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ABSTRACT 

Previously, we observed that furosemide elicits a transient increase in Mood 

pressure (BP) whilst heart rate (HR) remains unchanged. From this observation, 

we hypothesized that furosemide might alter the arterial baroreflex control of 

HR. Previous studies also suggest that some physiological responses to 

furosemide may be age-dependent. In consdous, chronically instrumented lambs 

aged, one and six weeks, we measured the baroreflex control of HR and 

hemodynamic responses, before and at  30-minute intervals after LV. furosemide 

or vehicle. After furosemide, but not after vehicle, the baroreflex was altered a t  

30 minutes compared to control. This effect occurred in both age-groups, 

however, it occurred only transiently in older lambs. HR, BP and renal blood flow 

responses to furosemide were agedependent. These data provide new evidence 

that furosemide alters the baroreflex and hemodynamic responses in an age 

dependent manner. Developmental regulation of neurohurnoral factors and/or 

their receptors may be involved in these responses. 
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CHAPTER ONE 

9 

Introduction 

1.1 CARDIOVASCUUR REGULAnON 

In 1926, Cannon in The Wisdom of tbe Body eloquently stated, 

In an open system, su& as our bade repraenc composrndi of 

unstabk mate&/ and subjected continua//y to disturbing 

caodtions/ constancy is h itself ey1;dence that age& are acfrhg, 

(K mdy to a@ to maintain U9& m&my (1). 

In this regard, the constancy of blood pressure in the body thus alludes to 

regulatov mechanisms such as a feedback conbd loop that maintains blood 

pressure within nanow limits around a "set-point", despite perturbations. The 

body achieves this homeostasis via a sophisticated interplay between numerous 

physiokgjkal mechanisms that act in concert. Of these mechanisms, the arterial 

baroreflex is paramount in its ability to respond to beat-to-beat changes in Moad 



pressure (2). It does so by modulating sympathetic and parasympathetic new 

activities (3). 

1.11 Arterial 8aroreflex 

The arterial baroreflex operates around a "set-point" corresponding to the mean 

blood pressure; deviations from this "set-point" activate restoring mechanisms. 

Consequently, central regulation of the "set-point" may serve as a major 

determinant of neural outflow and hernodynamic stability (3). 

Precise regulation of the cardiovascular system is vital to an animal's survival. 

Consequently, it is not surprising that the mechanisms devised for its control are 

diverse, rapid, redundant and adaptive. Hence, it must be emphasised that the 

arterial baroreceptors are one of many important barnreceptors involved in 

cardiovascular regulation. The cardiopulmonary baroreceptors, hated in the 

heart and lungs, respond b changes in blood pressure but, unlike the arterial 

barorecjeptors, respond preferentially to long-term changes in blood pressure (2). 

Evidence has rewaled that, in most situations, the two sets of baroreceptors act 

in concert to maintain blood pressure and thus, lend to the redundancy of 

cardiovascular homeostasis (2,4). Also of importance are the renal 

b a m e p b r s .  The renal baroreceptors are modified smooth muscle cells of the 

jwtaglomerular apparatus that respond b decreases in afferent arteriole 



m u r e  by releasing the enzyme, renin (5). Renin is the ratelimiting enzyme in 

the formation of angiotensin II. In this thesis, discussion of newal mechanisms 

involved in cardiovascular regulation will be limited to the arterial barweflex. 

The arterial baroreflex is a negative feedback mechanism by which the central 

nervous system (CNS) contrds arterial blood pressure (2). The baroreflex 

detects blood pressure and through the same reflex arc, affects b l d  pressure. 

The baroreflex thus uses its proprioceptive, or self-monitoring, reflex abilities to 

maintain a*al blood pressure within a narrow physiological range (6). 

The components of the baroreceptor reflex arc include sensory afferents (stretch 

receptors) originating in the carotid sinus and aortic arch, an efferent component 

consisting of autonomic innervation of the heart and vaxulature and a central 

neural component that links afferent input to efferent output (7). 

Sensw afferents (stretch receptors) originate in the carotid sinus and aortic 

arch. Impulses arising from the carotid sinus are sent via the sinus nerw to the 

glossopharyngeal nenre and finally, to the nucleus tractus sditarius (NTS) in the 

medulla oblongata. Impulses arising from the aortic arch reach the NTS via 

afferent fibres of the vagus nerve (8). Changes in arterial pressure that activate 

or deactivate stretch receptors alter the firing frequency of baroreaptor afferent 



nerves (6,7). For example, an increase in arterial pressure enhances the activity 

of baroreceptor afferents, which relay information centrally to the NTS (6,7). 

Fw decades the CNS component of the arterial baroreflex was treated as the 

proverbial "black box" in which the mediators and the mechanism(s) by which 

afferent hput was processed into the appropriate level of efferent output was 

largely unknown. More recently, CNS components of the arterial baroreflex have 

been identified along with neural pathways and neurotransmitters (Figure 1). 

Regulation of the baroreflex mediated sympathetic activity involves an excitatory 

neural pathway from the NTS to the caudal ventrolateral medulla (CVLM). The 

CVLM sends inhibitory projections to the "vasomotor centre" of the rostra1 ventral 

lateral medulla (RVLM) (7,g). Sympa thoexcitatory neurons of the RVLM directly 

innenrate and excite sympathetic preganglion neurons involved in regulation of 

vasomotor and cardiac tone. Central control of vagal parasympathetic nerves 

must diverge from sympathetic control; the site of diversion is thought to be the 

nucleus ambiguus (7,lO). 

Baroreceptor afferents, responding to increases in arterial pressure, signal the 

NTS to make autonomic adjustments to restore blood pressure to homeostatic 

levels. The end result is an inaease in -gal inhibitory activity and a decrease in 

sympathetic outflow, which act to reduce heart rate and vascular resistance 

allowing arterial pressure b be restored (2). Conversely, a decrease in arterial 



Afferent s 

Sympathetic 

Figure 1. Diagram of the central connections of arterial baroreflex. ACh, 

acetylcholine; CVLM, caudal ventrolateral medulla; EAA, excitatory amino acid; 

GABA, y-aminobutyric acid; n. ambig., nucleus am biguus; NTS, nucleus tractus 

solitarius; RVLM, rostra1 ventrolateral medulla. Adapted from Sved and Gordon, 

1994. 



pressure diminishes baroreceptor afferent firing and subsequent alterations in 

autonomic activity, namely vasoconstricbon and tachycardia, act to increase 

arterial pressure (2). 

Alterations in heart rate are but one component of the arterial baroreflex 

response. Arteriai and venous dilation and modifications in the force of cardiac 

contraction also contribute to the baroreflex response to an increase in bkmd 

pressure. It was not the objecti've of this study to evaluate the various 

components to the baroreflex but to investigate one component, the arterial 

baroreflex control of heart rate. Thus, future discussions will be confined to the 

arterial baroreflex control of heart rate. 

1.12 Relationship of Blood Pressure to Heart Rate 

Baroreflex curves were developed to quantitatively describe the physiological 

parameters of the relationship between heart rate (HR) and blood pressure (BP). 

The relationship between heart rate and blood pressure was illustrated to be 

inversely related and sigrnoidal in nature (11). The mathematical model 

dexribed by Kent and colleagues (1972), made it possible to calculate the 

parameters of the baroreflex, namely: gain (slope), BP at the midrange and 

maximum and minimum heart rates (11). 



1.13 Angiotensin 11's Modulation of the Arterial Baroreflex 

ti ke most homeostatic mechanisms, regulation of the arterial baroreflex is finely 

tuned by other physiological interactions (i.e. hormones). For example, 

angiotensin I1 (ANG XI) and arginine vasopressin (AVP) are two important 

peptides that modulate the "set-point" of the arterial baroreflex, as detailed 

below (1 2-14). 

ANG II exerts important actions on the kidney, adrenal cortex and sympathetic 

nervous system. ANG 11 can stimulate the release of epinephrine and 

norepinephrine from the adrenal medulla and facilitates sympathetic transmission 

at adrenergic nerve terminals (15). I n  addition, ANG I1 acts diredly on the 

adrenal cortex to stimulate the release of aldosterone biosynthesis and release. 

The aforementioned events assist in restoring blood pressure via renal 

mechanisms by increasing sodium reabsorption and potassium secretion 

(aldostemne) and by decreasing glomerular filtration rate and renal blood flow 

(vasoconstriction of the efferent arteriole)(lS) . 

Of significant interest to this thesis, is the fact that ANG I1 interacts with the 

bamreflexes, partkubrly with the baroreflex contrd of heart rate. Studies in 



adult humans, dogs, rabbits and sheep have observed that the pressor response 

of ANG II is accompanied by little or no change in heart rate in comparison to 

that seen with other vasoconsbictors such as phenylephrine (12,15,16). This 

suggests a "resetting" of the baroreflex towards higher pressures. A "resetting" 

of the baroreflex is defined as a shift toward the prevailing pressure (3). This 

"resetting" by ANG II would alter the HR:BP relationship such that the same 

heart rate corresponded to a higher Mood pressure. Indeed, studies in conscious 

rabbits have confirmed that the primary action of ANG 11 is to reset the 

baroreflex control of heart rate towards higher pressures (17). 

The mechanism by which ANG XI resets the baroreflex could be explained by an 

increase in sympathetic tone, a decrease vagal tone or both, as it is known that 

ANG 11 has no direct effect on the arterial barnreceptors themselves (12). 

Recent evidence obtained from conscious rabbits has shown that administration 

of propanolol, a p-adrenoreceptor-bloddng agent, is unable to prevent the 

shifting of the HR: BP relationship by ANG II(17). Propanold has a direct action 

on the heart and is known to prewnt reflex tachycardia, suggesting that 

increasing sympathetic tone is not the mechanism by which ANG I1 resets the 

baroreflex curve (17,18). Direct evidence supporting a decrease in vagal tone 

has not yet been found, however it is hypothesized to be the mechanism of 

baroreflex resetting via ANG 11 (17). 



The fundamental site of action of ANG 11, in the resetting of the baroreflex, is the 

area postrema, a drcumventricular organ in the medulla oblongata 

(13,15,19,20). The area postrema is a logical candidate for many reasons: First, 

devoid of a blood brain barrier, the area postrema is in contact with Mood-borne 

ANG II (21). Second, high concentrations of angiotensin type I (ATI) receptors 

have been discovered in the area postrema (22). Lastly, the area postrerna also 

has connections to the vagus and aortic nenres and has anatomical and 

functional connections in medullary cardiovascular control centres, mainly the 

MS (20). 

In fact, studies in conscious rabbits, in which the area postrema has been 

surgically ablated, have shown that ANG I1 failed to reset the baroreflex control 

of heart rate, suggesting that the area postrema is cribical to angiotensin 11's 

resetting of the arterial baroreflex (13,U). I n  these same studies, the area 

postrema lesion did not alter the bradycardia response to phenylephrine (13,U). 

