & G. The reconstruction in Panel B illustrates the location (i.e., rostral to the Obex)

of each photomicrograph shown in Panels D, F, & H.

Panels C—H are representative photomicrographs illustrating the pattern of Fos-like immunoreactivity at

both caudal (photomicrographs C, E, & G), and rostral (photomicrographs D, F, & H) levels of the nucleus
tractus solitarius evoked by: (i) normotensive (10%) haemorrhage (C & D); (ii) hypotensive (30%)

haemorrhage (E & F); and (iii) euvolaemic hypotension ( G & H). The scale bar represents 0.25mm. NTS,

nucleus ofthe solitary tract; SpV, spinal trigeminal nucleus; A1, A] noradrenergic cell group; C1, C1
adrenergic cell group.
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Figure 4.12

Representative coronal camera lucida reconstructions through the caudal (Obex-1.0mm) to rostral (Obex+2.0mm) medulla

illustrating the location ofFos-IR neurons in the nucleus tractus solitarius of animals subjected to A 10% normotensive

haemorrhage, B 30% hypotensive haemorrhage or C infusion of the peripheral vasodilator sodium nitroprusside (1mg/ml).

CC, central canal; AP, area postrema; 4v, fourth ventricle; MVe, medial vestibular nucleus; Cu, cuneate nucleus; )flI,

hypoglossal nucleus.
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Figure 4.13

Histogram illustrating the mean number (+/- SEM) of Fos-immunoreactive nuclei

observed in the nucleus of the solitary tract following: (i) 10% normotensive

haemorrhage; (ii) SNP induced peripherally mediated euvolaemic hypotension; and

(iii) 30% hypotensive haemorrhage. Asterisks indicate significance with respect to
normotensive (10%) haemorrhage *P<0.05 (Mann-Whitney U-test).



4.3.6 NTS catecholaminergic neurons which express Fos-IR following hypotensive

(30%) haemorrhage:

Representative camera lucida reconstructions showing the location of double-labelled

Fos—TH and Fos—PNMT containing neurons evoked by: (i) normotensive (10%)

haemorrhage; (ii) hypotensive (30%) haemorrhage; and (iii) euvolaemic hypotension are

shown in Figures 4.14 and 4.15 respectively. Figure 4.16a shows the mean number

(:SEM) of double labelled (i.e., Fos-positive) TH—IR neurons evoked by hypotensive

(30%) haemorrhage. Figures 4.16b and 4.160 show the mean number (:SEM) of double-

labelled (Fos—IR) C2 and A2 neurons evoked by hypotensive (30%) haemorrhage

respectively. Hypotensive (30%) haemorrhage evoked substantial numbers of double—

labelled Fos-positive, catecholaminergic cells in the NTS (99.7 t 12.2; Figure 4.16a).

Only a very small number of these double-labelled catecholaminergic neurons were

found to belong to the C2 (adrenergic) cell group (6.6 1 1.3; Figure 4.16b). The majority

of double-labelled (Fos—IR) catecholaminergic neurons evoked by hypotensive (30%)

haemorrhage therefore belong to the A2 cell group (89.7 i 11.4; Figure 4.16c).

4.3.7 NTS catecholaminergic neurons which express Fos-IR following normotensive

(10%) haemorrhage:

Figure 4.17a illustrates the mean number (=SEM) of double labelled (Fos-IR) and TH—

positive neurons, figure 4.17b the mean number (:SEM) of double labelled (Fos—IR) C2

neurons, and figure 4.170 the mean number (=SEM) of double labelled (Fos—IR) A2

neurons evoked by normotensive (10%) haemorrhage. Inspection of Table 4.1b reveals

that consistent numbers of TH-IR and PNMT-IR neurons were found in the NTS of
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Figure 4.14

Representative coronal camera lucida reconstructions through the caudal (Obex-1.0mm) to rostral (Obex+2.0mm) medulla

illustrating the location ofdouble labelled Fos-IR and tyrosine hydroxylase (TH-IR) containing neurons in the nucleus

tractus solitarius of animals subjected to A 10% normotensive haemorrhage, B 30% hypotensive haemorrhage or C infusion

of the peripheral vasodilator sodium nitroprusside (1mg/ml). CC, central canal; AP, area postrema; 4v, fourth ventricle;

MVe, medial vestibular nucleus; Cu, cuneate nucleus; XII, hypoglossal nucleus.
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Figure 4.15

Representative coronal camera lucida reconstructions through the caudal (Obex-1.0mm) to rostral (Obex+2.0mm) medulla

illustrating the location of double labelled Fos-IR and phenylethanol-N-methyltransferase (PNMT—IR) containing neurons

in the nucleus tractus solitarius of animals subjected to A 10% nonnotensive haemorrhage, B 30% hypotensive

haemorrhage or C infusion ofthe peripheral vasodilator sodium nitroprusside (1mg/ml). CC, central canal; AP, area

postrema; 4v, fourth ventricle; MVe, medial vestibular nucleus; Cu, cuneate nucleus; XII, hypoglossal nucleus.
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(30%) haemorrhage. The insert shows the mean number (d: SEM) of double labelled neurons at each ofthe seven levels

analysed.
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,_ 'stograms illustrating (A) the mean number (iSEM) of double labelled (ie., Fos-positive) tyrosine hydroxylase
immunoreactive neurons in the nucleus tractus solitarius of animals subject to normotensive (10%) haemorrhage. The
insert shows the mean number (3: SEM) of double labelled neurons at each of the seven levels analysed; (B) the mean
V umber (:tSEM) of double labelled (Fos-positive) phenylethanolamine-N-methyltransferase immunoreactive neurons
in the nucleus tractus solitarius of animals subject to nonnotensive (10%) haemorrhage. The insert shows the mean
number (:1: SEM) of double labelled neurons at each ofthe seven levels analysed; (C) the mean number (:hSEM) of
double labelled (Fos-positive) noradrenergic neurons in the nucleus tractus solitarius of animals subject to

, Imotensive (10%) haemorrhage. The insert shows the mean number (1 SEM) of double labelled neurons at each of

Rho seven levels analysed.The number of noradrenergic neurons shown in (C) was estimated by subtracting the number
.ofPNMT-IR neurons in (B) from the number ofTH-IR neurons in (A).



animals subject to normotensive (10%) haemorrhage compared to those subject to

hypotensive (30%) haemorrhage (Table 4.1b). Normotensive (10%) haemorrhage evoked

Fos-expression in very few TH-IR catecholaminergic neurons (9.7 1- 2.3; Figure 4.17a).

Almost no PNMT-positive C2 neurons were found to express Fos—IR following

normotensive haemorrhage (1.0 1 0.6; Figure 4.17b). Normotensive (10%) haemorrhage

evoked Fos-expression in a small number of A2 neurons (8.3 2 1.9; Figure 4.17c).

4.3.8 NTS catecholaminergic neurons which express Fos-IR following euvolaemic

hypotension:

Figure 4.18a illustrates the mean number (=SEM) of double labelled (Fos—IR) TH—

positive neurons, figure 4.18b the mean number (:SEM) of double labelled Fos—IR C2

neurons, and figure 4.18c the mean number (=SEM) of double labelled Fos—IR A2

neurons, evoked by euvolaemic hypotension. Euvolaemic hypotension evoked

significantly fewer double-labelled Fog-positive catecholaminergic neurons than did

hypotensive (30%) haemorrhage (34.3 2 6.5; P<0.05 Mann—Whitney U—test). Near

identical numbers of C2 neurons were found to express Fos—IR following SNP infusion

compared to hypotensive (30%) haemorrhage (9.8 t 0.8 vs 6.6 = 1.3; of, Figures 4.14b

and 4.18b), however, significantly fewer Fos—IR A2 neurons were evoked by euvolaemic

hypotension than by hypotensive (30%) haemorrhage (30.0 1 6.0 vs 89.7 2 11.4; of,

Figure 4140 and 4.18c; P<0.05 Mann-Whitney U—test).
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  Figure 4.18
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Histograms illustrating (A) the mean number (iSEM) of double labelled (ie., Fos-positive) tyrosine hydroxylase
immunoreactive neurons in the nucleus tractus solitarius of animals subject to euvolaemic hypotension (SNP infusion).

The insert shows the mean number (:t SEM) of double labelled neurons at each ofthe seven levels analysed; (B) the

mean number (iSEM) of double labelled (Fos-positive) phenylethanolamine-N-methyltransferase immunoreactive

neurons in the nucleus tractus solitarius of animals subject to euvolaemic hypotension. The insert shows the mean
number (i: SEM) of double labelled neurons at each ofthe seven levels analysed; (C) the mean number (iSEM) of
double labelled (Fos-positive) noradrenergic neurons in the nucleus tractus solitarius of animals subject to euvolaemic

hypotension. The insert shows the mean number (:b SEM) of double labelled neurons at each of the seven levels

analysed.



Summary of Results

The aim of this series of experiments was to determine whether hypotensive (30%)

haemorrhage selectively evokes Fos-expression in either the ventrolateral medulla or the

nucleus of the solitary tract; and to quantify the degree of double labelled (i.e., Fos-IR)

medullary catecholaminergic neurons evoked by norrnotensive (10%) haemorrhage,

hypotensive (30%) haemorrhage and euvolaemic hypotension in each of these two

regions.

The data presented above show that hypotensive (30%) haemorrhage evokes Fos-

expression in the vast majority (86%) of A1 noradrenergic neurons. Significantly fewer

double—labelled A1 and C1 neurons were found to be evoked by euvolaemic hypotension.

As well, normotensive (10%) haemorrhage results only in the activation of C1 adrenergic

neurons. Although large numbers of noradrenergic neurons within the NTS were found to

express Fos-like immunoreactivity following hypotensive (30%) haemorrhage, these

neurons are not likely to play a significant role in triggering shock following blood loss

given that identical numbers of Fos—IR neurons are found in the NTS following both

hypotensive (30%) haemorrhage and euvolaemic hypotension. These data instead suggest

that the NTS is involved in regulating the hypotension which occurs secondary to the

shock response.
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4.4 Results — Experimental series 11

4.4.1 leAG retrograde tracer injections: Figure 4.19 shows the location of retrograde

tracer injections (cholera toxin subunit B) made in the ventrolateral periaqueductal gray

(leAG) of each experimental animal (N=6). Figure 4.20 summarises the mean number

(:SEM) of retrogradely labelled neurons found in: A the ventrolateral medulla (VLM);

and B the nucleus of the solitary tract (NTS) at each level analysed. Microinjection of

GTE into the leAG resulted in large numbers of retrogradely labelled neurons at all

rostrocaudal levels of both the VLM (329 1 25) and NTS (502.8 2 51.8).

Ventrolateral Medulla:

4.4.2 Combined retrograde tracer and immunohistochemistry for tyrosine

hydroxylase: Tyrosine hydroxylase (TH) is the enzyme responsible for the synthesis of

dopamine, noradrenaline and adrenaline. TH-positive immunoreactive neurons and the

extent of double labelled neurons (i.e., TH—positive and retrograde tracer) were examined

at seven equidistant levels of the medulla extending from 1.0mm caudal to Obex to

2.0mm rostral to Obex. Only CTB-IR neurons located in the region of TH—

immunoreactivity were included in the analysis.

Figure 4.21a illustrates both the mean number (:SEM) of TH—IR neurons and the mean

number (:SEM) of double labelled (TH-IR and leAG-projecting) neurons at each level

of the ventrolateral medulla. Overall approximately 50% of all TH—IR neurons in the

ventrolateral medulla were found to project onto the leAG. Specifically, it can be seen

that: (i) over half of the TH—IR neurons located caudal to the Obex project also to the
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A. Schematic illustration ofa 50m coronal section through the midbrain showing the boundaries ofthe

ventrolateral column ofthe PAG; B. Representative photomicrograph ofa retrograde tracer (CTb)

microinjecfion made in the leAG. The scale bar represents lSOurn; C. Camera lucida reconstmctions of

each retrograde tracer (CTb) microinjection made in the leAG. vIPAG, ventrolateral column ofthe

periaqueductal gray; DRN. dorsal raphe nucleus; Aq, cerebral aqueduct; IC, inferior colliculus. 
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Figure 4.20

A. Histograms illustrating the mean number (i: SEM) of retrogradely labelled

(CTB-immunoreactive) neurons in the ventrolateral medulla as well as at each of the

seven levels of the ventrolateral medulla analysed (Aii).

B. Histograms illustrating the mean number (i SEM) of retrogradely labelled

(CTB-immunoreactive) neurons in the nucleus of the solitary tract as well as at each of

the seven levels of the NTS analysed (Bii).



VIPAG; (ii) approximately two thirds of the TH-IR neurons located at the level of the

Obex and 0.5mm rostral to the Obex project also to the VIPAG; and (iii) fewer but still

significant numbers of TH—IR neurons rostral to the Obex project also to the leAG. The

percentage of TH—IR, leAG—projecting neurons at each level of the VLM is given in

Table 4.2a.

4.4.3 Combined retrograde tracer and immunohistochemistry for

phenylethanolamine-N-methyltransferase: Figure 4.21 b illustrates the mean number

(:SEM) of PNMT—IR neurons and the mean number (:SEM) of double labelled (PNMT—

IR and leAG—projecting) neurons at each level of the ventrolateral medulla analysed.

Inspection of Figure 4.1% reveals that the vast majority of PNMT—IR neurons were

located in intermediate and rostral regions of the ventrolateral medulla. Note that PNMT-

IR neurons were rarely found caudal to the Obex. Overall only 14% of the adrenergic

neurons were found to project onto the leAG. The percentage of leAG-projecting

adrenergic neurons at each level of the VLM is given in Table 4.2b.

4.4.4 Estimation of the number of noradrenergic leAG-projecting neurons: As

described in the methods, the ventrolateral medulla contains a mixed population of A1

noradrenergic neurons and C1 adrenergic neurons. PNMT is known only to occur in

adrenergic cells, however, TH is an immunohistochemical marker for both noradrenergic

and adrenergic cells. Thus the number of noradrenergic neurons was approximated by

subtracting the number of PNMT—positive neurons in one section from the number of

TH—positive neurons in the immediately adjacent section.
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Histograms illustrating (A) the mean number (iSEM) of leAG-projecting, tyrosine hydroxylase immunoreactive

neurons in the ventrolateral medulla of animals subject to hypotensive (30%) haemorrhage. The insert shows the mean

_ number (i SEM) of such neurons at each of the seven levels analysed; (B) the mean number (iSEM) of

leAG-projecting, phenylethanolamine-N-methyltransferase immunoreactive (i.e., adrenergic) neurons in the

ventrolateral medulla of animals subject to hypotensive (30%) haemorrhage. The insert shows the mean number (i

SEM) of such neurons at each of the seven levels analysed; (C) the mean number (SEM) ofleAG-projecting,

noradrenergic neurons in the ventrolateral medulla of animals subject to hypotensive (30%) haemorrhage. The insert
shows the mean number (i SEM) of such neurons at each ofthe seven levels analysed.



 

 

 

 

 

 

 

 

A Tyrosine Hydroxylase (IR) leAG—projecting TH-IR Neurons

Neurons

Distance Relative to Obex (mm)

-1.0mm 23814.5 12511.6 (52%)

—0.5mm 30712.2 17.0118 (55%)

0 mm 37.5133 25313.0 (68%)

+0.5mm 35.7134 21012.4 (59%)

+1.0mm 42.8145 17.5123 (41%)

+1 .5mm 39515.7 12.713 .4 (32%)

+2.0mm 8.7123 0210.2 (2%)

B Phenylethanolamine—N- leAG-projecting PNMT-IR Neurons

methyltransferase (IR) Neurons

Distance Relative to Obex (mm)

-1.0mm 1.5110 0.0100 (0%)

-0.5mm 7012.8 0.8103 (12%)

0 mm 11.7124 2.3103 (20%)

+0.5mm 17.7131 3010.9 (17%)

+1 .Omm 19014.9 2310.8 (12%)

+1 .5mm 24.7124 2310.8 (9%)

+2.0mm 7011.9 1310.6 (19%)

C Noradrenergic Neurons leAG-projecting Noradrenergic

Neurons

Distance Relative to Obex (mm)
,

-1.0mm 22.3146 12.5116 (56%)

-0. 5mm 26012.6 16211.9 (62%)

0 mm 25812.4 23012.9 (89%)

+0.5mm 21313.9 18312.8 (86%)

+1.0mm 23.8129 14.7121 (62%)

+1.5mm 14.8153 11012.8 (74%)

+2.0mm 1.7105 010 (0%)

 

  

  

  

  

   

   

  

. 4.2

5 1e showing the mean number (1SEM) ofventrolateral medullary neurons immunoreactive for tyrosine hydroxylase

TR) and the mean number (1SEM) of ventrolateral medullary tyrosine hydroxylase-IR neurons which project also to the

lateral PAG. The number in brackets is the percentage of double labelled (leAG-projecting, TH-IR) neurons. B. Table

. ' g the mean number (1SEM) ofventrolateral medullary neurons immunoreactive for

,. lethanolamine-N-methyltransferase (PNMT-IR) and the mean number (1SEM) ofventrolateral medullary

{i lethanolamine-N-methyltransferase-IR neurons which project also to the leAG. The number in brackets is the percentage

uble labelled (leAG-projecting PNMT-IR) neurons. C. Table showing the mean number (1SEM) of noradrenergic

. lateral medullary neurons and the mean number (1SEM) of ventrolateral medullary nordrenergic neurons which project

gto the leAG. The number in brackets is the percentage of double labelled (leAG-projecting noradrenergic neurons). In

1 table the data are presented for each of the seven levels analysed throughout the rostrocaudal extent ofthe ventrolateral



 
Figure 4.22

Fluorescent photomicrographs of coronal sections through catecholaminergic cell groups in the

medulla illustrating A. tyrosine hydroxylase immunoreactivity at 0.5mm caudal to the Obex.

