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Abstract 

Haemorrhage is a major challenge to the circulatory system and whole body homeostasis. 

Although the physiological responses to haemorrhage have been studied extensively in 

adults, there is still little known about those responses during the post-natal period. The 

goal of the present study was to investigate some of the cardiovascular and renal 

responses to severe haemorrhage during post-natal maturation. In addition, the present 

study aimed to elucidate the potential role of kappa opioid receptors in the cardiovascular 

and renal responses to severe haemorrhage. In order to achieve the goal of the study, two 

protocols were carried out in conscious lambs at two stages of post-natal maturation, one 

and six weeks. The first protocol investigated the cardiovascular effects of 30% 

haemorrhage and the associated changes in the arterial baroreflex control of heart rate. 

The second protocol investigated the effects of 30% haemorrhage on various parameters 

of renal function. Each protocol included a separate set of experiments to evaluate the 

role of endogenous activation of kappa opioid receptors after haemorrhage. Results from 

these experiments demonstrated for the first time the developmental variations in the 

cardiovascular and renal responses to severe haemorrhage. My results showed that the 

heart rate response to decompensatory haemorrhage is developmentally regulated in 

conscious lambs. In addition, my research results reveals underlying age-dependent 

variations in the arterial baroreflex control of heart rate after decompensatory 

haemorrhage. Also, my results indicated the importance of kappa opioid receptor 

activation in the decompensatory phase of response to haemorrhage and during the 

recovery phase early in life. 
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Chapter One: Introduction and literature review 

1.1 Haemorrhage 

The word "haemorrhage" comes from the Greek "Haima" which means blood and 

"Rhegnumai" which means to break forth, together "a free and forceful escape of blood". 

Haemorrhage can be defined as an extravascular escape of blood, which may eventually 

lead to reduction of the circulatory volume (Oxford Dictionaries). The importance of 

understanding the pathophysiology of haemorrhage comes from the fact that it is 

considered one of the common causes of avoidable death after casual or surgical trauma. 

Haemorrhage may affect any age, including fetal life e.g. feto-maternal haemorrhage or 

twin-to-twin transfusion, and was one of the 10 leading causes of infant death in the 

United States in 2007 and 2008 (Heron, 2012). The main threat of haemorrhage is that it 

leads to reduction in circulatory volume and a decrease in cardiac output which in turn 

decreases tissue perfusion to vital organs. The compromised tissue perfusion results in 

diminished oxygenation of the cells and accumulation of metabolism waste products. 

Multiple organ failure would follow and death may occur. The prognosis of haemorrhage 

depends mainly on the degree of haemorrhage and the efficacy of treatment. 

Haemorrhage is classified on many scales. Considering the presence of tissue damage, 

haemorrhage could be classified as simple (just bleeding) or complex (associated with 

tissue damage). From a clinical point of view, haemorrhage could be minimal, moderate 

or severe according to how it affects the vital signs. The Advanced Trauma Life Support 

(ATLS), a worldwide training programme for the initial assessment and management of 

multiply injured patients in the emergency department, has defined haemorrhage into four 

classes according to the amount of blood loss and the vital signs (Table 1) (Mutschler et 
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al., 2012). Physiologically, haemorrhage can be classified according to the stage of 

physiological responses into compensated and uncompensated. The physiological 

responses to haemorrhage vary greatly according to the amount of blood lost. The greater 

the volume of reduction in blood volume, the greater the responses elicited (Troy et al., 

2003). With moderate degrees of haemorrhage, compensatory physiological responses 

occur including an increase in heart rate and sympathetic activity which are sufficient to 

maintain adequate tissue perfusion. In case of severe haemorrhage, these compensatory 

mechanisms start to fail and circulatory shock may occur (Peitzman et al., 1995). Full 

description of the physiological phases of response to haemorrhage will be covered in 

section 1.2.  

Table 1 ATLS classification of haemorrhage 

 Class I Class II Class III Class IV 

Blood loss in % <15 15-30 30-40 >40 

Pulse rate (beats/min) <100 100-120 120-140 >140 

Blood pressure Normal Normal Decreased Decreased 

Pulse pressure Normal  Decreased Decreased Decreased 

Respiratory rate (cycle/min) 14-20 20-30 30-40 >35 

Mental status Slightly anxious Anxious Confused Confused 

Urine output (ml/h) >30 20-30 5-15 Negligible 

ATLS, The Advanced Trauma Life Support, adapted from (Guly et al., 2011) 

 

The pattern of physiological responses to haemorrhage in animals varies according to 

factors such as age, sex, species and level of consciousness (Choudhry et al., 2007, 
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Schneider et al., 2007, Tsukamoto & Pape, 2009). Anaesthetized, sedated and fully 

conscious animals have been used in haemorrhage studies (Deitch, 1998). It is generally 

accepted that the higher the level of consciousness the closer to normal physiology and 

the less confounding effects of anaesthetics or sedatives used (Deitch, 1998, Little et al., 

1984). For decades, several haemorrhage models have been used. One of the commonly 

used models to assess the physiological phases of responses to haemorrhage is the 

controlled fixed volume model. In this model, a fixed percentage of the total blood 

volume is withdrawn from laboratory animals regardless of the resultant degree of 

hypotension. Other models for the study of haemorrhage include controlled fixed arterial 

blood pressure and the uncontrolled haemorrhage models (Lomas-Niera et al., 2005). The 

main differences between these models are discussed in the Methods section (see Chapter 

Two, section 2.3).  

1.2 Physiological responses to haemorrhage 

Blood loss not only challenges the cardiovascular system but also threatens whole body 

homeostasis.  Accordingly, various physiological cardiovascular, renal and hormonal 

responses to haemorrhage take place in order to maintain adequate blood flow to vital 

organs. These physiological responses, as described in adult animals and humans, are 

summarized below: 

1.2.1 Cardiovascular responses to haemorrhage 

The study of haemodynamic changes in response to haemorrhage started on human 

volunteers during World War II (Barcroft & Edholm, 1945, Warren et al., 1945). Since 

then, many studies have been made to describe the phases of cardiovascular responses to 

haemorrhage. Three main phases have been described (as illustrated in Figure 1): 
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- Phase I Compensatory or sympatho-excitatory phase, where there is a progressive 

increase in sympathetic activity and a decrease in parasympathetic activity against the 

progressive fall in cardiac output. This initial phase is characterized by tachycardia and 

generalized vasoconstriction which attenuates or prevents the fall of blood pressure 

(Evans et al., 2001).  During this phase, heart rate increases to compensate for the 

decreased stroke volume and maintains a sufficient tissue perfusion to vital organs. The 

vasoconstriction is not, however, uniform all over the body being more evident in less 

vital organs such as skin and gut in order to shift the blood to vital organs such as the 

brain and the heart. Usually this phase compensates for haemorrhage up to ~25% of the 

calculated blood volume (Troy et al., 2003). 

The neural underlying mechanism in this phase is mainly the arterial baroreflex. During 

the initial sympatho-excitatory phase following haemorrhage, arterial baroreceptors in the 

arch of the aorta and the carotid sinuses are stimulated by the decreasing blood pressure. 

The initial stimulus of decreasing blood pressure after haemorrhage is the decreased 

venous return which in turn decreases stroke volume. Stimulation of the arterial 

baroreflex results in an increase in heart rate due to withdrawal of parasympathetic 

stimulation and vascular resistance due to sympathetic stimulation (Peitzman et al., 

1995). 
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- Phase II Decompensatory or sympatho-inhibitory phase;  

In response to severe haemorrhage, the above mentioned compensatory mechanisms 

abruptly stop to be replaced by a paradoxical decrease in sympathetic activity and an 

increase in parasympathetic activity. This phase is characterized by bradycardia and 

generalized vasodilatation in spite of the progressive reduction in blood volume. As a 

result, blood pressure falls suddenly. This sympathoinhibitory phase usually starts when 

more than ~25% of calculated blood volume is removed (Troy et al., 2003).  The neural 

mechanisms underlying the second sympatho-inhibitory phase in case of severe 

haemorrhage are still unclear. The main event in this phase is the sudden cessation of the 

increased sympathetic activity leading to bradycardia despite the progressive fall in 

arterial blood pressure. 

Figure 1 Changes in blood pressure (BP) and heart rate (HR) during the 

three different phases of responses to haemorrhage. 
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Although the term decompensatory may imply an inability to compensate further for the 

decrease in blood volume, there are many reasons indicating that it is not that simple. For 

example, the baroreflex shows a high sensitivity by the end of the first sympatho-

excitatory phase (Little et al., 1984). Additional evidence comes from the fact that events 

associated with this phase could be readily reversed using drugs such as opiate 

antagonists (Hasser & Schadt, 1992, Schadt & York, 1981) or 5-hydroxytryptamine 

receptor agonists (Schadt, 2003). Also, exposure to sensory stressor such as air jet in 

conscious rabbits delayed the onset of this phase (Schadt & Hasser, 2001). Finally, the 

recovery of sympathetic nerve activity and arterial pressure after this phase are not 

synchronised either with (Hasser & Schadt, 1992) or without (Scrogin, 2003) reinfusion 

of removed blood.  

Based on these findings, it seems that the sympatho-inhibition during this phase II is 

initiated and maintained through specific mechanisms which remain unknown. 

Two mechanisms possibly initiate this sympathetic inhibition: 

i) The first mechanism is the afferent vagal signals from mechanoreceptors in the 

ventricular myocardium stimulated by defective diastolic filling (Oberg & Thoren, 1972). 

It has been suggested that the reflex inhibition of sympathetic activity and the increase in 

parasympathetic activity is mediated through the vagus nerve as shown by the ability of 

atropine to attenuate the bradycardia and vasodilatation during this phase (Prakash & 

Madanmohan, 2005). 

ii) The second mechanism is the activation of the endogenous opioid system possibly due 

to nociceptive signals originating from ischemic tissues affected by vasoconstriction 

during the sympatho-excitatory phase. Interestingly, naloxone (a non-selective opioid 



 

7 

receptor antagonist) was found to reverse this sympatho-inhibitory phase in conscious 

rabbits (Hasser & Schadt, 1992, Schadt & York, 1981). Without haemorrhage, 

intravenous naloxone has no or little effect on blood pressure and heart rate (Koskinen & 

Bill, 1983, Schadt & York, 1981). This would suggest that haemorrhage induced 

activation of the opioid system is playing a role in the pathophysiology of the sympatho-

inhibitory phase which can be reversed by opioid receptor inhibition. 

- Phase III If blood loss ceases and proper resuscitation is started, a recovery phase will 

follow that shares the characteristics of the compensatory phase and results in a gradual 

increase of blood pressure and heart rate towards baseline physiological values. However, 

the release of oxygen radicals from the ischemic tissues during this phase may complicate 

the recovery and result in considerable reperfusion injury to various organs (Rushing & 

Britt, 2008). Failure of this phase may result in multiple organ failure, irreversible shock 

and death may occur.  

1.2.2 Renal responses to haemorrhage 

In humans, renal failure is one of the serious complications of haemorrhagic shock and 

the change in urine output is considered one of the earliest signs of haemorrhage and an 

end point of successful resuscitation (Stone & Stahl, 1970). Kidneys are not only affected 

by, but also share in, the compensation for haemorrhage. The kidney shares in the 

hormonal response to haemorrhage by activating the renin angiotensin system which, in 

turn, helps in blood volume restoration (see section 1.2.3.1). 

Haemorrhage affects different aspects in renal function at the level of the glomeruli and 

the tubules as detailed below:  
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1.2.2.1 Renal function after haemorrhage 

Renal responses to haemorrhage in adults usually include a decrease in renal blood flow 

(RBF), glomerular filtration rate (GFR), urinary flow rate (V) and urinary electrolyte 

excretion. Such responses reflect the decrease in effective circulating blood volume and 

aim to restore cardiac output and blood pressure. Effects of haemorrhage on renal 

function are due to activation of renal sympathetic nerves and the renin angiotensin 

system (DiBona, 2001).  In 1970, Stone and Stahl measured a 25% decrease in both RBF 

and GFR in response to 20% haemorrhage in human volunteers. Also, V decreased by 

60% and Na
+
 excretion was decreased by 45% after haemorrhage (Stone & Stahl, 1970). 

In 1990, Sondeen et al. described similar results in response to hypotensive haemorrhage 

in conscious pigs (Sondeen et al., 1990).  

1.2.3 Endocrine responses to haemorrhage 

The biosynthesis and release of many hormones are affected in response to haemorrhage.  

These include, but are not limited to, vasopressor agents (such as AVP and angiotensin 

II), adrenocortico-trophic hormone (ACTH) and dynorphins. Interestingly, plasma 

concentrations of some hormonal factors show biphasic responses to haemorrhage.  

1.2.3.1 Activation of renal renin angiotensin system 

Haemorrhage induces renin secretion by the kidney through several mechanisms (see 

Figure 2). Haemorrhage may induce renin secretion through activation of arterial stretch 

receptors in the renal vasculature when renal perfusion pressure decreases (Blaine & 

Davis, 1971, Skinner et al., 1964). Also, increased renal sympathetic nerve activity 

during the compensatory phase (Bunag et al., 1966, Taher et al., 1976) or circulating 

catecholamines (Vander, 1965) may induce renin secretion. Another efferent mechanism 
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for renin release is a decrease in Na
+
 delivery to the macula densa that may occur after 

hemorrhage (Yamamoto et al., 1969). Angiotensin II, the active end product of the renin 

angiotensin system, plays an important role in increasing blood pressure through 

activating type 1 receptors. The potent vasoconstrictor effect of angiotensin II includes 

both arteries and veins. Centrally, angiotensin II stimulates thirst sensation and arginine 

vasopressin (AVP) release. In addition, angiotensin II stimulates aldosterone release from 

the adrenal cortex which, with the help of AVP, increase salt and water retention.  

  Figure 2 Haemorrhage induced renal renin secretion 

Adapted from Berne and Levy Principles of Physiology 4
th

 edition 
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1.2.3.2 Vaso-active substances 

AVP levels in plasma usually show a considerable increase after hypotensive 

haemorrhage while there is a little or no increase after non-hypotensive haemorrhage 

(Schadt & Ludbrook, 1991). The AVP response to haemorrhage starts early during 

development. In fetal sheep, plasma AVP levels rise during 16-70% haemorrhage and 

were correlated with the percentage of blood volume removed (Rurak, 1979). 

Interestingly, in cases of prolonged and severe haemorrhage, plasma AVP gradually 

drops to near control level (Errington & Rocha e Silva, 1971). Because it is directly 

linked to improved prognosis after severe haemorrhage, exogenous AVP is considered to 

be one of the important pressure-support resuscitation measures in hemorrhagic shock 

(Anand & Skinner, 2012). 

AVP has two main effects; one is through activation of V1 receptors in blood vessels to 

produce vasoconstriction, and the second is through activation of V2 receptors in the 

kidney to increase water reabsorption. Both effects help in the process of blood volume 

and blood pressure restoration after haemorrhage. An additional role of AVP release in 

response to haemorrhage is to stimulate both ACTH and cortisol release (Woolf, 2001). 

Both hormones play an important role in controlling blood pressure and kidney handling 

of salt and water. 

In addition, the arterial baroreflex response to haemorrhage is influenced by the 

accompanying increase in the circulating plasma levels of AVP and the activity of renin-

angiotensin system. The roles of AVP and angiotensin II in regulating the baroreflex 

during the sympatho-inhibitory phase are not fully understood. When compared to other 

vasoconstrictors in various species, AVP resulted in a greater decrease in heart rate that 
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would be explained by the increase in blood pressure (Hasser et al., 1997). Accordingly, 

AVP administration appears to result in enhanced baroreflex sympatho-inhibitory 

responses compared with other pressor agents. Infusion or endogenous release of AVP 

shifts the arterial baroreflex response to lower pressures, and the maximum sympatho-

excitation after a decrease in pressure is reduced (Hasser et al., 1997). Centrally, AVP 

releasing neurons may regulate the sympatho-inhibitory phase since inhibition of central 

V1 receptors in conscious normotensive rats attenuated the hypovolemic bradycardia and 

hypotension after haemorrhage (Budzikowski et al., 1996, Szczepanska-Sadowska, 

1996). 

The mechanism of the decrease in plasma AVP after severe haemorrhage is still unclear. 

One possible mechanism is the increase of endogenous KOR agonist, dynorphin, after 

haemorrhage (Gurll et al., 1981) which, in turn, attenuates AVP secretion (for more 

details see section 1.4.4).  

Angiotensin II produced by activation of the renin angiotensin system is another example 

for the humoral response to haemorrhage (see section 1.2.3.1). Angiotensin II is a 

vasoconstrictor and helps in salt and water retention either directly on the renal tubules or 

indirectly through stimulating aldosterone release and thirst sensation. In contrast to 

AVP, angiotensin II was found to decrease baroreflex sensitivity and shifts it to higher 

blood pressures (Bishop & Sanderford, 2000). 

Catecholamines (including epinephrine and norepinephrine) are the main endogenous 

mediators of sympathetic drive specially during the first sympatho-excitatory phase of 

response to haemorrhage. Plasma levels of catecholamines increase and play an important 

role in recovery after haemorrhage (Hollenberg, 2011, Schadt & Ludbrook, 1991). 
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Catecholamines are powerful vasoconstrictors, they increase myocardial contractility and 

cardiac output through activation of α and β-adrenergic receptors.  

1.2.3.3 Adrenocortico-trophic hormone 

On the other hand, circulating levels of ACTH increase after hypotensive haemorrhage in 

many species such as adult dogs, cats, pigs and fetal sheep (Evans et al., 2001). Also, 

intravenous injection of ACTH fragments reverses haemorrhagic hypotension in rats and 

dogs (Bertolini et al., 1989). At the central level, it has been suggested that opioid 

peptides and ACTH secreting neurons interact together to produce the sympatho-

inhibitory phase in response to central hypovolemia (Evans et al., 2001). 

1.2.3.4 Kappa opioid peptides 

The activation of the endogenous opioid system through its main receptors sub-types, mu, 

kappa and delta may play a role in the sympatho-inhibitory phase of the response to 

haemorrhage. Kappa opioid receptors (KOR) agonists were found to prevent the 

sympatho-inhibitory phase of the response to simulated haemorrhage through graded 

caval occlusion in conscious rabbits (Evans et al., 1989). It has also been suggested that 

KORs act centrally by either affecting the cardiovascular related centers or attenuating 

the AVP response resulting in a decrease in mean arterial pressure and bradycardia 

(Gottlieb et al., 2005). Peripherally, KORs activation affect the intracellular Ca
++

 levels in 

arterial musculature and cause free water diuresis in the kidney (Kai et al., 2003, Liu et 

al., 1997). Addressing the role of endogenous KORs activation after haemorrhage is one 

of the goals of my doctoral research. 
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1.3 Arterial baroreflex  

The arterial baroreflex is a negative feedback reflex that serves to buffer beat-to-beat 

fluctuations in arterial blood pressure to a set point and is triggered by activation of the 

arterial baroreceptors (Figure 3). The arterial baroreflex buffers acute and chronic 

changes in blood pressure and was first described by Marey in 1861 as an inverse 

relationship between blood pressure and heart rate (Marey’s Law) (Michaelis, 1966). In 

this reflex, an increase in arterial pressure will stimulate afferent baroreceptor discharge, 

causing reflex inhibition of efferent sympathetic outflow to the blood vessels and heart, 

and activation of parasympathetic outflow to the heart. This in turn results in a decrease 

in vascular resistance, stroke volume, and heart rate reducing arterial pressure back to the 

normal set point or baseline. A decrease in arterial pressure has the opposite effect, 

resulting in reflex increases in peripheral resistance, stroke volume, and heart rate to 

restore baseline arterial pressure. 

1.3.1 Arterial baroreceptors 

The arterial baroreceptors represent the sensory nerve terminals within the adventitia of 

the carotid sinuses and aortic arch acting as mechano-sensitive receptors by monitoring 

acute changes in the stretch applied by blood pressure on the arterial wall. Mechano 

sensitive ion channels of the sensory nerve terminals respond to the deformity caused by 

pressure-induced stretch in vascular walls by generating nerve signals. The firing 

threshold of the arterial baroreceptors (~50 mmHg) is lower than the resting 

physiological range of mean arterial pressure (100 mmHg). Thus, the arterial 

baroreceptors are tonically loaded and firing at rest. Unloading of these receptors (e.g. 
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during haemorrhage) results in tachycardia and increased vascular resistance due to 

vasoconstriction and vice versa (Kirchheim, 1976). 

 

1.3.1.1 Mechanism of activation 

Mechanical stimulation of the arterial baroreceptors mechano-sensitive ion channels 

allows inward Na
+
 and/or Ca

++
 currents which in turn build local changes in the trans-

membrane potential in the sensory nerve endings (receptor potential). Eventually, upon 

reaching a threshold level, the local receptor potential sequentially activates the nearby 

voltage-gated Na
+
 and K

+
 channel in the spike initiating zone to generate action potentials 

(Chapleau et al., 2001). Figure 4 shows a schematic view of how mechano-sensitive ion 

channels stimulation lead to action potential generation in the arterial baroreceptors. 

