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Abstract 

 

The ability of osmosensory neurons within the hypothalamus to sense changes in blood 

osmolality is essential for maintaining hydromineral homeostasis. Typically, an increase in blood 

osmolality excites the osmosensitive neurons of the organum vasculosum laminae terminalis 

(OVLT), which then stimulate downstream neurons to induce a parallel increase in thirst 

sensation and arginine vasopressin (AVP) secretion to promote fluid expansion and maintain 

blood pressure. Previous studies show that thirst and AVP secretion are altered in sepsis, a 

deadly disease defined by the systemic inflammatory response to a severe infection, and that this 

impairment may be due to a deficit in the osmoregulatory pathway. Using the cecal ligation and 

puncture (CLP) rat model of sepsis, we show that septic rats drink significantly less under 

systemic hypertonic conditions. Furthermore, sepsis impairs the osmoresponsiveness of neurons 

in the OVLT and attenuates that of AVP-secreting magnocellular neurosecretory neurons 

(MNCs). Notably, we found that OVLT neurons are hyperpolarized and electrically silenced. In 

contrast, CLP increased the proportion of MNCs displaying spontaneous electrical activity with a 

parallel increase in circulating AVP. Therefore, sepsis affects the properties of osmoregulatory 

neurons in a manner that can affect systemic osmoregulation. 
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Résumé 

 

 La capacité des neurones osmosensoriels de l'hypothalamus de détecter des 

changements dans l'osmolalité du sang est essentielle pour maintenir l'homéostasie 

hydrominérale. Typiquement, une augmentation de l'osmolalité du sang excite les neurones 

osmosensibles de l’organe vasculaire de la lame terminale (OVLT), qui stimulent ensuite les 

neurones en aval pour induire une augmentation parallèle de la sensation de soif et de la 

sécrétion d'arginine vasopressine (AVP) pour favoriser l'expansion de fluide et maintenir la 

pression sanguine. Des études antérieures ont démontré que la soif et la sécrétion d'AVP sont 

altérées dans le sepsis, une maladie mortelle définie par une réponse inflammatoire systémique à 

une infection sévère, et que cette déficience peut être causée par un déficit de la voie 

osmorégulatrice. En utilisant la ligature et ponction caecale (LPC) dans le rat comme modèle de 

septicémie, nous montrons que les rats septiques boivent beaucoup moins dans les conditions 

hypertoniques systémiques. De plus, le sepsis altère l'osmoresponsivité des neurones dans 

l'OVLT et atténue celle des neurones magnocellulaires (NMCs) sécrétant l'AVP. Notamment, 

nous avons constaté que les neurones OVLT sont hyperpolarisés et électriquement silencieux. En 

revanche, la LPC augmente la proportion de NMC présentant une activité électrique spontanée 

avec une augmentation parallèle de l'AVP en circulation. Par conséquent, le sepsis influence les 

propriétés des neurones osmorégulateurs d'une manière qui peut affecter l'osmorégulation 

systémique. 
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Povzetek 

 

Sposobnost hipotalamičnih osmotsko občutljivih nevronov, da zaznavajo spremembe 

osmolalnosti krvi, je ključna za vzdrževanje vodnega in elektrolitskega ravnovesja. Zvišanje 

krvne osmolalnosti vzburi osmotsko občutljive nevrone v organum vasculosum laminae 

terminalis (OVLT), kateri nato preko vzburjenja nižje ležečih nevronov hkrati povzročijo 

povečan občutek žeje in izločanje antidiuretskega hormona (ADH), ter posledično zadrževanje 

vode in dvig krvnega tlaka. Predhodne študije so pokazale, da sta zaznavanje žeje in izločanje 

ADH spremenjena pri sepsi, ki je življenje ogrožajoče stanje, za katerega je značilen sistemski 

vnetni odziv na hudo okužbo, in da bi to lahko bila posledica okvare delovanja v 

osmoregulatorni poti. Z uporabo tehnike ligacije in perforacije cekuma kot eksperimentalnega 

modela sepse (angl. cecal ligation and puncture; CLP) na podganah smo dokazali, da septične 

podgane v sistemskem hipertoničnem stanju popijejo bistveno manj tekočine. Poleg tega sepsa 

ovira delovanje osmotsko občutljivih nevronov v OVLT in zmanjšuje odzivnost 

nevrosekretornih nevronov, ki sproščajo ADH (angl. magnocellular neurosecretory neurons; 

MNCs). Ugotovili smo namreč, da so OVLT nevroni hiperpolarizirani in električno neaktivni. 

Nasprotno pa CLP povečuje delež MNCs, ki kažejo spontano električno aktivnost s posledičnim 

zvečanjem cirkulirajočega ADH. Sepsa torej vpliva na značilnosti osmoregulatornih nevronov na 

način, ki ima lahko vpliv na sistemsko uravnavanje osmotskega ravnovesja.  
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1.0  INTRODUCTION  
 

1.1 Physiology of Water-Electrolyte Homeostasis 

1.1.1 Osmoregulation 

1.1.1.1 A brief history of life 

 

“The principle of nature is water.”  

– Thales of Miletus (624–547 BC)1  

 

Water is the source of all life. About 3.6 billion years ago2, liquid water provided the 

requisite environment for nature’s prebiotic chemistry experiments that led to the formation of 

organic compounds (e.g. amino acids, nuclei acids), the bare necessities of life3,4. How the 

biochemistry occurred and which prebiotic elements first formed are debatable hypotheses, but 

the critical step in our ancient collective history as living organisms was the formation of 

membranes4,5. The first membranes, presumably formed by the spontaneous aggregation of 

amphiphiles such as lipids, provided the necessary separation of the external environment from 

the internal milieu. They gave our ancestral protocell a preliminary means to stabilize its internal 

environment and individualize from the chaotic world it lived in. However, the protocell’s 

primitive membrane was permeable to water, a feature inherited by all living organisms.  

 

1.1.1.2 Osmosis  

Water spontaneously flows across semi-permeable membranes (meaning, permeable to 

water, but not necessarily to solutes) along its electrochemical gradient from the less 

concentrated side, to the more concentrated side, until the solute concentrations on both sides of 

the membrane equalize6. Solutes, therefore, affect the movement of water. This process, termed 

osmosis in 1826 by René Henri Dutrochet, is a double-edged sword: water is a biological 

necessity, but too much or too little is lethal3. If a cell is placed into a diluted aqueous 

environment (i.e. hypo-osmotic or hypotonic) relative to its internal solute concentration, water 

will flow into the cell in an effort to achieve solute equilibrium, causing the cell to swell and 

lyse. Conversely, if the cell is placed into a concentrated solution (i.e. hyperosmotic or 

hypertonic), then the net efflux of water out of the cell will cause the cell to shrink and shrivel. 
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The force that drives the movement of water across the membrane is referred to as osmotic 

pressure; it is directly related to the difference in solute concentrations on either side of a cell 

membrane7,8. The early challenges thus faced by ancient protocells revolved around volume 

regulation by maintaining a balance between electrolytes and water a.k.a. hydromineral 

homeostasis to avoid osmotic stress. 

 

1.1.1.3 Unicellular osmoregulation 

Osmoregulation is the sum of all adaptive biological processes that regulate the internal 

osmotic pressure of an organism to achieve hydromineral homeostasis3. Primitive cells evolved a 

number of effective structural and biochemical mechanisms that allowed them to influence their 

internal osmolality (a measure of solute concentration expressed in osmoles per kg of solvent; 

see section 2.4)8. One of the earliest mechanisms adopted by protocells was the use of adenosine 

triphosphatases (ATPases) to actively drive water and salts against their osmotic gradients (e.g. 

proton pumps, potassium (K+) ATPases)4. Simple cells also developed contractile vacuoles to 

expel water in order to maintain a hyperosmotic cytoplasm, or created osmolytes (compounds 

that affect osmosis9) such as glycerol, mannitol, or free amino acids to compensate for changes 

in osmotic gradients of extracellular salts10. Prokaryotes evolved ion channels that respond to 

membrane stretching or shrinkage: most notable is the mechanosensitive channel large 

conductance protein of Escherichia coli, which senses membrane stretching during hypotonic 

shock and responds by mediating osmolyte efflux11. All of these mechanisms were preserved in 

multicellular organisms to varying degrees, but the complexity of higher organisms demanded 

more expansive and coordinated response systems to preserve hydromineral homeostasis.  

 

1.1.1.4 Multi-cellular osmoregulation     

 

“The true medium in which we live is neither air nor water but the plasma or the liquid part of 

the blood that bathes all the tissue elements.” – Homer W. Smith (1959)12 

 

As the complexity of the organisms evolved from single cell to multi-cellular entities, 

systemic osmoregulation became necessary. The external milieu of the cells was no longer the 

Earth’s oceans but rather the extracellular fluid (ECF) produced by the organism itself. The 
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concentration and composition of electrolytes, and water volume in the ECF, needed to be 

maintained within a specific range to provide the conditions necessary for fundamental 

biochemical reactions to occur3,9. When the hydromineral balance is tipped in favour of salts, as 

can be caused by increased salt intake or water loss, the ECF becomes hyperosmotic. When the 

balance is tipped in favour of water, as occurs with increased water intake or salt loss, the ECF is 

said to be hypo-osmotic. 

Multicellular organisms adapted regulatory mechanisms that maintained not only 

cytoplasmic osmolality relative to ECF, but also ECF osmolality relative to their external 

environment. Some put in more effort than others. Osmoconformers, comprising mostly marine 

invertebrates (e.g. mussels, scallops, starfish) and craniates (e.g. sharks, skates, hagfish), are 

species that maintain an internal environment in osmotic equilibrium (i.e. isosmotic) with the 

waters they inhabit9,13. Osmoregulators (predominantly vertebrates), on the other hand, maintain 

their ECF osmolality at a species-specific “set point”. For example, mammals maintain an ECF 

osmolality roughly around 300 mOsm/kg9, with humans at ~288 mOsm/kg14, and rats at ~294 

mOsm/kg15. Both osmoconformers and osmoregulators evolved neuroendocrine systems to 

coordinate the function of specialized organs, such as skin, gills, bladders and kidneys, for solute 

and water regulation13.  

 

1.1.1.5 Systemic osmoregulation 

Mammals face innocuous osmotic challenges daily, as caused by eating and drinking, 

dehydration, exercising or heat-induced sweating3,9. Changes of as little as 1 – 3% in ECF 

osmolality are enough to induce an osmoregulatory response9. Deviations greater than 3% have 

pathological implications: for example, in one study conducted in healthy humans, increases of 

over 10 mOsm/kg (~3.5%) in serum osmolality caused neurological symptoms including 

headache, reduced concentration and alertness, and lethargy16. Hydromineral homeostasis is 

achieved by balancing behaviourally motivated and neuroendocrine-mediated input and output of 

water and salts3,9 (Fig 1.4.1). Water and salt gain are actively modulated by changes in 

behaviours driven by thirst and salt appetite17,18. Conversely, water and salt loss occur normally 

via benign mechanisms such as sweat and exhalation of humidified air, but the majority is 

excreted as urine. The primary effector organs of systemic osmoregulation are thus the brain, 

which senses global changes in ECF osmolality and mediates the appropriate behavioural and 
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hormonal responses, and the kidneys3,9. The kidneys reabsorb or excrete water, electrolytes, and 

metabolites, and can partially regulate their own function by producing renin to activate the 

renin-angiotensin-aldosterone system (RAAS), whose products, the hormones angiotensin II 

(ANG II) and aldosterone, promote reabsorption of sodium ions (Na+). However, the 

hypothalamus is the primary osmoregulatory: it houses nuclei that regulate natriuresis (salt 

unloading) and diuresis (water excretion) in the kidney via sympathetic innervation, the RAAS 

pathway, and through the release of hypothalamo-neurohypophysial hormones such as oxytocin 

(OT, a hormone primarily known for its role in parturition and lactation19) and the anti-diuretic 

hormone vasopressin (AVP) from the posterior pituitary3,9 (discussed in section 1.1.4). Integral 

to systemic osmoregulation is the maintenance of water balance. When fluid loss occurs, 

compensatory mechanisms are engaged to minimize the loss of solutes and water. However, 

these mechanisms alone do not restore body fluid volume and composition, therefore the 

organism must be motivated to drink to survive. 

 

1.1.2 Thirst 

Aquatic animals have it relatively easy from an osmoregulatory perspective by virtue of 

being bathed in water13. On the contrary, terrestrial mammals face the largest water gradients 

across their skin because of the relatively dry environments they live in. These animals need to 

seek water in order to preserve their internal fluids within a very limited range of osmolalities 

with the goal of maintaining their interstitial and intracellular fluids isotonic relative to each 

other3. Thirst is an undeniable sensation that urges the body to consume fluids and is crucial for 

survival. Because the sensory consciousness of thirst is a subjective experience dictated not just 

by physiological need, but also by culture, habit, and psychogenic need, it is not yet clear where 

this “feeling” is generated in the brain17,20 (see section 1.1.2.1).  

Regulatory thirst as a result of physiological need is generated by cerebral mechanisms 

that respond to extracellular or intracellular fluid depletion from humoral and visceral signals, or 

stimulated with dipsogenic (i.e. thirst-inducing) hormones, such as ANG II and relaxin17,20. ECF 

depletion involves an absolute depletion of both water and NaCl, thus the effective osmolality of 

the blood remains unchanged. This type of thirst, referred to as hypovolemic thirst, contributes 

primarily to supporting volume status and is only briefly discussed (section 1.1.2.2). Intracellular 

fluid depletion prompts osmotic thirst, on the other hand, and is caused by loss of water or 
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increase in solute, increasing serum osmolality (section 1.1.2.3). Serum hyperosmolality shifts 

the osmotic gradient across cellular membranes to draw water into the interstitial fluid, 

dehydrating the cells. As the name implies, osmotically stimulated thirst is a key component of 

osmoregulation and is central to the works discussed in this thesis.  

 

1.1.2.1 Neural circuitry of thirst 

The generation and inhibition of the sensory perception of thirst involves several neural 

circuits in the brain (Fig 1.4.2), with variations depending on the sensory neural circuitry and 

type of stimuli involved. However much remains to be discovered about thirst-generating 

systems. The earliest studies on water consumption somewhat incompletely identified the 

hypothalamus as the “thirst center” of the brain20. Direct electrical stimulation21 or hypertonic 

NaCl application22 to hypothalami provoked polydipsia (excessive water intake) in goats, 

whereas lesioning regions within the hypothalamus produced hypodipsia (reduced drinking) in 

rats23,24. Within the hypothalamus, along the lamina terminalis, lie two highly vascularized nuclei 

called circumventricular organs (CVOs) that are located outside of the blood-brain-barrier: the 

subfornical organ (SFO) and the organum vasculosum laminae terminalis (OVLT: discussed in 

section 1.1.3)9. These two sensory CVOs, along with a third CVO in the medulla oblongata 

called the area postrema, receive status updates on blood osmolality and volume by direct 

biochemical sensing, hormone detection, or innervation from other nuclei25. The OVLT, in 

conjunction with the median preoptic nucleus (MnPO), form the anteroventral third ventricle 

(AV3V) region of the hypothalamus26. The AV3V and SFO are extensively reciprocally 

connected27-32. The MnPO integrates sensory input from the SFO and OVLT, and afferent 

innervation from - but not limited to - the nucleus tractus solitarius (NTS)28, the lateral 

parabrachial nucleus (LPBN)28,33-35, and the ventrolateral medulla (VLM)28 which relay 

information from, for example, baroreceptors and visceral afferents. 

Evidence suggests that the MnPO, OVLT, SFO, LPBN and another nucleus implicated in 

thirst generation, the median raphé36,37, project to the lateral hypothalamic area38-43 which in 

turns sends projections to the cerebral cortex44,45. Neuroimaging studies in humans46,47 

corroborate findings from decerebrated rats48 that implicate the cerebral cortex as the effector 

region in response to osmotic stimuli. Direct electrical stimulation of the anterior cingulate 

cortex elicited drinking behaviour in monkeys49. In hyperosmolar humans, increased cerebral 
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blood flow correlative with augmented perception of thirst was detected predominantly in the 

anterior and posterior cingulate cortex, insula, lateral terminalis, parahippocampal gyrus, and in 

regions of the cerebellum46,47. Human magnetic resonance imaging studies have demonstrated 

increased cerebral blood flow to, and therefore implicit activation of, the OVLT region during 

dehydration and hyperosmolality47,50. The OVLT relays osmoregulatory information to the 

cingulate and insula cortices via medial hypothalamic nuclei38. Though our understanding of the 

neural mappings for thirst is far from complete, the combined interoception and motivation of 

water consummatory behaviour is likely seated in the anterior cingulate cortex, insula, and 

parahippocampal areas20,51. These brain areas are affiliated with complex cognitive processes, 

including social and emotional behaviours, supporting the notion of non-physiological 

modulation of thirst52.  

 

1.1.2.2 Hypovolemic thirst 

Hypovolemic thirst is caused by blood loss, vomiting, diarrhea, or edema (sequestration 

of interstitial fluid)17. Decreased circulating blood volume and concomitant decreased blood 

pressure unload arterial and atrial baroreceptors, respectively53. These afferent receptors project 

to the area postrema and NTS to induce autonomic and neuroendocrine changes that affect renal 

and cardiovascular function to promote salt and water retention, and restore blood pressure. At 

the kidney level, reduced blood flow activates the RAAS pathway to produce renin3,17. Renin 

catalyzes the conversion of circulating angiotensinogen into angiotensin I, which is further 

catalyzed to form ANG II. Circulating ANG II is highly dipsogenic and effectuates primarily 

through the SFO and area postrema. Systemic injection of the effector peptide stimulates 

drinking behaviour even in satiated, euvolemic rats54. Baroreceptor input and ANG II humoral 

signaling are integrated in the AV3V to stimulate thirst and salt appetite through higher brain 

areas26,55.  In rodents, lesioning of the area postrema and portions of the NTS56,57 or the LPBN 

(which receives inputs from the NTS) produces an exaggerated response to extracellular 

dehydration17,58. Furthermore, activation of a subset of SFO neurons inhibits drinking59, 

suggesting that the aforementioned nuclei also play a role in thirst inhibition.  
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1.1.2.3 Osmotic thirst 

Osmotic thirst, along with AVP-mediated renal water retention, is particularly essential to 

water homeostasis. This form of thirst occurs as a result of cellular dehydration and ECF 

hyperosmolality which stimulates osmoreceptors and activates corresponding neural circuits to 

motivate water intake and concomitant secretion of AVP from the posterior pituitary17. For the 

sake of simplicity, this section will summarize the joint responses to osmotic challenge in thirst 

and circulating AVP, followed by a discussion on the OVLT and its relationship with the 

magnocellular neurons (MNCs) that secrete AVP into the periphery (section 1.1.4.1). 

Osmoregulation of AVP and its effects on renal filtration is discussed in greater detail in section 

1.1.4.2.  

Systemic homeostatic response mechanisms vary depending on the direction of change in 

osmolality9 (Fig 1.4.1). Experiments in humans and animals have shown that when the ECF is 

made hyperosmotic by injections of NaCl, or other osmolytes such as mannitol, the sensation of 

thirst in humans (or water intake in animals) and circulating AVP increase14,47,60-63. 

Hyperosmotic ECF further increases the excretion of Na+ (natriuresis)64-68, and inhibits salt 

appetite69, which in rats is partially mediated by OT70-73. A rise in plasma osmolality over ~ 295 

mOsm/kg achieves maximal AVP-mediated anti-diuresis in humans74. Further fluid 

replenishment is mediated by graded increases in thirst as osmolality rises, with severe thirst 

starting at ~ 300 mOsm/kg60,75. Conversely, if the ECF is made hypo-osmotic, salt stores must be 

conserved and replenished and water must be discharged. In hypo-osmotic conditions, basal 

AVP secretion is suppressed in rats15 and humans75, effecting renal diuresis9.  Although no study 

has investigated the “inhibition” of thirst as a result of ECF hypo-osmolality, the current 

conjecture is that the desire to drink is also suppressed because the osmotic thresholds for thirst 

and AVP release are similar in humans and animals9,60,74,76-79. 

 

1.1.2.3.1 Peripheral osmoreceptors 

Drinking quenches thirst and inhibits AVP release, even before serum osmolality is 

corrected, by mechanisms that include peripheral osmoreceptors47,76-82. The identity of these 

receptors is unknown, though one recent study implicated the transient receptor potential action 

channel subfamily V member 4 (TRPV4), an ion channel known to be activated by hypo-osmotic 

stimuli82-84. It is known, however, that peripheral osmoreceptors located in the alimentary tracts 
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and associated blood vessels detect ingested water and solutes and provide feedback to the 

central nervous system (CNS) via afferent neurons supplying the NTS9,85-89 (Fig 1.4.2). The 

parallel nature of the behavioural and neuroendocrine response to changes in ECF osmolality 

indicates that osmotic regulation of thirst and AVP-secretion are initiated by a common neural 

circuit that is dependent on sensory input from cerebral osmoreceptors9,17,60,90.  

 

1.1.2.3.2 Central osmoreceptors 

The original concept of osmoreceptors was proposed by Verney in 1947 in the context of 

hyperosmotic stimulation of AVP release91. Subsequent work by many researchers narrowed 

down the location of intracranial osmoreceptors to the anterior preoptic area of the 

hypothalamus92-94, specifically to the AV3V region of the hypothalamus95,96. Hypotheses 

proposing that osmoreceptors were located in CVOs40,62,63 were supported by AV3V lesion 

studies in animals. Experiments in which lesions encompassed or targeted the OVLT were 

shown to produce adipsia and inhibit AVP release during osmotic stimulation, despite 

dehydration (a condition that results in hyperosmotic hypovolemia)26,93,96-99. Osmoreceptors are 

also located in the SFO83,100,101, which has been shown to participate in hyperosmotically-

induced thirst and AVP secretion102-104. However, the currently accepted view is that the SFO is 

the primary sensor for circulating ANG II, whereas the OVLT is the primary osmosensor, 

although both nuclei are capable of responding to both stimuli3,9,17,98,105. 

