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This dissertation addresses the regulatory mechanisms of arginine vasopressin (AVP) secretion 

during salt loading (SL) and liver failure. The experiments focused on AVP neurons located in 

the supraoptic nucleus (SON) of hypothalamus that, along with other hypothalamic neurons, 

secrete AVP. This dissertation has two sections. The first section, specific aims 1a and 1b, 

examines AVP secretion with SL. Salt loading is associated with increased AVP release and 

mean arterial pressure. The male SL (2% NaCl for 7 days) rats secrete AVP despite increase in 

mean arterial pressure and were used as an animal model for this aim to study altered AVP 

neuron regulation. Previous work has shown that SL impairs baroreceptor mediated inhibition of 

rat AVP neurons through brain derived neurotrophic factor (BDNF) dependent activation of 

tyrosine receptor kinase B (TrkB) and downregulation of K+/Cl- co-transporter (KCC2). This 

mechanism diminishes the GABAA mediated inhibition of SON AVP neurons by increasing 

intracellular chloride ([Cl]i). However, the source of BDNF leading to this ionic plasticity is 

unknown. In specific aim 1a, adeno-associated viral vectors with shRNA against BDNF were 

used to test if the SON is the source of BDNF contributing to increased AVP release and 

elevated mean arterial pressure in SL rats. In specific aim 1b, virally mediated chloride imaging 

with ClopHensorN was combined with single cell Western blot analysis by capillary based 

Simple Wes technology to verify the expression of KCC2 in the SON AVP neurons and to 

determine the role of TrkB-KCC2 mechanism in increased [Cl]i in SL male rats.  

In Aim 2, a more clinically relevant animal model was used to study regulatory mechanism 

leading to inappropriate increase in AVP secretion. Chronic bile duct ligated (BDL) rats were 



used as animal model of liver failure induced hyponatremia due to inappropriate AVP release. 

The findings and approaches from specific aim 1 were used to test the role of BDNF-TrkB-

KCC2 signaling in increased AVP secretion and hyponatremia during liver failure.  

The experiments in this dissertation advance our understanding about the pathophysiology of 

AVP secretion. There are several novel findings from this work. First, SON was identified as the 

source of BDNF contributing to increase in [Cl]i of SON AVP neurons and AVP secretion in SL 

rats. Additionally, this is the first study to correlate the KCC2 protein expression in individual 

AVP neurons with its function using chloride imaging. Finally, these results are the first to 

demonstrate a mechanism that contributes to the increase in AVP secretion resulting in 

hyponatremia during liver failure. 
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CHAPTER I 

 

 

OVERVIEW OF DISSERTATION 

 

Arginine Vasopressin (AVP) is synthesized in Magnocellular Neurosecretory Cells (MNCs) 

located in Supraoptic Nucleus (SON) and Paraventricular Nucleus (PVN) of the hypothalamus (1-

3). This peptide hormone produced in the hypothalamus is axonally transported through the 

hypothalamic hypophyseal tract to the posterior pituitary. The AVP hormone is stored and 

systemically released from posterior pituitary in response to action potential from MNCs  (1, 2). 

Release of AVP is highly regulated by plasma osmolality, blood pressure, and blood volume to 

maintain body fluid homeostasis (4-6). Increased plasma osmolality activates hypothalamic MNCs 

increasing circulating AVP which acts at the kidneys to increase water reabsorption and maintain 

homeostasis. Conversely, decreased plasma osmolality is associated with inhibition of AVP 

MNCs, reduced plasma AVP, and diuresis. In normal conditions, a linear relationship between 

plasma AVP and osmolality is maintained by highly coordinated excitatory and inhibitory 

synaptic responses (3, 7). Altered synaptic homeostasis of vasopressinergic MNCs could 

contribute to disease conditions in which circulating AVP is abnormally elevated (7, 8). Despite 

vast existing knowledge about the regulation of AVP neurons (4, 6, 9-12)  the pathophysiology of 

inappropriate AVP secretion remains unknown. 
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SALT LOADING – AVP SECRETION 

Salt loading (SL), giving rats only 2% NaCl to drink, increases AVP release from MNCs into 

systemic circulation due to increase in plasma osmolality. High salt intake causes hypernatremia 

leading to AVP release as a way to maintain plasma osmolality. The increase in mean arterial 

pressure during SL is partly mediated by AVP through the elevation of vascular resistance and 

renal water retention. However, the increased AVP secretion sustains despite elevated mean 

arterial pressure due to changes in the excitability of AVP neurons (13-15).   

Previous studies have shown that sustained AVP release in SL rats is due to impairment of 

GABAA mediated inhibition of AVP neurons (13-15). This study is focused on SON as it is less 

heterogeneous than PVN and we previously observed SL-mediated changes in GABA inhibition 

of SON MNCs.  

The inhibitory effect of GABA depends on a low intracellular chloride concentration ([Cl−]i). 

Increases in [Cl−]i can reverse the direction of chloride movement across the cell membrane and 

prevent GABAA -mediated inhibition (16-18). The balance between neural excitation and inhibition 

is crucial to maintain the concentration of circulating AVP within normal limits (17, 18). In most 

neurons, [Cl−]i is regulated by cation chloride cotransporters such as K+/Cl- co-transporter 2 

(KCC2), which causes efflux of Cl- ions, and Na+/K+/Cl- cotransporter 1 (NKCC1), which 

causes influx of Cl- ions (19, 20). Previous studies have shown that SL downregulates KCC2 

through Brain derived Neurotrophic Factor (BDNF) dependent activation of tyrosine receptor 

kinase B (TrkB). This regulatory mechanism in the SON create a feed forward loop causing 

sustained AVP release. This dissertation is focused on determining the source of BDNF leading 

to increase in AVP secretion and mean arterial pressure in SL rats. Also, to determine the role of 



3 
 

the proposed mechanism in increase in [Cl−]i leading to impairment of GABAA mediated 

inhibition in SL male rats.   

LIVER FAILURE - AVP SECRETION 

Similar increases in AVP secretion are observed during liver failure which leads to 

hyponatremia. Dilutional hyponatremia is the most frequent electrolyte abnormality and is 

characterized by serum sodium <135 mEq/L. The cost of its treatment in the US has been 

estimated to be $1.6-$3.6 billion per year (21-23). Hyponatremia often is related to congestive heart 

failure or liver failure. Hyponatremia caused by liver failure leads to ascites, seizures, pulmonary 

and cerebral edema due to inappropriate vasopressin release (21). The treatment of hyponatremia 

in the setting of liver failure is a challenge as conventional therapies are frequently inefficacious 

(24, 25). The development of effective therapeutic approaches for dilutional hyponatremia may 

require a better understanding of the molecular mechanisms behind the abnormality. This study 

contributes to this understanding by using chronic bile duct ligated rats, a model of dilutional 

hyponatremia due to increased AVP secretion associated with liver failure. In this study, we test 

the role of BDNF-TrkB signaling in the regulation of the main chloride extruder, KCC2, in the 

loss the GABA mediated inhibition of AVP neurons in male bile duct ligated rats. 
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CHAPTER I - Figure I-1 – Increase in Vasopressin secretion during osmotic stress 

 

 

 

Figure 1: Arginine vasopressin (AVP) secretion with time is highly regulated during normal 

conditions that helps in maintaining normal levels of AVP. Altered regulation of AVP neurons 

leads to sustained increase in AVP secretion during high salt loading and liver failure. 

 

 

 

 



8 
 

 

 

 

 

 

LITERATURE REVIEW 

CHRONIC OSMOTIC STRESS INDUCED VASOPRESSIN SECRETION 
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ARGININE VASOPRESSIN (AVP) 

The first evidence of vasopressor activity of posterior pituitary extracts was shown by Oliver and 

Schäfer in 1895 (1, 2) of which the active peptide was later identified as AVP. In 1913, Farini and 

von den Velden discovered the antidiuretic property of pituitary extract and used the extracts to 

successfully treat patients with diabetes insipidus, a condition marked by polydipsia and polyuria 

(2, 3). By 1928, the terms vasopressin and oxytocin were coined after they were separately purified 

(4) and made available for physiological and clinical studies. The nine amino acid sequence and 

structure of AVP was not known until the work of du Vigneaud in 1950s which won the Nobel 

Prize for chemistry (5, 6). This work attributed the pressor and anti-diuretic properties of posterior 

pituitary extract to a single nonapeptide hormone, AVP.  

The presence of arginine at the eighth position structurally distinguishes AVP from other forms 

of mammalian vasopressin. The AVP differs from oxytocin by only two amino acids at positions 

three and eight (7). By 1947, Verney established that AVP release is controlled by central  

osmoreceptors located in or near the supraoptic nucleus of hypothalamus (8). In late 1950s, 

Bargmann and Scharrer reported that the hormones of the posterior pituitary were produced by 

neurons in the hypothalamus. This moved the attention from the posterior pituitary products to 

the hypothalamus.    

AVP SYNTHESIS AND SECRETION 

Following the discovery by Bargmann and Scharrer (9), AVP was demonstrated to be synthesized 

in magnocellular neurosecretory cells (MNCs) concentrated in the supraoptic nucleus (SON) and 

paraventricular nucleus (PVN) of hypothalamus using electron microscopy (2). The SON is 

located behind blood-brain-barrier superior to the optic chiasm in the anterior region of 
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hypothalamus. The SON contains a homogenous composition of MNCs and acts as a primary 

source of circulating AVP and oxytocin (10). In the rat SON, AVP MNCs are clustered in the 

caudal portion of the nuclei and make up the majority (~60 – 70%) of cells (11, 12). The studies 

performed in the SON contributes to most available knowledge on AVP secretion.  

The AVP is synthesized as a pre-prohormone, which includes an N-terminal signal peptide, 

vasopressin, neurophysin, and a C-terminal glycoprotein called copeptin (13, 14). After post- 

translational modifications in the Golgi apparatus, the hormone is stored in the vesicles of 

magnocellular cell bodies. AVP is axonally transported to replenish the store in neurosecretory 

vesicles located in Herring bodies of the posterior pituitary (13, 15-20). The hormone is released 

from posterior pituitary into systemic circulation in response to action potentials propagated from 

MNCs to axon terminals in the neurohypophysis (21, 22).  

ACTIVITY DEPENDENT RELEASE OF AVP 

The frequency of action potentials from MNCs determines the quantity of AVP hormone 

released (23). Additionally, the basal firing frequency of MNCs establishes the osmotic set point 

(24, 25). The MNC action potential frequency (Hz) in rat with normal plasma osmolality (~ 294 

mOsm/kg) is ~ 3 Hz (26-28), to maintain normal circulating AVP concentration (29). Dehydration, 

hemorrhage, and hyperosmotic stimuli in rats, increases the MNC firing rate above basal 

frequencies up to ~ 15 Hz. The increase in frequency is shown to linearly correlate with 

increased AVP secretion (26-28, 30-32). It was shown by Douglas (1963) that the release of AVP 

from neurosecretory terminals occurs through exocytosis and is calcium dependent.  

The depolarization of MNC axon terminals causes voltage-gated calcium channels (VGCC) 

mediated influx of calcium ions (Ca2+). The increase in Ca2+ fuses vesicles with the membrane 
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and release AVP into extracellular space from where it is released into peripheral circulation 

through fenestrated neurohypophyseal capillaries (19, 33-35).  

REGULATION OF AVP SECRETION 

Several intrinsic and extrinsic mechanisms regulate the activity of AVP MNCs and AVP release. 

The activity of MNCs is regulated by non-osmotic and osmotic mechanisms through synaptic 

inputs from neuronal projections. Hemodynamic influences, hypotension and hypovolemia are 

the important non-osmotic factors that can potentially stimulate AVP release.  Non-osmotic 

regulation is predominantly mediated by baroreceptor (BR) activation and is controlled by 

projections from various brainstem centers to the hypothalamus. It is well established that the 

ascending inputs from arterial BRs reach the nucleus of the tractus solitarius in the brainstem via 

cranial nerves IX and X (36, 37). It is from nucleus of the tractus solitarius the inputs are relayed to 

the locus coeruleus (37-39). The ascending relay of information between the BRs and the SON 

involves both neurons located in the nucleus of the diagonal band of Broca (DBB) and inhibitory 

interneurons located in the perinuclear zone (PNZ) that surrounds the SON (40-45). Several studies 

have shown that GABAergic neurons in the PNZ project into the SON (37, 40, 42). 

The osmoreceptors are very sensitive to small (1-2%) increases in plasma osmolality. This 

causes linear graded secretion of AVP with osmotic stimulation (Figure 1). In normal conditions, 

the osmoregulatory set point or threshold at which AVP release is increased is 285mOsm/L in 

humans and 290mOsm/L in rats to maintain the osmolality within the normal range of 280-

290mOsm/L (46, 47). The MNCs get afferent inputs from osmoreceptors located in the median 

preoptic nucleus (MnPO) and the circumventricular organs (CVOs): subfornical organ (SFO) 

and organum vasculosum of the laminae terminalis (OVLT) (19, 24, 48). In addition to controlling 
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AVP release, these hypothalamus regions also mediate the effects of angiotensin and collectively 

control thirst and centrally mediated  natriuresis (49).  

Unlike the baroreceptor signaling, the neural projections for osmoregulation are controversial. 