These neurons are presumed to belong to the A] noradrenergic cell group; B.

phenylethanolamine-N-metyltransferase immunoreactivity at 1.5mm rostral to the Obex. These

neurons belong to the C1 adrenergic cell group. Photomicrographs C and D illustrate neurons

present in the same coronal section which are immunoreactive to antisera directed against

tyrosine hydroxylase (C) and neurons retrogradely labelled after CTB injection into the

ventrolateral PAG (D). The double labelled cells are indicated by arrowheads. The scale bar

represents 1mm.



Figure 4.21c shows both the mean number (:SEM) of noradrenergic neurons and the

mean number (:SEM) of double labelled (leAG—projecting noradrenergic) neurons.

Overall, 70% of noradrenergic VLM neurons were found to project onto the leAG.

Specifically: (i) approximately 50% of the noradrenergic neurons located caudal to the

Obex project to the leAG (i.e., neurons located in the region 1.0mm caudal to Obex);

(ii) almost all noradrenergic neurons located at the level of the Obex (89%) and 0.5mm

rostral to the Obex (86%) project also to the leAG; and (iii) approximately two thirds of

noradrenergic neurons located at the rostral pole of the ventrolateral medulla project to

the leAG (i.e., neurons located in the region 1.5mm rostral to Obex). The percentage of

leAG—projecting noradrenergic neurons for each level of the VLM is given in Table

4.2c. Representative photomicrographs are shown in Figure 4.22.

4.4.5 Nucleus of the Solitary Tract:

Figure 4.23a illustrates the mean number (:SEM) of TH-IR neurons and the mean

number (:SEM) of double labelled (TH-IR and leAG-projecting) neurons at each level

of the NTS. It can be seen in Figure 4.23a that at each level of the medulla a small

number (17%) of TH—IR, NTS neurons project onto the leAG. Similarly, a small

number of PNMT—IR neurons (22%) project also to the leAG (Figure 4.23b). After

subtracting the number of PNMT—IR neurons from the number of TH—IR neurons in order

to estimate the proportion of double-labelled (i.e., leAG-projecting) noradrenergic

neurons, it is revealed that approximately 18% of noradrenergic neurons project also the

leAG (Figure 4.23c). The percentages of TH—IR, PNMT—IR and noradrenergic leAG-
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Figure 4.23

Histograms illustrating (A) the mean number (iSEM) of leAG-projecting, tyrosine hydroxylase immunoreactive

neurons in the nucleus ofthe solitary tract of animals subject to hypotensive (30%) haemorrhage. The insert shows the
mean number (i SEM) of such neurons at each of the seven levels analysed; (B) the mean number (:tSEM) of
leAG-projecting, phenylethanolamine-N-methyltransferase immunoreactive (i.e., adrenergic) neurons in the nucleus
ofthe solitary tract of animals subject to hypotensive (30%) haemorrhage. The insert shows the mean number (:1: SEM)
of such neurons at each of the seven levels analysed; (C) the mean number (:tSEM) ofleAG-projecting,

noradrenergic neurons in the nucleus ofthe solitary tract of animals subject to hypotensive (30%) haemorrhage. The

insert shows the mean number (:t SEM) of such neurons at each of the seven levels analysed. 
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Neurons

Distance Relative to Obex (mm)

-1 .0mm 52016.5 14.7138 (28%)

-0.5mm 47.5152 7.8120 (16%)

0 mm 38214.4 4211.2 (11%)

+0.5mm 29214.7 5.211.] (18%)

+1.0mm 22813.0 3811.0 (17%)

+1.5mm 19813.8 1810.6 (9%)

+2.0mm 7.811.7 0,810.4 (11%)

B Phenylethanolamine-N— leAG-projecting PNMF-IR Neurons

methyltransferase (IR) Neurons

Distance Relative to Obex (mm)

-1.0mm 0310.3 0010.0 (0%)

-0.5mm 0510.3 0310.3 (0%)

0 mm 14012.0 2.3109 (17%)

+0.5mm 12.0112 3.3104 (28%)

+1.0mm 12311.6 3010.6 (24%)

+1.5mm 8,311.3 1.7105 (20%)

+2.0mm 3.711.] 0.8103 (23%)

C Noradrenergic Neurons leAG-projacting Noradrenergic
Neurons

Distance Relative to Obex (mm) "

-1.0mm 51716.7 14.7138 (28%)

-0.5mm 47014.9 7.5118 (16%)

0 mm 24215.8 2811.4 (12%)

+0.5mm 16.8-14.9 2210.9 (13%)

+1.0mm 10512.9 2010.9 (19%)

+1.5mm 11.7132 0.7105 (6%)

+2.0mm 4211.2 0.3103 (8%)

    Table 4.3
A. Table showing the mean number (1SEM) ofNTS neurons immunoreactive for tyrosine hydroxylase (TH-IR) and the mean

number (18EM) oftyrosine hydroxylase-IR NTS neurons which project also to the ventrolateral PAG. The number in brackets

is the percentage of double labelled (leAG-projecting, TH-IR) neurons. B. Table showing the mean number (1SEM) ofNTS

lneurons immunoreactive for phenylethanolamine-N-methyltransferase (PNMT-IR) and the mean number (1SEM) of

phenylethanolamine-N-methyltransferase—IR NTS neurons which project also to the leAG. The number in brackets is the

percentage of double labelled (leAG-projecting PNMT-IR) neurons. C. Table showing the mean number (1SEM) of

noradrenergic NTS neurons and the mean number (18EM) of nordrenergic NTS neurons which project also to the leAG. The

number in brackets is the percentage of double labelled (leAG-projecting noradrenergic neurons). In each table the data are

presented for each ofthe seven levels analysed throughout the rostrocaudal extent ofthe NTS.



projecting neurons for each level of the NTS are given in Tables 4.3a, 4.3b, and 4.3c

respectively.

Summary of Results

The aim of this series of experiments was to evaluate the extent of medullary adrenergic

and noradrenergic projections to the leAG.

These data indicate that:

(i) Large numbers of ventrolateral medullary noradrenergic neurons project to the

leAG.

(i) A much smaller number of ventrolateral medullary adrenergic neurons project

to the leAG.

(i) The NTS provides a small amount of catecholaminergic input to the leAG.

When the results of experimental series I and II are considered together, it appears likely

that an ascending noradrenergic pathway arising from the ventrolateral medulla may play

a key role in triggering decompensation.

The action of noradrenaline on midbrain ventrolateral PAG neurons has previously only

been investigated using in vitro slice electrophysiology. In this study it was shown that

superperfusion of midbrain slices with noradrenaline results in the depolarisation of most

leAG neurons (Vaughan et al., 1994).
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With these findings in mind, one final series of experiments (Experimental series III)

used physiological techniques to determine whether the release and subsequent binding

of noradrenaline to alpha adrenoreceptors within the leAG plays a role in triggering

decompensation.

Aims

The aim of this series of experiments was to determine whether noradrenergic

neurotransmission within the leAG plays a role in the expression of decompensation.

Specifically:

(i) Small microinjections of the excitatory amino acid DLH were made in order

to verify that chronically implanted guide cannulae were positioned within the

ventrolateral PAG. The guide cannulae were deemed to lie in the leAG if the

DLH microinjection resulted in a lemmHg fall in arterial pressure.

(ii) Microinjections of the broad—spectrum alpha adrenoreceptor antagonist

phentolamine were subsequently made into the ventrolateral PAG in order to

evaluate the effect of alpha adrenoreceptor blockade on haemorrhage-evoked

hypotension and bradycardia.
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4.5 Materials and Methods - Experimental series III

4.5.1 Animals and Surgery: Data were obtained from 25 male Sprague—Dawley rats

(250-350 grams). Rats were sedated by brief exposure to CO2 then anaesthetised with an

intramuscular injection of ketamine/xylazine (ketamine hydrochloride 75mg/kngompun

4ml/kg) before being fixed in a stereotaxic frame in the “flat-skull” position. Body

temperature was maintained at 37°C with a thermoregulatory heating blanket.

4.5.2 Implantation of intra-cranial guide cannulae: Following induction of anaesthesia

a dorsal craniotomy was performed and an area of bone approximately 25mm2 removed

to facilitate implantation of bilateral stainless steel guide cannulae (ID: 0.18mm; ED:

0.36mm; 1.5mm centre—centre distance apart; Plastics One USA). The guide cannulae

were positioned at a 16° rostro-caudal angle, 5mm caudal to the skull marking Bregma

and 3mm below the cortical surface according to the atlas of Paxinos and Watson (2000).

The guide cannulae were secured to three intra—cranial screws with dental cement. A

stainless steel stylet occluded the guide cannula when not in use. At the completion of

surgery the rat was removed from the stereotaxic frame and the scalp incision closed.

Subsequently each animal was given fluids (2.0ml, 0.9% saline i.p.) and antibiotics

(Norocillin 3mg/kg i.m) before being returned to its home cage. The mobility, activity

level, eating, drinking and grooming of each rat was closely observed each post-operative

day.
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4.5.3 Habituation Procedures: Each day subsequent to guide cannulae implantation

each rat was taken to the experimental area and handled for approximately ten minutes.

During this time the animals head was stroked, particularly around the site of the guide

cannulae. As well, each stylet was removed and replaced once during each daily

habituation session.

4.5.4 Cannulation Procedures: Seven days following implantation of the guide cannula

each rat was anaesthetised with halothane (2% halothane in 100% 02). Arterial and

venous cannulae were placed into the left carotid artery (PE tubing, OD=0.96mm) and

right jugular vein (PE tubing, OD=0.96mm; with a 32mm Silastic tip OD=1 . 19mm)

respectively. The cannulae were passed subcutaneously and exteriorised in the

interscapular region.

In order to verify that the guide cannulae were correctly positioned within the leAG, the

guide cannula stylet was removed and replaced with an injection cannula that extended

3.5mm below the tip of the guide. The arterial cannula was connected to a pressure

transducer, the signal amplified, filtered (MacLab 8) and displayed “on — line” before a

single 50nl microinjection of the excitatory amino acid D—L—homocysteic acid (DLH) was

made via Hamilton syringe. The cannula was deemed to be positioned within the leAG

if the DLH injection evoked a hypotension greater than or equal to 10mmHg. At the

conclusion of the experiment the cannula was removed, the stylet replaced and

anaesthesia discontinued. Each animal was given fluids (2ml, 0.9% saline i.p.) and

returned to its home cage.
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4.5.5 Haemorrhage Procedures: Twenty four hours following arterial and venous

cannulation, the arterial cannula was connected to a pressure transducer, and the signal

amplified, filtered (MacLab 8), displayed “on — line” and recorded on an Apple

Macintosh running Chart Software for later “off-line” analysis. The intra—cranial stylet

was removed and replaced with injection cannulae containing the non-specific alpha

adrenoreceptor antagonist phentolamine (20ug/[1.1). Baseline arterial pressure was

recorded for twenty minutes before 200n1 of phentolamine was injected over

approximately one minute. Ten minutes following injection of phentolamine each animal

was subject to a hypovolaemic (30%) haemorrhage (removal of 30% total blood volume

over 20 minutes). The haemorrhage was performed at two rates; removal of 10% total

blood volume over 10min followed by removal of 20% total blood volume over the next

10min. At the completion of the haemorrhage period, AP was recorded for the following

40 minutes (post—haemorrhage recovery period). After this time, each animal was deeply

anaesthetised with sodium pentobarbitone (1.0ml i.v. Nembutal) and perfused with 500ml

0.9% saline and 500ml ice cold 4% paraforrnaldahyde.

4.5.6 Histological verification of injection sites: Immediately following transcardial

perfusion, each brain was removed and post—fixed for 24hrs in 4% paraformaldehyde

solution. Each brain was subsequently cryoprotected in 10% sucrose (made up in 0.1M

PBS) for 3—4 days. Serial coronal sections through the midbrain periaqueductal gray were

cut, counterstained with Nissl dye and analysed under the light microscope. The rostro—

caudal extent of each injection site was plotted using a camera lucida attachment before
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being reconstructed onto standard atlas sections taken from the atlas of Paxinos and

Watson 2000.

4.5.7 Analysis and Statistics: Mean arterial pressure (AP) was recorded continuously.

Heart rate was derived from the raw arterial pressure trace. Baseline measures of both AP

and HR were calculated from the average of three ten second (103) samples taken at

10min, 5min and 203 before commencement of blood withdrawal. Twenty second

samples of AP and HR were taken at 2min intervals during the haemorrhage period (0—

20min) and at 5min intervals during the 40min post-haemorrhage recovery period.

Statistical comparisons between groups (i.e., between un-injected control and

phentolamine—injected animals) used a repeated measures two-way ANOVA, followed by

Bonferroni-Dunn post—hoc analysis (For details see Ludbrook 1994).
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4.6 Results — Experimental series 111

4.6.1 Haemorrhage Only Controls: Prior to experimental manipulations the resting AP

and HR for this group of animals (N=6) was 115 = 3mmHg and 398 z 13bpm

respectively. The AP response to hypovolaemic (30%) haemorrhage was biphasic (i.e.,

occurred in two distinct phases). During the initial 10 minutes AP did not fall

significantly below resting baseline values. However, during the 11"1 minute of blood

loss, AP fell to a level significantly below resting baseline values (t—test; P <0.05).

Immediately following withdrawal of 30% total blood volume, mean AP was 53 :

3mmHg. This represented a fall of 54 1 2% from resting baseline values. The HR

response to hypovolaemic (30%) haemorrhage was also observed to be biphasic. There

was no change in HR during the first 10 minutes of blood withdrawal, however, during

the 11m minute there was a rapid bradycardia to levels significantly below resting

baseline values. Following withdrawal of 30% total blood volume, mean HR was 342 z

29 bpm. This represented a fall of 15 t 5% compared to resting baseline values (t—test;

P<0.05).

Both AP and HR were recorded during the post-haemorrhage recovery period (i.e., for 40

minutes following cessation of blood withdrawal). AP was observed to recover slightly,

though still remained significantly below resting baseline levels (15% below baseline

values at the end of the recording period; Figure 4.27b). Similarly, HR recovered slightly

though still remained significantly below baseline values (10% below at the end of the
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recording period; Figure 4.27d). Representative AP and HR traces from one experimental

animal are shown in Figure 4.28a.

4.6.2 Effects of bilateral intra-leAG phentolamine on the haemodynamic response

to hypovolaemic (30%) haemorrhage:

Prior to experimental manipulations the resting AP and HR for this group of animals

(N=6) was 112 : 5mmHg and 376 1 10bpm respectively.

The tip of each injection cannula used in this study was located in the ‘vasodepressor’

region of the ventrolateral PAG as defined by a DLH—evoked fall in AP 2 10mmHg

(Figure 4.24). Camera lucida drawings made from Nissl stained coronal sections were

used to map the location of, and the rostrocaudal extent of each phentolamine injection

made. Each injection site was then systematically reconstructed onto standard atlas

sections taken from the atlas of Paxinos and Watson. These reconstructions are shown in

Figure 4.25. A representative coronal photomicrograph of one such injection is shown in

Figure 4.26.

Bilateral injection of phentolamine made in the leAG of conscious, unrestrained animals

had no effect on the baseline level of either AP (113.8 2 5.6mmHg prior to injection vs

115.0 i 4.2mmHg post injection) or HR (396.5 : 8.7 bpm prior to injection vs 411.5 x

17.4 bpm post injection). However, phentolamine administration made 10min prior to

hypovolaemic haemorrhage resulted in a significant delay and attenuation of

haemorrhage-evoked hypotension. That is, AP did not fall significantly below baseline
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Figure 4.24

Pulsatile arterial pressure traces illustrating the fall in AP evoked by a single 50nl injection

of the excitatory amino acid D-L-homocysteic acid (DLH) into each side of the leAG.

Each injection was made at the point indicated by the arrow above the trace. The injection

cannula was deemed to be correctly positioned in the leAG ifAP fell 10mmHg or more.

The scale bar represents 1 minute.



 0 Injection ofphentolamine in the leAG

Figure 4.25
Schematic representation of serial equidistant comal sections throughout the
periaqueductal gray showing the location of each bilateral injection of
phentolamine methanesulphonate. Each site represents the tip of the injection
cannulae. Sections were adapted from the atlas of Paxinos arid watson 2005.
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Figure 4.26

 

Panel A shows a series of camera lucida reconstructions taken at ten equidistant coma] sections through
the midbrain periaqueductal gray illustrating a typical phentolamine injection site. The dashed outlines
represent the rostro-caudal path of the injection cannula. The area of red shading represents the injection
site. Panel B shows a representative photomicrograph of a phentolamine injection site at one level ofthe
PAG (7.8mm caudal to Bregma). The scale bar represents 1mm.



values until the 16th minute of the haemorrhage period (compared to the 10‘11 minute in

control animals). This occurred after approximately 22% of total blood volume had been

withdrawn. At the end of the haemorrhage period, AP had fallen to 65 1 7mmHg, a fall of

43 = 5% relative to resting baseline values (Figure 4.27). There was no significant

difference in AP at any time point during the post-haemorrhage recovery period between

phentolamine—injected animals and the control group.

More striking was the effect of phentolamine injections into the leAG on the

bradycardia evoked by hypovolaemic (30%) haemorrhage. Throughout the 20min

haemorrhage period HR increased to 20 z 3.5% of pre—haemorrhage resting values (at the

l7"I min) before returning back to baseline over the 40min post-haemorrhage recovery

period. Representative AP and HR traces for an individual animal are shown in Figure

4.28b.

Summary:

In summary, blockade of noradrenergic neurotransmission within the leAG delayed the

onset of, and attenuated the magnitude of the hypotension evoked by hypovolaemic

(30%) haemorrhage in the conscious, freely—moving rat. In addition, the bradycardia

evoked by hypovolaemic (30%) haemorrhage was abolished.
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Figure 4.27

Mean changes (+/-SEM) in arterial pressure (AP) expressed as a percentage change from pre-stimulus baseline

values following: (i) 30% haemorrhage alone; and (ii) bilateral microinjection of phentolamine made in the leAG

followed 10min later by a 30% haemorrhage. Panel A shows the initial twenty minute haemorrhage period, and panel
B shows the period of recompensation (20min-60min post-haemorrhage). Significant difi‘erences in meanAP
between control haemorrhage and haemorrhage following phentolamine administration are shown by asterisks

(repeated measures two-way ANOVA with Bonferroni-Dunn post-hoc analysis; * indicates P<0.05.

