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ABSTRACT 
This thesis describes experiments investigating the influence of the brain on cardiovascular 
adaptations to haemorrhage and excess sodium in conscious chronically prepared sheep. A 
continuous reduction in blood volume eventually activates a reflex that causes a fall in vas-
cular resistance and heart rate and thereby also in arterial blood pressure. The mechanisms 
behind this reaction, usually referred to as the decompensatory phase, are not known in detail 
but it is likely to be neurally mediated. Elevated body fluid NaCl, on the other hand, in-
creases blood pressure. This is mainly achieved by enlarging the plasma volume. However, 
a putative cerebral action of increased sodium concentration may also contribute to the 
pressor response. Infusion of hypertonic NaCl solutions is widely acclaimed as an efficient 
way of restoring haemorrhagic hypotension but investigations concerning the role of the 
brain in mediating this effect have been largely neglected.    

Intracerebroventricular infusion of the unspecific opioid antagonist naloxone prior to 
haemorrhage significantly postponed blood loss induced hypotension, whereas the unspe-
cific opioid agonist morphine had the opposite effect. Further studies revealed that activa-
tion of κ- and δ-opioid receptors, but not μ-opioid receptors adjacent to the ventricular 
compartment, contributed to initiate haemorrhagic hypotension and bradycardia. How-
ever, blockade of these receptors delayed, but could not totally prevent the decompensa-
tory phase. 

Isoflurane anaesthesia abolished the cerebral effects of hypertonic NaCl on the circulation. 
As the improvement in cardiovascular function was impaired, it appears that there is a 
cerebral component crucial for the full effect of hypertonic NaCl resuscitation. This hy-
pothesis was investigated in a separate study of haemorrhage, where it was shown that in-
creased periventricular sodium concentration and cerebral angiotensin II receptors type 1 
(AT1)-receptors contribute, together with plasma volume expansion, to improve systemic 
haemodynamics after intravenous treatment with hypertonic NaCl. Thus, resuscitation 
with hypertonic NaCl after haemorrhage partly depends on brain mechanisms. 

Using a newly developed technique for intracerebral injections in conscious chronically 
prepared sheep it was also demonstrated that reversible inhibition of the neurotransmis-
sion within the paraventricular nucleus of the hypothalamus with lidocaine had no appar-
ent effect per se but effectively abolished the increase in arterial blood pressure, central ve-
nous pressure and glomerular filtration rate as well as the decrease in plasma angiotensin II 
levels seen in responses to elevated cerebrospinal fluid sodium concentration. These re-
sults indicate an influence of this brain structure on the non-volume dependent cardiovas-
cular adaptations to hypertonicity.  
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INTRODUCTION 

The cardiovascular system as we know it was first described by the English physician Wil-
liam Harvey in his book ”Exercitatio Anatomica de Motu Cordis et Sanguinis in Animalibus“ (On 
the Motion of the Heart and Blood in Animals) published 1628. Harvey was first to dem-
onstrate that blood follows a circular pathway consisting of veins and arteries, propelled by 
intermittent contractions of the heart (Harvey 1628). We now know that the main function 
of the cardiovascular system is convective transport of nutrients, gases, cells, hormones 
and waste products. Its importance is illustrated by the deleterious effects on cell and or-
gan function caused by only brief impairment of blood flow.  

When the blood has left the heart it is driven forward mainly by a pressure gradient, in the 
systemic circulation the arterial blood pressure. A constant pressure allows the cardiac out-
put to be distributed in variable fractions to different capillary beds by changes in regional 
vascular resistance. Perpetual regulation of blood flow and blood pressure is essential to 
avoid a mismatch between provided and required tissue perfusion. Since the days of Wil-
liam Harvey many questions regarding these fundamental physiological processes have 
been revealed, but the conceptual understanding of the regulatory mechanisms and the 
knowledge to accurately control them in times of disease is still unsatisfactory. 

The brain is the chief regulator of the circulation and constantly adjusts blood pressure, 
heart function and blood flow to different organs based on our emotions, the surrounding 
environment, our behaviour and level of activity. In most cases the adaptations elicited 
from the brain is beneficial. However, in conditions such as hypertension and heart failure 
the brain may instead be a culprit, participating in the development and progress of dis-
ease. In other situations, as for example during haemorrhage and in the treatment of 
shock, the implication of cerebral mechanisms has not been fully demonstrated.  

This thesis describes integrative in vivo studies investigating cerebral influences on the con-
trol of the cardiovascular system. Focus is set on the underlying central mechanisms re-
sponsible for circulatory adaptations to blood loss and changes in body sodium content.  
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A. Darcy’s law of flow 
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Figure 1. The relation between flow ( Q ), 
pressure difference over a tube (P1 − P2) 
and resistance (R). In A described as 
Darcy’s law. In B as Poiseuille’s law with 
added properties for determination of resis-
tance of a Newtonian fluid with a viscosity 
η along a cylindrical tube with a radius r and 
a length L. C illustrates the same assumed 
relation between cardiac output (CO), the 
difference between mean arterial blood 
pressure (MAP) and central venous blood 
pressure and total peripheral resistance 
(TPR). CO is dependent on heart rate (HR) 
and stroke volume (SV). 

 

BACKGROUND 

DETERMINANTS OF BLOOD FLOW 

Changes in haemodynamics are a major outcome evaluated in the experiments in 
this thesis. The “dynamics of the blood” is best described by the relation between 
blood flow, blood pressure and vascular resistance. Combining Darcy’s law of flow 
(Fig. 1A), the hydraulic equivalent to Ohm’s law of electricity, with Poiseuille’s stud-
ies on resistance, an expression known as Poiseuille’s law is formed, describing the 
determinants of flow in a vessel (Fig. 1B). Although not applicable in all situations, 
Poiseuille’s law indicates that blood flow is inversely proportional to resistance and 
linearly proportional to the decrease in pressure across a vessel. The relation be-
tween flow, pressure and resistance can be used to describe the haemodynamics in a 
single blood vessel or for the whole systemic circulation (Fig. 1C). As indicated, re-
sistance, and thereby also blood flow and blood pressure, are very sensitive to 
changes in vessel radius. By narrowing the lumen of arterioles and small arteries via 
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smooth muscle contraction in the vessel wall, downstream blood flow is decreased. 
In addition, total peripheral resistance is increased. Thus, variations in vascular 
smooth muscle tone affect both local tissue blood flow and arterial blood pressure. 
Accordingly, it is precisely regulated as is the other main determinant of blood flow, 
cardiac output. 

In vascular smooth muscle cells (VSMC) and in cardiac myocytes the tonus and the 
contractile force, respectively, are mediated primarily by changes in cytoplasmic Ca2+ 
([Ca2+]i). Physiologically, an increase in [Ca2+]i usually occur in response to circulating 
or locally released hormones or neurotransmitters that bind to cell surface receptors. 
Binding is then transduced, via different intracellular signalling pathways, into an in-
crease in the inward current of Ca2+ across the plasma membrane and/or release of 
intracellular Ca2+ stores. An increase in [Ca2+]i leads to the activation of myosin light 

chain kinase and myosin phosphorylation and ultimately produces contraction. The 
heart rate is accelerated by similar extracellular signalling molecules, leading to a 
steeper rise in potential in cardiac pacemaker cells, due to increased influx of Na+ 
and Ca2+, and a shortened cardiac cycle. 

MAP is an important haemodynamic factor as it provides a continuous driving force 
for blood in the systemic circulation. Considering Darcy’s law (Fig. 1C), MAP is 
chiefly a function of CO and TPR. CVP is usually neglected as it is, in the physio-
logical setting, close to atmospheric pressure. Usually, MAP is held more or less 
constant by rapid reflex adaptations and regional blood flow is altered by changes in 
cardiac output and regional vascular tone. 

Below follows a brief outline of the elements mainly responsible for regulating re-
gional and systemic blood flow by targeting one or several variables in Poiseuille’s 
law. Far from all mechanisms have been studied in the current experiments but con-
sidering the integrative approach of this thesis, all are likely to have had a more or 
less powerful influence on the outcome parameters.         

LOCAL CONTROL OF BLOOD FLOW 

Regional blood flow is affected by mechanisms elicited and effective within the same 
area. These comprise the myogenic response, locally released vasoactive agents and 
changes in metabolic activity. As the name imply, the local control acts mainly on 
behalf of the requisites of the adjacent tissue with little or no concern about the state 
of the whole organism. 
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The myogenic response 

Due to inherent properties of vascular smooth muscle, blood vessels respond to an 
increase in transmural pressure by constriction and to a decrease in pressure with 
dilation. First described by Bayliss (1902), Folkow subsequently demonstrated that 
this response helps to autoregulate blood flow (Folkow 1952) with the objective to 
maintain a constant filtration pressure and capillary recruitment. Being most pro-
nounced in arterioles, the mechanism for the myogenic response is currently consid-
ered to be a stretch induced depolarisation of VSMC inducing an increase in [Ca2+]i 
via voltage-gated Ca2+-channels when the intravascular pressure is elevated, and an 
opposite response when pressure is reduced (Davis & Hill 1999).  

Vasoactive agents 

There are a number of autacoids that are vasoactive. Perhaps most important for the 
physiological regulation of regional blood flow are products of the endothelium. Ni-
tric oxide (NO) is a potent vasodilator that exerts its effect by combining with the 
haem group in guanalyl cyclase to promote the formation of cGMP (Rapoport et al. 
1989). Increased cGMP leads to a reduction of intracellular Ca2+-levels in the VSMC 
causing vasodilation (Lincoln 1989). The tonic influence of NO is illustrated by the 
reduction in forearm blood flow by inhibition of nitric oxide production (Vallance et 
al. 1989). NO release is mainly stimulated by streaming blood exerting shear stress 
on the endothelium. Counteracting the effects of NO is the endothelium-derived 
peptide endothelin. By acting on ETA-receptors it produces a powerful and persis-
tent vasoconstriction that is partly tonic in nature. However, the vasoconstrictive 
properties of endothelin appear of greater significance in pathological states such as 
pulmonary hypertension (Yoshibayashi et al. 1991), heart failure (Cody et al. 1992) or 
sepsis (Morel et al. 1989). 

Metabolic control 

In many capillary beds, most pronounced in skeletal muscle, the heart and the brain, 
there is a close positive correlation between metabolic rate and arteriole radius. Like 
the myogenic response, metabolic regulation of blood flow is purely local. The me-
diators are predominantly local changes in interstitial levels of PO2, PCO2 and pH. It 
was demonstrated already in the 19th century that elevated PCO2 and [H+] and de-
creased PO2 causes vasodilation (Gaskell 1880). The mechanisms are multiple but all 
lead to a reduction in cytosolic [Ca2+] in VSMC (Wray & Smith 2004, Wolin et al. 
2005). In addition, typical local products of a blood flow insufficient for the meta-
bolic need, such as adenosine, ADP, lactic acid and K+, also causes vasodilation. A 
notable exception is the pulmonary circulation, where the vessel reaction to PO2 and 
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PCO2 is the opposite of the systemic circulation in order to accurately match perfu-
sion with ventilation. 

HUMORAL CONTROL OF BLOOD FLOW 

Endocrine secretion of several hormones has both an acute effect on regional blood 
flow and systemic circulatory function as well as a more long-term regulatory role in 
cardiovascular function via regulation of extracellular fluid volume. Inhibition of the 
actions of these hormones is often a therapeutic target in cardiovascular disease.  

Adrenaline and noradrenaline 

The catecholamines adrenaline and noradrenaline are classical stress hormones first 
described by Cybulski (1895) and von Euler (1946), respectively. Both are produced 
by chromaffin cells in the adrenal medulla and are released in response to sympa-
thetic stimulation. Approximately ¾ of the secretion is adrenaline and ¼ is 
noradrenaline in adult humans. However, the plasma levels of noradrenaline are 
usually higher than those of adrenaline. This is due to spillover into the blood from 
postganglionic sympathetic terminals where noradrenaline is the main neurotrans-
mitter. The catecholamines exert their effects by acting on adrenergic α- or β-
receptors on target cells (Ahlquist 1948). These G-protein-coupled membrane-
bound receptor families have been cloned and nine different receptor subtypes iden-
tified (Foord et al. 2005). The cardiovascular response to adrenaline and noradrena-
line depends on the local concentration of the hormones, the receptor types acti-
vated and the underlying second messenger system. Noradrenaline acts chiefly as a 
neurotransmitter. Both hormones generally increase CO via stimulation of β1-
receptors in the heart and cause vasoconstriction by acting on α1-receptors on 
VSMC. However, in tissues where β2-receptors dominate on VSM, such as the liver, 
skeletal muscle and the myocardium, adrenaline release results in vasodilation. 

The renin-angiotensin system   

The renin-angiotensin system (RAS) is a peptidergic system with great implication 
for cardiovascular and body fluid homeostasis. Increased activity promotes acute 
elevation in arterial blood pressure at the cost of reduced peripheral blood flow. 

This large field of research was founded when Tigerstedt and Bergman first discov-
ered renin (Tigerstedt & Bergman 1898). They described a substance in renal cortex 
extract from rabbit that caused a pressor response when injected intravenously. 
Their finding was, however, largely neglected, until Goldblatt concluded that clamp-
ing of the renal artery increased blood pressure via plasma elevation of renin 
(Goldblatt et al. 1934). ANG II was fully sequenced more than twenty years later 
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(Skeggs et al. 1956) but its functional role had been described previously (Braun-
Menendez et al. 1940). 

The liver produces the substrate angiotensinogen and from modified smooth muscle 
cells in renal afferent arterioles of the kidney comes the enzyme renin. After being 
released in the circulation, renin cleaves the α2-glycoprotein angiotensinogen into a 
decapeptide; angiotensin I (ANG I). The dipeptidyl carboxypeptidase angiotensin 
converting enzyme (ACE) further cleaves ANG I to the octapeptide ANG II. ANG 
II is considered to be the final effector of the system but alternative cleavage prod-
ucts of ANG I, such as ANG (1-7) and peptides created by further degradation of 
ANG II (ANG 2-8 and ANG 3-8) have also been shown to be biologically active. 
The effect of ANG (1-7) mostly counteracts the cardiovascular actions of ANG II 
(Benter et al. 1995, Iyer et al. 1998) while ANG 2-8 (Vaughan, Jr. & Peach 1974) and 
ANG 3-8 (Wright et al. 1995) have similar effects as ANG II.  

Figure 2. An overview of the general stimuli for renin release, formation of angiotensin II (ANG 
II) via angiotensin I (ANG I) and the effects of ANG II. Haemorrhage stimulates renin release via 
all three mechanisms. Increased cerebrospinal fluid [Na+] reduces renal sympathetic nerve ac-
tivity (renal SNA) in sheep, while it may increase tubular flow and stimulate renal baroreceptors 
via increased arterial blood pressure. ANG II acts on the brain via parts of the brain that lack a 
functional blood-brain-barrier, circumventricular organs (CVOs). ACE, angiotensin converting 
enzyme. 

ANG I ANG II

ANG (1-7)

ANG (2-8)

ANG (3-8)Renin

ACE

Stimuli for renin 
release:

•↑ Renal SNA 

•↓ Tubular flow 

•Renal baroreceptor 
unloading

•Vasoconstriction

Via CVOs:

• ↑ SNA
• Vasopressin 
release

• ↑ Heart rate
• ↑ Contractility

•Salt retention
•Vasoconstriction

•Aldosterone 
release
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Systemically acting renin is produced mainly by juxtaglomerular cells in the renal cor-
tex and stored in granules in the cytoplasm. It is released from these juxtaglomerular 
granular cells in response to renal sympathetic stimulation (DiBona & Kopp 1997), 
unloading of renal vascular baroreceptors (Welch 2000) and to reduced tubular flow 
in the nephron. The latter is mediated by an intricate sensing mechanism in the mac-
ula densa cells of the distal tubule, consisting of an apical Na+-K+-2Cl- co-
transporter that detects changes in tubular sodium composition (Lapointe et al. 
1998). A decrease in flow is sensed as a diminished sodium delivery to the distal 
nephron and modulates the paracrine signalling to induce a release of renin 
(Komlosi et al. 2004). Hence, many of the conditions studied in this thesis such as 
hypotension, hypovolaemia and hypertonicity entail potent effects on renin release.  

There are three receptor subtypes characterized for the angiotensin peptides: AT1, 
AT2 and AT4 (Swanson et al. 1992, Unger et al. 1996, Stroth & Unger 1999). Most of 
the cardiovascular actions of ANG II arise from activation of the angiotensin II type 
1 (AT1) receptor. The AT1-receptor is a G-protein coupled receptor with seven 
transmembrane helices located on cells in most tissues. Systemically circulating 
ANG II contributes little to blood pressure in normotensive subjects (MacGregor et 
al. 1983, Goldberg et al. 1993, Israel et al. 2007), but following a haemorrhage 
(Korner et al. 1990, Schadt & Gaddis 1990), in cardiac failure (Crozier et al. 1995) or 
during stress (Israel et al. 2007) activation of peripheral AT1-receptors is a major con-
tributor to the arterial blood pressure in several ways. Increased intracellular Ca2+ in 
VSMC causes a prominent and long-lasting vasoconstriction of veins and arterioles. 
This effect is regionally differentiated in that the renal circulation constricts more in 
comparison to other vascular beds, but also the splanchnic and cutaneous blood 
vessels appear particularly sensitive to ANG II (Forsyth et al. 1971). Furthermore, 
ANG II stimulates the production and the release of aldosterone from the adrenal 
zona glomerulosa (Laragh et al. 1960) which, together with ANG II, promotes renal 
salt retention (Earley et al. 1966). It is also described that ANG II increases cardiac 
contractility (Kobayashi et al. 1978, Li et al. 1996) and heart rate (Andersson et al. 
1987), but in humans these effects are inferior to those of the catecholamines 
(Brodde et al. 1992) and the augmented contractility may be limited to the atria 
(Holubarsch et al. 1993). Recently, a receptor encoded by the Mas proto-oncogene 
has been suggested to mediate the counterbalancing effects of ANG (1-7) (Santos et 
al. 2003). 
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A major component of the cardiovascular and renal effects of RAS is the interaction 
with the sympathetic nervous system. ANG II has a facilitatory effect on nor-
adrenaline release from adrenergic nerve terminals (Liu & Cogan 1988) achieved via 
increased catecholamine synthesis and release, stimulation of sympathetic ganglionic 
cells and inhibition of post-junctional reuptake (Dendorfer et al. 1998). Furthermore, 
exogenously administered ANG II stimulates the release of catecholamines from the 
adrenal medulla (Peach et al. 1966). High circulating levels of ANG II are able to 
stimulate SNA and attenuate baroreceptor function due to actions on the brain 
(DiBona 2001, McMullan et al. 2007). Since ANG II does not readily cross the 
blood-brain-barrier these effects are probably exerted via the circumventricular or-
gans (see “Cerebral influences on the circulation”) (Liu et al. 1999). As discussed in 
more detail later, cerebral ANG II regulates sympathetic nerve activity through ac-
tions on CNS circuitries comprising presympathetic neurons and interacts with the 
baroreceptor reflex, thereby indirectly affecting systemic as well as regional haemo-
dynamics.  

In addition to the endocrine RAS there are also local variants of RAS, in the sense 
that there is extensive tissue-based synthesis of ANG II. Products of the locally act-
ing systems contribute to cardiovascular function mainly via autocrine and paracrine 
effects in the heart and the vasculature (Paul et al. 2006) and also in the brain (see 
“Cerebral influences on the circulation”). Similarly as circulating ANG II, tissue spe-
cific ANG II increase cardiac inotropy (Hoffmann et al. 2001) and may contribute to 
vasoconstriction via local formation (Hilgers et al. 2001). It has also been reported 
that activation of AT2-receptors may exert counter regulatory effects in the vascula-
ture, causing vasodilation (Siragy & Carey 2001). It appears though, that the most 
significant cardiovascular implication of local RAS in the heart and the vasculature is 
the influence on long-term tissue remodelling (Geisterfer et al. 1988, Schelling et al. 

Table 1.    

Angiotensin receptor Main endogenous agonist Antagonist 

AT1 ANG II, ANG (2-8) Losartan, Saralasin 

AT2 ANG II PD123127, Saralasin  

AT4 ANG (2-8), ANG (3-8) Divalinal 

Mas ANG (1-7) A-779 

Angiotensin receptors, their main agonists and examples of antagonists (Santos et al. 2003, Hau-
lica et al. 2005). 
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1991, Gibbons et al. 1992). The experiments included in this thesis were acute in 
their nature and were not designed to study alterations in peripheral tissue RAS. 
However, in study IV the local brain RAS was investigated as possible mediator of 
hypertonic resuscitation after haemorrhage.  