This is the first evidence that ANG I1 resets the baroreflex control of heart rate 

via an influence through the area postrema. Recent extracellular recordings in 

anesthetized rabbits have reported that eledrical stimulation of area postrerna 

activates NTS neurons (20). Moreover, area postrema activation enhanced the 

NTS response to aortic depressor nerw activity, suggesting a possible i n k r a d i i  

between the area postrema and peripheral afferents in the medulla oblongata 



(20). Perhaps more convincing are the results obtained by Dampney et al 

(1996) which have shown that certain NTS neurons respond to alterations in 

drcuhting ANG 11 levels. Taken together, this evidence strongly suggests an 

ANG I1 sensitive pathway between area postrema and the NTS. 

Binding studies have revealed that the majority of ANG I1 receptors in the area 

postrema are angiotensin type I (ATt) receptors (22). Based on the above 

findings, studies were conducted in conxious rabbits to investigate if ANG 11's 

"resetting" of the baroreflex occurs through activation of the ATI receptors. In 

these studies an ATl receptor antagonist, losartan, was systemically administered 

prior to ANG 11 infusion. It was found that losartan completely blocked the 

resetting of baroreflex (24). Thus, it was concluded that ATl receptors in the 

area postrema were responsible for the central modulation of the arterial 

baroreflex control of heart rate (24). 

1.14 Arginine Vasopressin Modulation of the Arterial Baroreflex 

AVP is a peptide hormone produced by hypothalamic neurons with cell bodies in 

the supraoptic and parawnbicular nuclei. Axons of the hypothalamic neurons 

terminate in the posterior pituitary from which AVP is released (14). AVP release 

is stimulated by: 1) increased plasma osmolality 2) decreased blood volume and 

3) increased circulating levels of ANG I1 (14). AVPmtaining neurons have 



inputs arising from both osmoreceptors and barorecepton, which monitor 

plasma osmlality and Mood volume, respectively (14). An increase in plasma 

osmdality by -1 % Is sufficient to increase AVP secretion (25). A decrease in 

blood volume by 4-10 % activates the cardio-pulmonary barorecepbrs kcated 

in the heat and lungs, and to a lesser a n t ,  arterial barorecepton located in 

the carotid sinus and awtic arch (25). Signals from these barnreceptors are 

relayed b AVP secretory neurons of the supraoptic and paraventricular nuclei via 

afferent fibers of the vagus and glossopharnygeal nerves and stimulate AVP 

release (25). In  addition, these baroreceptoo activate the renin-angiotensin 

system and, via increases in ANG I1 acting on AT1 receptors in the supraoptic 

nudeus, stimulate AVP release (25). Increased angiotensin I1 levels can thus 

mediate AVP release in the absence of blood volume depletion. 

AVP, also known as antidiuretic hormone, is perhaps most notable for its role in 

increasing the water permeability of the collecting tubules in the kidney, 

via V2 receptors (25). In addition to AVP's renal actions, AVP is a very potent 

vasoconstrictor that acts on AVP type la (Via) receptors on vascular 

smooth muxle (14). Surprisingly, intravenous (LV.) infusions of AVP muse 

no increase in systemic blood pressure. The absence of a pressor response 



to AVP occurs because AVP resets the baroreflex control of heart rate to lower 

pressures (14,25,26). This resetting alters the HR: BP relationship such that the 

same heart rate now correlates to a lower pressure. AVP's modulation of the 

arterial barnflex control of heart rate has been evMenced in many spedes to 

date, including adult dogs (26), rabbits (27) and sheep (28). 

Studies by Bishop and colleagues (1985) have shown in conscious rabbits that 

surgical ablation of the area postrema prevents AVP's modulation of the 

baroreflex (29). Moreover, studies in which the AVP type I (V1) receptor 

antagonist was systemically administered to intact conscious rabbits have shown 

AVP's mmodation of the baroreflex control of heart rate was blocked (27). 

Collectively, these studies may suggest that AVP's resetting of the baroreflex 

occurs via V1 receptors in the area postrema. 

Studies have attempted b describe the neural connections between AVP neurons 

and cardiovascular centres, namely the MS. Anterograde-labelling studies have 

identified bundles of nerve fibres connecting the paraventricular nudeus to the 

nucleus ambiguus, Em, area postrema and dorsal motor nudeus of the vagus 

(6). These studies define anatomical connectjons through which AVP could 

elicit its action to cenbally enhance the arterial baroreflex control of heart rate. It 

is possible that increased levels of circulating AVP could serve to buffer the 

modulating eRectS of ANG II: on the baroreflex. 



1.15 Ontogeny af the Baroreflex 

Although the arterial baroreflex has been known to exist for over 100 years (2), 

many of its intricacies are only recently being understood. This is especially true 

in the newborn animal. 

The assessment of mammalian newborns can be divided into two classifications: 

precocial newborns and altricial newborns (30). These classifications are general 

descriptive groups of neonatal developmental degrees (30). Precocial species are 

well developed at birth meaning they can move around within minutes/houn 

after birth, they are pelted and have open eyes. Altricial literally means, "nest 

dependent". Mammals of this classification are poorly developed, naked, blind 

and helpless (30). A t  birth, the degree of baroreflex function differs between 

animal species in accordance with maturity. In precodal species, like the 

newborn lamb, the baroreflex is well developed at birth (31,32). In more altricial 

species, such as the newborn rat, the baroreflex control of heart rate is less well 

developed (33). For example, hnctional sympathetic ganglionic transmission is 

absent in the newborn rat, whereas postganglionic activity can be recorded in 

the fetal sheep early in the third trimester (33). 

Studies in sheep have shown that the central and efferent mechanisms of the 

baroreceptor reflex are present at birth (32,34). In  sheep, the bameceptors are 



functional from 0.6 gestation (31). As gestation advances, the baroreflex control 

of heart rate matures, as evidenced by an increase in the proportion of positive 

arterial baroreflex responses to brief elevations in blood pressure. Concomitantly, 

there is an increasing sensitivity of baroreflex, such that the ratio of heart rate 

dowing to blood pressure elevation is greater (31). 

The arterial baroreflex operates over a lower range of pressures in the newborn 

than in the adult. Resetting of the baroreflex is thought to occur during 

postnatal life (32), as it is known that the increase in pressure during postnatal 

life is associated with an increase rather than a decrease in heart rate (32). 

1.16 Arterial Baroreflex Modulation in the Newborn 

As previously stated, the arterial baroreflex is finely tuned by neurohumoral 

factors. Angiotensin I1 (ANG 11) and vasopressin (AVP) are two peptide 

hormones known to alter the arterial baroreflex contrd of heart rate (28,35). 

ANG I1 shifts the HR: BP relationship towards higher pressures whilst AVP shifts 

the HR: BP relationship toward lower pressures. ANG 11 and AVP elicit their 

effects on the baroreflex by binding to ATl and V1 receptors, respectively, 

located in the area postrema of medulla oblongata (36). The location and 

density of both AT1 and VI receptors in the brainstem varies during postnatal 



maturation and consequently, it is possible that differential responses of ANG I1 

and AVP on the arterial baroreflex may be seen during development. 

1.17 Angiotensin I1 Receptor Distribution in Development 

It has been suggested that there are important developmental ehanges in the 

expression of the two ANG I1 receptor subtypes, AT1 and AT2, and that these 

differences are tissue specific. It is conceivable that receptor differences 

between newborn and older animals could account for unique responses to ANG 

I1 in terms of the baroreflex modulation. 

Evidence of the ANG I1 receptor is first detected on day 11 in the rat fetus in the 

liver, kidney , adrenal gland, heart and brain (37). However, there is a 

predominance of AT2 receptors in fetal and newborn life as opposed to a 

predominance of AT1 receptors in the adult rat (37). It is thought that the AT2 

receptor plays an important role in organogenesis and development, which 

accounts for its high expression early in life. 

Maximal binding of ANG If is found near term indicating there is an increase in 

ANG II receptors as gestation progresses (38). Renal ATl mRNA expression 

remains unchanged in the last trimester in fetal sheep (39). Significant 



decreases in AT1 mRNA are seen on postnatal day 10 in the kidneys of newborn 

lambs (39). 

The question of whether ANG I1 receptor expression and distribution in the 

newborn can play a rde in modulation of the baroreflex by ANG I1 has not been 

extensively studied. it is known from studies in the developing rat brain that AT1 

receptors are localized to brain structures of the circumventricular organs and 

the paravenblcular nucleus, whereas AT2 receptors were localized to the thalarnic 

nuclei, cerebellum and cingulate cortex (40). Nonetheless, some brain tissues 

where found to contain both AT1 and AT2 receptor subtypes (40). 

A t  this time it is unknown whether the upregulation of ATl receptors prior to 10 

days of life occurs with a decreased sensitivity of the receptor or if this increased 

population of receptors is able to elicit a more potent response to ANG 11. 

1.18 Angiotensin 11 Modulation of the Arterial Barnreflex in the 

Newborn 

To date, there is a paucity of information regarding hormonal modulation of the 

baroreflex control of heart rate in the conscious newborn animal. Studies by 

Segar et al (1997) examined the effed of removing ANG If by systemic 

administration of the AT1 receptor antagonist, losartan, to oneweek old 



paralyzed, artificially ventilated lambs. They reported a shift of the baroreflex 

towards lower pressures with an increase in the gain (sensitivity) (35). These 

studies suggest that ANG IX has reset the baroreflex towards higher pressures, 

via AT1 receptors, in keeping with ANG II's effect on the batoreflex in the adult. 

This is evidence that early in life, endogenous ANG I1 exe* a tonic effect on the 

barweflex. Further studies are needed to examine if this same response occurs 

in conscious newborn animals. 

1.19 Aqinine Vasopressin Modulation of the Arkrial Baroreflex in the 

Newborn 

Recently, it has been reported that AVP plays no rde in modulating the arterial 

baroreflex control of heart rate early in life (28). In these experiments, the 

baroreflex control of heart rate was measured following I.V. infusion of AVP to 

sedated, paralyzed and artificially ventilated lambs and these responses were 

compared to adult sheep treated in the same manner (28). The baroreflex 

curves that were generated were shifted towards lower pressures during AVP 

infusion to adult sheep, but not when infused b 1 weeksld lambs (28). 

Therefore, these data strongly suggest that AVP does not modulate the arterial 

baroreflex control of heart rate in the first week of life, a t  least in animals that 

are sedated and paralysed. I t  is conceivable that ANG IIts effects on the 

baroreflex in the adult, but not in the newborn, may be minimised by increased 



levels of AVP; this would assist in restoring the baroreflex toward a lower 

pressure. In addition, it is likely that agedependent processes are responsible 

for the absence of A W s  effect on the baroreflex in the newborn animal. 