Mean changes (+/-SEM) in heart rate (HR) expressed as a percentage change fiom pie-stimulus baseline values of
animals following either: (i) 30% haemorrhage alone; or (ii) bilateral microinjection of phentolamine made in the

leAG followed 10min later by a 30% haemorrhage. Panel C shows the initial twenty minute haemorrhage period,
and panelD shows the period of recompensation (20min-60min post-haemorrhage). Statistical analysis used a
repeated measures two-way ANOVA followed by Bonferroni-Dunn post-hoe correction.
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Figure 4.28

Pulsatile arterial pressure and heart rate traces following A
hypovolaemic (30%) haemorrhage; and B hypovolaemic (30%)

haemorrhage following bilateral injection of phentolamine (200n1)

into the ventrolateral periaqueductal gray. Note that injection of

phentolamine into the leAG delayed and attenuated the fall in AP,
and abolished the bradycardia evoked by hypovolaemic

haemorrhage. The scale bar represents 5min.



4.7 Discussion:

4.7.1 Evidence that ventrolateral medullary A1 neurons form part of the central

neural pathway which triggers decompensation:

The aim of the initial series of experiments (Chapter 4 part I) was to evaluate whether the

observed increase in VLM Fos expression following hypotensive haemorrhage was due

to the activation of a population of VLM neurons which in response to severe blood loss

may trigger decompensation (hypotension and bradycardia); or whether their activation

occurs as a consequence of either: (i) the initial bare-mediated compensatory period; or

(ii) secondary to the fall in AP evoked by severe blood loss. Following hypotensive

(30%) haemorrhage approximately 34% of VLM Fos-expression is attributable to

baroreceptor unloading (occurring during the initial compensatory period). An additional

13% of VLM Fos expression occurred as a result of the fall in arterial pressure (i.e.,

euvolaemic hypotension evoked by sodium nitroprusside infusion). Thus, 53% of the

Fos-expression observed following hypotensive (30%) haemorrhage occurs over and

above that seen following SNP infusion suggesting that a population of VLM neurons are

selectively ‘activated’ by severe hypovolaemia.

Having established the existence of a population ofVLM neurons which are activated

specifically by decompensation, double labelling experiments were canied out in order to

classify the phenotype of these neurons (Chapter 4 part 1). Experiments combining Fos—

expression with immunohistochemistry for both tyrosine hydroxylase and

phenylethanolamine-n-methyltransferase revealed that hypotensive (30%) haemorrhage
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activated almost 90% of VLM noradrenergic neurons. Significantly fewer noradrenergic

neurons were found to be activated following euvolaemic hypotension (23%).

Norrnotensive ( 10%) haemorrhage resulted only in the ‘activation’ of adrenergic

ventrolateral medullary neurons (i.e., C1 neurons).

The finding that hypotensive (30%) haemorrhage evokes Fos—expression in almost all Al

noradrenergic neurons suggested that these neurons might play a role in triggering

decompensation. Therefore, the next series of experiments (Chapter 4 part II) were

designed to evaluate the extent to which medullary noradrenergic neurons project

Specifically to the leAG. It was found that the leAG receives direct noradrenergic

input from the ventrolateral medulla.

The final series of physiological experiments (Chapter 4 part III) utilised bilateral intra-

leAG injections of the broad-spectrum alpha adrenoreceptor antagonist phentolamine to

demonstrate that blockade of noradrenergic neurotransmission results in a delay and

attenuation of the hypotension evoked by severe hypovolaemic haemorrhage. Taken

together, these data suggest that leAG-projecting, noradrenergic VLM neurons (i.e., A1

cell group) may play a key role in triggering decompensation.

4.7.2 The ventrolateral medulla mediates the central response to cardiovascular

challenges:

It is well documented that neurons within the ventrolateral medulla are involved in the

reflex regulation and maintenance of arterial pressure (Dampney 1994, Guyenet et al.,
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1987, Aicher et al., 1995, Jeske et al., 1995). Activation of neurons caudal to the Obex

(CVLM; including the A1 noradrenergic cell group) has been shown to evoke

vasodepression (moderate hypotension and bradycardia) in addition to decreases in

sympathetic nerve activity (Henderson et al., 2000, Dampney 1994). Furthermore, caudal

VLM neurons have been shown to relay cardiovascular afferent information to other

brainstem and hypothalamic structures involved in the reflex regulation of arterial

pressure as well as both intra- and extracellular fluid regulation (Haselton and Guyenet

1990, Barman and Gebber 1987, Sawchenko et al., 1985, Simerly and Swanson 1986)

In contrast, activation of neurons rostral to the Obex (RVLM; including the C1

adrenergic cell group) has been shown to elicit vasopressor responses, that is, increases

in arterial pressure, heart rate and sympathetic nerve activity (Aicher et al., 1995,

Dampney 1994, Dampney et al., 1988, Madden and Sved 2003). The vast majority of

RVLM neurons have been shown to project to the intermediolateral cell column of the

thoracolumbar spinal cord where they innervate sympathetic preganglionic neurons

(Jeske et al., 1995). In addition, neurons within the rostral VLM have also been shown to

project to forebrain structures involved in cardiovascular and fluid homeostasis (Herbert

and Saper 1992, Shioda et al., 1992, Cunningham et al., 1990).

Many experimental reports have focussed on the role of the VLM in the short-term

regulation of arterial pressure. It is widely accepted that both the CVLM and RVLM are

critical brainstem structures subserving the baroreflex (see Aicher et al., 1995 or

Dampney 1994 for review). Reports that selective destruction of C1 neurons following
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anti-dopamine B—hydroxylase injection into the RVLM significantly decreases resting AP

and attenuates the baroreflex in the conscious rat, suggests that the baroreflex is mediated

chiefly by adrenergic pre-sympathetic neurons within the ventrolateral medulla. (Madden

and Sved 2003). The finding in the present study that norrnotensive (10%) haemorrhage

evokes Fos—expression in adrenergic VLM neurons only fits well with these reports in

light of the fact that the initial compensatory phase of haemorrhage is mediated by the

arterial baroreflex (for review see Dampney 1994, Schadt and Ludbrook 1991, Evans et

al., 2001).

4.7.3 Noradrenergic A1 projections to leAG as a possible trigger for

decompensation:

Previous studies have observed substantial activation of brainstem catecholaminergic

(noradrenergic and adrenergic) neurons following both moderate and severe blood loss

(Chan and Sawchenko 1994, Chan and Sawchenko 1998, Dayas et al., 2001a, Dun et al.,

1993). The series of experiments performed in Chapter 4 revealed that: (i) nearly all

noradrenergic ventrolateral medullary neurons are activated by hypotensive (30%)

haemorrhage; (ii) the leAG receives dense input from noradrenergic ventrolateral

medullary neurons; and (iii) that blockade of alpha adrenoreceptors in the leAG

significantly delays and attenuates decompensation. Taken together, these data suggest

that leAG—projecting A1 neurons may be responsible for providing afferent drive onto

the leAG thus resulting in the expression of decompensation.
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Previous studies from this laboratory have reported that bilateral blockade of a restricted

portion of the ventrolateral medulla (vasodepressor region encompassing the CVLM and

A1 noradrenergic cell group) with cobalt chloride results in an attenuation of

haemorrhage-evoked hypotension, and strikingly, abolishes haemorrhage-evoked

bradycardia (Henderson et al., 2000). These findings fit well with the hypothesis that a

population of neurons in the caudal ventrolateral medulla relay signals received from the

periphery (possibly via spinal projections) to the ventrolateral PAG in order to trigger

decompensation.

Interestingly, Henderson etal., (2000) failed to abolish the haemorrhage-evoked

hypotension with bilateral injections of cobalt chloride into the CVLM. As reported in

this study, activation of noradrenergic VLM neurons occurs at all rostrocaudal levels of

the VLM (from —1.0mm caudal to Obex to +1.5mm rostral to Obex; see Chapter 4

Figures 4.6 and 4.8). In addition, the greatest number of both leAG—projecting A1

neurons, and double labelled (haemorrhage-evoked Fos-IR) A1 neurons are located at the

level of Obeit and half a millimetre beyond (Obex+0.5mm); slightly more rostral than the

region targeted in the study of Henderson etal., 2000.

It is therefore not surprising that only a moderate attenuation of the fall in AP was

observed in Henderson et al., 2000 given that the restricted location of cobalt chloride

injections would, in all probability, have been insufficient to abolish the function of all

leAG-projecting, ventrolateral medullary noradrenergic neurons.
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4.7.4 Actions of noradrenaline on leAG neurons — activation of descending

medullary projections to the caudal midline medulla which mediate

decompensation:

The anatomical data presented in Chapter three suggests that decompensation is likely to

be mediated by descending ventrolateral PAG projections to a restricted caudal midline

medullary ‘vasodepressor’ region (CMM). If noradrenergic neurotransmission in the

leAG were indeed critical for the expression of decompensation then one would expect

midline medullary neurons to respond to noradrenaline—induced depolarisation of PAG

neurons.

Past reports by Behbehanj and colleagues have shown that iontophoretic deposition of

noradrenaline in the PAG results in excitation of neurons located in midline medullary

nuclei (Behbehani et al., 1981). Unfortunately, in the above study, no histological

reconstructions of midline medullary recording sites were shown making it difficult to

determine the exact location of the nuclei from which recordings were made. However,

the approach described and the co-ordinates given in their publication strongly suggests

that recordings were made from neurons located in the region of the CMM. These data

suggest, therefore, that leAG noradrenergic neurotransmission is capable of exciting

neurons in a region known to be critical for the expression of decompensation (i.e., the

CMM).
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4.7.5 Alternate medullary pathways involved in stimulating the release of

vasopressin from the hypothalamus:

It is interesting to note that the main function usually ascribed to ventrolateral medullary

A1 noradrenergic neurons following a severe cardiovascular challenge (i.e.,

haemorrhage) has been to stimulate the release of vasopressin from the hypothalamus

(Buller et al., 1999, Renaud 1996, Larsen and Vrang 1995, Head et al., 1987, Gieroba et

al., 1994, Lipinska et al., 2004). Plasma vasopressin levels are known to increase only

during the decompensatory phase of blood loss (Ludbrook etal., 1988, Oliver et al.,

1990, Quail et al., 1987, Schadt and Hasser 1991), a finding which suggests that

vasopressin plays no role in maintaining blood pressure following acute reductions in

central blood volume. Direct support for such a notion arises from data showing that

administration of V1 receptor antagonists prior to severe haemorrhage does not alter the

haemodynamic response to blood loss in either conscious rabbits or rats (Korner etal.,

1990, Schadt and Hasser 1991, Fejes-Toth et al., 1988). Vasopressin, therefore, is

suggested to play only a role in the recovery from acute hypotension.

Early studies performed in the rat and rabbit suggested that the post-haemorrhagic release

of vasopressin was likely mediated by a projection to the supraoptic (SON) and

paraventricular (PVN) nuclei of the hypothalamus from the A1 noradrenergic cell group.

More recent data, however, suggests that the release of vasopressin subsequent to severe

blood loss involves activation of an additional vasopressin-stimulatory pathway.

Experiments performed in cavally occluded animals have shown that following a

moderate reduction in central blood volume, the integrity of hypothalamic-projecting A1
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neurons is critical for the post-haemorrhage release of vasopressin (Renaud 1996, Larsen

and Vrang 1995, Head et al., 1987, Gieroba et al., 1994, Lipinska et al., 2004, Head et al.,

1987, Smith et al., 1995). In contrast, following a severe reduction in central blood

volume, vasopressin release switches to being independent of A1 neurons (Smith etal.,

1995), that is, the firing rate of functionally—identified vasopressin-secreting neurons is

not reduced following interruption of A1 neuronal function. Further support for the

hypothesis that vasopressin release occurs independent of A1 neuronal function arises

from experiments performed in decerebrate animals showing that when the hypothalamus

is disconnected from the mesencephalon, the decompensatory phase of haemorrhage, and

the post—haemorrhagic recovery of arterial pressure is preserved (Troy et al., 2002).

At present, alternate neural pathways responsible for triggering the release of vasopressin

following severe hypovolaemia have not been fully elucidated. However, it has been

suggested that the most likely source of afferent input to the hypothalamus arises from a

central pathway sensitive to cerebral ischaemia. This hypothesis arose from observations

that the release of vasopressin from the hypothalamus under such conditions occurs

independent of peripheral cardiovascular receptors (Shen et al., 1991, Khanna et al.,

1994, Wang et al., 1988).

Hypotensive haemorrhage sufficient to lower AP to 44—50 mmHg surpasses the

autoregulatory level required to maintain cerebral blood flow. This under—perfusion

results in cerebral ischaemia (Skarphedinsson et al., 1986). In both rat and rabbit, cerebral

ischemia evoked by occlusion of the vertebral arteries evokes a characteristic pattern of
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cardiovascular and respiratory changes (i.e., sympathoexcitation) (Guyenet and Brown

1986). The rostral ventrolateral medulla has been shown to be responsible for integrating

the sympathomotor and respiratory responses to cerebral ischaemia (Guyenet et al., 1990,

Haselton and Guyenet 1989). Neurons located in this region increase their discharge rate

during cerebral ischaemia (Heary et al., 1993, Guyenet and Brown 1986), and

furthermore, the response to cerebral ischaemia can be abolished altogether following

electrolytic lesions of the rostral VLM (Guyenet and Brown 1986, Haselton and Guyenet

1989, Dampney and Moon 1980).

Thus, it has been hypothesised that following severe hypotensive haemorrhage, neurons

in the rostral VLM, which are sensitive to cerebral ischaemia, provide input to the

hypothalamus to stimulate the release of vasopressin. Supporting this hypothesis is recent

evidence showing that selective destruction of C1 (i.e., adrenergic) neurons results in

decreased plasma vasopressin levels following a hypotensive challenge (Madden et al.,

2006).

Several past studies give anatomical plausibility to this hypothesis. First, a substantial

number of adrenergic rostral VLM neurons have been shown to project to the

hypothalamus (Haselton and Guyenet 1990, Barman and Gebber 1987, Sawchenko et al.,

1985, Simerly and Swanson 1986). Second, excitation of the rostral VLM in the rat elicits

the release of vasopressin from the pituitary (Ross et al., 1984). Finally, Fos—like

immunoreactivity is observed in large numbers of magnocellular neurons within the
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supra-optic nucleus following electrical stimulation of the ventrolateral medulla (Shioda

et al., 1998).

Adrenergic Cl neurons within the rostral VLM project to both the parvicellular (pPVN)

division and the magnocellular division (mPVN) of the paraventricular nucleus of the

hypothalamus (PVN; Shioda et al., 1992, Cunningham et al., 1990, Sawchenko and

Swanson 1982). The Cl—mPVN projection may therefore provide an anatomical substrate

which triggers the release of vasopressin from the posterior pituitary. Furthermore, the

projection from the C1 cell group to the pPVN raises the possibility that it is via this

projection that neurons in the external median eminence regulate the release of

corticotropin from the anterior pituitary subsequent to the fall in AP evoked by a

reduction in central blood volume (Darlington et al., 1992, Darlington et al., 1986).

4.7.6 No evidence of a role for the NTS in triggering decompensation:

As described in Chapter 4 (part I) there was no difference in the number of Fos-like IR

cells evoked in the NTS by either hypotensive haemorrhage or SNP infusion. This result

suggests that the observed neural activation within the NTS occurs secondary to the fall

in AP, that is, as a consequence of decompensation. The NTS receives dense vagal

afferent input and has been identified as a critical component of the baroreflex are (for

review see chapter one introduction, Dampney 1994, Guyenet 2006). Although early

work in the rabbit suggested strongly that decompensation was triggered by

cardiopulmonary vagal afferents, recent experiments performed by Troy et al., have

demonstrated that vagal afferents play no role in triggering decompensation (Troy et al.,
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in press). These findings fit well with the present report that no additional increase in

neural activity within the NTS occurs during hypotensive haemorrhage over and above

that seen during SNP infusion. This finding, coupled with the comparatively small

number of catecholaminergic projections to the leAG make it unlikely that the NTS, and

therefore signals arising from cardiac vagal afferents, play a critical role in triggering

decompensation.
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-Chapter 5-

The role of noradrenergic neurotransmission within the

ventrolateral PAG under conditions of halothane

anaesthesia

5.1 Introduction

The haemodynamic response to blood loss is profoundly altered by anaesthesia. At

present the most commonly used inhalation anaesthetics in the clinical setting are

halogenated anaesthetics such as sevoflurane, desflurane and isoflurane. Induction of

anaesthesia with halogenated anaesthetics has been shown to evoke a significant

hypotension (Vidal et al., 2006, O’Conner et al., 2006, Borer et al., 2006, Bostrom et al.,

2006). Furthermore, under conditions of halogenated anaesthesia even moderate

hypovolaemia can lead to shock and ultimately death (Caplan etal., 1988, Vatner 1978).

Understanding the complex interaction(s) between halogenated anaesthetics and the

central mechanism underlying hypovolaemia therefore represents an important clinical

issue.

Following induction of general anaesthesia with halothane dramatic changes in

catecholamine concentrations are observed at three central sites: (i) the nucleus

accumbens; (ii) the locus coeruleus; and (iii) the ventrolateral periaqueductal gray

(VlPAG) (Roizen et al., 1976). These changes in catecholamine concentration are

reported to underlie the action of halothane as an effective inhalational anaesthetic (Ngai

et al., 1969). Interestingly of these three regions it is the leAG which shows the most
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striking and significant elevation in noradrenaline (NA) concentration (Roizen et al.,

1976).

In an effort to delineate the central afferent pathway responsible for triggering

hypovolaemic shock, the experiments performed in the previous three chapters revealed

that the leAG receives dense ascending input from noradrenergic neurons in the

ventrolateral medulla (the A1 cell group). Strikingly, the vast majority of these neurons

are ‘activated’ following hypotensive haemorrhage suggesting that a noradrenergic

mechanism within the leAG may trigger the hypotension evoked by severe blood loss.