Captopril Losartan

 

Figure 3. Chemical structure of the angiotensin converting enzyme (ACE) inhibitor captopril and 
the AT1-receptor antagonist losartan. 
 
 

RAS effects can be inhibited in several ways. The traditional way, and still the most 
clinically common, is to inhibit the formation of ANG II with ACE-inhibitors such 
as captopril or enalapril. These compounds are based on the discovery of the ACE-
inhibitory peptides found in the venom of the snake Bothrops jararaca (Ondetti et al. 
1971). A slightly more modern approach is to block ANG II receptors specifically  
with for example losartan (AT1) (Chiu et al. 1990). Pharmacological interference with 
RAS is a common therapeutic strategy in cardiac failure and hypertension. 

Vasopressin 

Arginine vasopressin (AVP) is produced in the hypothalamic supraoptic and 
paraventricular nuclei by magnocellular neurons and released from their terminals in 
the posterior pituitary. The factors affecting the release of AVP are shown in Fig. 4. 

The main function of circulating AVP is to reduce water loss via actions on the kid-
ney (Antunes-Rodrigues et al. 2004). AVP induces a distribution of a water channel, 
aquaporin-2, to the apical membrane of renal collecting duct cells promoting water 
reabsorption to the hyperosmolar renal medulla (Agre 2000). Under basal conditions 
AVP does not contribute to the short-term regulation of blood flow (Bussien et al. 
1984). Nevertheless, AVP is one of the most potent vasoconstrictors in the body 
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and when released in larger quantities it causes a major increase in arterial blood 
pressure, preferably via peripheral vasoconstriction. AVP is a nonapeptide produced 
in the perikarya of magnocellular neurons in the anterior hypothalamus. Two bilat-
eral structures, the paraventricular nucleus (PVN) and the supraoptic nucleus 
(SON), have been demonstrated to contain the majority of these neurons. Axons 
project from the PVN and the SON to the neural lobe of the pituitary and from the 
PVN also to the median eminence. AVP released from the posterior pituitary is 
emptied into the systemic venous circulation. Changes in osmolality are the most 
common stimulus for secretion of AVP but hypotension and hypovolaemia exert an 
even more potent effect on the release of this peptide (Dunn et al. 1973). 

 

Figure 4. An overview of the stimuli for secretion, sites of production and release and peripheral 
effects of vasopressin (AVP).  
Abbreviations: 3v, third ventricle; OC, optic chiasm; PVN, nucleus paraventricularis; SON, nu-
cleus supraopticus. 
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The structure of AVP allowing for synthesis was determined in the mid 20th century 
(Turner et al. 1951) but the pressor effect after injections of pituitary extracts was 
described more than fifty years prior to this work (Oliver & Schäfer 1898). The ac-
tions of AVP are, like ANG II, mediated by membrane-bound, G-protein coupled 
receptors. Hitherto, three subtypes of this receptor have been identified. The V1a-
receptor located on VSMC is responsible for the vasoconstriction of AVP while the 
V1b-receptor mainly is located in the brain. V2-receptors in the collecting duct cells 
mediate the antidiuretic effects via regulation of the syntheses and membrane incor-
poration of aquaporin-2.  

Vascular effects of V1a-receptor activation is due to increased VSMC [Ca2+]i  (Doyle 
& Ruegg 1985). AVP in low concentration may fine tune the tonus of the vascula-
ture by regulating the inherent ability of VSMC to depolarize (Byron 1996) and by 
that affect long-term regulation of blood pressure. The major increase in circulating 
AVP levels in response to haemorrhage result in a pronounced vasoconstriction. 
The strength of this reaction is differentiated between vascular beds. Most suscepti-
ble are the cutaneous and skeletal muscle circulations where only small elevations in 
AVP decreases flow (Liard et al. 1982, Hammer & Skagen 1986). During hypoten-
sion and hypovolaemia (Frieden & Keller 1954, Zerbe et al. 1982) as well as during 
general anaesthesia (Ullman et al. 1992b), this vasoconstriction aids in maintaining 
MAP. It has also been postulated that AVP deficiency accounts for the pathological 
vasodilation in sepsis (Landry et al. 1997) or in haemodynamically unstable organ 
donors (Chen et al. 1999).  

In spite of its general vasoconstrictive properties AVP does not cause the expected 
rise in arterial pressure in normovolaemic animals (Tipayamontri et al. 1987) and 
humans (Aylward et al. 1986). This indicates that AVP may potentiate the gain of the 
baroreceptor reflex and/or possess direct or centrally mediated cardio depressant 
effects. Physiological concentrations of AVP in conscious rabbits have been shown 
to enhance the inhibition of sympathetic nerve activity elicited by stimulation of car-
diopulmonary baroreceptors via actions on the area postrema (Hasser et al. 1987). 
Moreover, mice lacking V1a-receptors have a markedly impaired baroreceptor reflex 
(Koshimizu et al. 2006). Despite this, and other evidence (Hasser et al. 1997) for an 
interaction between AVP and the reflex control of the circulation in many species, 
studies in humans have failed to demonstrate that modest increases in plasma AVP 
influences baroreceptor function (Goldsmith 1994, Goldsmith 1997), except per-
haps during impaired autonomic nervous system function (Jordan et al. 2000).  
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Natriuretic peptides 

The natriuretic peptides with endocrine functions comprise atrial natriuretic peptide 
(ANP) and brain natriuretic peptide (BNP). ANP was first to be described (de Bold 
et al. 1981) and isolated from the heart (Flynn et al. 1983, Kangawa & Matsuo 1984), 
while BNP was discovered in pig brain a few years later (Sudoh et al. 1988). Both are 
released from specialized cardiomyocytes, ANP from the atria and BNP from both 
the atria and ventricles, in response to increased stretch second to hypervolaemia 
(Levin et al. 1998). Their biological actions are comparable and arise from activation 
of natriuretic receptor type A (NPR-A) (Chinkers et al. 1989, Schulz et al. 1989). Sys-
temically released ANP and BNP cause natriuresis due to changes in renal haemo-
dynamics and direct tubular actions, as well as inhibition of RAS (Marin-Grez et al. 
1986, Cody et al. 1986, Ballermann & Brenner 1987). The vascular effects consist of 
reduced venous tone and a modest relaxation of resistance vessels (Bolli et al. 1987). 
A reduction in preload, brought about by increased diuresis and extravasation of 
plasma (Wijeyaratne & Moult 1993), slightly reduces CO. This effect is dependent 
on potentiation of afferent vagal influence on heart rate and reduction of sympa-
thetic nerve activity, counteracting the baroreflex (Schultz et al. 1988). Conflicting 
data regarding the direct inotropic effect of the natriuretic peptides have been re-
ported (Tei et al. 1990, Doyle et al. 1997, Lainchbury et al. 2000, Hart et al. 2001). It is 
important to point out that the normal plasma level of ANP and BNP is too low to 
have any impact on basal short-term cardiovascular regulation. Conversely, in condi-
tions associated with fluid retention, like cardiac failure, circulating levels of natri-
uretic peptides are much higher and may function as prognostic markers (Tsutamoto 
et al. 1997, Palladini et al. 2003). Exogenously administered natriuretic peptides have 
also been suggested to have beneficial cardiovascular effects in such situations 
(Yancy et al. 2007). ANP was not measured in any of the experiments in this thesis 
but may have had some influence on the circulation when hypertonic NaCl was in-
fused I.V. in normovolaemic sheep. 

NEURAL CONTROL OF BLOOD FLOW 

The neural control of the circulation targets heart function and blood vessel diame-
ters, thus affecting cardiac output, MAP and regional blood flow. This regulation is 
mediated by the sympathetic and the parasympathetic branches of the autonomic 
nervous system. Cell bodies of preganglionic neurons located in the CNS send axons 
that synapse with postganglionic neurons located close to or embedded in the target 
organ. In man, parasympathetic neurons innervate the heart while sympathetic effer-
ents affect blood vessels, the adrenal medulla, the heart and the kidney. The main 
task for these parts of the autonomic nervous system, in the cardiovascular sense, is 
to regulate MAP so that an adequate perfusion pressure is achieved. This is per-
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formed by tonic efferent activity in these nerves that is rapidly and regionally en-
hanced or attenuated in order to distribute a situation optimized cardiac output to 
different organs. The sympathetic nervous system is generally ascribed a pressor 
function due to vasoconstriction and increased heart rate and contractility whereas 
parasympathetic fibres chiefly reduce cardiac chronotropy. The great contribution of 
sympathetic nerves in regulating renal sodium handling and GFR (DiBona & Kopp 
1997) entails that also long-term (days-months) levels of MAP is under neural con-
trol.  

Parasympathetic effects on the heart 

Parasympathetic fibres to the heart are carried by the vagus nerve. Preganglionic 
neurons are located in the brainstem nucleus ambiguus (nA) and to a lesser extent in 
the dorsal vagal nucleus (DVN) in most mammals investigated (Nosaka et al. 1979, 
Bennett et al. 1981, Hopkins et al. 1984). The vagal nerve exits the skull through the 
jugular foramen and follows the carotid arteries down into the chest where the car-
diac preganglionic neurons synapse with postganglionic neurons in the myocardium. 
As a general rule the right vagus innervates the sino-atrial node slowing pacemaker 
cells and the left vagus increases the conduction delay of electrical impulses in the 
atrioventricular node. In addition, postganglionic parasympathetic also innervates 
the atria and the ventricles.  

The seminal experiments of Löwi (1921) demonstrated that stimulation of the vagus 
nerve slows heart rate by the release of a chemical substance (Vagusstoff), later iden-
tified as acetylcholine (ACh) (Dale & Dudley 1929). ACh released from postgangli-
onic neurons binds to muscarinic M2 cholinergic receptors in the cell membrane of 
cardiac cells. This hyperpolarizes pacemaker cells and reduces the rate at which the 
pacemaker potential drifts towards the action potential threshold. Consequently the 
heart rate is reduced. The question if the vagus affects cardiac contractility has been 
a matter of considerable debate (Löffelholz & Pappano 1985). Available evidence 
suggests a small decrease in inotropy after vagal stimulation in mammals when heart 
rate is kept constant (Xenopoulos & Applegate 1994, Lewis et al. 2001, Casadei 
2001). This effect is emphasized during cardiac sympathetic stimulation (Nakayama 
et al. 2001).  

Tonic vagal inhibition decreases the pacemaker activity in the sino-atrial node, re-
ducing the intrinsic depolarisation rate of about 100/min to between 50 and 80/min 
in healthy individuals at rest. Changes in heart rate evoked by increases or decreases 
in arterial blood pressure are mainly mediated by the vagus nerve and to a lesser ex-
tent by cardiac SNA. Furthermore, when the vagal activity to the heart is high, in-
creases in cardiac SNA are ineffective in accelerating the heart rate. Thus, the para-
sympathetic nervous system exerts a permissive role in the regulation of heart rate 
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but usually acts in concert with the sympathetic nervous system due to CNS integra-
tion of the autonomic control of cardiac function.   

Sympathetic vasoconstriction and increase in cardiac output 

Sympathetic preganglionic neurons are foremost located in the intermediolateral cell 
column of the spinal cord in the thoracicolumbar segments T1 to L3. The activity in 
these neurons is stimulated by so-called “sympathetic premotor neurons” in the me-
dulla oblongata and hypothalamus. Axons from the preganglionic neurons synapse 
with postganglionic neurons in the paravertebral sympathetic chain ganglia or other 
ganglia (i.e. stellate ganglion for cardiac sympathetic efferents) (Taylor et al. 1999). In 
the case of the sympathetic innervation of the adrenal medulla, preganglionic neu-
rons pass by the ganglion and synapse directly on chromaffin cells. Noradrenaline is 
the main transmitter utilized by sympathetic postganglionic neurons affecting the 
circulation but, as first demonstrated by Hökfelt et al. 1977, concomitant storage of 
several putative transmitters in one neuron is possible. For example neuropeptide Y 
(Pernow & Lundberg 1988, Van Riper & Bevan 1991) and adenosine triphosphate 
(Burnstock & Kennedy 1986) are important co-transmitters to noradrenaline in the 
sympathetic regulation of blood vessels. 

The existence of sympathetic vasomotor nerves was established by Claude Bernard 
(1851). He observed the change in blood vessel diameter and temperature in the 
rabbit ear after transection of cervical sympathetic nerves. The resulting vasodilation 
and warming of the ear was taken as evidence for a tonic sympathetically mediated 
vasoconstriction. The arterial vasoconstriction is chiefly mediated by activation of 
α1-adrenoreceptors on VSM in small arteries and arterioles, leading to release of sar-
coplasmic Ca2+ and opening of cell membrane located Ca2+-channels via phar-
macomechanical and electromechanical coupling. Adrenoreceptor activation by 
noradrenaline is the result of rhythmic discharge of sympathetic postganglionic neu-
rons. The frequency of the sympathetic bursts is generally coupled to heart rate in 
sheep (Jardine et al. 2002) as well as in humans (Bini et al. 1981)  under basal condi-
tions and modified by the baroreflex and the respiratory rate (Macefield et al. 1999). 
Peripheral blood flow is modified by the amplitude and rate of sympathetic activity 
but also the frequency pattern is of importance in regulating vascular resistance 
(Grisk & Stauss 2002) and thus also MAP (Persson et al. 1992).  

The blood vessel tonus achieved by the continuous excitatory sympathetic drive is of 
great importance for the maintenance of the blood pressure but also facilitates both 
increases and decreases in downstream blood flow solely by changes in SNA. In-
creased venous SNA mobilizes blood reserves and increases the venous return to 
the heart. An important quality of SNA is the differentiated regulation of vasocon-
strictive stimuli to different vascular beds (Weiss et al. 1996, Claassen et al. 1996, 
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Saindon et al. 2001). This facilitates detailed control of regional blood flow and in 
case of a decreasing MAP blood flow to prioritized organs may not be hampered 
although TPR is increased. Under most circumstances, however, SNA to different 
organs are regulated in parallel, but the magnitude of vasoconstriction may still vary 
profoundly.  

Increased renal SNA is associated with renal vasoconstriction and significantly ele-
vated sodium reabsorption (DiBona 1977). Conversely, a decrease in renal SNA re-
sults in an increased renal blood flow and natriuresis (DiBona & Sawin 1985, Matsu-
kawa et al. 1992). Thus, changes in renal SNA have a powerful influence on plasma 
volume, ultimately influencing cardiovascular function.  

In some mammals, including sheep, small arteries of skeletal muscle are innervated 
by sympathetic vasodilator fibres releasing ACh (Uvnas 1966, Bolme et al. 1970, Ma-
tsukawa et al. 1997). Their activity is controlled by the hypothalamus and a transient 
vasodilation is evoked by stress or exercise (Schramm & Bignall 1971). Man does 
not seem to have sympathetic cholinergic vasodilator fibres in skeletal muscle 
(Joyner & Dietz 2003).  

Sympathetic postganglionic fibres from the T1 to T5 segments of the spinal cord 
increase cardiac output via noradrenaline activation of β1-receptors in cardiomyo-
cytes located in the atria and ventricles. Broadly, the right sympathetic nerves stimu-
late chronotropy by actions on pacemaker cells whereas the nerves terminating on 
the left side of the heart improves conduction in the atrioventricular node and in-
creases contractility (Randall 1977). The heart rate is elevated by shortening of both 
diastole and systole in combination with a more rapid membrane potential drift to-
wards the action potential threshold (Choate et al. 1993). β1-adrenoreceptors activa-
tion also increases contractility via second messenger systems that augments the cy-
tosolic Ca2+ release from the sarcoplasmic reticulum elicited by each depolarization 
(Hussain & Orchard 1997). 

SENTIENT CARDIOVASCULAR CONTROL 

Afferent information from a wide variety of detectors concerning cardiovascular 
homeostasis is constantly conveyed to the brain. This facilitates a coordinated and 
balanced neural and humoral circulatory control, aimed at optimizing the cardiovas-
cular system to current demands. Major cardiovascular changes can be evoked by 
detectors located outside the circulation, such as bladder distension receptors, mech-
ano- and metabolo-receptors in skeletal muscle, pain receptors, lung stretch recep-
tors and skin temperature receptors. However, in basal control of the circulation and 
during haemorrhagic hypovolaemia or sodium-induced pressor responses afferens 
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from the baro-, cardiac and chemo-receptors are likely to bare most influence on 
cardiovascular adaptations.   

ARTERIAL BARORECEPTORS  

The main features of what is called the arterial baroreflex was first reported by 
Ludwig and Cyon 1886 and Hering 1923 after electrical stimulation of the aortic 
nerve and carotid sinus nerve, respectively. The arterial blood pressure is monitored 
by free nerve endings chiefly located in the adventitia of the aortic arch and the ca-
rotid sinuses (Kirchheim 1976). Increased stretch, as a consequence of increased 
transmural pressure (Landgren 1952), in the carotid sinuses results in elevated signal-
ling in fibres running in first the carotid sinus nerve, and then the glossopharyngeal 
nerve, before entering the brainstem (Boss & Green 1956, Heyman & Neil 1958). 
The corresponding reaction in the aortic arch is conveyed to the brainstem via the 
aortic and subsequently the vagus nerve. This results in a rapid attenuation of car-
diac, renal and other regional SNA as well as increased cardiac vagal activity, reduc-
ing TPR and CO, via a polysynaptic cerebral pathway (Donald & Shepherd 1980). 
Conversely, unloading of the baroreceptors, as during haemorrhage,  brings about an 
increase in SNA to the heart and several vascular beds and decrease in parasympa-
thetic activity to the heart (Fig. 6) (Baily et al. 1990, Hinojosa-Laborde et al. 1994, 
Scislo et al. 1998). Larger decreases in blood pressure also induce a baroreceptor me-
diated release of AVP (Antunes-Rodrigues et al. 2004). Thus, the function of this 
arterial baroreflex is to provide a perpetual and powerful negative feedback regula-
tion of MAP. 

The arterial baroreceptor reflex is generally ascribed a short-term regulatory func-
tion. Afferens from carotid sinus and aortic arch baroreceptors exhibits a sigmoidal 
relationship with arterial pressure, with the reflex being most effective at “normal” 
blood pressure. A change in MAP induces a rapid reflex response in baroreceptor 
afferens but if the MAP increase or decrease is sustained the baroreceptor reflex ac-
tivity adapts to the new level of blood pressure (Chapleau et al. 1993). In hyperten-
sion the baroreceptor reflex is reset to have the highest sensitivity at an increased 
MAP set-point (Krieger 1970).   

Important in the early stages of haemorrhage is the ability of the arterial barorecep-
tors, especially those in the carotid sinus, to sense changes in pulse pressure 
(McMahon et al. 1996). This quality aids in increasing efferent SNA without a de facto 
reduction in absolute MAP when blood volume is decreasing. 

The long-term influence of arterial baroreceptors on blood pressure has been under 
debate since they convey information regarding rapid relative changes and not abso-
lute levels of blood pressure. However, recent studies have reported prolonged 
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baroreceptor influences on MAP over a period of several days (Lohmeier et al. 2001, 
Thrasher 2002, Thrasher 2005). The idea that this is achieved via changes in renal 
SNA is supported by some studies (Barrett et al. 2003, Barrett et al. 2005) but has 
also been questioned (Lohmeier et al. 2007). 

CARDIAC RECEPTORS 

Bainbridge was first to demonstrate a physiological role for CNS-connected mech-
anoreceptors located in the heart in regulating the circulation. In experiments in 
dogs it was shown that increased venous filling of the heart induces a rise in pulmo-
nary artery pressure and heart rate dependent on intact cardiac innervation 
(Bainbridge 1915). These observations has been confirmed by many others 
(Hainsworth 1991) and are due to distension of the atrium, probably activating atrial 
receptors (myelinated vagal afferents) at the junction between the caval veins and the 
right atrium (Kappagoda et al. 1972, Linden et al. 1981). As a part of regulating blood 
volume, stimulation of primarily left atrial receptors also increases diuresis and natri-
uresis (Hainsworth 1991, DiBona & Kopp 1997). The mechanism involves a de-
creased renal SNA reducing tubular sodium reabsorption and increasing renal blood 
flow (Miki et al. 1989), inhibition of AVP secretion (de Torrente et al. 1975) and re-
lease of ANP (Schwab et al. 1986, Shi et al. 2003).  