Figure 3 The arterial baroreflex 

Modified from: ww.cvphysiology.com/M 
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A receptor potential differs from an action potential as it does not obey the all or none 

rule. This means that a receptor potential can be graded and summated. Grading of 

mechano-sensitive receptor potentials depends on the amplitude of the deforming force 

applied to the channels which reflects the change in pressure. The frequency of discharge 

from the spike initiating zone is directly proportionate to the generated receptor potential 

which means that the rate of signal discharge encodes for the degree of arterial pressure 

changes (Katz, 1950). The activity of voltage gated channels and the Na
+
/K

+
 ATPase play 

an important role in baroreceptors stimulation (Heesch et al., 1984). 

Figure 4 Schematic of a baroreceptor nerve terminal activation. 

Adapted from Chapleau et al., 2001 
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1.3.1.2 Adaptation 

If stimulation of baroreceptors persists, eventually they will adapt by decreasing the rate 

of signal discharge. Adaptation is a common feature in mechanoreceptors (e.g. hair cells 

and pacinian corpuscles) which may take seconds to minutes for the signal firing rate to 

return to pre-stimulation values (Chapleau et al., 1993). 

Adaptation of arterial baroreceptors may be explained by post-tetanic hyperpolarization 

of the receptors. Following adaptation, arterial baroreceptors usually reset to higher 

pressure threshold (Chapleau et al., 1988) (more details about arterial baroreflex resetting 

are in paragraph 1.3.3).  

1.3.1.3 Regulation of function 

Factors involved in the function of the arterial baroreceptors include the mechanics of the 

arterial wall, ionic mechanisms and paracrine activity from the surrounding tissue: 

Arterial wall mechanical proprieties:  The compliance of the arterial walls and the visco-

elastic properties of structures in series with the baroreceptors ion channels determine 

their function. The age dependent decrease in the compliance of the carotid sinuses 

adventitia or elongation of surrounding tissue fibers will decrease the sensitivity of ion 

channels to changes in pressure (Chapleau et al., 2001). Also, the resetting of 

baroreceptors after chronic increase in blood pressure may be in part due to the associated 

increase in collagen fibers deposition in arterial walls as in chronic hypertension. 

Ionic mechanisms:  Changes in intracellular Na
+
, K

+
 levels or Na

+
/K

+
 ATPase activity 

have been found to indirectly modulate baroreceptor ion channels. Specifically, 

adaptation and resetting of arterial baroreceptors are attenuated by inhibition of Na
+
/K

+
 

ATPase activity (Chapleau & Abboud, 1994). Post-tetanic hyperpolarization or 
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adaptation of baroreceptors may be due to an increase in the activity of Na
+
/K

+
 ATPase 

following an increase in Na
+
 entry. Also, inhibiting Na

+
/K

+
 ATPase activity using 

ouabain resulted in attenuation of the resetting of baroreceptors in response to increasing 

carotid sinuses pressure (Huang et al., 2000). 

Paracrine activity:  Vaso-active substances that are released by arterial walls may play a 

role in modulating the activity of baroreceptors. Independent from their effects on vessel 

diameter, some of these endothelial related factors have been found to regulate the 

sensitivity of carotid sinuses baroreceptors. For example, injection of nitric oxide in 

isolated carotid sinus decreased baroreceptors sensitivity independently of its vasodilator 

action (Matsuda et al., 1995). On the other hand, injection of prostacyclin increased 

baroreceptors sensitivity in the carotid sinus without affecting the pressure-diameter 

relationship (Xie et al., 1990). Both findings suggest a direct effect of these endothelial 

related factors on the pathway of arterial baroreceptors activation. 

1.3.2 Reflex arc 

In the arterial baroreflex, signals reach the nucleus tractus solitarius for processing of the 

baroreflex control of arterial pressure. The sensory nerve fibers carrying the afferent 

baroreflex signals from the carotid sinuses and those from aortic arch are branches of the 

glosso-pharyngeal and vagus nerve, respectively, and are of two subtypes: type “A” 

myelinated and type “C” unmyelinated fibers (Chapleau et al., 1995), see Figure 3. 

Afferents from the carotid sinus and aortic arch follow IX and X cranial nerves to reach 

the medulla oblongata where signals are processed and compared to a set point in the 

nucleus tractus solitarius. From there, many interneurons reach autonomic regulating 

centers including nucleus ambiguus, dorsal motor nucleus of the vagus and rostral 
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ventrolateral medulla (Kirchheim, 1976). Efferents from these centers target different 

effectors (mainly myocardium, sino-atrial node and vascular smooth muscle cells) aiming 

to adjust heart rate and peripheral resistance in order to provide beat-to-beat control of 

cardiac output (Evans et al., 2001). 

1.3.3 Resetting of the arterial baroreflex 

Resetting of the arterial baroreflex can be defined as a change in the relationship between 

arterial pressure and heart rate or between pressure and sympathetic and parasympathetic 

nerve activities (Chapleau et al., 1989). In adults, resetting of the baroreflex occurs 

during acute or chronic changes in arterial pressure such as occurs after hypertension or 

haemorrhage. The underlying mechanisms of arterial baroreflex resetting, however, are 

still unclear. One possible mechanism is peripheral resetting in which changes in the 

relationship between arterial pressure and sympathetic activity or heart rate can occur at 

the level of the arterial baroreceptor itself (Chapleau et al., 1989). Another possibility is 

the central adaptation resulting from altered coupling at the level of the central nervous 

system of afferent impulses from baroreceptors to efferent sympathetic or 

parasympathetic activities (Potts, 2006). 

1.3.4 Development of the arterial baroreflex 

The presence of a functioning arterial baroreflex during fetal and post-natal life is 

generally accepted (Segar, 1997). In fetal sheep, sino-atrial denervation resulted in 

marked variation in heart rate and arterial pressure (Yardley et al., 1983). Also, loading 

and unloading the arterial baroreceptors in fetal and newborns animals resulted in 

changes in heart rate (Segar, 1997).  
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Developmental changes in the function of the arterial baroreflex including resetting and 

changes in its sensitivity occur with maturation and parallel the age related changes in 

arterial pressure. This is evident immediately after birth and continues with post-natal 

development. Arterial baroreflex resetting at birth is demonstrated by the simultaneous 

increases in arterial pressure, heart rate, and sympathetic activity (Segar et al., 1994).  

Arterial baroreflex sensitivity then decreases with age (Hajduczok et al., 1991). It has 

been proposed that mechanical or structural developmental changes in vessel walls where 

arterial baroreceptors are located, contributed to decreased baroreceptor activity 

accompanying aging (Andresen et al., 1980). The arterial walls distensibility and 

viscoelasticity are normally greater in newborns than in the adults, resulting in an 

increase in the degree of mechanical stimulation and sensitivity of arterial baroreceptors 

(Andresen et al., 1978).  Another developmental factor in the arterial baroreflex function 

would be changes in ionic mechanisms that operate at the level of baroreceptor itself 

which may modulate baroreceptor activity during development (Waki et al., 2008).  

Finally, developmental variations in the effects of other neuro-hormonal modulators of 

the baroreflex such as nitric oxide, opioid peptides and angiotensin II have been reported 

during post-natal development. Our previous experiments carried out in conscious, 

chronically instrumented lambs have shown that endogenously produced angiotensin II, 

nitric oxide and KORs stimulation modulate the arterial baroreflex control of heart rate 

early in life (Monument & Smith, 2003, Qi & Smith, 2007, Sener & Smith, 2001, 

Wehlage & Smith, 2012). 
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1.4 Endogenous Opioid Peptides 

Opioids have been used for thousands of years for the treatment of pain. Ancient 

Egyptian papyrus records reported the use of opium in pain relief (Breasted, 1921). 

Although the narcotic and euphoric actions of morphine and morphine like substances are 

well known, the presence of an internal opioid system was unclear until the early 1970s 

(Hughes et al., 1975, Pert & Snyder, 1973).  

The endogenous opioid system has four families of endogenous opiate peptides including 

endorphins, enkephalins and dynorphins acting on three main G-protein coupled 

receptors (GPCRs) subtypes known as mu opioid receptors (MOR), delta opioid receptors 

(DOR) and KORs. An additional opioid receptors subtype is the ORL1 with its selective 

agonist nociceptin (Trescot et al., 2008). Figure 5 shows a schematic for a typical GPCR 

opioid receptor. 

Figure 5 GPCR opioid receptor 

Modified from: pharmaextremes.blogspot.com 

EL, extracellular loop; TM, trans-membrane helix and IL, intracellular loop 
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1.4.1 Opioids and cardiovascular function 

The endogenous opioid system is widely distributed centrally in the cardiovascular 

regulatory centers and peripherally in the cardiac tissue and isolated cardiac myocytes 

which contain dynorphins, enkephalins and β-endorphin mRNA (Barron, 2000). The 

endogenous opiate system has been linked to cardiovascular function in health and 

disease such as heart rate, arterial pressure, hypertension, ischemia, arrhythmia and 

coronary heart diseases. Specific cardiovascular actions of opioid peptides have been 

studied extensively, especially with the development of specific agonists and antagonists 

for various opioid receptors and were both widely variable and inconsistent (Vaccarino & 

Kastin, 2001). For example, with respect to arterial pressure and heart rate, administration 

of MOR agonists resulted in an increase in blood pressure and decrease in heart rate in 

conscious rats (Cruz & Rodriguez-Manzo, 2000). In humans, morphine produced no 

significant effects on systolic or diastolic blood pressure while it significantly increased 

heart rate (Heishman et al., 2000). Intravenous MOR agonists administration resulted in a 

decrease both blood pressure and heart rate in conscious rats and humans (Czapla et al., 

2000, Guignard et al., 2000). In contrast,  MORs activation had no effect on blood 

pressure or heart rate in anaesthetized rats (Zamani et al., 2000).  

On the other hand, intravenous administration of the KOR agonist, U-50488H, produced 

a dose related decrease in mean arterial pressure and heart rate in anaesthetized dogs 

(Hall et al., 1988) while  micro-injection of U-50488H into the nucleus tractus solitarius 

of anaesthetized rats resulted in a dose dependent increase in mean arterial pressure and a 

decrease in heart rate (Carter & Lightman, 1985). 
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These inconsistent results may be explained by differences in species, state or method of 

administration of OR agonist. Another possible explanation is the ability of OR to form 

heterodimers rendering them new agonist/antagonist affinities, pharmacological profiles 

and a wide variety of downstream mechanisms of action (Gupta et al., 2006). Similar to 

other GPCRs, opioid receptors can form heterodimers between subclasses (Gomes et al., 

2000) and with other distantly related GPCRs (Jordan et al., 2003). 

1.4.2 Opioids and renal function 

Generally, it seems that opioid peptides play a role in regulating both glomerular and 

tubular function of the kidney through central and/or peripheral pathways. Endogenous 

opioids can influence renal function e.g. water reabsorption, tubular electrolyte handling 

and urine production. In rats, subcutaneous infusion of morphine (MOR agonist) 

increased urine volume, plasma creatinine and potassium excretion (Supanz et al., 2004). 

Also, MOR activation in rats showed antidiuretic effects (Vaccarino & Kastin, 2001). 

Naloxone (non-selective OR antagonist) infusion abolished the antidiuretic and 

antinatriuretic effect of dermorphin (MOR agonist) infusion into the renal artery in rats 

before and after bilateral renal denervation (Kapusta et al., 1991). In conscious rats, when 

administered centrally, dermorphin intracerebroventricular (I.C.V.) injection was 

associated with an increase in V and a decrease in Na
+
 excretion. This central effect of 

dermorphin was completely inhibited with pre-treatment using I.C.V. infusion of beta-

funaltrexamine (MOR selective antagonist) and was not affected by bilateral renal 

denervation (Kapusta et al., 1993).  

Renal effects of KORs have been a matter of interest in many studies (Bosch-Marce et 

al., 1995, Gadano et al., 2000, Kramer et al., 2000, Rimoy et al., 1991). U-50488H, a 
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selective KOR agonist, when injected in the magnocellular paraventricular nucleus, 

increased V without affecting Na
+

 excretion. In contrast, when U-50488H was injected in 

the parvocellular paraventricular nucleus, it caused delayed antidiuresis. Both effects 

were inhibited after central Nor-BNI (a selective KOR antagonist) administration 

(Gottlieb et al., 2005). 

It was suggested that the renal actions of KORs are due to a central role in modulating 

AVP secretion (Vaccarino & Kastin, 2001), but it seems that KOR agonists have also 

direct tubular effects on renal function. Supporting this hypothesis, asimadoline 

(a selective KOR agonist) oral administration in humans was associated with an increase 

in urine volume in response to a dose of 5 mg while a dose of 10 mg was needed to 

suppress plasma AVP level (Kramer & Lichardus, 1986). Both central and peripheral 

mechanisms of the renal effects of kappa opioid peptides are supported by the presence of 

the KORs and their natural ligands both centrally in the brain (Quirion et al., 1987) and 

peripherally in the kidney (Quirion et al., 1983).  

1.4.3 Opioids and haemorrhage 

Opioid related analgesics are used frequently in surgical procedures and emergency states 

where haemorrhage is a common complication. Many studies have demonstrated that 

there is activation of the opioid system in response to haemorrhage where different opioid 

receptors  (MORs, DORs and KORs) were found to be involved (Jochem et al., 2001). 

Holaday in the early 1980s was the first to indicate a possible role of opioids regulating 

responses to haemorrhage (Holaday, 1983). Since then, many studies showed that 

naloxone has the ability to attenuate or prevent the sympatho-inhibitory phase in response 
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to haemorrhage. However, the specific role of each subtype of opioid receptors is still 

unclear, although KORs have emerged as the most likely candidate. 

1.4.4 KORs and the response to haemorrhage 

KORs are thought to play a role in the regulation of the physiological responses to 

haemorrhage (Evans et al., 2001). The natural in vivo ligands for KORs are dynorphins 

and they are widely distributed both centrally and peripherally. Studies have shown their 

presence in brain areas that regulate different cardiovascular physiological functions 

(Bodnar & Klein, 2006). Also, both KORs and dynorphins were found with high 

concentrations in the hypothalamus and pituitary gland which indicates a possible neuro-

endocrinal role (Szeto, 2003). Specifically, KORs were found centrally in the supraoptic, 

paraventricular nuclei and nucleus tractus solitarius rendering them the ability to adjust 

cardio-renal homeostasis. KORs are linked to the endocrine and neural response to 

haemorrhage. Dynorphins, endogenous KORs agonist, are co-localised and co-released 

with AVP secreting neurons and KORs activation attenuates secretion and function of 

AVP (Hamon & Jouquey, 1990). Also, KORs were found to regulate the arterial 

baroreflex in conscious young sheep (Qi & Smith, 2007). 

1.5 Cardiovascular and renal function in newborns 

In order to understand how cardiovascular and renal functions differ in newborn when 

compared to adults, the following section will summarise the main physiological changes 

occurring during post-natal development. Immediately after birth, major physiological 

changes take place in order to accommodate the transition from fetal into newborn life. 

This transition from fetal physiology, in which the placenta is responsible for most vital 

functions, into more systematic near adult physiology requires dramatic acute and long 



 

25 

term changes. At birth, closure of cardiovascular shunts, redistribution of cardiac output 

and integration of lungs into oxygenation of blood, facilitate such transition. Later during 

the neonatal period, gradual maturation of different body systems occurs. 

1.5.1 Cardiovascular function 

The fetal circulation is mainly based on the function of the right ventricle where the 

placental oxygenated blood is preferentially distributed to fetal vital organs through right 

to left cardiac and major vascular shunts such as patent foramen ovale and ductus 

arteriosus. 

With the first air breath, the withdrawal of the placental circulation and the creation of 

negative pulmonary pressure initiates anatomical and functional closure of the shunt 

system and establishes the adult pattern of circulation. However, with the establishment 

of the anatomical adult circulation, neonatal cardiovascular physiology is still different 

from known adult physiology. The following paragraphs will focus on haemodynamic 

and heart rate regulation during post-natal development.  

In the fetal circulation, there is a parallel contribution of both ventricles in cardiac output 

in which the right ventricle is responsible for up to 65% of the venous return 

(Stopfkuchen, 1987).  However, after the closure of the right to left shunts, the newborn 

circulation resembles the adult serial circulation in which the cardiac output equals the 

volume of blood pumped by each ventricle per minute. According to this definition, 

cardiac output equals the product of stroke volume (volume of blood pumped by each 

ventricle per beat) and heart rate. Cardiac output matches the high metabolic demands of 

the newborn resulting in higher volumes per body weight when compared to that seen in 

adulthood. In fact, when adjusted to body weight, neonatal cardiac output is up to four 
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fold higher than the cardiac output in adults due to increased oxygen consumption 

associated with spontaneous thermogenesis and a high metabolic rate (Friedman & 

Fahey, 1993). 

In newborns, there is an immaturity in the effect of myocardial contractility on cardiac 

output. This immaturity is due to the relative stiffness of neonatal myocytes. Also, the 

limited stroke volume reserve during the perinatal period is due to the presence of extra-

cardiac constraint limiting ventricular filling (Grant et al., 2001). Accordingly, the 

neonatal cardiac output regulation depends mainly on changes of heart rate (Rudolph, 

1985). Heart rate is higher in newborns and decreases with age. In general, heart rate is 

under dual (sympathetic and parasympathetic) autonomic control. The high level of 

circulating catecholamines during birth and the relatively slow developmental maturation 

of vagal tone results in a higher heart rate in newborns when compared to adults. In 

conclusion, newborns, when compared to adults, have higher cardiac output to meet their 

higher oxygen consumption rate. Due to the relative stiffness of newborn myocardium, 

newborns rely mainly on increasing heart rate to maintain their cardiac output and meet 

their metabolic demands. Table 2 summarizes the main cardiovascular physiological 

differences between newborn and adult humans. 

Table 2 Developmental variations in cardiovascular parameters. 

From Paediatric Anaesthesia Review, 1998 

 Neonate Infant 1 Year 5 Year Adult 

Systolic arterial pressure (mmHg) 65 90 95 95 120 

Heart rate (beats/min) 130 120 120 90 77 

Blood volume (mL/kg) 85 80 80 75 70 

Haemoglobin (g/dL) 17 11 12 13 14 
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1.5.2 Renal Function 

During fetal life, the placenta is the main excretory and fluid and electrolyte regulatory 

organ which decreases the physiological importance of renal function in water and 

electrolyte homeostasis during the fetal life. The human embryonic kidney is able to form 

urine around the 5
th

 week of gestation; renal haemodynamics and function vary greatly 

during fetal and post-natal maturation as compared to adults. In humans and some 

animals (including sheep) nephrogenesis is complete at birth (Jose et al., 1994). 

In addition to its hormonal and haematopoietic functions, the main role of the kidney is to 

excrete waste products and maintain water and electrolyte homeostasis. The kidney 

receives blood from the renal artery, which breaks into a cascade of renal vessels to 

supply different segments of the renal tissue. The kidney is formed of cortex, medulla and 

renal pelvis. The functional unit of the kidney is the nephron which is composed of the 

glomerulus, renal tubules and the accompanying vessels (Figure 6). The end product of 

renal function is urine formation which is achieved through three main processes; 

filtration, reabsorption and excretion. 

Filtration of blood into the glomerular fluid is a function of the glomerulus and depends 

on the difference between the pressure in the glomerular capillaries and Bowman's 

capsule. The rate of glomerular fluid formation is called the GFR and is regulated 

through the RBF, net filtration pressure, surface area and permeability of the glomerular 

membrane. 
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Figure 6 Anatomy of the kidney and nephron 

Modified from: http://en.wikipedia.org 
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Tubular function in the nephron is to reabsorb and excrete water and various solutes in 

order to form urine. Also, the distal part of the renal tubules is responsible for the final 

adjustment of tubular fluid including the facultative salt and water reabsorption and urine 

acidification (Fernandez & Cox, 1984). 

Although nephrogenesis is complete at birth, the newborn kidneys are structurally and 

functionally immature. Immediately after birth, newborn kidneys adapt to the new 

conditions of extra-uterine life and begin to maintain water and electrolyte homeostasis in 

the absence of the placenta. The perinatal period especially the immediate newborn 

period requires important changes in renal function and haemodynamics to cope with the 

major physiological changes that occur during this time. For the first weeks of post-natal 

life,  renal function is in a transitional state towards the adult kidneys (Robillard et al., 

1992). The following paragraphs review some of the major characteristics of this 

transitional perinatal period including functional differences between the fetal, neonatal 

and adult kidney. 