But it is known that both the increase in arterial pressure detected by BRs and decrease in 

osmolality detected by osmoreceptors inhibit AVP MNCs through complex polysynaptic 

pathways leading to the activation of PNZ GABAergic neurons (50-52). The brainstem innervation 

to diagonal band of Broca through locus coeruleus appear to be involved in hypervolemia 

mediated inhibition of AVP release. The ventral median preoptic nucleus plays important role in 

osmoregulatory control of both thirst and AVP secretion and is shown to have possible inhibitory 

GABAergic innervation to the SON (51, 52). 

The AVP neurons are also auto regulated by intrinsic osmosensory mechanisms or by somato-

dendritic release of AVP (53, 54). These processes collectively alter the action potential firing rate 

of MNCs and subsequently AVP secretion from posterior pituitary. The evidence for 

osmoreceptors in SON MNCs was first provided by Mason in 1980 by recording the dissociated 

SON neurosecretory cells (55). They increased the osmolality of the perfusate gradually which 

created correlating increase in firing rate of SON neurons independent of synaptic transmission 

(55). The increase in cation conductance was observed in these neurons in addition to 

depolarization in the presence of hyperosmotic fluid (48, 55). Inversely, perfusing the acutely 

isolated SON neurons with hypoosmotic solution, hyperpolarize and inhibit cation conductance 

(56-58).  The changes in cell volume and cation conductance of these neurons suggested the role of 

mechanosensitive non-selective cation channels in osmosensory transduction (56-59).  

The subsequent studies provided evidence of the co-existence of TRPV1-4 in AVP MNCs of 

SON (60, 61). Mouse knockout studies have shown the role of TRPV1 during hyperosmotic 
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stimulation. The TRPV1 channels are activated by its interaction with microtubules during 

cellular shrinkage (62, 63). Both TRPV4 and TRPV2 are activated by hypoosmotic stimulation (60, 

61). In contrary to these findings, few studies using TRPV 1 knockout rats suggest that TRPV1 

channels are not necessary for AVP secretion and thirst stimulated by hypernatremia (64). These 

studies also show that deletion of the TRPV1 and/or TRPV4 gene in mice do not disrupt thirst 

stimulated by acute hypernatremia or hyperosmolality (65). The role of TRPV 1 and TRPV 4 in 

osmotransduction remains controversial. 

Additionally, during hyponatremia the glial cells within SON release taurine which acts as an 

agonist for glycine receptor and activates glycine mediated inhibitory mechanism in the AVP 

neurons (22, 66, 67). The glial cells were reported to reversibly withdrawn from MNCs during 

hypernatremia induced by salt loading and dehydration (68-70). 

OSMOREGULATORY FUNCTION OF AVP 

The AVP secreted into systemic circulation acts on guanine nucleotide-binding (G) protein-

coupled V2 and V1a receptors to maintain hydromineral and hemodynamic homeostasis 

respectively (7, 29).  The vasocontrictor effect was the first recognized functional characteristic of 

AVP, but its predominant function is traditionally described as osmoregulation (71, 72). The effect 

of AVP on function of renal AVP type 2 (V2) receptors alters  tubular reabsorption and therefore 

plasma osmolality (7). Anti-diuresis occurs when AVP binds to V2 receptors located in the late 

distal tubules and collecting ducts of the kidneys (7). The binding of AVP to V2 receptors 

activates protein kinase A which in turn mobilizes aquaporin-2 channels to the surface. The 

surface expression of aquaporin-2 increases water reabsorption from the renal filtrate and 

concentrates the urine (52, 73).  Urine concentration and excreted volume are linearly proportional 

to serum AVP in humans and rats (52, 73, 74). 
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HEMODYNAMIC FUNCTION OF AVP 

AVP contributes to hemodynamic homeostasis by regulating vascular tone through the AVP type 

1a (V1a) receptor pathways (7). The smooth muscle of various blood vessels express V1a 

receptors (75, 76). The V1a receptor is phosphorylated and activated upon binding of AVP. This 

results in the release of intracellular Ca2+ stores through sequential activation of second 

messengers, phospholipase C and inositol trisphosphate (7). The increase in Ca2+ contracts the 

smooth muscle by interacting with the myosin. Few studies have shown that AVP blocks ATP-

sensitive potassium (KATP) channels. KATP channels regulate vascular tone by inhibiting voltage-

sensitive Ca2+ channels in smooth muscle cells (77). Similar to osmoregulation, the release of 

AVP to maintain arterial blood pressure occurs in a dose-dependent manner (7) (78, 79). The role of 

AVP in maintaining mean arterial pressure has been demonstrated by pharmacologically 

blocking V1 receptors during experimental hypovolemia and hypervolemia (79, 80).  

CHRONIC OSMOTIC STRESS INDUCED VASOPRESSIN SECRETION 

Several chronic osmotic stresses have been shown to cause increased AVP release in rats: salt 

loading, liver failure, hemorrhage, and dehydration.  This dissertation examines increased AVP 

secretion during salt loading and liver failure. Increase in circulating AVP associated with salt 

loading and liver failure was measured using ELISA to verify the animal models (81).  

SALT LOADING (SL) 

Osmotic stress affects the action potential firing rate of MNCs in addition to their structural and 

functional properties. Salt loading (SL) by replacing drinking water with 2% NaCl leads 

hypernatremia in male rats by increasing plasma osmolality. In SL male rats, MNCs continue to 

release AVP into systemic circulation despite elevated blood pressure (82). This makes SL rats a 

model to study changes in neuronal regulation of AVP release due to chronic osmotic stress. 
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Hypernatremia caused by high salt intake leads to increased AVP release as a feedback 

mechanism to maintain plasma osmolality. Increased mean arterial pressure in SL rats is partly 

mediated by AVP, likely due to the elevation of vascular resistance and renal water retention. 

Previous studies have reported morphological and structural modification in both the SON and in 

the neurohypophysis during salt loading (30, 83). The glial-neuron interaction in the SON undergo 

a structural change in response to salt loading. Previous studies have reported coordinated 

astrocytic withdrawal from the SON neurons (37, 83, 84). Additionally, the functional plasticity 

induced by salt loading results in decrease in GABAergic and taurine input and increases 

translocation of transporters from the membrane (24, 85). Furthermore, cellular processes such as 

signal transduction and gene expression are also modulated in the MNCs during salt loading, 

leading to an increase in AVP gene expression (37, 69, 81, 82, 86).The mechanisms of these changes 

are not completely understood.  

LIVER FAILURE 

Liver failure induced hyponatremia results mainly from a decrease in plasma osmolality due to 

increased AVP secretion. The decrease in plasma volume and vasodilation in response to portal 

hypertension disturb the normal circulatory physiology during liver failure and are reported to 

increase AVP secretion as a compensatory mechanism (60, 87-89). In liver failure patients, the 

secretion of AVP is not suppressed relative to plasma osmolality leading to hyponatremia that 

increases morbidity and mortality of these patients (52, 90). The traditional treatment involves 

diuretics, hypertonic saline, V1a/V2 nonselective inhibitor conivaptan and selective V2 

antagonist tolvaptan (91, 92). These treatments are mostly inefficacious and have several 

limitations (52, 90). The most important limitations are hypotension and thirst with administration 

of vaptans (91, 92). Dilutional hyponatremia due to inappropriate AVP release is a common 
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electrolyte disorder in the clinic, but the mechanisms leading to increases in AVP secretion have 

not been investigated.  

Common animal models of liver failure include chronic bile duct ligation, total or partial 

hepatectomy, and D-galactosamine induced biliary fibrosis. In addition, toxic agents such as 

carbon tetrachloride (CCl4), thioacetamide (TAA), dimethylnitrosamine (DMN), and 

diethylnitrosamine (DEN) are used to induce liver failure (93, 94). The development and severity of 

some of these models depend on the dosage, frequency, and route of administration (93, 94). 

Chronic bile duct ligated rat model develops hyponatremia due to increased AVP secretion 

related to liver failure (60, 61, 88). This model is widely used as it is reproducible and the survival 

rate associated with this model is higher compared to other liver failure animal models. Several 

studies using bile duct ligated male rats have shown AVP neuron activation accompanied by 

increased AVP hnRNA expression and elevated circulating AVP concentration (88, 95, 96). The bile 

duct ligation for four weeks leads to hyponatremia as indicated by the decrease in plasma 

osmolality and hematocrit values (60, 88, 95, 96).  

INTRACELLULAR CHLORIDE CONCENTRATION AND GABA SWITCH  

The intracellular chloride concentration [Cl]i in SON neurons is primarily regulated by cation 

chloride co-transporters (CCC), Na+/ K+/ Cl- cotransporter (NKCC1) and K+/ Cl-cotransporter 

(KCC2). The KCC2 cotransporter was first identified in neurons by Payne in 1996 (97, 98). 

NKCC1 and KCC2 have been strongly implicated in the maturation of GABAergic transmission 

(99, 100). The later studies by Claudio Rivera and collaborators demonstrated that the [Cl]i in 

developing immature neurons is higher than the mature neurons due to a high NKCC1 and low 

KCC2 expression (100). The movement of chloride ions through the GABAA receptor is 

determined by the concentration gradient across the cell membrane. This leads to chloride efflux 
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and a depolarization of the neuron during GABAAR-mediated synaptic activity. In mature 

neurons, the activity of KCC2 is higher than NKCC1 which primarily contributes to maintaining 

low [Cl]i. This predominant KCC2 activity accounts for the hyperpolarizing response upon 

synaptic GABAAR activation by changing the flux of chloride ion through GABA receptor (101). 

The [Cl]i mediated GABA switch in developing and mature neurons is shown in Figure 2.  

Hence, changes in the activity of these transporters directly impact synaptic transmission and 

have been involved in various pathological conditions (37, 81, 82).   

MEMBRANE EXPRESSION OF KCC2 

The KCC2 is expressed throughout the CNS. However, KCC2 expression and 

localization at the membrane is tightly regulated by neuronal activity and during brain 

development. The posttranslational modifications of amino acid residues of KCC2 are involved 

in both membrane expression and transport function. The protein kinase C (PKC) mediated 

phosphorylation of Ser940 residue has been shown to decrease endocytosis resulting in increased 

KCC2 activity and membrane stability (102-104). The phosphorylation and dephosphorylation of 

Ser940 parallels the maturation of GABAergic transmission (105, 106). The Thr906 and Thr1007 

residues are involved in cellular volume regulation through With No Lysine (WNK) Kinases 

and/or Ste20p-related proline/Alanine-rich kinase (SPAK) - oxidative stress-responsive kinase-1 

(OSR1) pathway (107). The phosphorylation of Tyr1087 is not completely understood. It is 

thought to inactivates KCC2 in heterologous systems (108, 109) or neurons (110-112) without affecting 

its membrane expression. 

BDNF-TrkB MECHANISM 

One important mechanism that contributes to the downregulation of KCC2 involves Brain-

Derived Neurotrophic Factor (BDNF) dependent activation of tyrosine receptor kinase B (TrkB) 
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(81, 82). The BDNF belongs to the family of neurotrophins that includes nerve growth factor 

(NGF), neurotrophin 3 (NT-3), and neurotrophin 4 (NT-4). Neurotrophins are known to play 

significant roles in proliferation, differentiation and survival of neurons present in both central 

and peripheral nervous systems during embryogenesis (113, 114).  

The BDNF has varied and complicated functions in various regions of CNS from early stages of 

development throughout the life span (115). In the mature animals, BDNF is known to be 

expressed in hippocampus, hypothalamus, cortex, cerebellum, and in few regions of the brain 

stem (116-118). The BDNF plays role in synaptic plasticity in the hippocampus but its function is 

less well defined in the hypothalamus (119). Previous studies have shown that BDNF expression 

can be regulated by several neurotransmitters such as serotonin, glutamate, acetylcholine and 

GABA (116). Additionally, the modulation of neuronal activity due to osmotic or immobilization 

stress can increase the expression of BDNF. 

BDNF SYNTHESIS AND SIGNALING 

The BDNF is synthesized as preproBDNF of 30–35 kDa size. It is proteolytically cleaved by 

proconvertases or proteinases at a highly conserved dibasic amino acid motif site resulting in 

proBDNF, which is then converted to mature BDNF (120, 121).  The structure of mature BDNF is 

50% identical to the proBDNF. The BDNF packaged into vesicles and undergoes activity-

dependent release from neuronal cells (122) (123, 124). 

Neurotrophins recognize and bind with high affinity to a complex receptor system consisting of 

transmembrane tyrosine kinase receptors belonging to the tropomyosine- related kinase (Trk) 

family.  These neurotrophins bind equally to the pan neurotrophin receptor 75 (p75) but have 

differing affinities for the various subtypes of Trk receptors. There are three different kinds of 

Trk receptors, which serve as the receptors for the neurotrophins. TrkA is bound by NGF, TrkB 
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is bound by BDNF and NT-4, and TrkC is bound by NT-3 (125). Most neuronal effects of BDNF 

are mediated by the TrkB receptor. The binding of BDNF to TrkB induces phosphorylation and 

dimerization of the intracellular tyrosine kinase domain of receptor resulting in activation (115). 

These events initiate several complex intracellular signal transduction cascades including those 

controlled by Ras, MAPK, PI3K, PLC- γ and the Cdc42/Rac/RhoG protein family (126, 127). 

Additionally, during neuronal development, the BDNF- TrkB complex can be internalized and 

transported retrogradely to the neuron cell body to regulate gene expression (128) (129). 