Possible mechanisms could indude agedependent processes responsible for the 

maturation of the barweflex and/or changes in the quantity and location of V1 

receptors in the brainstem. However, the exact mechanism responsible for this 

phenomenon remains obscure. 



1.2 PHYSIOLOGICAL EFFECTS OF FUROSEMIDE IN THE ADULT 

Diuretics are pharmacological agents that induce a net loss of water and 

electrolytes by inhibiting the reabsorption of ~a+lU- from the kidneys (41). One 

such agent is the loop diuretic, furosemide (42), which acts by inhibiting the 

Na+-~+-Zcl* symporter in the thick ascending limb of the loop of Henle, resulting 

in a rapid natriuresis and diuresis (43) and ultimately a decrease in blood volume 

(Figure 2). 

I t  is well established that furosemide has several physiological actions other than 

its effects on the kidney (44,45). These actions include an increase in renin 

release independent of systemic volume change (46), and increases in circulating 

levels of AVP (47) and prostaglandin E2 levels (26). The increase in circulating 

levels of these hormones that occurs in response to ~furomide administration 

could influence systemic and renal hernodynamics as well as the baroreflex 

control of heart rate. These effects are detailed in the following paragraphs, and 

form the basis of our proposed hypotheses. 



Figure 2. Illustration of the furosemide sensitive Na'-K+-ZCI- channel in the 

thick ascending limb VAL) of the loop of Henle. Adapted from Friedman and 

Hebert, 1997. 



1.21 Hernodynamic Responses to Furosernide 

The first evidence of cardiovascular responses to furosemide were observed in 

adult congestive heart failure patients (48). Furosernide decreased cardiac 

output and increased venous capacitance soon after its administration and before 

any diuresis was apparent (48). These cardiovascular findings have been 

confirmed in mature experimental animals and in nor& adult human subjects 

(49-51) and provide evidence that some of the earliest adions of furosemide 

reflect hemodynamic rather than renal actions. Furosernide's venodilator effects 

were not seen, however, in anephric patients and in patients pretreated with 

indornethacin (prostaglandin synthesis inhibitor) (45). These studies suggest 

that the mechanism by which furosemide induces venodilation is via renal 

prostaglandin synthesis. 

To datet there is little information on the effects of furosemide on blood pressure 

and heart rate in adult sheep. An acute pressor response to furosemide, 

however, has been documented in spontaneously hypertensive rats (49), dogs 

(52), normal and hypertensive patients (51) and in congestive heart failure 

patients (53,YI). This pressor response occurs ~20-40 minutes after furosemide 

administration and is correlated to increases in circulating ANG 11 levels (51). 



Furosemide's diuretic action results in a decrease in cardiac output and a 

decrease in blood volume and it is to these stimuli that the baroreflexes likely 

responds. The interaction of furosemide with the arterial baroreflex has been 

investigated by Janssen et al (1989) in consdous spontaneously hypertensive 

rats (49), who underwent sinoaortic denervation or sham denenmtion at the time 

of surgery. The experiments revealed that biood pressure and heart rate 

decreased in sinuaorbc denervated rats but was preserwd in sham operated 

animals. It was axlcluded that the arterial baroreflex normally prevents blood 

pressure from falling despite the decrease in cardiac output and blood volume 

evoked by furosemide (49). Similarly, a study carried out in anesthetized 

Sprague Dawley rats found that furosemide administration decreased cardiac 

filling pressure but not mean arterial pressure in intact animals (50). In sinoaortic 

denervated rats, however, mean arterial pressure fell in parallel with the reduced 

cardiac filling pressure induced by furosemide (50). This observation is 

compatible with the findings of Janssen et al(1989) and the notion that an intact 

arterial baroreflex is essential to maintaining arterial pressure during acute blood 

volume depletion elicited by furosemide (49). To date, the arterial baroreflex 

has not been diredly assessed in adults and thus further investigation is 

warranted. 



1.22 Efkctt  of Furosemide on the Renin- Angiotensin System 

Furosemide stimulates a cascade of neurohumoral factors to be released. Most 

prominent is its stirnubtion of the renin-angiotensin system (RAS)(46) via the 

release of renin. Furosemide administration sb'rnuiates renin release within 

minutes by directly binding to the N~+-K*-ZCI- symporter on the macula densa 

(55). Once the macula densa sensing mechanism is blacked by furosemide, 

renin will be released regardless of the Na+/CT concentrations in the distal tubule 

(55). Theoretically, over the long-ten, furosemide administration will also 

indirectly stimulate renin release by inducing blood volume depletion (47). Blood 

volume depletion will activate barorecepton, which will in turn, increase efferent 

renal sympathetic nerve activity (2). 

1.23 Efkcts of Furosemide on Plasma Levels of Aqinine Vasopressin 

Plasma levels of AVP increase following furosemide administration to adult dogs, 

rabbits and humans (47,57,58). Since furosemide is a potent stimulator of the 

renin angiotensin system (46), it is likely that a large fraction of the AVP release 

occurs via ANG I1 stimulation. This theory is consistent with the findings of 

Siegel eta/ (60) who reported that in conscious newborn lambs, the inaease in 



circulating AVP levels, following fumsemide administration, lags behind increases 

in circulating levels of ANG 11. 

It is important b note, that reabsorption of sodium in the TAL of the loop of 

Henle sets up the medullary intersitial gradient for water reabsorption (42). 

Thus, when reabsorption of sodium is inhibited by furosemide this medullary 

gradient is disrupted and AVP (antidiuretic hormone) has little effect in 

reabsorbing water fKMl the collecting tubules (49, 60). Thus, it is concluded that 

ANG I1 is the main hormonal system counteracting the diuresis induced by 

furosemide, whereas antidiuretic hormone (AVP) seems to be of minor 

importance (47, 57). 

1.3 PHYSIOLOGICAL EFFECTS OF FUROSEMIDE IN  THE NEWBORN 

Furosemide is one of the most commonly used diuretics in human neonates (61). 

Indications for its use include fluid overload assodated with congestive heart 

failure (62), pulmonary edema (63), bronchopulmonary dysplasia (W), and acute 

renal failure (63). Despite its widespread application in the clinical setting, the 

physiological effects of furosemide in the newborn and during postnatal 

maturation are poorly understood. Several studies have focused on the 

pharmacokinetia and pharmacodynamics of furosemide in infants (63,65,66), 



however, few studies have related agedependent alterations in the responses to 

fumsemide with physiological changes that occur with postnatal development. 

1.31 Age-dependent Differences 

There is now increasing evidence that postnatal age does play a role in the 

physiological response to furosemide. Previously, our laboratory has canied out 

experiments in conscious, chronically instrumented lambs in order to investigate 

some of the physiological responses to furosemide early in life and as maturation 

pnxeeds (56,59,67-69). We have discovered major differences in the response 

to hrrosemide in newborn versus older lambs in terms of cardiovaxular, 

hormonal and renal variables. 

I n  newborn animals (67,70) and infants (71), furosemide stimulates the release 

of renin. The increase in plasma renin activity (PRA) in response to furosemide 

Is more prolonged and pronounced in newborns versus older animals (67). PRA 

remains elevated for at  least two hours after administration of 2 mg/kg of 

furosemide to newborn lambs whereas in older lambs, PRA increases only 

transiently (67). This phenomenon occurs despite already elevated levels of 

renin, ANG II and aldostemne in the newborn period (72). Thus, it appears that 

the renin response to furosemide is developmentally regulated. Moreover, this 

observation provides evidence to suggest that there would be a prolonged 



increase in ANG I1 levels fdlowing furosernide administration to the newborn. As 

a consequence, it is predicted that the increase in circulating ANG I1 levels 

following administration of furosemide might influence the physiological 

responses to furosemide. 

1.32 Furosemide and its Relationship to the Arterial B a r n f l e x  

Acute I.V. injection of 2 mg/kg of furosemide to conscious lambs resulted in a 

sustained increase in heart rate, whilst mean arterial pressure returned to control 

levels (59). Hence, it is conceivable that the arterial baroreflex control of heart 

rate is reset towards higher pressures in response to furosemide administration, 

accounting for the sustained increase in heart rate. Quantification and 

qualification of the parameters defining arterial baroreflex control of heart rate 

following furosemide administration to conscious lambs has not yet been 

investigated, but forms the basis of the proposed research. 



1.4 HYPOTHESES 

The objective of the current experiments was to investigate if the hemodynamic 

responses to furosemide were altered with postnatal maturation in conscious 

lambs and to test the following hypotheses: 

1) ... that the systemic and renal hemodynamic responses to furosemide 

are altered with maturation (Chapter 3). 

2) ... that the arterial baroreflex control of heart rate is altered in response 

to fbmsernide in an age-dependent manner (Chapter 4). 



CHAPTER TWO 

0 

Materials and Methods 

1 1  ANIMALS 

Experiments were carried out in conscious chronically instrumented lambs aged 

oneweek ( 9*2 days) and six-weeks (43*2 days). Lambs were obtained from a 

local source (Sheep Advisory Service, Alberta) and housed with their mother in 

individual pens in the vivarium of the Health Sdences Centre, except during 

surgery and experiments. All lambs were housed under controlled temperature of 

22*1°C, 20-30W relative humidity and a 1292 hour dark-light cyde, with lights 

on at 7 am. Lambs suckled from their mothers and had access to water ad 

libitum. Ewes were daily fed a diet of oats, barely and hay. 

All swgkal and experimental procedures described herein were carried out in 

accordance with the "Guide to the Care and Use of Experimental Animals" 

provided by the Canadian Council on Animal Care and approved by the Animal 

Care Committee of the University of Calgaw. 



2.2 SURGICAL PROCEDURES 

Each lamb underwent one operation prior to experimentation. I n  preparation for 

surgev, the lamb's abdomen and right and left fbnks were shaved. Surgery was 

performed on iambs using strict aseptic conditions. The previously shorn areas 

were cleaned with alcohol and antiseptic and a sterile drape was placed to cover 

all but the clean surgical areas. Briefly, anesthesia was induced with a mask and 

halothane (34*/0) In oxygen, the trachea was intubated and the lamb was 

ventilated using a positive pressure respirator (Haward Apparatus, Model 613, 

South Natick, Massachusetts). Anesthesia was maintained throughout surgery 

with halothane (0.5-1.0%) in a mixture of nitrous oxide and oxygen (3: 1). 

Catheters (PE 160, Intramedic, Clay Adams, Parsippany, New Jersey) were 

inserted into the right and left femoral veins and arteries and advanced above 

the diaphragm to the inferior vena cam and descending aorta, respecbvely. 

Venous catheters were used for later intravenous (LV.) injections and infusions 

as well as for the measurement of central venous pressure. merial catheters 

were used for mean arterial pressure measurements and for blood sampling. 

Catheters were tunneled sukutaneously to exit xite lamb on the right and left 

flanks. The femoral incisions were then dosed. 