 

1.1.3 Organum vasculosum laminae terminalis (OVLT) 

The OVLT is a small globoid nucleus within the hypothalamus106 that projects to 

multiple sites within the CNS. It is located along the anterior wall of the third ventricle, dorsal to 

the optic chiasm and immediately ventral to the MnPO. The ventricular surface of the OVLT is 

covered by ependymal cells (a type of glial cell that contributes to cerebrospinal fluid 

production), and tanycytes (a subtype of ependymal cells), whose long projections extend into 

the OVLT to encircle neurons and wrap around local capillaries40,106,107. The capillaries of the 

anterior preoptic arteries that feed into the OVLT are lined by fenestrated endothelia and pass 

through a layer of tightly packed astrocytes108,109, but are not surrounded by the astrocytic 

processes that would normally be associated with the traditional blood-brain-barrier106,110. The 

OVLT has been documented to express: cytokine receptors111-115; receptors for hormones such as 
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estrogen116, ANG II90,117-119, and prolactin120; nitric oxide synthase (NOS)121; and Na+ 117 and 

mechanosensitive ion channels122-124. Thus, blood-borne signals can diffuse into the OVLT and 

act on local neurons, providing a mechanism by which humoral signals communicate with the 

CNS.  

The OVLT is in a privileged position to coordinate a diverse array of centrally-mediated 

physiological processes, including fever and sickness behaviour125-127 (see section 1.3.3), 

cardiovascular regulation128-131, and osmoregulation9. Electrophysiological experiments 

performed in rodent hypothalamic slices demonstrate that acute increases in perfusate osmolality 

effected a proportional increase in firing rate in a portion of OVLT neurons123,132-134. Studies 

measuring c-fos activity (an indirect marker of neuronal activation) to identify OVLT neurons 

that are responsive to hypertonic NaCl stimuli show that these neurons135 line the highly vascular 

midline of the OVLT, and cluster at higher density in the dorsal cap region of the 

nucleus38,106,136-139. The dorsal cap borders the MnPO, and is an area that is also responsive to 

relaxin140. Furthermore, OVLT neurons in the dorsal cap project to the supraoptic nucleus (SON; 

see section 1.1.4.1), whereby they stimulate AVP-release from MNCs in hyperosmotic 

conditions90,141 (Fig. 1.4.3). Destruction of the OVLT increases the threshold plasma osmolality 

necessary to induce drinking behaviour and AVP secretion by 7 – 10% in dogs63. 

Acute systemic hyperosmolality also increases sympathetic nerve activity128,130, likely 

mediated in part by synaptic inputs into the paraventricular nucleus (PVN)142. The PVN is a 

heterogenous mix of MNCs and parvocellular neurons which mediates neuroendocrine secretion, 

and sympathetic nerve activity through synaptic projections to other sympathoregulatory areas of 

the CNS128. Several studies have shown that stimulation of the OVLT neurons causes a 

sympathoexcitation in response to hyperosmotic stimuli. Furthermore, excitation of the OVLT 

effects a sympathetically-mediated increase in vascular resistance and arterial blood pressure in 

the renal and visceral microcirculatory systems, providing evidence of the OVLT’s pressor role 

in the cardiovasculature130. Lesioning the anterior lamina terminalis, particularly the OVLT, 

attenuates the drinking response, AVP secretion, and sympathetic nerve activity in response to 

hyperosmotic stimuli95,143-147, indicating that these regulatory functions depend on the 

osmolality-sensing capabilities of the OVLT9,128. 
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1.1.3.1 Osmosensation in OVLT 

 Osmosensation is a mechanical process9. As discussed in section 1.1.1.2, hyperosmolar 

ECF dehydrates cells causing cell-shrinkage, whereas hypo-osmolar ECF causes cell volume 

expansion. Osmosensory neurons translate such intracellular volume changes into electrical 

signals (i.e. altered firing frequency or pattern) using mechanosensitive ion channels. Because 

synaptic transmission from other neurons or osmolyte secretion from osmotically-responsive 

glial cells can alter the action potential discharge of neurons, osmosensory neurons by definition 

must have cell-autonomous osmosensory transduction mechanisms in order to be considered 

intrinsic osmoreceptors. The cellular mechanisms of osmosensation have been predominantly 

studied in the MNCs of the SON and PVN in rodents (see section 1.1.4.1.2), however this 

discussion will focus on what is known specifically for the OVLT. 

 Electrophysiological recordings from the OVLT in vivo148 and in vitro123,132-134,149 

indicate that the OVLT is responsive to changes in fluid osmolality, and that this response is 

independent of synaptic input149.  Intracellular recordings of OVLT neurons demonstrated that 

perfusion with hypertonic and hypotonic solutions respectively induced and reduced firing 

frequency141. The strongest evidence of OVLT neurons as intrinsic osmosensors came from 

whole-cell recordings of acutely isolated mouse OVLT neurons123,133. Ciura and colleagues 

demonstrated that perfusion with mannitol-based hypertonic solution elicited a membrane 

depolarization and associated increase in firing rate in responsive OVLT neurons. Furthermore, 

hyperosmotic stimulation or applying manual suction to isolated neurons in iso-osmotic 

conditions to mimic cell shrinkage elicited an increase in conductance and neuronal excitability. 

Neither the excitatory response nor the change in conductance was present in neurons isolated 

from mice lacking the transient receptor potential cation channel subfamily V member 1 

(TRPV1) even in the presence of cell volume change. Zaelzer and colleagues went on to show 

that a truncated variant of TRPV1 was responsible for both the osmotic and thermo-responsive 

elements of OVLT neurons150. Osmoregulatory defects have also been reported in mice lacking 

TRPV4122,151, though it remains to be determined if it serves a hypo-osmolality transducer 

function in the OVLT133.  

Although TRPV1 knockout mice show attenuated AVP secretion in response to 

hyperosmotic stimuli152, the role of TRPV1 in osmotically-driven thirst remains controversial. 

Since TRPV1 channels are essential for increasing the electrical discharge of osmosensitive 
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OVLT neurons, functional loss of these channels would be expected to translate into suppressed 

osmotic thirst123. Surprisingly, TRPV1, TRPV4, and double TRPV1/TRPV4 knockout mice were 

shown to drink equal amounts of water in response to an array of systemic osmotic stimuli, 

including hypernatremia, dehydration, and intraperitoneal or subcutaneous NaCl or mannitol 

injections153,154. Furthermore, the number of c-fos positive cells in the OVLT remained similar in 

normal and knockout mice despite hyperosmotic challenge153,154. These data do not preclude the 

involvement of other osmoresponsive elements, including the role of glia and peripheral 

osmoreceptors, that function independent of TRPV1 and TRPV4 (see section 1.1.4.1.2).  

 

1.1.4 Vasopressin (AVP)  

 

 “Of the extracts of the three organs in question that of pituitary body is by far the most 

marked. The rise of blood-pressure produced is rapid, its amount varying with the initial 

pressure.” – Oliver and Schäfer, 1885155 

 

 Oliver and Schäfer were the first to describe the vasopressor activity of what was later 

identified as AVP in extracts from the posterior pituitary155,156. In 1913, reports of successful 

treatment of diabetes insipidus, a condition marked by polydipsia and polyuria (excessive 

urination), with subcutaneous injections of posterior pituitary extract highlighted the antidiuretic 

properties of the concentrate157-159. Experimentally, extracts were shown to reduce thirst and 

urine volume while increasing urine tonicity160,161. It was not until the 1950s that the pressor and 

anti-diuretic properties of posterior pituitary extract were attributed to a single hormone: AVP162.  

Congruent with the ‘form follows function’ biological principle, AVP was structurally 

defined163,164 decades after the vasopressor and anti-diuretic function of the hormone were 

identified156,162. AVP is a nonapeptide, structurally distinguished from other forms of 

mammalian vasopressin (i.e. lysine-vasopressin in pigs165) by the presence of arginine at the 

eighth position and differs from OT by only two amino acids at positions three and eight166. It is 

synthesized as a pre-prohormone, which includes an N-terminal signal peptide, vasopressin, 

neurophysin, and a C-terminal glycoprotein called copeptin167. Post-synthesis and processing in 

the Golgi apparatus, AVP is transported along the axons of MNCs and stored in neurosecretory 

vesicles in Herring bodies of the posterior pituitary (a process lasting from 1 to 2 hours)167,168 
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until chemical or electrical stimuli induce action potential propagation in the nerve terminals 

located in the posterior pituitary169. Depolarization of MNC axon terminals generates an influx of 

calcium ions (Ca2+) through voltage-gated Ca2+ selective channels to trigger fusion of vesicles 

with the terminal membrane170-173, releasing AVP into the extracellular space where it diffuses 

into the global circulation via fenestrated neurohypophyseal capillaries166,174. Once in the 

periphery, AVP acts on guanine nucleotide-binding (G) protein-coupled receptors V1a and V2 to 

exert its effects162, but is quickly metabolized within 10 to 35 minutes by liver and kidney 

vasopressinases94. 

 

1.1.4.1 AVP secretion 

AVP is functionally multifarious. It acts as a neuromodulator within the CNS to influence 

emotional and social behaviours, cognition, circadian rhythm, thermoregulation, nociception, and 

autonomic function162,166,167. In the periphery, it performs in a classical neuroendocrine fashion, 

maintaining hydromineral and hemodynamic homeostasis by altering renal filtration and 

counteracting hemodynamic changes during cardiovascular distress. In mammals, AVP, along 

with OT, is synthesized in large MNCs concentrated in the SON, PVN, and in accessory nuclei 

dispersed throughout the brain174-176. Few neurons synthesize both neuropeptides174. Much of 

what is known about AVP secretion comes from studies performed in the SON of the anterior 

hypothalamus, located superior to the optic chiasm. The SON contains a homogenous 

composition of MNCs, shielded by a classical blood-brain-barrier177. In the rat SON, AVP-

MNCs are clustered in the caudal portion of the nuclei and make up the majority (~60 – 70%) of 

cells178,179.  

The function of AVP-MNCs is regulated by many intrinsic and extrinsic mechanisms 

thus these neurons are said to be integrative sites for coordinating the organism’s response to 

physiological and environmental challenges174. The activity of MNCs is regulated by synaptic 

inputs from many nuclei that are responsive to peripheral cardiovascular and osmolality changes. 

Glial cells can also modulate the electrical activity of these cells by regulating gliotransmission 

and the number of available synapses180. MNCs may also auto regulate by somato-dendritic 

release of AVP181,182, via production of nitric oxide (NO) which can inhibit intrinsic electrical 

activity183,184 and afferent pre-synaptic transmissions185,186 (see section 4.4), or by intrinsic 
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osmosensory mechanisms (section 1.1.4.1.2)9. The sum of these processes alters the electrical 

activity of MNCs, which in turn dictates AVP secretion into the circulation. 

 

1.1.4.1.1 Activity-dependent release 

AVP release is electrical-activity dependent: the propagation, form, frequency and pattern 

of action potentials facilitate the quantity of hormone released173. In in vivo and in vitro rat 

experiments, basal MNC firing rate (i.e. action potential frequency, expressed in Hz), was 

recorded at ~ 3 Hz in isotonic conditions (~ 294 mOsm/kg)187-190 which maintains basal serum 

levels of AVP at 2 – 3 pg/mL15, consistent with reported human serum AVP concentrations in 

healthy, iso-osmotic conditions94. The basal firing frequency of MNCs thus effectively 

determines the osmotic set point9,191. Increases in MNC firing rate above basal frequencies and 

up to ~ 15 Hz – such as can occur with experimental dehydration, hemorrhage, and hyperosmotic 

stimuli – linearly correlate with increased AVP secretion173,187-190,192,193. AVP is maximally 

secreted at firing frequencies at ~ 10 to 15 Hz, plateauing the linear relationship193-195.  

Stimulated AVP-releasing MNCs exhibit a distinct phasic firing pattern that are 

electrophysiologically defined as trains of action potentials, or ‘bursts’, with intra-burst 

frequencies of 3 to 15 Hz followed by an inter-burst quiescent period lasting from 4 to 100 

seconds191. Bursting increases the duration of action potentials, which is positively correlated 

with firing rate, according to intracellular recordings obtained from rat hypothalamic explants196. 

K+ channels play an important role in this form of facilitation: pharmacologically blocking K+ 

channels prolongs the duration of action potentials and enhances AVP release, whilst 

simultaneously reducing frequency-dependence195,197. Electrical stimulation of rat 

neurohypophysis to attain continuous or phasic activity with mean firing frequencies of 6 Hz and 

similar distributions of interspace intervals (i.e. the time between action potentials), 

demonstrated that phasic firing elicits more AVP release than continuous firing198. Continuous 

firing at moderate to high frequencies (10 – 15 Hz) has been shown to induce fatigue and 

drastically reduce AVP secretion, a phenomenon that can be reversed by increasing the duration 

of inter-burst quiescence173,199. In conditions in which AVP increase is necessary to preserve 

physiological homeostasis, facilitating AVP release by altering firing behaviour may provide the 

rapid response necessary to protect the system without exhausting the neurons. 
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1.1.4.1.2 Osmotic control of AVP secretion 

Experiments in vivo and in vitro established that the firing rate of AVP-secreting MNCs 

is linearly proportional to physiological ranges of ECF osmolality. Systemic hypo-osmolality 

caused by intragastric water loading reduces MNC firing rate188, whereas induced systemic 

hypertonicity increases MNC firing rate187-189,191,200-205. Various synaptic and cellular elements 

influence the response of MNCs to shifts in osmolality. Peripheral osmoreceptors have been 

demonstrated to affect MNC activity206, likely through afferents from the VLM and NTS207-209. 

MNCs also receive synaptic inputs from central osmoresponsive sites including the SFO, MnPO, 

and OVLT207,210. Specific to the OVLT, electrophysiological evidence indicates that 

osmoresponsive glutamatergic OVLT neurons influence MNCs via excitatory inputs141,211-213 and 

that electrolytic destruction of the area encompassing the OVLT diminishes osmotically-induced 

AVP secretion97,98,105,214. Additionally, glia within the SON release taurine215,216, a primary 

osmolyte used by the brain to protect against hyponatremia-induced swelling217,218, in response 

to cellular swelling11,219,220 via volume-regulated anion channels221. Taurine inhibits neuronal 

firing during hypotonic challenges by imposing a glycine-mediated inhibitory tone on 

MNCs215,222,223. Glial cells also reversibly alter their morphological features to tune MNC 

activity in response to physiological stimuli, such as dehydration, hypernatremia, parturition and 

lactation180,224,225.  

 The first evidence of cell autonomous osmosensory transduction came from recordings 

attained from SON MNCs: neurons fired in response to increasing perfusate osmolality 

independent of synaptic transmission200. MNCs depolarize and fire in the presence of 

hyperosmotic fluid in association with an increased cation conductance201,202,226, which appears 

to be active at resting membrane potential (RMP) 227,228. Inversely, hypo-osmotic perfusate 

hyperpolarize acutely isolated MNCs202 and inhibit cation conductance227,228. Whole-cell patch 

clamp experiments from isolated MNCs evidenced that hypotonic swelling and concurrent 

decrease in cation conductance could be reversed by applying negative pressure to the recording 

pipette229. Mechanical recovery of cell volume also reversed hyperosmotic cellular swelling and 

incidental increase in membrane conductance. The associated changes in cell volume and 

conductance led to the proposition that cell autonomous osmoresponsiveness is conferred on 

MNCs by mechanosensitive non-selective cation channels227. Work by Sharif-Naeini and 

colleagues identified the channel in MNCs as the truncated form of TRPV1152, which confers 



15 

intrinsic osmoresponsiveness when injected into otherwise non-osmoresponsive cells150. 

Hyperosmotically-stimulated MNCs isolated from TRPV1 knockout mice failed to display 

changes in firing frequency or membrane conductance even in the presence of cell shrinkage. 

This result could be duplicated in wildtype mice by pharmacologically blocking TRPV1 channel 

function. Disrupting the organization of cytoskeletal elements, including actin and 

microtubules230, abates the influx of positive charges into MNCs in response to hyperosmotic 

cell shrinkage, whilst stabilizing these elements enhances osmotically-induced nonselective 

cation channel activity229,231. One study showed that microtubules in SON MNCs physically 

interact with TRPV1 channels to provide the “push” force necessary to promote channel 

activation during cellular shrinkage231. Other ion channels may also be involved in cell 

autonomous osmosensory transduction. Electrophysiological recordings from isolated MNCs 

have identified stretch-activated K+ channels232,233 as putative contributors, though other, as of 

yet unidentified, Na+ and Ca2+ conducting channels could also play a role9.  

 

1.1.4.2 Role in osmoregulation 

Although the pressor effect of AVP was the first functional characteristic recognized, 

AVP and its ancestral gene products are predominantly involved in osmoregulation165. In this 

context, changes in circulating AVP follow a linear function in response proportional to plasma 

osmolality15,75. The sensitivity (i.e. slope) of the osmolality-AVP relationship is referred to as 

osmoregulatory gain234 (section 1.1.5). An increase in 1% blood osmolality (~3 mOsm/kg) 

results in an increase of at least 2.9 pg/mL AVP in normovolemic rats15. Because AVP is 

secreted in iso-osmotic conditions, some basal renal water reabsorption occurs at rest75. 

Experimental hyperosmolality linearly increases serum AVP14,15,47,61-63,74,94, whereas basal AVP 

is inhibited by serum hypo-osmolality15,75,235,236. Injection of exogenous AVP in dogs237-239 and 

humans235,240,241 actuates a dilution of serum osmolality with concomitant anti-diuresis and 

increased natriuresis. Diuresis, and therefore serum osmolality, is altered by the function of renal 

V2 receptors, which are tightly controlled by physiological ranges of AVP166. 

Anti-diuresis ensues when AVP binds to AVP type 2 (V2) receptors located along the 

basolateral membranes (i.e. facing the blood stream) of endothelial cells lining the renal distal 

tubules and collecting ducts166. Activated receptors initiate the mobilization of protein kinase A, 

which  effects the translocation of vesicles to the luminal membrane (i.e. the urine side), 
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directing the water-conducting aquaporin-2 channels lining the vesicle membranes to the luminal 

surface. Expression of aquaporin-2 increases intracellular water content, osmotically 

equilibrating the ECF, and achieving a net effect of water reabsorption from the renal filtrate and 

concentrated urine.  Urine concentration and excreted volume are linearly proportional to serum 

AVP in humans and animals61,75,235,242-244, with maximal diuresis ensuing at lower AVP 

concentrations60.  

 

1.1.4.3 Role in hemodynamic function 

AVP in the cardiovasculature is principally effective during times of hemodynamic 

challenge174. Afferents from baroreceptors and chemoreceptors lining the chambers of the heart, 

aortic arch, and carotid that monitor the volume and pressure status of the cardiovascular system, 

project to the area postrema and the NTS to tonically inhibit AVP-release. As blood volume or 

pressure drops to pathological levels, baroreceptor-mediated afferent discharge rate drops, 

stimulating AVP-secretion245. Stimulation of the caudal region of the NTS selectively excites 

SON AVP cells246,247 likely indirectly via projections from the NTS to the VLM, parabrachial 

nucleus, and locus coeruleus248-250. AVP contributes to hemodynamic homeostasis by regulating 

vascular tone, baroreceptor reflex (i.e. blood pressure), cardiac function, and sympathetic nerve 

function, predominantly through the V1a receptor pathways166. V1a receptors are found on the 

smooth muscles of various blood vessels throughout the vasculature251,252. Binding of AVP 

rapidly phosphorylates the receptor via G protein-coupled receptor kinases and messenger-

dependent kinases such as protein kinase C and phospholipase C, releasing intracellular Ca2+ 

stores166. Ca2+ interacts with the myosin machinery to contract the smooth muscle. AVP further 

contributes to vasoconstriction by blocking ATP-sensitive potassium (KATP) channels253. In 

normal conditions, KATP channels inhibit voltage-sensitive Ca2+ channels in smooth muscle cells 

by altering the membrane potential, thereby regulating vascular tone254.  

The systemic effects of V1a activation are complex and balance the prevalent 

vasoconstrictive consequences at different degrees in various organs. That is, mesenteric, 

cerebral, pulmonary, and coronary circulations are less sensitive to AVP-mediated 

vasoconstriction relative to other vasculatures, in part due to the presence of NO in these organs 

that promotes vasodilation at basal and low doses of AVP162,255-259. Overall, AVP is a weak 

vasoconstrictor at basal levels in normal conditions260-263. Appreciable changes in mean arterial 
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blood pressure are attained in healthy humans and dogs only at supra-physiological levels (~50+ 

pg/mL)264,265. This is due to the concomitant effect of AVP on heart rate as any increase in blood 

pressure is masked by a larger reduction in heart rate162. However, AVP contributes to 

maintaining arterial blood pressure during hypotension in a dose-dependent fashion162,166,266,267. 

AVP levels rise exponentially relative to severity of hypotensive hemorrhage but only after a 

greater than 7 - 10% blood volume loss15,268,269. Pharmacologically blocking V1 receptors during 

experimental hypovolemia in animals induces hypotension161,270. Hypervolemia, on the other 

hand, suppresses AVP release and causes diuresis15,75,271.  

 

1.1.5 Osmoregulatory gain  

As discussed in section 1.1.4.2, serum concentrations of AVP are closely correlated with 

serum osmolality60. Non-osmotic stimuli of AVP release can alter the osmotic control of AVP by 

adjusting the gain of the osmoregulatory system. For example, elevated AVP during 

hemodynamic stress alters the osmotic modulation of AVP-secreting MNCs so that the osmotic 

threshold is shifted leftward (i.e. the set point or “osmostat” is reduced) without affecting the 

sensitivity of the relationship. This shift thereby necessitates a greater amount of circulating AVP 

to maintain normal serum osmolality15,269,271-273. Isotonic hypovolemia enhances AVP release 

and engages other systemic responses to cooperatively augment salt and water intake in an effort 

to recuperate the ECF volume. Conversely, hypervolemia inhibits osmotic control of AVP and 

promotes diuresis to discharge excess water15,235. Osmoregulatory gain also fluctuates within 

normal physiological parameters following the periodicity set out by the circadian rhythm274. 