BDNF MEDIATED MECHANISM AND AVP SECRETION 

The first evidence of BDNF expression in the SON of adult rat was reported in 1998 by 

Marmigere (130). Further studies by Aliaga showed increased expression of BDNF in the SON 

with hypertonic saline injection (131). This study also showed a correlation between increases in 

BDNF and AVP along with morphological co-localization of BDNF in SON AVP neurons. The 

studies done by Ohbuchi in 2009 provided the first evidence that BDNF reduces the frequency 

and amplitude of postsynaptic inhibitory GABAA receptor-mediated currents (132). The 

consecutive studies used TrkB-Fc as a BDNF scavenger to show activation of TrkB receptor and 

downregulation of KCC2 in the SON associated with increase in mean arterial pressure in SL 

rats. These studies showed that the weakening of baroreceptor mediated inhibition of AVP 

MNCs during SL is mediated through BDNF-TrkB-KCC2 mechanism (37, 69, 81, 82, 86, 125). 

In conclusion, the abovementioned vast contributions to the understanding of AVP regulation 

indicates that highly regulated release of AVP is crucial to maintain body fluid homeostasis. 

Nevertheless, the altered AVP neuron regulation leading to sustained AVP release is not 

completely understood. This dissertation addresses the gaps in existing knowledge by examining 
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the role of BDNF-TrkB- KCC2 mechanism in impairment of GABA inhibition in AVP neurons, 

leading to sustained AVP secretion using salt loading and liver failure rat models. 
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FIGURES 

CHAPTER I- Figure I-2 – Linear relationship between plasma AVP and osmolality 

 

Figure 1:  Plasma vasopressin secretion is directly linear with plasma osmolality. The normal 

physiological range of plasma osmolality is 280-290mOsm/kg with setpoint or threshold for 

AVP secretion is 285mOsm/kg in humans and 290mOsm/L in rats. Adapted from Stout et al, 

1999, Gerontology; Feingold KR et al., 2000, The Neurohypophysis: Endocrinology of 

Vasopressin and Oxytocin. 
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CHAPTER I- Figure I-3 – GABA Switch during development 

 

 

Figure 2:  GABA switch from excitation to inhibition during development shows the decrease in 

intracellular chloride and upregulation of K+ Cl- co-transporter 2 (KCC2). Adapted from Y. Ben-

Ari, 2014, Neuroscience 

.  
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SPECIFIC AIMS AND HYPOTHESES 

 

The focus of this dissertation is to understand the regulation of supraoptic vasopressin neurons 

during hypernatremia using high salt loaded rat model and during hyponatremia using liver 

failure model. Figure 4 is schematic representation of all two specific aims of this dissertation. 

Specific Aim 1A 

To determine if the Supraoptic Nucleus (SON) is the source of BDNF contributing to increased 

AVP release and mean arterial pressure in high salt loaded rats 

Previous studies have shown that salt loading (SL) upregulates Brain Derived Neurotrophic 

Factor (BDNF).  BDNF diminishes the GABAA inhibition in vasopressin neurons in the SON by 

increasing intracellular chloride ([Cl]i) through Tyrosine kinase receptor B (TrkB) 

phosphorylation. This produces sustained increase in arginine vasopressin (AVP) release and 

mean arterial pressure (1-3). However, the source of BDNF is not known. We hypothesize that 

SON is the source of BDNF contributing to increased AVP release in SL rats. We verify this 

hypothesis using adeno-associated viral vectors with shRNA against BDNF in 2% SL male rats.  

Specific Aim 1B 

To determine if TrkB-KCC2 mediated mechanism contributes to increased intracellular chloride 

concentration in SON AVP neurons of high salt loaded rats 

Salt loading (SL) increases intracellular chloride concentration [Cl]i, impairing GABAA 

inhibition of SON AVP neurons. But the regulatory mechanisms leading to increased [Cl]i is not 

completely understood. Based on previous studies, we hypothesize that SL activates TrkB 

receptor and downregulates K+/Cl- co-transporter 2 (KCC2) co-transporter. Downregulation of 
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KCC2 decreases the efflux of chloride ion causing increase in [Cl]i in SON AVP neurons (2, 4). In 

this aim, we have combined virally mediated ClopHensorN, a relatively new ratiometric chloride 

imaging technique with capillary based Simple Western technology to record changes in [Cl]i 

and specifically detect KCC2 protein expression in individual SON AVP neurons. 

Specific Aim 2 

To determine if BDNF from the SON contributes to increased AVP secretion and hyponatremia 

during liver failure in male rats 

Based on previous studies (2, 4), we hypothesis that inappropriate AVP release associated with 

liver failure is due to increased BDNF in the SON. BDNF diminishes GABAA inhibition in SON 

AVP neurons by increasing intracellular chloride ([Cl]i) through TrkB activation and 

downregulation of KCC2. This loss of inhibition could increase AVP secretion. To test this 

hypothesis, chronic bile duct ligated (BDL) rats, a model of dilutional hyponatremia associated 

with liver failure, were injected with shRNA to prevent increased BDNF in the SON. 
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CHAPTER I- Figure I-4 – Schematic representation of specific aims 

 

Figure 4: Schematic representation of specific aims. Regulatory mechanism in normal 

vasopressin neuron (top); Regulatory mechanism in salt loaded male rats (bottom, left; specific 

aim 1a and 1b); bile duct ligation (BDL) in male rats leading to dilutional hyponatremia (bottom, 

right; specific aim 2).  
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ABSTRACT 

High salt loading (SL) is associated with inappropriate arginine vasopressin (AVP) release and 

increased mean arterial pressure. Previous work has shown that chronic high salt intake impairs 

baroreceptor inhibition of rat AVP neurons through Brain-Derived Neurotrophic Factor (BDNF) 

dependent activation of tyrosine receptor kinase B (TrkB) and downregulation of K+/Cl- co-

transporter KCC2. This mechanism diminishes the GABAA inhibition of AVP neurons in the 

supraoptic nucleus (SON) by increasing intracellular chloride ([Cl]i). However, the source of 

BDNF leading to this ionic plasticity is unknown. Here we used adeno-associated viral vectors 

with shRNA against BDNF to test if SON is the source of BDNF contributing to increased AVP 

release and elevated mean arterial pressure in high salt loaded rats. Virally mediated BDNF 

knockdown (shBDNF) in the SON of salt loaded rats significantly blocked the increases in 

BDNF mRNA and AVP hnRNA expression. The observed increase in the activation of TrkB 

receptor during salt loading is consistent with previous studies. Western blot analysis of SON 

punches revealed that tyrosine phosphorylation of TrkB (pTrkBY515) was significantly decreased 

in Salt shBDNF rats compared to the Salt SCR rats. Injections of shBDNF in the SON also 

significantly prevented the increase in plasma AVP concentration associated with salt loading. 

However, the salt loading induced increase in mean arterial pressure was not decreased with 

BDNF knockdown in the SON. Average daily fluid intake and urine output were significantly 

elevated in both Salt SCR and Salt shBDNF rats compared to the euhydrated controls. Daily 

average urine sodium concentration was significantly higher in shBDNF injected Salt rats than 

the other groups. These findings indicate that BDNF produced in the SON contributes to the 

increased AVP secretion during high salt loading but not for the subsequent increase in mean 

arterial pressure.  
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INTRODUCTION 

Arginine vasopressin (AVP) is a peptide hormone that is synthesized in Magnocellular 

Neurosecretory Cells (MNCs) present in Supraoptic Nucleus (SON) and Paraventricular Nucleus 

(PVN) of the hypothalamus (1-3). Arginine vasopressin is axonally transported through 

hypothalamic hypophyseal tract from hypothalamus to the posterior pituitary where it is released 

into systemic circulation (1, 2). Release of AVP is regulated primarily by plasma osmolality, blood 

pressure, and blood volume (4-6). Increased plasma osmolality activates hypothalamic MNCs 

increasing circulating AVP which acts at the kidneys to increase water reabsorption and maintain 

homeostasis. Conversely, decreased plasma osmolality is associated with inhibition of AVP 

MNCs, reduced plasma AVP, and diuresis. A linear relationship between plasma AVP and 

osmolality is observed during normal conditions and requires highly coordinated excitatory and 

inhibitory postsynaptic responses (3, 7).  

Altered synaptic homeostasis of vasopressinergic MNCs could contribute to disease conditions 

in which circulating AVP is abnormally elevated (7, 8). For example, congestive heart failure and 

decompensated cirrhosis can be associated with dilutional hyponatremia (9-11).  The development 

of hyponatremia is associated with increased morbidity and mortality in these diseases (12-14). 

Despite vast existing knowledge about the regulation of AVP neurons (5, 6, 15-18) the 

pathophysiology of inappropriate AVP secretion remains unknown. Increased AVP release into 

systemic circulation from MNCs despite elevated mean arterial pressure is reported during high 

salt loading (SL; i.e. giving rats only 2% NaCl to drink) (19). This makes salt loaded rats a model 

to study changes in neuronal regulation of AVP release due to chronic osmotic stress. 

High salt intake causes hypernatremia leading to AVP release as a feedback to maintain plasma 

osmolality. Salt - induced increases in mean arterial pressure is partly mediated by AVP through 
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the elevation of vascular resistance and renal water retention. Previous studies have shown that 

salt loading upregulates Brain Derived Neurotrophic Factor (BDNF)(19-22). Increases in BDNF 

diminish or reverse the GABAA mediated inhibition in AVP neurons by increasing intracellular 

chloride ([Cl]i). This disturbance in the chloride homeostasis is mediated by BDNF - dependent 

activation of tyrosine receptor kinase B (TrkB) and downregulation of potassium chloride co-

transporter (KCC2). The changes in regulatory mechanisms creates a feed forward loop causing 

sustained release of AVP and an increase in mean arterial pressure(19, 21, 22). However, the source 

of BDNF is yet to be elucidated. We hypothesize that the SON is the source of BDNF 

contributing to increased AVP release and mean arterial pressure in salt loaded rats. In this study, 

we used adeno-associated viral vectors with shRNA against BDNF to test our hypothesis by 

knocking down BDNF in the SON. This study will address several critical gaps in the literature 

by determining the source of BDNF that contribute to neural adaptations resulting in 

pathophysiology of inappropriate AVP release in the high salt loaded rats.  
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MATERIALS AND METHODS 

ANIMALS 

All the experiments were conducted on outbred adult male Sprague-Dawley rats with body 

weight of 200-250 g (Charles River, Wilmington, MA). Rats were individually housed due to the 

use of survival surgery and individual fluid intake measurements in the protocol. All animals 

were maintained in a temperature-controlled environment on a 12/12h light dark cycle with ad 

libitum access to food and water unless otherwise indicated. Experimental protocols involving 

animals were approved by the UNT Health Science Center IACUC and conducted in accordance 

to the National Institute of Health Guide for the Care and Use of Laboratory Animals. Survival 

surgeries were conducted using aseptic techniques. All rats were given procaine penicillin G 

(30,000 U, sc) and non-steroidal anti-inflammatory drug, carprofen (Rimadyl, 2 mg po), was 

given before and after surgery for pain management.  

AAV-MEDIATED KNOCKDOWN OF BDNF IN THE SUPRAOPTIC NUCLEUS 

Rats were bilaterally injected in the SON (300 nl/side) with an Adeno‐associated virus (AAV) 

serotype 2 conjugated with a shRNA directed against BDNF, a mCherry reporter, and a U6 

promoter (shBDNF). Another group of rats received bilateral SON injections of equal titer and 

amount of AAV2 conjugated with a scrambled (SCR) sequence of shRNA (Vector Biolabs, 

Malvern, PA) as controls. The vectors were injected at a titer of 1.0 X 1013 GC/ml (Vector 

Biolabs).  Each rat was anaesthetized with isoflurane (2-3%) and placed in stereotaxic frame. 

Their skulls were exposed and leveled between lambda and bregma(23). A micromanipulator was 

oriented to lower the probe to the targeted coordinates of SONs (1.4 mm posterior, 9.1 mm 
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ventral, and ±1.4 mm lateral from bregma). Each construct was injected in both the SONs over a 

10-min period. After 5 min, the injector was removed, and the incision was closed with sutures. 

METABOLIC CAGE STUDY 

After two weeks of recovery from surgery, rats were moved into metabolic cages (Lab Products, 

Seaford, DE) for measurement of daily food intake, fluid intake, and urine excretion. The rats 

were provided with ad libitum access to food and water for first 7 days to record baseline 

parameters. Following the baseline measurements, a subset of shBDNF and SCR rats had their 

water replaced with 2% salt (NaCl) to drink for 7 days as previously described (19). Food and 

fluid intake were measured by filling the containers up to a predetermined weight in grams and 

subtracting the remaining weight 24 h later. Mineral oil was added to the urine collection vials to 

prevent evaporation of water from urine.  Urine excretion volume was recorded, and urine 

samples were collected for measuring daily sodium excretion.  

MEASUREMENT OF ELECTROLYTE CONCENTRATION 

Urine from each rat was collected in 50-ml centrifuge tubes and a 1 to 2 ml aliquot was taken 

from each daily sample and centrifuged (20 min; 10,000 g). Sodium concentration in each of the 

urine samples was determined at 1:500 dilution using flame photometer (Jenway PFP7, VWR 

International, Radnor PA). Final sodium concentration in mmol/l was calculated from linear 

calibration curve derived from sodium standards.  