Further experiments showing that bilateral microinjections of phentolamine, a broad

spectrum alpha receptor antagonist, made in the leAG significantly delayed and

attenuated the magnitude of haemorrhage—evoked hypotension lend further support to the

hypothesis that leAG noradrenergic neurotransmission is critical for the expression of

decompensation.

Interestingly a past study from this laboratory revealed that halothane anaesthesia alone

evoked Fos—expression in leAG-projecting, A1 noradrenergic neurons (Clement et al.,

1998). The authors concluded that perhaps activation of this pathway by halogenated

anaesthetics explains why decompensation is dramatically potentiated in anaesthetised

animals (Ong et al., 1984, Ingwersen et al., 1987, Seyde and Longnecker 1984, Van

Leeuwen etal., 1990), and why in humans, induction of general anaesthesia is usually

associated with a significant hypotension (McKinney and Fee 1998, Kadam et al., 1993,

Ebert et al., 1985).
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To further investigate this possibility this series of experiments aimed to determine

whether unilateral blockade of noradrenergic neurotransmission within the leAG has

any effect of the haemodynamic response to severe blood loss under conditions of

halogenated anaesthesia.
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5.2 Materials and Methods

5.2.1 Animals and Surgery: Data were obtained from 30 male Sprague-Dawley rats

(250 — 350 grams). Rats were initially anaesthetised in an air-tight box with halothane

(5% in 100% 02) and then via custom built face mask (2% halothane in 100% 02).

Anaesthesia was maintained at this level for all surgical and experimental procedures.

Body temperature was maintained at 37°C with a therrnoregulatory heating blanket.

The left carotid artery was dissected free from all surrounding connective tissue and

cannulated for the measurement of arterial pressure. The arterial cannula was connected

to a pressure transducer and the signal amplified, filtered (MacLab 8), displayed “on —

line” and recorded on an Apple Macintosh running Chart Software for later “off—line”

analysis. Heart rate was derived from the raw arterial pressure trace. Once instrumented,

each rat was then transferred to a stereotaxic frame and placed in the “flat skull” position.

Anaesthesia was maintained at 2% in 100% 02 by way of custom built face mask on the

stereotaxic frame.

5.2.2 Haemorrhage following microinjection of phentolamine: Fifteen (15) animals

were instrumented with both arterial and venous cannulae (for measurement of arterial

pressure and removal of blood respectively) before being placed in a stereotaxic frame. A

single barrel micropipette (tip diameter 10 - 30pm) was used to make a unilateral

injection of phentolamine methanesulphate (200nl; 10ug in 0.5a] 0.9% saline) in a

manner identical to that which has been described previously (see Chapter 2). All

injections contained Fluorogold (0.05%) for histological verification of the injection site.
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Unilateral microinjections were made given that the aim of these experiments was only to

evaluate the relative contribution that noradrenergic neurotransmission within the leAG

(triggered by leAG—projecting A1 neurons) has on prematurely triggering

decompensation in the anaesthetised animal.

Ten (10) minutes (N=6) following phentolamine administration, each animal underwent

an 18% haemorrhage over 20 minutes. As discussed in chapter one (section 1.3),

haemorrhage performed under general anaesthesia results in a premature

sympathoinhibition and greatly potentiated hypotension. Therefore, in the present series

of investigations, a small percentage of total blood volume was removed to prevent

premature death. The haemorrhage, however, was still performed at two rates: removal of

6% total blood volume over 10 minutes followed by removal of 12% total blood volume

over 10 minutes. This protocol ensured approximately equal periods of compensation and

decompensation. Forty minutes after the end of the haemorrhage period, the level of

anaesthesia was deepened (5% in 2 litres Oz) and the animal perfused with 500ml 0.9%

saline followed by 500ml of 4% paraforrnaldehyde (pH 9.6 at 4°C).

The brains were removed, postfixed for 24hr in 4% parafonnaldehyde at 4°C, and

cryoprotected in 30% sucrose for 2—3 days. Serial coronal sections (50pm) of the

midbrain were cut on a freezing microtome, collected in phosphate buffered saline (pH

7.4), mounted onto twice dipped gelatinised slides and coverslipped with Fluromount

mounting media. Sections were analysed under UV—illumination. The small deposit of
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Fluorogold was used to define injection sites, which were reconstructed using a camera

lucida attachment.

5.2.3 Haemorrhage following microinjection of Prazosin or Yohimbine: Fourteen

(14) animals were instrumented with both arterial and venous cannulae (for measurement

of arterial pressure and removal of blood respectively). Animals were subsequently

placed in a stereotaxic apparatus and 200n1 of either: (i) the specific alpha 1 receptor

antagonist prazosin hydrochloride ( IOug in 0.9% physiological saline; pH 7.4); or (ii) the

specific alpha 2 receptor antagonist yohombine hydrochloride (IOug in 0.9%

physiological saline; pH 7.4) was injected into the leAG in a manner identical to that

described previously. Each drug solution contained traces of Fluorogold for post mortem

histological verification of injection sites. Ten (10) minutes following drug

administration, each animal underwent an 18% haemorrhage over 20 minutes. The

haemorrhage was performed at two rates: removal of 6% total blood volume over 10

minutes followed by removal of 12% total blood volume over 10 minutes. This protocol

ensured approximately equal periods of compensation and decompensation. Forty

minutes after the end of the haemorrhage period, the level of anaesthesia was deepened

(5% in 2 litres 02) and the animal subsequently perfused with 500ml 0.9% saline

followed by 500ml of 4% paraforrnaldehyde (pH 9.6 at 4°C).

The brains were removed, postfixed for 24hr in 4% paraforrnaldehyde at 4°C, and

cryoprotected in 30% sucrose for 2-3 days. Serial coronal sections (50um) of the

midbrain were cut on a freezing microtome, collected in phosphate buffered saline (pH
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7.4), mounted onto twice dipped gelatinised slides and coverslipped with Fluoromount

mounting media. Sections were analysed under UV-illumination. The small deposit of

Fluorogold was used to define injection sites which were reconstructed using a camera

lucida attachment.

5.2.4 Microinjection of noradrenaline hydrochloride: Four animals were instrumented

with arterial cannulae and placed in a stereotaxic frame. A single barrel rnicropipette was

used to make a small unilateral injection of noradrenaline hydrochloride (200nl; ISug in

0.5 ul 0.9% saline) into the VlPAG. Each injection contained a small amount of

Fluorogold (0.05%) for later histological verification of the injection site.

One hour following injection of noradrenaline, the level of anaesthesia was deepened and

the animal perfused with 500ml 0.9% saline followed by 500ml of 4% paraformaldehyde

(pH 9.6 at 4°C). The brains were subsequently removed, postfixed for 24hr in 4%

paraformaldehyde at 4°C, and cryoprotected in 30% sucrose for 2—3 days.

Serial coronal sections (50um) of the midbrain were cut on a freezing microtome,

collected in phosphate buffered saline (pH 7.4), mounted onto twice dipped gelatinised

slides and coverslipped with Fluromount mounting media. Sections were analysed using

fluorescent optics. The small deposit of Fluorogold was used to define injection sites

which were reconstructed using a camera lucida attachment.
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5.2.5 Analysis and Statistics: Mean arterial pressure (AP) was recorded continuously.

Heart rate was derived from the raw arterial pressure trace. Baseline measures of both AP

and HR were calculated from the average of three ten second (108) samples taken at

10min, 5min and 203 before commencement of blood withdrawal. Twenty second

samples of AP and HR were taken at 2min intervals during the haemorrhage period (0-

20min) and at 5min intervals during the 40min post-haemorrhage recovery period.

Statistical comparisons between groups (i.e., between un—injected and injected animals)

used a repeated measures two-way ANOVA, followed by Bonferroni-Dunn post—hoe

analysis (For details see Ludbrook 1994). A non-parametric Mann-Whitney U-test was

used to determine the statistical validity of the percent fall in both arterial pressure and

heart rate, relative to resting baseline values, in un-injected control animals subject to

18% haemorrhage alone.
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5.3 Results

5.3.1 Haemorrhage Only: Removal of 18% total blood volume (6% over 10min

followed by 12% over 10min; N=6), over a 20-min period, produced a biphasic

haemodynamic response. During the first 13 minutes of blood loss, AP was maintained

within 10% of baseline values (Compensation). From this point onward (removal of

approximately 12% total blood volume) (Decompensation) AP fell rapidly and by the end

of the haemorrhage had reached a level 51% below pre—haemorrhage baseline values

(mean fall from 91:5 mmHg to 44.923 mmHg; Figure 5.2a&b). Similarly, HR was

maintained within 5% of baseline values until approximately the 12m minute of the

haemorrhage period. At the end of the haemorrhage period HR had fallen 21.7:1.8%

relative to pre-haemorrhage baseline values (mean fall from 340:18 bpm to 274111 bpm;

Figure 5.20&d).

5.3.2 Haemorrhage (18%) following leAG phentolamine: In 6 rats, unilateral

injections of phentolamine were made into the leAG 10min prior to an 18%

haemorrhage. Microinjection of phentolamine did not significantly alter resting AP or HR

(Figure 5.1a). Inspection of Figure 5.2a shows that following 18% haemorrhage there

was a striking delay and attenuation of the magnitude of the fall in AP. That is, AP did

not reach a level 10% below baseline until the 17'h minute of the haemorrhage. At the

completion of the haemorrhage, AP had only fallen approximately 20% relative to pre-

haemorrhage baseline values. Although the magnitude of haemorrhage—evoked

bradycardia was smaller following phentolamine administration, this effect did not reach

statistical significance (repeated measures two-way ANOVA; Figure 5.20).
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Figure 5.1

Effect of unilateral microinjection ofA phentolamine methanesulphonate; B

prazosin hydrochloride; and C yohimbine hydrochloride on pulsatile anerial

pressure. Each microinjection was made in the ventrolateral periaqueductal gray

(leAG) of halothane anaesthetised rats over a 15 second period‘ The duration of

each recording as shown is ten (10) minutes. The scale bar represents 2 minutes.



Arterial Pressure:
I 18% Phemonbnge (N=6)

A Phenmlnmine into leAG

followed 10min later by 18%

haemorrhage (N=6)

  
"s 20 ‘\

s s. 2

i 40 i 4

L2 L2

60

30 r—i—r—i—r—I—I—r—I—I—fl—Ifi—I—I—I 3 I—l—l—Ifi—l—l—T—T“!
0 6 12 18 20 30 40 50 60

TBVRemoved (%) Time (min)

1_l_|_l_l_l_l_l_l_l'_l'_l_l'_l_‘r_l'_l

0 10 15 20

Time (min)

Heart Rate:

C D

0 0

‘e

s s
‘< 10 r: 10
:5 m

; E

3 z‘

Ls L2

20 20

30 30 ,—'—[—'—'—'—'—'—,—|

6 6 12 18 20 30 40 50 60

TBVRemoved ('70) Time (min)

I—I—I—I—r—I—rfi—I—I—Ifi—I—i—r—r—i

0 1 15 20

Time (min)

Figure 5.2

Mean changes (+/-SEM) in arterial pressure (AP) expressed as a percentage change from pre-stimulus

baseline values of (i) 18% haemorrhage; and (ii) unilateral microinjection of phentolamine into the leAG

followed 10min later by an 18% haemorrhage. Panel A shows the initial twenty minute haemorrhage period,

and panel B shows the period of recompensation (20min—60min post-haemorrhage). Significant differences in

mean AP between control haemorrhage and haemorrhage following phentolamine administration are shown

by asterisks (repeated measures two-way ANOVA with Bonferroni-Dunn post-hoe analysis; * indicates

P<0.05; ** indicates P<0.005).

Mean changes (+/-SEM) in heart rate (HR) expressed as a percentage change from pre-stimulus baseline

values of animals subjected to either: (i) 18% haemorrhage; or (ii) unilateral microinjection of phentolamine

into the leAG followed 10min later by an 18% haemorrhage. Panel C shows the initial twenty minute

haemorrhage period, and panel D shows the period of recompensation (20min-60min post-haemorrhage).

Statistical analysis using a repeated measures two-way ANOVA revealed no significant difference between



5.3.3 Haemorrhage following specific alpha 1 or alpha 2 receptor blockade: In order

to establish whether the observed effect of adrenoreceptor blockade on haemorrhage was

mediated by either the alphaI or alpha2 subclass of adrenoreceptor, in two additional

groups of animals, 18% haemorrhage was performed subsequent to injection of either: (i)

the specific alpha1 adrenoreceptor antagonist prazosin hydrochloride (N=6); or (ii) the

specific alpha2 adrenoreceptor antagonist yohimbine hydrochloride (N=8) made into the

VlPAG.

5.3.4 Effect of prazosin on haemorrhage-evoked hypotension and bradycardia:

Unilateral leAG microinjection of Prazosin hydrochloride did not significantly alter

resting AF or HR (Figure 5.1b). In addition, as seen in Figures 5.3 administration of the

selective alphal adrenoreceptor antagonist prazosin had no effect on either haemorrhage-

evoked hypotension or bradycardia (p>0.05 repeated measures two—way ANOVA). Given

that microinjection of prazosin had no effect of AP or HR, and was not significantly

different from control animals, the prazosin injected group served as an additional control

group to account for any effect(s) that may be due to microinjection of drug alone.

5.3.5 Effect of yohimbine on haemorrhage-evoked hypotension and bradycardia:

Unilateral microinjection of the specific alpha2 receptor antagonist yohimbine made in

the leAG did not significantly alter resting AF or HR (Figure 5.1c). However,

yohimbine administration made prior to hypovolaemic (18%) haemorrhage resulted in a

striking delay and attenuation of the fall in AP evoked by 18% haemorrhage (percentage;

Figure 5.4a). That is, AP did not reach a level 10% below baseline until the 15‘11 minute of
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Figure 5.3

Mean changes (+/-SEM) in arterial pressure (AP) expressed as a percentage change from pro-stimulus baseline

values in animals subject to: (i) 18% haemorrhage; and (ii) unilateral microinjection of prazosin into the leAG

followed by an 18% haemorrhage. Panel A shows the initial twenty minute haemorrhage period, and panel B shows

the period of recompensation (20min-60min post-haemorrhage). Statistical analysis using a repeated measures

two-way ANOVA revealed no significant difference between the two experimental groups.

Mean changes (+/-SEM) in heart rate (HR) expressed as a percentage change from pre-stimulus baseline values of

animals subjected to either: (i) 18% haemorrhage; or (ii) unilateral microinjection of prazosin into the leAG
followed 10min later by an 18% haemorrhage. Panel C shows the initial twenty minute haemorrhage period, and

panel D shows the period of recompensation (20min-60min post-haemorrhage). Statistical analysis using a

repeated measures two-way ANOVA revealed no significant difference between the two experimental groups.
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Figure 5.4

Mean changes (+/-SEM) in arterial pressure (AP) expressed as a percentage change from pre-stimulus baseline

values of (i) 18% haemorrhage; and (ii) unilateral microinjection ofyohimbine into the leAG followed 10min later

by an 18% haemorrhage. Panel A shows the initial twenty minute haemorrhage period, and panel B shows the period

of recompensation (20min-60min post-haemorrhage). Significant differences in mean AP between control

haemorrhage and haemorrhage following phentolamine administration are shown by asterisks (repeated measures

two-way ANOVA with Bonferroni-Dunn post-hoc analysis; * indicates P<0.05; ** indicates P<0.005).

Mean changes (+/-SEM) in heart rate (HR) expressed as a percentage change from pre-stimulus baseline values of

animals subjected to either: (i) 18% haemorrhage; or (ii) unilateral microinjection of yohimbine into the leAG

followed 10min later by an 18% haemorrhage. Panel C shows the initial twenty minute haemorrhage period, and

panel D shows the period of recompensation (20min-60min post-haemorrhage). Statistical analysis used a repeated

measures two-way ANOVA followed by Bonferroni-Dunn post-hoe correction.



the haemorrhage, and had fallen only 24.5=4.l% relative to baseline values by the end of

the 20min haemorrhage period. Although the magnitude of haemorrhage-evoked

bradycardia was mildly attenuated by prior administration of yohimbine, this effect did

not reach significance (Figure 5.4c&d).

5.3.6 Unilateral leAG microinjection of noradrenaline: Microinjections of the alpha

adrenoreceptor agonist noradrenaline hydrochloride were made in the ventrolateral PAG

of four animals (N=4). Mean resting arterial pressure for the animals used in these

experiments was 91.08 x 2.30 mmHg. Injection of noradrenaline evoked a slow fall in

AP which reached a maximum approximately 12 min post injection (mean fall 8.13 =

3.26%; range 3.19 -l6.92%). The decrease in AP was sustained for approximately 20 min

before returning to pre-injection levels (Figure 5.5a). In contrast, injection of

noradrenaline evoked an immediate fall in HR which reached a maximum of

approximately 25% relative to resting baseline values at the 16th post-injection minute

(mean fall 24.7 1- 5.16%; range 18.16% to 46.11%; Figure 5.5b).

5.3.7 Histological verification of injection sites: Figure 5.6 shows the location of

injection sites in the leAG in animals previously injected with either (i) phentolamine;

(ii) prazosin hydrochloride; or (iii) yohimbine hydrochloride. It can be seen that all

injections were located in the region previously defined as the vasodepressor region of

the leAG.
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Figure 5.5

Graphs illustrating the effect of unilateral leAG microinjection
of the alpha receptor agonist noradrenaline hydrochloride on A

resting arterial pressure; and B resting heart rate. Data are

expressed as mean percent change (+/- SEM) from pre-injection

baseline values. Asterisks indicate significance, * p<0.05
(ANOVA).



A Phentolamine Injection Sites (N=6)

 
Figure 5.6

Camera lucida reconstructions of coronal sections through the midbrain

periaqueductal gray illustrating the location of A. phentolamine methanesulphonate

injections; B. prazosin hydrochloride injections; and C. yohimbine hydrochloride

injections. The dark black shading represens the core of the injection site, the gray

shading represents the halo surrounding the core. Each injection was identified by
the presence of small deposits of Fluorogold.