The bladder was exposed by a midline incision and catheterized diredly through 

the bladder wall using a specially adapted catheter. The right kidney was 

exposed by a retroperitoneal approach and a precalibrated ultrasonic flow 

transducer (3S, 4S, Transonic Systems Inc., Ithaca, New York) was placed 

around the right renal artery for later measurement of renal blood flow. The 

flank indsion was then dosed. The renal fiow transducer and all catheters were 

secured in pouches on the lamb's body jacket (Lomir Inc., NotreDame, Quebec) 

for safe storage between experiments (Figure 3). 

Topical antiseptic ointment (Betadine, Purdue Fredrick Inc., Pickering, Ontario) 

was applied to suture lines to prevent infection. This procedure was repeated 

throughout the experiment as part of daily care. Antibiotics (0.5 mgtkg, 

enrofloxacin, Bawl, Bayer) were administered intramuscularly immediately 

before surgery and at 12 hour intervals thereafter, for 48 hours. A t  the 

completion of the surgical procedures, the lamb was allowed to recover from the 

effects of surgery and anesthesia in a critical care unit for small animals (Shore 

line, Schroer Manufacturing Co., Kansas, Missouri) with adjustable oxygen 

supply. All lambs were able to stand within one hour of completion of surgery at 

which time they were returned to their mothers in the vivarium. At least two 

days of recovery from the effects of surgery and anesthesia were permitted 

before experiments were started. During the recovery period, lamb were 
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Figure 3. Diagrammatic representation of a conscious, chronically instrumented 

lamb. 



trained to rest quietly in a sling in the laboratory environment Daily at 0800 

hours rectal body temperature and body weight was recorded. 

All surgical procedures described herein were performed on all lambs studied. 

2.3 EXPERIMENTAL 0CrAIi.S 

On the day of an experiment, the lamb was removed from the vivarium and 

placed in a supportive sling in the laboratory environment for at least 60 

minutes. During this time, the bladder was allowed to drain. In addition, an I.V. 

infusion of 5% dextrose and 0.9% sodium chloride (Baxter, Toronto, Ontario) 

was started (4.17 rng/kg/mL) to assist in maintaining fluid balance throughout 

the experiment. 

Catheters for the continuous measurement of central venous pressure and mean 

arterial pressure were connected to Statham P23 XL pressure transducers 

(Statham Instruments Division, Gould) with the transducer placed parallel to the 

lamb's heart. Before each experiment, transducers were calibrated with a 

mercury manometer. The ultrasonic flow transducer was connected to the renal 

blood flow meter (TlOl, Transonia Systems Inc., Ithaca, New York) for the 



measurement of renal blood flow. The accuracy of the flow probe in monitoring 

renal blood flow has been demonstrated in conxious sheep (73). 

Mean arterial pressure and central venous pressures as well as renal blood flow 

were continuously recorded onto a polygraph (model 7, Grass Instruments, 

Quincy, Massachusetts). Simultaneously, they were digitised at 200 Hz to an 

IBM-PC over consecutive oneminute intervals, using the data acquisition and 

analysis software package CVSOU (Odessa Systems Inc., Calgary, Alberta). 

Data were stored and analysed off-line using CVSOFT and an IBM-PC. Detailed 

experimental protocols for the two studies are dexribed in Chapters 3 and 4. 

At the completion of the study, lambs were euthanized with a lethal dose of 

sodium pentobarbitone (Euthanyl, MTC Pharmaceuticals, Cambridge, Ontario) 

and the zero offset of the flow tmnsducer was determined. The placement of 

catheten and the renal flow transducer were verified by post mortem inspecbon; 

the right and left kidneys were immediately removed and weighed. 



CHAPTER THREE 

6 

Age-dependent Effects of Fumsemide on Systemic and Renal 

Hernodynamics 

3.1 INTRODUCTION 

Although furosemide is one of the most commonly used diuretics to treat 

edematous states in the adult and newborn infant (63,66,74) littfe is known 

about the systemic and renal effects of furosemide in the newborn and during 

postnatal maturation. 

In addition to its natriuretic and diuretic effects, furosemide is a potent 

stimulator of the renkr-angiotensin system (46). Furosemide is also known to 

stimulate renal prostaglandin E2 synthesis (75-77). Thus, furosemide's diverse 

renal actions, most notably the increase of angiotensin I1 and prostaglandin €2 

(PGEI) pmduction, may complicate the ml and hernodynamic responses to 

fumsernide. 



3.11 Age-Dependent Differences 

Previously, our laboratory desaibed studies that provide evidence that there are 

major differences in the physiological response to funxernide in newborns versus 

older lambs (56,59,6769). For example, plasma renin activity (PRA) increased 

rapidly in response to fimsemide. The response was, however, more dramatk 

and prdonged in newborn versus older lambs (67). PRA levels remained elevated 

at 120 minutes in the newborn animals while Pf2A returned to control levels in 

older animals(67). This agedependent phenomenon occurs despite the already 

elevated ANG II levels in the newborn period (72). 

In adult animals and humans, renal blood flow increases in response to 

fumsemide administration due to a decrease in renal vascular resistance 

mediated in part by PGEz (26,78). Prostaglandins have been implicated in the 

increase in renal blood flow because administration of indomethadn, a cycle 

oxygenase inhibitor, prevents the increase in renal Mood flow seen with 

furosemide (45). In conbast, renal blood flow decreases in response to 

furosemide in the three weekold lambs; interestingly this comsponds to no 

change in urinary excretion of PGE2 (69). 



Arterial pressure is well maintained in the face of volume depletion by 

furosemide, in both the adult and newborn animals and patients (49,51,59). 

Previous studies in our laboratory have shown that in the three week-old lambs 

there is an increase in heart rate that occurs at 40 minutes aRer I.V. 

administration of 2 mg/kg of furosemide (68). This effect occurs despite blood 

pressure remaining at contrd levels (68). This provides evidence that the arterial 

baroreflex control of heart rate may be altered with furosemide early in life, since 

blood pressure does not fall and heart rate increases. 

3.12 Rationale 

Agedependent differences in the renal blood Row response to furosemide are 

coupled to differential stimulation of both renin and prostaglandin E2 (67,69). It is 

possible that the agedependent changes in the renal blood flow response, that 

occur following furosemide administration, could be correlated to these 

modulating factors. 

Similarly, differences in the heart rate response to furosernide in newborn versus 

older lambs could be comlakd to the activation of the renin-angiotensin system. 

Since data thus far has only been obtained in the 3-week old lamb and the adult 

sheep, further investigation needs b be conducted to assess if the renal blood 
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flow and heart rate responses to furosemide are altered in the newborn period 

and as maturation proceeds. 

3.13 Objective 

The objedive of the present study was to measure the hemdynamic and renin 

responses to furosemide and to determine if the responses are agedependent. 

The following experiments test the hypothesis ... 

I).... that the hernodynamic and endocrine responses to furosemide are attered 

with postnatal maturation in conscious lambs. 



3.2 METHODS 

3.21 Specific Protocol 

Two age groups of lambs were studied: one-week (N=10, 9*2 days) and six- 

weeks (N=10,43*2 days). After a one hour equilibration period, the experiment 

commenced consisting of hemodynamic and endocrine measurements one hour 

before (control period) and two hours after LV. administration of furosemide at 

one of three doses (0.00 mg/kg, 0.25 mg/kg & 5.00 mg/kg). This protocol was 

repeated at intervals of 24-48 hours until all doses had been administered; the 

order of the experiments was randomized. 

Previous studies in conscious lambs suggested that the renin response to a 0.25 

mg/kg dose of furosemide is transient increased and returns to control by 90-120 

minutes (59). In contrast, the renin response to a 5.00 mg/kg dose of 

furosemide was sustained for 120 minutes (59). Therefore 0.25 mg/kg and 5.00 

rng/kg doses of furosemide were selected in this study to determine if the dose- 

dependent renin responses would influence hemodynamic variables. 



A diagrammatic representation of the protocol timeline is shown below. 

n M E  (MINUTES) 

-60 0 30 60 90 120 

i 

CONTROL t EXPERIMENTAL PERIOD 

* * * * * 

Furosemide 

Timeline of protocol illustrating blood sampling (*) for the 

measurement of plasma protein concentration, hematoctit and PRA. 

Blood sampling for the measurement of plasma protein concentration, hematocrit 

and plasma renin activity (PRA) was taken at 30 minutes in the control period 

and then at 30, 60,90 and 120 minutes after furosemide administration. At  the 

previously described intervals, Mood was collected in chilled EDTA tubes and 

centrifuged at 4OC, the supernatant was then removed and stored at -70°C, for 

the later measurement of PRA. At the end of each experiment, the amount of 

blood removed was replaced with heparinized maternal blood to avoid any 

hernodynamic efkcts of sampling. 

Urine was also continuously collected to determine the diuretic response to the 

vwious doses of furosemide. Two urine collectiom were pe-: the first, 



during the control period and the second, during the experimental period after 

furosemide administration. At the end of each cokction period urine volume 

was recorded. 

As mentioned previously (See Chapter 2, METHODS), catheters for the 

measurement of central venous pressure and mean arterial pressure were 

connected to Statham P23 XL pressure transducers (Statham Instruments 

Division, Gould). The ultrasonic flow transducer was connected to a renal blood 

flow meter (T101, Transonics Systems Inc., Ithaca, New York) for the 

measurement of renal blood flow. 

Mean arterial pressures and central venous presures as well as renal blood Row 

were continuously recorded onto a polygraph (model 7, Grass Instruments, 

Quincy, Massachusetts). Simultaneously, they were digitized to an IBM-PC, at 

200 Hz over consecutive one minute intervals using the data acquisition and 

analysis software package CVSOFT (Odessa Systems Inc., Calgary, Al beM) . 

3.22 Computations 

Cardiovascular variables were averaged over 20 minute intervals using CVSOFT 

(Odessa Systems Inc. Calgary, Alberta) and a spreadsheet program (Microsoft 

Excel 7.0). Rend vascular resistance (RVR) was calculated using the equation: 



RVR = MAPCVPIRBF, where MAP= mean arterial pressure, CVP= central venous 

pressure and RBF= renal blood flow (comected for gram kidney weight). Beat- 

to-beat heart rates were determined h r n  the systolic peak of the pressure 

waveform using CVSOFT (Odessa Systems Inc., Calgav, Alberta). Data collected 

during the control period were the same; averages were therefore calculated. 

3.23 Analytical Procedures 

Hematocrit values were determined using 1.0 ml of arterial blood. Two 

microcentrifuge tubes were filled with blood, sealed and micnxentrifuged. 

Hematocrit readings were made using microcalipers and calculated as the ratio of 

packed cells to the total volume of the sample. The hernatocrits were determined 

in duplicate and averaged. Plasma protein was determined using a refractometer 

(TS meter, American Optical Corp, Keene, New Hampshire). PRA was determined 

using standard radioimrnunoassay procedures (79). 