 

1.1.5.1 Diurnal fluctuations of osmoregulatory gain 

The relationship between AVP and serum osmolality is dynamic, following a diurnal 

rhythm. A shift in osmotic threshold or slope of the relation, as seen in the hemodynamic distress 

scenario, may facilitate AVP secretion at the end of the sleep period274. AVP progressively rises 

during the sleep phase, independent of serum osmolality, to prevent dehydration and enuresis 

(involuntary urination), and protect sleep, peaking just before wakefulness236,275-280. In human 

males, peripheral AVP increases overnight by 2 pg/mL on average275, similar to levels induced 

by dehydration243. The circadian cycle is imposed on MNCs in part by GABAergic inputs from 

the “master clock”281 - the suprachiasmatic nucleus (SCN)282. Increased SCN activity, 
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demonstrated using in vivo and in vitro recordings from rats, peaks in the middle of the sleep 

phase282,283, silencing presynaptic osmosensory projections from the OVLT to the SON274,284. 

SCN firing progressively declines, with the nadir occurring by wake time282,283, just as osmotic 

modulation of MNCs is enhanced236,276,277. Thus declining SCN activity towards the late sleep 

phase facilitates AVP secretion by disinhibiting MNCs.  Decreased osmoregulatory input into 

the SON is therefore one potential mechanism contributing to the normal dissociation seen 

between plasma osmolality and circulating AVP. Outside of these normal fluctuations, and in the 

absence of cardiovascular distress, inappropriate AVP serum concentrations relative to blood 

osmolality lead to detrimental osmoregulatory disruption and serious medical complications. 

 

1.1.6 Exampled disorders of hydromineral homeostasis 

Osmotic homeostasis is particularly important for mammals whose brains are encased 

within a skull that does not provide room for swelling9. Therefore symptoms associated with 

dysregulated ECF osmolality are neurological in nature, as exhibited in the following examples. 

 

1.1.6.1 Central diabetes insipidus (CDI) 

 Central diabetes insipidus (CDI) is characterized by polydipsia and polyuria caused by 

AVP deficiency285, as mentioned in section 1.1.4. It is recognized by the onset of high volume 

hypotonic urine, often occurring in conjunction with urine hypernatremia, extreme cravings for 

fluid, and iso- or hyperosmotic serum. Diagnosis of CDI is made based on a water deprivation 

test as serum osmolality will increase in the presence of inappropriately dilute urine. CDI can be 

caused by damage to the brain through infections, autoimmune disorders, cancers, or it can be 

idiopathic. However, it is most commonly acquired via structural damage that disrupts the 

synthesis of AVP at the site of MNCs within the hypothalamus or the ability of the posterior 

pituitary to secrete the hormone286,287. It is a frequent complication of pituitary surgeries that 

occurs in ~30% of post-operative patients288, and can either be transient or permanent289. 

Pathophysiologically, the closer the insult or lesion to the MNC bodies, the more likely the 

disease will be permanent due to the loss of AVP-producing neurons244,286. Furthermore, CDI 

can be caused by damage to areas encompassing the OVLT290. If fluid intake is inadequate to 

keep pace with water loss, patients will suffer from hyperosmolality and associated neurogenic 

symptoms that can include lethargy, seizures, and coma291. CDI is manageable with good 
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drinking habits to ensure hydration, and treatment with synthetic vasopressins such as 

desmopressin285. 

 

1.1.6.2 Syndrome of inappropriate antidiuretic hormone secretion (SIADH) 

A prime example of a pathological dissociation between plasma osmolality and AVP is 

the syndrome of inappropriate antidiuretic hormone secretion (SIADH). SIADH is an 

inappropriate secretion of AVP with concomitant increase in extracellular water, without an 

increase in volume292. SIADH is considered to be the most frequent subtype of 

hyponatremia293,294. Hyponatremia, usually defined as blood sodium levels of <135 mmol/L, is a 

serious and highly prevalent electrolyte disorder, affecting nearly 30% of hospitalized patients295-

297. Hyponatremia manifests clinically with a slew of neurological symptoms that range in 

severity relative to the concentration of sodium. These symptoms include altered gait and 

reduced attention span at the mild end of the spectrum298,299, to headaches, confusion, seizures, 

coma, and in severe cases, death 291,296. Furthermore, hospitalized hyponatremic patients have an 

increased morality rate relative to nonhyponatremic patients293. SIADH is euvolemic 

hyponatremia with associated plasma hypo-osmolality, and hyperosmotic and hypernatremic 

urine292. It presents in the absence of volume depletion in the context of edema, with normal 

renal and adrenal function and has been found to occur in infectious states, including pneumonia, 

HIV, and meningitis300,301. Despite plasma hypo-osmolality, AVP secretion is not suppressed302. 

AVP secretion is considered to be caused by non-osmotic stimuli such as, for example, 

hypotension, ANG II, and stress, or can be caused by ectopic secretion by tumours293. Although 

the pathophysiological mechanisms that breaks or reduces the osmoregulatory gain of AVP 

regulation in SIADH are unknown, a recent hypothesis proposes that there is a link between the 

inflammatory response and AVP secretion in some electrolyte-water disorders300,301.  

 

Is sepsis, a disease known for its hyperinflammatory response and dysregulated AVP 

secretion, also a disorder of osmoregulation? 

 

1.2 Sepsis 

The term sepsis is often used clinically to describe a spectrum of conditions resulting 

from a systemic inflammatory response to an infection that results in damage to the host’s tissues 
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and organs303,304. Any pathogen or infectious agent can trigger sepsis, though gram-negative and 

gram-positive bacteria are the most common isolates. Nearly a third of blood cultures from septic 

patients are negative for any detectable microorganism; in such cases sepsis is presumed to have 

developed in response to toxic bacterial agents (e.g. endotoxin)305-307. While sepsis can strike any 

person of any race and age, incidence is higher in the elderly and infants and in blacks over 

whites308-310. Those with traumatic injuries, particularly immuno-compromised individuals, are 

especially vulnerable to developing sepsis307,308. 

The hallmarks of sepsis are multiple organ dysfunction (MOD) or failure as a result of 

hypotension and tissue hypoperfusion. It can be complicated by distributive shock in the 

presence of treatment-resistant hypotension, which is associated with intensive care unit (ICU) 

mortality rates of up to 50%311-315. Survivors of the syndrome commonly suffer from life-long 

ailments related to organ damage, including brain dysfunction316-318. There are currently no 

sepsis-specific medications available: treatment strategies depend on antibiotic treatment, fluid 

resuscitation, and organ support304,319. 

 

1.2.1 On the origins of sepsis 

The conceptualization of sepsis – including its re-classification from disease to syndrome 

- has evolved throughout history. In 700 BCE, the Greeks defined sepsis as rot or decomposition 

of organic matter320. Hippocrates further described this pungent diseased state as originating 

from the colon, which released “dangerous principles” into the body that caused toxicity. 

Alternatively, early Romans believed that invisible creatures from swamp environments caused 

sepsis, giving rise to sophisticated water delivery systems and public baths as part of their public 

health programs. Despite these initiatives, sepsis continued to be highly lethal.  

It was not until Louis Pasteur proposed his “Germ Theory” in the late 19th century that 

advances in the understanding of sepsis were made321. One of Pasteur’s contemporaries, the 

surgeon Joseph Lister, correctly deduced that the fermentation that Pasteur demonstrated in his 

now famous experiments also appeared in the wounds of patients320. Lister took inspiration from 

engineers that used carbolic acid to eradicate odours from sewage, and doused wound dressings 

in the acid. This drastically reduced the rate of sepsis in his hospital. Lister went on to further 

advance aseptic techniques as part of general surgery practice. At the same time, another father 

of modern microbiology, Robert Koch, furthered germ theory by outlining the principles 
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necessary to define an agent as infectious. Koch’s work initiated the rapid expansion of microbe 

identification, shifting the focus of treatment towards eliminating pathogenic organisms. This 

produced the groundwork for the development of antibiotics, and confirmed what the 

putrefaction definitions of earlier civilizations were hinting at: that sepsis started with an 

infection caused by microorganisms321. 

The pathogenic mechanisms of infectious diseases were unclear and contradictory even 

after the identification of microorganisms320. How could such a small quantity of tiny organisms 

result in a seemingly disproportionate lethal illness? Was it the bacteria that was lethal, or some 

disease-causing agent that the microbes produced? In 1886, Ludwig Briefer isolated heat-

sensitive “exotoxins” from the supernatant of cultured diphtheria322. This work inspired Koch’s 

colleague, Richard Pfeiffer, to search for exotoxins in cholera, a common infection of the small 

intestine323. Pfeiffer inoculated vaccinated pigs with Vibrio cholera, and then performed 

dissections on the pigs that had died of the disease322. Surprisingly, he found no living V. cholera 

at the site of infection. He discovered that the bacteria had lysed and released poisonous 

substances that were normally contained within the bacterial cell. Pfeiffer observed that the 

toxicity of V. cholera was independent of the bacteria’s viability. He furthered this finding by 

showing that heat-killed cholera still maintained a toxic potential, and postulated that this 

insoluble and heat-resistant factor was not secreted, but was rather an intrinsic part of the 

bacteria. Pfeiffer named this substance “endotoxin”. Pfeiffer had in fact discovered 

lipopolysaccharide (LPS) endotoxin of gram-negative bacteria that went on to become the 

predominant lab model for studies of fever, host immune response, and the pathogenesis of 

sepsis324,325 (see section 1.2.5.1.1). This discovery furthered the burgeoning idea that sepsis was 

not caused by infection alone, but rather the host’s response to the infection. Sir William Osler 

famously articulated this shift in dogma in 1904326 with the following: 

 

“Except on few occasions, the patient appears to die from the body’s response to infection rather 

than from it.”  

 

Once the mystery of bacteria had been unraveled by germ theory, it was generally 

believed that with the advent of antibiotics and the advancement of vaccines, infectious diseases 

could be eradicated320,321. Sepsis was reinterpreted to refer to a systemic infection caused by 
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pathogenic bacteria that spread into the bloodstream, commonly referred to as “blood 

poisoning”304. With modern antibiotics such as penicillin and streptomycin in hand, it was 

presupposed in the early 20th century that sepsis had finally met its match. This was not the case. 

Despite the elimination of the causative bacteria with antibiotics, many patients still died of 

sepsis. By the mid- to late- 20th century – alongside rapid advances in immunology, 

microbiology, and medication and hospitalization paradigms – treatment of sepsis improved to 

the point that patients were surviving beyond the stages of the syndrome that would have 

historically killed them319,327. New symptoms became apparent and sepsis could no longer be 

strictly defined as a systemic infection or an inordinate inflammatory response. Bone and 

colleagues said it well in 1992: “Roughly 30 years ago, sepsis, septic shock, and multiple organ 

failure were rarely seen. Simply put, we could not keep severely ill or injured patients alive long 

enough for these disorders to develop” (p.1481)327. These “disorders” referred to the 

hemodynamic manifestations of sepsis, and had been documented before in the context of shock. 

Studies conducted during World War I were the first to recognize the traumatic and lethal 

shock that occurred in soldiers as a result of excessive loss of blood volume, referred to as 

hypovolemic or hemorrhagic shock320. However, shock was still seen in soldiers that did not 

have an obvious hemorrhage. This “wound shock” was thought to be actuated by release of 

“wound toxins” (likely referring to the mediators of the local inflammatory response) that led to 

blood pooling in injured tissue as a result of neurogenic vasodilation320. The surgeon Alfred 

Blalock and others confirmed that movement of blood plasma from the circulation into tissue 

caused non-hemorrhagic shock328,329. By this time, it was recognized that the symptoms of shock 

could be seen in other conditions: in fact, the idea that sepsis could result in shock had already 

been postulated by the late 1800s320. Blalock developed classifications for shock: cardiogenic (as 

seen in heart attacks), hematogenic (hypovolemia), neurogenic (brain or spinal cord injury), and 

vasogenic (septic shock). Further categories were developed in the 1960s and 1970s, which 

ultimately led to the re-classification of sepsis as a distributive shock (an abnormal distribution 

of blood, resulting in oxygen deprivation to tissues and organs) caused by excessive blood vessel 

dilation320,330. 

The 1960s also marked the beginning of an evolving understanding of the hemodynamic 

alterations in septic shock331,332. Septic shock was mistakenly believed to manifest in two forms: 

warm and cold320,333. Warm shock was thus called because patients presented with warm skin, 
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and a strong, forceful pulse (high cardiac output) despite hypotension; these patients were 

predicted to survive. Cold shock was characterized by cold skin, and a weak pulse (low cardiac 

output) with hypotension, and these patients were thought to be marked for death. In 1965, 

Wilson and colleagues challenged this doctrine by demonstrating that most patients with septic 

shock exhibited a higher cardiac output and lower systemic vascular resistance (SVR; the 

resistance to blood flow as a sum of all of the vasculature, excluding the pulmonary vasculature) 

compared to patients with hypovolemic or cardiogenic shock334. They also noted that another 

distinct feature of shock originating from sepsis was the “element of vasodilation”, which 

contributes to the reduction in SVR. Despite the findings of Wilson and colleagues, clinical and 

experimental studies of the time persisted in suggesting that survival correlated with high cardiac 

output320,335,336. A significant breakthrough came with the invention of the flow directed 

pulmonary catheter (PAC) by Harold Swan and William Ganz, which allowed for real-time 

monitoring of pressure changes in the pulmonary vasculature and heart320,337. Up until then, 

invasive monitoring of hemodynamics and cardiac function was not common in sepsis patients 

because of the difficulty in using traditional diagnostic techniques320,337. Use of the PAC 

indicated that sepsis patients presented with hypovolemia, and confirmed the modern 

understanding of the hyperdynamic (high cardiac output/low SVR) nature of early septic shock 

following fluid resuscitation; “cold” shock was most likely a result of insufficient fluid 

support320. Further studies in the 1980s showed that myocardial dysfunction (i.e. decreased 

volume of blood ejected during systole) is reversible in many septic shock patients338-340. It is 

now well established that sepsis is biphasic: the early phase is hyperdynamic, while the late 

phase is hypodynamic. Today, the concepts of warm and cold shock are used for diagnostic 

purposes only and are not indicators of potential mortality341. As the field of septic shock 

research evolved, so did research in other fields. 

The 1970s and 1980s were a golden time for the fields of cytokine and coagulation 

research. Interleukin-1 (IL-1) and tumour necrosis factor (TNF) had been identified and 

implicated as critical to the pathogenesis of sepsis342-344. Significant advances in the 

understanding of coagulopathies present in sepsis were made as links between inflammation and 

coagulation were established320,345. The complexity of sepsis became increasingly apparent as 

studies furthered the role of cytokine cascades and inflammation, the coagulation system, and 

hemodynamic alterations in sepsis pathogenesis304,320 (see section 1.2.6). This conceptual shift 
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from infectious disease to multi-system progressive syndrome cemented the idea that sepsis was 

more than a systemic infection and inflammatory response: in fact, it was known that not all 

septic patients were bacteremic327. The increased diversity of recognized symptoms and 

pathologies confounded sepsis dogma and inhibited any advancement in clinical and basic 

research. A standardized definition of sepsis was needed. 

 

1.2.2 Defining sepsis 

In 1991, an international panel of experts defined sepsis as a systemic inflammatory 

response syndrome (SIRS) with an active infection311,327. The panel acknowledged that the 

severity of sepsis ran on a continuum, and defined severe sepsis as sepsis plus MOD, 

hypoperfusion, or hypotension. Septic shock, a subset of severe sepsis, was defined as severe 

sepsis plus persistent and resuscitation-resistant hypotension. A decade later, another 

international panel extended the list of signs for SIRS, acknowledging that these were not 

specific to sepsis, while upholding the 1991 definitions. This panel blurred the line between 

sepsis and severe sepsis, allowing them to be used interchangeably304,346. In 2016, the definitions 

were once more updated. Sepsis is now defined as a “life-threatening organ dysfunction caused 

by a dysregulated host response to infection”312. Emphasis was placed on multiple organ failure 

and resuscitation-resistant hypotension, and SIRS was removed from sepsis vocabulary given its 

ubiquitous nature in hospitalized patients312,347. These new criteria also formally eliminated the 

distinction between severe sepsis and sepsis.   Finally, septic shock is now defined as “a subset 

of sepsis in which underlying circulatory and cellular/metabolic abnormalities are profound 

enough to substantially increase mortality”, with emphasis placed on refractory (treatment-

resistant) hypotension 312,313,348.  

 

1.2.3 Symptomatology  

The symptoms of sepsis are highly variable and depend on the type of causative 

infection, any pre-existing conditions in the patient, and the length of time between diagnosis and 

treatment304. There are currently no specific diagnostic tests to conclusively identify sepsis 

therefore diagnosis is made based on the type, combination, and order of symptoms. The 2003 

international panel that updated the definition of SIRS and sepsis also outlined the associated 

diagnostic criteria still used today346. The early signs of sepsis are non-specific symptoms that 
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fall under the category of SIRS that also occur in other systemic responses (e.g. trauma) and 

include: tachycardia (elevated heart rate), tachypnea (rapid breathing), hypothermia or fever, and 

leukocytosis or leukopenia (increased or decreased white-cell count, respectively). On their own, 

the symptoms are unreliable unless there is a strong suspicion or confirmation of an infection. 

Sepsis is diagnosed when at least two SIRS-associated symptoms manifest, along with 

confirmed/suspected infection, plus evidence of early organ dysfunction and/or hypotension. The 

syndrome usually compromises the cardiovascular and respiratory systems first, with the kidneys 

and brain also often affected304. Symptoms vary depending on the type of organ or system that is 

malfunctioning: hypouresis (renal), arterial hypoxemia (respiratory), metabolic acidosis (general 

or renal), decrease in platelet count (hematologic), and delirium (neurological), amongst 

others346,349.  

 

1.2.4 Treatment 

The goal of effective treatment of sepsis is to diagnose the syndrome as soon as possible 

because delays in appropriate antibiotic administration are associated with higher mortality rates 

in sepsis patients that will go on to develop septic shock 350-353. A retrospective analysis by 

Kumar and colleagues determined that a delay in antibiotic treatment is the strongest predictor of 

mortality, with survival rates decreasing by 7.6% for each hour without treatment after 

documented hypotension354.  Rapid treatment includes broad-spectrum antibiotics (and pathogen-

specific antibiotics once a causative microorganism is identified) for at least one week, draining 

or removing the infection source, and management of hypotension to restore oxygenation by 

immediate perfusion of intravenous fluids313,341,349. If fluid resuscitation is inadequate to maintain 

a target arterial pressure (~60 – 65 mmHg)355,356, the catecholamines norepinephrine, 

epinephrine, dopamine, dobutamine, or a combination of norepinephrine and AVP are 

administered341,357. Mechanical ventilation with sedation is provided to patients that show 

respiratory distress or neurological deterioration, and additional drugs can be provided for organ-

specific support313,341. Patients who survive acute sepsis (first 2 - 3 days) are given nutritional 

support and continued treatment as appropriate. Of the patients that die, 20 - 35% will do so 

within first 3 - 7 days of developing sepsis, 40 - 60% within 30 days, and the remainder within 6 

months349,358. Sepsis survivors, regardless of severity of the syndrome, have increased long-term 
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morbidity and mortality rates, and a decrease in quality of life, likely related to organ-specific 

damage sustained during the septic episode (see section 1.2.6). 

 

1.2.5 Experimental sepsis 

Much of our current understanding of sepsis pathophysiology comes from animal and 

patient studies. The primary challenge of basic sepsis research is capturing the complexity of the 

syndrome in a lab setting: the syndrome is difficult to reproduce and cannot be fully replicated 

by any existing preclinical model. In order for the model to be considered clinically relevant, it 

should mimic the human septic response to include progression from early to late sepsis as 

marked by initial hyperdynamic response, hypermetabolic and hyperdynamic cardiovascular 

states (e.g. increased glucogenesis, high cardiac output) and later hypometabolic and 

hypodynamic cardiovascular response (e.g. hypoglycemia, hypotension)359-361. Some models are 

used to specifically study the immune responses and apoptosis in certain cell types, as is 

commonly observed in human sepsis, however these are considered less clinically relevant as 

they capture only a minority of sepsis-associated symptoms359-364.  

 

1.2.5.1 Sepsis models 

Sepsis models fall into two broad categories: exogenous models, and endogenous 

models359-361. Exogenous models are developed by injections of a pathogen or a toxin that can 

trigger an immune response. These models are dose-dependent and can include injections of 

viable or non-viable bacteria, fecal slurries, or components of microorganisms such as 

endotoxins. Exogenous models are predominantly used to study the immune response and have 

implications beyond sepsis.  Endogenous models involve disruption of hosts’ barriers that allow 

for bacteria to permeate into otherwise sterile tissues, causing infection. These usually involve 

surgery on the animal and use the hosts’ microbiome to cause infection. As a result, they are 

referred to as “two-hit” or “multiple-hit” models because they involve multiple insults (e.g. the 

surgical procedure, followed by infection) that can result in an inappropriate immune response 

that leads to multiple organ failure, as seen in human sepsis365,366. Although there are many 

models of sepsis, the remainder of this section will focus on the two most popular: endotoxemia 

(exogenous) and cecal ligation and puncture (CLP; endogenous). 

 



27 

1.2.5.1.1 Endotoxemia / Lipopolysaccharide (LPS) model 

This model uses single or multiple injections of various doses of LPS to induce a 

systemic inflammatory response360,361,367, and is the predominant model used in sepsis research 

literature. LPS is an endotoxin expressed on the outer membrane of gram-negative bacteria, and 

can interact with the co-receptors CD14 and toll-like receptor-4 (TLR-4) to activate the innate 

immune system via NF-κB-mediated upregulation of transcription of pro-inflammatory 

mediators368. This model arose because it was originally thought that the major sepsis-causing 

organisms were gram-negative bacteria369. It is the simplest, most homogenous model currently 

available making it highly attractive as this experimental system can be controlled and easily 

reproduced.  Using this model, advances have been made in understanding the inflammatory 

response that may apply to many disease states370,371.  