1.5.2.1 Renal blood flow 

The fetal kidneys show higher renal vascular resistance and lower RBF compared to 

newborns and adults. While adult kidneys receive around 20% of the cardiac output, the 

fetal kidneys receive only 2 to 4% (Rudolph & Heymann, 1970). Also, the distribution of 

the RBF within the fetal kidney differs from newborns as the inner cortical blood flow is 

higher than the superficial blood flow in the fetal kidney (Aperia et al., 1977). Fetal renal 

haemodynamics are controlled by several neuro-hormonal factors including angiotensin 

II, renal sympathetic activity, prostaglandins and the kallikrein-kinin system. 
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Newborns kidneys have higher renal vascular resistance and lower RBF compared to 

adults. After birth, RBF increases with age which may be correlated to the decrease in the 

renal vascular resistance. Also, superficial cortical blood flow increases after birth 

indicating a redistribution of flow from the inner cortex (Jose et al., 1971). Renal 

vascular resistance falls gradually with age with an increase in RBF towards adult levels. 

1.5.2.2 Glomerular function 

Fetal GFR is very low if compared to neonatal and adult values. This matches the 

physiological needs of the fetus as the placenta replaces the kidney in its water and 

electrolytes regulatory functions (Robillard et al., 1975). The low GFR during fetal life 

could be explained by the low RBF and the immature glomerular and vascular structure. 

In newborns, GFR is much lower than in adults. A neonate's GFR is only one fifth to 

third of adult values (~30 mL/min in human infants and ~120 mL/min in adults) 

(Blackburn, 1994). After birth, GFR increases rapidly with age. In lambs, for example, 

GFR increases by 50% in the first day after delivery (Smith & Lumbers, 1989). Similar to 

RBF, after birth, GFR shows a centrifugal increase towards the outer cortical nephrons. 

The increase in GFR depends on the number of functioning glomeruli and the single-

nephron GFR. In humans and some animals with completed nephrogenesis at birth, the 

increase in single-nephron GFR is the only possible mechanism. 

Post-natal changes in glomerular net filtration pressure are less likely to explain the 

increase in GFR. While glomerular hydrostatic pressure increases after birth with the 

increase of the RBF, there is an increase of plasma proteins which in turn increase the 

oncotic pressure of plasma minimizing the increase in the glomerular net filtration 

pressure. On the other hand, the post-natal increase in GFR can be correlated with the 
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increase in glomerular plasma flow rate which is low at birth, due to the high renal 

vascular resistance, and increases gradually with age (Robillard et al., 1975). 

1.5.2.3 Tubular function 

Tubular function including but not restricted to reabsorption, concentration and 

acidification of urine are generally impaired in the fetal kidney. At birth, tubular function 

improves and gradually reaches mature kidney performance depending on the post-natal 

age. In order to understand tubular function development, Na
+ 

reabsorptive capacity of 

the kidney and urine concentrating ability during the perinatal kidney development will 

be summarized in the following paragraphs. 

1.5.2.3.1 Na
+ 

reabsorption 

In adults, less than 1% of the filtered Na
+
 load is excreted in urine and around 99% is 

reabsorbed. However, the fetal kidney has a limited capacity to reabsorb Na
+
 which may 

lead to negative Na
+
 balance in preterm infants. In newborn rabbits, between 85 to 95% 

of filtered Na
+ 

load is reabsorbed and this percentage increases gradually with maturation 

(Delgado et al., 2003, Vehaskari, 1994). 

Several factors have been claimed to share in this limited Na
+
 reabsorptive capacity 

during neonatal life. In addition to the immaturity of renal tubules and the developmental 

changes in Na
+
 related hormones, it has been reported that neonatal renal tubules 

(especially the proximal tubules) have a lower ability to transport Na
+
 compared to 

mature kidney.  Specifically, two transport mechanisms are less active in renal tubules of 

the newborn: the Na
+
/H

+
 exchanger (NHE) and the Na

+
/K

+
 ATPase at the apical and 

basolateral borders of tubular cells respectively. In newborn rabbits, the activity of NHE4 

is low compared to adults (Beck et al., 1991). On the other hand, the neonatal proximal 
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tubular Na
+
/K

+
 ATPase activity also shows gradual improvement with gestational age 

(Baum & Quigley, 2004). Except for a short period of post-natal diuresis and natriuresis 

after birth, the Na
+
 absorptive power of the newborns increases rapidly. This 

improvement correlates with an improvement in both NHE4 (Evan et al., 1983) and 

Na
+
/K

+
 ATPase (Larsson & Aperia, 1991) activities.  

Also, the rapid increase in the Na
+
 absorptive capacity with age in newborns may be due 

to the increase in GFR after birth which in turn increases Na
+
 load and stimulates 

aldosterone secretion. 

1.5.2.3.2 Kidney concentration capacity 

The concentrating capacity of the kidney depends on several factors including the 

presence of AVP, the sensitivity of the tubules to circulating AVP, water and electrolyte 

conductance and specific anatomical arrangements within the nephron. With all these 

determinants available, the mature adult kidney can produce urine with osmolality up to 

1200 mOsm/Kg H2O. However, in utero, the fetal kidney produces significantly diluted 

urine which is hypotonic compared to fetal plasma. This may reflect the fact that the 

placenta assumes the major responsibility of water and electrolyte balance in the fetus. 

Fetal kidneys still play a role in this homeostatic process especially during dehydration or 

volume related challenges. 

The kidney in newborns can produce hypertonic (compared to plasma) urine, however 

the concentrating power of the newborn kidney is still limited if compared to adults. The 

limited urine concentrating ability of the neonatal kidney improves with age with a 

noticeable increase after birth (Edelmann, Jr. & Barnett, 1960). Factors that limit the 

ability of the kidney to concentrate urine in fetuses and newborns are similar and include 
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a relative insensitivity of the kidney to the already available AVP, deficient water and 

electrolytes transport mechanisms and immature anatomical arrangement of the nephrons.  

Shortage in AVP production is not a factor as it has been identified within fetal and 

neonatal pituitary early in gestation. However, the ability of AVP to couple its second 

messenger, cAMP, through the activation of V2 receptors in the distal tubules is limited if 

compared with adults. Neonatal kidney responds to the administration of AVP by 

increasing urine osmolality and this response increases with age (Leake et al., 1979). In 

addition to the relative insensitivity of fetal and neonatal kidney to AVP, there is an 

immaturity in salt reabsorption mechanisms along the nephron, especially within the 

thick ascending limb of the loop of Henle, which results in a deficiency in building up the 

high medullary tonicity needed for selective water reabsorption (Baum et al., 2003). 

Also, low urea production may share in decreasing the medullary osmotic gradient. This 

has been reported in a study (Edelmann, Jr. et al., 1967) on both full and preterm infants 

receiving various protein diets where those on high protein diet (higher urea production) 

were able to increase their urine concentration compared to others on a low protein one.  

Another factor is the relatively high distribution of RBF to neonatal renal medulla 

compared to adults which tends to prevent building up of osmolality gradient in the 

medulla. Anatomically, neonatal nephrons have shorter loops of Henle not reaching deep 

in the medulla (Jamison, 1987). 

All these factors prevent the newborn kidney from establishing an efficient urine 

concentrating system. An improvement with age in the renal concentrating capacity is 

due to the relative improvement in the limiting factors especially the increase in the renal 

sensitivity to AVP and the redistribution of RBF toward the cortex. 
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In addition to this limited ability of the neonatal kidney to concentrate the urine, there is 

also a limitation in its ability to dilute the urine in case of water load (especially long 

term water load) compared to adults. This may be explained by the relatively low GFR in 

newborns. 

In conclusion, newborns, when compared to adults, have lower RBF, GFR, impaired 

tubular handling of electrolyte and capacity of urine concentration. These differences 

may reflect structural and functional immaturity of newborn kidneys and their hormonal 

regulation. 

1.6 Study rationale 

The importance of understanding the physiological responses to haemorrhage comes 

from its epidemiological morbidity and mortality indices. Haemorrhage is the second 

leading cause of early death after trauma regardless the mechanism of injury. 

Haemorrhage accounts for the largest proportion of mortality occurring during the first 

hour of trauma center care, up to 80% of operating room deaths after major trauma, and 

around 50% of deaths in the first day of trauma care (Kauvar et al., 2006). Although 

haemorrhage has no age preferences and can happen at any age, what is available in 

literature mainly covers the physiological responses in adults. Such physiological 

responses to haemorrhage in adults have been reviewed in section 1.2. There is limited 

knowledge regarding the physiological responses to haemorrhage during post-natal 

development. 

In our laboratory, we have conducted a series of experiments on chronically instrumented 

conscious lambs to study the cardiovascular, renal and hormonal responses during the 

first phase of response to various degrees of haemorrhage (Smith et al., 2000, Smith, 
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2002, Smith & Abu-Amarah, 1998). Generally, our results concluded that physiological 

responses during the first stage of response (haemorrhage up to 20% of estimated total 

blood volume) were age dependent as detailed below. 

Whether such developmental variations in response to haemorrhage are the same during 

the decompensatory phase has not yet been investigated in the newborn period. This 

formed the basis to my doctoral research. 

The following sections will summarize information available regarding some 

physiological responses to haemorrhage in newborns.   

1.6.1 Cardiovascular responses to haemorrhage in newborn lambs 

We have investigated the cardiovascular responses to 0, 10 and 20% haemorrhage in 

conscious lambs at two stages of post-natal maturation (1-2 weeks and 11-12 weeks old) 

(Smith et al., 2000). Our results showed that although lambs of both age groups had a 

similar decrease in mean arterial pressure, only newborn lambs showed an increase in 

heart rate for up to one hour after haemorrhage. These results indicate developmental 

variation in the underlying cardiovascular response of the first stage of response to 

haemorrhage. This study, however, was not designed to investigate possible underlying 

mechanism of the greater heart rate response to haemorrhage in newborns. 

Were the age-dependent changes in heart rate response to haemorrhage due to an age-

dependent effect of haemorrhage on the arterial baroreflex control of heart rate? The 

present study included a detailed assessment of arterial baroreflex function to answer this 

question. 
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1.6.2 Hormonal responses to haemorrhage in newborn lambs 

The hormonal responses to haemorrhage in newborns are close to those seen in adults 

including the release of different vasoconstrictor agents such as catecholamines, 

angiotensin II and AVP (Block et al., 1987). Interestingly, the quantitative hormonal 

responses to haemorrhage were found to be developmentally regulated. The endocrine 

responses to 20% haemorrhage in conscious lambs and older sheep include and activation 

of the renin-angiotensin system and an increase in the plasma level of AVP. However, the 

activation of the renin-angiotensin system was greater and more prolonged in newborn 

lambs (Smith et al., 2000). These findings indicate an age-dependent variation in the 

humoral responses to haemorrhage. 

The possible interaction between different agents within the humoral response to 

haemorrhage is an important factor in the prognosis of haemorrhage outcome. For 

example, the drop in plasma level of AVP after prolonged and severe haemorrhage 

compromise the recovery and may lead to an irreversible circulatory failure (Errington & 

Rocha e Silva, 1971, Sander, 1991). The mechanism underlying this decrease in AVP in 

haemorrhagic shock is still unclear. One possible explanation is that the activation of 

KORs after haemorrhage is responsible for attenuating the AVP response. That would 

explain beneficial effects of large doses of the non-selective KORs antagonist, naloxone, 

on the outcome of haemorrhage by inhibiting KORs which augments the AVP plasma 

level. In the current study, we hypothesized that selective inhibition of KORs would 

improve the cardiovascular responses to 30% haemorrhage.   
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1.6.3 Renal responses to haemorrhage in newborn lambs 

Our previous studies showed a significant difference in renal responses among different 

age groups of conscious sheep after 20% haemorrhage (Smith et al., 2004). Results 

obtained from these studies showed a greater decrease in GFR and filtration fraction after 

hypotensive haemorrhage in lambs compared to young adult sheep. On the other hand, 

there was a decrease in urinary flow and electrolyte excretion rates after hypotensive 

haemorrhage in young adults but not in lambs. Paradoxically, there was an increase in 

free water clearance after hypotensive haemorrhage in young adults but not in lambs. Our 

previous studies on the renal effect of KORs stimulation during post-natal maturation in 

conscious lambs, showed that intravenous administration of the KOR selective agonist 

U-50488H results in an increase in the free H2O clearance. Interestingly, we have shown 

that selective KORs activation in conscious lambs alters various parameters of 

cardiovascular and renal function as well as the arterial baroreflex control of heart rate 

(Qi et al., 2007, Qi & Smith, 2006, Qi & Smith, 2007). 

Whether this paradoxical response could be partially explained by the activation of KORs 

after haemorrhage is not known. Does the endogenous activation of KORs after 

haemorrhage play a role in the cardiovascular and baroreflex response during post-natal 

maturation?  A selective KOR antagonist (GNTI) was used in this study to reveal any 

possible role for KORs in the physiological responses to haemorrhage during the second 

decompensatory phase. In order to elicit the decompensatory phase, a 30% haemorrhage 

was used in this study to evaluate various cardiovascular and renal responses. 
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1.7 Hypotheses and objectives 

My research is founded in our previous work on physiological responses to mild to 

moderate degrees of haemorrhage.  From these experiments, we described some of the 

physiological responses which occur during the compensatory phase that follows blood 

loss in the developing newborn.  The objectives of my doctoral research were to: 

1. Investigate the physiological cardiovascular and renal responses to haemorrhage 

during the second, decompensatory, phase in conscious lambs at two stages of 

post-natal maturation. 

2. Assess the arterial baroreflex control of heart rate before and after haemorrhage.  

3. Determine any possible role for endogenously activated KORs in the 

cardiovascular and renal responses to haemorrhage in conscious lambs. 

In order to achieve these objectives, two experimental protocols and four sets of in vivo 

experiments in each protocol were carried out in conscious chronically instrumented 

lambs at two stages of post-natal development (~one and ~six weeks). The experimental 

design included: 

 A detailed description of different measured and calculated different 

cardiovascular and renal variables before and after 30% haemorrhage. 

 A thorough analysis of the parameters governing the arterial baroreflex control of 

heart rate before and after 30% haemorrhage. 

 A dedicated set of experiments after GNTI or vehicle pretreatment to investigate 

the involvement of KOR in the decompensatory phase. 

 A dedicated set of experiments with 0% haemorrhage to serve as time control. 
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Two main hypotheses were tested in this study: 

Hypothesis 1: 

"Cardiovascular and renal responses during the decompensatory phase of haemorrhage 

are developmentally regulated." 

Hypothesis 2: 

"Activation of KORs in response to haemorrhage play a role in the initiation and 

maintenance of the decompensatory phase during post-natal maturation." 
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Chapter Two: Methods 

2.1 General experimental design 

In order to achieve the objectives of this study and test the hypotheses, two experiment 

protocols (see sections 2.10 and 2.11 for details) have been carefully designed. 

Experiments were carried out in two separate age groups of lambs at two stages of post-

natal development (aged one and six weeks). Each group consisted of chronically 

instrumented lambs of both genders (for descriptive and basal data see Chapter Three 

Results, tables 6, 8, 12 and 14). 

All surgical and experimental procedures used in this study were carried out with the 

approval of the Animal Care Committee at the University of Calgary, and in accordance 

to the “Guide to the Care and Use of Experimental Animals” provided by the Canadian 

Council on Animal Care (Rowsell, 1991, Wong, 1995). 

Except during surgery, training and experiments, lambs were housed with their mothers 

in pens in the vivarium of the Animal Resource Centre. Housing rooms in the Animal 

Resource Centre were maintained with a 12 hour light/dark cycle (lights on at 7:00 am), 

temperature at ~21ºC and ~40% humidity. Ewes were provided with four cups daily of 

16% Lamb Grower Ration (Masterfeeds, Alberta), one flake of hay daily, and tap water 

was available ad libitum. 

2.2 Species selection 

Experiments were carried out on conscious, chronically instrumented lambs of mixed 

breed, obtained from a local source (AndLyn Ranch, Innisfail, Alberta, Canada). Lambs 

were selected for many reasons: First, experiments in lambs have been carried out for 

many years by research groups around the world. For example, studies in developmental 



 

41 

cardiovascular (De et al., 2008, O'Connor et al., 2005, Stacy et al., 2009) and renal 

(Guillery et al., 1994, Robillard et al., 1994, Segar et al., 1992) physiology.  Second, the 

development and growth of lambs’ kidney follows a similar profile to that in human 

kidney with nephrogenesis being completed before birth. Nephrogenesis is complete by 

130 days of gestation in sheep (term is at ~150 days) while in humans it is completed by 

36 weeks of gestation (term is ~40 weeks) (Robillard et al., 1981).  

Third, lambs are large laboratory animals that can withstand surgery for chronic 

instrumentation. Also, lambs are placid and calm animals that can be trained to stand 

quietly during experiments.  

In addition, the conscious, lamb has been used in previous related studies in our 

laboratory studying the cardiovascular and renal responses to haemorrhage (Smith et al., 

2000, Smith, 2002, Smith et al., 2004, Smith & Abu-Amarah, 1997, Smith & Abu-

Amarah, 1998); this makes current results comparable to our previous findings. 

2.3 Haemorrhage model selection 

There are two haemorrhage models frequently used: 

a) Uncontrolled haemorrhage: In this model neither the amount of blood to be removed 

nor the blood pressure is fixed. Haemorrhage in this model can be induced through injury 

to such organs as the spleen (Xiao et al., 2004) or major blood vessels (Bruscagin et al., 

2002). Severity, rate of haemorrhage and degree of hypotension in this model are not 

standardized thus data obtained cannot be easily compared between subjects. This model 

is mainly used to investigate resuscitation methods because it is somewhat comparable to 

the clinical picture of uncontrolled severe haemorrhage (Lomas-Niera et al., 2005). 
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b) Controlled haemorrhage: In this model, the degree of haemorrhage is controlled either 

by the volume of blood removed or by the lowest blood pressure achieved; 

i) Fixed blood pressure model; in this model, blood is withdrawn to lower the arterial 

pressure and maintain a certain degree of hypotension. This enables the regulation of the 

degree of hypotension regardless of the volume of blood to be shed and has been used to 

investigate organ specific responses to haemorrhage (Ayala et al., 2002, Paxian et al., 

2003). Data obtained from this model is, however, more difficult to be controlled over 

time, as well as to be compared within animals as well as between age groups as the 

volume of blood that is needed to be removed to achieve the fixed pressure is not 

constant with time nor across different ages of animals with different body weights 

(Lomas-Niera et al., 2005). 

ii) Fixed volume model; in this model a fixed amount of blood, usually a percentage of 

the circulating blood volume, is removed to induce haemorrhage while haemodynamic 

responses are recorded. This approach to haemorrhage is more standardized and 

reproducible but less clinically comparable. Many haemodynamic, renal, metabolic and 

immunological studies have used the fixed volume model (Koustova et al., 2003, Rajnik 

et al., 2002, Troy et al., 2003). In addition to the haemodynamic responses, this model 

has been used to study different metabolic and histopathologic responses and survival 

after haemorrhage (Altura, 1976, Russell et al., 1944, Ukikusa et al., 1981). 

In the current experiments, the fixed volume controlled haemorrhage model was used 

because: 
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- Different age groups (one and six weeks) with different basal blood pressures were 

studied. Therefore, using a fixed volume of blood to be shed based on body weight will 

make the results more comparable between age groups. 

- It is difficult to determine the exact blood pressure at which the sympatho-inhibitory 

phase of haemorrhage begins. On the other hand, it is generally accepted that shedding of 

~30 % of the calculated blood volume will induce the sympatho-inhibitory phase (Troy et 

al., 2003). 

- Pilot experiments were conducted using this model to find out the critical volume of 

blood to be shed in order to initiate the decompensatory phase. It was found that this 

phase starts after ~24% haemorrhage at both one and six weeks and therefore, we 

selected 30% haemorrhage to be sure that the decompensatory phase of response was 

achieved in our experiments. 

2.4 Selection of state 

It is generally accepted that the use of anaesthesia is one of the main confounders in 

studying the physiological responses to haemorrhage. Anaesthetic agents interfere with 

the neural and endocrinal mechanisms underlying different phases of this response.  For 

example, in the sympatho-excitatory phase in response to haemorrhage, the increase of 

sympathetic activity can be inhibited by anaesthetics such as pentobarbital (Zimpfer et 

al., 1982), halothane (Sawyer et al., 1971), ketamine, and propofol (Schadt & Ludbrook, 

1991). Fentanyl and alfentanil do not inhibit the sympathetic activation in this phase, but 

they do attenuate the sympathetic inhibition that occurs during the sympatho-inhibitory 

phase (Majde, 2003). 
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Regarding the effects of anaesthetics on the hormonal response to haemorrhage, studies 

have shown that they may also affect various endocrine mechanisms. For example, in 

human subjects, fentanyl was found to increase plasma AVP concentration in a dose-

dependent manner (Weiskopf et al., 1987). Many injectable and gaseous anaesthetics 

induce a dose and time related increase in serum renin activity in rats (Pettinger et al., 

1975). In addition, anaesthesia is known to affect circulating level of angiotensin II 

(Huskova et al., 2006). 