LASER CAPTURE MICRODISSECTION (LCM) AND QUANTITATIVE REAL TIME PCR 

(qRT-PCR) 

At the end of the 7-day salt loading protocol, the rats were anesthetized with inactin (100 mg/kg 

ip, Millipore Sigma, Burlington, MA) and decapitated. Their brains were collected and flash 
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frozen using precooled 2- Methyl butane. Fresh frozen brains were prepared for LCM(18, 20) by 

cutting 10μm thick coronal sections through the hypothalamus at the level of the SON. The 

sections were mounted onto poly(p-phenylene) sulfide membrane coated slides (Leica 

Microsystems, Buffalo Grove, IL). Separate sets of sections with 40μm thickness were mounted 

on gel coated slides to verify histology of other nuclei in hypothalamus. A Leica Microsystems 

Laser Capture Microdissection instrument which utilizes an UV cutting laser to dissect the 

region of interest into collection tube, was used to verify the accuracy of the injection sites by 

visualizing the mCherry reporter and to specifically collect the SON neurons. Minimum of 7-9 

SON regions were laser captured and collected from each rat for RNA extraction and 

amplification. The SONs collected from LCM were used to measure changes in BDNF mRNA 

and AVP hnRNA using qRT-PCR. The RNA was extracted and purified from each sample using 

ArrayPure Nano-Scale RNA Purification Kit reagents (Epicentre Biotechnologies, Madison, 

WI). The concentration and quality of each RNA sample was evaluated using a Nanodrop 

Spectrophotometer (Thermo Scientific, Waltham, MA) and reverse transcribed to cDNA with 

Sensiscript RT Kit reagents (Qiagen, Valencia, CA)(20). Real-time PCR was performed on an 

CFX96 C1000 Cycler (Bio-Rad, Hercules, CA) with SYBR green fluorescent label. Samples 

(15ul final volume) contained: SYBR green master mix (Bio-Rad), 3–5 pmol of each primer, and 

equal concentration of cDNA. Cycling parameters were as follows: 95o C·3 min, then 40 cycles 

of the following 95o C·10 s, 60o C·1 min. A melting temperature-determining dissociation step 

was performed from 65o C to 95o C at increments of 0.5 o C every 5 s at the end of the 

amplification phase.  

Forward and reverse primers for target genes (Table 1) were obtained from Integrated DNA 

Technologies (Coralville, IA).  The housekeeping gene S18 was used to normalize RNA 
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expression. Melt curves generated were analyzed to identify nonspecific products and primer-

dimers. The data were analyzed by the 2-ΔΔCt method (24, 25). ΔCt was measured by calculating the 

difference between the S18 and the corresponding gene of interest Ct values. For obtaining the 

ΔΔCt value, this value was then subtracted from the difference between the average of control 

S18 and control gene of interest Ct values (18, 26, 27). 

PLASMA MEASUREMENTS 

One to 2-ml of trunk blood was collected from each rat after decapitation and prepared for 

measuring plasma osmolality and hematocrit as previously described (18). Plasma osmolality was 

measured on a vapor pressure osmometer (Wescor, Logan, UT). Two heparinized capillary tubes 

(Fisher Scientific, Hampton, NH) were filled for measuring hematocrit using Micro-Hematocrit 

capillary tube reader (Lancer, St. Louis, MO). 

Another 5 - to 6 -ml blood was collected in Vacutainer tubes containing the anticoagulant, EDTA 

(12 mg). The proteinase inhibitor, aprotinin (0.6 TIU/ml of blood; Phoenix Pharmaceuticals, Inc, 

Burlingame, CA) was added and the sample was centrifuged at 1600 g for 15 minutes at 4o C. 

Two-three ml of plasma were removed from each sample and peptides were extracted from 

plasma by solid phase extraction using C-18 SEP-Column (Phenomenex, Torrance, CA). After 

the extraction, each sample was subjected to vacuum centrifugal concentration. Circulating AVP 

concentration was measured by using specific ELISA according to the manufacturer’s 

instructions (EK-065-07, Phoenix Pharmaceuticals, Inc). Four parametric logistic analysis (4-PL) 

was performed to quantify the concentration of peptide.  
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WESTERN BLOT ANALYSIS 

At the end of 7-day salt loading protocol, the rats were anesthetized with inactin (100 mg/kg ip) 

and decapitated. Punches containing the SON were collected from 1 mm coronal section from 

each brain as previously described (18, 28). Protein was extracted from the SON punches using 

RIPA lysis buffer containing DTT, chelators, and protease phosphatase inhibitor cocktail. Protein 

concentration was determined by bicinchoninic acid assay (BCA assay) with varying 

concentrations of BSA as reference standards. Total lysate (20–25 ug) were loaded onto a 4-15% 

acrylamide sodium dodecyl sulphate (SDS) gel and separated by electrophoresis in Tris-glycine 

buffer with denaturing conditions. The protein was transferred to Polyvinylidene difluoride 

(PVDF) membrane (Immobilon-P; EMD-Millipore, Burlington, MA) in Tris-glycine buffer (25 

mM Tris, 192 mM glycine, 0.1% SDS; pH 8.3) with 20% (v/v) methanol. Membranes were 

blocked with 5% BSA in Tris-buffered saline-Tween 20 (25 mM Tris base, 125 mM NaCl, 0.1% 

Tween 20) for 30 min at room temperature. The membranes were incubated with primary 

antibodies made in 5% BSA overnight at 4o C. The primary antibodies used were: 

Phosphorylated TrkB (Y515; rabbit polyclonal; 1:1000; ab109684, Abcam, Cambridge, MA), 

Total TrkB (goat;1:1000; GT15080, Neuromics), Phosphorylated KCC2 (Ser940; rabbit 

polyclonal; 1:500; 612-401-E15, Rockland), mCherry (rabbit polyclonal;1:500; ab167453, 

Abcam) and GAPDH (mouse monoclonal;1:2000; MAB374, Millipore).  

Membranes were rinsed three times at 10 min intervals with TBS-Tween followed by a 2 h 

incubation at room temperature with a horseradish peroxidase-conjugated secondary antibody 

against the primary antibody host species (anti-rabbit, anti-goat, or anti-mouse; 1:1000; Sigma, 

St Louis, MO, USA). The membranes were washed three times at 5 min intervals with TBS-

Tween. Proteins were visualized using an enhanced chemiluminescence substrate kit 
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(Supersignal West Femto Maximum Sensitivity kit; Thermo Scientific, Waltham, MA). Blots 

were developed, and the digital image was obtained by using Gbox (Genesnap program) and 

densitometry analysis of the bands was performed using ImageJ. Densitometry measurements of 

the immunoreactive bands were normalized using GAPDH as loading control. 

MAP AND HR MEASUREMENTS USING RADIO TELEMETRY 

After a week of recovery from stereotaxic injections, some rats from each group were 

instrumented with radio telemetry transmitters (TA11PA-C40 telemetry unit, Data Science 

International, St. Paul, MN) under isoflurane anesthesia (2-3%) as previously described (29). The 

blood pressure catheter was advanced into the abdominal aorta and the radio transmitter device 

was placed in the peritoneal cavity for the duration of the experiment. Direct recording of mean 

arterial pressure, heart rate and activity was done using transmitters. After two weeks of recovery 

period, signals from the telemetry device were recorded for 7-day baseline followed by 7-day SL 

using a Dataquest IV radio telemetry system (Data Sciences International, St. Paul, MN). During 

the experiments, heart rate (HR), activity (ACT), and mean arterial pressure (MAP) were all 

measured for 10 seconds every 10 minutes for 24 h/day and averaged as previously described (29).  

EXPERIMENTAL GROUPS AND STATISTICAL ANALYSIS 

In all the above experiments, the rats were divided into four groups based as follows: 1) 

Euhydrated rats injected with SCR virus (Eu SCR), 2) Euhydrated rats injected with shBDNF 

virus (Eu shBDNF), 3) Salt loaded rats injected with SCR virus (Salt SCR), and 4) Salt loaded 

rats injected with shBDNF virus (Salt shBDNF).  

Data from the metabolic cage studies and electrolyte measurements were analyzed by separate 

two-way repeated measures ANOVA with time as first factor and treatment (drinking fluid with 
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stereotaxic injection) as second factor followed by Bonferroni post hoc tests. All other data were 

analyzed using one-way ANOVA with Bonferroni post hoc tests using Sigma Plot 12.0. Figures 

were assembled using the ‘magick’ package in RStudio. The group sizes were determined by 

power analysis and effect size calculated from our previously published work (16, 18, 19) and 

preliminary data using Sigma plot 12.0. Power analysis calculation elements included 

considerations of p < 0.05, of 0.8, largest difference between means, and the largest standard 

deviation we had observed from our studies. Eta2 (  method was chosen to calculate the effect 

sizes and the sample sizes were balanced (equal) in all the groups and were independent of each 

other. Sum of squares (SS) of effect and total from our previous studies (15, 16, 18, 19) were used for 

the effect size determination. The minimal n’s per group for each experiment was decided to 

have an appropriately powered study with the effect size ( ) of approximately 0.7 (70%).  

RESULTS 

CHANGES IN AVP AND BDNF GENE EXPRESSION IN SON 

Using LCM, we verified the accuracy of the stereotaxic injections by visualizing the mCherry 

reporter (Figure 1A) and collected the SONs to measure changes in the BDNF mRNA and AVP 

hnRNA expression using qRT PCR by 2-ΔΔCt method. Rats that did not have successful virus 

injections in the SON were separately analyzed. One-way ANOVA revealed significant 

difference between the groups in BDNF (F (3,23) = 5.78, P< 0.05) and AVP (F (3,23) = 8.83, 

P<0.05) gene expression. Bonferroni post hoc analysis showed that salt loading significantly 

increased BDNF and AVP gene expression in the SON of rats injected with SCR compared to 

the euhydrated rats (Bonferroni t tests, all P < 0.05, Figure 1). Post hoc multiple comparison of 

mRNA levels between Salt SCR and Salt shBDNF groups showed that SON injections of 

shBDNF significantly blocked the increases in BDNF mRNA (Bonferroni t = 3.310, P < 0.05) 
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and AVP hnRNA (Bonferroni t = 4.09, P < 0.05) in SON of salt loaded rats. In rats with 

injections of shBDNF outside of the SON, salt loading significantly increased BDNF mRNA in 

the SON (F (3, 12) = 7.33, P < 0.05; Figure 2) and the increase produced by salt loading was not 

different compared to the Salt SCR group (Bonferroni t = 0.37, P > 0.05; Figure 2).  

CHANGES IN PHOSPHORYLATION OF TrkB AND KCC2 IN SON 

We used mCherry expression to verify the specificity of stereotaxic injections (Figure 3). One-

way ANOVA analysis revealed significant difference between the groups in TrKB 

phosphorylation (F (3,23) = 6.778, P < 0.05) and KCC2 phosphorylation (F (3,24) = 4.546, P < 

0.05). Seven days of 2% salt loading significantly increased TrkB phosphorylation without 

affecting total TrkB expression and decreased phosphorylation of KCC2 (Bonferroni t tests, all P 

< 0.05, Figure 3) in the SON of rats injected with the control vector compared to the euhydrated 

rats. Virally mediated BDNF knockdown in the SON of salt loaded rats significantly prevented 

the increase in TrkB phosphorylation and decrease in KCC2 phosphorylation compared to 

euhydrated rats (Bonferroni t tests, all P < 0.05, Figure 3). One to two rats in each group did not 

have successful virus injections in the SON which were verified at the end of the experiment 

using either LCM/qRT PCR or western blot analysis and were excluded from the data analysis in 

all the following experiments.  

CHANGES IN FLUID INTAKE, URINE EXCRETION, FOOD INTAKE AND BODY 

WEIGHT 

Fluid intake was measured daily before and during 7 days of 2% salt loading. Two-way repeated 

measures ANOVA revealed a significant interaction indicating that fluid intake was affected by 

time and the treatment protocol (Time x Treatment F (39,351) = 18.44, P < 0.001; Figure 4A). 
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Post hoc multiple comparisons between the factors revealed that while there were not differences 

among the groups during baseline, salt loading significantly increased fluid intake and this 

increase was not affected by BDNF knockdown in the SON. Similar results were obtained for 

urine excretion (Time x Treatment F (39,351) = 24.419, P < 0.001; Figure 4B) and food intake 

(Time x Treatment F (39,351) = 18.420, P < 0.001; Figure 4C). The average daily urine volume 

during baseline was not different among the groups and salt loading increased urine output 

comparably in both Salt SCR and Salt shBDNF rats (Figure 4B). Food intake was significantly 

decreased in both groups of salt loaded rats compared to the euhydrated rats (Figure 4C).  

Concomitantly, the average body weight increase during salt loading was significantly decreased 

in both Salt SCR and Salt shBDNF rats compared to the euhydrated rats (F (3, 36) = 27.48, P < 

0.001; Bonferroni t tests, P < 0.05; Figure 4D). 

CHANGES IN ELECTROLYTE EXCRETION 

Urine sodium excretion was measured before and during the 7-day salt loading protocol. 