Headway in the context of therapeutic potential for the treatment of sepsis was made in 

the late 1980s when it was discovered that healthy humans receiving endotoxin injections 

showed an acute increase in tumour necrosis factor (TNFα), an early proinflammatory cytokine, 

that “likely mediate(s) septic shock”372,373. This led to a rapid push for clinical trials for anti-

TNFα therapy in sepsis that were largely unsuccessful367,368. The trouble with the groundwork 

used to design these trials is that endotoxemia is not sepsis. LPS models do not replicate the 

magnitude, kinetics, and profile of cytokines seen in human sepsis and in the CLP 

model362,367,374,375. Single injections of LPS result in immediate and significant spikes in serum 

cytokine levels, whereas sepsis is considered to have low but prolonged and progressively 

increasing levels of cytokines. Furthermore, dosage of LPS can vary between labs: this is 

important as a different dose can result in different mechanisms coming into play. Particularly 

relevant to this thesis are example studies that showed that two different intravenous (i.v.) doses 

of LPS mediate different central pathways to induce a fall in arterial blood pressure: a low dose 

(1 mg/kg i.v.) initiates hypotension via the vagus nerve376, whereas a high dose (15 mg/kg i.v.) 

initiates hypotension via the OVLT377. Use of endotoxins such as LPS for the study of sepsis has 

yielded many benefits, and has advanced our understanding of the inflammatory response, 

however the sepsis research community has shifted towards more complex models that better 

represent the human sepsis syndrome. 
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1.2.5.1.2 Cecal ligation and puncture (CLP) model 

As stated earlier (section 1.2.1), the pathophysiology seemed deceptively straightforward 

until the last couple of decades when it became clear that sepsis is more than just a vigorous 

systemic inflammatory response. This shift in understanding resulted in a move to more complex 

animal models that have an infectious focus that develops into a systemic response as seen in the 

CLP model, instead of starting with a systemic response as seen in endotoxemia378.  

The CLP model begins with a surgical procedure to expose the cecum (a pouch between 

the ileum and the ascending colon; Fig. 2.14.1), ligating it causing local necrosis and ischemia to 

the tissue, and puncturing it to bring fecal matter, and therefore a sample of the resident gut 

microbiota, into the peritoneal cavity360,379. It is generally reproducible, most often performed in 

mice and rats, and the surgery is relatively simple in trained hands359,380. The number of 

punctures, the gauge of the needle used, and the amount of cecum ligated can be tailored to 

adjust for severity of the syndrome360,379. Adjusted severity usually translates into how quickly 

the infection progresses into sepsis, and from there to multiple organ failure and death: the 

syndrome can develop in rodents in as little as 2 hours381, to up to 28 days382. Disadvantages 

specific to this model are that some hosts form abscesses to isolate the infection and don’t 

develop sepsis, and consistency. Labs vary in the number of punctures, the gauge of the needle 

used, and the amount of cecum ligated, and therefore the severity of symptoms. The severity of 

CLP-induced sepsis affects mortality and can potentially represent a difference in underlying 

pathophysiology379. 

CLP in rodents follows a similar pattern of physiological hyperactivity at the initial stage 

of sepsis followed by hypoactivity in the late stage, as seen in human peritonitis-induced sepsis 

(see section 1.2.6)359,360,383. Furthermore, the CLP model begins with a polymicrobial infection, 

which represents ~ 36% of infection types in patients384. The group that developed the CLP 

model in rats compared several physiological features of “early sepsis”, defined as 10 hours post 

CLP surgery, and “late sepsis”, defined as 16 to 24 hours post CLP360,383. They found that early 

sepsis in rats was marked by a hyperinflammatory phase, hyperglycemia, hyperinsulinemia, and 

increased blood flow to organs, while rats in late sepsis showed hypoinflammation, 

hypoglycemia, hypoinsulinemia, and decreased blood flow.  This list of outcomes has since been 

corroborated and expanded by numerous other studies380. In summary, the CLP model is 
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considered the “gold standard” for sepsis research and is used for the experiments described in 

this thesis (see section 2.2). 

 

1.2.6 Pathophysiology  

The pathophysiology of sepsis and septic shock involves numerous mechanisms, our 

understanding of which is constantly evolving304,312. The goal of the immune response to an 

infection is to isolate, restrict, and eliminate infective material, while repairing and protecting 

surrounding host tissues. The host immune response is dependent on the type of infecting 

microorganism and corresponding host receptor activation385,386. The response is complex and 

involves a coordinated cascade of events that are initiated by the advance guard cells of the 

innate immune system upon contact with invading microbes. Historically, gram-negative bacteria 

were the predominant causative microorganisms of sepsis, but their prevalence is declining and 

gram-positive and fungal infections are on the rise305-307. A critical distinction between a normal 

response to infection and sepsis is that the former occurs in peripheral tissue and is usually 

localized, whereas the latter occurs in the bloodstream at a systemic level. In the case of an acute 

and contained infection, the body coordinates a response that encourages appropriate 

inflammation at the site of the infection, while promoting anti-inflammatory effects systemically. 

Failure to eradicate an infection or mitigate excessive inflammation tips the balance in favour of 

inciting sepsis387.  

Inflammation in the blood stream results in broad tissue hypoperfusion and hypotension 

because of the damage dealt to the vascular endothelium304. Briefly, when leukocytes encounter 

a pathogen or toxin in the circulation, they release chemokines and pro-inflammatory factors to 

recruit additional immune cells and amplify the inflammatory cascade388. Normally, neutrophils 

and other leukocytes would need to migrate into the peripheral tissue to reach the site of 

inflammation. The interaction between leukocytes and endothelial cells within the vasculature 

stimulates the release of vasoactive mediators such as NO to change the permeability of the 

vascular endothelium to allow for migration389,390. In sepsis, the leukocytes remain in the 

vasculature (some may migrate to the causative site of infection or tissue injury) and augment the 

effects of mediators. The alteration of vascular permeability increases the “leakiness” of 

capillaries:  this causes plasma leakage out of the bloodstream, general edema, a decrease in 

vascular resistance, and ultimately, vasodilation391. The combination of vascular changes results 
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in tissue hypoperfusion and a decline in blood pressure (note that blood pressure = cardiac output 

x SVR), and gives rise to the early hypovolemic nature of untreated sepsis369,392. Cardiac output 

increases to compensate for the decline in SVR in an effort to restore blood pressure. Although 

tissue perfusion initially increases, the quality of the perfusate decreases due to a decline in 

oxygenation of the blood. 

As the inflammatory response in the vasculature progresses, the reactive oxygen species 

and lytic enzymes released by leukocytes in an effort to clear pathogenic material will cause 

excessive host damage304,393. Microruptures of the vascular endothelium will recruit coagulation 

factors, causing widespread fibrin deposits and result in microvascular thrombi. Disseminated 

intravascular coagulation occurs as continuous systemic activation of the coagulation response 

depletes platelets and proteins, potentially provoking internal bleeding. Hypoperfusion, 

hypotension, and extensive thrombosis in the microcirculation of organs lead to hypoxia, 

metabolic alterations, and nutrient deprivation resulting in MOD. Cardiac output progressively 

declines as the heart is also damaged. Furthermore, myocardial dysfunction, impaired hepatic 

function, cortisol deficiency, adrenal insufficiency, and adrenergic receptor hyposensitivity 

contribute to the development of lethal levels of hypotension seen in sepsis and septic shock394. 

If recovery does not occur during the hyperinflammatory state, the subsequent inappropriate 

systemic immunosuppression seen in late and chronic phases of sepsis renders patients 

vulnerable to nosocomial infections, perpetuating the syndrome387. 

 

1.2.6.1 Pathophysiology of vasodilatory hypotension  

Vasodilation caused by decreased SVR is considered the primary cause of severe 

hypotension in sepsis162,392,394-399. Pathological vasodilation is the hallmark of vasodilatory 

shock, and sepsis is the most common cause of this form of shock400. The mechanisms of 

hemodynamic abnormalities in vasodilatory shocks are multifactorial and incompletely 

understood, but center around inappropriate vasodilation and loss of vasoconstriction 

mechanisms. 

Overproduction of the potent vasodilator NO is an important etiology for vasodilation. 

Proinflammatory cytokines such as TNFα, IL-1, and interferon gamma (INFγ) stimulate 

inducible NO synthase (iNOS), via NF-κB signaling pathways, producing excessive NO in 

sepsis401. The literature consistently points to hyperproduction of NO as the culprit for most of 
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the cardiovascular and hemodynamic pathologies presenting in sepsis and septic shock 402,403. 

Studies show that NO levels are high in sepsis patients404,405: blocking iNOS activity reverses 

endotoxin or cytokine-induced hypotension406-409 and increases SVR, thus improving blood 

pressure, and reverses refractory hypotension in septic shock patients410-412. However, 

therapeutic use of NOS inhibitors in sepsis patients is controversial: a phase II double-blind, 

randomized and placebo-controlled multicenter study found infusion of a NOS blocker for 72h 

resolved septic shock413, however the follow-up phase III trial reported increased mortality 

associated with the inhibitor and the study was terminated early414. Deaths were associated with 

increased circulatory failure and myocardial dysfunction, which may not be that surprising given 

that NO is an important contributor to vascular tone in physiological states186,402.  

In sepsis, vascular tone is progressively lost due to the inability of smooth muscles in the 

blood vessels to contract. Studies have shown that vascular smooth muscle cells are 

hyperpolarized due to NO-mediated activation of KATP channels and resulting inhibition of 

voltage-sensitive Ca2+ channels, forcing muscle relaxation415-418. Blocking KATP channels with 

glibenclamide restored arterial blood pressure in endotoxemic dogs and pigs by increasing SVR 

with minimal changes in cardiac output 416,419,420. Septic shock patients did not see the same 

benefits in similar experiments in which treatment with glibenclamide had minimal effects on 

blood pressure, and did not reduce dependence on norepinephrine421,422. These divergent 

outcomes most likely represented a discrepancy in dosage: the high doses used in in vivo and in 

vitro studies to block KATP are beyond the doses given to patients420. Additionally, vascular 

smooth muscle cells lose sensitivity to the vasoconstrictive actions of catecholamines in septic 

shock423-426. Vasoplegia (catecholamine resistance) is a common element of vasodilatory shock, 

and a quintessential feature of all forms of shock in the final stages400. The term refractory septic 

shock refers specifically to the development of vasoplegia in late septic shock. Interestingly, 

septic shock patients at this stage are sensitive to the pressor action of exogenously administered 

AVP, strongly suggesting a role for AVP in the mechanism of vasodilatory hypotension in 

sepsis427,428.  

 

1.2.7 Role of AVP in shock 

AVP plays an important role in vasodilatory shock, and all forms of protracted shock, 

including cardiogenic and hypovolemic400. The critical contribution of endogenous AVP to 
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survival in shock429-431 was demonstrated by studies using natural AVP “knock out” Brattleboro 

rats - the first knockout animals used in research432. In an endotoxic shock model, infusion of 

endotoxin in normal and Brattleboro rats caused a greater reduction in blood pressure (70 mmHg 

vs. 40 mmHg, respectively) and substantially increased mortality in the latter group: the control 

rats survived until the experimental endpoint of 4 hours, whereas all of the Brattleboro rats died 

within 3.5 hours430. Rehabilitating AVP to serum levels equal to that of control rats restored 

blood pressure in the Brattleboro rats with hypovolemic shock431.  

Although AVP is important for cardiovascular regulation as discussed in section 1.1.4.3, 

it normally has minimal effects on vasoconstriction and therefore arterial blood pressure at basal 

levels94,267,270,433-435.  It is not until very high levels of endogenous AVP are reached (10 to 200 

pg/mL) in response to a challenge by, for example, hypovolemia or hypotension, that AVP’s 

vasoconstrictive effects manifest267,270,400,435. Initial levels of AVP have been demonstrated to be 

appropriately elevated (10+ pg/mL) to combat hypotension in the early stages of hypovolemic 

shock436,437, cardiogenic shock428, and in vasodilatory shock caused by cardiopulmonary 

bypass438,439, left ventricular assist placement440, organ donation441, and of course sepsis428,442. As 

shock progressively worsens and enters the vasodilatory phase, serum AVP levels decrease 

inappropriately relative to the degree of hypotension in the subjects436,437,443-445. Like other forms 

of shock, sepsis is associated with biphasic concentrations of serum AVP400.  

 

1.2.7.1 AVP in sepsis 

Studies in early septic shock patients428,442,446-448, and in endotoxemia 449-453 and CLP 

animal models381,454-457, show that AVP levels during the early phase of septic shock are 

appropriately high (up to 21 pg/mL in patients442,447) relative to blood pressure. As the syndrome 

progresses to late septic shock, serum AVP levels fall dramatically in patients427,428,442,447,458,459 

and sepsis animal models381,454-457,460,461. In a pioneering study by Landry and colleagues, serum 

AVP concentration in late septic shock (1 - 2 days post onset) was evidenced to be deficiently 

low (3.1 pg/mL) compared to cardiogenic shock patients (22.7 pg/mL) with similar levels of 

hypotension428. Additional studies furthered the finding by demonstrating that ~23% of early 

septic shock patients442,446 with hypotension developed relative AVP deficiency, with AVP 

inappropriately within the normal range (1.4 to 3.6 pg/mL) 36 hours after onset of shock442. 

Interestingly, Lin and colleagues found that AVP concentrations progressively increased as 
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sepsis developed in patients (sepsis: 10.6 ± 6.5 pg/mL, severe sepsis: 21.8 ± 4.1 pg/mL), and 

plummeted at the stage of septic shock (3.6 ± 2.5 pg/mL)447. Presumably, the vasodilatory and 

vasoconstrictive mechanisms discussed earlier (section 1.2.6.1) play a dominant role in sepsis 

and early septic shock and increased AVP during this phase is compensatory, whereas AVP 

deficiency contributes to the hypotension in late and irreversible vasodilatory septic shock.  

 

1.2.7.2 Clinical relevance of AVP 

AVP is a treatment option that has been extensively considered given that AVP 

deficiency is a hallmark of septic shock; exogenous AVP administration reduces catecholamine 

dependence thereby circumventing the development of pressor resistance in septic shock 

patients341,384,428. Landry and colleagues were the first to report the beneficial pressor effects of 

AVP infusion in AVP deficient septic shock patients428. Based on the rational that correction of 

AVP deficiency would improve blood pressure in septic shock patients, Landry and colleagues 

infused a small number of patients with low-dose AVP (0.1 units/min - which results in ≈30 

pg/mL systemically - up to 0.4 units/min) for an hour427,428. In the absence of any other pressor 

drug, mean arterial pressure due to AVP-induced vasoconstriction increased to normal levels 

(~126 mmHg) and re-declined within minutes to hypotensive levels at the cessation of AVP 

infusion. This body of work inspired numerous observational studies and clinical 

trials384,427,459,462-466. Most of the results were promising: AVP increased mean arterial pressure 

without increasing cardiac output and improved renal function, decreased plasma cytokine 

levels, and, importantly, allowed for the reduction in associated high-dosage norepinephrine 

treatment427,458,459,462,463,467,468. 

The largest randomized and controlled trial for AVP versus norepinephrine (Vasopressin 

and Septic Shock Trial, aka VASST) compared mortality rates and safety of treatment with 

norepinephrine versus norepinephrine with low-dose AVP at different degrees of septic shock 

severity384. The authors found no difference between the treatments at 28 and 90-day mortality, 

organ dysfunction, or adverse effects. Retrospective analysis did, however, indicate a significant 

reduction in mortality in the AVP patient population with less severe septic shock, and an 

associated decreased risk for acute kidney injury465,466. Currently, AVP is used as a second-line 

treatment option to alleviate vasoplegia341,355. Further studies are necessary to determine the 
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efficacy of AVP as a monotherapy, and the mechanisms by which AVP asserts a beneficial 

effect. 

 

1.3 Central Osmoregulation in Sepsis 

Central neural pathways integrate interoceptive signals to harmonize dynamic visceral 

functions appropriately to achieve homeostasis even in diseased states (see sections 1.3.1. and 

1.3.2) to regulate physiological processes, including inflammation, autonomic function, and of 

course, body fluid balance469,470. Accumulating evidence suggests that osmotic thirst is disrupted 

in sepsis and that this functional change might involve the OVLT471-483 (section 1.3.3.1). Because 

the OVLT is an important contributor to AVP secretion from MNCs207 (Fig. 1.4.3), altered 

osmosensory function in this CVO may contribute to osmoregulatory dysfunction of AVP 

secretion that has been reported by others480,484-488 (sections 1.3.4).  

 

1.3.1 Rethinking sepsis as a neuroendocrine disorder 

Sepsis is a complex syndrome304 that features many centrally mediated symptoms, 

including the establishment of sickness behaviour489,490 (see section 1.3.3), the generation of 

appropriate and inappropriate neuroendocrine responses491-493, and alterations in autonomic 

output that contribute to hypotension and hypovolemia461,494. Although much information is 

available concerning the peripheral immune responses associated with sepsis303, little is known 

of the changes in neuronal excitability that mediate the central manifestations of the disorder. In 

fact, sepsis is often accompanied by CNS dysfunction, which can be masked by the tendency of 

patients to be placed in an induced coma492. The manifestation of delirium, diminished 

mentation, and coma, are collectively called sepsis-associated encelopathy and are a prominent 

and underappreciated instance of MOD. The CNS coordinates physiological systems and the 

inflammatory response during pathological states predominantly through the hypothalamic-

pituitary-adrenal axis495. Evidence of this is available in literature discussing not only the role of 

the CNS in mediating inflammatory and anti-inflammatory response470,495,496, but also in the 

altering levels of circulating hormones. Like AVP, the dynamics of several hormones released 

from the pituitary or regulated by neuroendocrine peptides are drastically altered in sepsis491. 

Several authors have thus suggested that sepsis is in fact a neuroendocrine disease495,497, yet 

again shifting our understanding of what sepsis is. 
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1.3.2 Integrative central neural pathways in inflammatory states 

The systemic response to an infection necessitates collaboration between the immune 

system and the CNS. The relationship involves a coordinated behavioural, endocrine, and 

autonomic response triggered by circulating pro-inflammatory cytokines, including IL-1α, IL-1β, 

IL-6, and TNFα470. Peripheral cytokines can communicate with the relevant central nuclei by 

either activating primary afferent nerves, such as the vagal nerves498,499, or the humoral pathway 

by diffusion into CVOs. Additionally, cytokines can gain access to the brain by active transport 

across the blood-brain-barrier500, or relay their message by stimulating cytokine receptors such as 

IL-1 receptors on the endothelia of cerebral blood vessel thereby triggering the production of 

local cytokines and prostaglandins in the brain501,502.  

In response to humoral and afferent feedback on immune status in septic and non-septic 

inflammation, microglia produce local pro-inflammatory mediators, most notably IL-1β and 

TNFα470. In sepsis, primed microglia react with an exaggerated response to systemic infection by 

producing high amounts of IL-1β503. It is likely that the locations of the corresponding IL-1 

receptors are the primary sites of the central response504. Most of the interaction between the 

microvasculature and immune system during an inflammatory response takes place in 

postcapillary venules505, and though they are present throughout the brain, these venules are 

densest in the NTS, VLM, base of the hypothalamus, and the preoptic area (including the 

OVLT)506. In one exampled study, IL-1 receptor type 1 was found at high density in the 

endothelial cells lining cerebral venules throughout the OVLT, the SFO, the SON, and to a lesser 

extent in the PVN, cortex, NTS, and VLM of rats501. As mentioned in section 1.1.3, receptors for 

cytokines IL-6, TNF-a, and the LPS receptor TLR-4 have been documented in the OVLT111-115. 

Applications of the aforementioned cytokines or LPS to OVLT microcultures isolated from rat 

pups evoked calcium responses predominantly in astrocytes and microglia, but also in a fraction 

of neurons507. Thus these nuclei are implicated in the central response to inflammation. The 

resulting efferent CNS response supports visceral function and homeostasis via activation of 

sickness behaviours and neuroendocrine pathways 495.  

 

1.3.3 Sickness behavior 

 Sickness behaviour is an exquisite example of the symbiotic relationship of the brain and 

the immune system. Anyone who has ever suffered through an infection is familiar with “feeling 
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sick”. Being sick involves universal subjective behavioural alterations including general malaise, 

adipsia, anorexia, inability to concentrate, memory impairment, listlessness, lethargy, fatigue, 

depression, altered sleep patterns, weakness, social isolation, and loss of interest in gratifying 

experiences470,496,508. Rodents will additionally adopt a hunched posture, cease to groom, and 

show signs of dehydration490. These adaptive sickness behaviours accompany the classical signs 

of illness (nausea and fever)470,496, and in the case of injury or infection, the physical 

manifestations of inflammation (redness, warmth, pain and swelling)509. Sickness behaviour is a 

change in motivational state that allows the organism to reorganize priorities to concede 

resources to the energetically expensive febrile response490,508,510 and to better cope with 

infection470,496. It is one of the earliest (non-specific) symptoms of sepsis492. Which neural circuit 

mediates which behaviour is unknown, though it is feasible that the brain areas involved in a 

given behavior in the healthy state also mediate the corresponding sickness behavior. For 

example, the OVLT (section 1.1.3) likely plays a role in mediating loss of thirst sensation during 

infection.  

 

1.3.3.1 Adipsia in sepsis animal models 

Adipsia is part of the bevy of sickness behaviours caused by endotoxin482. The first 

published study to investigate the link between inflammation and thirst used endotoxin (which 

cannot cross the blood-brain barrier) from a variety of pathogens to test drinking behaviour in 

mice471. Both mice that had ad lib access to drinking water and mice that were dehydrated 

demonstrated dose-dependent adipsia when challenged with endotoxins (via intraperitoneal 

injections) with subsequent recovery 1 to 4 days later471,472. Antecedent vaccination with heat-

killed bacteria conferred resistance to endotoxin-induced adipsia. In a CLP mouse model, sepsis 

also induced a short-term inhibition of drinking behaviour that resolved within a few days in 

surviving animals489. Using larger doses of LPS (640 – 1280 μm/kg, intravenously), Focà and 

coworkers demonstrated vigorous and long-lasting anti-dipsonegic effects in 48 hour dehydrated 

– and therefore hypovolemically and osmotically stimulated – mice that was partially reduced by 

blocking prostaglandin synthesis systemically483. The preoptic area, but not the SFO473, mediates 

the inhibited drinking behaviour of endotoxic rodents through pathways that involve 

prostaglandins and NO473,477,478. Cytokines may also play a role in sepsis-mediated adipsia. Plata-

Salaman and colleagues demonstrated that intracerebroventricular infusion of TNF and IL-1β 
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suppressed water intake in rats, though which neural circuit was responsible for this sickness 

behaviour was not clear481. However, direct injection of LPS into the POA showed dose-

dependent decreases in water intake, unlike in non-thirst brain areas such as the nucleus caudatus 

or superior colliculus473,477. Since the POA includes the OVLT, it is therefore reasonable to posit 

that the OVLT is involved in the altered osmotically induced drinking behaviour in sepsis. 