5.4 Discussion

The results presented in the previous chapters suggest strongly that ascending

noradrenergic projections from the ventrolateral medulla may play a critical role in

triggering decompensation. The aim of this series of experiments was to determine if

noradrenaline release within the leAG may also play a significant role in the premature

initiation and potentiation of haemorrhage-evoked hypotension under conditions of

halothane anaesthesia.

The principle finding of this study was that unilateral microinjection of the broad

spectrum alpha—adrenoreceptor antagonist phentolamine methanesulfonate delayed the

onset of and dramatically attenuated the magnitude of haemorrhage-evoked hypotension

under conditions of halogenated anaesthesia. Such a result has striking clinical

implications, thus the study was extended in order to characterise the specific alpha-

adrenoreceptor subtype(s) involved. It was found that: (ii) unilateral microinjection of the

specific alpha2 adrenoreceptor antagonist yohimbine hydrochloride delayed the onset of

and dramatically attenuated the magnitude of haemorrhage—evoked hypotension; and (iii)

unilateral microinjection of the specific alphal adrenoreceptor antagonist prazosin

hydrochloride had no eflect on haemorrhage- evoked hypotension. These data support the

hypothesis that ascending projections (most probably) arising from A1 neurons in the

ventrolateral medulla release noradrenaline within the leAG in order to trigger

decompensation and provide evidence which strongly suggests that it is alpha2

adrenoreceptors which play a key role in this circuit.
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5.4.1 Specificity of Phentolamine, Prazosin and Yohimbine for the different

subtypes of alpha adrenergic receptors:

Phentolamine methanesulfonate is a well characterised, competitive non-selective alpha

adrenergic receptor antagonist. Pharmacological studies utilising radioligand binding

techniques have shown conclusively that phentolamine prevents noradrenaline binding to

both alphal and alpha2 adrenoreceptors (Venugopalan etal., 2006, Herold et al., 2005,

Trendelenburg et al., 2003, Sagen et al., 1983, Gomes et al., 1980, Jones etal., 1985).

The volume and concentration used in this study was chosen because it lies well within

the concentrations used in previous studies. Specifically, phentolamine administered at

the dose used in this study (0.25nmol. in 0.5pt1 physiological saline; pH 7.4) has

previously been shown to: (i) antagonise the hypotensive response to noradrenaline

injected into the nucleus of the solitary tract (NTS) (Zandenberg et al., 1979); (ii) produce

hypoalgesia when injected into the nucleus raphe magnus (Sagen et al., 1983, Hammond

et al., 1980a, Hammond et al., 1980b, Sagen and Proudfit 1981); and (iii) significantly

attenuate morphine-induced analgesia evoked from the ventrolateral PAG (Tive and Barr

1 992).

In contrast, prazosin hydrochloride is a selective alpha, receptor antagonist, and

yohimbine hydrochloride a selective alphaQ adrenoreceptor antagonist (Millan et al.,

1994, Trendelenberg et al., 1993, Doxey et al., 1984, Redfem and Williams 1995, Starke

et al., 1975, Cheung et al., 1986, Lee et al., 2004, Buzsaki et al., 1991, Patel et al., 2001).

Alpha2 adrenoreceptors can be further subdivided into A, B, and C receptor subtypes.

Both the B and C subtypes of alpha2 receptors have been shown to display high affinity
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for the selective alpha1 receptor antagonist prazosin in addition to the selective alpha2

adrenoreceptor antagonists yohimbine, idazoxan (RX 781094), rauwolscine, corynanthine

and delequarnine (Bylund 1992, Redfem and Williams 1995, Doxey et al., 1984). Thus it

can be concluded that yohimbine selectively acts at alpha2A adrenoreceptors.

5.4.2 Methodological Considerations:

This series of experiments utilised intra—leAG microinjection of alpha receptor

antagonists to investigate the contribution of noradrenaline release (and subsequent

binding to different subtypes of adrenergic receptors) in the leAG on haemorrhage-

evoked hypotension. Each microinjection was made slowly in order to minimise damage

to surrounding neural tissue and fibres of passage. Furthermore, injections were made at a

30° caudal to rostral angle in order to minimise the spread of injectate up the pipette track

into the dorsally adjacent lateral and dorsolateral PAG columns.

Given that such striking results were obtained in this series of experiments, it is plausible

to suggest that the observed effects may be a consequence of complete leAG

inactivation similar to that which has previously been reported in the conscious rat

following bilateral injection of lignocainc, cobalt chloride or muscimol (Cavun and

Millington 2001, Dean 2004). However, there is no evidence in the literature to suggest

that phentolamine, prazosin or yohimbine are neurotoxic or have the ability to block

synaptic transmission (Stone et al., 2004, Angyan and Angyan 1999, Taiwo and Levine

1988, Buzsaki et al., 1991). Moreover, the dose and volume of each antagonist used in

this series of experiments mirrors that used in prior experiments in which phentolamine,
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prazosin and/or yohimbine were administered to central neural sites (for details see

Zandenberg et al., 1979, Perez et al., 1998, Tive and Barr 1992, Sagen et al., 1983).

The addition of a Visual marker (Fluorogold) was utilised to provide an indication of the

spread of injectate. The volume of each injection was 200nl, considerably smaller than

that used in previous leAG inactivation studies with 1ignocaine, cobalt chloride or

muscimol (cf. Cavun and Millington 2001, Cavun et al., 2001, Cavun et al., 2004, Dean

2004). Assuming then that each injection is a perfect sphere, the maximum possible

diameter of spread is 0.75mm. Post-mortem histology suggested a rostrocaudal spread of

approximately 0.5mm, and a mediolateral spread of approximately 0.2mm consistent

with what has previously been reported by this laboratory for previous microinjection

studies (Henderson et al., 2000, Heslop et al., 2002). Taken together, such limited spread

combined with the small injection volume makes it unlikely that the injectate spread into

the cerebral aqueduct to act at nuclei other than the leAG.

It is important to recall that all microinjections made in this study were unilateral. This

was done as a first step in order to evaluate the contribution that noradrenergic

neurotransmission, triggered as a result of leAG—projecting A1 neurons, has on evoking

the premature fall in AP and HR under conditions of halothane anaesthesia. It was,

therefore, surprising that such a striking result was obtained. One possible explanation

may be that the decompensatory response is significantly delayed such that

decompensation will occur if bleeding were to continue over a longer time period.
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Inspection of Figure 5.2 and Figure 5.4 suggests this may be likely given the downward

trend of the AP trace in both phentolamine— and yohimbine—injected groups.

5.4.3 Patterns of haemorrhage-evoked hypotension is unaltered by halothane

anaesthesia:

Unlike the experiments performed in the previous chapters, each experimental

haemorrhage in this study was performed under halothane anaesthesia. Anaesthesia is

known to evoke a premature and potentiated hypotension in response to a moderate

amount of blood loss (Caplan etal., 1988, Vatner 1978). For this reason, less blood

volume was removed (removal of 18% total blood volume compared to 30% total blood

volume in the freely moving animal), however, the two—rate protocol was preserved

(removal of 6% total blood volume over 10min followed by 12% over the second ten

minutes) to ensure equal periods of compensation and decompensation.

As seen in the results, removal of 18% total blood volume under halothane anaesthesia

evokes a biphasic AP response. Initially, as blood was removed AP was maintained at

normal levels. Following the withdrawal of approximately 10% total blood volume, a

profound fall in AP was observed (up to a maximum of 51% below pre-haemorrhage

baseline values). Although the amount of blood loss necessary to trigger decompensation

depends on species and conditions (i.e., anaesthesia), the biphasic response to

haemorrhage observed in this study is identical to that observed in previous chapters, as

well as that seen in humans, rabbits, dogs and rats (Shen et al., 1989, Chalmers et al.,

1967, Troy et al., 2003, Yamashita et al., 1996).
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5.4.4 Decompensation depends on the ventrolateral PAG:

The striking response observed following phentolamine and yohimbine administration

into the ventrolateral PAG provides further evidence that the integrity of the leAG is

critical for the timing and magnitude of haemorrhage—evoked hypotension. Early reports

that removal of the forebrain and midbrain blocked the decompensatory response;

whereas removal of the forebrain only preserved decompensation, indicated that the

midbrain was critical for the expression of haemorrhage-evoked hypotension (Evans et

al., 1991, Troy et al., 2003). Further reports that microinjection of excitatory amino acids

into the ventrolateral column of the midbrain PAG produced profound hypotension and

bradycardia; and that hypotensive haemorrhage evoked Fos expression selectively within

the leAG provided strong evidence suggesting that the ventrolateral PAG was the likely

midbrain site responsible for mediating decompensation (Carrive et al., 1991, Keay et al.,

2002, Bandler and Shipley 1994, Keay etal., 1997).

The notion that the leAG is the critical neural site responsible for the expression of

decompensation was confirmed when it was shown that intra-leAG microinjection of

1i gnocaine, cobalt chloride and muscimol resulted in a significant attenuation of

haemorrhage-evoked hypotension and sympathoinhibition in the conscious rat (Cavun

and Millington 2001, Dean 2004). The finding reported here that haemorrhage-evoked

hypotension is similarly attenuated by phentolamine extends previous work by showing

that noradrenergic neurotransmission within the leAG is critical for the expression of

decompensation. Furthermore, given that prior administration of yohimbine but not

prazosin resulted also in a dramatic attenuation of haemorrhage—evoked hypotension, it
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can be concluded that decompensation is most likely mediated by the action of

noradrenaline at alpha,A adrenoreceptors in the leAG.

5.4.5 Noradrenergic inputs to the leAG:

If, as suggested by these data, noradrenaline release within the leAG is critical for the

expression of decompensation then it seems logical that two criteria should be met. First,

leAG alpha2A adrenoreceptor activation with the appropriate adrenoreceptor ligand

should result in AP and HR changes characteristic of decompensation. Second, the

leAG must receive input from noradrenergic neurons.

Intra-leAG microinjection ofnoradrenaline produces hypotension and bradycardia:

Previous single cell electrophysiological experiments have shown that noradrenaline

depolarises leAG neurons in vitro (Vaughan et al., 1994). Functionally, depolarisation

of leAG neurons results in hypotension and bradycardia (for review see Keay and

Bandler 2004). As shown in this chapter, noradrenaline microinjections made in the

leAG of anaesthetised rats results also in hypotension (8.13 4.- 326%) and bradycardia

(24.7 2 5.16%). These data suggest therefore, that noradrenaline, the endogenous ligand

of alpha2A adrenoreceptors, depolarises leAG neurons in vivo to produce cardiovascular

changes similar to those evoked by severe blood loss.

Noradrenergic inputs to the leAG:

Early anatomical studies revealed that the PAG receives dense noradrenergic input from

the A1 and A2 cell groups in the ventrolateral medulla and nucleus of the solitary tract
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respectively (Herbert and Saper 1992). Extending these findings by limiting retrograde

tracer injection sites to the ventrolateral PAG, the results presented in chapter 4 (part II)

indicate that the leAG receives specific noradrenergic input from the ventrolateral

medulla (Al cell group). As shown in chapter 4 (part I), almost all neurons in the Al cell

group express Fos-like immunoreactivity following severe blood loss. Taken together,

these data suggest that activation of the Al—leAG pathway by severe blood loss may be

a critical source of noradrenergic input to the leAG.

5.4.6 Location of alpha2 adrenoreceptors:

Early studies utilising in situ hybridisation revealed that the PAG contains high levels of

messenger RNA for alpha2 adrenoreceptors (Zeng and Lynch 1991, McCune et a1., 1993,

Nicholas et a1., 1993, Scheinin et a1., 1994). Further work employing ligand binding

autoradiography and immunohistochemical techniques to map the precise location of

alpha2 adrenoreceptor subtypes throughout the central nervous system showed that

alpha2A adrenoreceptors are densely clustered in the ventrolateral column of the PAG at

both rostral and caudal levels (Boyajian et a1., 1987, Talley et a1., 1996, Rosin et a1.,

1993, Aoki et a1., 1994). As well, alpha2A receptors have been observed at the caudal pole

of both dorsolateral and lateral PAG columns although the intensity and density of

receptor staining is significantly less that that seen in the ventrolateral column (Talley et

a1., 1994).

Since their detection, much debate has arisen as to the location of alpha2 receptors

relative to the synapse. Initial studies performed in the periphery concluded that alpha“
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adrenoreceptors were pre—synaptic autoreceptors which function to limit the amount of

noradrenaline released into the synaptic cleft following depolarisation (Yamaguchi 1982,

Langer 1974). However, recent anatomical data strongly suggests that alpha2A receptors

are also found on the post-synaptic cell membrane.

When viewed under the light microscope alpha2A receptor staining reveals discrete,

uniform patterns of punctate immunoreactivity observed with diffuse neuropil staining

(Talley et al., 1996, Rosin et al., 1993, Guyenet et al., 1994). Rosin et al., point out that

this pattern of staining closely resembles that of glycine receptors and is attributed to

their post-synaptic location (Rosin et al., 1993, Wenthold etal., 1990). Moreover, it is

unlikely that the punctate pattern of staining seen for alpha2 receptors is due to their

association with pre-synaptic terminals as the puncta are observed in close contiguity

with cell bodies (Zeng and Lynch 1991, Rosin et al., 1993, Talley et al., 1996), and there

is thus far no evidence that individual puncta are linked by neuronal processes resembling

axons or en passant varicosities (Rosin et al., 1993).

To summarise, whilst alpha2 adrenoreceptors have traditionally been thought to occur

only on pre—synaptic noradrenergic terminals, anatomical evidence suggests that they

may also be located on the post-synaptic cell membrane. Moreover, in contrast to what is

observed in peripheral tissue, pharmacological and physiological evidence exists which

suggests that activation of alpha2 adrenoreceptors results in the depolarisation of the post-

synaptic neuron on which they are located (Szafarczyk et al., 1990, Millan et al., 1994).

In the context of the present series of experiments, activation of alpha2 receptors results in
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the depolarisation of post-synaptic ventrolateral PAG neurons (on which they are

located), which in turn triggers the sympathoinhibition and hypotension characteristic of

the cardiovascular response to severe blood loss.

5.4.7 Involvement of central alpha2A adrenoreceptors in the regulation of

sympathetic outflow, arterial pressure and heart rate:

The decompensatory phase of severe blood loss is characterised by a striking decrease in

sympathetic nerve activity, arterial pressure and heart rate. As demonstrated in this study,

binding of the appropriate receptor ligand to intrinsic leAG alpha“ receptors produces

autonomic changes similar to those evoked by severe blood loss. Additionally, leAG

microinjection of the specific alpha“ receptor antagonist yohimbine delays and

attenuates the fall in arterial pressure evoked by severe blood loss. Taken together, these

findings suggest that alpha“ adrenoreceptors form a critical part of the central circuit

precipitating shock following haemorrhage.

Past studies focussing on alpha2A receptor-mediated sympathetic regulation have shown

that activation of brainstem alpha2A receptors with various centrally acting alpha2 agonists

evokes a striking decrease in arterial pressure and heart rate (Macmillan et al., 1996,

Ruffolo et al., 1993). This cardiovascular ‘depressor’ response can be abolished

following mutation of the alpha2A adrenoreceptor and/or pharmacological blockade of

central alpha2 receptors with yohimbine (Macmillan et al., 1996, de Jonge et al., 1982,

Borkowski and Finch 1979, Conner et al., 1981, Hamilton et al., 1980, Heise and
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Kroneberg 1972, Kubo and Misu 1981, Sinha and Schmidt 1974, Zandenberg et al.,

1979, Philippu and Schartner 1976).

Further evidence that alpha2 adrenoreceptors are involved in sympathetic nervous system

regulation arises from physiological data showing that microinjection of yohimbine into

the thoracic spinal cord of the pigeon attenuates the inhibitory effects produced by alpha2

agonists on post-ganglionic sympathetic nerve discharge (Guyenet and Stometta 1982).

Thus activation of central alphaQ adrenoreceptors modulates sympathetic nerve activity to

produce a hypotension and bradycardia similar to that evoked by severe blood loss. These

data add strength to the hypothesis that severe blood loss results in activation of leAG

alpha2A adrenoreceptors to produce a sympathoinhibition and consequent hypotension

and bradycardia.

5.4.8 Central alpha2A receptors modulate behavioural states:

As well as resulting in a centrally-mediated sympathoinhibition, severe blood loss evokes

concomitant alterations in the behavioural state of humans and conscious animals (rat,

rabbit) (Morris 1867, Barcroft 1967, Persson and Svensson 1981). Such behavioural

changes are characterised by quiescence, hyporeactivity and withdrawal from the

surrounding environment. Consistent with the hypothesis that the leAG is capable of

producing an integrated behavioural and cardiovascular response to severe blood loss,

stimulation of the leAG with excitatory amino acids results also in quiescence

(cessation of ongoing spontaneous motor activity) and hyporeactivity (failure of an age
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and weight matched partner animal to evoke orientation, startle reactions or vocalisation)

(Depaulis et al., 1994).

Early work using human subjects has shown that intravenous administration of

yohimbine evokes striking alterations in behavioural state. Subjects who receive

yohimbine (0.5mg/kg) become restless, tremulous, and feelings of impatience and unrest

are often experienced (Holmberg and Gershon 1960). Subsequent work using conscious

animals (dog, rat) reports similar findings of pronounced behavioural arousal following

both intravenous and intraventricular microinjection of yohimbine. Lang et al., (1975)

reported that conscious dogs and rats become more alert, show a striking increase in

motor activity (e. g., make vigorous attempts to escape from their home cage) and exhibit

intense vocalisations. That identical behavioural changes are evoked following both

peripheral and central administration suggests that yohimbine produces behavioural

alterations by antagonising central alpha2 receptors. Moreover, the finding that

antagonism of central alpha2 receptors results in behavioural excitation suggests that

under normal circumstances, an important function of alpha2 receptors may be to bias an

animal towards a more passive behavioural state.