Afferent nerves originating in the cardiac ventricles are mostly non-myelinated, trav-
elling in the vagus nerve via the nodose ganglion. Chemical stimulation using various 
compounds induce reflex bradycardia, mainly via increased cardiac vagal activity 
(Salo et al. 2007), and hypotension, usually referred to as the Bezold-Jarisch reflex 
after the investigators who first described the response to an intravenous injection of 
veratrum alkaloids (von Bezold & Hirt 1867, Jarisch & Richter 1939). Mechanical 
stimulation of left ventricular receptors, chiefly due to high diastolic volumes, results 
in a widespread vasodilation, much like the response seen after arterial baroreceptor 
stimulation (Crisp et al. 1988, Drinkhill et al. 2001). Also very low ventricular vol-
umes have been reported to be a strong stimulus for an increase in afferent non-
myelinated vagal activity (Oberg & Thoren 1972). The physiological role of ventricu-
lar receptors in regulating vascular tone is still unclear. Furthermore, no conclusive 
evidence has been presented showing a direct neurally mediated effect on heart rate 
by ventricular receptors. 

CHEMORECEPTORS 

Cells monitoring changes in blood gases, i.e. chemoreceptors, exert an important 
influence on respiration and circulation. Chemoreceptors are located in the carotid 
and aortic bodies (peripheral) as well as in the CNS (central). The peripheral chemo-
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receptors travel together with arterial baroreceptor fibres (i.e. carotid sinus – glosso-
pharyngeal nerves and aortic – vagal nerves, respectively). Their chief stimulus is 
changes in arterial PO2 but altered PCO2 is also of importance (Marshall 1994). Con-
versely, central chemoreceptors monitor arterial PCO2 only, by sensing changes in 
cerebral interstitial fluid pH (Fencl et al. 1966). The central chemoreceptors were 
originally thought to be located on the ventral surface of the brainstem, since appli-
cation of low pH-solutions there increased breathing (Mitchell 1969). This view is 
still held by many. A recent, challenging hypothesis is that chemoreceptors are dis-
tributed within several different brain regions in a non-hierarchal fashion (Ballantyne 
& Scheid 2000, Nattie & Li 2006).  

Hypoxic stimulation of the peripheral chemoreceptors, primarily the carotid, and/or 
hypercapnic activation of central chemoreceptors reflexely slows heart rate 
(Davidson et al. 1976, Rutherford & Vatner 1978) and reduces cardiac output (Daly 
& Scott 1963) via vagal stimulation of the heart. It also causes a sympathetic medi-
ated vasoconstriction in the skeletal, renal and splanchnic circulations, increasing 
TPR (Marshall 1994). These responses are, however, in the intact, conscious animal 
significantly modified by other mechanisms. The baroreceptor reflex may attenuate 
the SNA to the vasculature (Somers et al. 1991) and increased ventilation counteracts 
the bradycardia via activation of lung stretch receptors, the resulting hypocapnia and 
modulation of neurons in the brainstem controlling heart rate (Crocker et al. 1968, 
Angell-James et al. 1981). Furthermore, the feeling of dyspnoea is likely to induce a 
stress response that further accentuates sympathetic stimulation of the heart. The 
chemoreflex also share central nervous pathways, e.g. the NTS, with afferents from 
both cardiac receptors (Weissheimer & Machado 2007, Gao et al. 2007) and barore-
ceptors (Callera et al. 1997, Padley et al. 2007). This opens up for cerebral integration 
and reciprocal influences between reflexes in the modulation of efferent neural activ-
ity (Koike et al. 1975, Ponikowski et al. 1997).      

CEREBRAL INFLUENCES ON THE CIRCULATION  

The pivotal influence of the brain on the cardiovascular system has been accepted 
ever since it was observed that lesion of the spinal cord abolished the vasoconstric-
tor tonus (Goltz 1864). Since then a number of cerebral structures important for 
cardiovascular regulation have been identified. The traditional view, based chiefly on 
mapping the brain with electrical or chemical stimulation, is that distinct anatomical 
regions, primarily located in the brainstem, is concerned with increasing or decreas-
ing arterial blood pressure and/or heart rate. However, the efferent neural activity 
regulating the circulation is, in the physiological setting, rarely only affected by a sole 
incentive corresponding to that one chemical or electrical stimulus. On the contrary, 
functional adaptations in the cardiovascular system are usually based on several in-
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dependent sources of information ranging from baroreceptors to sensory stimuli 
such as acoustic or visual impressions. In addition, studies have identified neuronal 
populations associated with cardiovascular regulation located outside the initially 
proposed “cardiovascular centres”. This has lead to the hypothesis that efferent neu-
ral activity ultimately regulating the crucial cardiovascular homeostasis is governed 
by certain groups of cells connected via interneurons and spread over several brain 
regions comprising the medulla, hypothalamus, cerebellum and the cortex. This neu-
ronal network creates the basal sympathetic and vagal activity. It is also able to re-
spond with integrated and combined adjustments in neural activity to the multitude 
of afferent information that is received.  

Thus, the epithets “pressor area”, “depressor area” and “vasomotor centre” still 
commonly used referring to distinct anatomical areas and ascribed responsibility for 
cardiovascular control appear out-dated. Neurons in regions of the brainstem and 
hypothalamus that provide direct afferent synaptic input to both sympathetic and 
vagal preganglionic neurones are certainly able to induce cardiac and vascular altera-
tions if directly stimulated, but the activity in these supramedullary neurons are likely 
to be influenced by one or several interneurons that in turn receive afferent informa-
tion from distant sites. In the rat, five specific groups of neurons have been identi-
fied via transneuronal retrograde labelling to directly innervate the majority of sym-
pathetic preganglionic neurons. They are located in the RVLM, rostral ventromedial 
medulla, caudal raphe nuclei, A5 noradrenergic cell group in pons and the PVN 
(Strack et al. 1989b). The preganglionic neurons for cardiac vagal activity are located, 
as previously mentioned, in the nucleus ambiguus and dorsal vagal nucleus. Al-
though the anatomical connections to and from these neurons are well described, 
the functional importance of the cell groups within the resulting networks are only 
starting to being unravelled. 

The functional properties of some of the main structures known to be involved and 
interact in cardiovascular regulation are briefly described below in relation to the 
studies in this thesis.  
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THE BRAINSTEM 

The brainstem is crowded with groups of neurons crucial for many autonomic func-
tions. Pathways for the control of the circulation and the respiration are sometimes 
shared, providing an anatomical basis for integration of breathing and cardiovascular 
function. 

Nucleus tractus solitarius (NTS) 

The nucleus tractus solitarius, located in the dorsomedial brainstem (Fig. 5), is where 
most of the cardiovascular afferents have their first synapse in the brain, including 
the baro- (Ciriello 1983, Blessing et al. 1999), cardiac- (Wang et al. 2006) and chemo-
receptor afferents (Schmitt et al. 1994). Initially thought of mainly as a relay station 
the NTS is now known to be the first site where the sensory integration begins. The 
neurons receive synaptic input from several different afferents and send axons to 
various sites in the brainstem and hypothalamus, including among other the RVLM, 

PVN
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Figure 5. Drawing of a midsagittal section of the sheep brain illustrating structures important for 
cardiovascular control.  
Abbreviations: 3v, third ventricle, CVLM, caudal ventrolateral medulla; DVN, dorsal vagal nu-
cleus; MI, massa intermedia; MnPO, median preoptic nucleus; nA, nucleus ambiguus; NTS, 
nucleus tractus solitarius; OC, optic chiasm; OVLT, organum vasculosum lamina terminalis; 
PVN, nucleus paraventricularis; RVLM, rostral ventrolateral medulla; SFO, subfornical organ. 
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CVLM, and the PVN (Dampney 1994). Several neurotransmitters have been shown 
to modulate the activity of NTS-neurons; the most studied being glutamate acting 
on NMDA or metabotropic receptors to cause excitation (Liu et al. 1998, Seagard et 
al. 2003, Chen & Bonham 2005, Almado & Machado 2005). Also GABA, angio-
tensin II, opioids, and other transmitters (Pilowsky & Goodchild 2002) have been 
implicated to modify or convey reflexes that signal via the NTS.  

The NTS is considered crucial for the function of the baroreflex as lesions in this 
area abolish the tachycardic response to hypotension (Biaggioni et al. 1994, Akemi et 
al. 2001). It is also believed to be an important site of integration between somato-
sensory afferents and central command for the resetting of the baroreflex during 
exercise (Michelini 2007). A simple model for the function of the baroreflex, as illus-
trated in Fig. 6, is that decreased synaptic input to NTS when baroreceptors are 
unloaded is conveyed to neurons in the CVLM via a decreased stimulation. CVLM 
neurons have a tonic inhibitory influence on sympathetic premotor neurons in the 
RVLM which then is decreased (Chalmers & Pilowsky 1991). However, since nu-
merous other inputs to these neurons have been identified this disinhibition via the 
CVLM can not be considered to be the only pathway. Furthermore, it has recently 
been reported that hypothalamic sites may be of importance for the increased SNA 
in response to baroreceptor unloading (Yang & Coote 2006). 

In addition to the functional participation in the baroreflex, recent data describes a 
role for the NTS in the persistent cardiovascular adaptation to intermittent hypoxia 
(Kline et al. 2007). Thus, due to its strong direct influence over baro- and chemore-
flexes, the NTS is a conceivable target for CNS modulation of the cardiovascular 
responses to haemorrhage and circulatory adaptations to increased body fluid so-
dium. 

The ventrolateral medulla 

The ventrolateral medulla, especially the rostral part (RVLM), constitutes the origin 
of most of the sympathetic outflow in many species. In this regard, it has mainly 
been studied in anaesthetized rabbits, cats and rats. Inhibition of the RVLM in these 
species has been demonstrated to induce a reduction in SNA to the renal, muscle 
and splanchnic vascular beds as well as the heart (Willette et al. 1987, Campos Junior 
& Guertzenstein 1989, Hayes & Weaver 1990, Beluli & Weaver 1991), thereby 
greatly decreasing heart rate and MAP (Wennergren & Oberg 1980).  

There is a topographical organization of sympathetic neurons already in the RVLM 
(McAllen 1986, McAllen & Dampney 1990, Dean et al. 1992). This organization in 
the brainstem, as well as in the spinal cord, is considered to be the basis of the dif-
ferential regulation of sympathetic activity to separate vascular beds (Morrison 
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2001). Furthermore, it has been postulated that intrinsic pacemaker activity of cells 
within the RVLM independently drives SNA and causes the rhythmic bursts re-
corded in peripheral nerves (Sun et al. 1988, Guyenet et al. 1989). However, the cur-
rent view rather emphasizes that various synaptic input from coordinated neurons to 
RVLM sympathetic premotor neurons generates the oscillating discharge pattern 
(Barman & Gebber 2000).  

The general concept is that the caudal parts of the ventrolateral medulla (CVLM) 
exhibits a tonic inhibitory influence on sympathetic premotor neurons in the RVLM. 
Results from several studies indicate that, at least in the rat, activation of cardiac- and 
baroreceptors results in decreased SNA via GABAergic inhibition of premotor neu-
rons in the RVLM (Sun & Guyenet 1985, Huangfu & Guyenet 1991, Kajekar et al. 
2002). The CNS pathway for this response is likely to involve an excitatory glutama-
tergic synapse in the CVLM (Verberne et al. 1989, Agarwal et al. 1990, Masuda et al. 
1992). Projections from other brain loci to the RVLM have been confirmed using 
anterograde and retrograde tract tracing techniques. Besides the NTS and the CVLM 
also the midbrain periaqueductal gray (PAG), Kölliker-Fuse nucleus, lateral hypo-
thalamus and the hypothalamic PVN send axons that synapse in the RVLM 
(Dampney 1994). A polysynaptic inhibitory connection from the caudal midline me-
dulla has also been functionally described (Verberne et al. 1999, Potas & Dampney 
2003).  

The intense focus on the RVLM has sometimes given the impression that sympa-
thetic premotor neurons in this locus are the sole contributors to sympathetic circu-
latory control, or that there is a hierarchal organisation in the brain with the RVLM 
as a final common pathway for structures influencing SNA. Nevertheless, groups of 
neurons located more rostrally have been recognized as important contributors to 
the cardiovascular effects of chemoreceptor activation (Olivan et al. 2001, Reddy et 
al. 2005) and cardiovascular pressure control  (Zhang & Ciriello 1985, Patel & 
Schmid 1988).  

The periaqueductal gray (PAG) 

The periaqueductal gray is anatomically located in the midbrain (Fig. 5). It is made 
up of symmetric neuronal columns arranged along the long axis of the aqueduct and 
associated with the sensitization and modulation of pain (Fields et al. 2006). The 
PAG is anatomically and functionally coupled to the brainstem areas including 
among others the RVLM and NTS as well as hypothalamic sites such as the PVN 
(Behbehani 1995). Direct anatomical connections to preganglionic sympathetic neu-
rons in the spinal cord have also been reported (Strack et al. 1989a). Recently, the 
PAG has been implicated to modulate baroreceptor and somatosensory cardiovas-
cular afferents (Li 2004, Hayward 2007) and to facilitate the link between pain and 
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reductions in blood pressure via SNA withdrawal (Green et al. 2006). Thus, it plays 
an important role in cardiovascular control in generating integrated circulatory ad-
justments. 

Chemical stimulation of the ventrolateral cell column of the PAG elicits a hypoten-
sive and bradycardic response, similar to the decompensatory phase of haemorrhage 
(see chapter “Cardiovascular responses to haemorrhage”) (Carrive & Bandler 1991). 
Opposite effects including increased MAP and heart rate as well as skeletal muscle 
vasodilation and renal and splanchnic vasoconstriction (known as the ‘defence reac-
tion’ (Abrahams et al. 1960)) is achieved after stimulation of the dorsal (Lovick 1985) 
or lateral (Carrive et al. 1989) parts of PAG in anaesthetized rats and cats, respec-
tively.  

Neurons in the PAG express all opioid receptor subtypes and the analgesic effects 
of opioids is partly due to activation of μ-opioid receptors in the PAG (Christie et al. 
2000). This in combination with the properties of the PAG to elicit the circulatory 
adaptations seen during haemorrhage has been an incentive for many to investigate 
opioidergic mechanisms activated during hypovolaemia. Indeed, pain and haemor-
rhage often occur together in different forms of trauma and therefore the possibility 
of shared anatomical and chemical pathways for the cardiovascular responses to 
blood loss and the feeling of pain seems appropriate. 

Nucleus ambiguus and the dorsal vagal nucleus 

Located in the ventrolateral part of the reticular formation and the dorsomedial por-
tion of the caudal medulla, respectively, the nucleus ambiguus and the dorsal vagal 
nucleus are the principal sources of parasympathetic outflow to the heart (Fig. 5). 
They contain vagal preganglionic neurons that receive afferent synaptic input from 
vagal sensory fibre arising from baro-, cardiac and chemoreceptors as well several 
loci in the brainstem, hypothalamus and cerebral cortex (Taylor et al. 1999). Baro- 
and chemoreflex information is mostly transmitted via the NTS. It appears that the 
neurons in the ventrolateral nA are responsible for the major effects on heart rate 
whereas axons originating in the DVN mediates smaller and slower reductions in 
chronotropy and contractility (Jordan 2005).  

Interestingly, the neurons in nA are normally silent (Mendelowitz 1996) and thus 
depend on synaptic input to provide tonic vagal influence on the heart (Bouairi et al. 
2006). The activity of vagal preganglionic neurons within the nA is, contrary to those 
within the DVN, strongly correlated to heart and respiratory rate. During systole, 
when the arterial baroreceptors are activated the most, the firing frequency of the 
neurons in the nA is increased. Conversely, the neuronal activity is decreased during 
inspiration, contributing to respiratory sinus arrhythmia (Neff et al. 2003). 
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Cellular and whole animal studies have described many different receptors and neu-
rotransmitters able to excite or inhibit vagal preganglionic neurons. Depending on 
subtype, 5-HT receptors in the nA are able to both augment or attenuate bradycar-
dia (Jordan 2005). Glutamate excites via both NMDA and non-NMDA receptors 
(Wang et al. 2001) while GABA, modulated by NO, inhibits neurons in nA 
(Kamendi et al. 2006). Activation of μ-opioid receptors disinhibits vagal pregangli-
onic neurons by blocking the release of GABA from neurons synapsing in the nA 
(Irnaten et al. 2003) while κ- and δ-opioid receptor activation decreases heart rate 
(Wu & Martin 1983, Agarwal & Calaresu 1991). As a result all of these receptors and 
transmitters are of potential interest in the investigation of circulatory adaptations 
during haemorrhage. 

It has also been shown that cardiac vagal neurons in the brainstem are exquisitely 
sensitive to different anaesthetics. For instance, ketamine and pentobarbital as well 
as volatile inhalation anaesthetics such as halothane, isoflurane and sevoflurane re-
duce cardiac vagal inhibition via actions on these neurons, thereby increasing heart 
rate (Picker et al. 2001, Irnaten et al. 2002a, Irnaten et al. 2002b, Irnaten et al. 2002c).     

Since changes in heart rate mainly is the result of altered vagal activity, the CNS ma-
nipulations performed in the studies included in this theses most likely directly or 
indirectly affected the activity of vagal preganglionic neurons.  
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Figure 6. A schematic overview of the reflex responses to baroreceptor unloading during the 
early phase of blood loss. Please refer to text for a detailed description of the events occurring. 
The +/- signs indicate if the synapse is stimulatory or inhibitory, respectively. The arrows by the 
schematic projections indicate if the neural activity in the afferent projection increase or de-
crease. 
Abbreviations: 3v, third ventricle; AVP, arginine vasopressin; CVLM, caudal ventrolateral me-
dulla; DVN, dorsal vagal nucleus; nA, nucleus ambiguus; NTS, nucleus tractus solitarius; PVN, 
nucleus paraventricularis; RVLM, rostral ventrolateral medulla 
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Figure 7. The paraven-
tricular nucleus of the 
hypothalamus (PVN) de-
picted with cell staining 
(toluidine blue) in a goat 
brain.  

THE HYPOTHALAMUS 

The hypothalamus has long been known for its central role in autonomic regulation. 
Stimulation of various parts of the hypothalamus elicits coordinated cardiovascular 
responses. Perhaps the most important site, or at least the most frequently studied, is 
the paraventricular nucleus.   

The paraventricular nucleus (PVN) 

The PVN is a dense, heterogeneous group of neurons located lateral to the third 
ventricle in the forebrain (Figs. 5, 6 and 7). It consists of large magnocellular neu-
rons that contain either vasopressin and oxytocin and smaller parvocellular neurons 
(Swanson & Sawchenko 1980). The parvocellular neurons project to all brainstem 
structures previously mentioned (NTS, RVLM, PAG, nA, DVM) (Luiten et al. 1985) 
but in addition they have axons travelling through the medulla for a direct synaptic 
connection with sympathetic preganglionic neurons regulating cardiac and renal 
function as well as tonus in most vascular beds. Afferent input is received from the 
brainstem (mainly the NTS) (Dampney 1994) and the lamina terminalis in the ante-
rior wall of the third ventricle (McKinley & Oldfield 1990). In addition, strong input 
from other brain centres such as the amygdala, lateral septum and prefrontal cortex 
has made the PVN a prime candidate for integrating cardiovascular responses to 
mental stress (Herman et al. 2002).  
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The magnocellular neurons in the PVN send axons to the posterior pituitary where 
they release AVP in response to decreased blood volume or MAP as well as elevated 
tonicity and/or sodium concentration (Andersson 1977). Parvocellular release of 
corticotropin releasing factor into the pituitary portal circulation via the median emi-
nence stimulates secretion of adrenocorticotropic hormone from the anterior pitui-
tary (Alonso et al. 1986). The neurons projecting to the brainstem and the interme-
diolateral cell column of the spinal cord have been demonstrated to contain several 
different putative neuromodulators and neurotransmitters but mainly dopamine, 
opioids, oxytocin, glutamate, and AVP (Cechetto & Saper 1988, Brann 1995, Hall-
beck et al. 2001). 

Due to their projections, neurons in the parvocellular divisions are most likely to 
account for the influence of the PVN on SNA.  It is indicated that the majority of 
these neurons are sympathoexcitatory since inhibition of neuronal activity with 
GABA agonists reduces SNA and MAP (Zhang & Patel 1998) and disinhibition by 
GABA antagonism or stimulation with glutamate does the opposite (Martin et al. 
1991, Martin & Haywood 1992). However, in line with the integral role of these 
neurons the output from the PVN can be highly differentiated in strength and direc-
tion. For instance, chemical activation of the PVN results in a simultaneous increase 
in cardiac, splanchnic and adrenal SNA but a decrease in renal SNA (Deering & 
Coote 2000). This reaction is thought to be part of the mechanism whereby atrial 
distension, usually due to plasma volume expansion, increases heart rate and renal 
blood flow and induces natriuresis and diuresis (Yang & Coote 2003).  