 

1.3.3.2 First hypothesis 

As noted above, sepsis is associated with sickness behavior, a syndrome that features an 

inhibition of thirst490. Notably, systemic infusion of bacterial endotoxin has been shown to 

inhibit water intake provoked by dehydration471-476, a stimulus that promotes both hypovolemia 

and hyperosmolality and therefore potently stimulates thirst18. Although hypovolemia and 

hyperosmolality stimulate thirst via distinct visceral sensory systems3, the inhibitory effect of 

endotoxin on dehydration-induced thirst has been shown to involve the preoptic nucleus473,477-479, 

an area encompassing the primary osmoreceptor of the brain: the OVLT96. Furthermore, 60% of 

recovering patients given an osmotic challenge 10 to 20 days after onset of septic shock did not 

respond with an appropriate increase in thirst perception480. Therefore, reduced water intake 

during and after sepsis may specifically involve osmotic thirst and be attributable to an inhibition 

of OVLT neurons. Using the rat CLP model, we tested the hypothesis that sepsis impairs 

osmotically induced thirst and that this is due to changes in OVLT neuron properties during the 

early phase of sepsis (section 3.1). 

 

1.3.4 Osmoregulation of AVP in sepsis 

Understanding the mechanisms behind changes in endogenous AVP dynamics is an 

essential avenue of sepsis research (section 1.2.7). Non-osmotic contributions to AVP regulation 

in sepsis are a substantive and important field of research, however despite the fact that systemic 

hyperosmolality is a more potent stimulator of AVP release than baroreceptor-mediated 

input15,267,511, relatively few studies have investigated the central osmoregulatory mechanisms of 

AVP secretion in animals484-486,488 and septic shock patients480,487. One previous study found that 

lesioning the AV3V area in endotoxemic rats486 reverses the increase in MNC c-fos expression 

seen in rat brains in response to systemic LPS treatment512, and substantially blunted LPS-

stimulated increase in circulating AVP449-453. In human studies, the osmoregulatory pathway 
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mediating AVP release from the neurohypophysis was shown to be disrupted in a subset of late 

(>72h post-onset) septic shock patients. Using an intravenous infusion of hypertonic saline, 

Siami and colleagues demonstrated that half of patients with AVP deficiency responded with an 

appropriate increase in circulating AVP (“responders”) while half did not (“non-responders”)487. 

This alteration persisted in recovering patients, which was associated with a dramatic decline in 

thirst sensation and circulating AVP concentrations during an osmotic challenge480. 

 

1.3.4.1 Second hypothesis 

Under normal conditions, excitation of OVLT neurons during systemic hypertonicity 

causes an increase in thirst via projections to the prefrontal cortex20,38 (section 1.1.3) and a 

parallel increase in AVP release via excitatory projections to hypothalamic MNCs9,141,284 (section 

1.1.4.1; Fig 1.4.3). Therefore, a defect in the osmotic activation of OVLT neurons, as is 

demonstrated in the findings addressed in section 3.1, would be expected to impair AVP release 

as well. However, previous work has shown that circulating levels of AVP are elevated during 

the early stages of sepsis in both humans442 and rats454,461,513. The mechanisms by which water 

intake and AVP responses become dissociated during sepsis remain unknown. We hypothesized 

that the electrophysiological activity of SON MNCs would be decreased in our CLP rat model. 

Furthermore, because MNCs are osmoreceptors9 and AVP-MNCs make up the majority of the 

rat SON179, we hypothesized that sepsis impairs osmotically induced action potential discharge 

in the SON (section 3.2). 

 

1.3.4.2 Third hypothesis  

We show in sections 3.1 and 3.2 that the osmosensory capacities of the OVLT and SON 

are depressed in septic rats, but that SON neurons are more spontaneously active. An increase in 

SON activity could explain the high circulating AVP levels seen in the early stages of sepsis in 

both humans and rats, and lead to the eventual depletion of AVP stores and thus lethal AVP 

deficiency (section 1.2.7.1). However, we did not specifically identify the SON neurons in 

section 3.2 as AVP-secreting MNCs. We therefore used transgenic rats expressing an enhanced 

green fluorescent protein (eGFP) tag driven by the AVP promoter514, thereby allowing us to 

visually identify AVP-MNCs. We hypothesized that identified AVP-secreting MNCs would be 

more spontaneously active in CLP rats, and sought to further characterize the physiological 
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parameters (i.e. serum AVP, serum osmolality) that is associated with the early phase of 

experimental sepsis (section 3.3).  
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1.4 Figures 
 

 

Figure 1.4.1 Systemic osmoregulatory mechanism vary depending on the polarity of ECF 

osmolality/tonicity. With permission from Ref. 9 © (2008) Nature Publishing Group. 
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Figure 1.4.2 Sagittal view of the brain and the neural circuits implicated in systemic 

osmoregulation. ACC, anterior cingulate cortex; AP, area postrema; DRG, dorsal root ganglion; 

IML, intermediolateral nucleus; INS, insula; MnPO, median preoptic nucleus; NTS, nucleus 

tractus solitarius; OVLT, organum vasculosum laminae terminalis; PAG, periaqueductal grey; 

PBN, parabrachial nucleus; PP, posterior pituitary; PVN, paraventricular nucleus; SFO, 

subfornical organ; SN, sympathetic nerve; SON, supraoptic nucleus; SpN, splanchnic nerve; 

THAL, thalamus; VLM, ventrolateral medulla. With permission from Ref. 9 © (2008) Nature 

Publishing Group. 
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Figure 1.4.3. The common neural circuitry regulating thirst and AVP secretion. OVLT, 

organum vasculosum laminae terminalis; SON, Supraoptic nucleus; VP, vasopressin. 
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2.0 METHODS  

All procedures described in this section were approved by the Facility Animal Care 

Committee of McGill University.  

 

2.1 Animals                             (sections 3.1 – 3.3) 

Experiments were performed on male Long–Evans rats (80 -120 g) obtained from 

Charles River Laboratories. Additionally, in-house bred transgenic Wistar rats (180 – 440 g) that 

express enhanced green fluorescent protein (eGFP) under the control of the AVP promoter514 

were used in section 3.3. Rats were housed under 12 h light/dark conditions, and food and water 

were provided ad libitum, except in experiments in which the drinking solution was replaced by 

2% NaCl (section 3.1). 

 

2.2 Cecal ligation and puncture (CLP) surgery        (sections 3.1 – 3.3) 

Sepsis was induced in rats using the CLP method as described by Rittirsch et al.379 (Fig. 

2.14.1A). Surgeries were performed on animals anesthetized with vaporized isoflurane 

(Pharmaceutical Partners of Canada) at 2 – 5% in a stream of O2 (0.4 - 1.5 L/min). After a 3 - 4 

cm midline laparotomy, the cecum was exposed and ligated below the ileocecal junction with a 

3.0 silk suture (Ethicon), isolating ∼65% of the cecum (Fig. 2.14.1B). It was then punctured 

twice with an 18 gauge needle - once at the proximal end and once at the distal end—and a small 

amount of fecal matter was extruded inside the peritoneal cavity. After these punctures, the 

cecum was repositioned into the abdominal cavity, and the overlaying muscles and skin were 

treated with a topical analgesia mixture (0.4% lidocaine from AlvedaPharma; 0.2% bupivacaine 

from Hospira) and sutured closed (with 3.0 monofilament nylon suture and 3.0 silk suture, 

respectively; Ethicon). The animals were then injected subcutaneously with sterile saline (0.5 

ml/10 g body weight), placed in fresh cages individually, and monitored for recovery before 

being returned to the housing room.  

Sham control rats underwent the same procedure, without ligation or puncture of the 

cecum. All rats were killed 18 - 24 h after the operation and necropsied to ensure the quality of 

the CLP or sham surgery. CLP rats that did not develop stereotypical septic symptoms according 

to an in-house monitoring scale based on the study by Rittirsch et al.379, or developed secondary 

infections or an obstructed bowel, were not used for experiments. 
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2.3 Fluid intake measurements              (sections 3.1, 3.3) 

Drinking behavior was quantified by using drip-proof sipper sacs (Edstrom Industries). 

Sacs were filled with either water or 2% NaCl solution, weighed in grams, and placed into the 

rats' cages at the time of surgery (time point 0). After surgery, the animals were returned to the 

housing room, and the sipper sacs were weighed 12, 18, 20, 22, and 24 hours after surgery 

(section 3.1), or 6, 12, 18 and 24 hours post-surgery (section 3.3). Data from septic animals that 

died before 24 hours after surgery were included whereas data were excluded in cases of sipper 

sac leakage. Values at time points after death were capped at the last recorded measurement in 

section 3.1. Fluid intake was reported in milliliters at the conversion rate of 1.0151 g/ml for 

water and 1.0258 g/ml for 2% NaCl. 

 

2.4 Serum osmolality measurements             (sections 3.1, 3.3) 

Because measurement of serum osmolality played a crucial role in the results described 

later on, this section is expanded to include a set of experiments conducted to verify this 

technique515. Osmolality, defined as the number of moles of solute per kilogram of solvent 

(mOsm/kg)8, is a functional measurement of the osmotic pressure exerted by a solution. The 

formal definition of osmotic pressure is the force required to counteract the movement of solvent 

across a membrane that is permeable to the solvent but not to solutes3,8. Osmotic pressure is 

conceptually equivalent to the force required to move water across a membrane, as mentioned in 

section 1.1.1.2, but is difficult to measure. It is, however, directly proportional to the 

concentration of solute (but independent of the type of solute) and linearly related to the freezing 

point of a given solution. Therefore osmolality in lab settings is measured using freezing point 

osmometry.  

Serum osmolality was measured from blood samples that were collected by cardiac 

puncture or by trunk post-decapitation from rats under 2 – 5% isoflurane anesthesia. 

Approximately 1 - 2 ml of blood was collected per animal in a microcentrifuge tube and placed 

on ice in a closed foam container prior to processing. Storage time and temperature 

recommendations prior to centrifugation of the whole blood sample vary and is to this day 

debated516-518, however we routinely place the sample on ice in an insulated foam container with 

the lid closed for up to 9 hours without any adverse effects (see section 2.4.1 below).  

Blood samples were then spun at 6000 x g for 5 min in a Spectrafuge 24D centrifuge 
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(Labnet International). The serum samples were collected into fresh microcentrifuge tubes and 

stored at 4°C for up to 3 weeks (Representative Data)516,517. Serum osmolality values were 

averaged over three to five measurements using a freezing point osmometer (model 3320; 

Advanced Instruments). 

 

2.4.1 Representative Data 

We investigated the effects of different coagulation times and temperatures on serum 

osmolality measurements determined immediately and after one day of cold storage. Seven adult 

male Westar rats were subjected to the cardiac puncture procedure outlined above. Collected 

blood was divided into six 1.5 mL microcentrifuge tubes, and left to coagulate at RT or on ice in 

an insulated foam container with the lid closed for various lengths of time. Each serum sample 

was separated as described above, and aliquoted into 2 microcentrifuge tubes: one tube was used 

for immediate osmolality measurement (time point “0h”), and the other was kept at 4°C for one 

day (time point “24h”). Reported values are means of 3 – 7 measures per sample with ± SEM. 

We first demonstrate that the osmometer used is calibrated and in good working order by 

plotting the standard curve (measured osmolality versus a control solution with a known 

osmolality; Fig. 2.14.2) We found that there was no appreciable impact of various coagulation 

times for blood samples left at room temperature (RT, ~22°C; 30 min and 60 min) or ice (~0°C; 

30 min, 60 min, 90 min, and 9 hours; Fig. 2.14.3A, B). We also found that serum samples were 

stable for a day at 4°C (Fig. 2.14.3C). 

 

2.5 Histological analysis and image processing       (section 3.1) 

For localization of the OVLT region, which lacks a blood–brain barrier, animals were 

anesthetized with isoflurane and injected intravenously with 0.5 ml of a 1% solution of Evans 

Blue (Sigma) dissolved in phosphate-buffered saline (PBS). After 30 min, the animals were 

killed by decapitation, and the brain was removed and fixed by immersion for 48 h in 4% 

paraformaldehyde dissolved in PBS. Explants were then prepared as described below and 

photographed in whole mount to identify the OVLT region. 

For cell counts, animals were anesthetized with isoflurane and perfused (transcardiac 

route) with 10 ml of PBS, followed by 300 ml of 4% paraformaldehyde in PBS. Coronal sections 

were cut on a vibratome (50 μm thickness), and the eight consecutive sections lying rostral to 
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(and one including) the preoptic recess of the third ventricle were retained for staining and 

analysis. The sections were blocked with 10% normal goat serum (in PBS containing 0.3% 

Triton X-100) and incubated overnight with a chicken polyclonal anti-NeuN antibody (1:500 in 

PBS; EMD Millipore). Sections were then washed and incubated in goat anti-chicken secondary 

antibody (Alexa Fluor 568 conjugated; 1:200 in PBS; Life Technologies) and phalloidin (Alexa 

Fluor 647 conjugated; 1:300; Life Technologies) and mounted on coverslips using SlowFade 

Gold Antifade reagent (Life Technologies). z-Stack images were collected at 11 × 5 μm steps 

using an Olympus FV1000 confocal microscope equipped with a 20×, 0.85 numerical aperture 

oil-immersion lens. 

Acquired z-stack images were thresholded for background and counted blind using 

Imaris 6.4 (Bitplane). Overlapping image stacks were stitched using XuvTools v2 (Free Software 

Foundation) in cases in which multiple frames were required to cover the entirety of the OVLT 

area. Briefly, two rectangular boxes covering a total area of 400 μm × 300 μm × 9 voxels were 

drawn over the OVLT region using actin-stained blood vessels and cells as location references. 

Spheres representing the NeuN-stained nuclei were rendered and automatically quantified by the 

program within each cube after thresholding for diameter (7.030 μm) and spot “quality” feature 

(above 220 or 230 units). Individual 3D-rendered samples were then adjusted manually and 

verified for adherence to the unbiased brick-counting rules. Maximum projection images for 

presentation were produced using National Institutes of Health ImageJ software (version 1.46r). 

 

2.6 Solutions             (sections 3.1 – 3.3) 

 Artificial cerebrospinal fluid (ACSF) was used as the extracellular recording solution in 

all electrophysiology experiments. It contained (in mM): 120 NaCl, 3 or 4 KCl, 1.48 MgCl2, 

25.95 NaHCO3, 1 CaCl2, 1.23 NaH2PO4, and 10 D-glucose, at pH 7.35 and 297 - 299 mOsm/kg. 

The internal solution used in patch pipettes contained the following (in mM): 110 K-gluconate, 1 

MgCl2, 10 KCl, and 10 HEPES, pH 7.4 with KOH (282 mOsm/kg). A slightly higher 

concentration of external K+ was used (4 mM) for extracellular recordings from hypothalamic 

slices than for whole-cell recordings in slices (3 mM) to facilitate spontaneous firing. Osmolality 

was adjusted as required by the addition of mannitol. 

 

http://www.jneurosci.org.proxy3.library.mcgill.ca/cgi/redirect-inline?ad=Millipore
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2.7 Extracellular recordings in hypothalamic explants          (sections 3.1, 3.2) 

Animals were decapitated, and the brain was removed from the cranial vault. 

Hypothalamic explants were prepared as described previously using a razor blade and pinned 

ventral side up to the Sylgard base of a perfusion chamber in which carbogenated (95% O2, 5% 

CO2) artificial CSF (ACSF; 32°C) was delivered over the region of interest at a rate of ∼1–1.5 

ml/min519. Osmolality was adjusted as required by the addition of mannitol. Extracellular 

recording microelectrodes pulled on a pipette puller (P-87; Sutter Instruments) and filled with 1 

M NaCl (10–20 MΩ) were advanced using an IVM micromanipulator (Scientifica) at an advance 

rate of 0.4 μm/s. Voltage signals recorded via an Axoclamp-2A (Molecular Devices) were 

filtered at 0.5–1.2 kHz and amplified (500×) before capture using Clampex 10 software 

(Molecular Devices). When single-unit AP firing (signal-to-noise ratio >3) was detected, 

electrode advance was paused, and the average rate of basal AP firing was determined over a 

period of 1 min. Cells that completely stopped firing soon after being encountered were counted 

but were assigned a value of 0 Hz for basal firing. Cells that continued to fire for >1 min were 

selected for additional testing to a hyperosmotic stimulus. The effects of a 5 min hyperosmotic 

stimulation (+15 mOsm/kg) on OVLT neurons were assessed by subtracting the rate of basal 

firing from the average rate of AP firing recorded during the last 60 s of the stimulus. Neurons in 

the SON were tested for their osmoresponsiveness using a +20 mOsm/kg stimulus. Unlike the 

OVLT neurons which reliably fired at a maximal rate in the last minute of the stimulus (see 

Figure 3.1.3.2), SON neurons displayed a delayed response (see Figure 3.2.3.4). Therefore, in 

order to quantify the maximal firing rate of SON neurons in response to hyperosmotic 

stimulation, the basal firing rate was measured 30 s before the stimulus and then subtracted from 

the average firing rate observed during the 30 s interval that displayed the greatest increase in 

firing during the stimulus.  

 

2.8 Whole-cell recordings in hypothalamic slices           (sections 3.1, 3.2) 

Angled hypothalamic slices were obtained as described previously284,519,520. Briefly, 

brains were placed in ice-cold (0 - 4°C) carbogenated ACSF. The dorsal surface of the brain was 

glued to an angled (35°) mounting block, and a single 400 μm slice just caudal to the optic 

chiasma was cut on a vibratome (VT1200; Leica), transferred to a recording chamber, and 

perfused at ∼2 ml/min with carbogenated ACSF at 30 - 32°C.  

http://www.jneurosci.org.proxy3.library.mcgill.ca/cgi/redirect-inline?ad=Sutter
http://www.jneurosci.org.proxy3.library.mcgill.ca/cgi/redirect-inline?ad=Leica
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Patch pipettes (3 - 5 MΩ) made using a P-87 puller (Sutter Instruments) were filled with 

internal solution. Series resistance was 5 - 15 MΩ. Whole-cell current and voltage recorded 

using an Axopatch-1D amplifier (Molecular Devices) was digitized using Clampex and analyzed 

using Clampfit 10 software (Molecular Devices). Resting membrane potential (RMP) was 

defined as the membrane voltage observed when zero current was being injected. AP threshold 

was defined arbitrarily as the voltage from which the rate of rise exceeded 50 V/s during the 

upstroke of the AP. Rheobase was defined as the steady-state voltage from which APs were 

observed to occur in response to slow current injection. Conductance was determined as the 

slope of a line fitted by linear regression to the current–voltage (I–V) relation in the voltage range 

below AP threshold (i.e., −70 to −50 mV for OVLT neurons and −60 to −40 mV for SON 

neurons). For SON neurons, a subset of the data was obtained from current-clamp recordings in 

which conductance was determined to be the inverse of input resistance (ΔI/ΔV) between −60 

and −40 mV.   

 

2.9  Cell-attached recordings in hypothalamic slices        (section 3.3) 

Cell-attached recordings of action potentials were performed in angled slices prepared 

from AVP-eGFP Wistar rats as described in section 2.8. MNCs in the SON were visualized 

using fluorescence and differential interference contrast microscopy using a BX-51 microscope 

equipped with a U-MNB2 mirror unit (Olympus Co.) and a 60x water immersion objective. Cells 

were approached with a glass pipette (6 – 12Ω) pulled on a P-87 pipette puller (Sutter 

Instruments) containing ACSF solution, and gently patched. Changes in voltage were captured 

from current (I)-clamped (I = 0) MNCs using an Axopatch-1D amplifier (Molecular Devices), 

and filtered (0.7 – 1.7 kHz), amplified (x 1) and digitized using Clampex 10 (Molecular 

Devices). MNCs that elicited single-unit action potentials (signal to noise ratio > 3) upon contact 

were considered spontaneously active if they fired for more than 20 sec. Cells that ceased to fire 

shortly after contact (< 20 s) were designated as non-spontaneously active neurons. MNCs that 

continued to fire for >1 min were selected for firing frequency (Hz) analysis, calculated as the 

average firing rate over an 80 sec period. Spontaneously active MNCs that did not fire for at least 

1 min are excluded from frequency analysis. All recordings were analyzed using Clampfit 10 

software (Molecular Devices). 

http://www.jneurosci.org.proxy3.library.mcgill.ca/cgi/redirect-inline?ad=Sutter
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2.10 AVP measurements            (section 3.3) 

Blood samples were collected by cardiac puncture as described in Stare and Bourque 

(2016)515.  Rats were deeply anesthetized with 2 - 5% isoflurane at 0.4 – 1.5 L/min of O2, and 

injected intravenously with 0.5 mL / 0.9% saline. Body temperature was monitored using a probe 

thermometer (VWR) and adjusted to 36 – 37°C using a heat lamp (Physitemp). Approximately 3 

– 5 mL of blood was acquired and separated into two microcentrifuge tubes. One tube was 

placed on ice for 30 to 90 min to be used for serum osmolality measurements described above 

(section 2.4), and the other was placed in a cooling chamber (-20°C; Diversified Biotech) for 30 

min. The latter samples were then centrifuged at 6000 g for 5 min. The resultant serum samples 

were then stored in fresh microcentrifuge tubes at -80°C to be used for AVP analysis.  