In the current study, conscious lambs were used to avoid the confounding effect of 

anaesthetic agents. Animals were chronically instrumented to minimize the stress of 

surgery or haemorrhage on the measured variables. Physiological effects of surgery on 

experimental animals were avoided by allowing sufficient period for recovery before 

starting the experiments. In lambs, it has been found that and interval of 3-4 days 

between a major surgery (thoracotomy) was sufficient for the cardiovascular variables to 

return to normal (Sidi et al., 1982). 

In addition, in our previous studied using chronically instrumented lambs such an interval 

between the surgery and the experiments was enough for all the measured cardiovascular 

and renal parameters to return to the normal range (Chappellaz et al., 2004, Chappellaz & 

Smith, 2005, Chappellaz & Smith, 2007, Ebenezar et al., 2007, Ebenezar et al., 2010, 

Monument & Smith, 2003, Qi et al., 2011, Qi & Smith, 2006, Qi & Smith, 2007).  In the 

current study, an interval of at least four days between surgery and experiments was 

allowed for recovery.  An additional two to three days interval was used for training the 

lambs to set quietly in the experiment set up. 
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2.5 Age group selection 

In the current experiments, two age groups of lambs (one and six weeks old) were studied 

in order to investigate the physiological responses to haemorrhage during post-natal 

maturation. 

First, the two age groups represent two stages of post-natal maturation of physiological 

cardiovascular and renal function. Our previous studies using lambs during this period of 

post-natal development have shown significant age dependent variations in 

cardiovascular, endocrine, and renal responses to various degrees of non-hypotensive and 

hypotensive haemorrhage (Smith et al., 2000, Smith et al., 2004). 

Second, using these age groups will rule out any possible role of splenic contraction in 

compensating the shed blood and avoid the necessity of splenectomy. Adult sheep rely on 

splenic contraction to assist in restoring blood volume and blood pressure (Turner & 

Hodgetts, 1960) whereas the newborn lambs do not (Block et al., 1989). 

2.6 Assessment of arterial baroreflex  

The first method developed to assess the arterial baroreflex control of heart rate was the 

ramp method used by Smyth et al. (Smyth et al., 1969) by inducing rapid changes in 

arterial pressure in response to a bolus of pressor agents. The systolic arterial pressure 

and heart period for each heart beat when plotted gives rise to a linear curve relationship. 

This linear relationship between blood pressure and heart rate describes only the arterial 

baroreflex function over a narrow range of blood pressures.  

An alternative method was developed in the early 1970’s by Korner et al. (steady state 

sigmoidal method) in which a wide range of blood pressure changes was examined 

(Korner et al., 1972). This method resulted in a plot of two hyperbolas representing the 
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relation between the blood pressure and heart rate. Instead of these hyperbolas, Kent et 

al. has applied a logistic equation to carotid sinus blood pressure curves (Kent et al., 

1972). This logistic method is now one of the most widely used methods to assess arterial 

baroreflex. We have applied this method in our previous studies of baroreflex in 

conscious lambs (Monument & Smith, 2003, Qi & Smith, 2007, Sener & Smith, 2001, 

Wehlage & Smith, 2012).  

In the current study, Kent’s method was used and beat to beat systolic arterial pressure 

and heart rate measurements were pooled for each age group, starting 10 sec before 

hypo/hypertensive drugs administration and until the maximum response was achieved. 

Raw data were then plotted and a four-parameter sigmoid logistic function was applied 

using the following formula to produce the regression curve (Figure 7):  

Heart rate = P4 + P1 / [1 + exp P2 (SAP - P3)], where P1 is the heart rate range, P2 is the 

slope coefficient, P3 is systolic arterial pressure at the midpoint of the heart rate range, 

and P4 is minimum heart rate. The sensitivity of the baroreflex was considered to be the 

maximum gain (Gmax) described by Kent et al. as follows, 

Gmax = -P1 × P2 × 0.25. 
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2.7 Selection of drugs 

2.7.1 Vaso-active drugs 

Phenylephrine hydrochloride and sodium nitroprusside were used to manipulate arterial 

pressure for baroreflex assessment. Both drugs are commonly used in baroreflex related 

studies. Phenylephrine hydrochloride is a selective postsynaptic α1-adrenergic receptor 

agonist that constricts blood vessels and increases arterial pressure. Sodium nitroprusside 

is an inorganic hypotensive drug that works directly on blood vessels wall through the 

release of nitric oxide. Both drugs have acute onset when injected intravenously and short 

duration of action (seconds to minutes) (Coons & Seidl, 2007).  

Figure 7 Relationship between systolic arterial pressure and heart rate 

P1 is heart rate range, P2 is the slope coefficient, P3 is the systolic arterial pressure at 

the midpoint of heart rate range, and P4 is minimum heart rate. 
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Phenylephrine hydrochloride (Sabex, QC, Canada) and sodium nitroprusside (Nipride, 

Ont, Canada) were dissolved separately in 5% dextrose solutions. The dose used (10 

μg·kg
-1

) has been previously shown to change systolic arterial pressure by ~25 to 30 

mmHg, allowing the construction of the physiological range over which the arterial 

baroreflex operates (Monument & Smith, 2003, Qi & Smith, 2007, Sener & Smith, 2001, 

Wehlage & Smith, 2012). 

2.7.2 Kappa opioid receptor antagonists: 

With the increasing need to define the specific action of different opioid receptors 

subtypes, several highly selective antagonists have been developed. Generally, there are 

two categories of KOR selective antagonists; reversible (such as Norbinaltorphimine, 

Nor-BNI, and 5'-Guanidinonaltrindole, GNTI) and irreversible (such as UPHIT (1S,2S-

trans-2-isothiocyanato-4,5-dichloro-N-methyl-N-[2-(1-pyrrol idinyl) cyclohexyl] 

benzeneacetamide) and DIPPA (2,3,4 - dichlorophenyl) -N- methyl -N- [(1S) -1- (3-

isothiocyanatophenyl) -2- (1 - pyr-rolidinyl) -ethyl] acetamide hydrochloride)) (Peng & 

Neumeyer, 2007). 

Nor-BNI and GNTI have generally been used in research to investigate specific, receptor 

mediated, kappa opioid actions. They share the known characteristics of KOR antagonists 

e.g. their delayed onset (24-48 h) and up to several days long duration of action (Metcalf 

& Coop, 2005). GNTI, which is a modification of the selective delta opioid receptor 

antagonist naltrindole, was firstly presented by the work of Portoghese’s group in 1998 

(Jones et al., 1998). Compared to Nor-BNI, GNTI shows a greater selectivity for KOR 

being ~200- and ~800-fold higher than for mu and delta receptors respectively (Metcalf 

& Coop, 2005) with a relatively shorter half-life (Jones & Portoghese, 2000). 
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Studies using GNTI showed effects on cocaine addiction, depression and feeding 

behavior (Metcalf & Coop, 2005, Negus et al., 2002). In addition, our laboratory studies 

using GNTI in conscious lambs revealed its ability to completely inhibit both 

cardiovascular and renal responses to activation of KORs by the selective KOR agonist, 

U-50488H (Qi et al., 2007, Qi & Smith, 2006). 

5'-Guanidinonaltrindole, GNTI, (Tocris, Ellisville, MO, USA) was dissolved in sterile 

water. Twenty four hours before the experiment, GNTI (0.25 mg·kg
-1

 for one week age 

group and 0.5 mg·kg
-1

 for six weeks age group) was administered through intravenous 

injection.  

The dose response study performed in our laboratory has shown that the ED100 of GNTI 

in inhibiting the cardiovascular and renal responses to U-50488H (a selective KOR 

agonist) is 0.25 mg·kg
-1

 for one-week old lambs and 0.50 mg·kg
-1

 for six weeks. The 

peak time of GNTI effect is 24 h after intravenous injection (Qi et al., 2007, Qi & Smith, 

2006). 

2.7.3 Lithium chloride 

Lithium clearance has been used to assess the proximal tubular reabsorption of Na
+
 in 

many renal function studies because it is simple, accurate and can be repeated several 

times on the same subject (Skott, 1994). The use of the lithium clearance method 

provided data on proximal fractional reabsorption that are as accurate and reliable as data 

obtained by direct micro-puncture collection (Thomsen et al., 1969, Thomsen et al., 

1981). Lithium chloride powder (Fisher Scientific Inc., Ont., Canada) was dissolved in 

sterile water to form a 2M solution. 
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2.8 Surgical procedures 

2.8.1 Pre-operative procedures 

Antibiotic, Excenel® (Ceftriofur) (Pfizer, Kirkland, QC, Canada) 2.2 mg/kg 

I.M. injections were started 24 h prior surgery in all lambs. One day before surgery the 

lamb’s wool was shaved and a body jacket with pockets, to protect the catheters and the 

flow transducers, was placed on the lamb (Lomir Inc., Montreal, Canada).  

The night prior to surgery, the six week old lambs prepared as mentioned above were 

removed from the ewe and placed into separate pens from their mothers for overnight 

fasting except from water. The preoperative fasting precaution is necessary to prevent 

paralytic ileus and subsequent bloating that may occur in relation with surgery and 

anaesthesia medication, jeopardizing the procedure and the health of the animal. 

In case of lactating newborn lambs, fasting is not necessary to evacuate the bowel from 

solid food; lambs were removed from the ewe within minutes before surgery. These 

methods are well established in our laboratory and described previously in detail 

(Vinturache AE, 2012). 

For each lamb, one surgery was carried out several days prior to experiments. Before 

starting the surgery, body weight and temperature were measured and the lamb was 

transported into the surgery suite after a thorough physical examination. 

All instrumentations, including catheters and ultrasonic flow meters of different sizes, 

were previously sterilized. Surgeries were performed using aseptic techniques as 

previously described (Chappellaz & Smith, 2007, Ebenezar et al., 2007, Qi et al., 2007, 

Qi & Smith, 2007, Sener & Smith, 2001). The animals were placed on a thermostatically 

controlled heating pad to maintain body temperature ~ 39.5ºC, which was continuously 
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monitored with a rectal thermometer (Becton Dickinson Canada Inc., Oakville, ON, 

Canada). The surgical procedures were carried out in animals in which anaesthesia was 

induced with a mask and 5% isoflurane (Abbott Laboratories Ltd., St-Laurent,QC, 

Canada) in oxygen and maintained, after intubation with a cuffed endotracheal tube, with 

isoflurane 1.5-2.5 % in a 3:2 mixture of nitrous oxide: oxygen via a ventilator (Harvard 

Apparatus Model 670, Holliston, MA, USA). To assess the level of anaesthesia and 

ventilation during surgery the arterial pressure, heart rate, peripheral pulse and oxygen 

saturation were measured continuously with multi-parameter monitoring equipment 

(SurgiVet Polymount®, GCX® Corporation, Petaluma, CA, USA) and the animal 

received crystalloid solutions (5% dextrose in 0.9% sodium chloride) to assist in 

maintaining plasma volume. 

2.8.2 Surgical procedures 

With the animal in a supine position, through the means of inguinal incision using an 

adjustable cautery (Valleylab Inc. Boulder, CO, USA), the femoral vessels were 

identified, dissected and the above mentioned vessel catheters (Tygon® Microbore 

Tubing, Norton Performance Plastics, Akron, Ohio, USA) were inserted into the right and 

left femoral vein and artery, and advanced to the level of inferior vena cava and aorta, 

respectively. The catheters were tunneled subcutaneously to exit the animal on the right 

and left flank, checked for competency by flushing with heparinized saline, and sealed 

with heparin to maintain patency. The skin incisions were sutured with surgical thread 

and sprayed with antibiotics. After surgery the catheters were secured inside the right and 

left pocket of the lamb’s body jacket. The vessel catheters allowed arterial and venous 

pressure monitoring and administration of drugs and solutions during experiments.  
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To facilitate renal function measurements, a catheter was placed in the bladder to assist 

with urine sampling and V measurements during experiments. Through means of an 

abdominal midline incision, the urinary bladder was exposed and the aforementioned 

prepared catheter was inserted directly across the bladder wall and secured in place. The 

positioning and the drainage capacity of the catheter were confirmed and the catheter was 

closed at the free end, secured in place and secured to the body jacket. Urine drainage 

through this catheter was allowed only during the experiments, leaving the urethra patent 

and functioning so that at any other time the bladder was emptied by normal micturition. 

After surgery, the bladder catheter was secured to the body jacket. 

To facilitate the ultrasound real-time measurements of RBF a flow transducer was placed 

around the right renal artery. The animal was placed on its left side. Through a right flank 

incision and a retroperitoneal approach the kidney was exposed and the renal artery was 

dissected. A pre-calibrated ultrasonic flow transducer (size 3-6S, Transonic Systems Inc., 

NY, USA) was placed around the renal artery for the measurements of RBF during 

experiments. After closing the incision, the transducer cable was tunneled subcutaneously 

to exit the animal on the right flank. The skin incisions were sutured with surgical thread 

and sprayed with antibiotics. After surgery, the transducer cable was secured in the right 

pocket of the body jacket. Figure 8 shows a chronically instrumented lamb setup. 

At the end of surgical procedures, animals were extubated and supported in sternal 

recumbency until standing. For ~ 30-45 min after surgery animals were allowed to 

recover from the effects of anaesthesia inside a Shor-Line intensive care unit for small 

animals (Schroer Manufacturing Company, Kansas, USA), in which the temperature and 

oxygen concentration were accurately controlled. Lambs were returned to the ewe after 
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they were able to stand (approximately 45-60 min) and were closely monitored until 

suckling. 

  

Figure 8 Chronically instrumented lamb setup 
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2.8.3 Post-operative care 

After surgery, lambs were allowed to recover from anaesthesia inside a Shor-Line 

intensive care unit for small animals (Schroer Manufacturing Company, Kansas, USA) in 

which temperature and oxygen concentration can be precisely controlled. Lambs were 

usually returned to the ewe within 30 min of completion of surgery. 

Antibiotics [Synergistin (Sulbactam-ampicillin), 9.9 mg·kg
-1

, Pfizer Canada Inc.] were 

administered intramuscularly prior to surgery and at 24 h intervals for the following 48 h. 

Experiments were not started until at least four days after the completion of surgery, 

during which time lambs were trained daily for ~1 h to rest in a specially designed 

supportive sling in the laboratory environment. The interval of four days is sufficient for 

lambs to recover from the effects of anaesthesia and surgery since cardiovascular 

variables return to baseline during this period (Sidi et al., 1982).  

2.9 General experimental details 

2.9.1 Preparation for experiments 

Each experimental animal was removed from its pen in the vivarium and placed in the 

supportive sling in the laboratory for 60 min before the experiment (equilibration period). 

During this period and for the rest of the experiment, a continuous intravenous infusion 

of 5% dextrose  in 0.9% sodium chloride (B. Braun Medical Inc., Irvine, CA, USA) was 

started at the rate of 4.17 mL·h·kg
-1

 using a Microinfusion pump (MI 60-1B, World 

Precision Instruments, Sarasota, Fl, USA) to assist in the maintenance of fluid balance. 

Body core temperature was measured through a rectal temperature probe (Thermalert 

TH-5, Physitemp, Clifton, NJ, USA). Bladder catheter was opened and free draining 

urine was collected. V was measured and urine samples were collected according to each 
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protocol requirement. The left femoral venous and arterial catheters were connected to 

pressure transducers (Model P23XL, Statham, West Warwick RI, USA) for continuous 

monitoring of venous and arterial pressure, respectively. The flow transducer placed 

around the renal artery was connected to a transonic flow meter (T101, Transonics 

Systems, New York, USA) for real time measurement of RBF. 

All transducers were connected to a polygraph (Model 7, Grass Technologies, Astro-Med 

Inc., West Warwick, RI, USA) that continuously recorded the haemodynamic variables. 

Recordings were simultaneously digitized at 200 Hz using the data acquisition and 

analysis software package, PolyVIEW
TM

 16 (Grass Technologies, Astro-Med Inc., West 

Warwick, RI, USA) for later off-line data analyses. 

2.9.2 Haemorrhage procedures 

Blood was withdrawn over 10 min from the left venous catheter using a programmable 

syringe pump (PHD 2000 Infusion/Withdrawal Dual Syringe Pump, Harvard Apparatus 

Inc., USA). The total amount of blood withdrawn was calculated as 30% of estimated 

total blood volume, estimated as 75 mL·kg
-1

 in the first three months of post-natal life 

(Smith & Abu-Amarah, 1997). Five minutes before the start of haemorrhage, 400 U·kg
-1

 

of heparin was intravenously injected to prevent coagulation during and after 

haemorrhage. The shed blood was kept warmed on a heating pad and was transfused to 

the animal at the end of experiment over 10 min using the same programmable pump. 

2.10 Experimental protocol I 

This experimental protocol investigated the effect of 30% haemorrhage on the arterial 

baroreflex control of heart rate and any possible role for endogenous KORs. Two age 
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groups of lambs (group I, aged one week and group II, aged six weeks, N=7 for each age 

group) were used. 

For each lamb, four experiments were done: 

1- 0% haemorrhage pretreated with vehicle. 

2- 30% haemorrhage pretreated with vehicle. 

3- 0% haemorrhage pretreated with GNTI. 

4- 30% haemorrhage pretreated with GNTI. 

Experiments were done in random order when possible and at minimum intervals of 48 h. 

  

Figure 9 Timeline for experimental protocol I 
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2.10.1 Experimental procedures 

After the 60 min equilibration period (please refer to 2.9.1) and 30 min of data recording 

as Control, 10 μg·kg
-1

 phenylephrine or 10 μg·kg
-1

 of sodium nitroprusside were 

administered intravenously over 20 seconds using a microprocessor-controlled syringe 

pump (Mi 60-1B, World Precision Instruments Inc., Sarasota, Fl, USA). The assessment 

of the arterial baroreflex through intravenous administration of both drugs was repeated 

30 and 60 min after the end of either 0% or 30% haemorrhage (Figure 9). 

2.10.2 Calculations 

Arterial and venous pressures were recorded and heart rate was calculated using the 

systolic peaks of the arterial pressure wave form. Data were averaged over consecutive 

one minute intervals using PolyView™ and spreadsheets.  

Using PolyView™, the systolic arterial pressure and heart period were extracted starting 

10 sec before drug administration (as a control) and until the maximum response was 

achieved. Heart rate was then calculated from the beat to beat pulse interval. The arterial 

baroreflex was represented by the relationship between systolic arterial pressure and the 

consecutive heart rate using the method of Kent et al. (1972) (see section 2.6). This 

relationship was constructed for each animal; data from each age group were then pooled 

and a four-parameter sigmoidal function was applied using (Sigmaplot v9.0, Jandel 

Scientific Inc.). 

2.10.3 Statistical analyses 

The cardiovascular variables were evaluated using analysis of variance (ANOVA) 

procedures for repeated measures with factors being treatment and age. Where the F 
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value was significant, Newman Keuls multiple comparison procedures were applied to 

determine where the significant differences occurred. 

For the parameters governing the arterial baroreflex control of heat rate, statistical 

comparisons within each group were carried out using Student's non-paired t-tests and 

between time points of Control, 30 and 60 min using Student's paired t-tests with a 

Bonferroni correction. 

All data are expressed as mean ± SD. Significance was accepted at the 95% confidence 

interval. 

2.11 Experimental protocol II 

This experimental protocol investigated the physiological cardiovascular and renal 

response to 30% haemorrhage and possible role of endogenous KORs on such responses. 

Two age groups of lambs (group I, aged one week and group II, aged six weeks, N=10) 

were used. 

For each lamb, four experiments were done: 

1- 0% haemorrhage pretreated with vehicle. 

2- 30% haemorrhage pretreated with vehicle. 

3- 0% haemorrhage pretreated with GNTI. 

4- 30% haemorrhage pretreated with GNTI. 

Experiments were done in random order when possible and at minimum intervals of 48 h. 
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2.11.1 Experimental procedures 

During the 60 min of preparation for the experiment (please refer to 2.9.1), lithium 

chloride was injected slowly (over 10 seconds) 30 min before starting the experiment as a 

bolus injection of 200 μmol·kg
-1

 for later determination of proximal tubular Na
+
 

reabsorption. After 60 min equilibration period, the following variables were recorded 

before and after haemorrhage (Figure 10). 