Relatively little is known about the functional coupling between the PVN and neu-
rons controlling vagal activity to the heart. The PVN tonically inhibits the vagally 
mediated bradycardia elicited by carotid baroreceptor activation (Ciriello & Calaresu 
1980) and it must be assumed that the cardiac effects  seen after stimulation of the 
PVN (Li et al. 2001) involves changes in vagal activity. It is possible that the signal-
ling is mediated by interneurons residing in the NTS but there are anatomical evi-
dence for direct neuronal connections from the PVN to nA and DVN (Stuesse & 
Fish 1984, Luiten et al. 1985). Oxytocin containing neurons project to the nA and 
DVN (Sawchenko & Swanson 1982) and injecting an oxytocin receptor antagonist 
into the DVN of anaesthetized rats abolishes the bradycardia induced by electrical 
stimulation in the PVN (Rogers & Hermann 1986). However, as discussed below, 
the response in blood pressure induced by stimulation of the PVN in anesthetized 
and conscious animals are opposite, leaving the possibility that anaesthesia also af-
fects the interaction between the PVN and DVN.  

Besides plasma volume expansion, in vivo studies, as well as experiments investigating 
early gene expression, has revealed an activation of the PVN in response to haemor-
rhage (Badoer & Merolli 1998) and increases in plasma angiotensin II concentration 
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or tonicity (Oldfield et al. 1991, Moellenhoff et al. 2001), as well as following stimula-
tion of arterial baroreceptors, cardiac afferents or chemoreceptors (Lovick & Coote 
1988, Reddy et al. 2005). Taken together, this makes the PVN a potential site for in-
tegrating influences from higher brain centres and afferent information regarding 
blood pressure, volume and tonicity, into appropriate cardiovascular and renal adap-
tations in various situations.  

The contribution of the PVN to maintenance of arterial blood pressure under basal 
situations is still not entirely clear. In some studies using conscious or anesthetized 
rats, MAP and heart rate are slightly increased when neuronal activity within the 
PVN is stimulated electrically (Porter & Brody 1985, Kannan et al. 1989) or with glu-
tamate (Martin & Haywood 1992, Li et al. 2001) or disinhibited by GABA receptor 
blockade (Martin et al. 1991, Chen et al. 2003, Reddy et al. 2005). In conformity with 
these results inhibition of the PVN with the GABA receptor agonist muscimol in 
anesthetized hypertensive (Allen 2002, Ito et al. 2003) or water deprived rats (Stocker 
et al. 2004b) reduces MAP and SNA. However, electrical or chemical (glutamate) 
stimulation of PVN-neurons in anaesthetized rats have also been demonstrated to 
lower blood pressure and cause bradycardia (Yamashita et al. 1987, Darlington et al. 
1988, Kannan et al. 1988, Darlington et al. 1989). Surprisingly, blocking the neuro-
transmission within the PVN with lidocaine in anaesthetized rats yields no signifi-
cant effect on MAP but changes the lumbar SNA response to baroreceptor activa-
tion and reduces renal SNA increase to peripheral chemoreceptor stimulation  
(Martin & Haywood 1992, Shih et al. 1995, Reddy et al. 2005). Those results are sup-
ported by studies in conscious rabbits where muscimol increase renal SNA, reduce 
heart rate but has only has minor or no effects on MAP (Badoer et al. 2002, Ng et al. 
2004). Thus, it is evident that species differences as well as anaesthesia may have a 
major influence on the involvement of the PVN in cardiovascular regulation under 
basal conditions.  

Other hypothalamic sites 

Besides the PVN, also the lateral hypothalamus and the dorsomedial hypothalamus 
have been implicated in cardiovascular regulation. Both loci have strong projections 
to sympathetic premotor neurons in the brainstem as well as in the PVN (Berk & 
Finkelstein 1982, Fontes et al. 2001) but does not innervate preganglionic sympa-
thetic neurons to any larger extent (Dampney 1994). They are both situated within 
the region often referred to as the ‘hypothalamic defence area’. Stimulation of this 
part of the brain evokes behavioural and autonomic responses characteristic for 
‘fight or flight’, including increased blood pressure, cardiac output and redistribution 
of blood from the skin and intestines to the skeletal muscles (Folkow & Rubinstein 
1965, Folkow & Rubinstein 1966, Folkow et al. 1968, Yardley & Hilton 1986). De-
tailed studies have revealed that the origin of this pattern is rather the dorsomedial 
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than the lateral hypothalamus since stimulation of the latter induces bradycardia and 
a depressor response (Spencer et al. 1989). Disinhibition or stimulation of the dor-
somedial hypothalamus evokes tachycardia, increased MAP, elevated SNA, arterial 
baroreceptor resetting and release of ACTH (Fontes et al. 2001, Zaretskaia et al. 
2002, McDowall et al. 2006), i.e. responses very similar to those of emotional stress. 
Indeed, the autonomic effects of stress are attenuated after inhibition of the dor-
somedial hypothalamus (Stotz-Potter et al. 1996, DiMicco et al. 1996) suggesting a 
role of this area in the neuronal network subservient to reactions associated with 
emotional coping.  

CORTICAL STRUCTURES 

In humans, the insula, amygdala and the anterior cingulate cortex, investigated by 
functional magnetic resonance imaging (fMRI), have been associated with neuro-
cardiovascular control. Increased neuronal activity in response to cardiac- and arte-
rial baroreceptor unloading has been documented in the posterior insula whereas the 
activation decreased in the anterior insula, anterior cingulate and the amygdala 
(Kimmerly et al. 2005). In addition, decreased activation of the ventromedial pre-
frontal cortex correlates with exercise-induced tachycardia  (Wong et al. 2007).  

Experimental studies in animals have demonstrated that electrical or chemical stimu-
lation of the medial prefrontal cortex induces a depressor response accompanied 
with bradycardia, vasodilation and decreased splanchnic and lumbar SNA mediated 
by the RVLM (Buchanan et al. 1985, Bacon & Smith 1993, Verberne 1996, Owens & 
Verberne 2001, Kimmerly et al. 2005). The transition from vasoconstriction and 
tachycardia to vasodilation and bradycardia is typical for the reaction of some indi-
viduals to a stressful event or stimulus, resulting in ‘vaso-vagal’ syncope (Stevens 
1966). It also mimics the events of the decompensatory phase of haemorrhage (see 
“Cardiovascular responses to haemorrhage” below).  

Activation of the central amygdaloid nucleus in rats and cats have been shown to 
cause both pressor and depressor responses and variable changes in heart rate (Stock 
et al. 1981, Gelsema et al. 1987, al Maskati & Zbrozyna 1989). However, as is the case 
with many other autonomic functions, anaesthesia may have had significant modula-
tory effects on the response, possibly explaining the contradictory results (Iwata et al. 
1987). The central nucleus of the amygdala is known to project to the PVN as well 
as the NTS and RVLM in the brainstem (Pitkänen 2000).  
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THE BRAIN ANGIOTENSINERGIC SYSTEM 

Circulating ANG II acts on the brain via sensory circumventricular organs (CVOs) 
as neither renin nor ANG II easily penetrates the blood-brain-barrier (Robertson & 
Nicholls 1993). Sensory CVOs are extensively vascularized structures in the brain 
that lack a functional blood-brain-barrier and are thought to serve as window for the 
brain to monitor blood composition. They include the organum vasculosum lamina 
terminalis (OVLT), subfornical organ (SFO), and the area postrema (AP), all located 
periventricularly, hence their names, in the midsagittal plane of the brain (McKinley 
et al. 2003b) (Fig. 5). These structures are all directly or indirectly connected to neu-
rons stimulating or inhibiting sympathetic and vagal activity (Fry & Ferguson 2007). 
By acting on AT1-receptors expressed by neurones in CVOs ANG II has been re-
ported to induce AVP release and increase sympathetic nerve activity and blood 
pressure (Brooks et al. 1986, Cox & Bishop 1991). The latter effects appear to in-
volve activation of the RVLM via the PVN (Fink 1997, Tagawa & Dampney 1999, 
Li & Pan 2005, Freeman & Brooks 2007). 

Separate from effects elicited by blood borne ANG II via the CVOs is the impor-
tant influence on cardiovascular regulation by the brain’s own angiotensin. The exis-
tence of an independent cerebral RAS was first postulated by Bickerton and Buckley 
after studies in dogs (Bickerton & Buckley 1961). Recently this hypothesis was partly 
confirmed as it was shown that all components of the RAS can be found in the 
brain (Bader et al. 2001). Angiotensinogen is secreted to the CSF by astrocytes 
(Intebi et al. 1990). Further processing to ANG II is probably performed by renin 
and angiotensin converting enzyme that both are produced in the brain (McKinley et 
al. 2003a). ANG II mainly acts on cerebral AT1-receptors but both the AT2 and AT4 
subtypes, as well as the newly discovered Mas-receptor, are present in the brain 
(McKinley et al. 1987, Moeller et al. 1996, Lenkei et al. 1997, Becker et al. 2007). AT1-
receptors are expressed in many areas of the brain but are predominantly located on 
cell bodies in the SFO, OVLT, the median preoptic nucleus (MnPO) and the PVN. 
In addition, neurons in the NTS, RVLM and CVLM also express AT1-receptors 
(Lenkei et al. 1997). Thus, there is a neuroanatomical basis for angiotensinergic influ-
ences on the circulation.  

Cerebral ANG II does not appear to tonically contribute to the maintenance of 
MAP during normal situations but have been implicated to be of importance during 
states of altered sodium balance, heart failure and hypertension (Dampney et al. 
2002). Functional studies have revealed potent pressor effects of brain ANG II. For 
example, transgenic mice with increased brain ANG II become hypertensive 
(Morimoto et al. 2001, Morimoto et al. 2002). This is coherent with reports of pres-
sor responses after I.C.V. infusion of ANG II acting on AT1-receptors (Andersson et 
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al. 1972, Mathai et al. 1998) or microinjections of ANG II in, for instance, the PVN, 
RVLM, or NTS (Casto & Phillips 1984, Andreatta et al. 1988, Jensen et al. 1992).  

In haemorrhage, exogenously administered ANG II I.C.V. significantly delays hy-
potension (Gunnarsson et al. 1994) and endogenous cerebral ANG II appears to be 
slightly involved in maintaining MAP in this situation (Mathai et al. 1997). 

Although I.C.V. ANG II is known to promote release of AVP (Andersson et al. 
1972), the underlying mechanism for ANG II induced increases in MAP most likely 
involves changes in SNA. The mechanisms may involve inhibition of the arterial 
baroreceptor reflex in the NTS (Casto & Phillips 1986, Wang et al. 2007) and stimu-
lation of premotor neurons in the PVN and/or RVLM (Ito & Sved 1996, Li et al. 
2003). However, some contradictory results have been obtained, especially regarding 
the effect of ANG II on renal SNA.  

In conscious sheep, ANG II administered I.C.V. increases cardiac but reduces renal 
SNA independent of baroreceptor activation (May & McAllen 1997a, Watson et al. 
2004). These effects are blocked by I.C.V. losartan indicating that ANG II acts on 
AT1-receptors. In addition, the inhibition of renal SNA is abolished after lesion of 
the lamina terminalis (anterior part of the third ventricle) (May et al. 2000). Similar 
results where presented after studies in conscious rabbits were I.C.V. losartan in-
creased renal SNA and stimulated the elevation of renal SNA to arterial barorecep-
tor unloading (Bendle et al. 1997).  

Contradictory to these findings, physiologically increased ANG II by a low sodium 
diet stimulates renal SNA, as well as heart rate and MAP, via AT1-receptors in the 
brain in conscious rats (DiBona et al. 1996), involving an attenuation of the renal 
sympathoinhibitory response to arterial baroreceptor activation (DiBona & Jones 
2003, Huang et al. 2006). Further studies in anaesthetized rats indicate that these ef-
fects are mediated by local ANG II acting on AT1-receptors in the RVLM (DiBona 
& Jones 2001b) possibly involving the PVN (DiBona & Jones 2001a, Cato & Toney 
2005).  

The cerebral RAS is difficult to study in man. However, ACE-inhibition in patients 
with ANG II associated hypertension increased renal noradrenaline spillover, but 
had no effect on muscle SNA or the plasma concentration of noradrenaline 
(Johansson et al. 2000). This indicates an inhibitory role for ANG II on renal SNA. 
These results are supported by investigations in healthy human subjects where ACE-
inhibition increased renal but did not affect cardiac or overall SNA (Johansson et al. 
2003). 

Thus, angiotensinergic effects on renal SNA appear to be species dependent. How-
ever, another explanation for the contrasting results may be small changes in ex-
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perimental setup affecting the conceivable sensitive balance between excitatory and 
inhibitatory influences on SNA. Nevertheless, this discussion is of foremost interest 
for the results obtained mainly in study V but also in study IV, since it appears that 
hypertonic stimuli evokes cardiovascular changes via cerebral angiotensinergic path-
ways.   

THE BRAIN OPIOIDERGIC SYSTEM  

There are three main opioid receptor subtypes with corresponding endogenous ago-
nists (see Table 2). All receptors constitute seven transmembrane domains and are 
G-protein coupled. They control cellular activity through ion-gating and  by lower-
ing intracellular Ca2+- levels, inhibiting adenylyl cyclase and regulating the mitogen-
activated protein (MAP) kinase cascade (Law et al. 2000). Thus, opioids generally 
reduce neuronal excitability and the release of neurotransmitters. However, opioids 
may still increase postsynaptic activity by acting on inhibitory interneurons (Ossipov 
et al. 2004). β-endorphin is mainly found in the pituitary and the hypothalamus, 
whereas enkephalins and dynorphins are found throughout the brain. Their respec-
tive receptors are widely distributed within the brain, including the PVN, lateral hy-
pothalamus, NTS and RVLM (Mansour et al. 1988, Mansour et al. 1995).  

 

Table 2.   

Opioid receptor Main endogenous agonist Antagonist 

μ β-endorphin Naloxone, CTOP, CTAP 

κ Dynorphin Naloxone, nor-BNI 

δ Enkephalin Naloxone, ICI 174,864 

Opioid receptors and their main agonists and antagonists (Lord et al. 1977, Chavkin et al. 1982). 

 

Naloxone was the first described opioid antagonist. It blocks all three opioid recep-
tors but has a significantly higher binding affinity for the μ-receptor than for the  κ- 
(10- and 20-fold, respectively) and δ-receptor (20-fold) (Goldstein & Naidu 1989). 
The commonly used analgesic morphine is a general opioid agonist but exert most 
of its effects via the μ-receptor (Gilman et al. 1990).  

Although opioids have mainly been studied in relation to pain relief these peptides 
may also exert potent cardiovascular effects. However, studies investigating pharma-
cological activation of cerebral opioid receptors have come to very different results. 
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Depending on anaesthesia and species, activation of μ-, κ- or δ-receptors via I.C.V.-
infusion or direct injections of agonists in the distinct brain areas have yielded both 
increases and decreases in heart rate and blood pressure (Laubie et al. 1977, Feldberg 
& Wei 1978, Unal et al. 1994, Bachelard & Pitre 1995, Sun et al. 1996, Unal et al. 
1997). The contradictory results may be due to the complex presynaptic regulation 
by opioids, inhibiting both the release of GABA and glutamate (Guyenet et al. 2002). 
To explore the physiological influence of opioids on cardiovascular function opioid 
antagonists have been used in conscious animals. Although it appears that opioids 
tonically influence the baroreceptor reflex no major changes in MAP or heart rate is 
seen after unspecific opioid receptor blockade with naloxone (Ishikawa & Schrier 
1982, Byrd 1983, Reid et al. 1984). Therefore it was postulated that the beneficial ef-
fects of naloxone seen in association with haemorrhagic or endotoxemic shock is 
due to inhibition of a neural opioidergic pathways activated in these situations 
(Holaday 1983).  

In addition to cardiovascular effects in states of shock, opioid signalling has also 
been suggested to influence the release of AVP. Naloxone inhibits pituitary secretion 
of AVP in response to both osmotic and hypovolemic stimuli (Ishikawa & Schrier 
1982). Although no final consensus has been reached, this effect may be due to acti-
vation of κ-receptors (Yamada et al. 1990, Qi et al. 2007). 

HYPERTONICITY AND CARDIOVASCULAR REGULATION 

Dehydration is the most common cause of major elevations in body fluid [Na+] and 
osmolality. To counteract the water deficit AVP is released from the posterior pitui-
tary and the feeling of thirst is aroused. These effects are believed to be mediated by 
‘osmoreceptors’ located in the brain (Antunes-Rodrigues et al. 2004) and maybe also 
in the gastro-intestinal tract (Hosomi & Morita 1996). The cerebral monitoring of 
the osmolality/[Na+] is considered to be most important and comprise several brain 
structures. If the dehydration is severe the increased osmolality/[Na+] is accompa-
nied with a significant hypovolaemia. This stimulates increased renal SNA and renin 
release via unloading of baroreceptors and reduced tubular flow. In the current stud-
ies cerebral mechanisms for the cardiovascular adaptations to only cerebrally in-
creased osmolality/[Na+] in normovolaemic (Study V) and haemorrhaged sheep 
(Study I) as well as to plasma and cerebrally increased osmolality/[Na+] in haemor-
rhaged sheep (Study I and IV) were investigated. 

PERIPHERAL ADAPTATIONS TO INTRAVENOUS HYPERTONIC NaCl 

Intravenous infusion of hypertonic NaCl creates an osmotic gradient between the 
intravascular and interstitial space, and when sodium has equilibrated, between the 
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extracellular and intracellular fluid compartments. The ensuing increase in plasma 
volume results in an activation of different compensatory mechanisms depending on 
the fluid balance prior to the infusion. In normovolaemia activation of arterial 
baroreceptors, atrial distension and increased glomerular filtration rate results in de-
creased SNA (including renal SNA), renal vasodilation and an augmented sodium 
and water excretion. In addition, activation of intrahepatic sodium sensors may elicit 
a reflex decrease in renal SNA (Morita et al. 1991). On the other hand, during hypo-
volaemia the fluid osmotically drawn into the vascular compartment merely contrib-
utes to restore adequate plasma volume and the water and sodium excreting reflexes 
are not elicited to the same extent.  

 

“Once the baroreceptor mechanism for pressure control has adapted, the systemic 
arterial pressure is affected greatly by the levels of extracellular fluid volume and 
blood volume.”     

Arthur C Guyton 

 

Guyton some decades ago postulated that the hypertension following increased 
body sodium content are due to cardiovascular adaptations (Guyton et al. 1980). In-
creased extracellular sodium amount initially induces a low resistance increase in 
blood pressure. Thus, it is the cardiac output that drives the pressure increase. Pe-
ripheral blood flow is elevated and as a consequence activates local autoregulatory 
mechanisms that cause vasoconstriction. The general increase in resistance normal-
izes cardiac output but makes the MAP increase manifest. A prerequisite for this 
course of events to occur is that volume regulatory mechanisms are impaired. Re-
cently, a hypothesis emphasizing that this may involve cerebral effects of increased 
[Na+] was presented (Brooks et al. 2005). 

CNS MEDIATED EFFECTS OF HYPERTONICITY 

Andersson was first to demonstrate a purely cerebrally elicited pressor effect of hy-
pertonic NaCl (Andersson et al. 1972). In conscious goats MAP increased approxi-
mately 20 mmHg in response to slow third ventricle administration of 0.33 M NaCl. 
I.C.V. hypertonic NaCl also promotes AVP secretion (Andersson et al. 1969), drink-
ing (Andersson et al. 1967) and natriuresis (Andersson et al. 1966). Interestingly, 
these effects of I.C.V. hypertonic NaCl is generally blocked by concomitant cerebral 
infusion of losartan (Blair-West et al. 1994, McKinley et al. 1994, Rohmeiss et al. 
1995), indicating that they are mediated by a brain angiotensinergic mechanism. Se-
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lectively increasing CSF-[Na+] has previously been demonstrated by our group to 
increase the tolerance to haemorrhage (Hjelmqvist et al. 1992), presumably by so-
dium’s SNA stimulating properties.   