Serum AVP was isolated and measured using the chromatography and radioimmunoassay 

techniques described previously521-523. Briefly, acidified serum (0.5 mL 1N HCl / 1 mL serum) 

was centrifuged for 4 min at 6000 g. The resulting supernatant was then loaded into to a C-18 

chromatography column (Sep Pak, Fisher), which had been conditioned with 4 mL methanol and 

washed with 10 mL ddH2O. The column was then washed by gravity-flow with 10 mL 4% acetic 

acid, followed by 4 mL elution solution (3 parts acetonitrile with 1 part 4% acetic acid). The 

AVP-containing eluates were dried (Speed Vac, Savant Instruments) and added to 

radioimmunoassay buffer containing 0.05 M phospho-buffered NaCl with 0.1% gelatin (ph 7.0), 

iodinated AVP (antigen), and rabbit polyclonal AVP antibody (code: 728-4), prior to 

incorporation in the assay521,523. Recovery efficiency (<8%) was determined as described 

previously521,522. 

 

2.11  Hematocrit             (section 3.3) 

Rats were deeply anaesthetized with 5% isoflurane with 0.4 – 1.5 L/min of O2, then 

decapitated. Approximately 1 - 2 mL of trunk blood was collected in chilled microcentrifuge 

tubes, from which 2 – 4 aliquots were drawn into capillary tubes. The capillary tubes were then 

spun at 7500 g for 9 min in a centrifuge outfitted with a hematocrit rotor (LW Scientific).  The 

hematocrit (% packed cell volume) was determined using a microhematocrit reader (LW 

Scientific). Reported values are averages of two to four measurements. 
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2.12 Urine osmolality measurements          (section 3.3) 

The bladder was exposed during the necropsy of the same rats described in the section 

above (section 2.11). Urine was collected into a 1 mL syringe by puncturing the bladder with a 

25 G x ¾ in. needle, and placed on ice for 30 min to 9 hours prior to processing. Urine samples 

were then transferred into 1.5 mL microcentrifuge tubes, and centrifuged for 5 min at 6000 x g. 

The supernatant was collected into a fresh tube, and a small aliquot (8 – 80 μL) was diluted 1 

part urine to 2 – 12 parts ddH2O to bring up the volume and to ensure that the values fell within 

the linear range of the osmometer. Reported values are averages of three to seven replicates and 

corrected for dilution. Urine osmolalities are reported for CLP rats with hypo-osmotic serum. We 

defined hypo-osmotic as having a serum osmolality less than 3 times the standard deviation of 

the mean serum osmolality of sham rats (< 289.2 mOsm/kg). 

 

2.13 Statistics               (section 3.1 – 3.3) 

All values are reported as mean ± SEM. Groups were compared for differences using 

SigmaPlot 12 (Systat Software; sections 3.1 and 3.2) or Prism 6 (GraphPad Software; section 

3.3) by applying, as appropriate, Student's t test, paired t test, one-way ANOVA, or two-way 

ANOVA. When significant differences were reported by ANOVA (p < 0.05), post hoc Tukey's 

or Holm–Sidak tests were applied to identify the groups that differed and to compute F and p 

values. Proportions of responsive cells in sham and CLP animals were compared using the χ2 test 

with Yate’s correction performed with SigmaPlot 12 (sections 3.1 and 3.2), or Prism 6 (section 

3.3). Slopes of I–V relations used to measure membrane conductance were obtained by linear 

regression, and were compared using Prism 5 (sections 3.1 and 3.2). Water intake for the first 18 

h post-surgery was compared by calculating the slopes from linear regression analysis. 

Differences between values were considered significant at p < 0.05. 
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2.14 Figures 

 

 

 

Figure 2.14.1 The CLP model used to induce sepsis in rats. A, Sample photos of the sham 

laparotomy (left) and the CLP ligation (right) in mice. B, Location of ligation and two punctures. 

This figure is modified and reprinted by permission from Ref. 379 © (2009) Nature Publishing 

Group. 
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Figure 2.14.2 Standard curve used to test the calibration and performance of the osmometer 

used in this study. Dots represent the mean. 
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Figure 2.14.3 A, Serum osmolality values of blood samples (n = 7 each) allowed to coagulate 

for 30 min to 9 hours at RT (~22°C) or on ice (~0°C). There was no statistical difference 

between categories (One Way ANOVA, F(5, 36) = 0.472, p = 0.795). B, Osmolality values 

normalized to RT – 30min. C, Effect of one day of cold storage (4°C) on serum osmolality 

values. There was no statistical difference (paired t-test, p = 0.241) between samples that were 

measured immediately and samples that were stored at 4°C for one day (0h, 303.72 ± 0.44 

mOsm/kg, n = 26; 24h, 303.146 ± 0.60 mOsm/kg, n = 26).  

 

  



54 

 

3.0  RESULTS 

3.1 Effects of sepsis on OVLT osmosensory neurons mediating thirst  

 Osmoregulation is one of the key homeostatic systems perturbed during sepsis471-474,477-

480,483,485,487,489,524-527. In healthy subjects, systemic hypertonicity normally excites osmoreceptor 

neurons in the OVLT, which then stimulate neural pathways to induce thirst sensation and AVP 

secretion from MNCs20,38. Studies have shown that osmotically-stimulated thirst is depressed in 

sepsis patients and animal models, and that this impairment may be due to a deficit in 

osmoreceptors of the OVLT473,477-480. We therefore measured osmotically-stimulated drinking 

behaviour in CLP rats, and the effects of direct osmotic stimulation of OVLT neurons in vitro. 

We further investigated the electrophysiological properties of OVLT neurons. 

 

3.1.1 Results 

3.1.1.1 Acute sepsis inhibits osmotic thirst  

To examine the effects of peritoneal sepsis on thirst behavior, rats were subjected to CLP 

or sham surgery, returned to their cages, and provided ad libitum access to drinking fluid 

consisting of either water or 2% NaCl. Ingestion of 2% NaCl for a period of 24 h causes a rise in 

serum osmolality without affecting hematocrit (i.e., blood volume528), thus providing an effective 

procedure to stimulate central osmoreceptors (OVLT neurons). Basal serum osmolality measured 

18–24 h after surgery was not significantly different when rats were given ad libitum access to 

water (sham, 295.9 ± 1.6 mOsm/kg, n = 7; CLP, 295.0 ± 2.2 mOsm/kg, n = 4; two-way 

ANOVA, Holm–Sidak test, p = 0.756; Fig. 3.1.3.1A). However, serum osmolality increased 

significantly in rats given access to 2% NaCl drinking solution (F(1,19) = 14.475, p = 0.001), and 

there was no statistical difference between the mean serum osmolality reached at end point for 

both types of surgery (sham, 302.0 ± 1.6 mOsm/kg, n = 7; CLP, 303.0 ± 1.9 mOsm/kg, n = 5; p = 

0.698; Fig. 3.1.3.1A). Despite the increase in serum osmolality experienced by the CLP rats 

receiving 2% NaCl, cumulative fluid intake in this group was significantly lower than in shams 

(end values: sham, 16.4 ± 1.8 ml, n = 6; CLP, 4.2 ± 0.58 ml, n = 4; p = 0.00082; Fig. 3.1.3.1B). 

 

3.1.1.2 Acute sepsis impairs osmotic detection in OVLT neurons   

The results presented above indicate that osmotically induced thirst is impaired during 
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sepsis. Therefore, we examined the effects of CLP on the responsiveness of OVLT neurons to 

hyperosmotic stimulation in superfused hypothalamic explants. Increasing the osmolality of the 

ACSF by addition of 15 mM mannitol caused a reversible excitation of OVLT neurons in 

explants prepared from either unoperated (0.74 ± 0.19 Hz, n = 24 cells; p = 0.000809, paired t 

test) or sham (0.51 ± 0.18 Hz, n = 13 cells; p = 0.0154, paired t test) animals but not those from 

rats having undergone the CLP procedure (0.10 ± 0.05 Hz, n = 16 cells; p = 0.0719, paired t test; 

Fig. 3.1.3.2A–D). Because no significant difference was observed in the responsiveness of 

unoperated and sham animals (p = 0.611, t test), the datasets were pooled into a single “control” 

group. As shown in Figure 3.1.3.2D, the reduced osmoresponsiveness of OVLT neurons 

observed in CLP rats compared with controls was statistically significant both when all of the 

neurons tested were considered together (control, 0.66 ± 0.12 Hz vs CLP, 0.10 ± 0.18 Hz; p = 

0.01) and when only OVLT neurons deemed osmoresponsive (i.e., those showing increases in 

firing >15%) were compared (control, 1.03 ± 0.14 Hz vs CLP, 0.22 ± 0.24 Hz; p = 0.004; F(1,83) 

= 15.598, two-way ANOVA and Holm–Sidak post hoc test). Moreover, there was a statistically 

significant reduction in the proportion of osmotically responsive neurons in the CLP group when 

compared with controls (controls, 67.6%; CLP, 37.5%; p = 0.04, χ2 test; Fig. 3.1.3.2E). 

 

3.1.1.3 Acute sepsis silences a subset of OVLT neurons 

We next examined whether sepsis affected the overall density of spontaneously active 

neurons that could be detected in the OVLT of sham and CLP animals under isotonic conditions. 

To this end, a microelectrode was placed on the ventral surface of hypothalamic explants at one 

of seven predefined positions mapped over the core region of the OVLT (Fig. 3.1.3.3A). The 

electrode was then advanced from the surface of the tissue to a final depth of 300 μm, and the 

total number of spontaneously active neurons encountered along the track was registered for 

each position. As illustrated in Figure 3.1.3.3B, the density of spontaneously active neurons 

observed in CLP rats (0.75 ± 0.11 neurons/track; n = 56 tracks) was significantly lower than in 

shams (1.50 ± 0.23 neurons/track; n = 28 tracks; p = 0.00112, t test). Although the average basal 

firing rate of OVLT neurons recorded in CLP explants was slightly lower than that observed in 

shams, this effect was not statistically significant (sham, 2.8 ± 0.34 Hz, n = 54; CLP, 1.94 ± 0.28 

Hz, n = 55; p = 0.0586; Fig. 3.1.3.3C). 

Previous work has shown that sepsis induced by the CLP procedure can induce signs of 
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apoptosis in the MnPO529, a structure that lies immediately dorsal to the OVLT. Therefore, we 

examined whether the reduced density of active neurons in the OVLT of septic rats might be 

attributable to neuronal loss. To test this hypothesis, we compared the density of OVLT cells 

stained with the neuronal marker NeuN in tissue sections (sham, n = 26 sections from 3 rats; 

CLP, n = 23 sections from 3 rats). However, as illustrated in Figure 3.1.3.3D, the average density 

of NeuN-stained neurons counted in the OVLT was not different between the two groups of 

animals (p = 0.333; Fig. 3.1.3.3E). 

We next examined the membrane properties of OVLT neurons using whole-cell patch-

clamp recordings in hypothalamic slices prepared from septic and sham animals. As illustrated in 

Figure 3.1.3.4A–C, steady-state I–V analysis showed that OVLT neurons from CLP animals 

display a significantly more hyperpolarized RMP than shams (sham, −40.1 ± 2.3 mV, n = 23; 

CLP, −47.8 ± 2.4 mV, n = 22; p = 0.0266, t test; Fig. 3.1.3.4C). Regression analysis in the linear 

region of the I–V indicated that membrane conductance was significantly lower in neurons from 

CLP animals compared with shams (sham, 1.299 ± 0.050 nS; CLP, 0.915 ± 0.069 nS; p = 

0.0479; Fig. 3.1.3.4C). 

Although the more negative resting potential of OVLT neurons in CLP rats could explain 

why fewer neurons display spontaneous electrical activity, this effect could also be caused by a 

relative decrease in the intrinsic excitability of the cells. To determine whether the excitability of 

OVLT neurons was affected by the CLP procedure, frequency–current (F–I) analysis was 

performed under current clamp. For this procedure, the baseline voltage of every cell was first 

adjusted to a subthreshold value near −60 mV by continuous current injection. We then 

examined the effects of superimposing a series of 1 s depolarizing pulses whose amplitude 

increased consecutively by 5 pA (pulse rate, 0.1 Hz). As illustrated in Figure 3.1.3.5A–C, there 

were no significant differences in the degree of current-induced firing or AP parameters between 

OVLT neurons from CLP and sham animals. Notably, the maximum firing frequency (FMAX) 

achieved in each group was not significantly different (sham, 16.4 ± 1.6 Hz, n = 25 neurons; 

CLP, 18.8 ± 2.3 Hz, n = 24 neurons; p = 0.387), nor were maximal AP upstroke velocity (VMAX: 

sham, 165.6 ± 13.1 V/s, n = 22 neurons; CLP, 180.8 ± 16.1 V/s, n = 21 neurons; p = 0.465), AP 

threshold (sham, −27.0 ± 1.2 mV, n = 22 neurons; CLP, −26.1 ± 1.7 mV, n = 21 neurons; p = 

0.650), and rheobase (sham, −38.2 ± 0.95 mV, n = 22 neurons; CLP, −40.1 ± 0.97 mV, n = 21 

neurons; p = 0.171; Fig. 3.1.3.5C). 
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3.1.2 Discussion 

The effects of sepsis on brain function have a significant influence on the quality of life 

of patients that survive septic shock316-318, yet little is known about how sepsis affects the 

electrical properties of central neurons. Here we used a rodent CLP model that approximates 

human peritoneal sepsis379,530 to investigate how hypothalamic neurons responsible for 

hydromineral homeostasis are affected during this condition. Our experiments specifically 

examined the cellular and behavioral changes associated with the acute phase of untreated sepsis, 

which occurs 18–24 h after surgery in rats379,454,461. 

Previous studies showed that systemic infusion of endotoxins can inhibit thirst induced 

by water deprivation through an effect involving the preoptic area473,474,526. Because this region 

encompasses the central osmoreceptor (OVLT), these observations suggested that osmotic thirst 

might become impaired during sepsis. Indeed, our results reveal that thirst stimulated by 

systemic hypertonicity is impaired during acute sepsis. In agreement with the loss of this 

behavioral response in vivo, we observed that the responsiveness of OVLT neurons to 

hyperosmotic stimulation in vitro was severely compromised. This impaired osmoresponsiveness 

of OVLT neurons may be a causal factor in the loss of thirst and osmoregulatory defects 

associated with the acute phase of sepsis. 

Approximately 65% of OVLT neurons are excited by exposure to hyperosmotic fluid, 

and this response is mediated in part by the activation of ion channels encoded by the transient 

receptor potential vanilloid type 1 (trpv1) gene123,133,531. The data reported here show that the 

proportion of osmoresponsive neurons declines significantly during sepsis and that the excitatory 

effect of hyperosmotic stimulation on osmosensitive OVLT neurons is impaired dramatically in 

explants prepared from septic animals. Moreover, the density of OVLT neurons displaying 

spontaneous AP firing under resting conditions was reduced significantly in explants prepared 

from CLP rats. This observation is significant because the excitatory drive to downstream 

osmoregulatory effector neurons, such as MNCs, is likely mediated by the global activity of 

afferent OVLT neurons. Indeed, the increase in firing rate observed in OVLT neurons exposed to 

hypertonicity is relatively small (e.g., ∼1 Hz for a 15 mOsm/kg stimulus;. 3.1.3.2D), and many of 

the cells in this nucleus are silent under control conditions and become electrically active when 

stimulated by hypertonicity123. Therefore, the effect of hypertonicity on the firing rate of effector 

neurons is likely to reflect the integrated synaptic information provided by a large pool of OVLT 



58 

neurons. 

Expression of the immediate early gene c-fos has been shown to be increased in the 

OVLT after systemic injections of lipopolysaccharide457,532-534. Although this suggests that 

OVLT neurons may be excited during sudden exposure to endotoxin, these data do not provide 

information regarding the time course or persistence of changes in electrical activity or 

excitability. Our results indicate that OVLT neurons are inhibited 18–24 h after sepsis is 

established by CLP. Additional studies are needed to examine the effect of CLP at earlier and 

later time points during electrophysiological recordings from OVLT neurons. 

The effects of CLP on the electrophysiological properties of OVLT neurons and 

osmotically induced thirst are consistent with studies showing that global lesions of the OVLT 

abolish osmotic thirst in rats96,98 and other mammals67,97. Although the basis for the loss of 

osmoresponsiveness in OVLT neurons remains to be determined, possible causes include a 

decrease in the expression of the Trpv1 channels required for osmoreception123 or an impairment 

of elements that mechanically couple osmotically induced changes in cell volume to channel 

activation133,229,231,535. 

Our electrophysiological recordings from OVLT neurons in hypothalamic slices provide 

some insight into the mechanism responsible for the reduced density of electrically active 

neurons observed in the OVLT of septic rats. Although the ability to fire APs and the intrinsic 

excitability of OVLT neurons did not seem to differ in sham and CLP-treated rats, the RMP of 

the cells was significantly hyperpolarized in the septic condition. In fact, many of the cells were 

hyperpolarized to voltages well below rheobase, explaining why an increased fraction of OVLT 

neurons were silent under these conditions. I–V analysis indicated that the hyperpolarized RMP 

of OVLT neurons in septic rats was associated with a decrease in slope conductance. Moreover, 

the reversal potential for this effect, obtained by extrapolating the linear regressions, was near 

−24 mV (data not shown). These observations suggest that the hyperpolarization of septic OVLT 

neurons is attributable to the inhibition of a tonic nonselective cation current228,536. The identity 

of the ion channel or channels modulated during sepsis, as well as the mediators of these effects, 

remain to be established. It is interesting to note that the inhibitory effect of endotoxin on water 

intake can be mimicked by application of TNFα within the preoptic area478. Because the OVLT 

is a CVO that lacks a blood–brain barrier, circulating proinflammatory cytokines would likely 

have ready access to these neurons.  
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Our data provide insights into the cellular mechanisms that underlie defects in centrally 

mediated osmoregulatory behaviors and humoral responses during the acute phase of sepsis in 

rats. Further study is required to determine if these changes are physiological (appropriate) or 

pathological (inappropriate). Finally, a recent study showed that the post-acute phase of septic 

shock in humans that survive sepsis is commonly associated with a long-lasting deficit in both 

osmotically evoked thirst and AVP release480. It will be interesting to determine whether OVLT 

neurons are permanently compromised after CLP, and how this may contribute to long-term 

changes in AVP osmoregulation.  
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3.1.3 Figures 

 

 

Figure 3.1.3.1  CLP-induced sepsis inhibits osmotic thirst. A, Bar graphs show mean ± SEM 

values of serum osmolality 18–24 h after sham or CLP surgery in rats provided with water 

(sham, n = 7 rats; CLP, n = 4 rats) or 2% NaCl as drinking fluid (sham, n = 7 rats; CLP, n = 5 

rats). B, Bar graphs show mean ± SEM cumulative fluid intake in sham (n = 6 rats) and CLP (n = 

4 rats) rats given access to 2% NaCl. *p < 0.05; ** p < 0.01; ns, not significant. 
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Figure 3.1.3.2 Osmosensitivity of OVLT neurons is lost in CLP rats. A, Ratemeter records (5 s 

bin width) showing the firing rate of a single OVLT neuron in an explant prepared from a sham 

rat. Note the reversible excitatory effect of the hyperosmotic stimulus (bar). Traces above the 

ratemeter plot show excerpts of the raw single-unit activity recorded at the time points indicated 

by the numbers. B, Response of an OVLT neuron recorded from a CLP rat (layout as in A). C, 

Two-point plots show the changes in firing rate induced by hyperosmotic stimulation in all of the 

OVLT neurons tested in unoperated (UO), sham and CLP rats (UO 24 neurons/9 rats; sham, 13 

neurons/7 rats; CLP, 16 neurons/5 rats). D, Bar graphs show mean ± SEM changes in firing rate 

induced by hypertonicity in all of the OVLT neurons tested in control rats (UO + sham; 37 

neurons/16 rats) and CLP (16 neurons/5 rats) or in the specific subset of OVLT neurons that 

showed at least a 15% increase in firing rate (responders: control, 25 neurons/16 rats; CLP, 6 

neurons/5 rats). E, Bar graphs show proportions of responders in controls (25 neurons/16 rats) 

and CLP animals (6 neurons/5 rats). *p < 0.05; **p < 0.01. 
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Figure 3.1.3.3 CLP reduces the density of cells showing spontaneous electrical activity but not 

neuron density in OVLT. A, Whole-mount photograph showing the ventral surface of the brain 

in a hypothalamic explant prepared from a rat injected intravenously with 1% Evans Blue. Top is 

rostral, and bottom is caudal. Note that the dye is localized to the parenchyma of the tissue that 

lies immediately rostral to the anterior edge of the preoptic recess of the third ventricle (3V). The 

white circles show the positions at which microelectrodes were inserted. B, Bar graphs show the 

mean ± SEM density of spontaneously active neurons observed in the OVLT of sham and CLP 

animals (n = 28 tracks/4 rats and n = 56 tracks/8 rats, respectively). C, Bar graphs show the mean 

± SEM steady-state firing rate of spontaneously active OVLT neurons in sham (n = 54 

neurons/10 rats) and CLP (n = 55 neurons/8 rats) animals. D, Immunofluorescence micrograph 

showing staining for the neuronal marker NeuN (red) in representative coronal sections through 

the OVLT of sham (n = 26 sections/3 rats) and CLP (n = 23 sections/3 rats) animals. E, Bar 

graphs show the mean ± SEM density of NeuN-positive cells counted per unit volume in the 

OVLT of sham and CLP rats. ***p < 0.005; ns, not significant. 
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Figure 3.1.3.4 Effects of sepsis on the membrane properties of OVLT neurons. A, Whole-cell 

membrane current responses (bottom) to voltage commands (top) recorded from OVLT neurons 

in hypothalamic slices. Each set of traces shows the average responses generated by the entire set 

of sham (n = 23 neurons/3 rats) and CLP (n = 22 neurons/3 rats) neurons studied. B, Average I–

V plots obtained from the corresponding cells. C, Bar graphs show mean ± SEM values of RMP 

(i.e., voltage at I = 0) and conductance measured from the same cells. *p < 0.05. 
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Figure 3.1.3.5 Effects of CLP on the intrinsic excitability of OVLT neurons. A, Traces show 

voltage responses (bottom) to current pulses (top; intensity indicated next to voltage sweeps) 

recorded in single OVLT neurons in slices from sham and CLP animals. B, Plots show mean ± 

SEM steady-state frequencies recorded during the second half of a 1 s pulse in the two groups of 

neurons (sham, n = 25 neurons/6 rats; CLP, n = 24 neurons/6 rats). C, Bar graphs show mean ± 

SEM values of FMAX (sham, n = 25 neurons/6 rats; CLP, n = 24 neurons/6 rats), as well as VMAX, 

AP threshold, and rheobase (sham, n = 22 neurons/3 rats; CLP, n = 21 neurons/3 rats for the 

latter 3 parameters) observed in the two groups of cells under current clamp. ns, not significant. 
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3.2 Effects of sepsis on magnocellular neurons (MNCs) of the supraoptic nucleus (SON)  

In the first series of experiments, we show that the osmoresponsiveness of the OVLT is 

diminished. This means that the AVP-releasing MNCs in this sepsis rat model loses a major 

sensory input source. Loss of OVLT input would mean that MNCs would be less likely to fire 

action potentials, have a lower firing frequency, or both. This would translate to impaired 

secretion of AVP and low circulating AVP because MNC electrical activity regulates release of 

hormones from the neurohypophysis169. Yet paradoxically, AVP is high in early phase of human 

sepsis and rodent sepsis models442,513,537. We therefore examined the effects of sepsis induced by 

CLP on the electrophysiological properties of MNCs of the SON. 