In addition to being modulated by alpha,Z adrenoreceptor antagonists, the behavioural

state of an animal has also been shown to be altered following administration of the

alphaQ receptor agonist clonidine. Smith et al., (2003) have recently shown that clonidine

reduces awareness in human subjects. As well, central administration of clonidine in both

conscious unrestrained, and propofol anaesthetised rats and cats evokes quiescence and a

134



reduction in the frequency of so—called ‘natural behaviours’ (Yamazato et al., 2001, Ally

1997). Interestingly, the study by Ally (1997) suggests that clonidine may produce these

behavioural changes by acting at the level of the periaqueductal gray (Ally 1997). It is

interesting to note that in all cases, clonidine-evoked behavioural depression was

accompanied by vasodepressor responses and a reduction in sympathetic nerve activity.

This suggests that under certain conditions the action of noradrenaline at alpha2 receptors

may produce an integrated cardiovascular and behavioural response. The ability of

noradrenaline to produce behavioural changes through actions at leAG adrenoreceptors,

especially under conditions of severe blood loss, is the subject of future investigations.

5.4.9 Synergistic interaction of alpha2A receptor with opioid receptors:

Alpha2 receptors belong to the super family of G-protein coupled receptors (guanyl

nucleotide binding). All alpha2 adrenoreceptor subtypes share a common signal

transduction pathway, viz. mediated via pertussis toxin-sensitive inhibitory proteins Gi

and Go. The structure of alpha2 receptors consists of seven putative membrane-spanning

domains with a long (approximately 150 amino acids) third intracellular loop (Harrison et

al., 1991, Hayar and Guyenet 1999).

Alpha2 adrenoreceptors are phosphorylated in an agonist dependent fashion. Upon

activation, the receptor is phosphorylated by the GRK2 protein which interacts with the

receptor domain (Pao and Benovic 2005). Phosphorylation occurs at four adjacent serines

in the third intracellular loop. Additionally, receptor activation leads to the activation of
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the mitogen—activated protein kinase cascade Ras, as well as phospholipase D (Pao and

Benovic 2005, Harrison et al., 1991).

The discovery that the long third intracellular loop - characteristic of alpha2

adrenoreceptor structure — interacts with a variety of scaffolding and signalling proteins

(eg. spinophilin, arrestin 3, 14—3-3C) led to the discovery that alpha2 adrenoreceptors

functionally interact with other receptors, in particular, opioid receptors (Wang and

Limbird 2002, Rios et al., 2004). Furthermore, the observation that co—administration of

opiates and alphaZ-adrenoreceptor agonists enhances spinal anti—nociception further led to

the suggestion that adrenoreceptors and opioid receptors function synergistically to

enhance the effects of one another (Stone et al., 1997).

Anatomical studies have revealed that both opioid (u and 6 subtypes) and alpha,2

receptors are extensively co—localised at both the cellular and subcellular level (Milner et

al., 2002). Furthermore, both receptors have been described on substance P containing

neurons suggesting that these receptors are expressed in the same cell (Robertson etal.,

1999, Stone et al., 1998). Delta (6) opioid and alpha2 adrenoreceptors have recently been

characterised as an interacting complex using BRET assay (bioluminescence resonance

energy transfer) technology (Rios et al., 2004).

Delta opioid receptor subtypes were first implicated in the expression of decompensation

when in 1979 Faden and Holaday reported that intravenous injection of naloxone, a broad

spectrum opioid receptor antagonist, significantly attenuated the hypotension evoked by
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haemorrhage in the conscious rat (Faden and Holaday 1979). Further work utilising

specific opioid receptor antagonists in both anaesthetised and un-anaesthetised rat and

rabbit models of haemorrhagic shock have extended these original findings to show that

haemorrhage—evoked hypotension depends on central delta (6) opioid receptors (Sandor

et al., 1987, Schadt and Ludbrook 1991, Ludbrook and Ventura 1994, Hasser and Schadt

1992).

The leAG receives dense innervation from opioid-ergic neurons (Martin-Schild et al.,

1999, Schreff et al., 1998). Microinjection of the specific 6 opioid receptor agonist

DPDPE into the leAG evokes hypotension (1722.3 mmHg) and bradycardia (31:5.5

bpm) (Keay at al., 1997), as does microinjection of B—endorphin, the endogenous ligand

for the o—opioid receptor (Cavun et al., 2001b). Following blockade of intrinsic leAG 6-

opioid receptors with naloxone and/or naltrindole, haemorrhage-evoked hypotension is

completely abolished (Cavun et al., 2001b). These data suggest that delta opioid receptors

located within the leAG, are critical for the expression of decompensation. However,

whether opioid receptors function independently or in synergy with alpha2A

adrenoreceptors as these data would suggest, remains to be determined.

5.4.10 Descending leAG projections mediating decompensation:

The data presented in chapter three strongly suggests that decompensation is mediated via

descending leAG output projections to the caudal midline medulla (CMM). In a series

of double label experiments performed to identify possible descending leAG projections

responsible for mediating decompensation, it was found that leAG neurons ‘specifically
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activated’ by hypotensive haemorrhage project predominantly to the vasodepressor

region of the caudal midline medulla (CMM).

Having established in this study that alpha2 adrenoreceptors within the leAG are an

essential component of the central circuit triggering decompensation, it follows therefore

that alpha2 receptors must be present on leAG neurons which project to the CMM. A

recent study from this laboratory has shown that alpha2A receptors are located post-

synaptically on the cell bodies, proximal dendrites and axonal processes of CMM-

projecting leAG neurons. Many CMM-projecting leAG neurons not immunoreactive

for alpha2A receptors were observed to be in close proximity to pre-synaptic clusters of

alpha2A adrenoreceptors. Moreover, large numbers of astrocytes displayed extensive

alpha2A receptor immunoreactivity in addition to showing extended processes either

contacting or in close proximity to CMM—projecting neurons, suggesting that they may

also play a role in signalling pathways which trigger decompensation. (Alfonso Manuel

Arguetta., Honours Thesis 2006). When considered together, these data strongly support

the pharmacological data presented in this chapter suggesting that decompensation is

triggered as a result of noradrenergic neurotransmission, acting at alpha2A

adrenoreceptors, within the leAG.
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Summary

The aim of this series of experiments was to determine if noradrenaline release within the

leAG was critical for the expression of decompensation under conditions of halothane

anaesthesia. It was found that noradrenaline evokes a small but significant hypotension

and bradycardia. As well, prophylactic administration of the broad-spectrum alpha

adrenoreceptor antagonist phentolamine results in a striking attenuation of haemorrhage—

evoked hypotension. That yohimbine but not prazosin results also in a similar attenuation

of haemorrhage-evoked hypotension strongly suggests that decompensation may be

triggered by the release and subsequent binding of noradrenaline to alpha2A receptors

within the leAG.
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-Chapter 6-

Summary and Conclusions

6.1 Summary of aims and results

The haemodynamic response to severe blood loss is characterised by two successive

phases: (i) an initial compensatory phase during which arterial pressure (AP) is

maintained at normal levels; and (ii) a subsequent decompensatory phase characterised

by a sudden fall in AP due to a centrally-mediated sympathoinhibition. Previous

experimental reports have revealed that the ventrolateral column of the periaqueductal

gray (leAG) plays a central role in mediating behaviourally-coupled cardiovascular

responses, and more specifically, mediating the response evoked by severe blood loss.

Injection of excitatory amino acid (DLH) evokes a similar reaction to that seen following

severe blood loss, namely hypotension, bradycardia, quiescence and hyporeactivity.

Furthermore, blockade of neural activity within the leAG has been shown to abolish the

hypotension and bradycardia evoked by severe blood loss. With these findings in mind,

the first set of experiments (described in Chapter 3) aimed to identify a descending output

pathway(s) through which leAG neurons trigger sympathoinhibition, hypotension and

bradycardia in response to severe blood loss.

The experiments described in chapter 4 were designed to identify the central afferent

pathway(s) responsible for triggering decompensation. These experiments aimed to
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describe a neural pathway which when activated, results in the depolarisation of leAG

neurons which tn’gger decompensation.

In the final series of experiments (chapter 5), the haemodynamic response to severe blood

loss was investigated under conditions of halothane anaesthesia.

Experimental Series I- Descending output pathway(s) responsiblefor mediating

decompensation

Immunohistochemical detection of the protein product (Fos) of the immediate early gene

c-fos was used as a marker of haemorrhage-evoked neural activity within the

periaqueductal gray. The first major finding was that hypovolaemic (30%) haemorrhage

selectively evoked Fos expression (i.e., neural activity) within the ventrolateral PAG.

These findings are consistent with the hypothesised role of the leAG as being the central

neural site responsible for mediating the cardiovascular reaction to severe blood loss.

Furthermore, these data extend previous reports by showing that the increase in Fos

expression following hypovolaemic (30%) haemorrhage occurs over and above that seen

following both normotensive (10%) haemorrhage and euvolaemic (peripherally-

mediated) hypotension. Thus, the increase in Fos expression may be interpreted as being

specific to the decompensatory phase of blood loss.

In a second set of experiments combining retrograde tracer and Fos

immunohistochemistry, it was revealed that ventrolateral PAG neurons selectively

activated by severe haemorrhage project overwhelmingly to the vasodepressor region of
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the caudal midline medulla (CMM). This finding correlates well with previous

experimental reports showing that the integrity of the CMM is critical for mediating

severe, behaviourally—coupled, cardiovascular challenges such as haemorrhage

(Henderson et al., 2000, 2002) .

Experimental Series 2 — Potential sources ofafi‘erent drive onto the ventrolateral PAG

The experiments described in Chapter 3 demonstrated that severe hypovolaemic

haemorrhage selectively activated neurons within the ventrolateral PAG. The aim of this

series of experiments was to determine: (i) which population(s) of medullary neurons

were activated by severe blood loss; (ii) which population(s) of activated medullary

neurons projected onto the ventrolateral PAG; and (iii) whether these neurons play a role

in triggering decompensation.

In an initial set of experiments (chapter 4 part I) immunohistochemical detection of the

protein product (Fos) of the immediate early gene c-fos was used as a marker of

haemorrhage—evoked neural activity within the medulla. The first main finding was that

hypovolaemic haemorrhage evoked an increase in Fos expression within the ventrolateral

medulla, most notably caudal to the level of the Obex. This region has been well

described and is known to contain the noradrenergic (A1) neural population. Subsequent

double label studies revealed that almost all Al noradrenergic neurons are activated by

hypovolaemic haemorrhage but not by either normotensive haemorrhage or euvolaemic

hypotension. Thus, the increase in Fos expression may be interpreted as being specific to

the decompensatory phase of blood loss.
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Previous studies have established that large numbers of A1 noradrenergic neurons are

recruited by various physical stressors; including haemorrhage (Dayas et al., 2001a,

2001b). Additionally, the hypotension evoked by severe blood loss is significantly

attenuated following blockade of the caudal ventrolateral medulla — including the A1 cell

group. These data raise the possibility that Al neurons may be responsible for providing

afferent drive onto the ventrolateral PAG in order to trigger decompensation.

To determine whether ventrolateral medullary catecholaminergic neurons provide

significant afferent input to the leAG, injections of retrograde tracer were made into the

ventrolateral PAG and combined with immunohistochemistry for both tyrosine

hydroxylase and phenylethanolamine—N—methyltransferase. It was revealed that

noradrenergic neurons in the ventrolateral medulla provide a major source of input onto

the VlPAG.

The final series of experiments (chapter 4 part III) used a physiological approach to

investigate whether noradrenaline release within the ventrolateral PAG plays a role in

triggering decompensation. Bilateral microinjections of the non-specific alpha

adrenoreceptor antagonist phentolamine in the ventrolateral PAG of conscious rats

significantly delayed and attenuated the hypotension evoked by severe haemorrhage. This

finding confirmed that noradrenergic neurotransmission within the ventrolateral PAG

plays a key role in the mechanisms triggering decompensation. When considered with the

above anatomical data, it is likely that noradrenaline release arises from activation of the

A1 —ventrolateral PAG pathway.
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Experimental Series 3 - The role ofnoradrenaline in triggering decompensation under

conditions ofhalogenated anaesthesia.

Halogenated anaesthesia has been shown to lead to a premature and potentiated

decompensatory phase of haemorrhage (Caplan et al., 1988, Vatner 1978). Interestingly,

halothane anaesthesia has also been shown to evoke activation of ventrolateral PAG—

projecting Al medullary neurons (Clement et al., 1998). In light of this evidence, the

discovery that the A1 — ventrolateral PAG pathway likely plays a key role in triggering

decompensation suggests that premature activation of this pathway may be responsible

for potentiating haemorrhage-evoked hypotension under conditions of halogenated

anaesthesia.

To investigate this question, microinjections of: (i) the non-specific alpha adrenoreceptor

antagonist phentolamine; (ii) the alpha1 adrenoreceptor antagonist prazosin; or (iii) the

selective alphaQ adrenoreceptor antagonist yohimbine were made into the ventrolateral

PAG of anaesthetised animals prior to hypovolaemic haemorrhage. It was found that both

phentolamine and yohimbine dramatically attenuated the hypotension evoked by

hypovolaemic haemorrhage. In contrast prazosin had no effect on haemorrhage-evoked

hypotension. These data suggest that alth adrenoreceptors within the ventrolateral PAG

play a key role in mediating decompensation under conditions of halogenated

anaesthesia.
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6.2 Central events precipitating shock after injury

.The PAG has recently been recognised as being a neural structure that integrates both the

behavioural and cardiovascular components of the response to injury. Past findings have

shown that the ventrolateral column of the PAG co—ordinates quiescence, hyporeactivity,

hypotension and bradycardia in response to deep pain and haemorrhage, in addition to

other inescapable stressors. This response has been classified as a passive coping strategy

to injury and is an adaptive response essential for the survival of the individual.

A schematic illustration of the proposed central pathway mediating hypovolaemic shock,

as suggested by the results of the studies presented in this thesis, is illustrated in Figure

6.1. Severe blood loss results in the selective activation of A1 noradrenergic neurons

located within the ventrolateral medulla. Noradrenergic A1 neurons provide significant

afferent drive onto the ventrolateral PAG. Activation of ventrolateral FAG-projecting,

noradrenergic neurons results in the release of noadrenaline within the leAG and

depolarisiation of descending leAG output neurons which project to the caudal midline

medulla (CMM) in order to trigger the sympathoinhibition, hypotension and bradycardia

characteristic of hypovolaemic shock.

It is also suggested that premature activation of A1 noradrenergic neurons results in the

potentiation of decompensation under conditions of anaesthesia, and that alpha2

adrenoreceptors play a key role in this circuit.
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Schematic summary diagram illustrating a proposed central pathway responsible for triggering
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decompensation. Cardiac spinal afferent neurons in addition to other, as yet undefined peripheral triggers

result in the activation of noradrenergic A1 neurons which are located in the ventrolateral medulla

(predominantly) caudal to the obex. These noradrenergic neurons then project onto the leAG resulting in

the release of noradrenaline and subsequent depolarisation ofleAG neurons which triggers

decompensation via descending projections to the caudal midline medulla. leAG, ventrolateral

periaqueductal gray; Sp V, spinal trigeminal nucleus; NTS, nucleus ofthe solitary tract; 10, inferior

olivary nucleus; 12, hypoglossal nerve.
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HYPOVOLEMIC SHOCK: CRITICAL INVOLVEMENT OF A PROJECTION

FROM THE VENTROLATERAL PERIAQUEDUCTAL GRAY TO THE
CAUDAL MIDLINE MEDULLA

D. J. VAGG, R. BANDLER AND K. A. KEAY*

School of Medical Sciences (Anatomy and Histology), Anderson Stuart

Building, The University of Sydney, NSW, Australia 2006

Abstract—Previous research has suggested that the ventro-
lateral column of the periaqueductal gray (vIPAG) plays a
crucial role in triggering a decompensatory response (sym-
pathoinhibition, hypotension, bradycardia) to severe blood
loss. vIPAG excitation triggers also quiescence, decreased
vigilance and decreased reactivity, the behavioral response
which usually accompanies hypovolemic shock. The aim of
this study was to identify, in unanesthetized rats, the main
descending pathway(s) via which vIPAG neurons trigger
sympathoinhibition and bradycardia in response to severe
blood loss. Firstly, immediate early gene (c—Fos) expression
was used to identify vIPAG neurons selectively activated by
severe blood loss. Subsequently, the specific medullary pro-
jections of these vIPAG neurons were defined by combined
c-Fos, retrograde tracing (double-label) experiments. It was
found that vIPAG neurons selectively activated by severe
hemorrhage project overwhelmingly to the vasodepressor
portion of the caudal midline medulla (CMM). Previous stud-
ies indicate that this CMM region mediates behaviorally-
coupled cardiovascular adjustments and the findings de-
scribed here fit with the idea that CMM neurons are
uniquely recruited by salient challenges, the adaptive re-
sponses to which require more than reflexive homeostatic

cardiovascular adjustments. © 2008 Published by Elsevier
Ltd on behalf of IBRO.

Key words: shock, hypotension, heart rate, medulla, periaq-
ueductal gray, hypovolemia.

In conscious mammals (including humans) progressive
blood loss triggers a biphasic hemodynamic response.
Initially, during moderate blood loss (up to15% total blood

volume, tbv), arterial pressure (AP) is maintained within a

normal range by a selective increase in sympathetic vaso—
motor tone in specific vascular beds (skeletal muscles,

most viscera). The net effect of this compensatory re-
sponse is to maintain, in the face of falling cardiac output,
adequate vascular perfusion of critical structures (brain,
heart) (Schadt and Ludbrook, 1991; Ludbrook, 1993). In

*Conesponding author. Tel: +61-2-9351-4132; fax: +61-2-9351-6556.
E—mail address: keay@anatomy.usyd.edu.au (K. A. Keay).
Abbreviations: AP, arterial pressure; CMM, caudal midline medulla;
CVLM, caudal ventrolateral medulla; DAB, 3,3-diaminobenzidine tet-
rahydrochloride; dIPAG, dorsolateral periaqueductal gray; FB, Fast
Blue; FG, Fluorogold; IR, immunoreactivelimmunoreactivity; IPAG, lat-
eral periaqueductal gray; PAG, periaqueductal gray; PBS, phosphate-
buffered saline; RVLM, rostral ventrolateral medulla; SNP, sodium
nitroprusside; tbv, total blood volume; VLM, ventrolateral medulla;
vIPAG, ventrolateral periaqueductal gray.
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behaving animals compensation is associated usually with

increased vigilance and alertness (Persson and Svensson,
1981). Compensation is triggered by baroreceptor unload-

ing, i.e. it is blocked by barodenervation (Evans and Lud-

brook, 1991; Evans et al., 1994a).
If blood loss progresses and becomes severe (e.g.