Since I.V. vasopressin antagonists are only moderately effective or ineffective (de-
pending on species) in attenuating the hypertensive effect of I.C.V. administered hy-
pertonic NaCl (Takata et al. 1988, Katahira et al. 1989, Miyajima & Bunag 1990) it is 
generally conceived that MAP in conscious normovolaemic subjects is mainly in-
creased by sodium induced elevation in SNA. Indeed, hypertonic NaCl has been 
shown to stimulate cardiac (Watson et al. 2004), lumbar (Weiss et al. 1996), and mus-
cle SNA as well as plasma noradrenaline concentration (Farquhar et al. 2006). How-
ever, as is also the case with cerebral effects of ANG II, there is a controversy on 
how hypertonic NaCl affects renal SNA. In conscious sheep (May & McAllen 
1997b) and in anaesthetized dogs (Kawano & Ferrario 1984, Ferrario et al. 1987) a 
decrease in renal SNA is observed in response to increased CSF [Na+]. The very op-
posite reaction takes place in conscious baroreceptor intact or denervated rats 
(Huang & Leenen 1996, Chen & Toney 2001), where increased cerebral [Na+] am-
plifies renal SNA. In anaesthetised cats, no changes (Tobey et al. 1983) and increased 
renal SNA (Schad & Seller 1975) have been reported. Pertinent to the reaction in 
sheep is that the decrease in renal SNA does not depend on activation of the barore-
ceptor reflex (May & McAllen 1997b).  

In conscious sheep and goats I.C.V. hypertonic NaCl significantly reduces plasma 
renin activity (Eriksson & Fyhrquist 1976, McKinley & Mathai 1996) via activation 
of cerebral AT1-receptors (McKinley et al. 2001). The response is abolished after le-
sion of the anterior wall of the third ventricle (May et al. 2000), indicating a crucial 
role for the lamina terminalis in mediating the inhibition of renal renin release. The 
pathway from the lamina terminalis is however unknown.  

The changes in sympathetic nerve activity, as well as other hyperosmolality activated 
compensatory mechanisms, may be elicited by specialized osmosensory cells. Due to 
their properties as CVOs and the fact that lesion of the lamina terminalis abolishes 
drinking and vasopressin release in response to hypertonic solutions the SFO and 
OVLT have been considered a prime location for such cells (McKinley et al. 2003b). 
Recently, osmosensitive cells have been found in both the OVLT (Ciura & Bourque 
2006) and SFO (Anderson et al. 2000) but also in other locations in the CNS 
(Bourque et al. 2007). Neurons in the OVLT appear to convert osmotic stimuli to a 
depolarizing current via activation of a transient receptor potential vanilloid (TRPV) 
channel (Ciura & Bourque 2006, Ramsey et al. 2006). Direct projections from the 
lamina terminalis to the magnocellular division of the PVN and SON (Miselis et al. 
1979, McKinley et al. 1992) presumably form the basis for the osmotic regulation of 
vasopressin release. In addition, the OVLT and SFO have efferent synaptic connec-
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tions with the adjacent MnPO (Miselis et al. 1979) as well as parvocellular neurons in 
the PVN (Saper & Levisohn 1983, Bains & Ferguson 1995). Axons from these areas 
also directly, or via polysynaptic pathways, reach the NTS, RVLM and the PAG 
(Lind et al. 1982, Saper & Levisohn 1983). It is apparent that the lamina terminalis 
also contributes to the sodium elicited pressor response since lesion of this area of 
the brain abolishes the increase in blood pressure (May et al. 2000). 

Studies utilizing retrograde tract tracing techniques have demonstrated a neuronal 
connection between the lamina terminalis and the kidney that involves the PVN (Sly 
et al. 1999, Giles et al. 2001). Furthermore, expression of the immediate early gene c-
Fos in the PVN in response to hypertonic NaCl is reduced after lesion of the SFO 
(McKinley et al. 1992). Thus, the PVN is a conceivable mediator of the increased 
blood pressure induced by elevated brain [Na+]. Functional studies support this hy-
pothesis since the pressor response after electrical stimulation of the SFO is abol-
ished after lesion of the PVN (Ferguson & Renaud 1984, Gutman et al. 1985). Also, 
losartan injected in the PVN attenuate the renal SNA and MAP response to in-
travascular hypertonic NaCl in anaesthetized rats (Chen & Toney 2001) and in an in 
situ rat preparation PVN inhibition attenuate the lumbar SNA increase evoked by 
intravenous hypertonic NaCl (Antunes et al. 2006). However, the cardiovascular re-
sponses to locally increased [Na+] in the brain in conscious intact subjects have not 
previously been investigated and this question is addressed in paper V. 

To summarize, if hypertonic NaCl is infused I.V. during normovolaemia the net ef-
fect on the circulation is dependent on the balance between the parallel but contra-
dictory effects of hypervolaemia and increased brain sodium. However, if hypertonic 
NaCl is infused I.V. during hypovolaemia the sympathoexcitatory and volume saving 
mechanisms elicited both centrally and peripherally should act in concert. The car-
diovascular effects of this are investigated in paper IV.  

CARDIOVASCULAR RESPONSES TO HAEMORRHAGE  

The cardiovascular adaptations to blood loss involve the majority of the previously 
discussed mechanisms for circulatory control. However, as is usually the case with 
activation of complex, interacting systems the final result is more complicated than 
the sum of the integral parts. 

Most textbooks, adherent to the conception of many clinicians, still describe the ef-
fects of haemorrhage as a monophasic increase in vascular resistance and heart rate 
that struggles to maintain sufficient blood pressure despite a diminishing blood vol-
ume. However, studies in conscious rabbits, dogs, rats, sheep and humans have re-
vealed a different course of events (Schadt & Ludbrook 1991, Hjelmqvist & Gun-
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narsson 1995). Initially during a progressive blood loss MAP is virtually unaffected 
due to a peripheral vasoconstriction that allegedly matches the reduction in cardiac 
output. This is the compensatory phase. The decompensatory phase commences when ap-
proximately 20-30% of the total blood volume is lost and comprises bradycardia, 
loss of peripheral vascular tone (notable exception is skin blood flow) and conse-
quently hypotension. Interestingly, this is a reflex deactivation of the initial mecha-
nisms aimed at maintaining MAP and accordingly not a consequence of reduction in 
flow that results in physical inability to preserve pressure. The functional importance 
of the decompensatory phase is unknown but a conceivable hypothesis may be that 
a reduction in MAP minimize injury-induced blood loss and facilitates the closing of 
an injured blood vessel. If haemorrhage continues beyond this point the decompen-
satory phase is eventually reversed. On the other hand, if haemorrhage is stopped 
MAP will start to return to normal. 

COMPENSATORY PHASE 

The mechanisms behind the first phase of haemorrhage are well characterized.  The 
arterial baroreflex is chiefly responsible for the cardiovascular changes during haem-
orrhage in rabbits (Chalmers et al. 1967), monkeys (Cornish et al. 1988) and in dogs 
(Shen et al. 1990, Shen et al. 1991) but in humans unloading of ventricular cardiac 
receptors may contribute as well (Mohanty et al. 1987, Sanders et al. 1989). Via the 
putative cerebral mechanisms previously outlined, overall SNA, measured as plasma 
noradrenaline concentration, increases. This has also been confirmed by direct 
measurements of renal (Morita & Vatner 1985), muscle (Sundlof & Wallin 1978), 
adrenal (Tochihara 1996), splanchnic (Ninomiya et al. 1971) and lumbar (Hasser & 
Moffitt 2001) SNA. The progressive rise in heart rate is a result of both increased 
cardiac SNA (Ninomiya et al. 1971) and withdrawal of cardiac vagal activity (Sander-
Jensen et al. 1988). As the blood loss progresses ANG II and AVP levels increase, 
but besides a possible facilitatory action on SNA by ANG II (Isaacson & Reid 
1990), these hormones only add moderately to the compensatory phase (Schadt & 
Hasser 1991, Ullman et al. 1992a).  

The cerebral neurons contributing to the compensatory phase has mainly been 
thought to reside in the brainstem but recent data suggest that also more rostral 
structures, such as the PVN, may be involved (Yang & Coote 2006).  

The increased SNA induces a general arteriolar constriction that reduces capillary 
pressure, and thus the net transcapillary filtration to the extent that interstitial fluid 
replaces some of the lost plasma volume. In addition, total peripheral resistance is 
increased. Another important factor is the decrease in both compliance and capacity 
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of large veins. This mobilizes blood reserves and attenuates the haemorrhage in-
duced decrease in venous return to the heart. 

DECOMPENSATORY PHASE 

The first observations of haemorrhagic bradycardia and vasodilation in humans were 
reported in the mid 20th century after studies in human volunteers (mostly medical 
students) subjected to a venous haemorrhage until they fainted (Barcroft et al. 1944, 
Barcroft & Edholm 1945, Warren et al. 1945). It was concluded that: 

 

“…the subject is liable to a sudden fainting attack characterized by bradycardia, 
sweating, pallor, unconsciousness and low B.P.”  

(Barcroft & Edholm 1945) 

 

The reaction is thus similar, if not identical, to what is usually termed “vaso-vagal 
syncope” (Lewis 1932), elicited by a range of stimuli including orthostatic stress and 
certain emotions.  

Although it was initially suggested that this reaction was due to activation of sympa-
thetic vasodilatory fibres (Barcroft & Edholm 1945) the current view is that a wide-
spread withdrawal of vasoconstrictive SNA is responsible for the vasodilation 
(Evans et al. 2001). Besides the prominent reduction in peripheral resistance the fall 
in MAP may be further aggravated by diminished cardiac SNA (Dr C. May, personal 
communication 2007) and increased cardiac vagal activity (Murray & Shropshire 
1970). It seems though, that the decrease in heart rate is of minor importance for the 
fall in MAP since blockade of vagal activity or cardiac pacing prevent the bradycar-
dia but not the hypotension (Murray & Shropshire 1970, el Bedawi et al. 1994). Con-
trary to humans, quadrupeds do not tend to faint at the onset of hypotension and 
bradycardia. 

In contrast to the major reduction in SNA, adrenal SNA increases further, resulting 
in a massive release of adrenaline and noradrenaline into the circulation (Victor et al. 
1989) and this together with a major release of AVP and renin (Korner et al. 1990, 
Ullman et al. 1992a) are the factors that acts to support blood pressure at this stage. 
However, in adrenal-denervated rabbits the plasma concentration of noradrenaline is 
decreased as a result of the general sympathoinhibition causing an attenuated release 
from peripheral nerves (Schadt & Gaddis 1988).  
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Both the afferent signals and central nervous parts constituting the neural basis for 
the decompensatory phase are still largely unknown. For long it was thought that 
cardiac unmyelinated afferents, running in the vagus nerve and activated by low dia-
stolic volumes, initiated the sympathoinhibition (Oberg & Thoren 1972, Skoog et al. 
1985). However, when it was reported that cardiac transplant patients lacking an af-
ferent innervation of the heart still had a decompensatory phase in response to cen-
tral hypovolaemia this hypothesis was considered less likely (Fitzpatrick et al. 1993, 
Giannattasio et al. 1993, Lightfoot et al. 1993). Further support for a non-cardiac or-
gin for the decompensatory phase is the finding that haemorrhagic hypotension and 
bradycardia is not abolished after cardiac denervation or cardiac nerve blockade in 
conscious dogs (Shen et al. 1990). In addition, echocardiographic studies do not sup-
port the notion of an increased left ventricular wall stress when the reflex sets in (Liu 
et al. 2000). 

Cerebral structures involved in the decompensatory phase 

Several studies have addressed the question of which cerebral structures and neuro-
transmitters mediate the decompensatory phase. Mapping the expression of the gene 
c-Fos (used as a sign of neuronal activation) have shown in conscious rats that spi-
nally projecting neurons in the forebrain PVN and the brainstem RVLM are acti-
vated by hypotensive haemorrhage but not non-hypotensive haemorrhage (Badoer et 
al. 1993, Badoer & Merolli 1998). Other investigators have found that the c-Fos ex-
pression in the RVLM is decreased by hypotensive haemorrhage (Pelaez et al. 2002). 
Severe haemorrhage have been shown to activate the PAG (Ahlgren et al. 2007). 
Also neurons in the caudal midline medulla which synapse with vagal preganglionic 
neurons projecting to the heart are activated by haemorrhage (Heslop et al. 2004).  

A contribution of forebrain regions in causing the decompensatory phase is plausi-
ble as high mesencephalic decerebration in conscious rabbits prevents the sudden 
failure of vasoconstriction in simulated haemorrhage (cardiac output decreased to a 
set level by graded caval occlusion) (Evans et al. 1991). Accordingly, the decompen-
satory phase is postponed by inhibition of neurotransmission in the hypothalamus 
(Goktalay et al. 2006). However, contradictory results have been reported for con-
scious rats showing that if the connection between the midbrain and the brainstem, 
but not the connection between the forebrain and the brainstem, is preserved the 
decompensatory phase still occurs (Troy et al. 2003). Also the role of the PVN re-
mains uncertain as selective lesion of parvocellular neurons or lesion of the whole 
PVN do not affect the appearance of haemorrhagic hypotension and bradycardia 
(Darlington et al. 1988, Blair et al. 1998). 

Since the decompensatory phase is associated with a pronounced sympathoinhibi-
tion it is reasonable to assume that sympathetic premotor neurons in the RVLM are 
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inhibited. Thus, inhibition of 5-HT1A-receptors in the RVLM postpones but does 
not prevent the decompensatory phase (Dean & Bago 2002). Likewise, cardiac vagal 
preganglionic neurons should be stimulated but, with the exception of the lack of 
effect by κ-receptor activation in the nA (Samuels & McIntosh 1993), this has not 
been experimentally investigated. 

A series of experiments have suggested that the decompensatory phase may be elic-
ited in ventrolateral PAG of the midbrain by activation of δ-opioid receptors (Cavun 
& Millington 2001, Cavun et al. 2001), and mediated by parallel inhibition of premo-
tor sympathetic neurons in the RVLM (Guyenet et al. 2002) and stimulation of car-
diac vagal preganglionic neurons (Heslop et al. 2004). The signalling for this response 
may then comprise a polysynaptic pathway involving δ-opioid receptors in the cau-
dal midline medulla (Henderson et al. 2000, Heslop et al. 2002, Henderson et al. 2002, 
Dean 2005).  

Opioids and haemorrhage 

In the late 1970´s Holaday and Faden presented the first evidence that unspecific 
antagonism (naloxone) of increased opioid signalling induced by shock was able to 
reverse hypotension in conscious rats (Faden & Holaday 1979). This was subse-
quently confirmed in several species (Schadt et al. 1984, Schadt & Ludbrook 1991). 
An important finding was that the naloxone site of action was in the brain 
(Yamashita et al. 1996). Eventually it was concluded that pre-treatment with 
naloxone postponed the decompensatory phase of haemorrhage with little or no 
effects on the compensatory phase in conscious rats and rabbits (Burke & Dorward 
1988, Ludbrook & Rutter 1988, Evans et al. 1989a, Ang et al. 1999, Molina 2001) 
This suggested that activation of central opioidergic mechanisms were responsible 
for the initiation of haemorrhagic hypotension in these species. However, investiga-
tion of the different opioid receptors subtypes involved has generated contradictory 
results.  

In rabbits naloxone inhibits the decrease in sympathetic nerve activity causing hy-
potension via activation of cerebral δ-opioid receptors (Evans et al. 1989b) while ac-
tivation of κ- and μ-opioid receptors during haemorrhage prevents decompensation 
(Evans et al. 1989b, Evans & Ludbrook 1990). In contrast, central δ-opioid receptor 
antagonism has been shown unable to affect heart rate and blood pressure responses 
to haemorrhage in rats (Feuerstein et al. 1985) whereas centrally administered µ-
opioid receptor agonists have been shown to block the bradycardia and delay hy-
potension associated with the decompensatory phase (Ohnishi et al. 1997).  

Besides opioids also serotonergic, nitrergic and adrenocorticotropic mechanisms 
have been suggested to participate in mediating the decompensatory phase (Evans et 
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al. 2001). To my knowledge no experiments addressing the CNS branch of the reflex 
sympathoinhibition have succeeded in completely abolishing the decompensatory 
phase. This may depend on the experimental model of fixed-volume haemorrhage 
frequently used. It is an approach that consists of removing a volume of blood, 
which in controls cause sympathoinhibition and hypotension, but not after an inter-
vention. Thus, conclusions involving “the decompensatory phase was prevented” 
may only illustrate that the reaction was postponed, and eventually would have oc-
curred should the bleeding had continued.  

SMALL VOLUME HYPERTONIC RESUSCITATION 

During the 1st world war fluid resuscitation with isotonic and hypertonic NaCl solu-
tions was used with some success for treatment of hypovolemic shock. This was 
acknowledged and scientifically documented by, among others, the American physi-
ologist Walter B Cannon. After both laboratory and field studies he had begun to 
recognize the dangers associated with low blood pressure and hypoperfusion and 
described how that could be corrected with intravenous injections of inter alia hyper-
tonic sodium solutions (Cannon et al. 1918). During the years sporadic reports about 
the efficacy of hypertonic solutions in different forms of shock and haemorrhage 
were published (Danowski et al. 1946, Plewinski 1955, Brooks et al. 1963, Baue et al. 
1967a, Baue et al. 1967b, Messmer et al. 1969, Fox, Jr. & Stanford 1974). However, it 
was not until 1980 hypertonic NaCl resuscitation gained widespread recognition as a 
conceivable option for treating shock. A Brazilian group published two studies, one 
experimental and one clinical, that described rapid reversal of hypovolaemic shock 
by intravenous infusion of small volumes of 7.5% hypertonic NaCl (Velasco et al. 
1980, de, Felippe. et al. 1980). Since then experimental data have demonstrated bene-
ficial effects of hypertonic NaCl, sometimes with the addition of dextran or hy-
droxyethyl starch, in haemorrhagic hypovolaemia, sepsis, traumatic brain injury and 
severe burn injury. However, there is still no convincing evidence from large clinical 
trials that hypertonic NaCl is superior to standard treatment. Despite this, hyper-
tonic NaCl, usually with added dextran to improve and prolong the effects on 
plasma volume, is approved and frequently used as a treatment in a number of coun-
tries. 

When used for treatment after blood loss, 4 ml/kg BW 7.5% NaCl (osmolality: 
∼2400 mOsm/kg) is known to rapidly increase cardiac output and MAP whereas 
systemic and pulmonary vascular resistance are decreased (Velasco et al. 1980, Tobias 
et al. 1993). In addition, oxygen delivery, blood gas values and diuresis are improved 
(Hannon et al. 1989, Cox et al. 1994). These effects are partially dependent on in-
travascular volume expansion by osmotic mobilization of fluid to the vascular com-
partment (Wolf 1971). A major fluid absorption is suggested to originate from eryth-
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rocytes and capillaries with oedematous endothelium due to ischaemia (Mazzoni et 
al. 1988). This makes additive effects as it reduces hydraulic resistance and increases 
plasma volume. Besides the volume effect studies have shown that hypertonic NaCl 
reduces blood viscosity and peripheral arterial constriction (Gazitua et al. 1971, Maz-
zoni et al. 1990), protects against reperfusion organ damage (Shields et al. 2003) and 
attenuate detrimental immunological activation (Bulger et al. 2007). An intact inner-
vation of the lung has been advocated for the full effect of hypertonic NaCl (Lopes 
et al. 1981, Younes et al. 1985, Rocha e Silva & Velasco 1989) but several studies 
have also questioned this (Hands et al. 1988, Schertel et al. 1990). 

Despite that the initial increase in plasma volume is typically reduced when sodium 
is equilibrated in the extracellular volume, cardiac output remains elevated. This has 
made many investigators look into the direct stimulating effect of hypertonic NaCl 
on the heart. Most studies have, however, showed direct negative effects on cardiac 
function by increased [Na+] (Constable et al. 1994, Waagstein et al. 1995, Ogino 2002, 
Ricardo et al. 2007). 

Although the prominent autonomic effects of increasing cerebral [Na+] (see “CNS 
mediated effects of hypertonicity”) very few studies have investigated the central 
neural component of the effect of hypertonic NaCl resuscitation. There are indica-
tions that the CNS is involved in the beneficial effects since 0.5 M NaCl 20 μL/min 
I.C.V. delays the decompensatory phase of haemorrhage equally as 4 ml/kg 1.2 M 
NaCl I.V. in conscious sheep (Hjelmqvist & Gunnarsson 1995). Furthermore, I.C.V. 
saralasin decrease survival after treatment with hypertonic NaCl in anaesthetized 
haemorrhaged dogs (Velasco & Rocha-e-Silva 1989). Interestingly, the beneficial 
effects of hypertonic resuscitation are more related to high sodium concentration 
than the high osmolality since different solutions with the same osmolality as 7.5% 
hypertonic NaCl are not as effective (Rocha e Silva et al. 1987, Waagstein et al. 1993). 
This may be related to diffusion properties of NaCl but could suggest actions on 
sodium sensitive cells in the lamina terminalis.  
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AIMS 

This thesis project had two main objectives. One concerned the influence of the 
cerebral opioidergic system for the cardiovascular responses to haemorrhage. The 
other aim was to investigate the cerebral contribution to the circulatory adaptations 
evoked by hypertonic NaCl during basal conditions and in haemorrhagic shock. As 
part of the latter, it was found of crucial importance to develop a method for local-
ized intracerebral injections in large, conscious animals.  