Cardiovascular measurements: Arterial pressure, mean venous pressure, heart rate and 

RBF were recorded continuously for one hour before (Control) and one hour after 

haemorrhage. V was recorded by draining the bladder catheter every 20 min into a 

graduated cylinder and samples removed and stored at -80ºC for later measurement of 

electrolytes, creatinine and osmolality. At the midpoint of each urinary collection period, 

arterial blood samples of 3 mL were collected. Whole blood (2.5 mL) was withdrawn into 

a chilled heparinized tube and immediately centrifuged at 2500 RPM for 10 min at 4ºC 

and the supernatant stored at -80ºC for later analysis of plasma concentrations of 

Figure 10 Timeline for experimental protocol II. 
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electrolytes, creatinine and osmolality. Whole blood (~0.5 mL) was used for immediate 

measurement in duplicate of haematocrit using a microhaematocrit centrifuge (Clay 

Adams, Parsippany, NJ, USA) and heparinized micro-haematocrit capillary tubes (VWR 

Scientific Inc., Drummond Scientific CO., USA). 

2.11.2 Analytical procedures 

2.11.2.1 Cardiovascular variables 

Mean arterial pressure, mean venous pressure, heart rate and RBF were analyzed at one 

minute intervals using PolyVIEW™ (Astro-Med Inc.) then exported to spreadsheets 

(Excel, Microsoft Office) to be averaged into consecutive 10 min intervals. 

Renal plasma flow (RPF) was calculated from the formula  

RPF (mL/min) = [1 - (RBF·Hct)], where Hct (%) represents the haematocrit value. 

Renal vascular conductance = RBF/(MAP-MVP) 

Haematocrit value (Hct) was determined using calipers and methods of Brace (Brace, 

1983).  Table 3 shows different measured and calculated cardiovascular parameters. 

2.11.2.2 Renal variables 

Urinary and plasma osmolalities were measured by freezing point depression, using a 

micro-osmometer (2430 Multi-OSMETTETM, Precision Systems Inc., Natic, MA, 

USA). Urine and plasma creatinine concentrations were measured using a commercially 

available kit (QuantiChrom Creatinine assay kit, BioAssays Systems, Hayward, CA). 

Urinary and plasma electrolytes were later measured using ion chromatography (IC 680, 

Methrom AG, Herisau, Switzerland). All specific procedures of the aforementioned 

techniques were carried out according to our previously described laboratory 

methodology (Vinturache AE, 2012). 
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GFR was calculated as creatinine clearance (CCr). Endogenous creatinine clearance is an 

accurate measure that has been used for GFR assessment in fetal (Adzick et al., 1985) 

and adult sheep (Nawaz & Shah, 1984). 

Filtration fraction (FF) was determined as GFR/RPF. 

Fractional reabsorption (FR) of electrolytes X (FRX) (where X is Na
+
, K

+
 and Li

+
) was 

determined as the ratio of electrolyte clearances to GFR from the formula: 

FRX (%) = [1 - (CX / GFR)]·100,  

where CX represents the clearance of electrolyte X. 

The proximal tubular Na
+
 reabsorption (NaR) was assumed to be equal to Li

+
 clearance 

(CLi). 

All renal variables are corrected per gram per kidney weight to facilitate comparison 

between age groups with different kidney sizes. 

All measured and calculated renal function variables including calculation formulae are 

listed in Table 4 and 5. 

2.11.3 Statistical analyses 

ANOVA procedures for repeated measures over time were applied to the measured 

variables, factors being age (one and six weeks), treatment (GNTI and vehicle) and 

haemorrhage (0% and 30%). Shapiro-Wilk test was used to confirm the normal 

distribution of the data. 

Where the F value was significant, a Newman-Keul’s multiple comparison procedure was 

applied to determine where significant differences have occurred.  

All data are expressed as mean ±SD. Significance was accepted at the 95% confidence 

interval. 
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2.12 Post mortem 

At the end of experiments, lambs were given a lethal dose of phentobarbitone, and upon 

post mortem, the position of all catheters were verified, and zero offset of the flow 

transducer was recorded. Both kidneys were removed, examined and weighed to 

normalize renal function measurements between age groups. 

Table 3 Measured and calculated cardiovascular variables 

  

VARIABLE DESCRIPTION CALCULATION UNITS 

DIRECT MEASURED PARAMETERS 

MAP Mean arterial pressure N.A. mmHg 

SAP Systolic arterial pressure N.A. mmHg 

DAP Diastolic arterial pressure N.A. mmHg 

MVP Mean venous pressure N.A. mmHg 

RBF Renal blood flow  mL·g
-1

·min
-1

 

CALCULATED PARAMETERS 

RPF Renal plasma flow RBF · (1-Hct) mL·g
-1

·min
-1

 

HR Heart rate R-R interval beats·min
-1

 

Hct Haematocrit N.A. % 
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 Table 4 Measured renal variables 

 

Table 5 Calculated renal variables 

VARIABLE DESCRIPTION UNITS 

V Urinary flow rate μL·g
-1

·min
-1

 

PCr Plasma creatinine mmol·L
-1

 

UCr Urine creatinine mmol·L
-1

 

PX Plasma concentration of electrolyte X mmol·L
-1

 

UX Urinary concentration of electrolyte X μmol·L
-1

 

POsm Plasma osmolality mOsm·kg H2O
-1

 

UOsm Urine osmolality mOsm·kg H2O
-1

 

VARIABLE  DESCRIPTION  CALCULATION  UNITS  

RPF  Renal plasma flow  RBF · (1-Hct)  mL·g
-1

·min
-1

  

GFR  Glomerular filtration rate  UCr · V / PCr  mL·g
-1

·min
-1

  

FF  Filtration fraction  GFR / RPF  %  

UX V  Urinary excretion rate of X  UX · V  μmol·L
-1

·g
-1

  

CX  Clearance of electrolyte X  UX · V / PX  mL·g
-1

·min
-1

  

COsm  Clearance of osmoles  UOsm · V / POsm  mL·g
-1

·min
-1

  

CH2O  Free water clearance  V - COsm  mL·g
-1

·min
-1

  

FEX  Fractional excretion of X  [GFR / CX] · 100  %  

FRX  Fractional reabsorption of X  [1 - (CX / GFR)] ·100  %  
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Chapter Three: Results 

3.1 Experimental protocol I 

Descriptive and baseline data for both age groups in vehicle and GNTI experiments are 

shown in Table 6 and Table 8. Group II lambs had a significantly lower basal heart rate 

and higher RBF compared to group I. Data were normally distributed. 

3.1.1 Cardiovascular effects of haemorrhage 

Table 7 and figure 12 show the effects of haemorrhage on cardiovascular variables in 

groups I and II.  There was an overall effect of haemorrhage on mean arterial pressure 

(F=56.315, p<0.001), SAP (F=34.799, p<0.001) and DAP (F=16.208, p<0.001). There 

was an overall effect of age (F=38.417, p<0.001) and haemorrhage (F=15.960, p<0.001) 

on heart rate, as well as a significant interaction between age and haemorrhage (F=3.527, 

p<0.05). There was an overall effect of age (F=19.510, p<0.05), haemorrhage (F=60.386, 

p<0.001) and an interaction between age and haemorrhage (F=8.323, p<0.001) on RBF 

and renal vascular conductance. 

In group I, mean arterial pressure decreased at 30 (t=6.640, p<0.001) and 60 min 

(t=2.876, p<0.05) after haemorrhage. SAP (t=4.841, p<0.001) and DAP (t=3.622, 

p<0.05) decreased  at 30  but not at 60 min after haemorrhage. RBF decreased at 30 

(t=5.241, p<0.001) and 60 min (t=2.331, p<0.05) after haemorrhage. In group II, mean 

arterial pressure decreased at 30 (t= 8.303, p<0.001) and 60 min (t= 3.382, p<0.05) after 

haemorrhage. SAP (t= 6.903, p<0.001), DAP (t= 4.428, p<0.001) and RBF (t= 5.123, 

p<0.001) decreased at 30  but not at 60 min after haemorrhage. Only in group I lambs, 

heart rate decreased (t= 3.285, p<0.05) at 30 min after 30% haemorrhage and increased 

(t= 2.531, p<0.05) 60 min after haemorrhage. 
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Table 6 Baseline data for vehicle experiments in experimental protocol I 

 

Group I Group II 

N 7 7 

Sex 4♂, 3♀ 6♂,1♀ 

Body weight (kg) 8.6±0.8 15.9±1.2
*
 

Age (days) 12±2 42±7
*
 

MAP (mmHg) 74±3 74±6 

SAP (mmHg)) 107±5 103±8 

DAP (mmHg) 53±3 53±6 

HR (beats.min
-1

) 199±24 124±9
*
 

RBF (mL.min
-1

.g
-1

) 2.0±0.7 2.9±0.6
*
 

Values are mean ± SD; MAP, mean arterial pressure; SAP, systolic arterial pressure; 

DAP, diastolic arterial pressure and HR, heart rate. *p<0.05 compared to group I. 
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Table 7 Cardiovascular responses to 0% and 30% haemorrhage 

 Group I Group II 

 Control 30 min 60 min Control 30 min 60 min 

 0% Haemorrhage 

MAP (mmHg) 75±3 77±5 76±4 72±6 72±7 74±6 

SAP (mmHg) 109±6 110±5 112±5 101±8 100±7 103±8 

DAP (mmHg) 54±3 54±6 52±3 51±5 52±7 51±4 

HR (beats.min
-1

) 197±20 192±18 195±21 123±5
†
 121±3

†
 126±18

†
 

RBF (mL.min
-1

.g
-1

) 2.1±0.3 2.2±0.3 2.2±0.3 2.8±0.8
†
 3.1±0.8

†
 3.2±1

†
 

 30% Haemorrhage 

MAP (mmHg) 73±4 60±10
*
 66±6

*
 76±5 58±4

*
 68±7

*
 

SAP (mmHg) 105±4 89±9
*
 98±11 105±8 83±5

*
 96±8 

DAP (mmHg) 52±3 43±11
*
 46±5 54±7 43±4

*
 50±8 

HR (beats.min
-1

) 200±29 164±24
*
 232±45

*
 126±12

†
 120±21

†
 145±17

†
 

RBF (mL.min
-1

.g
-1

) 2.0±0.5 1.3±0.4
*
 1.5±0.5

*
 2.9±0.4

†
 2.0±0.5

*
 2.7±0.6

†
 

Values are mean ± SD; MAP, mean arterial pressure; SAP, systolic arterial pressure; 

DAP, diastolic arterial pressure and HR, heart rate. *p<0.05 compared to Control and 

†p<0.05 compared to group I. 
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3.1.2 Effects of GNTI on cardiovascular responses to haemorrhage 

3.1.2.1 Cardiovascular responses during haemorrhage 

There was an overall effect of treatment on mean arterial pressure (F=12.645, p<0.05), 

heart rate (F=6.232, p<0.05) and RBF (F=6.388, p<0.05) as well as an interaction 

between age and treatment (F=5.410, p<0.05). 

In group I, mean arterial pressure decreased (p<0.05) after 8 min haemorrhage from 73±4 

and 77±3 (C) to 41±14 and 49±14 mmHg at the end of haemorrhage with vehicle and 

GNTI treatment, respectively. Heart rate transiently increased from 200±29 (C) to 

265±23 beats.min
-1

 after 5 min (p<0.05) in vehicle experiments and from 196±26 (C) to 

252±23 beats.min
-1

 after 7 min (p<0.05) in GNTI experiments. Heart rate decreased back 

to near basal heart rate in both vehicle and GNTI experiments. RBF decreased (p<0.05) 

from 2.0±0.5 (C) to 0.8±0.6 mL.min
-1

.g
-1

 after 10 min in vehicle experiments and from 

2.2±0.3 (C) to 0.9±0.7 mL.min
-1

.g
-1

 after 9 min in GNTI experiments. 

In group II, mean arterial pressure decreased (p<0.05) after 7 and 9 min of haemorrhage 

from 76±5 and 77±7 (C) to 40±10 and 51±18 mmHg at the end of haemorrhage in 

vehicle and GNTI experiments, respectively. Heart rate increased (p<0.05) after 6 min of 

haemorrhage from 130±24 (C) to 175±34 at the end of the haemorrhage procedure only 

in GNTI experiments. RBF decreased (p<0.05) after 8 and 10 min of haemorrhage from 

2.9±0.4 and 2.9±0.6 (C) to 0.8±0.5 and 1.6±0.8 mL.min
-1

.g
-1

 at the end of haemorrhage in 

vehicle and GNTI experiments, respectively. 

Figure 11 shows changes in mean arterial pressure, heart rate and RBF during 30% 

haemorrhage on in both age groups. 
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3.1.2.2 Cardiovascular responses during recovery 

During the 60 minutes of spontaneous recovery after haemorrhage, there was an overall 

effect of; haemorrhage (F=52.357, p<0.001) and GNTI (F=10.186, p<0.05) on mean 

arterial pressure, age (F=17.346, p<0.05) and haemorrhage (F=8.987, p<0.05) on heart 

rate, age (F=10.977, p<0.05) and haemorrhage (F=77.696, p<0.001) on RBF. Table 9 

shows mean arterial pressure, heart rate and RBF changes after 30% haemorrhage. 

In both groups of lambs in vehicle experiments, mean arterial pressure decreased 

(p<0.001) for up to 60 min of spontaneous recovery. In contrast, in both groups of lambs 

treated with GNTI, mean arterial pressure was restored to the baseline by 60 min after 

hemorrhage. 

In group I, heart rate decreased (p<0.001) for up to 30 min after haemorrhage and 

increased (p<0.05) at 60 min after haemorrhage in vehicle experiments. In GNTI 

experiments, heart rate increased (p<0.05) at 60 min after haemorrhage. There was no 

significant change in heart rate during recovery in group II lambs in both vehicle and 

GNTI experiments. 

In group II, RBF decreased (p<0.001) for up to 30 min after haemorrhage in vehicle and 

GNTI experiments. In group I, RBF decreased (p<0.05) for up to 60 min after 

haemorrhage in vehicle experiments, whereas near basal RBF was restored at 60 min 

after haemorrhage in GNTI experiments. 
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Table 8 Baseline data for GNTI experiments in experimental protocol I 

  Group I Group II 

N 6 6 

Sex 3♂, 3♀ 5♂,1♀ 

Body weight (kg) 8.7±0.8 15.8±1.3
*
 

Age (days) 12±2 41±7
*
 

Right kidney weight (g) 31±7 46±15 

MAP (mmHg) 74±4 74±6 

SAP (mmHg) 107±5 103±8 

DAP (mmHg) 53±3 53±6 

HR (beats.min
-1

) 199±24 124±9
*
 

RBF (mL·min
-1

·g
-1

) 2.0±0.4 2.8±0.6
*
 

Values are means ± SD; MAP, mean arterial pressure; SAP, systolic arterial pressure; 

DAP, diastolic arterial pressure; HR, heart rate and RBF, renal blood flow. *p<0.05 

compared to group I. 
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Figure 11 Effects of 30% haemorrhage on mean arterial pressure (MAP), heart 

rate (HR) and renal blood flow (RBF). 

MAP (upper panel), HR (middle panel) and RBF (lower panel) measured during 10 

minutes of 30% haemorrhage in vehicle (dotted line) and GNTI (solid line) 

experiments. Values are mean ± SD; *p<0.05 compared to start point, †p<0.05 

compared to vehicle. 

Group I Group II
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Table 9 Cardiovascular responses to haemorrhage in vehicle and GNTI experiments 

 
Group I Group II 

 

MAP 

(mmHg) 

HR 

(b.min
-1

) 

RBF 

(mL.min
-1

.g
-1

) 

MAP 

(mmHg) 

HR 

(b.min
-1

) 

RBF 

(mL.min
-1

.g
-1

) 

 
Vehicle 

Control 73±4 200±29 2.0±0.5 76±5 126±12
†
 2.9±0.4

†
 

5 min 53±12
*
 154±28

*
 0.7±0.3

*
 41±11

*
 117±37 0.7±0.2

*
 

30 min 60±10
*
 164±24

*
 1.3±0.4

*
 58±4

*
 120±21

†
 2.0±0.5

*
 

60 min 66±6
*
 232±45

*
 1.5±0.5

*
 68±7

*
 145±17

†
 2.7±0.6

†
 

 

GNTI 

Control 77±3 196±26 2.2±0.3 77±7 130±24
†
 2.9±0.6

†
 

5 min 52±17
*
 175±53 1.1±0.6

*
 43±10

*
 128±28 0.8±0.5

*
 

30 min 62±10
*
 178±52 1.5±0.4

*
 60±9

*
 123±21

†
 1.8±0.5

*
 

60 min 74±5
**

 237±27
*
 1.9±0.4 75±7 152±14

†
 2.6±0.6

†
 

Values are mean ± SD; *p<0.05 compared to Control, **p<0.05 compared to vehicle and 

†p<0.05 compared to group I. 
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Figure 12 Effects of 30% haemorrhage and GNTI on renal vascular conductance. 

After vehicle (upper panel) and GNTI (lower panel), during (Control, C), 5, 30 and 60 

min after haemorrhage in group I (open symbols) and group II (closed symbols). 

*p < 0.05 compared with C; †p < 0.05 compared with group I. 

Vehicle 

GNTI 
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3.1.3 Effects of haemorrhage on the arterial baroreflex control of heart rate 

There was an overall effect of age (F=49.920, p<0.001) and haemorrhage (F=8.094, 

p<0.05) on heart rate range (P1), haemorrhage on the slope coefficient (P2) (F=5.056, 

p<0.05), age (F=6.379, p<0.05) and haemorrhage (F=6.929, p<0.05) on the systolic blood 

pressure at the mid-point of heart rate range (P3) and age (F=21.443, p<0.001) on the 

minimum heart rate (P4). Refer to Table 10, Figure 13 and 14 for more details. 

In group I lambs, 30 min after 30% haemorrhage, there was a significant decrease in the 

heart rate range over which the baroreflex operates (P1).  Sixty minutes after 30% 

haemorrhage, there was a significant increase in the systolic blood pressure at the mid-

point of heart rate range (P3) (p<0.05). There was no significant change in the slope 

coefficient (P2) or the minimum heart rate (P4) after haemorrhage. 

In group II lambs, at 30 and 60 min, only the slope coefficient (P2) increased (p<0.05). 

There was no significant change in the heart rate range (P1), blood pressure at the mid-

point of heart rate range (P3) or minimum heart rate (P4) after haemorrhage. 
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Table 10 Effects of haemorrhage on parameters governing arterial baroreflex 

 P1 (beats.min
-1

) P2 P3 (mmHg) P4 (beats.min
-1

) Gmax 

 Group I 

Control 192±13 -10±1 98±1 72±10 -5±1 

30 min 102±9
*
 -7±1 95±2 59±8 -4±2 

60 min 190±27 -9±2 106±3
*
 32±25 -6±3 

 Group II 

Control 134±21
†
 -17±4 107±4

†
 40±15 -3±1 

30 min 82±10 -7±1
*
 97±2 24±9

†
 -3±1 

60 min 134±15 -8±1
*
 103±2 20±13 -5±3 

Values are mean ± SE; P1, heart rate range; P2, slope coefficient; P3, systolic blood 

pressure at the mid-point of heart rate range; P4, minimum heart rate and Gmax, maximal 

gain. *p<0.05 compared to Control and †p<0.05 compared to group I. 
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Figure 13 Arterial baroreflex control of heart rate in group I lambs. 

Control (dotted line) and at 30 min (A), and 60 min (B) after 0% haemorrhage and at 

30 min (C), 60 min (D) after 30% haemorrhage. Four-parameter logistic function was 

applied to raw data. Raw data for each animal are shown in appendix A. 
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Figure 14 Arterial baroreflex control of heart rate in group II lambs. 

Control (dotted line) and at 30 min (A) and 60 min (B) after 0% haemorrhage and at 

30 min (C), 60 min (D) after 30% haemorrhage. Four-parameter logistic function was 

applied to raw data. Raw data for each animal are shown in appendix A. 

 

  



 

77 

3.1.4 Effects of GNTI on the arterial baroreflex response to haemorrhage 

Table 11, Figure 15 and Figure 16 show the effects of 30% haemorrhage on various 

parameters of the arterial baroreflex in both age groups. 

In group I GNTI treated lambs, there was a significant increase in the heart rate range of 

baroreflex (P1) 30 min after haemorrhage (p<0.05). In group II, GNTI treatment resulted 

in an increase (p<0.05) in the systolic arterial pressure at the mid-point of heart rate range 

(P3) 30 min after haemorrhage. There was no effect of GNTI on any of the other 

parameters that govern the arterial baroreflex. 