3.24 Statistical Analyses 

Analysis was carried out using two-way ANOVA procedures for repeated 

measures. Significance was accepted at the 95% confidence interval (p<0.05). 

Where the F value was significant, Newrnan-Keul's multiple comparison post-hoc 

analysis tests were applied to determine where the significant difference(s) 

occurred. All data presented herein are expressed as means * one dandard 

deviation. 



Baseline physiological measurements recorded during the (pefurosernide) 

control period are shown in Table 1 for the two groups of lambs: newborn (one 

week) and dder bmbs (six-weeks). Mean blood pressure, central venous 

pressure and renal Mood flow were lower in newborn lambs than in okler bmbs 

Fable 1). Conversely, heart rate, renal vascular resistance, plasma protein 

concentrations and plasma renin activity were higher in newborn lambs than in 

older lambs (Table 1). Baseline levels for hematocrit were higher in older bmbs 

than in the newborn lambs (T'able 1). 

3.31 Systemic Hernodynamic Responses to Furosemide 

In older lambs, administration of furosemide was assoa.ated with a bansierlt 

increase in mean blood pressure of - 7 mmHg (p<0.05) within the first 30 

minutes (Rgure 4). In newborn lambs, blood pressure remained unchanged a& 

administration of 0.25 or 5.00 mg/kg doses of furosemide (Figure 4). 



Table I. Baseline physiological measurements 

NEWBORN OLDER 

Animals (N) 10 

Age (days) 
Body weight (Kg) 

Kidney weight (g) 

CVP (mmHg) 

MBP (mmHg) 82 9* 

SBP (mmHg) 106* 12 

DBP (mmHg) 67*8 

HR (beats/ min) 195 * 22' 
RBF (mL/rnin/gkw) 2*9 * lml* 
RVR 30 *10.9* 

(mmHg/mL/rnin/gkw) 

Plasma protein 6.0 * 0.2* 

Hematocrit (010) 

PRA (ng/ml/hr) 

Note: CVP, central venous pressure; MBP, mean blood pressure; SBP, systolic 

blood pressure; DBP, diastolic blood pressure; HR, heart rate; RBF, renal Mood 

flow; RVR, renal vascular resistance; PRA, plasma renin activity. Values are 

mean * standard deviation. *p<O.OS compared to older lambs. 
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Figure 4. Effect of I.V. administration of furosemide on blood pressure (BP) in 

older lambs (solid circles) and newborn lambs (open circles). Three doses of 

furosemide are displayed: 5.00 mg/kg (top), 0.25 mg/kg (middle), 0.00 mg/kg 

(bottom). Values are mean * one SD. *pc0.05 compared with control (C). 

tp<0.05 compared with newborn lambs. 



In response to administration of I.V. furwemide, heart rate did not change from 

basal measurements; this response was different than measured in older lambs 

(p=0.0001; Figure 5). Heart rate increased 100 minutes after furosemide 

administration (5.00 mg/kg) in newborn lambs (p<0.05); this increase was 

sustained for the reminder of the experiment (Figure 5). Heart rate was 

unchanged fdlowing a 0.25 mg/kg dose of furosemide in both groups of lambs 

(Figure 5). 

In both age-groups, there was a decrease in central venous pressure (CVP) 

(p<0.05) 40 to 60 minutes following the administration of 5.00 mg/kg of 

furosemide; this response was sustained for 120 minutes (Figure 6). The 

decrease in CVP was, however, greater in older lambs (43%) compared with 

newborn lambs (-1%) (p=0.029; Figure 6). 

3.32 Renal Hemadynamic Responses to Furosemide 

The change in renal bfaod flow (RBF) following I.V. administration of furosemide 

was agedependent (p-0.0001, Figure 7). The administration of a 0.25 mg/kg 

dose of furosemide was assodated with a significant increase in renal Mood flow 

in dder lambs (p<0.05) at -20 to 40 minutes whereas the same dose had no 



Time (min) 
Figure 5. Effect of I.V. administration of furosemide on heart rate (HR), 

expressed as change from control, in older lambs (solid circles) and newborn 

lambs (open circles). Three doses of furosemide are displayed: 5.00 mg/kg (top), 

0.25 mg/kg (middle) and 0.00 rng/kg (bottom). Values are mean 1 standard 

deviation. * indicates significant difference from control (p<0.05). 
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Figure 6. Effect of I.V. administration of furosemide on central venous pressure 

(CVP) in older lambs (solid circles) and newborn lambs (open circles). Three 

doses of furosemide are displayed: 5.00 mg/kg (top), 0.25 rng/kg (middle), 

0.00 mg/kg (bottom). Values are mean * one SD. *p<0.05 compared with 

control (C). tp<0.05 compared with newborn lambs. 
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Figure 7. Effect of I.V. administration of furosemide on renal blood flow (RBF), 

expressed as change from control, in older lambs (solid circles) and newborn 

lambs (open circles). Three doses of furosemide are displayed: 5.00 rng/kg (top), 

0.25 rng/kg (middle) and 0.00 mg/kg (bottom). Values are mean 1 standard 

deviation. * indicates significant difference from control (p<0.05). 



effect in newborn animals (Fiure 7). In newborn lambs, but not in dder lambs, 

administration of a 5.00 mg/kg dose of fumsemide was associated with a 

significant decrease in renal bkod flow by 80 minutes; renal blood flow remained 

decreased for the duration of the experiment (Fgure 7). There was no significant 

change in renal vascular resistance (RVR) in newborn bmbs or dder lambs 

(Fgure 8). 

3.33 Plasma Protein Concentation, Hematocrit, Urine Volume and 

PRA Responses to Furosemide 

Plasma protein concentration increased in response to furosernide in both age 

groups. The response, however, was more dramatic in older lambs. Pbsma 

protein concentration increased by 13.0 Oh after 5.00 mg/kg dose of furosemide 

in older lambs whereas in newborn lambs plasma protein concentration 

increased by 7.1%. Administration of 0.25 mg/kg of furosernide increased 

plasm protein concentration by 3.4O/0 in older lambs and by 1.8% in newbom 

lambs. In both age groups, hematovit increased in response to administration 

of a 5.00 mg/kg dose of furosemide (Figure 9). In older lambs, administration of 

a 0.25 mg/kg dose of furosemide was also assodated with an inuease 

hematocrit (Fgure 9). The diuretic responses to furosemide, when conected for 

kg of body weight, were similar in the two agegrwps. Cumulatiw urine 

increased b 19*6 ml/kg after 5.00 mg/kg of furosemide in dder lambs 



In newborn lambs, cumulative urine increased to 26*8 mukg after a 5.00 

mg/kg dose of furosemide. A 0.25 rng/kg dose of furosemide increased 

cumulative urine to 11*6 ml/kg in newborn lambs and 13i6 mlJkg in oUer 

lambs. 

I.V. administration of furosemide increased plasma renin activity (PRA) in both 

newborn and older lambs (Figure TO). The renin response, was three fold 

greater in newborn bmbs with the 5.00 mg/kg dose of furosemide. The 0.25 

rng/kg dose of furosemide increased PRA transiently at 30 minutes in both age 

groups (Figure 10). 

Vehide administration (0.00 mgfkg of furosemide) had no effect on any of the 

measured variables. 



Time (min) 
Figure 8. Effect of I.V. administration of furosemide on renal vascular 

resistance (RVR), expressed as change from control, in older lambs (solid circles) 

and newborn lambs (open circles). Three doses of furosemide are displayed: 

5.00 mg/kg (top), 0.25 mg/kg (middle) and 0.00 rng/kg (bottom). Values are 

mean 1 standard deviation. 



Time (min) 
Figure 9. Effect of I.V. administration of furosemide on hernatocrit, expressed 

as change from control, in older lambs (solid circles) and newborn lambs (open 

circles). Three doses of furosemide are displayed: 5.00 mg/kg (top), 0.25 mg/kg 

(middle) and 0.00 mg/kg (bottom). Values are mean 1 standard deviation. 

* indicates significant difference from control (p<O.OS). 



Time (min) 
Figure 10. Effect of I.V. adminisbation of furosemide on plasma renin activity 

(PRA), expressed as change from control, in older lambs (solid circles) and 

newborn lambs (open circles). Three doses of furosernide are displayed: 5.00 

mglkg (top), 0.25 mg/kg (middle) and 0.00 mg/kg (bottom). Values are mean 

1 standard deviation. * indicates significant difference fbom control (p <0.05). 



3.4 DISCUSSION 

The purpose of the present experiments was to determine whether the 

hemodynamic and renin responses to furosemide administration were age 

dependent. Novel findings include: 1) A transient hypertensive phase in 

response to a 5.00 mg/kg dose of furosemide in older, but not newborn lambs; 

2) an increase in heart rate in newborn lambs, but not in older lambs, fdlowing 

administration of a 5.00 rng/kg dose of furosemide; 3) an agedependent renal 

Mood flow response to furosemide: in newborn bmbs, renal Mood flow 

decreased following furosemide, whereas in older bmbs renal Mood flow 

increased; 4) a decrease in central venous pressure in response to furosemide 

(5.00 mgjkg) in both age-groups, and 5) a more pronounced increase in renin 

secretion in newbom lambs when compared to older lambs following a 5.00 

mg/kg dose of furosemide. 

Previous studies by Johnston et al. (1984) reported that mean arterial pressure 

increased by 4 to 10 mmHg in the 10 minutes immediately fdlowing 

administration of furosernide to healthy humans (51). This pressor response to 

fumsemide was abolished upon pretreatment with captopnl, an angiotensin 

converting enzyme inhi bitor, (30) or when furosernidestimulated renin release 

was prevented by salt overload or indomethacin administram (45,51). 



We have previously shown a transient increase in Mood pressure occurs in young 

bmbs and that this is dosedependent (59). In the present study, we observed 

a transient pressor response only in older lambs which is consistent with our 

previous studies (59). This transient pressor response that occurs in older lambs 

is correlated to levels of plasma renin activity and again confirms previous 

observations in conscious lambs frorntmr laboratmy (59). The above stated 

observations suggest that stimulation of the renin-angiotensin system via 

furosemide is responsible for the bansient hypertensive phase, since ANG II is a 

potent pressor agent. 

We proposed in newborn lambs, where the renin response to furosemide is more 

prolonged and pronounced (67), that the pressor response to furosemide would 

be accentuated. The absence of a transient hypertensive phase in the newborn 

lambs following the adminisbation of funxemide was surprising, therefore other 

factors in addition to ANG 11, may be eliciting this presxw response. 

Maturational differences in the responsiveness of the newborn vascubture to 

ANG II cannot be ruled out. As it is known in the newborn lamb, as well as the 

human infant, that the renin-angiotensin system functions at a higher basal level 

than the adult (72), perhaps the vaxuhture is less sensitive to ANG II than in 

the adult due to decreased or downregulation of ATl receptors in the newbom 

vaxubture (39). 