The following specific questions were addressed: 

1. Do periventricular opioid receptors mediate cardiovascular alterations during 
haemorrhage, and if so, which receptor subtypes are involved? 

2. Is there a cerebral component in the therapeutic effect of hypertonic NaCl 
administered as small volume hypertonic resuscitation in haemorrhage? 

3. What is the role of the paraventricular nucleus of the hypothalamus in car-
diovascular control under basal conditions and does it mediate the acute re-
nal and cardiovascular effects of increased cerebral sodium concentration? 
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METHODS AND METHODOLOGICAL  
CONSIDERATIONS 

All experiments in this thesis were carried out with adult Texel cross-bred ewes as 
experimental animals. The experiments were approved in advance by the regional 
ethics committee in Stockholm, Sweden and adhere to the European Union direc-
tive 86/609/EEG and the European Council convention ETS 123.    

THE SHEEP AS AN EXPERIMENTAL ANIMAL 

Anaesthetics are intentionally used to reduce brain function. Although a range of 
different preparations exist they all achieve, through mechanisms not entirely 
known, interruption or disturbance of neuronal communication (Plourde 2007). It is 
thus not surprising that anaesthesia may modify the humoral, neural and cardiovas-
cular responses to several different afferent stimuli (Dorward et al. 1985, Ninomiya et 
al. 1986, Weaver & Stein 1989). Therefore, studies investigating the central process-
ing in cardiovascular regulation, due to its multiple integrative nature, should be 
preferably performed in conscious subjects.  

In this regard the sheep is highly suited as a laboratory animal. These animals are 
domesticated and calm which facilitates experiments in the conscious state without 
the confounding influence of emotional stress. They are also favourably sized for 
multiple blood samplings with no major effect on the blood volume and chronic 
instrumentation without interfering with normal behaviour. Furthermore, haemody-
namic parameters like MAP, CO, HR, several regional blood flows as well as circu-
lating levels of AVP and ANG II largely corresponds to human values. However, all 
species have their anatomical and physiological peculiarities, more often than not 
associated with evolutionary adaptations to certain environmental demands. In rela-
tion to the experiments included in this thesis some special features of the sheep de-
serve attention.  

In the sheep there is a common carotid artery on each side of the neck rather than 
separate internal and external carotid arteries. Arterial baro- and chemo-receptors are 
located at the junction of the carotid and occipital arteries. Sympathetic cardiac 
nerves enter the thorarcic sympathetic chain through spinal roots T1-T6 on the right 
side and T2-T5 on the left side and sometimes descend considerably before aiming 
for the heart. Neurons increasing heart rate are chiefly conferred to the right side 
(Waites 1957). 
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The kidneys are smaller in size compared to humans. They also receive slightly less 
blood in relation to CO. The right kidney is usually located against the liver in the 
right dorsal part of the abdomen while the left kidney is more mobile, the position 
being affected by the abdominal viscera.  

Up to one fourth of the total erythrocyte mass can be stored in the spleen (Dooley et 
al. 1972), which is able to contract in response to sympathetic stimulation and add 
large quantities erythrocytes to the circulation. This feature is strongly activated dur-
ing stress and blood loss and raise difficulties in estimating plasma volume altera-
tions by changes in haematocrit. In the undisturbed conscious state the haematocrit 
is around 30% while it falls to about 20% during isoflurane anaesthesia. 

Also of importance in the haemorrhage situation is the reservoir of fluid residing in 
the forestomachs. Generally, it is the digestive system of the sheep that provides the 
greatest contrast to most of the other experimental animals. The forestomachs are of 
considerable size and contain fluid and electrolytes that may be recruited to the cir-
culation during blood loss. Due to the great weight of the digestive system the blood 
volume related to body weight is lower compared to most mammals, including hu-
mans. A sheep has approximately 60-65 ml blood per kg body weight (~ 4.5 litres 
for a 70 kg sheep) (Torrington et al. 1989). 

Unlike monogastric animals the main source of energy are volatile fatty acids, which 
are produced by fermentation of cellulose and starches by bacteria in the rumen. 
Consequently, the plasma glucose levels are lower than in man, reducing the ability 
to obtain acute hyperglycaemic hyperosmolality which may be of importance for the 
autotransfusion of fluid to the circulation after haemorrhage. 

As herbivores, with less proteins/amino acids in the diet than omni- and carnivores 
the normal arterial pH of the sheep is normally slightly higher (between 7.45 and 
7.50) than in humans. Hence, a pH within normal range for man may in the sheep 
be very low. 
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Figure 8. Creation of “arterial 
loops”. The carotid artery is first 
dissected free from surrounding 
tissue (A). Thereafter a rectan-
gular area of skin, sufficiently 
large to enclose the artery, is 
vertically cut leaving the edges 
attached to the rest of the skin. 
The artery is placed into the skin 
flap and the edges sutured to-
gether (B). Finally, the skin un-
derneath the loop is sutured (C).  

 

SURGICAL PREPARATIONS 

All surgical preparations were performed under isoflurane anaesthesia with the 
sheep orally intubated and mechanically ventilated. Postoperative treatment with 
analgesics and antibiotics was made routinely. None of the preparations caused any 
apparent discomfort to the sheep. 

EXTERIORIZATION OF THE CAROTID ARTERIES 

To achieve easy access to the arterial vascular compartment for pressure measure-
ments and blood sampling the carotid arteries of the sheep were routinely enclosed 
into bilateral skin loops according to a technique described by Denton (Denton 
1957). Great care was taken not to damage the vagus nerve in the process. Experi-
mentation was not performed until the carotid loops had become satisfactory pliant 
for acute cannulation (approximately 2 weeks). 

 

A 

B 

C 
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FLOW PROBES 

The animals used in paper I-IV were supplied with ultrasonic flow-probes (Tran-
sonic System Inc., New York, USA) for recordings of peripheral blood flow. The 
factory calibrated flow-probes are designed to accurately measure volume-flow, not 
only velocity. In papers II and III the flow-probes where placed around the femoral 
and the renal artery, while in papers I and IV an additional probe was used to meas-
ure flow in the cranial mesenteric artery, corresponding to the superior mesenteric 
artery in man. The renal and mesenteric arteries were accessed via a paralumbar inci-
sion on the left side. The descending aorta was dissected free and the appropriate 
vessels identified and supplied with the flow-probes as close as possible to the de-
parture from the aorta. For the renal artery a probe size of 6 (reflector height 6.6 
mm) was used and for the mesenteric the corresponding probe was 8 (reflector 
height 8.8 mm). The right femoral artery was uncovered with the sheep in the supine 
position and fitted with a probe size 6. All probe cables were then tunnelled subcu-
taneously and fixed in place at a paralumbar position.  

Figure 9. Placement of femoral artery flow-probe. An incision is made in the right groin of the 
sheep. The artery is located and the probe placed around it. The probe cables was then tun-
nelled subcutaneously and fixed in place on the back of the sheep.  
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CEREBRAL CANNULAE 

I.C.V.-cannulae 

For access to the CSF compartment all animals were supplied with two permanently 
implanted stainless-steel guide tubes (o.d. 1.5 mm) placed with their tips 2-3 mm 
above each lateral cerebral ventricle. During the experiments, it was then easy to give 
infusions or take CSF-samples via an inner needle reaching beyond the tip of the 
guide tube. The procedure started with exposure of the skull bone. Thereafter two 
holes (diameter approximately 3 mm) were drilled 3-6 mm from the midline on ei-
ther side. The tubes were lowered once at a time through the holes by the help of a 
micro manipulator. To ensure a correct placement, a slowly perfused (aCSF, 40 
µL/min) inner needle extending past the guide cannula was connected to a pressure 
transducer. When the pressure dropped, indicating communication with the ventri-
cle, the guide cannulae and supporting screws were secured to the skull with dental 
acrylic.   

Figure 10. Example of a radiograph used in the placement of the PVN-cannulae. I.C.V.-injection 
of contrast medium visualized the cerebral ventricles. The location of the PVN was then esti-
mated and the angle and depth of the cannulae calculated. The cannulae were advanced, one 
at a time, through drilled holes in the skull bone located 1 mm on either side of the mid-sagittal 
plane until their tips were situated 5 mm above the PVN. Dental acrylic secured the cannulae to 
the skull. 
Abbreviations: 3v, third ventricle; I.C.V., intracerebroventricular; LV, lateral ventricle; MI, massa 
intermedia; PVN, nucleus paraventricularis;  
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PVN-cannulae 

In paper V two additional guide tubes (o.d. 1.0 mm) were positioned in the brain 5 
mm above the PVN bilaterally. The sheep were placed in a modified stereotactic 
apparatus and via injection of 0.6 ml iohexol contrast medium (Omnipaque, GE 
Healthcare Europe GmBh, Munich, Germany) the cerebral ventricles were visual-
ized with radiographs. The anatomical location of the PVN was identified in a two 
dimensional sagittal plane and the angle and the depth of the tubes were calculated 
using basic trigonometry. Using a micromanipulator (David Kopf Instruments, Tu-
junga, CA, USA) both tubes were lowered into the brain towards the PVN, but in 
different caudal to cranial angles, before they were fixed in place by dental acrylic. At 
the time of the experiment inner needles (o.d. 0.7 mm) were lowered through the 
guide tubes to reach the PVN. 

All guide tubes were blocked with an obturator until the experiments were per-
formed. 

HAEMODYNAMIC MEASUREMENTS 

Blood pressures were recorded from three different sources. First, a catheter (o.d. 1 
mm) was inserted in one of the carotid arteries for measurement of arterial pressure. 
From the pressure curve MAP and heart rate (HR) was derived. Second, a catheter 
(o.d. 1.2 mm) was inserted in the left jugular vein through which a guide wire was 
introduced into the vein. The catheter was retracted and a small incision made in the 
skin above the vein. By sliding on the wire another soft catheter was placed inside 
the jugular vein. A flow-directed, two lumen, pulmonary artery catheter was then 
slowly advanced via this introducer to the right side of the heart and further, until it 
was verified by pressure-guidance that it had reached a branch of the pulmonary ar-
tery. The mean pulmonary artery pressure (MPA) was measured at the distal end of 
the catheter and the central venous pressure via a proximally placed port. Both 
catheters were connected to tubing containing heparinized saline that in turn were 
connected to pressure transducers (DPT-6003, PVB Medizin Technik, BMBH, 
Kirchseen, Germany). The voltage created by the saline pressing against a membrane 
inside the transducer was amplified using Biopac DAC100 (BIOPAC Systems; Go-
leta, CA, USA). The transducers were calibrated before and after each experiment 
using a two-point calibration method with hydrostatic pressure corresponding to 
atmospheric pressure and 100 mmHg (arterial pressure) and atmospheric pressure 
and 25 mmHg (CVP and PAP). 

The pulmonary artery catheter was also used for determination of CO via the ther-
modilution technique (Ganz et al. 1971, Weisel et al. 1975). In papers I-III CO was 
computed every 30 to 60 seconds by automatic heating of the blood and measure-
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ment of the rate of temperature drop along the catheter, whereas in papers IV and V 
this was supplemented by rapid I.V. of ice-cooled isotonic saline. The signal from the 
pulmonary artery catheter was fed into a Vigilance® Edwards Critical Care Monitor 
(Baxter Healthcare Corporation) for swift calculation of CO. The continuous ther-
modilution technique has repeatedly been shown to give valid estimations of CO 
(Munro et al. 1994, Medin et al. 1998). However, during rapid changes in blood flow 
the automatic measurement have been reported to adapt slowly (Siegel et al. 1996). 
In the haemorrhage experiments (papers I-IV) automatic CO measurements were 
successfully achieved until the decompensatory phase set in. Then the signal was 
sometimes lost for approximately five minutes until it recovered and reported drasti-
cally lower CO-values. To confirm the major drop in CO manual measurements 
were added in paper IV. 

Regional blood flows (femoral, renal and mesenteric) were measured by one or two 
dual channel flow-meters (T208, Transonic System Inc, New York, USA) connected 
to the implanted ultrasonic flow-probes.  

All parameters were continuously recorded (except manual CO measurements) on a 
computer hard drive using a data acquisition system (MP150, BIOPAC Systems) 
with a sampling rate of 100 Hz (papers I-III) or 250 Hz (papers IV-V). A selected 
number of parameters were displayed on-line. 

Intravascular catheterizations were performed under local anaesthesia at least 60 
minutes prior to the start of the experiments to minimize the risk of possible stress 
effects. 

EXPERIMENTAL PROTOCOLS 

MILD HAEMORRHAGE 

The haemorrhage procedure used in papers I-III and is illustrated in Fig. 11. Haem-
orrhage was performed by aspiration of blood from the jugular vein at a constant 
rate (0.7 ml/min/kg) with the sheep standing unrestrained in an experimental cage 
(two experimental groups in paper I were anesthetized, lying in the prone position 
on an operating table). The blood was stored in heparinized bags for later retransfu-
sion. Aspiration of blood continued until MAP dropped below 50 mmHg, i.e. the 
decompensatory phase set in. Prior to the start of haemorrhage, continuing 
throughout the experiment or stopped after a certain administered volume, an I.V. or 
I.C.V. infusion was started. The difference in shed blood volume between infusions 
was taken as a measure of these treatments to postpone the decompensatory phase. 
This protocol also permits evaluation of the haemodynamic responses to haemor-
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rhage during the compensatory phase. However, comparisons between the infusions 
on the recovery after haemorrhage are rendered difficult if an effect is seen on the 
initiation of the decompensatory phase as this entail different degrees of hypovol-
aemia when the recovery period starts.  

The decompensatory phase was accompanied in the sheep with an increased respira-
tory rate and sometimes the sheep would lie down. These reactions were not quanti-
tatively or qualitatively altered in relation to the volume of blood shed to induce hy-
potension. The sheep never lost consciousness at the onset of hypotension, some-
thing that is frequently seen in humans in the same situation. 

MODERATE HAEMORRHAGE 

This haemorrhage procedure was used in paper IV. It is modified from the method 
developed by Wiggers and Werle (Werle et al. 1942) and induces a state of reversible 
hypotensive and hypovolaemic shock. Here haemorrhage was performed as de-
scribed above but the volume of blood loss was not guided by changes in MAP but 
instead was fixed at 25 ml/kg body weight in 25 minutes. To maintain hypotension 
an additional 10 ml/kg of blood was aspirated during 60 minutes. An I.C.V.-infusion 
was started after the first haemorrhage and continued until the end of the experi-
ment. This protocol facilitates investigations of the central nervous component of 
different treatments given at a later stage, provided that the infused substance in-
fused I.C.V. does not have any effects on the responses to haemorrhage per se.  

The removed blood was always re-transfused, regardless of the haemorrhage proto-
col used, and the sheep recovered rapidly after the experiments was stopped. As a 
result the sheep could be used as their own controls thereby eliminating the inter-

Figure 11. Schematic illustration of the “mild haemorrhage” experimental protocol. 
Abbreviations: BW, body weight; I.C.V., intracerebroventricular; I.V., intravenous; MAP, mean 
arterial pressure. 

IV- infusion (4 ml/kg during 60 min) ICV- infusion

30 min

Start haemorrhage
MAP<50 mmHg

Haemorrhage Recovery
0.7 ml/min/kg BW

Stop haemorrhage 

60 min
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individual variation in the statistical calculations. However, the haemorrhage experi-
ments were separated with at least one (mild haemorrhage) or two (moderate haem-
orrhage) weeks and the general condition of the sheep was always thoroughly evalu 
ated before and after each experiment.  

REVERSIBLE INHIBITION OF NEURONAL ACTIVITY WITHIN THE PVN 

This procedure was used in paper V. Lidocaine was utilized for inhibition of neu-
ronal activity. This was done to investigate if inhibition of the neurotransmission 
within the PVN would influence the cardiovascular and renal effects of I.C.V. hyper-
tonic (0.5 M) NaCl. Lidocaine acts on voltage-gated sodium channels by inhibiting 
the flow of sodium ions through the channel pore, thereby preventing the genera-
tion and propagation of depolarization. The effect is highly reversible, with the dura-
tion being dose dependent. A disadvantage is that actions on the cell bodies can not 
be separated from actions on fibres of passage.   

The temporary effect of lidocaine facilitated a cross-over design with a relatively 
short wash-out period for the investigation of the tonic contribution of the PVN to 
baseline haemodynamics as well as its significance for the cardiovascular and renal 
responses to increased CSF [Na+]. All sheep were randomized into two groups. In 
one group, the lidocaine intervention (A) was performed first and the control (B) 
after a two hour wash-out period. In the other group the order was reversed. In or-
der to evaluate the tonic influence of the PVN on hemodynamic and renal parame-
ters, the effect of lidocaine inhibition of the PVN was compared to control (no in-
jection) and to injections of lidocaine placed outside the PVN. Thereafter lidocaine 
was injected again and the hypertonic NaCl infusion was started. 

Figure 12. Schematic illustration of the “moderate haemorrhage” experimental protocol. 
Abbreviations: I.C.V., intracerebroventricular.  

25 ml/kg 
Haemorrhage

85 min 180 min30 min

Start haemorrhage

ICV-infusion

1 ml/kg/min 0.17 ml/kg/min

Stop haemorrhage Treatment

10 ml/kg
Recovery
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BODY FLUID ANALYSES 

Blood aspirated from the jugular vein was heparinized and used for immediate read-
ing of haematocrit from 10 ml graded tubes after centrifugation (3000 RPM for 10 
min, 1460 G). The plasma was taken for measurement of plasma osmolality (Auto & 
Stat Om 6010 osmometer; Kagaku Co, Kyoto, Japan), [Na+] and [K+] (IL 943 flame 
photometer; Instrumentation Labs, Italy), protein concentration by refractometry 
(Atago Co, Kyoto, Japan). In paper V plasma as well as urine creatinine was deter-
mined by the laboratory of the Karolinska University Hospital using the Jaffe 
method (Synchron LX, Beckman Instruments, Richmond, CA). Endogenous 
creatinine clearance has shown a good correlation to inulin clearance in sheep 
(Nawaz & Shah 1984) and was thus taken as an approximation of glomerular filtra-
tion rate (GFR).  

The carotid blood samples were used for immediate arterial blood gas analyses and 
sometimes for determinations of sodium and potassium concentrations (ion optodes 
using ion-selective ionophores) performed on an Opti Critical Care analyser (AVL, 
Roswell, Georgia, USA). 

In paper V urine was collected in 60 min samples via a retention catheter inserted 
into the urinary bladder via the urethra. Urine volumes were measured and aliquots 
taken for determination of electrolytes, osmolality and creatinine concentration. 

Lidocaine Lidocaine Lidocaine Lidocaine
0.5M  NaCl ICV 0.5M  NaCl ICV

A

B

0.5M  NaCl ICV 0.5M  NaCl ICV
Control Control

1 h

Control

2 h 2 h

Control

2 h
Wash-outBaseline

1 h

Figure 13. Schematic illustration of the experimental protocol utilized when the effect of PVN 
inhibition prior to I.C.V. hypertonic NaCl and per se was studied. 
Abbreviations: I.C.V., intracerebroventricular.  
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CSF was sampled slowly and in small volumes (∼300 μl) via gentle siphoning from 
an I.C.V.-needle. The size of the sample only permitted analyses of [Na+] and [K+] 
with flame photometry. 

VASOPRESSIN, RENIN ACTIVITY AND ANGIOTENSIN II 

The analyses of these hormones were performed using radioimmunoassay (RIA), a 
method based on the competitive binding of radio-labelled and sample substances 
(in these cases peptides) to antibodies. Antibody specificity and sensitivity, as well as 
the stability of radio-labelling are crucial for the quality of the assay. Immediate cool-
ing of plasma samples and deep-frozen storage are also of importance for reliable 
determinations. 