Average daily changes in sodium excretion were significantly affected by time and the treatment 

protocol (F (39,312) = 35.65, P < 0.001; Figure 5A). There were no differences among the 

groups during baseline. During salt loading, daily average change in sodium excretion 

significantly increased in the Salt SCR rats as compared to the two euhydrated control groups 

(Bonferroni t tests, all P < 0.05; Figure 5A). The daily changes in sodium excretion following 

BDNF knockdown in the SON was significantly increased during the 7-day salt loading as 

compared to all the other groups (Bonferroni t tests, P < 0.05; Figure 5A). Knockdown of BDNF 

in the SON also significantly increased total average daily sodium concentration (F (3, 32) = 

43.55, P < 0.001; Figure 5B). The average daily urine sodium concentrations of salt loaded rats 

were significantly higher than the euhydrated groups during salt treatment. In addition, the Salt 
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shBDNF group had significantly higher urine sodium excretion than the Salt SCR rats 

(Bonferroni t tests, all P < 0.05; Figure 5B).   

CHANGES IN PLASMA AVP, OSMOLALITY AND VOLUME 

One-way ANOVA revealed significant difference between the groups in plasma AVP 

concentration (F (3,18) = 26.227, P< 0.05). Bonferroni multiple comparisons show that rats with 

SCR injections and salt loading had significantly increased circulating AVP compared to all the 

other groups (Bonferroni t tests, all P < 0.001; Table 2). Knockdown of BDNF in the SON of salt 

loaded rats significantly decreased plasma AVP as compared to the Salt SCR group (Bonferroni t 

= 6.661, P < 0.05; Table 2). Plasma osmolality and hematocrit values were significantly different 

between the groups (Plasma osmolality F (3,47) = 20.746, P < 0.001; Hematocrit F (3,47) = 

18.478, P < 0.001). The Salt SCR rats also had plasma osmolality and hematocrit values that 

were significantly higher than all other groups (Bonferroni t tests, all P < 0.05). The Salt 

shBDNF group had significantly lower plasma osmolality (Bonferroni t = 4.146, P < 0.05; Table 

2) and hematocrit (Bonferroni t = 3.708, P < 0.05; Table 2) as compared to the Salt SCR group. 

CHANGES IN MEAN ARTERIAL PRESSURE AND HEART RATE 

Two-way repeated measures ANOVA revealed a significant interaction indicating that MAP was 

affected by time and the treatment protocol (Time x Treatment F (39,312) = 21.169, P < 0.001; 

Figure 6).  Post hoc multiple comparisons between the factors revealed that there were not 

differences among the groups during baseline (Table 3). Salt loading was associated with 

significant increases in MAP in rats injected in the SON with either SCR or shBDNF. The mean 

arterial pressure increases in the two salt loaded groups were not different from each other 

(Figure 6A & B).  Two-way repeated measures ANOVA followed by post hoc analysis show that 
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salt loading was associated with a significant decrease in heart rate (Time x Treatment F (39,312) 

= 3.221, P < 0.001; Figure 6C & D; Table 3) that was not different between the SCR and 

shBDNF injected rats.  

DISCUSSION 

It is known that AVP MNCs are regulated by negative feedback from arterial baroreceptors 

mediated by GABAA inhibition (6, 21). Previous studies have established that chronic salt loading 

can impair this baroreceptor inhibition by altering chloride homeostasis of MNCs through a 

BDNF –TrkB signaling mechanism (19-21). It is important to identify the source of BDNF leading 

to changes in the regulatory mechanism to get a complete understanding of the pathophysiology 

of inappropriate AVP release. The results from this study show that the SON is the source of 

BDNF resulting in inappropriate release of AVP in salt loaded rats.  

Circulating AVP is primarily determined by the activity of MNCs located in the PVN and SON 

of the hypothalamus(3, 16). In addition, MNCs are reported to express both BDNF and TrkB (20). 

Because SON is less heterogeneous than PVN and we previously observed salt loading-mediated 

changes in GABA inhibition of SON MNCs, we injected an AAV vector constructed with 

shRNA against BDNF (AAV2- U6- shBDNF) bilaterally into the SON. This specific knockdown 

approach helped test whether increased expression of BDNF in the SON contributes to the 

elevated circulating AVP and MAP associated with salt loading. Previous studies using this 

shBDNF viral construct have shown that its effects are primarily neurotropic and that it produces 

stable knockdown of BDNF(19). 

Knocking down BDNF in the SON of salt loaded rats significantly attenuated the increases in 

AVP hnRNA in the SON and circulating AVP normally associated with salt loading. Chronic 
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salt intake increased the concentration of plasma sodium and proportionally increased plasma 

osmolality. Knockdown of BDNF in the SON was also associated with a significant decrease in 

plasma osmolality and a significant increase in sodium excretion. Blocking the increase in BDNF 

in the SON produced natriuresis in salt loaded rats that may have contributed to the observed 

decrease in plasma osmolality. It is likely the natriuesis is related to the decrease in circulating 

AVP (30) but this was not tested. It is also well established that elevation of plasma osmolality by 

salt loading can activate hypothalamic oxytocin neurons. An additional possibility is that 

oxytocin can facilitate the release of Atrial natriuretic peptide (ANP) which reduces an 

expanded extracellular fluid (ECF) volume by increasing urine and renal sodium excretion(4, 31). 

Injections of shBDNF in the SON did not cause any changes in the volume of urine excretion or 

fluid and food intake behavior. Food intake and body weight in salt loaded groups were 

significantly decreased compared to the euhydrated groups. High salt intake caused the rats to 

decrease  food intake and subsequently reduced body weight (32).  

Although BDNF knockdown in the SON significantly attenuated AVP release in salt loaded rats, 

it did not similarly influence mean arterial pressure. In this study, MAP was significantly 

increased in the salt loaded groups compared to the euhydrated groups in accordance with the 

previous studies (19). This data indicates that other mechanisms in addition to AVP from the SON 

could contribute to the observed increase in MAP during high salt loading. Moreover, studies 

have shown that recruitment of central osmoreceptor pathways enhance sympathetic tone 

through excitation of preautonomic neurons (19, 33).  Another factor that could have influenced 

these results is the experimental protocol. The AAV treatments were applied only to the SON. 

AVP that is dendritically released from magnocellular secretory neurons in the PVN has been 

shown to increase sympathetic outflow(34). This mechanism would not have been influenced by 
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the AAV injections in the SON and could still contribute to the increase in MAP associated with 

salt loading. Also, the BDNF knockdown was induced before the rats were exposed to salt 

loading. This was done because the time required to allow the AAV to transfect the cells in the 

SON is longer than the 7-day salt loading protocol. As mentioned above, this protocol 

significantly reduced AVP release, but it did not prevent the increase in MAP. It could be that 

mechanisms related to autonomic function, which do not depend on the SON, were able to 

compensate for the lack of AVP release. Inhibiting BDNF-TrkB signaling in the SON during the 

7-day salt loading protocol could possibly prevent the increase in MAP. 

Our results show that increased BDNF expression in the SON during chronic salt loading leads 

to TrkB receptor activation as indicated by increased tyrosine (Y515) phosphorylation. In most 

neurons, the low [Cl]i required for the GABAA synaptic inhibition is due to relative activity of 

KCC2 and/or NKCC1 (Na+/K+/Cl- co-transporter) membrane co-transporters. In the SON, salt 

loading was associated with decreased serine (S940) phosphorylation of KCC2. Decreased 

phosphorylation of KCC2 at this residue is associated with translocation of the protein from the 

membrane and functional loss of its chloride transport activity (35-37).  This could be the 

mechanism responsible for a change in the valance of the GABAA in the SON produced by salt 

loading. However, the proposed changes in membrane expression of KCC2 in the SON and its 

effect on [Cl]i  are yet to be investigated. 

Other studies have suggested that changes in the function of NKCC1 also modulates the valence 

of GABAA on MNCs in the SON (38, 39). There are several different signaling pathways that 

influence the function of both KCC2 and NKCC1 and can potentially impact GABAergic 

function (40, 41). Although our study shows that salt loading induced activity-dependent 

mechanisms can affect KCC2 phosphorylation, the role of posttranslational mechanisms in 
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controlling KCC2 expression, specifically at the cell-surface are poorly understood. However, 

the cellular mechanisms through which changes in Cl- homeostasis affect the GABA-mediated 

feedback inhibition in MNCs have not been resolved yet.  

This study indicates that the SON neurons themselves are source of BDNF causing dysregulation 

of AVP neurons during salt loading. However, we cannot conclude whether the source is AVP or 

oxytocin or both the SON neurons. Therefore, BDNF could be having autocrine or paracrine 

effects in the SON that change the phosphorylation status of KCC2. This would change the 

valence of the GABA response of AVP neurons to baroreceptor stimulation as has been 

previously demonstrated (19). However, BDNF knockdown in the SON was not sufficient to 

prevent the salt loading induced increase in mean arterial pressure.  

This study advances our understanding about the pathophysiology of AVP neuron regulation. 

Identifying the source of BDNF underlying the changes in postsynaptic inhibition of AVP 

neurons in response to salt loading may result in novel strategies for reducing AVP secretion in 

other pathological states such as heart and liver failure (9, 16, 42). This would provide a novel 

therapeutic target for the treatment of inappropriate AVP release and its associated morbidities.  
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FIGURES & TABLES 

CHAPTER II - Figure II-1 LCM and gene expression of hits 
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Figure 1: A: Representative digital image of mCherry fluorescence in the SON illustrating a 

successful injection. B: qRT-PCR data showing BDNF mRNA expression from the SON of rats 

with successful SON injections. C: AVP hnRNA expression from the SONs of rats with 

successful SON injections. Groups: Euhydrated rats injected with SCR virus, (Eu SCR, n = 6); 

Euhydrated rats injected with shBDNF virus (Eu shBDNF, n = 7); Salt loaded rats injected with 

SCR virus, (Salt SCR, n = 7) and Salt loaded rats injected with shBDNF virus (Salt shBDNF, n = 

7). Data are mean ±SEM. *P<0.05 vs. all other groups. +P<0.05 vs. Salt SCR. 
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CHAPTER II - Figure II-2 LCM and gene expression of non-hits 

 

Figure 2: A: Example of missed injection. mCherry fluorescence is not seen in the SON as the 

viral injection did not include the SON. B: BDNF RNA from the SONs of rats with injections 

that did not include the SON. Groups: Eu SCR (n = 4); Eu shBDNF (n = 5); Salt SCR (n = 4); 

Salt shBDNF (n = 3). Data are mean ±SEM. * is P < 0.05 vs. Eu groups. 
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CHAPTER II - Figure II-3 Western blot images and protein expression 
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Figure 3: A: Sample Western blot images showing changes in protein expression of SON 

punches. mCherry protein expression images shows successful injections at SON B: 

Quantification of phosphorylated TrkB (normalized to total TrkB). Data are mean ±SEM. * 

P<0.05 vs. all other groups. +P<0.05 vs. Salt SCR. C: Phosphorylated KCC2 normalized to 

GAPDH. * P<0.05 vs. all other groups. Groups: Eu SCR (n = 6); Eu shBDNF (n = 6); Salt SCR 

(n = 8); Salt shBDNF (n = 8).  
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CHAPTER II - Figure II-4 Fluid intake, urine excretion, food intake and body weight 

 

Figure 4: The effects of Salt loading and BDNF knockdown in the SON on A: Daily average 

fluid intake. B: Daily average urine excretion. C: Daily average food intake. In A-C, *P<0.05 vs. 

Eu groups and vs. Baseline. D: Average daily changes in body weight. Data are mean ±SEM. 

*P<0.05 vs. Eu groups. Groups: Eu SCR (n = 8); Eu shBDNF (n = 8); Salt SCR (n = 8); Salt 

shBDNF (n = 8).    
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CHAPTER II - Figure II-5 Urine sodium excretion 

 

Figure 5: Urine sodium excretion A: Daily average changes in urine sodium concentration.  

*P<0.05 vs. Eu groups and baseline. +P<0.05 vs. Salt SCR B: Average urine sodium excretion 

during 7 days of salt treatment. Data are mean ±SEM. *P<0.05 vs. Eu groups. +P<0.05 vs. Salt 

SCR. Groups: Eu SCR (n = 8); Eu shBDNF (n = 8); Salt SCR (n = 8); Salt shBDNF (n = 8).   
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CHAPTER II - Figure II-6 Telemetry recordings: MAP & HR 

 

Figure 6: Effect of salt loading and BDNF knockdown in the SON on A: Daily average changes 

in Mean Arterial Pressure. *P<0.05 vs. Baseline and Eu groups. B: Average changes in Mean 

Arterial Pressure. *P<0.05 vs. Eu groups. C: Daily average changes in Heart Rate. *P<0.05 vs. 

Baseline. +P<0.05 vs. Eu SCR. D: Average changes in Heart rate. Data are mean ±SEM. *P<0.05 

vs. Eu groups.  Groups: Eu SCR (n = 9); Eu shBDNF (n = 9); Salt SCR (n = 9); Salt shBDNF (n 

= 9).    
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CHAPTER II – TABLE II-I Primer sequences for qRT-PCR 

 

 

Table 1: Primer sequences for qRT-PCR 

 

  

Gene Primer Sequences

BDNF Forward 5'-ATGACCATCCTTTTCCTTACTATGGT-3'

BDNF Reverse 5'-TCTTCCCCTTTTAATGGTCAGTGTAC-3'

hnAVP Forward 5'-GCCCTCACCTCTGCCTGCTA-3'

hnAVP Reverse 5'-CCTGAACGGACCACAGTGGT-3'

S18 Forward 5'-CAGAAGGACGTGAAGGATGG-3'

S18 Reverse 5'-CAGTGGTCTTGGTGTGCTGA-3'



76 
 

CHAPTER II – TABLE II-2 Primer sequences for qRT-PCR 

 

Table 2: Plasma osmolality, hematocrit and AVP concentration in euhydrated rats injected with 

the control vector (Eu SCR), euhydrated rats injected with shRNA against BDNF (Eu shBDNF), 

salt loaded rats injected with control vector (Salt SCR), and salt loaded rats injected with shRNA 

against BDNF (Salt shBDNF) groups. 