There were no effects of 0% haemorrhage or vehicle on any of the measured or 

calculated variables including the parameters governing the arterial baroreflex control of 

heart rate in both groups. 
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Table 11 Parameters governing the arterial baroreflex, effect of GNTI 

  P1 (beats·min
-1

) P2 P3 (mmHg) P4 (beats·min
-1

) Gmax 

Group I   Vehicle   

Control 192±13 -10±1 98±1 72±10 -5±1 

30 min 102±9
*
 -7±1 95±2 59±8 -4±2 

60 min 190±27 -9±2 106±3
*
 32±25 -6±3 

  GNTI   

Control 200±16 -13±2 101±1 82±10 -4±1 

30 min 204±21
**

 -9±2 96±2 50±16 -6±2 

60 min 198±14 -9±1 111±2
*
 68±11 -5±1 

Group II              Vehicle   

Control 134±21
†
 -17±4 107±4

†
 40±15 -3±1 

30 min 82±10 -7±1
*
 97±2 24±9

†
 -3±1 

60 min 134±15 -8±1
*
 103±2 20±13 -5±3 

  GNTI   

Control 132±25† -14±3 112±4† 24±21† -3±1 

30 min 89±16 -8±2 108±3
**†

 26±15 -3±1 

60 min 147±34 -14±4 109±6 30±30 -5±2 

Values are mean ± SE; P1, heart rate range; P2, slope coefficient; P3, systolic blood 

pressure at the mid-point of heart rate range; P4, minimum heart rate and Gmax, maximal 

gain. *p<0.05 compared to Control, **p<0.05 compared to vehicle and †p<0.05 

compared to group I. 
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Figure 15 Arterial baroreflex control of heart rate in group I lambs, effect of GNTI. 

Vehicle (dotted line) and GNTI (solid line) during Control (A), at 30 min (B) and 60 min 

after haemorrhage. Raw data for each animal are shown in appendix A. 
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Figure 16 Arterial baroreflex control of heart rate in group II lambs, effect of GNTI. 

Vehicle (dotted line) and GNTI (solid line) during control (A), at 30 min (B) and at 

60 min after haemorrhage. Raw data for each animal are shown in appendix A. 
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3.2 Experimental protocol II 

Baseline and descriptive data for both age groups are shown in Table 12 and Table 14. 

Group II lambs had a significantly lower basal heart rate and higher urine osmolality 

compared to group I. Data were normally distributed. 

3.2.1 Haemodynamic effects of haemorrhage 

There was an overall effect of age (F=51.426, p<0.001), haemorrhage (F=67.182, 

p<0.001) and interaction between age and haemorrhage (F=2.534, p<0.05) on heart rate. 

There was also an overall effect of haemorrhage on mean arterial pressure (F=31.599, 

p<0.001), SAP (F=17.3, p<0.001), DAP (F=16.129, p<0.001) and Hct (F=50.493, 

p<0.001). Figure 17 shows the effects of 30% haemorrhage on mean arterial pressure and 

heart rate in both age groups. 

In group I, mean arterial pressure decreased (p<0.05) within 10 min after haemorrhage 

from 76±5 (C) to 49±9 mmHg and remained decreased for 120 min. Changes in SAP and 

DAP were similar to mean arterial pressure. heart rate decreased (p<0.05) within 10 min 

after haemorrhage from 188±28 (C) to 138±28 beats.min
-1

 and returned toward control at 

30 min 196±42 beats.min
-1

 then increased (p<0.05) to 220±47 beats.min
-1

 and remained 

increased. Hct% decreased (p<0.001) from 31±1 (C) to 28±2 at 30 min and then 

remained below control levels for 120 min. 

In group II, mean arterial pressure decreased (p<0.05) within 10 min after haemorrhage 

from 78±7 (C) to 52±6 mmHg then returned to near control at 40 min. Changes in SAP 

and DAP were similar to mean arterial pressure. Heart rate did not change from 122±23 

beats.min
-1

 (C) within 40 min after haemorrhage then increased (p<0.05) to 168±34 
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beats.min
-1

 and remained increased for 120 min. Hct% decreased (p<0.001) from 30±4 

(C) to 26±4 at 30 min and then remained decreased. 

Table 12 Baseline data for vehicle experiments in experimental protocol II 

 Group I Group II 

N 10 10 

Sex 7♂, 3♀ 3♂,7♀ 

Body weight, kg 9.1±1.3 16.5±2.1
*
 

Age, days 13±5 47±6
*
 

Total kidney weight, g 69.1±14.7 76.4±9.5 

MAP, mmHg 76±5 78±7 

HR, beats.min
-1

 188±28 122±23
*
 

PNa, mmol.L
-1

 144±7 141±4 

PK, mmol.L
-1

 4.1±0.5 4.5±0.7 

POsm, mosmol.kg H2O
-1

 294±7 296±11 

Hct, % 31±1 30±4 

Values are mean ± SD; MAP, mean arterial pressure; HR, heart rate; PNa, plasma Na
+
; 

PK, plasma K
+
; POsm, plasma osmolality and Hct, Haematocrit. *p<0.05 compared to 

group I. 
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Figure 17 Effects of 30% haemorrhage on mean arterial pressure (MAP, A) and 

heart rate (HR, B). 

During (Control, C) and for 120 min after haemorrhage in group I (open symbols) and 

group II (closed symbols). *p < 0.05 compared with C; †p < 0.05 compared with 

group I. 
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3.2.2 Renal  effects of haemorrhage 

3.2.2.1 Effect of haemorrhage on glomerular filtration and urine output 

There was an overall effect of haemorrhage (F=28.721, p<0.001) and an interaction 

between age and haemorrhage (F=4.210, p<0.05) on RPF. There was an overall effect of 

haemorrhage (F=5.672, p<0.001) on GFR. There was an overall effect of haemorrhage 

(F=21.155, p<0.001) and interaction between age and haemorrhage (F=5.309, p<0.05) on 

urinary flow rate. Table 13, Figure 18 and 19 show the effects of haemorrhage on 

measured and calculated renal parameters. 

RPF decreased from 1.5±0.5 and 1.6±0.4 (C) to 0.8±0.2 and 0.9±0.4 mL.min
-1

.g
-1

 30 min 

after haemorrhage in group I and II lambs respectively. In group II, RPF returned to near 

control at 90 min while remained decreased in group I for 120 min. 

GFR decreased in group I and II from 0.25±0.08 and 0.28±0.12 (C) to 0.16±0.09 and 

0.17±0.08 mL.min
-1

.g
-1

 at 30 min respectively and returned to near control at 60 min in 

both groups. 

Urinary flow rate decreased from 0.003±0.001 (C) to 0.002±0.001 mL.min
-1

.g
-1

 30 min 

after haemorrhage and returned to near control at 90 min in group II lambs. In group I, 

urinary flow rate decreased from 0.003±0.001 (C) to 0.002±0.001 mL.min
-1

.g
-1

 30 min 

after haemorrhage and remained decreased for 120 min. The decrease in urinary flow rate 

was greater in group I lambs at 60 min and up to 120 min. 

There was no significant change in FF in both groups after haemorrhage. 
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Figure 18 Effects of 30% haemorrhage on renal plasma flow (RPF, A), 

glomerular filtration rate (GFR, B) and filtration fraction (FF, C) 

During (Control, C) and for 120 min after haemorrhage in group I (open 

symbols) and group II (closed symbols). *p < 0.05 compared with C; 

†p < 0.05 compared with group I. 
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Figure 19 Effects of 30% haemorrhage on urinary flow (V, A) and urine osmolality 

(UOsm, B). 

During (Control, C) and for 120 min after haemorrhage in group I (open symbols) and 

group II (closed symbols). *p < 0.05 compared with C; †p < 0.05 compared with group I. 
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Figure 20 Effects of 30% haemorrhage on osmolality clearance (COsm, A) and free 

water clearance (CH2O, B). 

During (Control, C) and for 120 min after haemorrhage in group I (open symbols) and 

group II (closed symbols). *p < 0.05 compared with C; †p < 0.05 compared with group I. 
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3.2.2.2 Effects of haemorrhage on tubular function 

There was an overall effect of age (F=30.580, p<0.001), haemorrhage (F=6.006, 

p<0.001) and an interaction between age and haemorrhage (F=4.612, p<0.05) on urine 

osmolality, with similar observations occurring for osmolality clearance and free water 

clearance. There was an overall effect of age (F=5.714, p<0.05) and haemorrhage 

(F=4.611, p<0.05) on UNa CNa, UK and CK. There was an overall effect of haemorrhage 

on RK (F=3.867, p<0.05). There was an overall effect of age on RNa (F=5.763, p<0.05) , 

with similar observations occurring for FRNa and FRK. Figure 19 shows the effects of 

haemorrhage on urinary flow rate and urine osmolality in both age groups. 

In group II lambs, CNa, CK, urinary Na
+
 excretion rate (UNa V), urinary K

+
 excretion rate 

(UK V) and K
+
 reabsorption rate (RK) decreased at 30 min then returned to near control 

at 60 min and there was no effect of haemorrhage on FRNa or FRK. 

In group I, fractional reabsorption of Na
+
 (FRNa) and of K

+
 (FRK) decreased transiently 

at 60 min and 90 min respectively and there was no effect of haemorrhage on CNa, CK, 

UNa V, UK V or RK. 

Na
+
 reabsorption rate (RNa) decreased (p<0.05) transiently at 30 min and returned to near 

control at 60 min in both age groups. 

Urine osmolality increased in group I lambs from 393±180 (C) to 571±211 mOsmol.kg 

H2O
-1

 at 30 min and remained increased for 120 min. There was no effect of haemorrhage 

on urine osmolality in group II lambs. 

Osmolality clearance decreased in group II lambs from 0.012±0.003 (C) to 0.007±0.002 

mL.min
-1

.g
-1

 at 30 min and remained decreased at 60 min before returning to near control 

at 90 min. Free water clearance increased in group II lambs from -0.008±0.002 (C) to -
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0.004±0.002 mL.min
-1

.g
-1

 at 30 min and remained increased at 60 min before returning to 

near control at 90 min.  

In group I, there was no effect of haemorrhage on osmolality clearance or free water 

clearance.  

There were no effects of haemorrhage on plasma electrolytes or osmolality in both age 

groups. There were no significant changes in any renal variables after 0% haemorrhage. 
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Table 13 Effects of hemorrhage on kidney handling of electrolytes 

Values are mean ± SD; *p < 0.05 compared with Control; †p < 0.05 compared with 

group I. 

 

  

 Control 30 min 60 min 90 min 120 min 

CNa, 

mL.min
-1

.g
-1

 

     

Group I 0.13±0.08 0.08±0.05 0.16±0.09 0.10±0.04 0.09±0.04 

Group II 0.22±0.09† 0.16±0.03*† 0.19±0.08 0.18±0.06† 0.16±0.06 

CK, 

mL.min
-1

.g
-1

 

     

Group I 0.05±0.03 0.04±0.03 0.06±0.02 0.06±0.02 0.05±0.02 

Group II 0.15±0.03† 0.09±0.04*† 0.13±0.04† 0.12±0.05† 0.13±0.06† 

UNa V, 

µmol.min
-1

.g
-1

 

     

Group I 0.02±0.01 0.01±0.01 0.02±0.01 0.01±0.01 0.01±0.01 

Group II 0.03±0.02† 0.02±0.01*† 0.03±0.01 0.02±0.01 0.02±0.01 

UK V, 

µmol.min
-1

.g
-1

 

     

Group I 0.21±0.14 0.17±0.09 0.24±0.1 0.24±0.07 0.22±0.07 

Group II 0.68±0.1† 0.42±0.17*† 0.55±0.11† 0.55±0.27† 0.51±0.21*† 
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Table 13 Effects of 30% hemorrhage on kidney handling of electrolytes (cont.) 

Values are mean ± SD; *p < 0.05 compared with Control; †p < 0.05 compared with 

group I. 

 

 

 

 

 

RNa, 

µmol.min
-1

.g
-1

 

     

Group I 32.2±7.8 19.4±8.2* 25±13.7 25.9±12.5 29±12.1 

Group II 36.5±13.7 21.2±7.4* 30±10 32±10.3 33.6±15.2 

RK, 

µmol.min
-1

.g
-1

 

     

Group I 0.70±0.21 0.43±0.21 0.51±41 0.53±0.36 0.68±0.31 

Group II 0.66±0.51 0.36±0.3* 0.44±0.27 0.56±0.27 0.55±0.42 

FRNa, %      

Group I 99.94±0.04 99.93±0.07 99.89±0.1* 99.92±0.07 99.93±0.06 

Group II 99.90±0.04 99.88±0.04 99.91±0.03 99.93±0.01 99.93±0.01 

FRK, %      

Group I 77.4±15.5 73.4±20.8 63.8±17.3 62±18.6* 68.7±21.6 

Group II 43.3±19.2† 42.3±23.7† 41.1±20.9† 50.4±20.3 46.1±29.8† 
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3.2.3 Effects of GNTI on the renal responses to haemorrhage 

Baseline and descriptive data for both age groups are shown in Table 14. 

There was an overall effect of the interaction between GNTI and haemorrhage on 

osmolality clearance (F=5.286, p<0.05). There was no significant effect of GNTI on 

glomerular function or electrolyte excretion rates in response to haemorrhage in both age 

groups.  

Figures 20 and 21 show the effects of GNTI on urine flow rate, urine osmolality, 

osmolality clearance and free water clearance after haemorrhage in group I. 

In group I, urine osmolality increased after haemorrhage and remained increased for 120 

min of recovery in vehicle experiments. In GNTI experiments, urine osmolality started to 

increase only after 90 min and till 120 min of recovery. Osmolality clearance did not 

change after haemorrhage in vehicle experiments, but decreased for 60 min after 

haemorrhage in GNTI experiments. Free water clearance decreased after haemorrhage at 

90 and 120 min in vehicle experiments. There was no significant change in free water 

clearance after haemorrhage in GNTI experiments. Figure 23 shows the effects of GNTI 

on urine flow rate, urine osmolality, osmolality clearance and free water clearance after 

haemorrhage in group II. 

There was no significant effect of GNTI on urine flow rate and urine osmolality after 

haemorrhage in group II. Osmolality clearance decreased and free water clearance 

increased for 60 min after haemorrhage then returned to near basal levels in vehicle 

treated lambs. In GNTI experiments, similar changes lasted for up to 120 min of 

recovery. There were no significant changes in any renal variables after 0% haemorrhage 

before or after GNTI treatment in both groups. 
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Table 14 Baseline data for GNTI experiments in experimental protocol II 

 Group I Group II 

N 8 7 

Sex 6♂, 2♀ 2♂,5♀ 

Body weight, kg 9.3±1.1 16.9±1.9* 

Age, days 12±6 45±7* 

Total kidney weight, g 63.9±19.1 78.2±9.3 

MAP, mmHg 78±3 79±4 

HR, beats.min
-1

 182±25 120±11* 

PNa, mmol.L
-1

 145±6 143±4 

PK, mmol.L
-1

 4.2±0.4 4.3±0.8 

POsm, mosmol.kg H2O
-1

 295±7 297±9 

Hct, % 30±2 30±4 

Values are mean ± SD; MAP, mean arterial pressure; HR, heart rate; PNa , plasma Na
+
; 

PK, plasma K
+
; POsm, plasma osmolality and Hct, Haematocrit. *p < 0.05 compared with 

group I. 
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Figure 20 Effects of 30% haemorrhage on urinary flow (V, A) and urine 

osmolality (UOsm, B) in group I, effect of GNTI 

During (Control, C) and for 120 min after haemorrhage with vehicle (open symbols) 

and GNTI  pretreatment (closed symbols). *p < 0.05 compared with C. 
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Figure 21 Effects of 30% haemorrhage on osmolality clearance (COsm, A) and 

free water clearance (CH2O, B) in group I, effect of GNTI. 

During (Control, C) and for 120 min after haemorrhage in group I with vehicle (open 

symbols) and GNTI  pretreatment (closed symbols). *p < 0.05 compared with C. 
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Figure 22 Effects of 30% haemorrhage on urinary flow (V, A) and urine 

osmolality (UOsm, B) in group II, effect of GNTI. 

During (Control, C) and for 120 min after haemorrhage in group I with vehicle (open 

symbols) and GNTI  pretreatment (closed symbols). *p < 0.05 compared with C. 
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Figure 23 Effects of 30% haemorrhage on osmolality clearance (COsm, A) and free water 

clearance (CH2O, B) in group II, effect of GNTI. 

During (Control, C) and for 120 min after haemorrhage in group I with vehicle (open symbols) 

and GNTI  pretreatment (closed symbols). *p < 0.05 compared with C. 
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Chapter Four: Discussion 

My doctoral research work was designed to investigate (a) the developmental variations 

in the cardio-renal responses during the decompensatory phase of haemorrhage and (b) 

the involvement of KORs (refer to 1.7). In the following pages and for simplicity, this 

discussion will be divided into four main sections to cover the cardiovascular and renal 

responses to haemorrhage and the role of KORs activation in each. the four sections are: 

the cardiovascular responses to haemorrhage (4.1), the role of KORs in the 

cardiovascular responses (4.2), the renal responses to haemorrhage (4.3) and the role of 

KORs in the renal responses (4.4). In these I will be referring to group I and II lambs as 

newborn and older lambs respectively. 

4.1 Cardiovascular responses to haemorrhage 

Although the different phases of physiological responses to haemorrhage in adults have 

been studied for decades, such responses in the newborn period and the underlying 

mechanisms are still not fully understood. One of the aims of my doctoral research was to 

investigate the cardiovascular responses in the second, decompensatory phase of 

haemorrhage during post-natal maturation and to test the hypothesis that cardiovascular 

physiological responses during this phase are age-dependent. In order to achieve this 

goal, experiments were carried out in conscious, chronically instrumented lambs aged 

one and six weeks, in which various cardiovascular parameters were measured. In 

addition, a thorough analysis of the parameters governing the arterial baroreflex control 

of heart rate before and after haemorrhage was conducted. 
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Novel findings of this part of the study are: 

1. Although the mean arterial pressure decreased for up to 60 min after haemorrhage 

in both age groups, only newborn lambs showed a significant heart rate response. 

2. In newborn lambs, the functional heart rate range over which the arterial 

baroreflex operates decreased after haemorrhage, while there was an increase in 

the sensitivity of the reflex in older lambs. 

Our findings demonstrate for the first time the age-dependent variation in heart rate 

responses to severe haemorrhage in conscious lambs as well as the underlying changes in 

the parameters governing the arterial baroreflex control of heart rate.  

4.1.1 Developmental variations in the cardiovascular responses to haemorrhage 

Previous studies investigating haemorrhage in adult rat (Morgan et al., 1988), cat (Oberg 

& Thoren, 1970), rabbit (Morita et al., 1988) and pig (Jacobsen et al., 1990) have 

demonstrated a biphasic heart rate response to haemorrhage. It is generally accepted that 

during the compensatory phase, there is an increase in heart rate to compensate for the 

fall in cardiac output and as haemorrhage becomes more severe and prolonged the 

compensatory increase in heart rate fails so that heart rate decreases.  Discrepancies in the 

heart rate responses to various degrees of haemorrhage have, however, been reported 

(Secher et al., 1992). This discrepancy appears to result from factors such as species, 

anaesthesia and rate of haemorrhage which usually influence the pattern of heart rate 

response to haemorrhage, and will be described below. 

For example, different strains of rat show different heart rate responses to the same 

volume of haemorrhage. When pentobarbital anaesthetized Swedish germ-free and 

Sprague-Dawley rat strains are subjected to haemorrhage up to 35%, and irrespective of 
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the constant drop of blood pressure, Swedish germ-free rats always show an increase in 

heart rate while Sprague-Dawley rats usually show a decrease in heart rate (Castenfors & 

Sjostrand, 1972). 

Anaesthetics usually used in haemorrhage studies have been reported to influence the 

heart rate response to haemorrhage.  In the same study of Castenfors and Sjostrand, the 

same strain of rat showed various heart rate responses to haemorrhage when different 

anaesthetics were used. In Sprague-Dawley rats, there was an increase of heart rate after 

blood letting under ether narcosis and a decrease in heart rate when ether was replaced by 

pentobarbital or chloralose. Another example of how anaesthetics can influence the 

pattern of heart rate response to haemorrhage was the study of Holobotovskyy et al. on 

spontaneously hypertensive, Wistar–Kyoto and Sprague-Dawley rats in the conscious 

state and under urethane, halothane and barbiturate anaesthesia. While using urethane 

preserved the compensatory/decompensatory biphasic heart rate response seen in 

conscious rats after inferior vena cava constriction (simulated haemorrhage), both 

barbiturate and halothane eliminated detectable compensatory/decompensatory heart rate 

responses in all strains (Holobotovskyy et al., 2004).  In the present study we used 

conscious lambs to avoid any possible influence of anaesthesia. 

Another factor that may influence the heart rate response to haemorrhage is the rate of 

blood removal. Different rates (0.5, 1.0 and 2.0 ml/min/kg) of up to 30% haemorrhage in 

conscious rats showed different heart rate responses (Porter et al., 2009). Conscious rats 

in the aforementioned experiment showed a significant increase in heart rate after 

haemorrhage at slow rate (0.5 ml/min/kg) while in rats subjected to moderate and fast 

haemorrhage rates (1 and 2 ml/min/kg), heart rate decreased and was associated with a 
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significant increase in the high frequency power of heart rate variability. However, in 

contrast, in our pilot experiments to determine the optimal degree of haemorrhage needed 

to initiate the decompensatory phase, different rates of haemorrhage were tested and it 

was found that the rate of haemorrhage did not affect the haemodynamic response. 