15—30% tbv) a second or decompensatory phase (i.e.
shock), is triggered. This phase is characterized by a large

and sustained fall in AP mediated by a rapid-onset sym-
patho-inhibition and often a vagalIy—mediated bradycardia
(Schadt and Ludbrook, 1991; Ludbrook, 1993). In behav-
ing animals decompensation is associated with quies—

cence, decreased vigilance and decreased reactivity (Per-

sson and Svensson, 1981).
Decompensation is thought to be triggered, at least in

part, by cardiac mechanoreceptors and/or cardiac noci—

ceptors detecting inadequate ventricular filling and/or myo-

cardial perfusion (Oberg and Thoren, 1970, 1972, 1973;
Skoog et al., 1985; Thoren et al., 1988; Victor et al., 1989;

Togashi et al., 1990; Evans et al., 1994b). Although life-

threatening if prolonged, the potential short-term benefits
of a shift from compensation (nonnotension, tachycardia)
to decompensation (hypotension, bradycardia) include: i)
an increased likelihood of clotting leading to reduced blood
loss; ii) better ventricular filling and a longer diastole lead-

ing to improved myocardial perfusion; and iii) reduced

coronary afterload reducing myocardial metabolic demand

(Troy et al., submitted for publication).
Although it is well established that the baroreceptor

circuitry contained within the lower brainstem (pons, me-

dulla) is sufficient to mediate compensation (Schadt and
Ludbrook, 1991), the neural structures mediating decom-
pensation have yet to be identified. Recent experiments

suggest that decompensation requires the integrity of the

midbrain. That is, severe hemorrhage triggers decompen-
sation in pre-collicular decerebrate rats (midbrain and

lower brainstem intact), but not in rats decerebrated at the

pre-trigeminal level (midbrain absent) (Evans et al., 1991;
Troy et al., 2003). Additional data indicate that the critical
midbrain region mediating decompensation is the ventro-
lateral column of the periaqueductal gray region (vIPAG).

Specifically: (i) stimulation of the vIPAG with excitatory
amino acids evokes cardiovascular (hypotension, brady-
cardia) and behavioral (quiescence, decreased vigilance
and decreased reactivity) responses identical to those
characteristic of decompensation (Zhang et al., 1990; Lov-
ick, 1992a; Depaulis et al., 1994; Keay et al., 1997a); (ii)
severe hemorrhage preferentially evokes immediate early
gene (c-Fos) expression within the vIPAG column (Keay
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at al., 1997b, 2002) and (iii) synaptic blockade or reversible
inactivation of the leAG significantly delays and/or atten-
uates the sympathoinhibition, hypotension and bradycar-

dia evoked by severe hemorrhage (Cavun and Millington,
2001; Cavun et al., 2001; Dean, 2004).

The specific aim of this study was to identify the main

descending pathway(s) via which leAG neurons trigger
decompensation in response to severe blood loss. A first

set of experiments confirmed that the leAG contains a

population of leAG neurons selectively activated by se-

vere blood loss. Subsequent experiments used a combi-

nation of retrograde tracing and immediate early gene
expression (i.e. double labeling) to identify the medullary
projections of the population of leAG neurons whose

selective activation triggers decompensation.

EXPERIMENTAL PROCEDURES

All experiments were carried out following the guidelines of the
NHMRC “Code of Practice for the Care and Use of Animals in
Research in Australia" as well as the approval of the Animal Care
and Ethics Committee of the University of Sydney. These exper-
iments were conducted with the minimum number of animals and
every effort was made to reduce suffering.

Data were obtained from 88 male Sprague—Dawley rats (240—
400 9). Prior to surgery all animals were housed in groups of six, kept
on a 12-h light/dark cycle, and had access to food and water ad
libitum. Initially, 47 rats were anesthetized with an i.m. injection of
ketamine (Parnell Labs, Sydney, NSW Australia) and xylazine (Troy
Labs, Sydney, NSW, Australia) (Ketalar 75 mglkg; Rompun 4 ml/kg)
before being placed in a stereotaxic frame in the “flat-skull" position.

Selection of medullary sites for retrograde

tracer injection

Previous anatomical studies indicate that the vIPAG projects to
three major medullary cardiovascular region:

(i) the caudal midline medulla (CMM) a “vasodepressor” region,
which in the rat has a restricted rostro-caudal extent (obex to
approximately +1.5 mm) (Cameron et al., 1995; Henderson

et al., 1998b);
(ii) the caudal ventrolateral medulla (CVLM) a “vasodepressor”

region, located at the level of the obex, containing rostral
ventrolateral medulla (RVLM) —projecting gamma-aminobu-
tyric acid containing (GABAergic) neurons (Cameron et al.,

1995)
(iii) the RVLM a “vasopressor” region, which in the rat is co-

extensive with the C1 (adrenergic) cell group (Lovick,
1992a,b).

Retrograde tracer injections were aimed at each of these
leAG-recipient, medullary cardiovascular regions. Only those
rats in which injections encompassed a single region, with no
detectable spread into adjacent regions, were used.

CMM injections

In 29 rats the posterior calvarium and dorsal neck muscles were
exposed and reflected. and a small part of the occipital plate was
removed exposing the cerebellum and dorsal surface of the medulla.
A single barrel glass micropipette (tip diameter 10—20 pm) was
lowered 2.25 mm from the midline on the dorsal surface of the
medulla (0.5—1.0 mm rostral to the obex) at a 23° caudo—rostral
angle. Microinjections (50 nl) of retrograde tracer (Fast Blue: N=7;
Fluorogold: N=22) were made via an automated air—pressure system

that applied brief air pulses (10 ms.) to the pipette barrel. The tracers
FB and FG share similar uptake, spread and labeling efficiencies
(Richmond et al., 1994; Novikova et al.. 1997; Choi et al., 2002). To
determine the volume of injectate. the level of the meniscus in the
micropipette was monitored via a calibrated graticule in a dis-
secting microscope. Each injection was made over a period of
10 min after which time the pipette remained in situ for a further
10 min. Following removal of the pipette, the rat was removed

from the stereotaxic frame, the neck muscles sutured and the
scalp incision closed. Subsequently, each animal was given
fluids (2.0 ml, 0.9% saline i.p.) before being returned to its
home cage. The mobility, activity level, eating, drinking and
grooming of each rat were closely observed each post-opera-
tive day. A period of 7 days was allowed for transport of the
tracer before further experimental procedures were under-
taken.

RVLM and CVLM injections

In 18 rats, the dorsal surface of the cerebellum was exposed by a
small craniotomy to allow injection of retrograde tracer to be made
into either the RVLM (FB; N=5) or the CVLM (FG; N=13) using
stereotaxic coordinates relative to anatomical landmarks (RVLM:
12.5 mm caudal to bregma; 2.0 mm lateral; 10.5 mm below
cerebellar surface; and CVLM: obex; 1.8 mm lateral; 2.25 mm
below medullary surface). Injection of retrograde tracer and the
post-injection recovery period was as described above. A period
of 7 days was allowed for transport of the tracer before further
experimental procedures were undertaken.

Cannulation procedures

Each of the 47 rats injected with retrograde tracer, plus an addi-
tional 18 rats (no tracer injection) were cannulated for subsequent
removal of blood. Each rat was anesthetized with halothane (2%)
and a cannula was placed into the right external jugular vein. The
cannula (PE tubing, OD=0.96 mm, with a 32 mm Silastic tip
OD=1.19 mm) was passed s.c. and exteriorized in the interscap-
ular region. Following cannulation, anesthesia was discontinued
and each animal was given an injection of antibiotic (Norocillin,
150 mg/kg, i.m.) and fluids (2 ml, 0.9% saline i.p.) and returned to
its home cage.

In another 17 rats, in addition to cannulation of the Rexternal
jugular vein. an additional cannula was placed in the L carotid artery
to record pulsatile AP. These 17 animals were used to validate the
cardiovascular responses to: (i) 10% hemorrhage; (ii) 30% hemor-
rhage; and iii) sodium nitropnisside (SNP) infusion (see Fig. 1).

Experimental protocols

Twenty—four hours following cannulation surgery rats were placed on
their own bedding in an opaque plastic cage (30 cm die.) in a dimly
lit experimental room and the venous cannula was connected via
heparinized, PE 50 tubing to a 1 ml plastic syringe. Each rat was then
left undisturbed for 2 h to habituate to the surroundings. Subse-
quently, each rat was subjected to one of four procedures:

(i) Venous cannulation alone (no hemorrhage): following the
habituation period rats were left for an additional 2 h and then
perfused.

(ii) Ten percent (normotensive) hemorrhage: following habitua-
tion, 10% tbv was withdrawn over a 10 min period after which
the rat was left undisturbed for an additional 110 min, fol—
lowed by perfusion. Ten percent (10%) tbv is equivalent to
withdrawal of 8 ml/kg, the range of volumes removed was
1.84 ml to 3.0 ml. A 10% hemorrhage does not alter signifi-
cantly resting AP (Fig. 1A).

(iii) Thirty percent (hypotensive) hemorrhage: following habituation,
30% tbv was withdrawn over 20 min (10% over 10 min, followed
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Fig. 1. Graphs illustrating the mean (:S.E.M.) changes in AP (% of

baseline) following either: (A) 10% (norrnotensive) hemorrhage (N=6);

(B) 30% (hypotensive) hemorrhage (N=5) or; (C) infusion of SNP

(N=6). The bar along the abscissa defines the period of blood with-

drawal (A, B) or infusion (C).

by the removal of an additional 20% over the subsequent 10

min). Rats were then left undisturbed for an additional 100 min,

followed by perfusion. Thirty percent (30%) tbv is equivalent to

24 ml/kg, the range of blood volumes removed during a 30%

hemorrhage was 6.72 ml to 9.6 ml. A 30% hemorrhage evokes

a sustained hypotensive response (Fig. 18).

(iv) Euvolemic hypotension: following habituation, SNP, a pe-

ripheral vasodilator (1 mg/ml solution) was infused at a rate

of 30 iii/min over 20 min. Rats were then left undisturbed for

an additional 100 min, followed by perfusion. Infusion of SNP

evokes a hypotensive response similar that evoked by 30%

hemorrhage (cf. Fig. 1B and 1C).

(v) Non-cannulated control: six additional rats were taken from

their home cage, placed in the opaque plastic cage in the

experimental room and left undisturbed for the same duration

as procedures (i) to (iv) above and then perfused.

Perfusion

Each animal was deeply anesthetized (sodium pentobarbital,

90 mg/kg i.v.) and rapidly perfused transcardially with 500 ml of 0.9%

saline followed by 500 ml of ice cold fixative (4% paraformaldehyde

in borate-acetate buffer, pH 9.6). The brains were removed, post-

flxed for 4 h in the same fixative, then cryoprotected for at least 3

days in 10% sucrose in 0.1 M phosphate buffer. Fifty micron frozen,

serial coronal sections of the medulla were out immediately in order

to identify the location and extent of each retrograde tracer injection.

Subsequently, frozen, 50 pm serial, coronal sections of the midbrain

were out. Every second section was collected in 0.1 M phosphate-

buffered 0.9% saline (PBS, pH 7.4) for immunohistochemical pro-

cessing.

Immunohistochemistry

Free-floating midbrain sections were washed in PBS, and incubated

in polyclonal rabbit anti-c-Fos (Santa Cruz, sc-50:1:2000 for 24 h at

4 °C). Sections were then washed (PBS) and incubated in biotinyi-

ated goat anti-rabbit lgG (Vector Laboratories, 1:500, 2 h at room

temperature). The sections were washed again and incubated in

Extr-Avidin peroxidase (Sigma: 1:1000, 2 h at room temperature).

Following a final wash in PBS, chromogenic detection of Fos protein

with 3,3-diaminobenzidine tetrahydrochlon’de (DAB) was performed.

The sections were incubated for 20 min in “DAB mix" containing 10

mg DAB, 0.2 ml of 4% ammonium chloride in 0.1 M PBS (pH 7.4),

0.2 ml of 20% o-glucose in 0.1 M PBS (pH 7.4), made up to 20 ml

with 0.1 M PBS (pH 7.4). The sections were then placed in a fresh

20 ml of “DAB mix" and 20 pl of glucose oxidase (Sigma: 1000 U/ml)

was added to the solution to initiate the chromogenic reaction.

The reaction was carried out over ice to control chromogenesis

and the reaction stopped when the background staining be—

came visible by rinsing the sections in several changes of 0.1 M
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Fig. 2. Bar graphs summarizing the PAG columnar distribution of

Fos-IR neurons Each bar represents the mean number (:S.E.M.) of

Fos—IR cells in five equi—distant midbrain sections (—6.8, —7.3, —7.8,

—8.3 and —8.8 mm caudal to bregma; Paxinos and Watson, 1986) per

animal in: (i) control rats (N=6). and following (ii) venous cannulation

alone (N=6); (ii) 10% (nonnotensive) hemorrhage (N=6); and (iii) 30%

(hypotensive) hemorrhage (N=6). Significance relative to control

(Mann-Whitney U test), T P<0.05, TT P<0.01, T11 P<0.005. Signifi-

cance relative to venous cannulation alone (Mann-Whitney U test),

' P<0.05, *" P<0.01, "' P<0.005.
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Fig. 3. Rows A to F show camera-lucida reconstructions of the five equi-distant coronal sections of the PAG analyzed for each rat (bregma —6.8 mm

to —8.8 mm, rostral to left). The sections in row A indicate the regions of the dorsomedial (deAG). leAG, IPAG and leAG columns as defined by

earlier functional-anatomical studies (Bandler and Shipley, 1994; Keay and Bandler, 2004). Rows B—F show the location of Foe-IR neurons (black

dots) evoked in: (B) controls (basal Fos-IR); (C) venous cannulation alone; (D) 10% (normotensive) hemorrhage; (E) 30% (hypotenslve) hemorrhage;

and (F) euvolemic hypotension (iv. infusion of SNP).

PBS (pH 7.4) (Clement et al., 1996). Sections were mounted
onto gelatinized slides, air dried. rapidly dehydrated, cleared
and coverslipped with Fluoromount (Gurr).

Analysis

The numbers of single-labeled (Fos-immunoreactive (IR) or retro—
gradely-labeled) and double—labeled (Fos-lR and retrogradely la-
beled) periaqueductal gray (PAG) neurons were counted in five
equi-distant midbrain sections (—6.8, —7.3, —7.8, -8.3 and

—8.8 mm caudal to bregma) (Paxinos and Watson, 1986). Fos-IR

neurons were defined under light microscopic conditions by the

presence of DAB reaction product clearly visible in the nucleus at
40x magnification (for details see Clement et al., 1996). The pres-

ence of retrograde label (FB, FG) in neurons was determined under

fluorescence illumination at 100x magnification. Double—labeled
neurons were identified by switching between illumination conditions.

The boundaries of each PAG column were defined using
anatomical and functional criteria as described previously (Keay
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and Bandler. 2001, 2004). The mean numbers of single-labeled
and double-labeled neurons (1S.E.M.) in each PAG column, un-
der each experimental condition were compared using non-para—
metric statistics (Mann-Whitney U test). Camera-Iucida plots of the
distribution of single— and double-labeled PAG neurons were
drawn from representative animals.

RESULTS

PAG Fos-IR in control, venous cannulation and

hemorrhage groups without tracer injections:

Fig. 2 presents the mean numbers (1S.E.M.) of Fos-IR

cells observed in each PAG column of groups of rats
without injections of retrograde tracer: (i) control (basal
Fos-IR) (N=6); (ii) venous cannulation (N=6), (iii) normo-
tensive hemorrhage (10% tbv removed) (N=6) and (iv)
hypotensive hemorrhage (30% tbv removed) (N=6). Com—
parisons of the numbers of PAG Fos-IR cells in control

versus venous cannulation animals revealed a significant

increase in Fos-IR in the leAG of the venous cannulation
group alone (cont, 137.5114.8 versus v cann, 227.31

27.1, P<0.01). Compare also Fig. 3B and SC and Fig. 4B

and 4C.
Compared with venous cannulation rats, normotensive

hemorrhage increased the numbers of Fos-IR cells only in
the dorsolateral periaqueductal gray (leAG) and lateral
periaqueductal gray (IPAG) columns (leAG: v cann
105.8199 versus 10% haem 173.3111.9, P<0.01; IPAG:
v cann 151 .7173 versus 10% haem193.3113.6,P<0.05;
vIPAG: v cann 227.3127.1 versus 10% haem 226.7176,
n.s.). Compare also Fig. 3C and 3D and Fig. 4C and 4D.

In contrast, when 30% tbv was withdrawn, Le. a hypo-

tensive hemorrhage, Fos-IR was increased only in the

vIPAG (leAG: 10% haem 173.3111.9 versus 30% haem
163.71142 n.s.; IPAG: 10% haem 193.3113.6 versus

30% haem 191.0119], n.s.; vIPAG: 10% haem 226.71
7.6 versus 30% haem 51201329, P<0.001). Compare

also Fig. 3D and 3E and Fig. 4D and 4E. To summarize,
the sudden transition during progressive blood loss, from

normotension to hypotension is associated with a selective

and dramatic increase in Fos-IR only within the vIPAG.
Following injections of the retrograde tracers FG or F8

into either the CMM, CVLM or RVLM, there was a slight,

non—significant increase, in the total number of Fos-IR cells

in the PAG following hypotensive hemorrhage when com-
pared with non-injected rats (592134] [tracer injected] vs,
5121329 [non-injected] see Table 1). This slight increase
did not alter the columnar distribution of Fos-lR (see right
column, Table 1). Comparisons between experimental
conditions were made only between groups in which tracer

injections had been made.