 

Values are mean ±SEM; n, number of rats in each group, in parenthesis. *P<0.05 vs. Control 

groups, +P<0.05 vs. Salt SCR. 

  

Eu SCR Eu shBDNF Salt SCR Salt shBDNF

Osmolality (mOsm/kg) 301.3±1.45 (14) 299.8±1.05 (13) 313.3±1.75 (13)* 305.1±0.68 (11)+

Hematocrit (%) 42.6±0.53 (14) 41.8±0.64 (13) 47.8±0.74 (13)* 44.4±0.60 (11)+

Plasma AVP (pg/ml) 15.7±4.01 (6) 9.3±0.81 (6) 59.9±8.37 (5)* 16.2±1.30 (5)+ 
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CHAPTER II – TABLE I1-3 Telemetry values: MAP and HR 

Table 3: Absolute mean arterial pressure and Heart rate in euhydrated rats injected with the 

control vector (Eu SCR), euhydrated rats injected with shRNA against BDNF (Eu shBDNF), salt 

loaded rats injected with control vector (Salt SCR), and salt loaded rats injected with shRNA 

against BDNF (Salt shBDNF) groups.  

 

Values are mean ±SEM; n, number of rats in each group, in parenthesis. *P<0.05 vs. Control 

groups. No significant difference between Salt SCR and Salt shBDNF groups. +P<0.05 vs. Eu 

SCR. 

 

 

 

 

 

 

 

 

Eu SCR Eu shBDNF Salt SCR Salt shBDNF

Baseline 107.7±0.49 (9) 106.7±0.28 (9) 105.1±0.30 (9) 104.1±0.28 (9)

Treatment 107.2±0.28 (9) 106.9±0.15 (9) 113.5±1.03 (9)* 112.8±1.33 (9)*

Baseline 387.6±1.23 (9) 385.4±1.05 (9) 378.7±1.86 (9) 379.0±0.73 (9)

Treatment 383.7±1.17 (9) 374.1±2.72 (9) 366.5±1.62 (9)
+

359.6±2.74 (9)
+

MAP (mmHg)

HR (bpm)

Absolute Values
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ABSTRACT 

Salt loading (SL) impairs GABAA inhibition of arginine vasopressin (AVP) neurons in the 

supraoptic nucleus (SON) of hypothalamus. Based on previous studies, we hypothesized that SL 

activates tyrosine receptor kinase B (TrkB) and downregulates the activity of K+/Cl- co-

transporter 2 (KCC2). Downregulation of KCC2 decreases the efflux of chloride ions causing 

increases in [Cl]i in SON AVP neurons. In addition, the role of NKCC1 in chloride regulation 

during SL was tested. This study combined virally mediated chloride imaging with ClopHensorN 

with single cell Western blot analysis capillary based Simple Wes technology.   

An adeno associated virus with ClopHensorN and a vasopressin promoter (AAV2-0VP1-

ClopHensorN) was bilaterally injected in the SON of adult male Sprague Dawley rats that were 

either euhydrated (Eu) or salt loaded (SL) for 7 days. Acutely dissociated SON neurons 

expressing ClopHensorN were tested for decreases or increases in [Cl]i in response to focal 

application of the GABAA agonist muscimol (100uM). SON AVP neurons from Eu rats showed 

muscimol-induced chloride influx (p<0.05; 23/35).  SON AVP neurons from SL rats either 

significantly increased chloride efflux (p<0.05; 27/39) or did not change chloride flux (12/39). 

The SON AVP neurons that responded to muscimol appeared viable and expressed KCC2 co-

transporter and ß-Actin. Neurons that did not respond during chloride imaging did not have 

KCC2 and ß-Actin protein expression. The KCC2 antagonist (VU0240551,10uM) significantly 

blocked the chloride influx in cells from Eu rats but did not affect cells from SL rats. A NKCC1 

antagonist (Bumetanide,10uM) significantly blocked the chloride efflux in cells from SL rats but 

had no effect on cells from Eu rats. The TrkB antagonist (AnA-12,50uM) and protein kinase 

inhibitor (K252a,100nM) each significantly blocked chloride efflux in SON AVP neurons from 
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SL rats. Salt loading increases [Cl]i in SON AVP neurons through TrKB-KCC2 dependent 

mechanism in rats.   
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INTRODUCTION 

Magnocellular neurosecretory cells (MNCs) located in supraoptic nuclei (SON) and the 

paraventricular nuclei of the hypothalamus produce and release the hormone arginine 

vasopressin (AVP) into circulation (1-3). An important systemic effect of AVP is water 

reabsorption via V2 receptors in the kidney. Excess water retention associated with heart and 

liver failure negatively influences the morbidity and mortality associated with these disorders (4-

6). While it is known that AVP contributes to water retention in these disorders, the mechanisms 

responsible for the inappropriate secretion of AVP is not known (7, 8). 

Previous studies have shown that salt loading (SL; drinking water replaced by 2% NaCl solution 

for 7 days) can cause a sustained increase in AVP secretion due to changes in the excitability of 

AVP neurons (1, 2, 9). One mechanism that has been shown to contribute to sustained AVP release 

in SL rats is a change in the valence of the neurons’ response to GABA. Although controversial, 

GABA mediated neurotransmission is generally described as a primary inhibitory mechanism in 

SON AVP neurons (9-11) . The inhibitory effect of GABA depends on a low intracellular chloride 

concentration ([Cl−]i). Increases in [Cl−]i can change GABA-mediated inhibition to excitation 

by reversing the direction of chloride movement across the cell membrane. The balance between 

neural excitation and inhibition is crucial to maintain the concentration of circulating AVP 

within normal limits (9, 12). In most neurons, [Cl−]i is regulated by cation chloride cotransporters 

such as K+/Cl- co-transporter 2 (KCC2), which causes efflux of Cl- ions, and Na+/K+/Cl- 

cotransporter 1 (NKCC1), which causes influx of Cl- ions (13-15). Changes in the expression or 

activity of these transporters has been shown to influence the strength and valence of the 

neuronal response to GABA in several systems (16-18). 
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Previous studies demonstrate that SL, likely through the actions of Brain Derived Neurotrophic 

Factor (BDNF), decreases the activity of KCC2 in SON causing increased AVP secretion (1, 2, 19). 

However, the mechanism leading to increases in [Cl−]i is not completely understood. Based on 

previous studies (1-3, 19), we hypothesize that SL activates the BDNF receptor, tyrosine receptor 

kinase B (TrkB) and downregulates the activity of KCC2 co-transporter. Downregulation of 

KCC2 decreases the efflux of chloride ions causing increases in [Cl]i in SON AVP neurons. 

Also, the expression of KCC2 in the SON AVP neurons is controversial, as few studies suggest 

AVP neurons lack KCC2 while others have shown the immunohistochemical expression of 

KCC2 in these neurons and the role of NKCC1 in chloride regulation during SL is not 

completely understood.  

In this study, we used virally mediated ClopHensorN, a genetically encoded ratiometric 

fluorescent chloride imaging technique (20), to measure changes in [Cl]i in dissociated AVP 

neurons by combining it with an AVP specific promoter (21). ClopHensorN is composed of a Cl- 

sensitive variant of green- fluorescent protein (E2GFP) and a Cl- insensitive red-fluorescent 

protein (TdTomato) acting as invariant reference for ratiometric imaging (22, 23). The ratiometric 

analysis (E2GFP/TdTomato) of the emitted fluorescence provides the Cl− measurement. 

Increased [Cl−] decreases E2GFP fluorescence relative to TdTomato and vice versa. 

ClopHensorN allows for measuring changes of neuronal [Cl−]i at the single-cell level without 

disrupting the native cellular milieu. Furthermore, we combined single cell protein expression 

measurements with chloride imaging to determine KCC2 expression in SON AVP neurons and 

the modulation of neuronal [Cl−]i in response to various antagonists.   

 

 



83 
 

SIGNIFICANCE 

This study explores the mechanism contributing to dysregulation of Cl- concentration leading to 

loss of synaptic GABA inhibition in AVP neurons of SON during SL. These experiments test the 

role of KCC2 and NKCC1 in chloride regulation of AVP neurons in response to SL using live 

cell chloride imaging and single cell western blot analyses. 

MATERIALS AND METHODS 

ANIMALS  

The experiments were conducted in accordance with the National Institute of Health Guide for 

the Care and Use of Laboratory Animals. All the animal protocols used in this study were 

approved by the UNT Health Science Center Institutional Animal Care and Use Committee. The 

outbred adult male (250-300 g) Sprague-Dawley rats (Charles River, Wilmington, MA) used in 

this study were maintained on a 12/12h light dark cycle. The rats were individually housed due 

to the use of survival surgery and individual fluid intake measurements in the protocol. All 

animals were housed in a temperature (24-26 oC) and humidity (40-60%) controlled environment 

with ad libitum access to food (Teklad LM-485 Rat Sterilizable Diet with 0.3% Sodium, Envigo, 

Somerset, NJ) and water unless otherwise indicated. Aseptic techniques were used to conduct 

survival surgeries. All rats were subcutaneously administered with procaine penicillin G (30,000 

U) to prevent postoperative infection. Carprofen (Rimadyl, 2 mg), non-steroidal anti-

inflammatory drug was given orally before and after surgery for pain management.   

STEREOTAXIC SURGERY 

The AAV2-0VP1-ClopHensorN was bilaterally injected into the SON of each rat. Separate 

group of rats were injected in the SON with an AAV vector that contained only the AVP 
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promoter and GFP (also prepared by the UNC Vector Core). For each injection, the rats were 

anaesthetized with isoflurane (2-3%) and placed in stereotaxic frame (David Kopf Instruments, 

Tujunga, CA). Their skulls were exposed and leveled between two cranial suture landmarks - 

lambda and bregma(24). A micromanipulator was used to position the injector at the SONs (1.4 

mm posterior, 9.1 mm ventral, and ±1.4 mm lateral from bregma). The AAV2-0VP1-

ClopHensorN, or the AAV2-0VP1-eGFP vectors were bilaterally injected in the SON (300 

nl/side) at a titer of 1.0 X 1013 GC/ml (UNC Vector Core, Chapel Hill, NC). Each injection was 

made over a 10-min period. After the injection, the injector was left in place for 5 minutes then 

slowly removed. The incision was closed with absorbable antibiotic sutures.    

IMMUNOHISTOCHEMISTRY 

Four weeks after the injections with the AAV2-0VP1-eGFP, rats were deeply anesthetized with 

inactin (100mg/kg, ip.), perfused transcardially with phosphate-buffered saline (PBS) followed 

by 4% paraformaldehyde in PBS. After the perfusion, brains were extracted from the skull and 

placed in 30% sucrose until dehydrated. The brains were serial sectioned at 40um-thickness. 

Sections were processed for AVP using guinea pig polyclonal Anti-(Arg8)-VP (1:1000; Cat# T-

5048 Peninsula Labs, San Carlos, CA), and oxytocin (OXT) using anti-OXT mouse monoclonal 

IgG (1:10000; Cat MAB5296, Millipore, Billerica, MA). Sections were incubated in primary 

antibodies for two days at 4oC. Following primary antibody incubation, sections were then rinsed 

with PBS, followed by sequential incubation in respective secondary antibodies against host 

species conjugated to Cy3 fluorophores (Cy3-conjugated anti-guinea pig IgG (1:10000; Cat 706-

165-148, Jackson ImmunoResearch Laboratories, Inc. West Grove, PA) or Cy3-conj. Affinipure 

Anti-Mouse IgG (1:10000; Cat 715-165-151, Jackson ImmunoResearch Laboratories, Inc.). 

Sections were rinsed again in PBS, mounted on gelatin coated slides, and cover slipped with 
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Vectashield (Vecta Labs, Burlingame, CA) mounting media. Sections were examined for co-

localization of the GFP reporter with AVP or OXT immunofluorescence to confirm vector 

transfection specificity.  

SALT LOADING 

After two weeks of recovery from surgery, daily fluid intake was measured by filling the water 

bottles up to a predetermined weight in grams and subtracting the remaining weight 24 h later. 

The rats were provided with ad libitum access to water for first 7 days to record baseline fluid 

intake and body weight. Following the baseline measurements, a subset of rats had their water 

replaced with 2% salt (NaCl) to drink for 7 days as previously described (2).  The euhydrated (Eu) 

rats were used as controls and the salt loaded (SL) rats were used as treatment groups. At the end 

of the 7-day SL protocol, the rats were anesthetized with inactin (100 mg/kg ip, Millipore Sigma, 

Burlington, MA) and decapitated in order to isolate neurons from the SON. 