The plasma renin activity was determined in papers I and III by using a commercial 
RIA kit (RIANEN Angiotensin [125I] RIA kit, Perkin Elmer). In this assay the 
amount of ANG I generated (per ml plasma and hour) during incubation at 37o C is 
determined by RIA, which gives an estimate of the renin activity. Renin activity as-
says have generally been replaced by direct measurements of the renin concentra-
tion. Since this particular assay was taken off the market, and to apply a somewhat 
less labour-intensive method, we switched to measurements of plasma ANG II con-
centrations in papers IV and V. 

For the determinations of AVP and ANG II, blood samples were collected in tubes 
with EDTA and Trasylol®, a protease inhibitor, and the separated plasma was fro-
zen in two aliquots. The samples were later extracted with cold acetone and petro-
leum benzene, followed by evaporation to dryness. These steps were taken to reduce 
degradation of peptides in the sample and eliminate possible disturbance by proteins 
and other substances on antibody binding to the peptide to be measured. 

A commercial RIA kit (Peninsula laboratories Inc, Div. of Bachem, S-2012; RIK 
7002) was used for plasma ANG II measurements. Three different assays were used 
for the plasma AVP measurements. In paper III a method developed in the labora-
tory, and previously described in detail (Lishajko 1983) was used. The original assay 
used another extraction procedure (separation on Sephadex columns) than used here 
(see above). Due to possible deterioration of the antibodies (optimal degree of dilu-
tion was declining) we changed to commercial RIA kits also for this peptide (paper 
I: Euria-Vasopressin, Euro-Diagnostica; papers IV and V: Peninsula Laboratories 
Inc, Div. of Bachem, S-2196; RIK 8103). All three assays gave similar basal plasma 
AVP levels in conscious sheep (1-3 pmol/L). 
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STATISTICAL ANALYSES 

Values were presented as the arithmetic mean and an estimation of the variance in 
the measurement. Usually this was the standard deviation (S.D.) since it gives a better 
prediction of the variability than the sometimes used standard error of the mean 
(S.E.M.). S.E.M. is actually not a measure of variability but of uncertainty in the meas-
urement. If effects were calculated (i.e. “a reduction in MAP increase by 8 mmHg 
compared to…”) the average discrepancy between groups were presented with the 
95 % confidence interval of that difference. Although this occasionally makes the 
results section laborious to read it adds important information regarding the effect 
interval that contains the true population mean. 

The sample sizes were generally small. Repeated measures in the same individual was 
performed when possible, to compensate for this.  In case of non-significant results 
that were believed to be of interest, power-calculations were performed to put the 
negative findings in context. 

As the dependent variables generally were followed over time the parametric 
method used was analysis of variance (ANOVA) with repeated measures. When the 
effects of different treatments (I.C.V. or I.V. infusions, PVN injections etc) were in-
vestigated this factor was added to make a two- or three (anaesthesia in paper III) 
way ANOVA. If there was a significant interaction effect between time and treat-
ment this was taken as an effect of the treatment. When the protocol consisted of 
several different treatments paired comparisons with Bonferroni correction was used 
to elucidate which treatment(s) was responsible for the interaction effect. If the P-
value was equal to or below 0.05 the difference was considered significant.   

The distribution of the data and variances were estimated from normal-distribution 
plots. In case of a non-normal distribution the data was first transformed, normally 
by taking the logarithm of the raw values. If the variable still did not pass the nor-
mality test it was considered to have an unknown distribution. Consequently, it was 
statistically evaluated with nonparametric techniques such as Wilcoxon’s signed 
ranks test or Friedman’s ANOVA followed by Mann-Whitney’s test. (Altman 1991) 
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RESULTS AND DISCUSSION 

All results are presented, statistically evaluated and thoroughly discussed in the sepa-
rate papers. This section will discuss some general aspects regarding cardiovascular 
responses to haemorrhage in conscious sheep and the main findings of this thesis 
will be briefly commented upon.  

CARDIOVASCULAR RESPONSES TO HAEMORRHAGE IN 

SHEEP (PAPERS I-IV) 

The different phases of circulatory changes during blood loss have previously been 
studied mainly in conscious rabbits, rats, and dogs (Schadt & Ludbrook 1991, Evans 
et al. 2001). Although both the compensatory and decompensatory phase exists in all 
species studied, it is apparent that there are some more or less pronounced differ-
ences in the cardiovascular responses to haemorrhage. For instance, in conscious 
dogs MAP is maintained by peripheral vasoconstriction up to 10 ml/kg BW blood 
loss before it starts to fall. However, the reduction in MAP is gradual and parallel to 
a decrease in cardiac output rather than rapid and due to a major decrease in periph-
eral resistance (Shen et al. 1991). In conscious rabbits cardiac output falls progres-
sively during haemorrhage. This has been utilized to create a model of simulated 
haemorrhage where a cuff around the inferior vena cava is inflated to reduce venous 
return to the heart, and hence cardiac output, until the decompensatory phase oc-
curs (Ludbrook et al. 1988). The difference between rabbits and other species, re-
gardless of actual or simulated haemorrhage, is that the decompensatory phase is 
characterized by only a small decrease in heart rate (Schadt et al. 1984, Evans et al. 
1989b).  

Figure 14. Typical cardiovascular responses to haemorrhage and prolonged hypotension. 25 
ml/kg blood was removed during the first 25 min. Then an additional 10 ml/kg was removed 
during the following hour to maintain hypotension (note that not the entire haemorrhage is dis-
played). All shed blood was re-transfused at the end of the experiment. The vertical line repre-
sents the onset of the decompensatory phase. 
Abbreviations: CO, cardiac output; CVP, central venous pressure; FBF, femoral blood flow; HR, 
heart rate; MAP, mean arterial pressure; MPA, mean pulmonary arterial pressure; RBF, renal 
blood flow; SMBF, superior mesenteric blood flow; SvO2, mixed venous oxygen saturation. 
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Papers I-III describes the first investigations specifically designed to investigate the 
early circulatory adaptations to haemorrhage in conscious sheep. The sheep also dis-
played the characteristic biphasic response. There was an initial compensatory phase 
where MAP was only slightly reduced and heart rate rose. During this period femo-
ral blood flow and CVP fell in parallel to the volume of blood removed. When the 
blood loss reached approximately 15 ml/kg BW (approximately 25% of total blood 
volume) the decompensatory phase set in and MAP rapidly fell to about 40-50 
mmHg. This was accompanied by a decrease in heart rate, MPA and renal and mes-
enteric blood flow (Fig. 14).  

In paper IV the haemorrhage protocol was extended and instead of ending the 
haemorrhage when the decompensatory phase was initiated the blood loss contin-
ued at a moderate pace until 25 ml/kg BW had been removed (approximately 40 % 
of total blood volume). All sheep were then hypotensive but MAP rarely decreased 
more than the fall seen at the start of the decompensatory phase. On the contrary, to 
maintain a low MAP additional blood had to be removed (10 ml/kg body weight 
during 60 min). However, it was only after a period of a relative bradycardia and pe-
ripheral vasodilation that MAP tended to improve. The length of this period was 
quite variable between individual sheep, some displayed tachycardia only a couple of 
minutes after the decompensatory phase started, while others had a relatively slow 
heart rate until they were treated with intravenous hypertonic NaCl (more than 60 
minutes later). This shows that the decompensatory phase is transient but also dif-
fers in duration between individuals. 
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Figure 15. Changes in vascular conductances in responses to haemorrhage and prolonged 
hypotension. 25 ml/kg blood was removed during the first 25 min. Thereafter an additional 10 
ml/kg was removed during the following hour to maintain hypotension (note that not the entire 
haemorrhage is displayed). All shed blood was re-transfused at the end of the experiment. The 
vasodilation at the onset of the decompensation is typical in all regional vascular beds with the 
exception of the kidney. In some animals the renal vasodilation was absent, leaving only the 
following vasoconstriction.   
Abbreviations:  FAC, femoral artery conductance; RAC, renal artery conductance; SMAC, supe-
rior mesenteric artery conductance; TPC, total peripheral conductance. 
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CARDIAC OUTPUT IS WELL MAINTAINED DURING THE COMPENSATORY 

PHASE OF HAEMORRHAGE IN CONSCIOUS SHEEP  

A main finding in papers I-III was that increased cardiac performance is able to pre-
vent a large fall in cardiac output during mild haemorrhage in sheep. This observa-
tion was somewhat puzzling since it was at odds with what is seen in the dog (Shen 
et al. 1990), rabbit (Evans et al. 1992) and perhaps also in humans (Barcroft et al. 
1944). Considering the sometimes sluggish response time of the continuous cardiac 
output measurement, there was a potential risk that a decrease in cardiac output dur-
ing the compensatory phase was overlooked. Therefore, in paper IV cardiac output 
was not only measured continuously but also intermittently via bolus injections of 
ice-cooled saline. In three animals bolus injections (10 ml × 3) measurements were 
performed at a blood loss of 10 ml/kg BW in addition to the measurements per-
formed after 25 ml/kg haemorrhage. The manual measurements confirmed that 
cardiac output after 10 ml/kg BW haemorrhage was maintained from the start of 
haemorrhage (approximately 6.5 L/min) but was dramatically reduced after 25 
ml/kg BW blood loss (approximately 2.5 L/min). If the continuous measurements 
are to be trusted the major fall in cardiac output occurs simultaneously with the ini-
tiation of the decompensatory phase. Further support for this arises from the meas-
urements of regional blood flow to the intestines and the kidney. Mesenteric and 
renal blood flow together constitutes a large fraction of cardiac output and these 
flows are chiefly preserved during the compensatory phase but falls drastically to-
gether with MAP and heart rate. Finally, the prominent reduction in SvO2, only ap-
parent when the decompensatory phase sets in, may indicate a major and rapid fall 
in cardiac output. SvO2 is dependent on oxygen consumption, arterial oxygen con-
tent and cardiac output. No drastic change in arterial oxygen content was seen at the 
onset of hypotension and there is no reason to believe that the total body oxygen 
consumption should suddenly increase two-fold. Hence, it appears reasonable to 
conclude that the reduction in SvO2 was due to a fall in cardiac output.   

It is generally believed that cardiac output falls in parallel with the blood loss but in 
some studies, besides the current, it is reported that cardiac output is rather well 
maintained during a mild haemorrhage (Korner et al. 1990). Considering the many 
factors stimulating cardiac function (changes in autonomic nerve activity and circu-
lating hormones) this would be highly feasible. It has been argued though, that the 
impaired venous return during hypovolaemia prevents the full effects of these fac-
tors (Hainsworth 2004). However, sympathetically mediated venoconstriction may 
displace large volumes of blood to the central circulation compensating for some of 
the haemorrhaged blood (Levick 2003). Of course, this is not applicable if venous 
constriction is prevented by applying a negative pressure (as in hypotension pro-
voked by lower body negative pressure) or if venous return is actively diminished by 
constricting the caval vein.  
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If the heart manages to maintain a more or less unaltered cardiac output despite a 
reduction in blood volume, the need for major vasoconstriction in peripheral vascu-
lar beds is reduced. As illustrated in Fig. 15 the reduction in peripheral vascular con-
ductance during the compensatory phase is not comparable to the vasoconstriction 
that takes place after the decompensatory phase has faded out. However, as illus-
trated in more detail in paper I (Fig. 5) and paper III (Fig. 4), there is usually a slight 
peripheral vasoconstriction, most pronounced in the mesenteric and femoral arter-
ies, during the compensatory phase.  

HUMORAL RESPONSES TO HAEMORRHAGE 

No detailed study of the contribution of different hormones to the cardiovascular 
response to haemorrhage was performed in this thesis. It may be concluded, though, 
that haemorrhage resulted in increased formation of ANG II and a massive release 
of AVP (see Fig. 8 in paper I, Fig. 5 in paper III and Fig. 5 in paper IV). If haemor-
rhage was stopped, the levels of these hormones returned towards baseline but if, as 
in paper IV, haemorrhage proceeded, ANG II levels continued to rise. However, 
although a manifest hypotension and hypovolaemia was present the AVP levels de-
clined. This is a phenomenon previously observed  in vivo  (Jonasson et al. 1989). It 
appears that only a certain fraction of the AVP in the posterior pituitary is readily 
relisable in response to string persistent stimuli (Nordman et al. 1971). In paper III it 
was evident that isoflurane anaesthesia affected both baseline levels of plasma renin 
activity and AVP and attenuated mainly the AVP response to haemorrhage. 

ISOFLURANE ANAESTHESIA AND HAEMORRHAGE 

In paper III the cardiovascular responses to haemorrhage and the effects of hyper-
tonic NaCl on these responses were studied in isoflurane anaesthetized sheep. An-
aesthesia per se did not change MAP but reduced cardiac output and induced tachy-
cardia, increased plasma vasopressin concentration and plasma renin activity levels. 
This may be due to direct depressant effects on the heart by volatile anaesthetics 
(Murray et al. 1987, Skeehan et al. 1995) that reflexely stimulates AVP and renin re-
lease but it could also originate from impairment of cerebral control of autonomic 
nervous activity by isoflurane (Pac-Soo et al. 1999). 

The hemodynamic responses to haemorrhage in the anaesthetized animals did not 
include the two distinct phases seen in conscious animals (Fig. 16). Instead MAP 
and cardiac output started to decrease almost immediately and was directly corre-
lated to the haemorrhage volume. There seemed to be no reflex activation of  
compensatory mechanisms. There was a striking resemblance to the “old” textbook 
description of haemorrhage, most likely originating from Guyton’s experiments in 
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anaesthetized dogs (Guyton et al. 1950). Furthermore, the lack of cardiovascular 
compensation during the initial part of haemorrhage looked very much like what is 
seen during blood loss in conscious rabbits with ‘total autonomic blockade’ (phar-
macologically antagonizing ganglionic and muscarinic transmission) (Korner et al. 
1990). Anaesthesia-dependent modulations of the circulatory adaptations to haemor-
rhage has also been observed in dogs (Adamicza et al. 1985) and rats (Seyde et al. 
1985, Holobotovskyy et al. 2004) but are rarely discussed in detail in haemorrhage 
models utilizing anaesthetized animals.  

 The effects seen in paper III is most likely due to the properties of isoflurane that 
suppress the reflex regulation of SNA at ganglionic and perhaps also cerebral sites 
(Seagard et al. 1984, Deegan et al. 1993, Amagasa et al. 1993, Boban et al. 1995, Ane-
man et al. 1995, Bell et al. 1995, Saeki et al. 1996). Nevertheless, the results underline 
the need for investigations concerning reflex control of cardiovascular function in 
conscious subjects.   

Figure 16. Comparison between the cardiovascular responses to a mild haemorrhage in a con-
scious and an anaesthetized sheep. Blood was removed at 0.7 ml/min/kg until MAP reached 50 
mmHg. 
Abbreviations: CO, cardiac output; HR, heart rate; MAP, mean arterial pressure. 
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CNS OPIOIDS AND HAEMORRHAGE (PAPERS I & II) 

Although many investigations regarding the beneficial effects of naloxone in shock 
and trauma have been performed since Faden and Holladay’s seminal experiments 
(Faden & Holaday 1979), surprisingly few have investigated the role of opioid recep-
tors in initiating the decompensatory phase in conscious animals. The results re-
proted have been contradictory, preventing a consensus regarding the effects of ex-
ogenous and endogenous opioids in haemorrhage, much depending on dose of the 
opioid agonist/antagonist used and the presence of different anaesthetics. The issue 
is also of obvious clinical interest since several of the drugs used in haemorrhage-
associated injuries are opioid related and endogenous opioids may be secreted by the 
pituitary in various stress states (Guillemin et al. 1977).  

ACTIVATION OF CEREBRAL OPIOID RECEPTORS INDUCES THE TRAN-

SITION FROM NORMOTENSIVE TO HYPOTENSIVE HAEMORRHAGE  

In paper I the opioid antagonist naloxone and the opioid agonist morphine was in-
fused I.C.V. in different doses as haemorrhage according to the ‘mild haemorrhage’-
protocol was performed. Although unspecific in both cases, they have a significantly 
higher binding affinity for μ-receptors than for κ- (10- and 20-fold, respectively) and 
δ-receptors (20-fold) (Goldstein & Naidu 1989). Naloxone significantly postponed 
the onset of the decompensatory phase, but only at the highest dose (200 µg/min) 
(Fig. 17).  

The fact that only a very high dose of naloxone was effective concord with studies in 
humans where relatively low doses of naloxone does not prevent syncope induced 
by lower body negative pressure (Smith et al. 1993, Ligtenberg et al. 1998). In paper I 
the reason for this was suggested to be either that naloxone´s site of action was far 
from the infusion place (the lateral ventricle) and/or that the high dose antagonized 
the binding of enkephalins and/or dynorphins on δ- and κ-opioid receptors respec-
tively. However, the dose of naloxone required to delay the decompensatory phase 
was much greater than that needed to abolish the effects of morphine, suggesting 
that naloxone blocked δ- and/or κ-opioid receptors to delay the decompensatory 
phase.  
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Specific opioid receptor antagonists were used in paper II to further elucidate this 
hypothesis. δ- or κ-opioid receptor antagonism both recurrently postponed the de-
compensatory phase without affecting baseline circulation  (Fig. 17). Blockade of μ-
opioid receptors did not result in a consistent effect on the initiation of haemor-
rhagic hypotension (Fig. 17). Thus, the results indicate that the decompensatory 
phase may be initiated by activation of δ- and κ-opioid receptors.  

Importantly, no opioid antagonist could in any experiment fully prevent the occur-
rence of the decompensatory phase. It is likely that the decompensatory phase is 
mediated by several different neurotransmitters acting on receptors in various brain 
regions and if one of those is inhibited it might lead to activation of other neural 
pathways ultimately resulting in the same, but delayed, cardiovascular reaction. 
Another explanation may be that when a supposed SNA inhibiting effect of 
enkephalin and dynorphin was blocked a stronger stimulus (e.g. larger blood loss) 
was required to evoke sympathoinhibition. 

Figure 17. Overview of the haemorrhage volumes needed to reduce MAP to 50 mmHg in all 
experiments in the current thesis using the “mild haemorrhage” procedure.  
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PERIPHERAL VASODILATION BY I.C.V. MORPHINE PROVOKES  

HAEMORRHAGIC HYPOTENSION 

It is well known that large doses of morphine may induce hypotension via actions 
on the brain (Rang et al. 1995). However, in conscious rabbits (Evans et al. 1989b) 
and anaesthetized rats (Ohnishi et al. 1997) lower doses of cerebrally administered μ-
opioid receptor agonists delay the decompensatory phase associated with simulated 
and actual haemorrhage, respectively. Furthermore, morphine administered after 
haemorrhage restores arterial blood pressure in anaesthetized rats (Ohnishi et al. 
1998). Thus, the result in paper I where morphine I.C.V., in a comparable dose to 
those studies, resulted in a premature decompensatory phase was unexpected (Fig. 
17).  

Considering that blocking μ-opioid receptors yielded no effect on the onset of hy-
potension the effect of morphine was not likely due to a reinforcement of an en-
dogenous opioid mechanism activated by haemorrhage. Instead, it is likely that the 
cardiovascular effects of morphine I.C.V. changed the stimulus for the decompensa-
tory phase by producing a peripheral vasodilation, thus reducing central blood vol-
ume. In the studies by Ohnishi and Evans referred to above it is possible that a po-
tential peripheral vasodilation was abolished by anaesthesia and the fact that venous 
return to the heart was controlled by inflatable cuff, respectively. 

HYPERTONIC NaCl AND HAEMORRHAGE  

(PAPERS III & IV) 

CNS ASPECTS OF HYPERTONIC RESUSCITATION  

The prominent pressor effect of increased CSF [Na+] (Andersson et al. 1972) sug-
gests that actions on the brain may contribute to the beneficial cardiovascular effects 
of ‘small-volume hypertonic resuscitation’. In paper III it was demonstrated that I.V. 
1.2 M NaCl (4ml/kg BW) and I.C.V. 0.5 M NaCl (20 μL/min for 60 min) equally 
postponed severe hypotension (MAP < 50 mmHg) in conscious sheep (Fig. 17). In 
anaesthetized animals the effect of I.V. hypertonic NaCl was attenuated but still pre-
sent, whereas the effect of I.C.V. hypertonic NaCl was totally abolished (Fig. 17). The 
results may be interpreted as isoflurane prevented the sympathostimulatory effects 
of increased [Na+] but that the volume effects of I.V. hypertonic NaCl remained. 
This indicates that hypertonic NaCl resuscitation actually does have CNS mediated 
effects. 
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There are, however, two problems with study III. First, pre-treatment with I.C.V. or 
I.V. hypertonic NaCl does not correspond to the clinical situation where treatment is 
usually started following haemorrhage. Second, and more important, the isoflurane 
anaesthesia severely influenced not only the effects of hypertonic NaCl but also, as 
discussed above, the cardiovascular response pattern to haemorrhage.  