Medullary projections of vIPAG Fos-IR neurons

following hypotensive hemorrhage

Camera-lucida reconstructions and photomicrographs of
representative sites of retrograde tracer injections made in

the CMM (FG N=8, FB N=7), CVLM (N=8) and RVLM
(N=5) are shown in Fig. 5. The mean (1S.E.M.) numbers
of vIPAG neurons labeled following these tracer injections
are summarized in Table 2A. It can be seen (Table 2A, left

column) that: (i) injections of F8 or FG into the CMM
labeled similar numbers of vIPAG neurons (Mann-Whitney,
n.s.); (ii) FG injections into the CMM labeled approximately
twice the number of vIPAG neurons as did FG injections
made in the CVLM; and (iii) FB injections into the CMM
labeled approximately three times the number of leAG
neurons as did FB injections made in the RVLM.

The numbers and proportions of medullary-projecting
vIPAG neurons which were also Fos-IR (i.e. double-la—
beled) following hypotensive (30%) hemorrhage are sum-
marized in Table IA, right column (see also Fig. 7A). It can
be seen that ~1% of RVLM-projecting and ~5% of CVLM-
projecting vIPAG neurons were double-labeled. In con-

trast, ~20% of CMM-projecting vIPAG neurons were dou-
ble-labeled. Photomicrographs of single and double-la—

beled vIPAG neurons are shown in Fig. 6.
As summarized in Fig. 78, with respect to vIPAG out-

puts to the medullary cardiovascular regions studied, the
vast majority of vIPAG neurons “activated" by hypotensive
hemorrhage project to the CMM (~90% of all double-
labeled neurons). Many fewer double-labeled vIPAG neu-
rons projected to the CVLM (~10%), and the RVLM-pro-
jecting vIPAG neurons were rarely activated.

Medullary projections of vIPAG Fos-IR neurons

following normotensive hemorrhage

To determine whether the above patterns of double-label
were specific to hypotensive hemorrhage, the numbers of

double-labeled vIPAG neurons (FG/Fos) projecting to the
CMM (N=9) and CVLM (N=5) were evaluated also for the
normotensive (10%) hemorrhage condition. Firstly, it can

be seen (c.f., Tables 2A and 28, left column) that the
numbers of single (retrograde) labeled neurons in the nor—
motensive hemorrhage experiments did not differ signifi-

cantly from those in the 30% hemorrhage experiments.

However, in striking contrast to the proportions of double-

Table 1. Effect of tracer injections of Fos expression

 

 

No of Fos-IR % Of total PAG
cells in vIPAG Fos-IR in vIPAG
(five sections)

30% Hemorrhage
No tracer injection (N=6) 5121329 54%

Tracer injected (N=28)

SNP infusion

Tracer injected (N=5)

592134.7(n.s.) 55%

5101163 43%
 

Total number (mean1S.E.M.) of Fos—lR cells in five, equi-distant
coronal (50 pm) sections of the PAG (corresponding to-6.8, —7.3,

—7.8, —8.3. —8.8 mm caudal bregma), from groups of rats which

undement hypotensive hemorrhage (30% blood loss) either with, or

without, a prior intra-medullary injection of retrograde tracer. Signifi-

cance of comparisons with un—injected animals is shown in brackets in

the middle column (ANOVA, post hoc Fisher's PLSD). The vIPAG

Fos-IR as a proportion of total PAG Fos- IR is shown in the right

column. Total number (mean1S.E.M.) of Fos-IR cells in five, equi-

distant coronal (50 jun) sections of the PAG (corresponding to—6.8,

—7.3. —7.8, —8.3, —8.8 mm caudal bregma) in rats which undenivent
SNP infusion following CMM injection of retrograde tracer. The vIPAG

Fos-IR as a proportion of total PAG Fos-IR is shown in the right

column.
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Fig. 5. Rows A—C camera-lucida reconstructions of representative coronal sections of the medulla. (A) Representative sites of retrograde tracer

injections made in CMM (FG), CVLM (FG) or RVLM (FB) of rats subjected to hypotensive (30%) hemorrhage. (B) Representative injection sites in

CMM (FG) and CVLM (FG) of animals subjected to normotensive (10%

to euvolemic hypotension (SNP infusion). The sites of tracer injections are s

) hemorrhage. (C) Representative injection site in the CMM (FG) of a rat subject

hown in black shading and the penumbra of spread in gray stippling. (D)

Representative photomicrographs of retrograde tracer injections made in CMM (FG), CVLM (FG) or RVLM (FB). The scale bar=1 mm.

labeled neurons observed after 30% hemorrhage (of,

Tables 2A and 2B, right column), very few medullary-

Table 2. Summary of proportions of double-labelled leAG neurons

 

Retrogradely labeled Double-labeled
neurons (leAG) neurons (leAG)
 

A: Hypotensive (30%)
hemorrhage

CMM (FB) 5721282 1071164 (19%)

CMM (FG) 4821365 10317.8 (21%)

CVLM (FG) 2551541 1312.6 (5%)

RVLM (FB) 1781233 210.8 (1%)

B: Normotensive (10%)
hemorrhage

CMM (FG) 516118] 511.5 (1%)

CVLM (FG) 2371319 411.3 (2%)

C: Euvolemic
Hypotension (SNP)

CMM (FG) 5481226 1411.2 (3%)
 

projecting leAG neurons were double-labeled following

10% hemorrhage (CMM-projecting: hypotension, 21% ver-

sus normotension, 1%; CVLM-projecting: hypotension 5%

versus normotension 2%).

To summarize, with respect to leAG (medullary-pro—

jecting) output neurons “activated" by hypotensive hemor-

rhage, almost 90% project to the CMM and further the

“activation” of these neurons is specific to the decompen-

satory phase of the response. The relative contribution of

CVLM-projecting leAG neurons is both smaller and less

specific to decompensation.

Fos-IR in CMM-projecting leAG neurons following

euvolemic versus hypovolemic hypotension

ln a final set of experiments the numbers of double-labeled

neurons evoked by euvolemic (SNP infusion, N=5) versus

hypovolemic hypotension (N=8) were compared with de—

termine the extent to which the “activation" of CMM-pro-

jecting leAG neurons was a direct consequence of blood
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Fig. 6. Photomicrographs A—D show VIPAG neurons in four individual animals. Fos-IR cells are identified by a darkly stained nucleus (nickel-enhanced

diamino-benzidine). A single-labeled, Fos-IR nucleus is indicated by the white arrow in B. CMM projecting (retrogradely labeled) neurons are identified

by their fluorescence under UV-light. The black arrow in B indicates a single labeled (CMM-projecting) leAG neuron. The scale bar=20 pm in D.

loss. A comparison of Fig. 1B and 1C shows that the SNP

infusion evoked a maximal fall in AP nearly identical in size

(60.7:5 mm Hg versus 62.512] mm Hg) and duration

(16411.2 min versus 16.5114 min) to that evoked by

30% hemorrhage.

Table 1C shows that the numbers of CMM-projecting

leAG neurons were nearly identical to those of the previous

experiments (c.f., Table 2A, 23 and 20, left column). Figs. 3

and 4 indicate that similar to hypotensive (30%) hemorrhage,

SNP infusion also dramatically increased leAG Fos expres-

sion over and above the levels seen in control, venous can-

nulation and norrnotensive hemonhage animals (of, 33, C,

D versus 3F and 4B, C, D versus 4F).

Medullary projecting VIPAG neurons, Fos-[R

following hypotensive (30%) hemorrhage
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The numbers of VIPAG Fos-IR neurons following euv—

olemic versus hypovolemic hypotension are compared in Fig.

8A. It can be seen that the SNP infusion evoked significantly

less Fos-expression than did hypotensive hemorrhage (SNP

5101-163 versus 612:245. P<0.005 Mann-Whitney U

test). The numbers of VIPAG double—labeled neurons are

compared in Fig. 88. Note that in striking contrast to the large

numbers of CMM-projecting vIPAG neurons double-labeled

after a 30% hemorrhage, very few CMM-projecting VIPAG

neurons were double-labeled after SNP infusion. In fact, the

absolute difference in the numbers of double-labeled VIPAG

neurons following 30% hemorrhage versus SNP infusion

(103:7.8 versus 14:12; a difference of 89 neurons) (see

B Medullary outputs of hypotensive (30%) haemorrhage

‘activated' VIPAG neurons

 

   

   

CMM-

projecting P 3&5:-

89°/ ‘ .l | S

( °) (10%)

RVLM—

projecting

(1%)

Fig. 7. (A) Bar graphs summarizing the mean number (:S.E.M.) of CMM- (FG: N=8, FB: N=7), CVLM- (FG: N=8) and RVLM- (FB: N=5) projecting

VIPAG neurons in five equi-distant midbrain sections (—6.8, —7.3, —7.8, —3.3 and -8.8 mm caudal to bregma; Paxinos and Watson, 1986) which were

also Fos-IR (i.e. double labeled) following 30% (hypotensive) hemorrhage. (B) The vast majority (89%) project to the CMM.
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Fig. 8. Bar graphs showing: (A) mean number (:S.E.M.) of single-

labeled Fos-IR vIPAG neurons in five equi-distant midbrain sections

(-6.8, —7.3, —7.8, —8.3 and —8.8 mm caudal to bregma; Paxinos and

Watson, 1986); and (B) the mean number (:S.E.M.) of double-labeled
(i.e. CMM-projecting. Fos-IR) neurons in five equi—distant midbrain

sections (—6.8, —7.3, -7.8, -8.3 and —8.8 mm caudal to bregma;

Paxinos and Watson, 1986) for euvolemic hypotension (infusion of
SNP) (N=5) and 30% (hypotensive) hemorrhage (N=8). ’ P<0.05, *"*

P<0.005 (Mann-Whitney U test).

Fig. 8B and c.f.. Table 2A and 2C, right columns) is remark-

ably similar to the difference in the numbers of Fos-IR vIPAG
neuronsfollowing30%hemorrhageversusSNPinfusion(612:

24.5 versus 510.0:163; a difference of 102 neurons) (see
Fig. 8A). In other words, compared with hypotension trig-

gered by SNP infusion, the hypotension triggered by severe
hypovolemia (Le. 30% tbv removal) evoked Fos-expression
in an additional group of vIPAG neurons (Fig. 8A), ~90% of

which project to the CMM (Fig. 88).

DISCUSSION

The major findings of this study are illustrated schemati-

cally in Fig. 9. Fig. 9A summarizes the sources of vIPAG
Fos-IR associated with an experimentally-induced, hypo-
volemic (30%) hemorrhage. It can be seen that ~44% of
the total Fos-IR is due to the combination of basal expres-
sion (27%) and cannulation surgery (17%) (Fig. 2). The
initial withdrawal of 10% tbv (a norrnotensive hemorrhage)
did not increase vIPAG Fos-IR (Fig. 2). However, the sub-
sequent removal of an additional 20% tbv (sufficient to

trigger decompensation) more than doubles the numbers
of vIPAG Fos-IR cells (see Fig. 2 and Table 1). As illus-
trated in Fig. 98 our double-label data suggest that this
large increase in vIPAG Foe-expression (+56%) was a
consequence of: (i) the removal of additional blood (hypo-
volemia) (16% of the additional Fos-IR); and (ii) the result-
ant hypotension (40% of the additional Fos-IR) (see also
Fig. 8A). Finally, Fig. 9C illustrates that the vIPAG neurons
that project to the CMM are activated almost exclusively by

severe hypovolemia and not by hypotension.

Hemodynamic response to hemorrhage:

role of midbrain

The first study to address the possible contribution of the
rostral brainstem/forebrain to the biphasic hemodynamic

response to hemorrhage, reported that decompensation to
a simulated hemorrhage (60% reduction in cardiac output
evoked by gradual caval occlusion) in the rabbit, was

blocked completely by a high mesencephalic decerebra-
tion (Evans et al., 1991). As the extent of midbrain damage

Sources of leAG l-‘os-IR associated with hypotensive (30%) haemm‘rhage

  

  

   

A Basal

(27%»)

Cannulation H) potcnsh c

Surucry (30%) llacmorrlmgc

( 173/.) (56%)

40% due to
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VIPAG lh't'é due to

H) pomlacmia
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Fig. 9. (A) The sources of vIPAG Fos-IR associated with an experi-
mentally-induced, 30% hypotensive hemorrhage. (B) The increased

vIPAG Fos-IR specific to hypotensive hemorrhage (30% tbv removal)

is a consequence of both hypovolemia and hypotension. (C) The vast

majority of vIPAG neurons activated by severe hypovolemia, but not by

hypotension, project to the CMM.
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was not evaluated histologically, the authors concluded

cautiously that the integrity of a suprapontine site(s) was

critical for hemorrhage-evoked decompensation. More re—

cently (Troy et al., 2003) evaluated specifically the contri-

bution of the midbrain by comparing the hemodynamic

response to blood loss in pre-collicular decerebrate versus

pre-trigeminal decerebrate rats. It was found that pre-tri-

geminal decerebration (removal of forebrain+midbrain)

blocked the decompensatory response evoked by 30%

hemorrhage; whereas after pre-collicular decerebration

(removal of forebrain only) normal hypovolemic hypoten-

sion and bradycardia was observed. These results indicate

a critical role for the midbrain and its descending connec~

tions in mediating hypovolemic shock.

Earlier findings that: (i) hypotension and bradycardia

were evoked by microinjection of excitatory amino acids

into the vIPAG of intact or pre-collicular decerebrate ani-

mals (Carrive and Bandler, 1991; Lovick, 1992a; Depaulis

et al., 1994; Keay et al., 1997a); and (ii) hypotensive

hemorrhage evoked Fos—expression selectively in the vl-

PAG (Keay et al., 1997b, 2002), raised the possibility that

the critical midbrain region mediating decompensation was

the leAG. This hypothesis was confirmed by later studies

which reported a significant attenuation of hemorrhage-

evoked decompensation after bilateral microinjections into

the vIPAG of either local anesthetic (lignocaine) or a syn-

aptic blocker (cobalt chloride) (Cavun and Millington, 2001;

Cavun et al., 2001; Dean, 2004).

Ventrolateral PAG projections to medullary

cardiovascular regions

Previous anatomical tract-tracing studies revealed sub-
stantial projections from the vIPAG to multiple medullary

cardiovascular regions including: rostral (“vasopressor”)

(Lovick, 1985, 1992b; Carrive et al., 1988; Van Bockstaele

et al., 1991; Verberne and Boudier, 1991; Cameron et al.,

1995; Henderson et al., 1998b) and caudal (“vasodepres-

sor”) parts of the VLM (Van Bockstaele et al., 1991; Cam-

eron et al., 1995; Henderson et al., 1998b), and the vaso—

depressor part of the CMM (Henderson et al., 1998b).

Somewhat surprisingly, given the extensive medullary out-

puts of the vIPAG, the results reported here indicate that

hemorrhage-evoked hemodynamic changes are mediated

by only a small subset of these projections. Specifically: (i)

almost no vIPAG neurons selectively activated by severe
hypovolemia projected to the RVLM; and (ii) only a small
number of vIPAG neurons selectively activated by severe

hypovolemia projected to the CVLM; whereas (iii) nearly all
vIPAG neurons selectively activated by severe hypovole—
mia (loss of 30% tbv) project to the CMM. In other words,
the sympathoinhibition and bradycardia triggered by se-
vere blood loss depend critically on activation of CMM-

projecting vIPAG neurons.
Consistent with this conclusion are earlier findings that

microinjection into the CMM of either local anesthetic
(lignocaine) or a synaptic blocker (cobalt chloride) respec-
tively either blocked, or delayed and attenuated, hemor-
rhage-evoked decompensation (Henderson et al., 1998a,
2000, 2002; Heslop et al., 2002). Strikingly, such blockade

of the CMM altered neither resting AP nor heart rate, nor

did it affect cardiovascular reflexes triggered by either

baroreceptor-loading (i.v. phenylephrine) or activation of

5-HT3-sensitive cardiopulmonary afferents (i.v. phenyl-

biguanide or 5-HT) (Henderson et al., 2000). in this context

the dramatic effects on hemorrhage-evoked decompensa-

tion suggest that CMM neurons are recruited only under

special circumstances (i.e. injury-related/life-threatening

challenges), the adaptive responses to which require more

than basic homeostatic cardiovascular adjustments (see

also Johansson, 1962). Injury-related signals from noci-

ceptors in deep somatic and visceral structures are known

to trigger sudden falls in both AP and heart rate (i.e. the

so—called vase-vagal reactions). Such signals are likely to

be relayed to the CMM, as its major afferents include

inputs from: (i) spinal cord (laminae IV, V and X); (ii) spinal

trigeminal nucleus, specifically the transition area between

n. interpolaris and n. caudalis; and (iii) solitary tract nu-

cleus, particularly ventrolateral and parasolitary subnuclei

(Potas et al., 2003).

The efferent projections of the CMM have been studied

recently using a combination of retrograde and antero-

grade tract tracing techniques (Heslop et al., 2004). The

outputs via which the CMM could mediate hemorrhage-

evoked hypotension and bradycardia include projections

to: (i) the VLM region which contains vagal (preganglionic)

cardiac motor neurons; (ii) the CVLM region from which va-

sodepression can be evoked; (iii) regions containing sympa-

thetic preganglionic neurons (i.e. the intermediolateral cell

column and to a lesser extent the interrnediomedial cell col-

umn) in the upper thoracic (T1—T4) and thoraco-lumbar (T9—

L2) spinal cord; and (iv) the RVLM region from which vaso-

pressor responses can be evoked. The importance of the

contributions of each of these pathways has yet to be estab—

lished (although see Dean and Bago, 2002).
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