Previously we measured similar natriuretic and diuretic responses to furosemide 

in newborns and dder lambs (67). A 10-fold increase in urinary flow rate and 

sodium excretion was observed within the first 20 minutes of hrrosemide 

administration, representing a rapid decrease in blood volume (67). I n  the 

cumnt study, we did not observe a decrease in mean arterial pressure in either 

agegroup suggesting that arterial baroreceptor compensatory mechanisms 

prevented mean arterial pressure from falling. This theory is supported by the 

work of Petersen and DiBona who have shown in anesthetized rats that 

sinoaortic baroreceptors are essential for maintaining blood pressure after 

hrrosemide administration (50). 

Furosemide caused a transient increase in blood pressure when administered to 

anesthetized dogs (52). Interestingly, the pressor response was blocked by 

pretreatment with the az-adrenergic partial agonist, donidine, implying that the 

blood pressure response to furosemide was sympathetically mediated. Studies in 

congestive heart failure patients have documented an acute vasoconsbkbr 

response to hmsemide that corresponded to increased circulating levels of both 

renin and norepinephrine (53). Hence, there is evidence supporting a rde for 

both the renin-angiotensin system and the sympathetic nervous system in 

contributing to this transient pressor response. 



Matheme et al (1988) has studied the ontogeny of the a-adrenoaptof 

responses in conscious newborn and adult sheep(81). They concluded that al- 

adrenergic responses to phenylephrine, an al-agonist, were similar in newborn 

lambs and adult sheep. In contrast, the a2-adrenergic agonist, guanabenz, had 

a greater vasoconstrictor effect in adult sheep when compared to newborn 

bmbs. These data suggest that the a2-adrenergic responses to sympathetic 

activity are developmentally regulated in sheep, at least in the renal vaxulature. 

It is postulated that, in newborn lambs, the vasoconstrictor response to 

sympathetic activity is impaired at the level of the a2-receptors, which may 

account for the ladc of a transient pressor response to furosemide administration 

in newborn lambs. Further investigation in the systemic vascular bed in newborn 

lambs is warranted to clarify this postulate. 

We have demonstrated an agedependent heart rate response to hmsemide. 

This increase in heart rate in response to furosemide confirms our previous 

observations in three week-old conscious lambs where heart rate increased by 

-30 bpm (68,69). 

In the adult rabbit (17), dog (12) and sheep (16) ANG II attenuates the arterial 

baroreflex inhibition of heart rate. For example, the pressor response to 

systemically administrated ANG 11 is accompanied by no change in heart rate or 



a reduction in heart rate that, for a given increase in pressure, is much smaller 

than other vasoconsbktors, such as phenylephrine (12,13,16,17). This suggests 

the arterial baroreflex control of heart rate has been shifted towards higher 

pressures such that the same heart rate now corresponds to a higher blood 

pressure. It is thought that the mechanism by which ANG I1 diminishes the 

heart rate response to an increase in blood pressure is by inhibition of vagai tone 

b the heart (17). Prior administration of the ~ -bkker ,  propandd, does not 

abolish the effects of ANG I1 effects on the heart, suggesting the resetting is not 

due to an increase in sympathetic tone (17). In the current study, 20 minutes 

after furosemide administration, when the transient hypertensive phase occurs, 

there is no change in heart rate in older animals suggesting that ANG I1 has 

reset the baroreflex towards higher pressures. In the newborn lambs however, 

blood pressure remains unchanged whereas heart rate increases 100 minutes 

after furosemide administration. This is evidence to support the postulate that 

ANG II has reset h e  baroreflex towards higher pressures since the same blood 

pressure now corresponds to a higher heart rate. This will be discussed further 

in Chapter 4 where the arterial baroreflex control of heart rate was directly 

assessed. 

It is well established that furosemide causes an early increase in renal Mood flow 

when administered to the adult as a result of decreased renal vascular resistance 

(48). This is thought to be mediated, at least in pwt, by the vasodilatory 



prostaglandin, WEz (48). The deaease in renal Mood flow &sewed in the 

n e w b  lamb in the present study is in accordance with previous studies in our 

laboratory in 3-week old lambs (69). The mechanisrn(s) governing this response 

were not investigated in the current experiments however, previous studies have 

found that in the conscious bweek old lamb urinary excretion of PGEz was not 

increased after furosemide, contrary with what is seen in the adult (69). It is 

postulated that the absence of an increase in vasodilatory prostaglandins may 

therefore explain the decrease in renal blood flow seen in I-week old lambs. It 

is also possible that the vasoconstrictor effects of ANG II on the renal 

vaxubture predominate in the absence of antagonist vasodilatory 

prostaglandins thus, de~reztsir~g renal blood flow. This warrants additional 

investigation. 

It is well established that furosemide induces an early non-diuretic increase in 

venous capacitance (44). Accumulating evidence in adult humans suggests that 

the acute vascular effects of furosemide are mediated by renin release via the 

kidneys (45). Furosemide stimulated renin release results in ANG I1 formation 

(46), which in turn stimulates the release of ~~Odilatot'S from the kidneys or 

venous vaxubture. This theory is supported by the fact that ANG I1 is known to 

stimulate the production of vasodilatory substances (i.e. PGE2 or PGI2) from 

numerous vaxular beds (30). The formation of vasodilatory substances from 

the kidney or the venous vaxulature could result in an increase in venow 



capacitance, as ANG I? has little venocon~ctor effect (30). Indomethacin blocks 

the venodibtor effect of furosemide in man (43, suggesting that prostaglandins 

are involved. Other studies have been unable to obtain evidence f w  an increase 

in circulating PGI2 in response to furosemide (45). Cdledively, these resub 

demonstrate that the vasodilatory PGE2 stimulated by ANG I1 in the vessel wall 

may be responsibie for the acute venodilator effect observed with furosemide. 

In the present study, CVP decreased in response to hrosemide in both age 

groups. The response was two-fold greater in the older lambs (43%) compared 

to newborn lambs (200!0). Decreases in CVP could result from a decrease in 

blood volume, induced by the renal effects of furosernide (i.e. diuresis) and 

hence, result in a decrease in venous return to the heart. Alternatively, an 

increase in venous capacitance would also decrease venous return to the heart 

and decrease CVP. In newborn lambs, CVP decreased at 60 minutes following 

furosemide administration. The latency of this response is indicative of the 

indirect effects of furosemide to decrease blood volume. I n  the older lambs, CVP 

deaeases 40 minutes after furosernide administration. The earlier onset of CVP 

decrease could imply that an increase in venous capacitance is occurring, lagging 

behind ANG II formation. The synergistic effects of venodilation and Mood 

volume depletion could account for the greater deuease in CVP seen in dder 

lambs, as the diuretk response and thus the degree of blood volume depletion 

was similar in both agegroup. The apparent agedependent inaease in venous 



capacitance could be attributed to urinary excretion of PGE2 remaining 

unchanged in response to furosemide in newbom lambs (69). This theory is 

speculative and was not directly investigated in these experiments. 

Plasma protein increases in both newborn and older lambs in response to 

administration of 0.25 mg/kg and 5.00 mg/kg of furosemide. In newbom lambs, 

plasma protein concentration increased by 1.8Oh and 7.1% respecbvely. These 

findings are supported by previous studies by Bland et al (82) in conscious one 

week-old sheep. This differential increase in protein levels seen in the present 

study cannot be explained by differences in urine output since urine outputs, 

when corrected for body weight, were similar. In newborn lambs, furosemide 

reduces the bansvascular gradient, hastening reabsorption of fluid from the 

intemtial space (82). Therefore, since the exbavaxubr fluid volume is greater 

in the newbom, translocation of fluid into the plasma may offset the blood 

volume depletion induced by furosemide and thus minimise concentration of 

plasma proteins. 

Baseline hematocrit values were agedependent. Newbwn lambs had a resting 

hematarit of 26% whilst the hematocrit of older lambs was 32%. These values 

are in accordance with measurements made by Nuyt et a1 (28) and Bland et a/ 

(82) in conscious brnbs. As we predicted, hematocrit increased in both age 

groups in response to furwemide, suggesting blood volume depletion. 



The present study provides new information that there are age-dependent 

differences in the pressor response as well as renal Mood flow responses to 

furosemide administration. In addition, agedependent differences in the heart 

rate response to furosemide administration were observed, indicating possible 

modulation of the arteriai baroreflex controi of heart rate. The theory that 

furosemide administration alters the arterial baroreflex conW of heart rate in an 

agedependent manner will be further investigated in Chapter 4. 



CHAPTER FOUR 

.f, 

Agodependent Effects of Furosemlde on the Arterial Barnreflex Contrd 

of Heart Raw 

It is well known #at furosemide administration increases circulating levels of 

ANG I1 and AVP in both newborn and adult animals (46,47,60). As mentioned 

previously in Chapter 1, both of these peptide hormones are known to alter the 

barnflex contrd of heart rate (12-14). In fact, these two hormones have 

antagonizing effects on the arteal baroreflex, with ANG II shifting the HR:BP 

relationship toward higher pressures and AVP shifting the HR:BP relationship 

toward lower pressures. In both newborn and older animals, ANG I1 is able to 

modulate the baroreflex conW of heart rate (12,35). Recently, however, it has 

been reported that AVP plays no role in modulating the arterial baroreflex conW 

of heart rate early in life (28). Taken together, it is conceivable that the effects 

of inueased levels of circulating ANG II on the baroreflex in dder lambs, but not 

in newborn lambs, may be minimised by increased circulating levels of AVP; this 

would assist in -ng the baroreflex to a homeostatic l ed .  In contrast, ANG 



I1 may have a more pronounced effect on the baroreflex in newborn bmbs 

where AVP modulation is immature. 

Whether furosemide alters the arterial baroreflex control of heart rate in an age  

dependent fashion will be investigated in the following experiments. 

4.11 Rationale 

Differences in the heart rate response to furosemide in newbom versus older 

lambs, as discussed in Chapter 3, can be correlated to the activation of the renin- 

angiotensin system. The increase in heart rate that occurs without a change in 

blood pressure suggests the arterial baroreflex has been altered (Chapter 3). To 

investigate this possibility requires that the relationship between HR: SBP be 

examined via baroreflex curves generated prior to (control) and following 

furosemide administration to two different age groups of lambs: newbom (one 

week) and older (six-weeks). 



Agedependent findings desaibed in Chapter 3, suggest the aerial barnflex 

control of heart rate is altered with furosernide administration. The objective of 

the present study was to examine the effect of furosemide on the arterial 

baroreflex control of heart rate, focusing on agedependent differences that 

might occur during postnatal maturation. 

4.13 Hypothesis 

1) .... that furosernide alters the arterial baroreflex control of heart rate in an 

agedependent manner in conscious lambs. 