PLASMA MEASUREMENTS 

Trunk blood was collected from each rat after decapitation and it was centrifuged as previous 

described (1). Plasma was collected from each sample for measuring plasma osmolality, 

hematocrit, circulating AVP and copeptin. Copeptin (CPP) is widely used as biomarker for AVP 

secretion (25) and was measured in this study in addition to AVP. 

Separate 5 to 6 ml of blood samples were collected in Vacutainer tubes containing the 

anticoagulant EDTA (12 mg). The proteinase inhibitor aprotinin (0.6 TIU/ml of blood; Phoenix 

Pharmaceuticals, Inc, Burlingame, CA) was added to the sample and centrifuged at 1600 g for 15 

minutes at 4o C. Two-three ml of plasma was removed from each sample and an aliquot of 

plasma was used to extract peptides by solid phase extraction using C-18 SEP-Column 
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(Phenomenex, Torrance, CA). After the extraction, each sample was subjected to vacuum 

centrifugal concentration. The extracted peptide was used to measure circulating AVP with 

specific ELISA (EK-065-07, Phoenix Pharmaceuticals, Inc). CPP concentration was measured in 

plasma samples by using specific ELISA according to the manufacturer’s instructions 

(MBS724037, MyBioSource, Inc, San Diego, CA). Four parametric logistic analysis (4-PL) was 

performed to quantify the concentration of AVP and CPP. 

Another 1 to 2 ml of blood was collected in 2 ml microcentrifuge tube and prepared for 

measuring plasma osmolality and hematocrit as previously described (26). Two heparinized 

capillary tubes (Fisher Scientific, Hampton, NH) were filled with blood for measuring hematocrit 

using Micro-Hematocrit capillary tube reader (Lancer, St. Louis, MO). The remaining blood 

sample was centrifuged at 1600 g for 5-10 minutes and plasma was collected to measure plasma 

osmolality using vapor pressure osmometer (Wescor, Logan, UT).  

SON DISSOCIATION 

The brains were rapidly removed and placed in ice-cold (0 to +4◦C) artificial cerebrospinal fluid 

(aCSF), bubbled with carbogen gas (95% O2, 5% CO2). The composition of the standard aCSF 

was 120mM NaCl, 3mM KCl, 2mM MgCl2, 2mM CaCl2, 1.2mM NaH2PO4, 23mM NaHCO3 

and 11mM D-Glucose. The carbogen gas maintained the pH between 7.35 and 7.40. The 

osmolality was between 290 to 300mOsm. The SONs were dissected from surrounding tissue 

using a microscope and iris scissors. The extracted tissue containing the SONs was placed in 

calcium free Hibernate media that contained papain (0.2% w/v; Worthington Biochemical 

Corporation, Lakewood, NJ). The tissue was incubated at 32◦C water bath for 30mins for 

enzymatic dissociation. The cells were dissociated mechanically by gentle trituration in 

Hibernate A media (Gibco Life Technologies, Gaithersburg, MD) with B27 supplement (2% v/v; 
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Gibco Life Technologies). The dissociated cells were then centrifuged and suspended in 

Neurobasal A medium (Gibco Life Technologies) with B27 supplement (2% v/v), L-Glutamine 

(200mM) and penicillin/streptomycin (100U/ml). Dissociated SON neurons were plated on 

coverslips coated with 0.1% poly-D-lysine (Sigma, St. Louis, MO) and incubated at 37◦C in 5% 

CO2 humidified incubator for 2 hours before recording (27-31). Images were collected after a 2-

hour incubation period and recordings continued for up to 6 hours after the end of the incubation 

period. 

ClopHensorN CHLORIDE IMAGING 

The coverslips with SON neurons were transferred to a recording chamber on the stage of an 

inverted microscope (Olympus Corporation, Center Valley, PA), which was equipped for 

epifluorescence imaging. The cells were continuously perfused with 95% O2, 5% CO2 

oxygenated aCSF. The dissociated neurons were visualized using fluorescence as an estimate of 

neuronal viability. To determine if successful expression of ClopHensorN resulted in 

corresponding expression of both green fluorophore (E2GFP) and the fused red fluorophore 

(TdTomato), cells were excited at 488nm (for E2GFP, “green channel”) and at 594nm (for the 

TdTomato, “red channel”). Emission was collected by switching filters (Prior Lumen 200 Pro, 

Prior Scientific, Inc., Rockland, MA): between 500 and 550nm for the green channel and 

between 650 and 700nm for the red channel (22, 32). The reliability of cellular viability was 

confirmed by each cell’s ability to respond to antagonists during imaging and for some 

experiments by single cell measurements of ß-Actin protein by Simple Wes analysis.   

Individual SON neurons were visualized using a 40× water-immersion objective and selected for 

imaging. Putative healthy AVP neurons with uniform bright appearance indicative of an intact 

plasma membrane and expressing both E2GFP and TdTomato were chosen for imaging. Imaging 
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for ClopHensorN was performed by sequentially exciting the individual AVP neurons alternately 

using 458 and 594nm. The emission was collected between 500 and 550nm for the 458nm and 

between 650 and 700nm for the 594nm excitation. Images were captured with camera 

(Hamamatsu Camera Controller, C10600, San Jose, CA) using MetaFluor software (Molecular 

Devices, San Jose, CA). Each image was processed for background (measured from a non-

fluorescent area) subtraction and fluorescence was measured every 3s within regions of interest 

selected from individual neurons using a F445/F554 ratio.  

In a subset of experiments, whole-cell micropipettes were used to induce changes in intracellular 

chloride concentrations that were measured using ClopHensorN fluorescence. The electrodes 

were prepared from borosilicate glass capillaries (World Precision Instruments, Sarasota, FL) 

using a horizontal pipette puller (Model P-2000, Sutter Instrument Co, Novato, CA). The 

diameter of the tip was approximately 1-2 um for each micropipette. For these experiments, the 

micropipette solution consisted of either 130 mM CsCl, 10 mM KCl, 10 mM HEPES, 1.1 mM 

EGTA, 2 mM Mg2ATP, 0.3 mM Na3GTP to create a high [Cl-] solution or 140 mM K- 

gluconate, 10 mM HEPES, 1.1 mM EGTA, 2 mM Mg2ATP, 0.3 mM Na3GTP for a low [Cl-] 

solution. Baseline fluorescence F445/F554 ratio was measured for 90 to 120 s prior to whole cell 

access. After whole cell access, the fluorescence was recorded for 10 minutes. 

In other experiments, micropipettes were used for focal drug application by adding the GABAA 

agonist muscimol to the aCSF solution. After recording the baseline fluorescence for one minute, 

muscimol (100μM) was focally applied for 10s (10 psi) using a pneumatic Pico spritzer (WPI, 

Sarasota, FL) with a patch pipette placed 100-150um upstream of the AVP neuron. Following 

the initial 4-minute recording, bath solution (aCSF) was switched to aCSF containing antagonists 

and imaging resumed 5 minutes later. After 5 minutes of perfusion with the antagonist, the 
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muscimol injection was repeated to determine its effects on the muscimol response (32, 33). The 

duration and experimental conditions utilized were first verified using control imaging to 

muscimol response with no bath application of antagonists.  

At the end of some of the experiments, the cell was harvested with a patch pipette filled with 

aCSF. The cell was aspirated into the patch pipette by applying negative pressure while 

observing the process using the microscope.   

DRUGS AND REAGENTS 

Stock solutions of muscimol (100mM, Sigma-Aldrich, St. Louis, MO) were created by first 

dissolving the muscimol in 0.05M HCl and diluting it to the final concentration in aCSF 

(100μM). The other antagonists used in these studies (all obtained from Tocris, Bristol, UK) 

were first dissolved in DMSO (Sigma-Aldrich, St. Louis, MO; Stock Concentrations: 

K252a,100μM; AnA-12,10mM; VU0240511,10mM and Bumetanide, 50mM) then diluted to 

their final concentrations in aCSF for bath application. The TrkB receptor was blocked by using 

either broad-spectrum protein kinase inhibitor K252a (100nM) or the TrKB receptor antagonist 

AnA-12 (50μM). KCC2 antagonist VU0240511 (10μM) and NKCC1 cotransporter antagonist 

bumetanide (10μM) were also used. The final concentration of DMSO used to solubilize the 

antagonists ranged from 0.5 to 0.02% when added to the bath solution. 

AAV2-0VP1-ClopHensorN:  An pAAV-bGH(+) shuttle vector containing poly(A) tail 

downstream of the multicloning site (Vector BioLabs, Malvern, PA) was used to prepare the 

plasmid for packaging as an AAV. The ClopHensorN plasmid (Addgene #25940 pcDNA3-

PalmPalm-ClopHensorN) was cloned into the pAAV-bGH(+) vector along with an AVP specific 

promotor (p2.0VPI.EGFP; Addgene Plasmid #40868 from Harold Gainer (21)) using EcoRI/NotI 

restriction sites. The promoter and reading frame were sequenced to confirm the direction of 
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ClopHensorN cDNA insertion and verify the entire sequence. The resulting plasmid-0VP1-

ClopHensorN was sent to the University of North Carolina Vector Core for packaging in an 

AAV2 vector. 

SINGLE CELL WES ANALYSIS 

Individual AVP neurons were used for Simple Wes analysis to measure KCC2 and ß-Actin 

expression. Each cell that was collected as described above was released from the micropipette 

into a standard (volume) PCR tube using a syringe. Each PCR tube contained 5.0ul of RIPA lysis 

buffer containing DTT, chelators and protease phosphatase inhibitor cocktail. The samples were 

frozen on dry ice immediately for later protein analysis. As a control for contamination, an aCSF 

sample from the same preparation was collected in separate tube and it was analyzed in parallel 

with the single-cell samples. The cells were lysed by vortexing the tube for 1-2 mins followed by 

indirect sonication for 5 minutes in ice bath (34, 35). 

The Simple Wes system (Protein Simple, San Jose, CA) was used to quantify total KCC2 and ß-

Actin protein expression in the individual neurons. In brief, the standard matrix (12–230 kDa) 

and Anti-Rabbit Detection Module were used. The undiluted protein samples were mixed with 

Fluorescent Master Mix and heat denatured at 95°C for 5 minutes. The samples, blocking 

reagent, primary antibodies: total KCC2 (rabbit; 1:50; 07-432, Millipore) and ß-Actin (rabbit 

1:500; NB600-532, Novus Biologicals), HRP-conjugated secondary antibodies, and 

chemiluminescent substrate were pipetted into the separation module plate. The assay plate and 

the capillary cartridge were loaded into the Simple Wes instrument. The samples were processed 

using default settings and according to the manufacturer’s instructions: stacking and separation at 

375 V for 30 min; blocking reagent for 5 min, primary and secondary antibody both for 30 min; 

Luminol/peroxide chemiluminescence detection for ~15 min (exposures of 1-2-4-8-16-32-64-
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128-512s). The specific peaks for total KCC2 and ß-Actin were obtained from resulting 

electropherograms using Compass software v2.7 (Protein Simple, San Jose, CA).   

STATISTICAL ANALYSIS 

Statistical analyses were performed using SigmaPlot 12.0 (Systat Software Inc., San Jose, CA). 

Data were reported as mean ± SEM. For immunohistochemistry, the numbers of cells labeled 

with eGFP were manually counted using ImageJ software, and double labelling of AVP-GFP and 

OXT-GFP were calculated and expressed as a percentage of neurons containing double-labeling. 

Chloride imaging data were analyzed by Chi-squared test and two-way repeated measures 

ANOVA with treatment (SL vs. euhydrated) as first factor and bath applied antagonists as 

second factor along with Tukey comparisons. Fluid intake data were analyzed by separate two-

way repeated measures ANOVA with treatment (SL vs. euhydrated) as first factor and time as 

second factor followed by Tukey post hoc tests. All other data were analyzed using Student’s t-

test. Composite figures were assembled using the ‘magick’ package in RStudio. For all tests, a p-

value less than 0.05 was considered to be statistically significant. The group sizes were 

determined by power analysis and effect size calculated from our previously published work (2, 26, 

36) and preliminary data using SigmaPlot software. The minimal n’s per group for each 

experiment was decided to have an appropriately powered study with the effect size of 

approximately 0.7 (70%). The n’s in the chloride imaging data indicates number of cells which 

are obtained from 4 to 6 rats in each group.  
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RESULTS 

IMMUNOHISTOCHEMISTRY  

In order to verify the specificity of the AVP promoter, we injected an AAV2 vector 

(p3.0VP1.EGFP) with an AVP promoter and an eGFP reporter targeted to the SON. Previous 

studies have shown the specific expression of eGFP in AVP neurons in the SON using this 

promoter (21). Co-localization of GFP with either AVP or OXT neuron was determined by 

calculating percent double-labeling using fluorescent microscope. Our results indicate the co-

localization of GFP and AVP MNCs in the SON (89% GFP-AVP double labeling, n=3) (Figures 

1A-C) and GFP and OXT (0.08% GFP-OXT double labeling, n=3) (Figures 1D-F). Given this 

demonstration of successful vector transduction, we can conclude that vectors using this 

promotor are primarily selective to AVP expressing MNCs. 