Because of these issues, making a straightforward interpretation of the results diffi-
cult, another haemorrhage model was introduced in paper IV (see “Moderate haem-
orrhage” in the “Experimental models” section). Here the involvement of angio-
tensinergic mechanisms was also investigated. It was shown that CSF [Na+] in-
creased similarly in response to I.V. 1.2 M NaCl (4ml/kg BW) and I.C.V. 0.5 M NaCl 
(20 μL/min for 60 min) making a basis for the assumption that the effects of I.V. 
and I.C.V. hypertonic NaCl share some mechanisms of action. In the main experi-
ments the ability of 4 ml/kg 1.2 M NaCl to improve post-haemorrhagic MAP, car-
diac output and mesenteric blood flow was attenuated if CSF [Na+] was prevented 
to increase above normal by I.C.V.-infusion of a low sodium, iso-osmolar mannitol 
solution. This appeared to be primarily due to impaired cardiac function. Similar re-
sults were obtained if periventricular AT1-receptors were blocked by losartan prior 
to resuscitation with hypertonic NaCl. Neither the mannitol solution nor losartan 
affected the cardiovascular responses to hypovolaemia per se. The results support the 
hypothesis that sodium induced effects on the brain, likely via activation of AT1-
receptors, is crucial for the full effect of hypertonic NaCl resuscitation.  

Lesion of the lamina terminalis impair the increase in MAP after hypertonic NaCl 
resuscitation in anaesthetized rats subjected to haemorrhage (Barbosa et al. 1992). 
Neurons in the lamina terminalis are activated by hypertonic NaCl and some of 
them use angiotensin II as a transmitter in their projections to the MnPO and the 
PVN (Li & Ferguson 1993, Zhu et al. 2005). Considering that PVN-projecting 
MnPO neurons are stimulated by both hypertonic NaCl and angiotensin II (Stocker 
& Toney 2005) and that PVN-neurons in turn mediate hypernatremia induced renal 
sympathoexcitation in anaesthetized rats (Chen & Toney 2001) it is likely that hyper-
tonic resuscitation acts via the PVN to improve cardiovascular function.  

This is further supported by the finding in paper V that the pressor effect of I.C.V. 
hypertonic NaCl was abolished after inhibition of the neurotransmission within the 
PVN. The PVN may subsequently stimulate preganglionic sympathetic neurons in 
the intermedio-lateral cell column of the spinal cord directly via vasopressinergic 
mechanisms (Antunes et al. 2006) or through a polysynaptic pathway comprising the 
RVLM (Kantzides & Badoer 2003, Stocker et al. 2004a). Presumably, preganglionic 
vagal neurons in the brainstem are concurrently inhibited but experimental data to 
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support such a notion is yet to be presented. Interestingly, ANG II has been re-
ported to reduce vagal activity to the heart via a central mechanism if the barorecep-
tor reflex activation by the hypertensive response to ANG II is prevented (Lee et al. 
1980).  

PERIPHERAL BLOOD FLOW AND HYPERTONIC RESUSCITATION  

As illustrated in Fig. 4 in paper IV all peripheral blood flows were improved by hy-
pertonic NaCl resuscitation. However, the femoral blood flow was rapidly reduced 
again shortly after the infusion. This may reflect SNA induced vasoconstriction to 
this rather low prioritized vascular bed in response to the persistent hypovolaemia. 
The peripheral blood flow improvement of hypertonic NaCl resuscitation was most 
pronounced in the mesenteric circulation. The blood flow directly after the infusion 
sometimes even exceeded baseline levels. Thereafter it was reduced and in the con-
trol group it stabilized slightly below the pre-haemorrhage level. The mesenteric 
blood flow was the regional circulation that correlated best to changes in MAP and 
cardiac output. In contrast, the renal blood flow responded more slowly to hyper-
tonic resuscitation, perhaps due to the high levels of circulating ANG II or a puta-
tive renal sympathoexcitation. Nevertheless, it illustrates that the renal circulation is 
less susceptible to hypertonic resuscitation compared to the intestinal vascular beds 
in conscious sheep. 

PVN AND TONIC CARDIOVASCULAR CONTROL (PAPER V) 

As discussed above under “Cerebral influences on the circulation”, conflicting re-
sults have been reported regarding the tonic influence on cardiovascular function by 
the PVN. The effect of inhibiting neuronal activity in the PVN with lidocaine was 
studied in paper V. No change in blood pressures or cardiac function was caused by 
the lidocaine injections, suggesting a small or absent influence of the PVN on the 
circulation in conscious sheep.  

It may be argued that if a tonic stimulatory influence from the PVN is removed, re-
sulting in reduced blood pressure, it is probably compensated for by arterial barore-
ceptors, cardiac receptors and/or other loci in the brain. The PVN influence on car-
diovascular function during unstressed, resting conditions would thus be underesti-
mated. This possibility must be considered small as no pressure changes, acutely or 
during the following hour, were seen in association with the lidocaine injection. 
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CARDIOVASCULAR CHANGES BY HYPERTONIC NaCl 

EMANATING FROM THE BRAIN (PAPER V) 

CARDIOVASCULAR EFFECTS OF INCREASING CSF [Na+] MEDIATED BY 

THE PVN  

In paper V the cardiovascular and renal effects of hypertonic NaCl infused I.C.V. 
before and after lidocaine injection in the PVN was investigated. 20 μL/min of 0.5 
M NaCl for 60 min induced well-known arterial and central venous pressor re-
sponses, increased GFR, decreased plasma ANG II levels and induced a natriuresis. 
When the same procedure was repeated in the same sheep, but preceded by bilateral 
lidocaine injection in the PVN the changes in pressure, GFR and formation of 
ANG II were abolished. 

These results indicate that the PVN mediates cardiovascular changes by increased 
[Na+] that is not accompanied by altered vascular volume. It is likely that the change 
in [Na+] is not mainly sensed in the PVN but rather in PVN-projecting neurons lo-
cated in the lamina terminalis (May et al. 2000). Recent results from other groups 
suggest that hypertonic NaCl increase renal and lumbar SNA via the PVN (Chen & 
Toney 2001, Antunes et al. 2006). Although the effects of increased sodium and in-
creased volume can not be separated in those studies, elevated SNA is a likely expla-

Figure 18. This figure combines current concepts about the cerebral organization mediating 
effects of increased cerebral and/or plasma [Na+] with the results of paper IV and V into a hy-
pothesis on how hypertonic NaCl may act via the brain to induce cardiovascular changes. In-
creased [Na+], either in the blood or in the the CSF, is sensed by neurons in the OVLT and 
SFO. They stimulate neurons in the PVN directly or via interneurons located in the MnPO. The 
neurotransmitter may in this case be ANG II acting on AT1-receptors. Brainstem and spinal pro-
jecting neurons from the PVN stimulate SNA and reduce vagal activity. The sympathoexcitatory 
effect is probably differentiated in such that renal, and perhaps also splanchinc SNA, decrease 
while SNA to the heart and various other organs increase.  
In paper IV the prevailing hypovolaemia and hypotension likely abolished a baroreceptor medi-
ated inhibition on cardiac function whereas in the normovolaemic sheep studied in paper V the 
changes in cardiac output and heart rate were less pronounced. 
Abbreviations: 3v, third ventricle, CVLM, caudal ventrolateral medulla; DVN, dorsal vagal nu-
cleus; MI, massa intermedia; MnPO, median preoptic nucleus; nA, nucleus ambiguus; NTS, 
nucleus tractus solitarius; OC, optic chiasm; OVLT, organum vasculosum lamina terminalis; 
PVN, nucleus paraventricularis; RVLM, rostral ventrolateral medulla; SFO, subfornical organ. 
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nation for the pressor response seen by I.C.V. hypertonic NaCl (see Fig. 18 for a pos-
tulated concept for how hypertonic NaCl exerted its effects). However, the contro-
versy regarding renal SNA remains. The decrease in ANG II levels by hypertonic 
NaCl in paper V is supported by the finding in paper III that both I.V. and I.C.V. hy-
pertonic NaCl in conscious sheep attenuated the haemorrhage induced increase in 
plasma renin activity. The reduction in plasma ANG II in paper V may have been be 
due to baroreceptor activation, but previous studies in sheep indicate that is not the 
only reason (McKinley et al. 2001). Instead, nonuniform changes in SNA involving a 
decreased renal SNA (Weiss et al. 1996) may explain the decrease in ANG II seen in 
paper V. If so, this decrease in renal SNA involves the PVN since ANG II levels are 
not affected by hypertonic NaCl if the neurotransmission in the PVN is inhibited.  

In contrast to the cardiostimulatory effects of I.V. hypertonic NaCl in paper IV, 
I.C.V. hypertonic NaCl in paper V increased MAP mainly by increasing total periph-
eral resistance. There is no obvious explanation for this difference. It is possible that, 
in the experiments in paper IV, there was no activation of the arterial baroreceptor 
due to the severe hypovolaemia allowing full stimulatory effect on the heart. The 
vasoconstrictive effects, on the other hand, may have been concealed by the already 
high SNA to peripheral vascular beds and the vasodilatory effects of vascular hyper-
tonic NaCl. In paper V, the activation of arterial baroreceptors possibly increased 
cardiac vagal outflow, counterbalancing a putative increase in cardiac SNA.   

Increased body fluid [Na+] with no major change or a decrease in plasma volume 
resembles the alterations that occur in relation to dehydration. The results in paper 
V support the observations by others that sympathostimulation via the PVN is im-
portant to maintain an adequate blood pressure if water is restricted (Stocker et al. 
2004b, Stocker et al. 2005, Freeman & Brooks 2007). In this regard, the increased 
CVP, that may reflect venoconstriction to centralize blood volume, appears ade-
quate. 
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PERSPECTIVES 

The different projects in the current thesis have to some extent had divergent issues. 
However, they all represent investigations of the cerebral influence on cardiovascular 
function in the basal situation and during various types of physiological stress.   

Mechanisms for the decompensatory phase? 

The decompensatory phase of haemorrhage continues to be a conundrum. In this 
thesis it is demonstrated that selective κ- or δ- opioid receptor antagonism separately 
or simultaneously postpones the onset of haemorrhagic hypotension but, similar to 
most studies, the bradycardia and decreased total peripheral resistance in response to 
haemorrhage is not prevented. The cerebral branch of this reflex would be easier to 
elucidate if the afferent mechanism was known. However, since the hypothesis that 
it was provoked by inadequate filling of the heart was proven unlikely (Fitzpatrick et 
al. 1993, Giannattasio et al. 1993, Lightfoot et al. 1993), very few new theories about 
the origin of this reaction have been postulated. Is it possible that also the trigger for 
the decompensatory phase lies in the brain? The observation here, that neither MAP 
nor cardiac output have to decrease, at least not to a large extent, for the decompen-
satory phase to occur, indicates that there may be very subtle changes in cardiovas-
cular function that provokes this reaction, both during haemorrhage and when it is 
elicited by other events. 

Is the decompensatory phase good or bad? 

The change from vasoconstriction and tachycardia to vasodilation and bradycardia 
occurs in all mammals studied (Schadt & Ludbrook 1991). It is tempting to specu-
late that this consistent and characteristic response pattern may have been of some 
survival importance. In the clinical situation, a sudden onset of hypotension coupled 
to haemorrhage is usually considered alarming. Thus, the low pressure is treated, 
most commonly with intravenous fluids. However, when the pressure increases, so 
does also the risk for re-bleeding (Riddez et al. 1998, Sondeen et al. 2003). The de-
compensatory phase is associated with impaired organ blood flow which is impor-
tant to restore within reasonable time but current concepts advocate that this should 
be performed without administering to much fluids (Mapstone et al. 2003) due to the 
risk of resumed blood loss. In the absence of rapid medical assistance, a decrease in 
arterial blood pressure and cardiac function may limit the haemorrhage, minimize 
oxygen consumption and therefore, in some cases, reduce the mortality associated 
with haemorrhage.  
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Treatments for “vaso-vagal” syncope? 

The frequent occurrence in a variety of circumstances, but without any explained 
reason, makes the decompensatory phase interesting for further studies. For in-
stance, fainting is an important cause of trauma and injury, especially among the eld-
erly (Baron-Esquivias et al. 2006). Noteworthy is that increased CSF [Na+] in con-
scious animals in this thesis increased haemorrhage tolerance by prolonging the 
compensatory phase (thus postponing the decompensatory phase). Although the 
effect was probably due to SNA stimulatory actions per se the effect was more pro-
nounced than for opioid antagonism (Fig. 17). This may lend an alternative explana-
tion for the beneficial effects of elevated sodium intake in patients prone to faint (El 
Sayed & Hainsworth 1996). Current concepts focus mainly on the increased plasma 
volume as the reason for the reduced occurrences of ‘vaso-vagal’ syncope following 
NaCl supplement but these results indicate that also changes in cerebral cardiovascu-
lar regulation may be of importance (Claydon & Hainsworth 2004). 

In this regard, studies on humans using κ- or δ- opioid receptor antagonism should 
be of interest. The doses of naloxone used in previous investigations of opioidergic 
mechanisms for human lower body negative pressure induced syncope, has probably 
not been sufficient to completely block these receptors and therefore, resulting in 
negative results (Smith et al. 1993, Ligtenberg et al. 1998, Lightfoot et al. 2000).     

The cerebral effect of ’small-volume hypertonic resuscitation’. 

Intriguingly, the peripheral osmotic effects and the cerebral effects of I.V. hypertonic 
NaCl may actually work in concert. The water mobilizing properties increase the 
venous return to the heart and opens up peripheral circulations, while the cerebral 
effects of increased [Na+] stimulate cardiac performance. This may result in addita-
tive effects of this treatment. 

The cerebral component in the beneficial effects of this treatment may prove impor-
tant in several ways. For instance, hypertonic NaCl is receiving a growing attention 
as an effective treatment in conditions with potentially impaired autonomic function, 
such as neuro-trauma or stroke (Toung et al. 2007). These conditions could, occur-
ring exclusively or in association with blood loss, potentially influence the efficacy of 
treatment with hypertonic NaCl. Furthermore, patients with haemorrhage usually 
suffer from accompanying injuries and are therefore sometimes anaesthetized or 
sedated. As demonstrated here, anaesthesia may be a potent obstructer of the car-
diovascular actions of hypertonic NaCl.  
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Hypertension by cerebral actions of sodium?  

In large populations decreased salt intake may lower blood pressure and reduce mor-
tality due to stroke and myocardial infarction (Karppanen & Mervaala 2006). The 
mechanism behind this is, however, difficult to elucidate. The pressor response that 
occurs with increased brain [Na+] may be important in times of dehydration. A defi-
cit of water is probably the most common cause of increased body fluid [Na+] and 
increased vasoconstriction may then be an adequate response to maintain arterial 
blood pressure. However, in the western community excess sodium intake is com-
mon (Karppanen & Mervaala 2006) and may, in combination with other pathologi-
cal conditions, contribute to increased body fluid [Na+] without a decreased plasma 
volume. Sodium may then act on the brain to cause or maintain hypertension (He et 
al. 2005, O'Donaughy et al. 2006). From the results in the current thesis the PVN is a 
conceivable structure where this effect could be mediated. Furthermore, the de-
crease in plasma ANG II levels may reduce the possibility that sodium induced hy-
pertension is mediated by peripheral actions of this peptide. It should, however, be 
pointed out that the current studies were not design to investigate long-term influ-
ence of increased brain [Na+] 

Possibilities with localized cerebral injections in conscious sheep. 

Several current diseases involve the autonomic nervous system. By being able to 
manipulate the cerebral influence on the autonomic nervous activity, much new in-
formation could be gained concerning how the brain regulates neural activity in, for 
example heart failure, hypertension and sepsis. The current method allows this to be 
done in conscious animals concomitant with recordings of peripheral and central 
haemodynamics, repeated blood sampling and monitoring of acid-base status. Fu-
ture studies would preferably also include direct measurements of peripheral sympa-
thetic and/or vagal neural activity. 
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CONCLUSIONS 

The following conclusions are made from the present studies in conscious sheep: 

 

1. Activation of cerebral opioid receptors is of importance for the initiation of 
haemorrhagic hypotension and bradycardia in conscious sheep. Specifically 
the stimulation of κ- and δ- opioid receptors appears to mediate the onset of 
these events. However, if these systems are inhibited the decompensatory 
phase still eventually occurs indicating that other neurotransmitters are in-
volved as well.   

2. A major decrease in cardiac output is not a pre-requisite for the decompen-
satory phase to occur in conscious sheep.  

3. Small volume hypertonic NaCl resuscitation after haemorrhage acts partly 
via sodium-sensitive and AT1 mediated cerebral mechanisms to improve 
cardiovascular function. This is mainly reflected in ameliorated arterial blood 
pressure and mesenteric blood flow owing to increased cardiac output. 

4. Isoflurane anaesthesia prevents the centrally mediated effects of hypertonic 
NaCl resuscitation but the cardiovascular recovery due to plasma volume 
expansion remains.  

5. The influence of the PVN on resting arterial blood pressure and cardiac 
function is negligible. 

6. The PVN mediates the stimulatory effect of elevated cerebrospinal fluid 
[Na+] on arterial and central venous pressure, glomerular filtration rate, uri-
nary sodium excretion as well as the decreased formation of angiotensin II 
during normovolaemia and normotension. 
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SVENSK SAMMANFATTNING 

Blodcirkulationen i kroppen regleras till stor del av hjärnan. Den styr bland annat blod-
trycket, hjärtfunktionen och volymen blod som finns i blodkärlen. Det medför att när sjuk-
domar eller skador drabbar hjärt-kärlsystemet är hjärnan ofta involverad.  

Blodförlust är ett exempel där hjärnans cirkulationsreglerande egenskaper blir särskilt på-
tagliga. Initialt syftar de förändringar som då sker i cirkulationen till att bibehålla ett ade-
kvat blodtryck och förse de viktigaste organen i kroppen med tillräckligt med blod. När 
20-30% av den samlade blodvolymen har förlorats inträder dock den så kallade dekompensa-
tionsfasen. Den innebär att hjärnan aktivt sänker blodtrycket och minskar hjärtfrekvensen. 
Genom samma mekanismer som vid svimning, utlöst av till exempel hastig uppresning 
eller ett obehagligt synintryck, leder dekompensationsfasen till medvetslöshet hos männi-
skor. I den här avhandlingen undersöktes om hjärnans system av opioidreceptor kunde 
vara delaktig i utlösandet av denna reflex. Fynden som gjordes tyder på att aktivering av 
opioidreceptor av typen κ och δ, men inte μ, är av betydelse för att blodtrycket ska falla 
under blödning.  

En allt vanligare behandling vid blodförlust och trauma är intravenös infusion av koncen-
trerad koksaltlösning. Verkningsmekanismerna bakom de positiva egenskaperna är dock 
inte helt klarlagda. Här påvisas att resultatet av behandlingen, särskilt förbättringen av hjär-
tats pumpförmåga, delvis beror på effekter i hjärnan. Vidare visade de sig också att före-
komst av anestesi har betydelse, då anestesimedlet isoflurane försvagade de fysiologiska 
försvarsmekanismerna vid blodförlust och tog bort de, av hjärna utlösta, positiva effekter-
na av koksaltsbehandlingen.   

Högt blodtryck är associerat med ökad risk för åderförkalkning, hjärtinfarkt, demens och 
stroke. Befolkningsstudier har visat en tydlig koppling mellan hög konsumtion av koksalt 
och högt blodtryck. Resultaten som presenteras i denna avhandling tyder på att ett avgrän-
sat område av den hjärnstruktur som benämns hypotalamus, bidrar till att öka blodtrycket 
vid förhöjd koncentration av koksalt i hjärnan. Denna information kan vara av relevans för 
vidare forskning angående mekanismer bakom koksalts påverkan på blodtrycket. I sam-
band med dessa studier utvecklades en metod för att, på stora djur, studera hjärnans kon-
troll över cirkulationen. Metoden medför nya möjligheter till framtida studier av hjärnans 
roll inom områden som blodförgiftning, högt blodtryck och hjärtsvikt. 

Denna avhandling har bidragit till att öka den grundläggande förståelsen för hur hjärnan 
reglerar cirkulationen vid blödning och vid höga nivåer av salt i kroppen. I synnerhet kan 
strategier för behandling av blodförlust, blodtrycksfallsbetingad svimning och högt blod-
tryck i framtiden komma att förbättras tack vare den nya kunskapen.  
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