4.2 METHODS 

Two experiments were camed out in each lamb at intervals of 24-48 hours. Two 

agegroups of lambs were studied: older (six week-oId, N=6) and newborn (one 

weekold, N=6). Each experiment consisted of assessments of the arterial 

baroreflex control of heart rate before and after I.V. injection of one of two 

doses of furosemide (Lasix, Sabex, Boucherville, Quebec): 0.00 mgfkg and 5.00 

mglkg. The order of these experiments was randomised. 

4.21 Specific Protocol 

I t  is common practice to assess the barnreflex by increasing or decreasing the 

blood pressure using pressor or depressor agents, respectively (3,17,28,83). In 

order to assess tk baroreflex before and after LV. administration of furosemide, 

the pressor and depreswx agents phenylephrine (10 @kg, Sabex, Boucherville, 

Quebec) and nitraprusside (10 pgjkg, Nipride, Roche, Mississauga, Ontario) were 

administered intravenously over 15 seconds, to increase and decrease the blood 

pressure by approximately 25 rnmHg, respecbgvely. The arterial baroreflex was 

evaluated by measuring changes in systolic blood pressure (SBP) and recording 

concomitant beat-bbeat heart rate responses (HR). 



The arterial baroreflts was tested during baseline measurements (control period) 

and at 30 minute intervals after I.V. administration of furosernide for a maximum 

of 90 minutes. A diagrammatic representation of the protocd timeline is shown 

below. 

Time (minutes) 

0 30 60 90 

CONTROL t EXPERIMENTAL PERIOD 

Furosemide 

Timeline of protocol illustrating baroreflex assessment (*). 

4.22 Computations 

Changes in SBP and HR accuring over ~ 2 - 3  minutes, following injection of 

phenylephrine or sodium nitropnrsside, were used to assess the relationship 

between HR: SBP. The results of the phenylephrine blood pressure increase 

were combined with the results of the sodium nitroprusside blood pressure 

decrease. A stimulus response curve for the HR: SBP relationship was then 

constructed using SBP changes and corresponding heart rates. SBP for the 



complete range of pressures were obtained by taking 10 contrd SBP: HR data 

points prior to the change in SBP and all subsequent points, until a plateau (max 

or min) occurred. One cardiac cycle (i.e. l-beat) was allowed to pass before the 

corresponding HR was taken. All SBP:HR data points were then plotted 

(Sigmaplot ,Version 4.0 Jandel Scientific) and sigmoidal curves were fitted to the 

data according to a four parameter sigrnoidai function using the following 

equation (32): 

Heart rate (HR) = P4+[Pl/(l+exp [PZ(SBP-R)])]. 

Where P1 is the range between the upper and lower plateaux, P2 is the 

coefficient to calculate the gain as a function of pressure, P3 is the SBP at 

midrange of the c u m  where the gain of the relationship is maximum and P4 is 

the kwer plateau. The gain (slope) was calculated from the first derivative of 

the above equation. An illustration of these parameters is shown in Figure 11. 

4.23 StatiSbDcal Analysis 

Statistical analyus of differences in the arterial baroreflex curve parameters 

before (control) and after furwemide were performed using a paired students t- 

Statistical analysis of baseline differences in the arterial baroreflex curve 

parameters in newborn and dder lambs were performed using a nonopaired t- 



test. Differences were considered significant when p<0.05. All results are 

presented mean one standard deviation. 



Maximum HR 

SBP a t  the midpoint 
[P31 Minimum HR 

~ 4 1  

SBP (mmHg) 

Figure 11. Diagrammatic illustration of the arterial barorefiex relationship 

between heart rate (HR) and blood pressure (BP). Physiological parameters of 

gain, SBP at the midpoint, maximum and minimum heart rates are shown. 



4.3 RESULTS 

d31 Age-dependent Comparison of Normal Baroreflex Function 

The arterial baroreflex, in older lambs, operates over higher BP and lower heart 

rate compared with newborn lambs (compare Figure 12 & 15). Interesti0ngly, 

the SBP at the midrange is bwer in older than newborns lambs (Table 2). The 

sensitivity of the arterial baroreflex control of heart rate, as measured by the 

gain, is comparable in newborn and dder lambs Fable 2). As expected the 

maximum and minimum heart rate values were significantly different, however, 

the magnitude of the heart rate range over which the arterial baroreflex 

operated was similar Fable 2). 

4.32 E f f e c t s  of krosemide on the Baroreflex Control of Heart Rate in 

Older Lambs 

In older lambs, a 5.00 mg/kg dose of furosemide resulted in a significant change 

at 30 minutes, in the SBP at the midrange of the baroreflex curve or a shift of 

the baroreflex curve toward higher pressures with the gain m in ing  unchanged 



TABLE 2 Comparison of baseline arterial baroreflex pammeters in 
older and newborn lambs 

*p< 0.05 compared to older lambs. SBP = systolic blood pressure; HR= 
heart rate 

Newbrn 
Lambs 
12W10* 

-1.W1.7* 

6 2 2  

16&10* 

22B7* 

SBP midrange (mmHg) 

Gain (bpmlmmHg) 

HR range (bpm) 

Older 
Lambs 

9%7 

-4.M.1 

SO 17 

Minimum HR (bpm) I 74*7 

Maximum HR (bpm) 1 2 M 2  



TABLE 3 Effects of 5 mgkg IV furosemide oo parameters describing 
tbc arterial baroreflex in older lambs 

* p< 0.05 compared to Control. SBP= systolic blood pressure; HR= heart 
rate. 

SBP midrange (mmHg) 

Gain (bpdmmHg) 

BR range (bpm) 

Minimum HR (bpm) 

Maximum HR (bpm) 

CONTROL 

9B7 

-4.W.1 

SW17 

7&7 

1 2 M 2  

30min 

12W17* 

-4.eL7.8 

3 M 2 *  

8%29* 

121t37 

60mh 

98 *7 

-2.W.8* 

3 s 1 2  

7 a 1 2  

10&12* 

7 

90 lain 

?01*7 

-3.M.l* 
4 

41*17+ 

6%12 

11(#12* 



(Fgure 12). The HR: SBP relationship is returning to control by 90 minutes 

(Figure 13 & 14). 

Table 3 displays the effects of furosernide on parameters describing the arterial 

baroreflex in dder lambs. In older lambs, a 5.00 mg/kg dose of furosemide 

shifted the SBP at the midrange of the baroreflex curve 30 minutes after 

furosemide administtation. This shift was transient as the SBP at the midrange 

of the baroreflex returned to control by 60 minutes (Table 3). Concurrent with 

the shift of SBP at the midrange was a decrease in the heart rate range and a 

inaease in the minimum heart rate. The gain (sensitivity) of the baroreflex and 

the maximum heart rate were decreased at 60 and 90 minutes after furosernide 

administration. 
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Figure 12. Relationship between heart rate (HR) and systolic blood pressure 

(SBP) in older lambs before (control) and 30 min after furosemide administration 

(5.00 mg/kg). Raw data from six conscious lambs (top). Averaged data using a 

four-parameter logistic sigmodial function (Sigma plot) (bottom). 
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Figure 13. Relationship between heart rate (HR) and systolic blood pressure 

(SBP) in older lambs before (control) and 60 min after furosemide administration 

(5.00 mglkg). Raw data from six conscious lambs (top). Averaged data using a 

four-pa rameter logistic sig modial function (Sigma plot) (bottom). 
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Figure 14. Rela tionship between heart rate (HR) and systolic blood pressure 

(SBP) in older lambs before (control) and 90 min after furosemide administration 

(5.00 rnglkg). Raw data from six conscious lambs (top). Averaged data using a 

four-parameter logistic sig modial function (Sigma plot) (bottom). 



4.33 E t k c b  of Fumsemide on the Baroreflex Control of Heart Rate in 

Newborn Lambs 

Figure 15 shows the effect of a 5.00 mg/kg dose of furosemide on the arterial 

baroreflex control of heart rate in newborn bmbs at 30 minutes post 

adminisbation. In newborn lambs, furosernide administration increased the gain 

(sensitivity) and shifted the SBP at the midrange of the arterial baroreflex curve 

Fable 4). These effects were sustained for the duration of the experiment. 

There also was a significant increase in the heart rate range at 30, 60, 90 

minutes after furosemide administration @<O.OS)(Figure 16 & 17). The minimum 

heart rate was decreased 30, 60 and 90 minutes after furosemide while the 

maximum heart rate increased 60-90 minutes after furosemide (p<O.OS) (Figure 

16 & 17). 

The baroreflex curves generated in both agegroups for the vehicle dose (0.00 

mg/kg) were superimposible. Hence, there were no significant changes in the 

parameters describing the arterial baroreflex cutves at any of the time points 

(p<0.05). 



TABLE 4 Effects of 5 mg/kg of furosemide on parameters describing 
the arterial baroreflex in newborn Iambs 

*P< 0.05 compared with Control. 

SBP midrange (mmHg) 

Gain (bpm/mmHg) 

HR range (bpm) 

Minimum HR (bpm) 

Maximum HR (bpm) 

Control 

12Qt10 

1 7  

6%2 

1 6 M 0  

22 W 

90 min 
I 

1 2 M *  . 

-7.&3.4* 

13&29* 

10&27* 

23&27* 

30 min 

114S1 

-7.7G.9* 

7&20* 

143*17* 

221*17 

60 min 

133115* 

-12.S8.7* 

141*66* 

13&1S2 

274&37* 
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Figure 15. Relationship between heart rate (HR) and systolic blood pressure 

(SBP) in newborn lambs before (control) and 30 min after furosemide 

administration (5.00 mg/kg). Raw data from six conscious lambs (top). 

Averaged data using a four-parameter logistic sigmodial function (Sigma plot) 

(bottom). 
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Figure 16. Relationship between heart rate (HR) and systolic blood pressure 

(SBP) in newborn lambs before (control) and 60 min after furosemide 

administration (5.00 mg/kg). Raw data from six conscious lambs (top). 

Averaged data using a four-parameter logistic sigmodial function (Sigmaplot) 

(bottom). 
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Figure 17. Relationship between heart rate (HR) and systolic blood pressure 

(SBP) in newborn lambs before (control) and 90 min after furosernide 

administration (5.00 mg/kg). Raw data from six conscious lambs (top). 

Averaged data using a four-parameter logistic sigmodial function (Sigmaplot) 

(bottom). 



4.4 DISCUSSION 

In the cumnt study, we evaluated the arterial barnflex control of heart rate at 

two stages of maturation (one and six weeks). In addition, we measured the 

effects of furosemide on the arterial baroreflex control of heart rate during 

postnatal maturation. 