 

3.2.1 Results 

3.2.1.1 MNCs are more spontaneously active in the septic condition 

We compared the spontaneous electrical activity of MNCs in the SON of hypothalamic 

explants prepared from CLP and sham animals. Extracellular recordings of single-unit AP firing 

were obtained by advancing an electrode at a rate of 0.4 μm/s to a maximum depth of 200 μm 

along nine positions per rat within the core region of the SON (Fig. 3.2.3.1A). As shown in 

Figure 3.2.3.1B, the average density of spontaneously active neurons was significantly greater in 

the SON of CLP rats compared with shams (sham, 0.93 ± 0.17 neurons/track, n = 42 tracks; 

CLP, 1.57 ± 0.17 neurons/track, n = 54 tracks; p = 0.008, t test). The average firing rate of 

spontaneously active MNCs was slightly greater in CLP rats, but this effect was not statistically 

significant (sham, 3.7 ± 0.63 Hz, n = 26; CLP, 4.3 ± 0.7 Hz, n = 40; p = 0.551; Fig. 3.2.3.1C). 

We next examined the effects of CLP on the membrane properties of SON MNCs using 

whole-cell voltage- and current-clamp recording in hypothalamic slices. As illustrated in Figure 

3.2.3.2, A and B, MNCs from CLP animals displayed I–V relations that were similar to those in 

sham animals. Although the average RMP of MNCs was slightly more positive in CLP animals 

than in shams, this effect was not significant (sham, −49.9 ± 1.5 mV, n = 47 neurons; CLP, −47.2 

± 1.3 mV, n = 50 neurons; p = 0.177; Fig. 3.2.3.2C). The average conductance of the neurons 

was also unaffected by sepsis (sham, 2.04 ± 0.12 nS, n = 42; CLP, 2.09 ± 0.17 nS, n = 48; p = 

0.831; Fig. 3.2.3.2C). F–I analysis performed under current clamp revealed that MNCs from 

CLP animals (n = 22) were significantly less responsive than shams (n = 23) in a narrow range of 

current injection (25–45 pA; p < 0.05, t test; Fig. 3.2.3.3A,B). Consistent with this finding, we 
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found that rheobase was significantly more positive in MNCs from septic rats (sham, −47.6 ± 

0.56 mV, n = 24; CLP, −45.6 ± 0.60 mV, n = 22; p = 0.0219, t test; Fig. 3.2.3.3C). However, 

none of the other parameters analyzed were significantly different: Fmax (sham, 46.8 ± 1.8 Hz, n 

= 22; CLP, 44.5 ± 1.8 Hz, n = 21; p = 0.372); Vmax (sham, 193.04 ± 12.8 V/s, n = 25; CLP, 

208.48 ± 12.6 V/s, n = 26; p = 0.394), and AP threshold (sham, −33.9 ± 0.82 mV, n = 25; CLP, 

−33.8 ± 0.77 mV, n = 26; p = 0.963; Fig. 3.2.3.3C). 

 

3.2.1.2 Acute sepsis reduces osmoresponsiveness of MNCs 

Last, we examined whether the osmoresponsiveness of MNCs was affected using 

extracellular recordings from SON neurons in hypothalamic explants. As illustrated in Figure 

3.2.3.4A–D, MNCs recorded in explants from sham and CLP rats both displayed significant 

increases in firing rate in response to a hyperosmotic stimulus (sham, from 2.96 ± 0.64 to 6.77 ± 

0.94 Hz, n = 19, t = 4.662, p < 0.001; CLP, from 2.15 ± 0.56 to 4.58 ± 0.82 Hz, n = 20; t = 3.092, 

p < 0.016; one-way repeated measures ANOVA and Holm–Sidak post hoc test). Although the 

proportion of osmoresponsive cells was not different in the two groups (sham, 94.7%; CLP, 

80%; p = 0.342, χ2 test; Fig. 3.2.3.4E), the average firing rate observed in the hyperosmotic 

condition was significantly lower in MNCs from CLP animals compared with shams (t = 2.697, 

p = 0.028, Holm–Sidak test; Fig. 3.2.3.4D). 

 

3.2.2 Discussion 

Because the acute phase of CLP is associated with an increase in circulating AVP levels, 

we examined the effects of CLP on the properties of hypothalamic MNCs whose electrical 

activity determines secretion by the neurohypophysis169,538. However, whole-cell recordings 

from MNCs in slices did not reveal any changes in membrane properties that could explain an 

increase in the electrical excitability of these neurons in animals subjected to CLP. In fact, 

MNCs were slightly less excitable because of a depolarization of rheobase. Moreover, the AP 

firing rate of osmotically stimulated MNCs was significantly lower in preparations from CLP 

animals than in shams. Although the basis for the latter changes remains to be determined, it can 

be concluded that changes in the intrinsic properties of MNCs do not appear to be responsible for 

enhanced AVP release during the acute phase of sepsis. 

Interestingly, extracellular recordings from MNCs in hypothalamic explants indicated 
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that a significantly greater proportion of these cells are electrically active under basal conditions 

in CLP animals compared with shams, and that this increase was not associated with a significant 

difference in the proportion of phasically firing MNCs (Sham, 19.2%; CLP, 31.0%; p = 0.582, 

Fisher’s exact test; data not shown). This observation suggests that substances released by 

astrocytes, microglia, or other neurons may enhance the proportion of electrically active neurons 

in this preparation. Although an increase in the density of spontaneously active MNCs could 

suffice to increase circulating AVP187,188, it remains possible that CLP provokes an increase in 

the firing rate of these neurons in vivo because of the presence of additional factors. For example, 

AVP-releasing MNCs are intrinsically thermosensitive539-541, and it is possible that this property 

mediates an additional excitatory influence during the febrile response associated with CLP-

mediated sepsis454. MNCs are also excited by afferents that relay the hypovolemic condition542, 

and previous studies have shown that hypovolemia can induce long-lasting changes in network 

properties that affect MNCs543. Thus, additional studies are required to define the mediators of 

CLP-induced changes in osmoregulatory neurons and networks. 

It is worth mentioning that a previous study reported that sepsis reduces 

immunohistochemical expression of AVP in SON MNCs, whereas expression is increased in 

MNCs of the PVN544. These differences were not accompanied by changes in AVP mRNA 

assessed by in situ hybridization, suggesting that they reflect differences in posttranscriptional 

peptide processing. Whether CLP causes differences in AVP synthesis, degradation, transport, or 

local release within the SON and PVN remains to be determined. 

It is presently unclear why the osmosensitivity of MNCs is preserved while that of OVLT 

neurons is compromised during the early stages of sepsis. However, as noted previously, the 

OVLT lacks a blood–brain barrier and neurons in this area may receive immediate exposure to 

the systemic signals that mediate the deleterious effects of CLP. It will be interesting to 

determine whether the properties and osmoresponsiveness of MNCs are ultimately affected to 

impair AVP release during the post-acute phase of sepsis. 
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3.2.3 Figures 

 

 

 

Figure 3.2.3.1 Sepsis increases spontaneous electrical activity of MNCs in the SON. A, Whole-

mount photograph showing the ventral surface of a hypothalamic explant configured for 

extracellular recording from MNCs in the SON (dotted lines). Top is rostral, and bottom is 

caudal. All recordings were made immediately lateral to the optic tract at the positions indicated 

by the white circles. B, Bar graph shows the mean ± SEM density of spontaneously active MNCs 

recorded in the SON of explants prepared from sham (n = 42 tracks/5 rats) and CLP (n = 54 

tracks/6 rats) animals. C, Bar graph shows the mean ± SEM values of firing frequency of 

spontaneously firing MNCs (sham, n = 26 neurons/5 rats; CLP, n = 40 neurons/6 rats). **p < 

0.01; ns, not significant. 
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Figure 3.2.3.2 Effects of sepsis on the membrane properties of SON neurons. A, Whole-cell 

membrane current responses (bottom) to voltage commands (top) recorded from MNCs in the 

SON of hypothalamic slices. Each set of traces shows the average responses generated by the 

entire set of sham (n = 23 neurons/2 rats) and CLP (n = 28 neurons/3 rats) neurons studied. B, 

Average I–V plots obtained from the corresponding cells. C, Bar graphs show mean ± SEM 

values of RMP and conductance (sham, n = 47 neurons/6 rats; CLP, n = 50 neurons/6 rats) in the 

two groups of animals. ns, not significant. 
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Figure 3.2.3.3  Effects of sepsis on the intrinsic excitability of MNCs. A, Voltage responses of 

single MNCs (bottom traces) to current steps (top; intensity indicated next to each voltage 

sweep) in the SON of slices from sham (left) and CLP (right) animals. B, Plots show mean ± 

SEM steady-state firing rate induced as a function of current in MNCs from shams (n = 22 

neurons/4 rats) and CLP (n = 21 neurons/3 rats) animals. C, Bar graphs show the mean ± SEM 

values of various parameters related to intrinsic excitability in MNCs from sham and CLP rats: 

FMAX (sham, n = 22 neurons/4 rats; CLP, n = 21 neurons/3 rats), VMAX (sham, n = 25 neurons/4 

rats; CLP, n = 26 neurons/4 rats), AP threshold (sham, n = 25 neurons/4 rats; CLP, n = 26 

neurons/4 rats), and rheobase (sham, n = 24 neurons/4 rats; CLP, n = 22 neurons/3 rats). *p < 

0.05; ns, not significant. 
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Figure 3.2.3.4  Effects of sepsis on osmoresponsiveness in MNCs. A, Ratemeter record showing 

the firing rate of a single SON neuron subjected to hyperosmotic stimulation (bar) in an explant 

prepared from a sham rat. B, Representative response of an SON neuron recorded from an 

explant obtained from a CLP rat. C, Two-point plots show the changes in firing rate induced by 

hyperosmotic stimulation in all of the SON neurons tested in sham (n = 19 neurons/5 rats) and 

CLP (n = 20 neurons/5 rats) rats. D, Bar graphs show mean ± SEM values of firing rate observed 

before (white bars) and during (gray bars) a hyperosmotic stimulus for the cells plotted in C. E, 

Bar graph shows percentage of responders in sham and CLP animals. *p < 0.05; ***p < 0.001; 

ns, not significant. 
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3.3 Vasopressin and water balance in septic rats 

Circulating AVP levels are high during the early phase of sepsis and septic shock513,537. 

In the previous experiments (section 3.2), we observed that an increased proportion of 

unidentified MNCs display spontaneous electrical activity in the SON of septic rats. Recruitment 

of AVP-releasing MNCs could contribute to the high circulating AVP levels seen in the early 

stages of sepsis in both humans and rats. Therefore in this study we specifically evaluated firing 

behaviour of identified AVP-secreting MNCs. The primary function of AVP is to regulate water 

retention in the kidney in response to osmotic shifts of the extracellular fluid, thereby 

contributing to hydromineral homeostasis3,166. We therefore also measured circulating AVP 

levels and physiological parameters that are indicative of body fluid balance. 

 

3.3.1 Results 

3.3.1.1 Effects of sepsis on identified AVP-secreting neurons  

Non-invasive cell-attached recordings were obtained from the somata of identified AVP-

releasing MNCs in the SON of acute hypothalamic slices prepared from adult transgenic rats 

expressing eGFP driven by the AVP gene promoter514. Recordings of spontaneous single-unit 

action potential (AP) firing were obtained 18 to 24 hours after sham or CLP surgery. As 

illustrated in Figure 3.3.3.1A, a higher proportion of AVP-MNCs from CLP rats were 

spontaneously active compared to sham controls (sham 12.5%, n = 7 / 56 neurons, 4 rats; CLP 

33.8%, n = 26 / 77 neurons, 5 rats: χ2, p = 0.009). However, the mean firing frequency of 

spontaneously active neurons did not differ between CLP and sham MNCs (sham 2.8 ± 0.45 Hz, 

n = 7 neurons / 4 rats; CLP 3.5 ± 0.74 Hz, n = 23 neurons / 5 rats: Mann-Whitney U = 66.0, p = 

0.492; Fig. 3.3.3.1B).    

Hormone release from the neurohypophysis into the circulation is triggered directly by 

the electrical activity of MNCs which promotes Ca2+−dependent exocytosis from neurosecretory 

terminals in the neurohypophysis169,545,546. A larger proportion of spontaneously active AVP-

MNCs could therefore mediate an increase in circulating levels of AVP547. To examine if the 

increased density of electrically active AVP-secreting MNCs observed 18-24 hours post CLP 

correlates with an increase in hormone levels, we compared the concentration of peripheral AVP 

measured in CLP and sham rats. As shown in Figure 3.3.3.1C, plasma AVP was significantly 
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higher in CLP rats compared to controls (sham 24.05 ± 2.86 pg/mL, n = 13 rats; CLP 55.17 ± 

8.01 pg/mL, n = 12 rats: t-test, p = 0.001). 

 

3.3.1.2 Osmoregulation in the acute phase of CLP 

 Although a greater proportion of AVP-MNCs are spontaneously active 18-24 h after 

CLP, previous work has shown that MNCs are less responsive to hyperosmolality under these 

conditions548. Therefore the increased level of circulating AVP observed 18-24 hours post CLP is 

unlikely to be caused by systemic hyperosmolality, and renal water reabsorption promoted by 

elevated AVP might actually promote hypo-osmolality. Indeed, we found that the osmolality of 

serum collected from a large cohort of septic rats was slightly but significantly lower than shams 

(sham 297.6 ± 0.4 mOsm/kg, n = 47; CLP 290.9 ± 0.9 mOsm/kg, n = 48: t-test, p < 0.0001; Fig. 

3.3.3.2A).  

 A decrease in serum osmolality could also be caused by an increase in water intake549. 

Although osmotically-induced saline ingestion is suppressed 18-24 hours post-CLP548, it remains 

possible that basal water intake could be elevated during this period. However contrary to this 

hypothesis we found that CLP rats drank less than shams (two-way RM ANOVA with Sidak’s 

post-hoc, F(1,45) = 147.9, p < 0.0001) across all time points (F(3,135) = 249.8, p < 0.0001; Fig. 

3.3.3.2B). Although cumulative water consumption progressively increased over time in both 

groups of rats as calculated by linear regression analysis (sham 1.09 ± 0.08, CLP 0.16 ± 0.03; 

F(1,137) = 108.545, p < 0.0001), overall intake was reduced in CLP rats (end values: sham 18.99 ± 

1.15 mL, n = 24; CLP 2.996 ± 0.48 mL, n = 23). As shown in Figure 3.3.3.2C, the alteration in 

drinking behaviour was not associated with a change in blood hematocrit (sham 39.64 ± 1.21%, 

n = 7; CLP 43.45 ±1.98%, n = 11: t-test, p = 0.1749).  

 The lowering of serum osmolality and absence of a change in hematocrit despite reduced 

water intake in CLP rats suggests that water reabsorption is enhanced by the higher levels of 

circulating AVP. To test this hypothesis, we examined if CLP rats displaying overt serum hypo-

osmolality, defined as serum osmolality that fell well outside of the normal range of sham rats, 

were excreting urine that was more concentrated than sham rats. For this purpose, urine 

osmolality values were compared between shams and CLP rats that displayed serum osmolality 

values <289.2 mOsm/kg (more than 3x SD below the mean serum osmolality of shams). As 

illustrated in Figure 3.3.3.3, urine osmolality was significantly higher in overtly hypo-osmotic 
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CLP rats than in shams (sham 995 ± 88 mOsm/kg, n = 18; CLP 1544 ± 245 mOsm/kg, n = 6; t-

test, p = 0.0137). 

 

3.3.2 Discussion  

Previous studies on rats have shown that circulating levels of AVP are elevated during 

the early stages of sepsis (or after injection of endotoxin) and that this correlates with an increase 

in the density of Fos-labeled cells (a marker of enhanced neuronal activity) in the SON457. In our 

particular cohort, rats studied 18-24 hours after CLP also displayed a significant increase in 

circulating AVP levels compared to shams, indicating that this time point represents an effective 

model of early sepsis under our experimental conditions.  

In principle, the increase in circulating AVP that we observed during early sepsis could 

have been caused by an increase in the firing frequency of individual AVP-MNCs546,550, or by an 

increase in the fraction of the cells which displayed spontaneous action potential firing547. Our 

electrophysiological experiments, the first on identified AVP-MNCs in sepsis, showed that there 

is an increase in the density of spontaneously active AVP-MNCs in the SON of hypothalamic 

slices taken from CLP rats compared to shams. However, there was no significant difference in 

the average firing rate among spontaneously active neurons in the two groups. These data are 

comparable to our earlier findings on unidentified MNCs551, and are consistent with studies 

showing an increased density of c-Fos staining in the SON of rodents during early 

sepsis457,486,552.  

While many factors are likely to contribute to the elevation of circulating AVP during 

early sepsis in vivo, our data suggest this effect is mediated in part by an increase in the overall 

proportion of electrically active AVP MNCs. The mechanisms responsible for this effect remain 

to be defined. However the fact that a higher density of neurons display activity in vitro, in 

preparations that have been disconnected from peripheral inputs and super fused with aseptic 

artificial cerebrospinal fluid, suggests that long-lasting forms of neural or glial plasticity are 

involved. Mediators of such plastic changes could include inflammatory signals produced by the 

local vasculature and associated glial cells, as well as neurotransmitters released onto AVP-

MNCs by afferent axons carrying information related to the pathological state of the animal. For 

example, MNCs in the SON receive afferent projections from circumventricular organs that 

could relay information regarding humoral or immune status because they lack a blood-brain 
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barrier (e.g. OVLT)553,554, or from central nuclei that signal cardiovascular stress (e.g. 

hypotension), such as the NTS and LPBN542. Interestingly, ablation of the AV3V, which 

includes the OVLT, attenuates endotoxin-induced AVP secretion486. Furthermore, in an 

aggressive version of the CLP rat model, Fos-like immunoreactivity increased in OVLT and 

SON neurons at a time point that correlated with a significant increase in plasma AVP457. 

Because the hypothalamic slices used in our experiments retain functional connectivity between 

the OVLT and SON555-557, it is possible that a long-lasting enhancement of communication 

between these nuclei is responsible for promoting electrical activity in silent AVP-MNCs in 

vitro. Additional studies are required to address this possibility and establish the mechanisms by 

which CLP stimulates AVP-MNCs in the SON.   

Apart from revealing a population based excitation of identified AVP-MNCs and 

enhanced circulating AVP levels, our experiments showed that water intake is significantly 

reduced 18-24 hours after CLP. This observation is consistent with our previous findings of 

reduced osmotic thirst in the same model551, and also the general adipsia commonly reported in 

various models of endotoxemia and CLP in rodents482,558,559. Recent studies have shown that 

reducing the electrical activity of neurons in the OVLT and AV3V can suppress water intake in 

mice560,561. The membrane hyperpolarization and reduced basal electrical activity of OVLT 

neurons observed during early sepsis548 may therefore underlie this effect. 

The early stages of sepsis are associated with hypotension457, therefore the increase in 

circulating AVP that occurs at this time may defend the body against this condition by promoting 

vasoconstriction and water reabsorption by the kidney at a time when water intake is suppressed. 

Moreover, since the osmotic control of AVP secretion is attenuated under these conditions548, the 

potential inhibitory effect of serum dilution on AVP release may be sufficiently weakened to 

allow the maintenance of high AVP levels that are inappropriate vis-à-vis the normal osmotic 

regulation of this antidiuretic hormone. In a previous study548 we found no significant differences 

in the average serum osmolality of a small number of CLP rats (n = 4) compared to shams. 

However analysis of the large dataset collected in the present study revealed a small but 

significant reduction of serum osmolality 18-24 hours post CLP compared to sham controls. 

These results are in line with the findings of others using a CLP rat model of sepsis454,513. Since 

water intake is suppressed at this time, it is likely that the hypo-osmotic state results specifically 

from enhanced renal water reabsorption that is stimulated by high levels of AVP. Indeed we 
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found that urine osmolality was significantly higher in the severely hypo-osmotic subset of CLP 

rats compared to shams.  