Therefore, in my experiments, a fixed volume of blood was removed over 10 minutes to 

induce the decompensatory phase of response. 

In addition to the aforementioned factors, the age of the animals used in haemorrhage 

studies was found to influence the heart rate response to haemorrhage. For example, 

while a 30% haemorrhage or more is required for the decompensatory bradycardia to 

begin in adult animals (Evans et al., 2001), fetal sheep showed a decrease in heart rate in 

response to 15% haemorrhage (MacDonald et al., 1980). Even during the compensatory 

phase of response, our previous studies showed variation in heart rate responses to 

hypotensive haemorrhage between newborn and older lambs (Smith et al., 2000). 

Different heart rate responses to various degrees of haemorrhage have also been reported 

in animals of various ages (Brace & Cheung, 1990, MacDonald et al., 1980, Toubas et 

al., 1981). 

Results of the current study demonstrate that there is an influence of age on the pattern of 

heart rate response after haemorrhagic shock. While 30% haemorrhage significantly 

lowered mean arterial pressure in both one and six weeks lambs, only newborn lambs 

showed a significant decrease in heart rate in association with the hypotension. Also, 

during spontaneous recovery of hypotension that occurs after haemorrhage, only newborn 

lambs showed an increase in heart rate. 



 

102 

Our previous studies in conscious lambs showed that 20% haemorrhage elicited an age-

dependent heart rate response in conscious lambs (Smith et al., 2000). In the 

aforementioned study, both newborn and older lambs were able to compensate for 

moderate 20% haemorrhage and recover near basal mean arterial pressure, however, only 

newborn lambs showed a significant and sustained increase in heart rate after 

haemorrhage. 

In the current study, we increased the volume of haemorrhage to the threshold at which 

the compensatory mechanisms fail. Results from the present study add to our previous 

findings that after decompensatory haemorrhage, both newborn and older lambs failed to 

maintain basal mean arterial pressure and confirmed that the change in heart rate in 

newborn lambs is the main compensatory mechanism to haemorrhage. 

Taken together, our research shows that there is an age-dependent heart rate response to 

haemorrhage during both compensatory and decompensatory phases of the response. 

4.1.2 Developmental variation in the arterial baroreflex after haemorrhage 

The difference in heart rate response to severe haemorrhage in the current study raised 

the question "What would be the reason of this developmental variation in the heart rate 

response to haemorrhage?"  One possible explanation would be that newborns depend 

primarily on heart rate changes to modulate their cardiac output. It is generally accepted 

that newborns have a limited ability to improve left ventricular performance when 

compared to adults (Benitz et al., 1986, Romero & Friedman, 1979). The effect of age on 

ventricular compliance has been reported in conscious newborn lambs studied serially at 

1 and 3 weeks of age and compared to adult sheep (Romero & Friedman, 1979). In 

addition, at the level of autonomic receptors, newborns have more positive chronotropic 
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reserve. This high heart rate reserve is due to the preference of sympathetic receptors in 

the newborns to excitation and their higher sensitivity to the high levels of circulating 

catecholamines (Geis et al., 1975, Robinson, 1996). It should be taken into consideration 

that the control of heart rate in response to changes in blood pressure is primarily a 

function of the arterial baroreflex which provides the beat to beat regulation of the 

relationship between blood pressure and heart rate. Hence, we postulated that one 

possible mechanism for the developmental variation in the heart rate response to 

haemorrhage in conscious lambs is an age-dependent variation in the arterial baroreflex 

control of heart rate after haemorrhage. In order to further investigate this possibility, an 

assessment of parameters governing the arterial baroreflex control of heart rate was 

performed before and after 30% haemorrhage in conscious lambs. 

An interesting finding of the current study was that after haemorrhage, the functional 

heart rate range over which the arterial baroreflex operates had decreased significantly 

and this decrease in the functional heart rate range of the arterial baroreflex was only 

observed in newborn lambs. This confirms our hypothesis that the effects of haemorrhage 

on the arterial baroreflex is age dependent in conscious lambs. 

Under basal conditions, the vagus is the main neural regulator of heart rate in adults. In 

conscious rats, it has been reported that the vagal component of cardiac baroreflex is 

predominant and increases with age, while the sympathetic component is relatively small 

(Lo et al., 1989). In the aforementioned study, the baroreflex sensitivity was measured in 

Lyon normotensive rats at 5, 9, 13 and 70 weeks of age using the slope of the linear 

relationship between the systolic pressure and the heart period in response to 

phenylephrine injection. The relative contribution of the sympathetic and vagal 



 

104 

components of the arterial baroreflex was measured by treating the rats with sympathetic 

(propranolol) and vagal (atropine) antagonists alternatively then combined. The 

baroreflex sensitivity values of the sympathetic and vagal components in adult rats were 

14% and 86%, respectively.  In addition, when the arterial baroreflex control of heart rate 

was studied in conscious adult sheep and after blocking the vagal activity using atropine, 

the normal sigmoidal relationship between mean arterial pressure and heart rate was 

abolished (Dodic et al., 1999).  Based on these studies, it appears that the mechanism of 

the increase in heart rate in cases associated with baroreceptors unloading,  

e.g. haemorrhage, is developmentally regulated. In adults, it is likely due mainly to vagal 

inhibition, while in newborns, it is likely the result of both sympathetic stimulation and 

vagal withdrawal. Accordingly, haemorrhage in newborns would have a dual effect on 

the functional heart rate range of the arterial baroreflex through its sympathetic and vagal 

components. 

In support of this suggestion, my doctoral research shows that the decrease in the 

functional heart rate range of the arterial baroreflex after haemorrhage is mainly due to a 

decrease in the maximum heart rate and only observed in newborn lambs. This could be 

explained by the withdrawal of basal sympathetic stimulation of heart rate in newborn 

lambs. On the other hand, it was not significant in older lambs likely because they lack 

considerable basal sympathetic control of heart rate. 

The downward shift of the baroreflex function curve may also indicate an acute resetting 

of the arterial baroreflex control of heart rate to lower pressures. Resetting of the arterial 

baroreflex means changing the relation between the input (blood pressure) and the output 

(sympathetic and parasympathetic activities) such as heart rate changes. In adult rats, 



 

105 

acute resetting of the arterial baroreflex has been described under different physiological 

and pathological conditions. Treadmill exercise in conscious female Wistar rats acutely 

shifted the arterial baroreflex function curve towards higher arterial pressures (Miki et al., 

2003). Also, hypothermia in anaesthetized male Wistar rats shifted the arterial baroreflex 

function curve towards lower arterial pressures (Sabharwal et al., 2004).  

Resetting of baroreflex was extensively studied in conditions associated with increased 

blood pressure whether chronic as in hypertension (Head, 1995) or acute as during 

exercise (Joyner, 2006). However, there is limited literature available for baroreflex 

resetting in hypotensive conditions such as occurs during haemorrhage. 

At the level of baroreceptors and within the maximal physiological or pathophysiological 

range, acute resetting has been studied using an in vitro preparations of the rat aortic 

arch-aortic nerve (Andresen & Yang, 1989). The results of the aforementioned study 

confirmed that the arterial baroreceptors can rapidly reset during acute changes in the 

prevailing mean arterial pressure.  Results of the current study demonstrated an example 

of acute resetting of the arterial baroreflex control of heart rate after severe haemorrhage 

in conscious lambs. However, the pattern of resetting was different between age groups. 

In newborn lambs, resetting was in the form of a decrease in the functional range of the 

reflex (downward displacement of the curve) with no change in the reflex gain. This 

pattern of baroreflex resetting was described in a study using anaesthetized rats with 

hypotension produced by myocardial infarction without heart failure (Koike et al., 2006). 

In the aforementioned study, the left coronary artery ligation resulted in an area of 

infarction in the left ventricular wall that was insufficient to cause heart failure but 

enough to reduce the arterial pressure significantly. Assessment of the arterial baroreflex 
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control of heart rate was carried out in anaesthetized rats during blood pressure variations 

induced by bolus injections of phenylephrine and sodium nitroprusside. In response to 

hypotension there was a downward displacement baroreflex function curve, indicating a 

decrease in the range of the aortic baroreceptor function, with no change in reflex gain 

(Koike et al., 2006). 

The main mechanism underlying the decrease in the heart rate range is unclear. It is 

possible to speculate, however, a central inhibition of the baroreflex at the level of the 

medulla oblongata. The central inhibition of the arterial baroreflex has been described 

after stress related conditions and claimed to be through an inhibitory effect of the 

hypothalamus on the nucleus of tractus solitarius in the medulla oblongata (Hilton, 1982). 

The other pattern of baroreflex resetting in my study was observed in six weeks old 

lambs in the form of an increase in the gain coefficient (slope of the curve) indicating an 

increase in the sensitivity of the reflex. This finding is in support of previous studies that 

described similar increase in the baroreflex sensitivity after haemorrhage in adult animals 

and humans. One example is the study of Brizzee and colleagues on adult conscious 

unrestrained rats subjected to hypotensive haemorrhage severe enough for the 

compensatory mechanisms to fail; this was associated with a decrease in heart rate 

(Brizzee et al., 1991). In this study, only the baroreflex sensitivity was increased after 

hemorrhage while all other baroreflex function parameters did not change. In another 

study using human volunteers, there was an increase in baroreflex sensitivity after 

simulated haemorrhage (using -40 mmHg lower body negative pressure) (Kim et al., 

2008).  
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Results of the current study showed no significant difference in the arterial baroreflex 

maximal gain after 30% haemorrhage in both age groups. In support of our results, 

Geerdes et al. reported no increase in the baroreflex gain after a decompensatory 

haemorrhage in both conscious and anaesthetized dogs (Geerdes et al., 1993).  Other 

studies on conscious rats (Little et al., 1984) and human volunteers (Kim et al., 2008) 

have described an increase in the reflex gain in response to various degrees of 

haemorrhage. 

The discrepancies between these studies and ours may be due to methodological 

differences. In the study by Little et al, in conscious rats, only the hypertensive 

component of the arterial baroreflex was studied using an intravenous infusion of 

phenylephrine for up to 8 minutes. Also, in the human volunteers study the heart rate 

variability was used to assess the arterial baroreflex control of heart rate in response to 

lower body negative pressure changes. On the other hand, our current study used a full 

range bi-directional (hypo and hypertensive) arterial baroreflex study before and after 

30% haemorrhage and an accurate fitting logistic regression curve (Kent et al., 1972) was 

used to assess all its governing parameters. Therefore, our study describes both limbs of 

baroreflex. 

Another possible explanation for the changes in the arterial baroreflex function after 

haemorrhage in the current study is the effect of substances known to increase in 

response to haemorrhage and to modulate the arterial baroreflex. The humoral response 

to haemorrhage includes ANG II (Botelho et al., 1994), ACTH (Matzen, 1995) and 

endogenous opioid peptides (Burke & Dorward, 1988, Feuerstein et al., 1984). All these 
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substances are known to modulate the arterial baroreflex function and their effects and 

possible interactions will be discussed in the following paragraphs. 

Hypothalamo-adrenal axis 

The activation of the hypothalamo-adrenal axis after haemorrhage results in an increase 

in the circulating levels of CRF, ACTH and glucocorticoids (Matzen, 1995) which in turn 

can modulate the baroreflex function. For example, I.C.V. injection of CRF in conscious, 

unrestrained rats elicited dose-related reductions of baroreflex heart rate range and reflex 

gain and elevation of the mean arterial pressure at midrange of the baroreflex curve 

(Fisher, 1989). In conscious sheep, I.M. ACTH administration resulted in a sustained fall 

in baroreflex sensitivity to both sodium nitroprusside and phenylephrine (Stewart et al., 

1983). Corticosterone treatment in conscious rats increased the midpoint and decreased 

the slope of the baroreflex function curve (Scheuer & Bechtold, 2002). However, the 

effect of activating the hypothalamo-adrenal axis after decompensatory haemorrhage on 

the arterial baroreflex control of heart rate is unknown and is to be included in future 

studies. 

Vaso-active factors 

In previous studies in our laboratory, in conscious lambs of similar ages to those studied 

herein, we have shown age-dependent effects of various vaso-active agents such as 

ANG II and nitric oxide on the arterial baroreflex control of heart rate. After 

administration of the angiotensin converting enzyme inhibitor, captopril, (to inhibit the 

production of ANG II) there was a significant decrease in the slope coefficient, minimum 

heart rate and the maximal gain of the arterial baroreflex only in newborns but not in 

older lambs (Monument & Smith, 2003). Similarly, the administration of the L-arginine 
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analogue (L-NAME) (to remove endogenous production of nitric oxide) affected the heart 

rate range and the maximal gain of the arterial baroreflex in newborns while it has no 

effect in older lambs (Sener & Smith, 2001).  More recently, we investigated the effect of 

the ANG II receptor type I selective antagonist (ZD 7155) and L-NAME on the arterial 

baroreflex control of heart rate in conscious lambs of similar age groups. Interestingly, 

ZD 7155 alone or combined with L-NAME had no effect on any of the parameters that 

govern the arterial baroreflex control of heart rate in the 6 weeks old lambs. Meanwhile, 

ZD 7155 significantly reduced the heart rate range and after adding L-NAME the heart 

rate range returned to normal and the minimum heart rate dropped significantly in 

newborn lambs. 

These results show the importance of the renin-angiotensin system through actrivation of 

AT1Rs in modulating the arterial baroreflex control of heart rate after haemorrhage, 

specifically on the functional heart rate range in newborns. Interestingly, we have 

demonstrated in a previous study, that during the compensatory phase of response to 

haemorrhage the activation of the renin-angiotensin system was greater and more 

prolonged in newborn lambs than in older sheep (Smith et al., 2000). Taken together, 

these findings indicate that the developmental variation in the functional heart rate range 

of the arterial baroreflex after haemorrhage in newborn lambs seen in the current study 

may be explained by higher and prolonged activation the renin-angiotensin system. 

Endogenous opioid system 

The role of endogenous opioid peptides in the cardiovascular response to severe 

haemorrhage has been studied for several years. However, the specific opioid receptor 

type involved in regulating the haemodynamics after haemorrhage is still unknown. 
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Interestingly, similar to the effect of haemorrhage, we have previously shown that KOR 

stimulation in conscious young sheep decreases the heart rate range upon which the 

arterial baroreflex operates and the maximum heart rate (Qi & Smith, 2007). Also, we 

have previously shown age-dependent effects of KOR activation on cardiovascular 

haemodynamics in conscious lambs (Qi & Smith, 2006). As dynorphins levels increase 

after haemorrhage, KORs could be considered as an important regulator of cardiovascular 

response to haemorrhage including the changes in the arterial baroreflex control of heart 

rate during post-natal development. The role of KORs in the cardiovascular responses to 

haemorrhage will be discussed below.  

In summary, we conclude that changes in the heart rate response to severe haemorrhage 

are age dependent in conscious lambs and were only significant in newborns and not in 

older lambs. This could be explained in part by an age-dependent effect of haemorrhage 

on heart rate range upon which arterial baroreflex operates. Whether the endogenous 

activation of KORs after haemorrhage may provide an underlying mechanism for our 

findings, will be discussed below.   

4.2 KORs and the cardiovascular responses to haemorrhage 

This part of the present study aimed to investigate the role of endogenous activation of 

KORs in the haemodynamic responses to haemorrhage during post-natal development in 

conscious lambs. Conscious lambs of two age groups were subjected to 30% 

haemorrhage after pretreatment with vehicle or GNTI. Novel findings include that 

selective inhibition of KORs using GNTI resulted in: 

1. A delay in the onset of the decompensatory phase. 
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2. An improved blood pressure recovery after  haemorrhage in conscious lambs of 

both age groups 

3. An increase in heart rate during the recovery period in newborn lambs.  

4. An increase in the functional heart rate range of the arterial baroreflex in newborn 

lambs and increase in the blood pressure at mid-point of heart rate range in older 

lambs. 

These findings strongly emphasize the role of endogenous KORs activation in eliciting 

the decompensatory phase of response and its age-dependent effects on the arterial 

baroreflex control of heart rate after haemorrhage. In the following paragraphs, those 

findings will be discussed in the light of what is available in the literature and possible 

mechanisms will be suggested. 

4.2.1 Effects of GNTI on the haemodynamic responses to haemorrhage 

Naloxone, a non-selective MOR antagonist, was first shown to increase blood pressure 

and improve survival after up to 50% haemorrhage in conscious rats by the work of 

Faden and Holaday in 1979 (Faden & Holaday, 1979). Although naloxone has a high 

affinity for MORs, it has a less potent antagonistic activity at KORs and DORs (Magnan 

et al., 1982). A relatively high dose is needed for the protective haemodynamic effect of 

naloxone during the decompensatory phase of response to haemorrhage which suggests 

the involvement of less naloxone sensitive opioid receptor subtypes such as KOR and 

DOR. 

Several studies have further investigated the opioid receptor subtype involved in 

initiating and maintaining the decompensatory phase in response to blood loss (Ang et 

al., 1999, Frithiof & Rundgren, 2006, Schadt, 1989). However, results from these studies 
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varied according to dose of drug used, method and site of administration (Evans et al., 

2001).  In conscious rats, microinjection of MOR but not DOR or KOR agonist into the 

anteroventral hypothalamus enhanced the recovery of blood pressure and increased the 

heart rate after haemorrhagic shock (Feuerstein et al., 1985). In conscious adult sheep, 

I.C.V. infusion of delta and kappa but not MOR antagonist postponed the 

decompensatory phase after haemorrhage (Frithiof et al., 2007). Taken together, these 

studies indicate that MORs stimulation and both DOR and KOR inhibition during 

haemorrhagic shock may regulate the onset of the decompensatory phase and enhance 

recovery after haemorrhage. KORs activation, however, is more likely to be involved for 

many reasons; a) dynorphins (endogenous KOR agonist) levels increase after 

haemorrhage, b) KORs are widely distributed in the cardiovascular controlling centers 

and c) dynorphins, co-localized and co-secreted with AVP, is known to inhibit AVP 

release through KORs activation. Accordingly, we have hypothesized that KORs 

activation after haemorrhage is involved in the decompensatory phase either directly or 

through inhibiting AVP release and inhibiting KORs will delay the onset of this phase 

and improve recovery after haemorrhage.  

In the present study, conscious lambs at two stages of post-natal development treated 

with either vehicle or a highly selective KOR antagonist, GNTI, were used to define the 

involvement of KORs during the decompensatory phase of response to haemorrhage. 

GNTI treatment postponed the onset decompensatory phase, maintained a higher mean 

arterial pressure during haemorrhage and improved mean arterial pressure recovery after 

haemorrhage in both age groups.  The mechanism by which GNTI had its effects, 

however, was different depending on the phase of response and the age of lambs. During 
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haemorrhage, GNTI improved the compensatory increase in heart rate in older, but not in 

newborn lambs. During the recovery period, GNTI increased heart rate in newborn, but 

not in older lambs.  These results indicate that the endogenous activation of KORs after 

haemorrhage plays an important role in the failure of compensatory response and the 

initializing of the decompensatory phase. Furthermore, our findings demonstrate that this, 

this role appears to be developmentally regulated. 

The involvement of KORs in the pathophysiology of the decompensatory phase after 

haemorrhage in adult animals has been suggested both at the level of the central nervous 

system and peripherally. 

There is considerable evidence that centrally, the number and behaviour of KORs 

increase in response to haemorrhage and that their activation is associated with the onset 

of the decompensatory phase of response. The maximal binding capacity of KORs in 

adult rat brains increases after haemorrhagic shock (Liu et al., 1997). Also, when 

pentobarbital-anesthetized Wistar rats were haemorrhaged to mean arterial pressure of 40 

mmHg for 60 minutes, the number and the maximal binding capacity of myocardial and 

brain KORs showed a significant increase that was significantly associated with the 

decrease in mean arterial pressure (Liu et al., 2005).  In conscious sheep, I.C.V. infusion 

of nor-binaltorphimine, a selective KOR antagonist, delayed the onset of the 

decompensatory phase and enhanced the heart rate response to haemorrhagic hypotension 

(Frithiof et al., 2007). Peripherally, KOR antagonists were found to increase the vascular 

tone after haemorrhagic shock. In adult rats, selective KORs blockage increased 

intracellular calcium and down-regulated the calcium activated potassium channels in 
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mesenteric arterial vascular smooth muscle cells isolated from rats after hemorrhagic 

shock (Kai et al., 2003, Liu et al., 1997). 

We do not know much regarding developmental variation in KORs role after 

decompensatory haemorrhage. However, KORs distribution and density have been 

shown to be developmentally regulated in brain and heart (Barg et al., 1989, Spain et al., 

1985). Whereas in adult rat brain MORs and DORs were found to be predominant, opioid 

receptors were primarily of the MOR and KOR subtype in 6 day old pups (Leslie et al., 

1982). The fact that KORs presence and distribution is developmentally regulated may 

explain the age-dependent difference in the effect of GNTI treatment in our results.  