The major findings are: I) A resetting of the baroreflex curve occurred with 

postnatal age which followed the normal decrease in heart rate concomitant with 

maturation 2) The sensitivity (gain) of the efferent limb of the baroreflex conbol 

of heart rate was comparable in both agegroups as was the range over which 

the arterial baroreflex operated. Maximum and minimum heart rates were 

however, altered with age. 3) The arterial barnreflex control of heart rate was 

altered in response to furosemide administration and 4) An agedependent 

effect of furosemide on the arterial baroreflex control of heart rate was obsewed 

Based on the above findings we accept our hypothesis that f'urosernide alters the 

arterial baroreflex control of heart rate in an agedependent manner. 

Agedependent comparison of older and newborn lambs has revealed that the 

arterial b a m M  control of heart rate resets as maturation proceeds. This 

resetting towards a lower heart rate followed the normal rise in Mood presurre 



concomitant with maturation (32,59). The mechanisms that account for this 

dewlopmental resetting of the arterial baroreflex were not investigated in these 

experiments. A possible mechanism, however, may involve the high levels of 

circulating ANG II in the newborn period (72), which could shift the baroreflex 

towards higher pressures. Adminisbation of the ATl receptor antagonist, 

losartan, shifted the baroreflex to lower pressures (84), suggesting that early in 

life, ANG II exerts a tonk effect on the baroreflex control of heart rate. The 

maturation of AVP's modulation of the arterial baroreflex could also aid in 

developmental resetting in the postnatal period, offsetting ANG It effects. These 

postulates are speculative and require further investigation. 

The current studies have found that the SBP at the midrange of the baroreflex 

curve is decreased in older compared to newborns lambs. In fad, older lambs 

have a resting SBP of 102*15 mmHg, which is above the SBP at the midrange 

(92*3 mmHg). Surprisingly, newborns have a resting SBP of 106*12 mmHg, 

which is below the SBP at the midrange (120k4 mmHg). These agedependent 

differences can be interpreted to suggest that the older lamb is better able to 

compensate for decreases in blood pressure whilst the newborn lamb is better 

able to compensate far increases in blood pressure. The physiological relevance 

of this phenomenon is unknown at present. 



In the present experiments, the sensitivity (gain) of the efferent limb of the 

baroreflex control of heart rate was not different with postnatal age however, a 

trend for an increase in gain with development was obse~ed. These findings 

are in a g m e n t  with Segar et al (1997) who demonstrated that the sensitivity 

of the heart rate response to perturbations in SSP is similar in newborn lambs 

and 4 to 6 week-old bmbs (84). Numerous studies have reported a decrease in 

heart rate response to changes in blood pressure in newborn bmbs (31,32), 

suggesting the arterial baroreflex sensitivity increases with maturation. However, 

other investigators have found arterial baroreflex is greater in the newborn 

period and decreases with age (85). 

The reasons for disagreement among previous studies and the current study in 

the reported maturational changes in sensitivity of the baroreflex control of heart 

rate was not examined but, several differences are apparent. Our studies 

constructed complete sigmoidal arterial baroreflex heart rate responses in 

conscious animals using bolus doses of phenylephrine and nitroprusside to 

inaease and decrease the Mood pressure, respectively. Others have only 

evaluated the baroreflex by increasing blood pressure using phenylephrine or 

aortic balloon inflations (31,85) and have applied linear regression to obtain the 

slope or sensitivity measurement of the cunre. 



In M e r  lambs, administration of a 5.00 mg/kg dose of furosemide was 

associated with a shift in the relationship between HR: SBP towards higher 

pressures, as indicated by an increase in the SBP at  the midrange of the curve 

and a delayed decrease in the gain. These results are not surprising since 

administration of a 5.00 mg/kg dose of furosernide results in a peak pressor 

response a t  30 minutes (Chapter 3). This occun whilst heart rate remains at 

conbd levels, suggesting that the arterial barnreflex has been reset towards 

higher pressures. It is well known that this transient hypertensive phase is 

correlated to increases in circulating ANG I1 levels (45,59). The current data 

support this finding, with PRA significantly elevated 30 minutes af'ter fumsemide 

administration (Chapter 3). This is evidence to suggest that ANG I1 may be 

playing a role to reset the arterial barnreflex control of heart rate following 

fumsemide administration. 

There is a discrepancy in the literature regarding the effects of ANG II on the 

arterial baroreflex gain. Studies in conscious dogs (86) and rabbits (17) have 

found that ANG Il resets the arterial baroreflex control of heart rate without 

altering its sensitivity or gain. The current studies suggest that the gain is altered 

with furosemkle administration to older lambs thrwgh the effect of ANG I1 on 

the arterial baroreflex. This theory is supported by the studies of Lee and 

Lumbers (1981) who reported a decrease in the ae r i a l  baroreflex gain in 

conscious adult sheep in response to angiotensin II administration (87). The 



premise that furosemide alters the arterial baroreflex gain in six-week old lambs 

via an i n m s e  in ANG I1 levels requires further investigation. 

Furosemide is known to stimulate renin production in conxioc1s lambs within 5 

minutes (59). Furosemide also stimulates AVP release within 35 minutes, with 

the levels further increased after 65 minutes (60). The Fact that AVP shifts the 

arterial barnflex contrd of heart rate toward lower pressures complicates the 

interpretation of the current findings. It  has been shown that AVP increases the 

gain of the arterial baroreflex in the conscious rabbits (29) and baboons (88). 

Studies by Nuyt et al (1996) have shown that administration of AVP does not 

alter the baroreflex gain, at least in artificially ventilated, paralyzed adult sheep 

(28). Thus, it is postulated that, in older lambs, ANG I1 modulates the arterial 

baroreflex conbd of heart rate at 30 minutes but after 60 minutes AVP levels 

increase and aid in restoring the baroreflex to basal levels. It is unknown 

whether ANG II and/or AVP are responsible for the change in gain elicited by 

furosemide. Future studies involving pretreatment with AT1 or V1 receptor 

antagonists prior to furosemide ad rninistra tion could help elucidate the 

mechanisms underlying this phenomenon. In the Mure, it would ako be of 

interest to conduct simibr studies in edematous animals to determine if the 

arterial baroreflex control of heart rate is altered in a diseased state. 



In newborn lambs, furosemide inaeases the maximum heart rate and decreases 

the minimum heart rate. The arterial baroreflex gain is imased whilst the SBP 

at the midrange is altered. These effects are in contrast to what is observed in 

dder bmbs, where the gain and maximum heart rate are decreased and SBP at 

the midpoint is only transiently changed. To date, there is a paucity of 

information regarding hormonal modulation of the baroreflex in the conscious 

newborn animal. Studies by Segar et al (1997) examined the effect of removal 

of ANG II by systemic administration of the ATl receptor antagonist, losartan, to 

one weekokl paralyzed and artificially ventilated lambs. They reported a shift of 

the baroreflex towards lower pressures with an increase in the gain (35). These 

studies suggest that ANG II acts to reset the barorefla towards higher 

pressures, via ATl receptors, in keeping with ANG II's effect on the barorellex in 

the adult. These findings are in accordance with furosemide's effects on the 

baroreflex in older lambs (i.e. an increase of the SBP at midrange and a decrease 

in gain). 

In other studies by the same laboratory, Intra-cerebral ventride (I.C.V. lateral 

ventrkle) administration of bsartan to 1-week-old lambs shifted the baroreflex 

towards lower pressures with no change in gain but a decrease in the maximum 

heart rate. These studies provide evidence to suggest that central ANG I1 can 

reset the arterial baroreflex control of heart rate with a concomitant increase in 

heart rate mmgmum. This phenomenon occurs in newbom, but not dder bmbs, 



in response to furosernide administration suggesting possible maturational 

differences of ANG I1 modulation of the baroreflex occumng at the level of the 

CNS. This postulate is further supported by evidence that I.C.V. (fourth 

ventrkle) administration of losartan resets the arterial baroreflex control of heart 

rate in 4-8 week old bmbs but not in 1-week old lambs. lhese data suggest that 

in newbom bmbs ANG IX is acting at cenbai sites above the brain stem. This 

developmentally regulated response may be related to maturational changes in 

AT1 receptor distribution or function. The exact mechanisrn(s) governing the 

interesting age-dependent baroreflex responses to furosemide have yet to be 

elucidated. 

Baroreflex resetting induced by furosemide in newbom lambs is more 

pronounced and prdonged. The reason for this is unclear. Age-dependent 

differences in baroreflex modulation observed with furosemide could be 

attributed to maturational changes in other factors, in addition to ANG II. Far 

example, furosemide stimulates AVP release in both newbom and adult animals 

(46,47,60). Nuyt et al (1997), recently reported that AVP plays no apparent rde 

in modulating the baroreflex control of heart rate following I.V. infusion of AVP 

to sedated, paralyzed, and artificially ventilated newbom bmbs (28). Thus, it is 

possible that the absence of AVVs modulation on the arterial baroreflex could 

accentuate ANG il's effects on the arterial baroreflex in the newborn lamb. This 

may account for the agedependent alteration of the arterial baroreflex in 



response to furosemide such that in newborn lambs, the alteration of the 

barnflex control of heart rate is more pronounced and prolonged compared b 

older lambs. 

The notion that furosemide could be stimulating other neuromodufators of the 

arterbl baroreflex c a m t  be nried out. It must be stated that furosemide 

administration indirectly induces other hormonal substances to be rdeased in 

addition to ANG 11 and AVP. For example, ANG XI is known to stimulate 

vasodilators such as nitric oxide. At this time, the effects of these substances on 

the arterial baroreflex are not well known (89), this is especially true in the 

newborn animal. Unpublished observations (Sener and Smith) have observed 

that administration of L-NAME, a blocker of nitric oxide synthesis, resets the 

arterial baroreflex control of heart rate towards lower pressures in newborn but 

not older lambs. This maturational effect of nitric oxide on the baroreflex could, 

in concert with ANG 11, enhance the arterial baroreflex resetting observed with 

furosemide. The possibility that furosemide's effects on the baroreflex are due to 

other factors, in addition to ANG I1 or AVP, requires further investigation. 



5.0 CONCLUSIONS 

The data obtained from the present experiments are among the first definitive 

dexriptlons of the arterial barnflex control of heart rate in conscious animals 

during postnatal maturation. 

This study also provides the first measurement of arterial baroreflex responses to 

furosemide administration. These data illustrate that furosemide alters the 

arterial baroreflex control of heart rate and that these alterations are 

developmentally regulated. Furthermore, the present experiments provide new 

information that blood pressure, heart rate and renal blood flow responses to 

furosemide are altered during ontogeny. 

We condude that there are definite agedependent changes in the 

hernodynamic and endwine responses to furosemide, which may be comlated 

to the maturation of neuromodulating systems. We therefore accept our first 

hypothesis that furosemide alters the hernodynamic and renin responses to 

furosemide in an agedependent fashion. Moreover, we accept our second 

hypothesis and condude that furosemide alters the baroreflex control of heart 

rate during postnatal maturation in conscious lambs. 
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