Our study suggests that the early stages of sepsis in rats are associated with serum 

osmolality that results from AVP mediated water reabsorption. Since elevated circulating AVP 

levels in this case are not associated with hyperosmolality or hypovolemia (as indicated by the 

absence of a change in hematocrit), this condition is akin to SIADH562,563. SIADH is a water 

metabolism disorder marked by high AVP levels despite low circulating solute levels, and 

accompanied by increasing urine osmolality292,300. SIADH presents with euvolemic 

hyponatremia, in which AVP is released despite plasma osmolality falling well below the 

threshold for AVP stimulation564. It has been documented to co-occur with various infections, 

including meningitis and pneumonia300,565-567, and has recently been linked to inflammation. Our 

experiments therefore suggest that a form of SIADH occurs transiently during the early stages of 

sepsis and that this effect arises due to an increase in the proportion of electrically active AVP 

releasing MNCs in the hypothalamus. 
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3.3.3 Figures 

 

 

 

Figure 3.3.3.1 Early phase CLP causes an increase in the proportion of electrically active AVP-

MNCs and circulating AVP. A, Bar graph shows the percentages of identified AVP-MNCs 

displaying spontaneous electrical activity in the SON of hypothalamic slices prepared from sham 

animals (open bar) and rats sacrificed 18-24 hours post CLP (black bar). B, Bar graph shows 

mean ± SEM firing rates observed in the spontaneously active AVP-MNCs recorded in the SON 

of hypothalamic slices prepared from sham animals (open bar) and rats sacrificed 18-24 hours 

post CLP (black bar). C, bar graphs show mean ± SEM values of plasma AVP in rats 18-24 post-

CLP (black) or in shams (white). ** p <0.01; *** p <0.001; ns, not significant. 
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Figure 3.3.3.2 Early phase CLP decreases serum osmolality and inhibits water intake without 

affecting blood volume. A, graph shows mean ± SEM. values of serum osmolality from Sham 

and CLP rats collected at experimental endpoint (18 – 24 hours post surgery). B, bar graphs 

show mean ± SEM. values of cumulative water intake measured at different time points after 

CLP or sham surgery. C, bar graphs show mean ± SEM. values of hematocrit measured 18-24 

hours after CLP or sham surgery. *** p <0.001; ns, not significant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



79 

 

 

Figure 3.3.3.3 Hypo-osmolar rats in early stage CLP show increased urine osmolality compared 

to shams. Bar graphs show mean ± SEM. values of urine osmolality in rats sampled 18-24 hours 

after CLP or sham surgery. The CLP cohort includes only overtly hypo-osmolar rats. * p <0.05. 
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4.0 DISCUSSION 

In sepsis, both human and animal model studies demonstrate an inability of subjects to 

launch an appropriate thirst sensation and increase in AVP in response to a hypertonic 

stimulation, indicating a disruption in osmoregulation. This is an important finding because (1) 

osmoregulation is critical to mammalian survival and disruption of this homeostatic process does 

not favour survivability (section 1.1.1), (2) AVP is important in both the etiology and treatment 

of sepsis (section 1.2.7), and (3) osmotic control of AVP is the most potent regulator of the 

hormone, yet the least studied in sepsis (section 1.3.4). The work described herein (section 3.0 ) 

provides the necessary description of the electrophysiological alterations of OVLT neurons and 

MNCs that may contribute to the disruption of hydromineral homeostasis, including the first 

evidence to directly implicate cerebral osmoreceptors in dysregulated osmotic thirst and AVP 

secretion seen in septic patients480,487, as evidenced by the behavioural and systemic 

osmoregulatory changes described in during the acute, or early, phase of experimental sepsis.   

 

4.1 Summary of findings 

In section 3.1, we demonstrate that the osmotic thirst and associated osmoresponsiveness 

of the OVLT is ablated by CLP-induced sepsis. While some previous studies have reported 

dipsogenic effects of LPS526,527, the majority of the literature, including our contribution, 

indicates that sepsis causes adipsia despite osmotic challenge471,472,480,482,489 (section 1.3.3.1). We 

further demonstrate that unstimulated water intake is depressed but not abolished in the CLP rat 

model (section 3.3). Most studies have used c-fos to investigate the role of OVLT neurons in 

sepsis animal models457,512,568-573. We are the first to use electrophysiological techniques, which 

provide a high resolution of changes in neuron electrical behaviour, to investigate electrical 

changes in the OVLT. Individually, OVLT neurons are less spontaneously active, with a trend 

towards reduced firing frequency, likely caused by membrane hyperpolarization mediated by a 

decrease in conductance, which silences a portion of these neurons. These neurons do not differ 

from those of shams in other parameters, including Fmax, Vmax, rheobase, or AP threshold. The 

findings presented in section 3.1 suggest the loss of a nonselective cation current contributes to 

the hyperpolarization, but the findings on their own do not provide an obvious candidate for 

further pursuit. Further electrophysiological investigation is required to determine what ion 

channel or channels contribute to the silencing of OVLT neurons.  
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Conversely, SON MNCs are more spontaneously active in both explant and slice 

preparations, with no appreciable differences in firing frequency or firing pattern between CLP 

and control preparations (sections 3.1 and 3.2). Interestingly, MNCs from septic rats expressed a 

depolarized rheobase indicating more current was necessary to induce AP firing despite a 

statistically similar RMP compared with sham MNCs, suggesting that MNC activity was 

extrinsically driven in the septic condition (section 3.2). While the spontaneous firing frequency 

in explant preparations could be attributed to increased excitatory synaptic input from other 

nuclei, hypothalamic slices do not retain as an extensive synaptic network. Additionally, patch-

clamp recordings in section 3.3 were conducted in identified AVP-MNCs whereas the recordings 

in slice preparations in section 3.2 were performed on unidentified MNCs, thus the unintentional 

inclusion of recordings from OT-MNCs could potentially confound the findings presented in this 

section. The synaptic inputs would thus need to be further investigated, as would the role of 

gliotransmission. Interestingly, a recent study has demonstrated that OVLT neurons express V1a 

receptors574 thereby providing a potential means for circulating AVP to regulate OVLT activity 

and modulate its own secretion via a potential feedback loop through the OVLT-SON pathway 

(see section 1.1.3). 

The systemic context of the electrophysiological findings summarized above provide an 

even more interesting picture of the osmoregulatory changes occurring in acute sepsis. Whereas 

we and others461,526,551 have reported that serum osmolality is unaltered in sepsis rodent models, a 

more expansive investigation revealed that serum osmolality is, in fact, reduced in the CLP rat 

(section 3.3). This finding is surprising, but could explain in some part the lack of OVLT 

responsiveness to osmotic stimuli. Systemic hypo-osmolality inhibits OVLT electrical discharge 

(as discussed in section 1.1.3), and though the recordings presented in this thesis were conducted 

in iso-osmotic conditions (unless otherwise noted), hypo-osmolality in the living organism may 

have left an imprint that was strong enough to continually counter hyperosmotic stimulation in 

our artificial conditions. Hemorrhage, for example, has been demonstrated to leave a long lasting 

imprint on the networks that regulate rat MNCs543. Alternatively, the dissociation between ECF 

osmolality and both MNC activity and circulating AVP in the absence of blood volume change 

or water intake (section 3.3) could be indicative of a water-electrolyte disorder. A decrease or 

leftward shift in the AVP osmostat in association with increased urine osmolality is known to be 

pathogenic in SIADH79 (section 1.1.6.2), and though there is little evidence of this, recent 
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hypothesis propose that inflammatory mediators contribute to the pathogenesis of electrolyte-

water disorders301, thus we suggest that SIADH may be secondary to sepsis in the acute phase 

(section 3.3.2).  

Although we and others function under the assumption that a loss of osmoregulation of 

AVP in sepsis and other types of shock is pathological (inappropriate), it could also very well be 

physiological (appropriate). In the late phase of sepsis, enhanced input from any source - 

including from peripheral and cerebral osmoreceptors - is desirable to maintain blood pressure in 

light of AVP-deficiency in sepsis and there is evidence that increasing AVP is beneficial to the 

patient (section 1.2.7.1). A lack of input from the OVLT from this perspective is pathological, 

particularly if it persists after recovery from sepsis480,487 or causes cell death381,575. However, 

increased baroreceptor input in the early phase of sepsis as a result of hypotension would be a 

strong stimulus for MNC activity-dependent AVP secretion (section 1.1.4.3). As sepsis progress 

in to the late phase, any further input could overwhelm MNCs and cause excitotoxicity492. Thus, 

reducing the contribution of osmotic stimuli would be protective but also delay the exhaustion of 

AVP stores (section 1.2.7.1). Further studies are necessary to determine the cellular mechanisms 

that result in changes in OVLT and MNC function, and what impact reversing or preventing such 

mechanistic changes has on the neurons and organism as a whole. Furthermore, investigating the 

long term effects of CLP on osmoregulatory thirst and AVP secretion would provide insight into 

the permanency of changes we observed in the OVLT and MNCs. 

 

4.2 Osmosensitivity  

According to the data presented in this thesis (section 3.1), NaCl-stimulated osmotic 

thirst is decreased in CLP rats. Changes in systemic Na+ can be detected in parallel by both 

Na+576 and osmolality sensors9, however we chose to focus on the latter. The OVLT’s capacity to 

respond to an osmotic stimulus is abolished while that of the SON is only diminished. 

Speculatively, the osmoresponsiveness of SON MNCs would probably also become abolished as 

sepsis progresses because it is likely that the mechanisms that affected OVLT 

osmoresponsiveness also impact the SON. Whereas the OVLT is bombarded by the cytokine 

storm occurring in the circulation during sepsis by virtue of being a CVO, the MNC bodies of the 

SON are behind a blood-brain-barrier. The barrier can delay the effects of peripheral 

inflammation, however, MNC axon terminals are located in the posterior pituitary (another 
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CVO40). Therefore diffusion of circulating inflammatory mediators can modify electrical activity 

of MNCs either directly or indirectly through local glia. For example, IL-1β has been shown to 

depolarize and excite rat MNCs via an activation of an osmosensory cation current in rat 

hypothalamic slices577,578. The blood-brain-barrier will also lose integrity as sepsis progresses, 

allowing inflammatory mediators passage into the brain or more potently activating local 

microglia492. While there are many possible mechanisms that could contribute to changes in 

OVLT and MNC neurons differentially or synergistically, the remainder of this discussion will 

focus on a select few.  

 

4.3 TRPV1 function and intrinsic osmosensitivity 

 OVLT and SON osmoresponsive neurons are intrinsic osmosensors, whose function can 

be altered by extrinsic factors, such as astrocyte contributions or other neural inputs, or intrinsic 

factors9,210,230,234. As discussed in sections 1.1.3.1 and 1.1.4.1.2, TRPV1 confers intrinsic 

osmosensitivity on both OVLT and SON osmosensory neurons. It begs the question, is intrinsic 

osmosensitivity of these neurons affected and is this mediated by a functional change in TRPV1? 

There are several possible mechanisms by which TRPV1 can be affected, including reduced 

membrane expression or by reducing the probability of channel opening. The cytoskeleton plays 

an important role in translating cell volume changes into the mechanical force necessary to 

activate TRPV1 channels, a phenomenon that has been well described230,234. Artificially 

destabilizing either actin or microtubules eliminates intrinsic osmoresponsiveness in acutely 

isolated MNCs229,231. Many inflammatory mediators, including TNFα, have been demonstrated 

to alter the cytoskeletal arrangements of cells579-583, thus potentially providing a link between 

inflammation and presumptive loss of intrinsic osmosensation in OVLT neurons and MNCs. The 

next steps would then be to investigate the electrophysiological responses of acutely isolated 

OVLT neurons and identified AVP-MNCs from CLP rats to osmotic and mechanical stimuli, 

followed by confocal microscopy to investigate actin and microtubule density and organization. 

It is expected that stabilizing the cytoskeleton would then partially or prevent the decline of 

osmotic responsiveness of the tested neurons. 
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4.4 Nitric oxide (NO): a common denominator 

Hyperproduction of NO is an important contributor to sepsis pathophysiology402,584 

(section 1.2.6.1) and another potential mechanistic contributor to altered function of 

osmosensory neurons in sepsis. Because NO is a gas and was historically considered to be 

difficult to measure directly, experimental measure and manipulation commonly used indirect 

means, including measuring NOS messenger RNA or protein quantity, and use of NOS inhibitors 

and NO precursors or donors. Interestingly, NO has been implicated in the abnormal pituitary 

response in sepsis491 and body fluid homeostasis by altering drinking behaviour and circulating 

AVP186,585-588.  

The majority of what is known of NO function in the OVLT comes from staining 

experiments, particularly in the context of fever. The OVLT has been shown to express NOS121 

and LPS administration increases NOS in this CVO568. Whether NO is pyretic or antipyretic is 

controversial: some studies have reported that pretreatment with NOS inhibitors reduce NO-

mediated fever, yet others report that NOS inhibitors induce or enhance fever589-596. Nonetheless, 

it remains to be determined whether NO enhances or inhibits the membrane properties and firing 

behaviour of the OVLT and what role it may play in osmosensation.  

In the context of thirst, studies investigating the role of NO in the drinking behaviour of 

rats found that increasing NO activity by injecting an NO donor either systemically or directly 

into the preoptic area inhibited thirst induced by 24 hour water deprivation, an affect that was 

reversed by pre-treatment with NOS inhibitors585,586. However, others have reported that 

intracerebroventricular injections of NOS inhibitors attenuated water intake in rats stimulated by 

dehydration, NaCl injections, and hemorrhage587,597,598. Interestingly, one study found that 

pretreatment with a NOS inhibitor attenuated LPS-induced sickness behaviour in mice599. 

Furthermore, systemic LPS treatment at doses that did not cause adipsia in water deprived rats 

(as discussed in section 1.3.3.1) became potently antidipsogenic in combination with injection of 

an NO donor into the preoptic area478. The sum of the aforementioned findings suggests that the 

site of action of NO and the physiological context (i.e. healthy versus ill) determines, in part, the 

role the gaseous mediator plays in thirst. 

 It is now well established that NO functions as an atypical neurotransmitter and exerts a 

predominantly inhibitory effect on centrally-mediated sympathetic activity and neurosecretion 

from the SON186. NO is tonically produced in the SON in iso-osmotic and euvolemic rats, and 
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serves to inhibit AVP secretion587,597,600, decreasing the firing rate of SON MNCs in rat 

hypothalamic slices587. Electrophysiological recordings in vivo and in vitro of identified AVP-

releasing SON neurons in rat demonstrated that the inhibitory effect of NO was related to 

increased GABAergic pre-synaptic activity601. NO is an established inhibitor of MNC activity, 

yet paradoxically, experiments wherein endogenous NO production was blocked by 

intracerebroventricular injections of a NOS inhibitor decreased serum AVP in healthy rats 

whereas injections of a NO donor increased serum AVP588, suggesting that NO facilitates AVP 

secretion. A generalist explanation for the paradoxical effects of NO on AVP secretion involves 

an appreciation for the fact that NO function is dependent on context. The data mentioned imply 

that physiological stimuli within moderate levels, including osmolality, blood volume, and 

vascular tension, remove the tonic inhibition of NO on SON neurons to facilitate AVP release 

and promote homeostasis but higher physiological levels inhibits AP release. For example, NO 

may differentially affect K+ currents in the nerve terminals of MNCs, acting as a switch to both 

enhance and inhibit AVP secretion. Initially, NO can facilitate AVP release by rapidly 

suppressing the transient voltage-mediated outward K+ current (a.k.a. A-current), resulting in the 

broadening of APs (see section 1.1.4.1.1) and increased Ca2+ entry602,603. NO then enhances the 

whole-terminal K+ current by activating large-conductance Ca2+-activated K+ (BK) channel 

activity in a delayed manner, which affects a decrease in membrane excitability and therefore 

suppresses neuropeptide release. Higher degrees of stimuli are inhibitory and potentially toxic to 

the MNCs, and most likely fall in the pathological range. In other words, NO at basal levels has 

minimal effects in physiological conditions and is neuroprotective, but it is a potent inhibitor in 

states of stress and raised sympathetic activity, and neurotoxic at high concentrations604,605. 

In the context of sepsis, one hypothesis proposes that an initial increase in NO due to 

increased hypothalamic iNOS activity contributes to the increased AVP secretion during the 

early phase of sepsis455,606, but that this excess of NO blunts AVP release in the late phase and 

contributes to AVP-deficiency (section 1.2.7.1)453,455,457,607,608. In support of this proposal, 

evidence in the CLP rat model indicated an initial increase followed by a progressive decline in 

c-fos expression in the SON during increasing severity of sepsis in the presence of high systemic 

NO457. Furthermore, in vivo experiments in iNOS knockout mice elicited a sustained increase in 

serum AVP and mean arterial blood pressure when challenged with LPS, like aligning with the 

early phase of sepsis607. Yet, increased iNOS expression was correlated with higher levels of 
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apoptosis in the SON and PVN of patients that died from hypotensive septic shock (2 – 9 days 

post-onset) compared to patients that died from other forms of shock575. This evidence was 

corroborated in a rat CLP model that demonstrated elevated cleaved caspase-3 expression in 

SON and PVN MNCs381, providing support that AVP reduction in the late phase of sepsis is 

caused by MNC neurotoxicity. It would be interesting to determine what specific dose, if any, 

can inhibit osmotically-induced water intake and concomitantly facilitate AVP secretion, what 

dosage ranges of NO would effect a facilitative versus inhibitory effect on AVP secretion in 

MNCs, if the location of action (i.e. perikarya versus axon terminal) results in distinctive effects 

of NO, and if the origin of NO (i.e. circulatory versus cerebral, neuronal versus glial) has a 

differential impact on the function of osmosensory neurons (i.e. neuronal NO may cause 

inhibition and peripheral NO may cause facilitation). Directly measuring NO levels using the 

fluorescent indicator diaminofluorescein-2609 would provide more reliable results than 

quantifying NO-surrogates. Interestingly, NO disrupts actin polymerization in other non-

neuronal cell types610,611 providing a link to potential disruption of intrinsic osmosensitivity as 

discussed in section 4.3.  

 

4.5 Preliminary evidence of circadian effects 

Altered osmoregulatory gain of AVP secretion can be part of normal, daily fluctuations 

of the osmostat, as occurs during sleep (section 1.1.5.1). Preliminary evidence indicates that in 

the early sleep phase of CLP rats, serum hypo-osmolality is associated with a trend towards 

decreased AVP-MNC firing frequency and an increase in spontaneous activity, in comparison to 

shams (Fig 6.1.1). Yet in the middle phase of the sleep cycle, AVP-MNC firing rate is enhanced 

while spontaneous activity remains high in CLPs compared with data from CLP rats in the early 

sleep phase. These findings are insufficient to reach any meaningful conclusion: increasing the 

sample size or better design of experimental procedures to include different time frames (i.e. 

early sleep phase versus late sleep phase, awake phase versus sleep phase) would provide a better 

experimental paradigm. However, they do point to altered osmoregulation of AVP secretion in 

septic rats during different sleep phases that is not seen in control rats. Inflammation is known to 

affect circadian rhythms, and circadian rhythms are known to regulate inflammatory 

processes612,613. For example, sleep deprivation in CLP mice increases mortality614 and circadian 

variation in hormone concentrations is flattened in sepsis491. Direct injection of LPS or cytokines 
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into the SCN phase shifts the circadian rhythm, and inflammatory mediators have been 

demonstrated to regulate SCN firing activity615,616. There is thus likely a role for altered SCN 

activity in sepsis that is independent of cell death617. Further investigation would be necessary to 

determine the nature of neuron activity in the SCN, OVLT, and AVP-MNCs, and the effects of 

systemic osmoregulation. Finally, the preliminary data also represent different surgery times. If 

CLP is induced in the early sleep phase, serum osmolality is more hypo-osmotic and MNC firing 

rate is depressed in comparison to rats who underwent the CLP surgery in the middle of their 

sleep phase. CLP rats from the latter group had serum osmolalities statistically equivalent to that 

of shams, and MNC firing frequencies slightly enhanced compared to shams. If the time of 

sepsis induction affects AVP secretion or neuronal activity, and potentially sepsis progression 

and mortality rates or long-term cognitive function, this could be clinically relevant for hospital-

acquired sepsis.  

 

4.6 Conclusion 

The data presented in this thesis provide insights into the cellular mechanisms that 

underlie defects in centrally mediated osmoregulatory behaviours and humoral responses during 

the acute phase of sepsis in rats. The electrophysiological properties of OVLT neurons are 

altered to functionally silence a subset of neurons, and reduce osmoresponsiveness to 

hyperosmotic stimuli. MNCs on the other hand are more functionally active, a feature that 

enhances circulating AVP in the early phase of sepsis, but still somewhat responsive to osmotic 

stimuli. The changes in neuron function described herein translate to changes indicative of 

systemic osmoregulation alteration. Acute sepsis causes adipsia in both osmotically stimulated 

and unstimulated rats, in association with high AVP and serum hypo-osmolality the early phase 

of the syndrome. The mechanism of dissociation of osmotic control of AVP from serum 

osmolality remains to be determined, but data suggests that the early phase of sepsis is 

transiently associated with a disorder in osmoregulation. Our findings support the shift in dogma 

that considers centrally-mediated alterations in homeostasis to contribute to the pathophysiology 

of sepsis. 
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6.0 APPENDICES 

6.1 Supplementary Data 
 

 

 
 

Figure 6.1.1 Preliminary data on circadian differences in serum osmolality and MNC firing 

behaviour. A, Serum osmolality was significantly higher (one-way ANOVA with Tukey’s post-

hoc, F(3,88) = 27.6, p < 0.0001) in shams (ESP 298.1 ± 0.53 mOsm/kg, n = 26 rats; MSP 297.0 ± 

0.60 mOsm/kg, n = 21 rats) compared to CLP rats (ESP 289.4 ± 6.1 mOsm/kg, n = 24 rats; MSP 

291.9 ± 1.36 mOsm/kg, n = 21 rats), B, percent of spontaneously firing MNCs in shams (ESP 

11.6%, n = 5 / 43 neurons, 3 rats; MSP 15.4%, n = 2 / 3 neurons, 1 rat) was significantly lower 

than in CLPs (ESP 32.1%, n = 17 / 53 neurons, 3 rats; MSP 37.5%, n = 9 / 24 neurons, 2 rats; χ2, 

p = 0.042). C, MNC firing frequency was not statistically different (one-way ANOVA with 

Tukey’s post-hoc, F(2,26) = 1.474, p = 0.2448) between shams (ESP 2.73 ± 0.43 Hz, n = 5 neurons 

/ 3 rats; MSP 2.98 ± 1.53 Hz, n = 2 neurons / 1 rat) and CLP rats (ESP 2.67 ± 0.70 Hz, n = 16 

neurons / 3 rats; MSP 5.49 ± 1.7 Hz, n = 7 neurons / 2 rats). ESP, early sleep phase; MSP, late 

sleep phase; *** p < 0.001; ns, not significant. 
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