More specifically and with regard to the cardiovascular function of KORs, our previous 

studies in conscious lambs of age groups similar to those used in the current study 

showed an age-dependent variation in the effect of exogenous activation of KORs using 

selective agonist, U-50488H, on systemic and renal haemodynamics under physiological 

conditions (Qi & Smith, 2006). In the aforementioned study, mean arterial pressure 

decreased and heart rate increased in newborn lambs, there was an increase of both mean 

arterial pressure and heart rate in older lambs after U-50488H administration. The 

simultaneous increase of mean arterial pressure and heart rate reflected a developmental 

KORs modulation of the arterial baroreflex control of heart rate. 

Our previous findings raised the question - "Can KORs activation after haemorrhage 

modulate the arterial baroreflex control of heart rate in a way that may explain the age-

dependent variation in heart rate response seen in our results?" The effect of GNTI 

treatment on the parameters governing the arterial baroreflex control of heart rate after 

30% haemorrhage in the present study will be discussed in the following section. 
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4.2.2 Effects of GNTI on the arterial baroreflex control of heart rate 

Careful assessments of the parameters governing the arterial baroreflex control of heart 

rate before and during the recovery from 30% haemorrhage were carried out in both 

vehicle and GNTI treated conscious newborn and older lambs. In newborn but not older 

lambs, GNTI treatment did significantly increase the functional heart rate range of the 

arterial baroreflex during spontaneous recovery of haemorrhage. This finding indicates 

that the drop in heart rate after haemorrhage in newborn lambs was mainly due to 

activation of KORs and its effect on the arterial baroreflex control of heart rate. 

These results confirmed our previous study in conscious young sheep that described the 

effect of selective activation of KORs, using I.V. U-50488H, on the arterial baroreflex 

control of heart rate under physiological conditions (Qi & Smith, 2007). In the 

aforementioned study, the most marked effect of U-50488H treatment was a decrease in 

the heart rate range of the baroreflex. This suggest that early during development and in 

response to severe blood loss, the endogenous activation of KORs results in a decrease in 

the functional heart rate range of the arterial baroreflex and selective inhibition of KORs 

reverses such effects and improves heart rate recovery. 

Although the current study was not designed to investigate the underlying mechanism by 

which KORs can modulate the arterial baroreflex, there are several ways for KORs to 

affect the baroreflex as described below: 

Interactions between KORs and the arterial baroreflex 

First, KORs are distributed both within the central nervous system and peripheral end 

organs. The presence of KORs centrally in the cardiovascular regulatory centers such as 

the nucleus of tractus solitarius, where the baroreflex signaling is processed, and 
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peripherally in myocytes suggests a possible direct effect of their stimulation on the 

arterial baroreflex after haemorrhage. Second, KORs are known to interact with factors 

that modulate the arterial baroreflex such as CRF, ACTH and AVP during the perinatal 

period (refer to Chapter Four: for additional details on how CRF, ACTH and AVP can 

modulate the arterial baroreflex). The following paragraphs will show an example of how 

KORs and the aforementioned modulators of the arterial baroreflex interact.  Dynorphin 

peptide, the putative endogenous KOR agonist, was found to co-localize with CRF and 

AVP in the hypothalamic neurons (Roth et al., 1983, Watson et al., 1982). 

Administration of CRF I.C.V. to conscious rats was found to reduce the heart rate 

baroreflex range and reflex gain (Fisher, 1989). The effect of AVP through V1a receptors 

has been investigated in conscious mice and was found to be involved in the regulation of 

heart rate via the baroreflex arc (Oikawa et al., 2007). 

Administration of dynorphin and U-50488H in adult rats was found to increase ACTH 

and corticosterone (Pfeiffer et al., 1985). Similar effect of KORs was reported from 

studies in the ovine fetus (Taylor et al., 1996). ACTH administration results in fall of 

baroreflex sensitivity for up to 24 hrs in sheep (Stewart et al., 1983).  Collectively, these 

studies refer to possible KORs modulation of these factors after haemorrhage.  

In summary, the results of this part of the current study conclude that selective inhibition 

of KORs postpones the decompensatory phase and improves mean arterial pressure 

recovery after 30% haemorrhage in conscious lambs at different stages of post-natal 

development. In newborn lambs, GNTI increase heart rate during the recovery from 

haemorrhage and this effect can be explained, at least in part, by an increase in the 

functional baroreflex heart rate range after GNTI treatment which inhibits KORs. The 
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exact mechanism by which KORs modulate the cardiovascular responses to haemorrhage 

are not yet known but could be examined in future studies. 

4.3 Renal responses to haemorrhage 

My doctoral research also aimed to investigate the effects of the decompensatory phase 

of response to haemorrhage on renal haemodynamics and function.  As well, I aimed to 

determine whether the KORs are involved in the renal responses to haemorrhage in 

conscious lambs during post-natal development. In order to achieve this goal, two groups 

of lambs, one and six weeks old, were pretreated with either vehicle or GNTI then 

subjected to 30% haemorrhage (or no haemorrhage, 0%) and various measured and 

calculated variables of renal haemodynamics and function were studied. 

Novel findings include: 

1. After haemorrhage, there was a significant immediate depression in various renal 

haemodynamics and function in both age groups. 

2. The effect of haemorrhage on renal plasma flow and urine output was greater and 

more sustained in newborns while older lambs were able to recover near basal 

levels by the end of the recovery period. 

3. While 30% haemorrhage had a significant depressing effect on kidney handling of 

electrolytes in older lambs, it had no such effect in newborns. 

4. Although urine production decreased after haemorrhage in both age groups, there 

was an increase of free water clearance in older lambs but not the newborns. 

 

These findings provide for the first time a description of the renal responses to severe 

haemorrhage at two stages of early post-natal development. 
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4.3.1 Developmental variation in the renal responses to haemorrhage 

The renal responses to haemorrhage in adults are well known. Four decades ago, Stone 

and Stahl  reported the kidney responses to 15-22% arterial haemorrhage in human adults 

(Stone & Stahl, 1970). Thirty minutes after haemorrhage there was a ~30% drop in renal 

blood flow, GFR, and ~60% decrease in urine volume. In pentobarbital anaesthetized 

dogs, fixed pressure haemorrhage (25% drop) resulted in a significant decrease in renal 

blood flow, GFR, urinary flow rate and Na
+
 excretion (Stulak et al., 2000). In conscious 

pigs subjected to haemorrhage equivalent to 42% of total estimated blood volume, there 

was a decrease in renal blood flow by 74%, urinary flow rate by 90%, GFR by 80% and 

there was no change in filtration fraction (Sondeen et al., 1990). In the same study, 42% 

haemorrhage resulted in a significant decrease in osmolarity clearance, electrolyte 

excretion and no change in free water clearance. 

Collectively, these studies described an important role of the kidney in the physiological 

responses to haemorrhage in adults mainly through redistribution of the renal blood into 

the systemic circulation and salt and water retention. Little is known about such 

responses during post-natal development. 

The closest data available is for renal function response to haemorrhage during fetal life. 

Gomez and Robillard have described the developmental aspects of the renal response to 

graded hemorrhage (10-30% feto-placental blood) in fetal lambs (Gomez et al., 1984). 

After 30% haemorrhage at 120 and 130 days of gestation, there was an ~80% drop in 

urine volume, a three-fold increase in urine osmolality, ~70% decrease in Na
+
 excretion 

and no significant change in GFR. Results of our current study add to what is available in 
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the literature by showing that early during post-natal development, the kidneys play an 

obvious role in the physiological responses to haemorrhage. 

In our previous studies on newborn lambs and older young sheep, lambs showed no 

change in renal plasma flow or urine output after up to 20% haemorrhage (Smith et al., 

2004). In the same study, urine output and urinary electrolyte excretion started to 

decrease starting at 20 minutes and for 60 after 20% haemorrhage only in young adult 

sheep. With the decrease of urine output in young adult sheep, there was a paradoxical 

increase in the free water clearance. 

Our current results add to the aforementioned findings that at early stages of post-natal 

maturation, decompensated haemorrhage leads to a significant decrease in renal plasma 

flow and urine output. Also, only older lambs had a decrease in urinary electrolyte 

excretion and an increase in free water clearance after haemorrhage. This would confirm 

the developmental variation in the renal physiological response to haemorrhage. The 

underlying mechanisms of the age-dependent differences in the renal responses are still 

unclear. One possible developmental variation at this period of life that may influence 

renal function is the greater renin response to haemorrhage in newborn than older lambs. 

Our previous studies showed that the renin-angiotensin system activation after 

haemorrhage was developmentally regulated, being greater in newborn conscious lambs 

than in older young sheep (Smith et al., 2000). The end product of renin-angiotensin 

system activation is ANG II which also promotes the synthesis of aldosterone. ANG II is 

a powerful vasopressor for both systemic and renal vascular beds and promotes Na
+
 

retention. Aldosterone on the other hand plays an important role in regulating Na
+
 and K

+
 

in distal parts of the nephron. Both substances are, therefore, important players in the 
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renal responses to haemorrhage by assisting in the restoration of effective circulating 

volume. However, the mechanism by which the developmental variation in the activation 

of the renin-angiotensin system could explain the developmental variation in the renal 

response to haemorrhage is not known but could be investigated in future studies. 

Another explanation for the developmental variation in the renal response to 

haemorrhage may be an age-dependent variation in the kidney response to different 

circulating hormones and peptides after haemorrhage. One example would be the effect 

of increased dynorphins (endogenous KOR agonist) after haemorrhage (Gurll et al., 

1981). Interestingly, we have previously confirmed that activation of KORs increases 

free water clearance in conscious lambs of similar ages to those used in the current study 

(Qi et al., 2007). We also showed that there was a sustained decrease in renal blood flow 

following selective KORs activation using U-50488H in conscious lambs (Qi & Smith, 

2006). 

The possible role of KOR activation after haemorrhage in modulating the renal response 

to 30% haemorrhage during post-natal development was investigated in the current study 

and results will be discussed in the following section. 

4.4 KORs and the renal responses to haemorrhage 

In order to investigate the role of KORs activations on the renal responses to the 

decompensatory phase of haemorrhage, lambs were pretreated with I.V. GNTI then renal 

responses to 30% haemorrhage were measured. 

Novel finding is that GNTI pretreatment has no significant effect on the following renal 

responses to haemorrhage: 

1. Renal haemodynamic responses. 
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2. Glomerular function including glomerular filtration rate. 

3. Tubular function including Na
+
 and K

+
 handling, free water clearance and urine 

production. 

Our previous studies in conscious young adult sheep  (Smith et al., 2004) showed a 

decrease in urine production after 20% haemorrhage. This decrease in urine volume was, 

however, associated with a temporary increase in free water excretion. Knowing that we 

have reported an increase in AVP after 20% haemorrhage in conscious lambs (Smith et 

al., 2000), this decrease in tubular absorption of free water was unexpected. One possible 

explanation was the activation of KORs after haemorrhage as stimulation of KORs is 

known to elicit a free water diuresis (aquaresis). The primary mechanism involved in 

KORs induced aquaresis involves central and peripheral mechanisms. KORs stimulation 

through both peripheral and I.C.V. administration of KOR agonists reduce plasma AVP 

levels and inhibits both haemorrhage- and osmotic-induced AVP secretion (Hamon & 

Jouquey, 1990, Wells & Forsling, 1991, Yamada et al., 1990). On the other hand, KORs 

agonists were found to inhibit the antidiuretic effect of AVP at the level of the renal 

tubules (Wang et al., 1994). 

Interestingly, the aquaretic effect of KORs activation is present during early post-natal 

development in conscious sheep. Administration of U-50488H I.V. in two age groups of 

conscious lambs resulted in an increase in free water clearance, effects being reversed 

after GNTI treatment (Qi et al., 2007). Based upon these studies, the activation of the 

endogenous KORs after haemorrhage was hypothesized to be responsible for the increase 

in free water clearance after haemorrhage in conscious lambs.  
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Although, measuring plasma AVP levels was not a part of this study, our findings may 

suggest that AVP increased in newborn lambs after decompensated haemorrhage 

indicated by the increase in urine osmolality. In older lambs there was no such change in 

urine osmolality after haemorrhage, instead, there was a paradoxical increase in free 

water clearance. Our current results showed that the paradoxical phenomenon of the 

temporary increase in free water clearance after haemorrhage is not likely a function of 

KORs activation as the aquaresis in response to haemorrhage was not altered by 

pretreatment with GNTI.  

Other agents that may attenuate the antidiuretic effect of AVP after haemorrhage should 

be included in future studies. These agents include nitric oxide and prostaglandins. Both 

have been reported to down-regulate aquaporin-2 needed for free water reabsorption and 

to cause renal escape from the antidiuretic effect of AVP (Murase et al., 2003). 

In older lambs, there was a temporary decrease in osmolality clearance after 

decompensated haemorrhage. This may be explained by the activation of the renin-

angiotensin system. Newborn lambs, on the other hand, showed no change in osmolality 

clearance. One possible explanation would be that in spite of the expected increase in 

angiotensin II after haemorrhage, AT1Rs were fully stimulated and could not mediate 

any further increase in Na
+
 reabsorption."  This could be related to the fact that basal 

levels of renin and angiotensin II are already high in this age group. 

Our current results also showed that selective inhibition of KORs using GNTI did not 

affect the majority of renal responses to 30% haemorrhage. However, the increase in 

urine osmolality seen in vehicle treated newborn lambs was delayed for 60 minutes after 

GNTI pretreatment and there was a transient drop in osmolality clearance after 
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haemorrhage in newborn lambs with GNTI pretreatment. This possibly indicates a role of 

KORs in adjusting urine osmolality after haemorrhage early during post-natal 

development in conscious lambs. The underlying mechanism could be through inhibiting 

AVP release after severe haemorrhage. The localization and function of KORs in the 

developing kidney is not known and will be included in future studies. 

4.5 Limitations 

Lambs, unlike humans, are precocial mammals which means they are more mature and 

mobile at birth and their physiological responses to severe haemorrhage may not reflect 

those of human newborns. However, ovine fetal nephrogenesis follows a similar 

developmental profile to humans (Buckley, 1986) and the baroreflex starts functioning 

during fetal life in sheep (Segar, 1997). 

Another possible limitation is the effect of gender on the KORs function and the 

physiological responses to haemorrhage. Gender dimorphism may alter the effect of 

haemorrhage on different body systems such as the immune system (Choudhry et al., 

2005). In a study on conscious rats, 10% haemorrhage showed gender and estrous cycle 

related dimorphism in AVP response (Crofton & Share, 1990). However, in our pilot 

experiments and previous laboratory studies, no such effects of gender on the measured 

cardiovascular and renal variables have been observed. Also, newborn lambs are not 

sexually mature and, therefore, sex-related differences are less likely to be revealed at 

this stage of development.  

Regarding KORs, it was found that gender may modulate the analgesic effect of 

U-50488H in mice (Sternberg et al., 2004) which supports the reported dimorphism in 

pain sensitivity and analgesia (Sun, 1998). However, similar effects of gender on 
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cardiovascular and renal responses to KOR activation have not been reported which is 

supported by our previous laboratory studies on systemic and renal haemodynamic 

response to KORs activation.  

Another possible limitation in the haemorrhage model is the use of heparin as 

anticoagulant prior to haemorrhage procedure. In dogs, a dose of 1000 U·kg
-1

 of heparin 

suppressed norepinephrine concentration in response to septic shock (Devereux et al., 

1977). Also, heparin may alter cytokines levels and endothelial cells interactions (Lomas-

Niera et al., 2005). In the current study, a dose of 400 U·kg
-1

 of low molecular weight 

heparin was used prior to haemorrhage and our pilot studies showed no apparent effect of 

this dose on all of the measured parameters. 

Finally, the use of sigmoidal regression curve-fitting method to assess the arterial 

baroreflex control of heart rate was based on the assumption that both limbs of the reflex 

(during high and low blood pressures) are symmetrical. The linear regression method, on 

the other hand, provides separate assessment for each limb of the reflex. However, the 

sigmoidal regression curve-fitting method has an advantage that all data points contribute 

to the estimated parameters. 
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Chapter Five: Conclusions and future directions 

Our current research findings demonstrate for the first time the developmental variations 

in heart rate responses to 30% haemorrhage in conscious lambs as well as the underlying 

changes in the parameters governing the arterial baroreflex control of heart rate. Both 

newborn and older lambs failed to maintain mean arterial pressure for up to 60 min after 

30% haemorrhage. Only newborns, however, showed a significant decrease in heart rate. 

This indicates the importance of heart rate response to haemorrhage early in life. The 

decrease in heart rate in newborn lambs after haemorrhage was explained, in part, by the 

decrease in the functional heart rate range upon which the arterial baroreflex operates. In 

addition, we have shown for the first time the role of endogenous KORs activation in the 

decompensatory phase of response to haemorrhage early in life. Selective inhibition of 

KORs using GNTI, delayed the onset of the decompensatory phase and improved blood 

pressure recovery after haemorrhage in both newborn and older lambs. In newborn 

lambs, the mechanism of GNTI effects was through an increase in heart rate during 

recovery associated with an increase in the functional heart rate range of the arterial 

baroreflex. 

Regarding renal responses, our results showed that various parameters of renal function 

are significantly depressed after 30% haemorrhage early during post-natal maturation. 

The effect of 30% haemorrhage on the renal function appears, however, to be 

developmentally regulated. The effect of haemorrhage on renal haemodynamics and 

urine output was greater in newborn lambs. In contrast, only older lambs showed changes 

in water and electrolyte excretion after haemorrhage. GNTI pretreatment had minimal or 
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no effect on various measured and calculated renal parameters after haemorrhage in both 

age groups. 

Figure 24 shows a summary of the cardiovascular and renal effects of 30% haemorrhage 

in newborn and older lambs. Figure 25 shows the role of KORs in the physiological 

responses to 30% haemorrhage in newborn lambs in the light of my research findings. 

My doctoral research makes a contribution to the available literature on the physiological 

responses to haemorrhage during post-natal development.  My research findings provide 

a detailed description of cardiovascular and renal responses during the decompensatory 

phase of response to haemorrhage in conscious newborn and older lambs. Also, the 

underlying mechanism behind those responses was investigated by accurate assessment 

of the arterial baroreflex. In addition, this study revealed the role of KORs activation in 

the cardiovascular responses to haemorrhage early in life. The data provide evidence that 

the cardiovascular and renal responses to decompensated haemorrhage are 

developmentally regulated which may have an impact on the development of new 

diagnostic strategies and resuscitative approaches for haemorrhage during the neonatal 

period. Our findings regarding the role of KORs during the decompensatory phase of 

responses to haemorrhage may impact the use of opioid analgesics in operative settings. 

More research is warranted to investigate the localization and distribution of KORs 

during post-natal development. Although age-dependent effect of KORs activation 

explained, in part, the developmental variations in the cardiovascular responses to 

haemorrhage, developmental variations in the renal responses remain to be investigated. 
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Figure 24 Summary of the cardiovascular and renal effects of 

30% haemorrhage in newborn and older lambs 
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Figure 25 Kappa opioid receptors and decompensatory haemorrhage in newborn 

lambs 
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APPENDIX A: Baroreflex raw data 

This appendix includes the arterial baroreflex as the relationship between systolic arterial 

pressure and heart rate for all seven animals in group 1 (Figures A1 to A7) followed by 

pooled data (Figure A8) and for all seven animals in group II (Figures A9 to A15) 

followed by pooled data (Figure A16).   Each figure has four panels that show data from 

four experiments; Vehicle, 0% haemorrhage (A), GNTI, 0% haemorrhage (B), vehicle, 

30% haemorrhage (C) and GNTI, 30% haemorrhage (D). 

 

 

Figure A.1 Raw data for lamb (1), Group I 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.2 Raw data for lamb (2), Group I 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.3 Raw data for lamb (3), Group I 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.4 Raw data for lamb (4), Group I 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.5 Raw data for lamb (5), Group I 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.6 Raw data for lamb (6), Group I 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.7 Raw data for lamb (7), Group I 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.8  Raw pooled data for Group I 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.9 Raw data for lamb (1), Group II 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.10 Raw data for lamb (2), Group II 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.11 Raw data for lamb (3), Group II 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.12 Raw data for lamb (4), Group II 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.13 Raw data for lamb (5), Group II 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.14 Raw data for lamb (6), Group II 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.15 Raw data for lamb (7), Group II 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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Figure A.16 Raw pooled data for Group II 

Vehicle, 0% haemorrhage (A), GNTI, 30% haemorrhage (B), vehicle, 30% haemorrhage 

(C) and GNTI, 30% haemorrhage (C). Control (green circles), 30 min (red squares) and 

60 min (blue diamonds) after haemorrhage. 
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