CHANGES IN FLUID INTAKE AND BODY WEIGHT 

Fluid intake was measured daily for 7 days before and during the 7-day 2% SL protocol. The 

fluid intake increased steadily during the SL, these rats consumed larger volumes of fluid 

compared to the control Eu rats. In addition, the SL rats had less increase in body weight 

compared to the Eu rats. Two-way repeated measures ANOVA revealed a significant interaction 

indicating that fluid intake was affected by time and the treatment protocol (Time x Treatment F 

(13,65) = 26.040, p < 0.001; Figure 2). Post hoc multiple comparisons between the factors 

revealed that, while there were no differences between the groups during baseline, SL 

significantly increased fluid intake.  Also, the average body weight increase during SL was 

significantly lower in SL group compared to the Eu group (t = 2.956; d.f. =10; p <0.05; Figure 

2).  
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CHANGES IN PLASMA AVP, CPP, OSMOLALITY AND VOLUME 

At end of the study, plasma samples were collected to measure AVP and CPP concentrations 

along with osmolality and hematocrit measurements. Plasma samples from SL rats had higher 

AVP and CPP concentrations as compared to Eu rats. Seven days of SL significantly increased 

circulating AVP (t = -4.682; d.f. =10; p <0.001) and CPP (t = -4.831; d.f. =10; p <0.001) as 

compared to Eu rats (Table 1).  

Plasma osmolality and hematocrit values were significantly different between the groups 

(Plasma osmolality t = -6.799; d.f. =16; p <0.001; Hematocrit t = -6.123; d.f. =16; p <0.001). Our 

data shows that SL significantly increased plasma osmolality and hematocrit values compared to 

the Eu group in accordance with the previous studies (1, 37).   

CHLORIDE IMAGING 

ClopHensorN CALIBRATION FOR CHLORIDE MEASUREMENT 

The effectiveness of the cell dialysis established after whole-cell penetration were verified by 

patch capacitance and conductance. Images of AVP neurons expressing the ClopHensorN 

plasmid are shown in Figure 3. Note that an increase in intracellular chloride decreases the 

fluorescence F445/F554 ratio (Figure 3A(i) & 3A(ii)) while a decrease in intracellular chloride 

increases the F445/F554 ratio (Figure 3B(i) & 3B(ii)). When cesium chloride (CsCl,130 mM) with 

high [Cl-] was used as patch pipette solution, ClopHensorN fluorescence decreased following 

whole-cell access indicating Cl- influx due to a change in the concentration gradient (Figure 

3A(iii)). Dialysis with potassium gluconate (KGlu,140 mM) which should have decreased [Cl-]i 

produced an increase in ClopHensorN fluorescence consistent with Cl- efflux (Figure 3B(iii)). 

Calibration curves with CsCl and KGlu were obtained by averaging the responses of 5–7 cells.     
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PROTEIN EXPRESSION USING SIMPLE WES 

We use an optimized Simple Wes protocol to measure KCC2 protein from single SON AVP 

neurons following imaging experiments. The ß-Actin protein was used as control. The KCC2 

and ß-Actin antibodies used in this study could detect up to 4ng/ul of protein in Simple Wes. A 

sharply defined chemiluminescent signal was obtained for total KCC2 (Figures 4B & 5B) from 

both the SL and Eu neurons that responded to muscimol during chloride imaging (Figures 4C & 

5C). The data are also displayed using KCC2 and ß-Actin protein bands in Figures 4D & 5D. 

Cells that did not respond to muscimol typically displayed no KCC2 or ß-Actin signals at the 

appropriate molecular weights (Figure 6). These results indicate that most AVP neurons from the 

SON express KCC2.   

MUSCIMOL MEDIATED CHANGES IN INTRACELLULAR CHLORIDE  

In our experiments, GABAA receptors were activated by exogenous application of muscimol 

(100uM; 10s; 3 Cycles), a GABAA agonist, in acutely dispersed SON AVP neurons from Eu or 

SL male rats. Majority of cells from Eu rats (23 out of 35) showed a decrease in the F445/F554 

ratio consistent with chloride influx (Figure 7A). The decrease in fluorescence from baseline was 

significant in the responsive cells (t = 3.195; d.f = 3; p <0.05) and a similar response could be 

evoked 10 minutes later (Figure 7A). In SON AVP neurons from SL rats, 27 out of 39 cells 

showed significant increases in the F445/F554 ratio indicative of chloride efflux (t = -3.755; d.f = 

7; p <0.05; Figure 7B) associated with muscimol application, while 12 out of 39 had no change 

in chloride flux (χ2  
(2,74) = 49.92; p <0.001).   

The duration and experimental conditions utilized were first verified by recording the changes in 

chloride concentration to muscimol in the absence of antagonists. The response of the neuron to 



95 
 

muscimol applications was recorded at similar time interval used for following experimental 

conditions but with no bath application of antagonists (Figure 7). Two-way repeated measures 

ANOVA revealed no significant difference between the repeated muscimol applications (F (1,8) 

= 0.0312, p = 0.864). This data shows that cells were viable and responded uniformly for the 

entire duration of recording.  

ROLE OF KCC2 IN CHLORIDE REGULATION 

Since our data indicate Cl− efflux in SON AVP neurons from SL rats, we tested the hypothesis 

that reduced activity of KCC2 and decreased chloride efflux contribute to this change in the 

valance of the muscimol response (13, 14). To test for KCC2 in setting [Cl−]i we used VU0240551, 

an antagonist that selectively targets the KCCs(12). The muscimol induced increase in [Cl]i was 

inhibited by VU0240551 in neurons from Eu rats. In contrast, VU 0240551 did not have any 

effect on the SL rat neurons because KCC2 membrane expression is known to be downregulated 

in SL male rats (1, 2) (Figure 8B & 8C). Two-way repeated measures ANOVA revealed a 

significant interaction indicating that chloride concentration was affected by treatment and bath 

antagonist protocol (Treatment x Antagonist F (1,11) = 6.549, p < 0.05). Post hoc multiple 

comparisons between the factors revealed that KCC2 antagonist (VU 0240551,10uM) 

significantly blocked the chloride influxes in SON AVP neurons from EU rats (Tukey t = 4.906; 

p <0.05; Figure 8A & 8C).  

ROLE OF NKCC1 IN CHLORIDE REGULATION 

Previous studies have implicated NKCC1 in [Cl−]i regulation in various neurons (12, 38). To test 

for a contribution of NKCC1 to [Cl−]i on SON AVP neurons during SL we used the NKCC1 

antagonist bumetanide (10μM) which selectively targets NKCC1 cotransporter (38). Bumetanide 
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inhibited the muscimol induced decrease in [Cl]i in AVP neurons from SL rats. In contrast, 

bumetanide did not alter the response of Eu rat neurons to muscimol. Two-way repeated 

measures ANOVA followed by post hoc multiple comparisons revealed that the bumetanide did 

not have any effect on the Cl- influx of Eu rat neurons with muscimol application (Figure 9A & 

9C). Bumetanide significantly blocked the chloride efflux in SON AVP neurons from SL male 

rats (Tukey t = 3.629; p <0.05) as shown in (Figure 9B & 9C).  

TrkB SIGNALING IN CHLORIDE REGULATION 

Previous studies have shown the role of BDNF- TrkB-KCC2 signaling mechanism in the SON 

neurons in modulating AVP secretion during high SL in male rats (2, 3, 19, 27). However, the role of 

this signaling mechanism in mediating changes in intracellular chloride concentration is not 

known. Here, we tested the role of TrkB receptor activation on GABAA-induced Cl− flux 

associated with SL.  Experiments were conducted using either a broad-spectrum protein kinase 

inhibitor, K252a, or a specific TrkB antagonist, AnA-12. Neurons from SL rats exhibited marked 

inhibition in muscimol induced decrease in [Cl]i with both K252a and AnA-12 application. But 

the antagonists did not alter the response of Eu rat neurons to muscimol. Two-way repeated 

measures ANOVA revealed a significant interaction indicating that chloride concentration was 

affected by treatment and K252a (Treatment x Antagonist F (1,11) = 20.647, p < 0.05). Post hoc 

multiple comparisons between the factors revealed that protein kinase inhibitor (K252a, 100nM) 

significantly blocked the blocked muscimol induced chloride efflux in SL male rats (Tukey t = 

8.358; p <0.05; Figure 10B & 10C). Similarly, specific TrkB antagonist (AnA-12, 50uM) 

significantly blocked the blocked muscimol induced chloride efflux in SL male rats (Tukey t = 

4.611; p <0.05; Figure 10E & 10F). The significant increase in [Cl]i in AVP neurons from Eu 
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rats in response to muscimol application was unaffected by both the kinase inhibitor and TrkB 

antagonist (Figure 10A & 10D).  

DISCUSSION 

In this study, ClopHensorN was expressed in AVP neurons using an AAV vector with a 

vasopressin specific promoter (21). Our results confirmed the specificity of the promoter in a 

separate group of rats using immunohistochemistry for vasopressin and oxytocin as previously 

described (21, 36). This approach allowed us to measure changes in [Cl−]i associated with focal 

application of muscimol in acutely dissociated SON AVP neurons. This could offer several 

advantages compared to gramicidin perforated patch recording by leaving membrane voltage and 

intracellular chloride unperturbed (12, 23).  

Previous studies have shown that SL with 2% NaCl increases thirst and gradually causes 

hypernatremia and hyperosmolality (1, 39, 40). Also, SL was associated with a decrease in body 

weight gain possibly due to anorexia that accompanies drinking of hypertonic saline (41). 

We measured plasma copeptin in addition to AVP in our experiments. Copeptin is a peptide 

derived from the C-terminus of pre-pro-hormone of AVP and is often used as surrogate marker 

for AVP. Previous studies have shown that plasma AVP and copeptin correlate strongly over a 

wide range of osmolalities (25). The reported AVP and copeptin plasma concentrations were in 

accordance with previous studies and both were significantly increased by SL (1, 37).   

In the adult nervous system, GABA primarily produces membrane hyperpolarization by opening 

GABAA receptors leading to Cl− influx. However, there have been several reports that in some 

systems the valence of the GABA response can be altered so that it causes membrane 

depolarization due to Cl− efflux (2, 15-17, 42). Similar changes have been reported in the AVP 
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neurons (2, 15). To assess how SL influences the valence of GABA transmission in SON AVP 

neurons, we performed focal applications of the GABAA agonist muscimol in the presence of 

various antagonists applied individually to understand the specific role of various cotransporters 

and receptors. The time course and the concentrations for the drug treatments were chosen based 

on previous studies which have shown that this time course can cause transient shifts in [Cl−]i 

that can affect  GABA polarity (32, 33).  

The relative activity of NKCC and the KCC cotransporters can determine resting [Cl−]i in most 

neurons (2, 13). Normally, [Cl−]i is kept low in neurons by the tonically active KCC2 (13, 15, 43). 

Membrane KCC2 expression is stabilized by post-translational modification, phosphorylation at 

Ser940 which is shown to correlate with its cellular activity (44). Our results demonstrate that 

individual SON AVP neurons express KCC2 and chloride imaging results support previous 

studies suggesting that SL effects this cotransporter to alter the inhibitory control of AVP release 

(1, 2).  

In addition to decreased KCC2 activity, increased activity of NKCC1 could also mediate the 

increase in [Cl-]i (15). To understand the role of NKCC1 in mediating the change in GABA 

mediated chloride flux followed by SL, we examined the functional contribution of this 

transporter in SON AVP neurons from EU and SL rats by using NKCC1 inhibitor bumetanide. 

In SON AVP neurons from Eu rats, KCC2 inhibition significantly decreased the chloride influx 

associated with muscimol application which is consistent with increased [Cl−]i caused by 

reduced chloride excretion. In contrast, KCC2 inhibition had no effect on the muscimol 

responses of SON AVP neurons from SL rats. This suggests that SL had already reduced KCC2 

activity.  However, NKCC1 inhibition with bumetanide significantly decreased in the amplitude 

of GABA-induced Cl- efflux in SON AVP neurons from SL rats but did not affect the responses 



99 
 

of neurons from Eu rats. In the cells from Eu rats that presumably have low [Cl−]i, blocking 

chloride excretion had a greater impact on the muscimol response than inhibiting NKCC1 

mediated influx. This is consistent with GABA having an inhibitory effect in SON AVP neurons 

from Eu rats due to a low [Cl−]i that is dependent on KCC2.  Inhibiting KCC2 had no effect on 

the muscimol responses of SON AVP neurons from SL rats presumably because its activity had 

already been reduced (2) .  In SON AVP neurons from SL rats, blocking NKCC1 did significantly 

reduced muscimol-mediated chloride efflux. The significant reduction in chloride efflux 

associated with NKCC1 inhibition might only be partially explained by reduced chloride 

transport into the cells from SL rats. Chloride extrusion mediated by KCC2 would be reduced in 

cells from SL rats. Another possible mechanism could be a leak chloride current. Additional 

experiments will be required for a complete understanding of the role of NKCC1 in the 

regulation of [Cl−]i in SON AVP neurons during SL. 

Capillary electrophoresis-based Protein Simple Wes was used in our study for its ability to 

analyze very low concentrations of protein and its automation (45). This technology has allowed 

us to show that KCC2 and ß-Actin expression is found in the neurons that responded to 

muscimol during chloride imaging. The subset of neurons that did not respond during chloride 

imaging, did not have KCC2 or ß-Actin protein expression. The absence of ß-Actin expression 

and its unresponsiveness to muscimol indicates these neurons might not have beenviable. 

Although previous immunohistochemical studies have shown colocalization of KCC2 with AVP 

in SON neurons (2), this is the first study to correlate the KCC2 protein expression in individual 

AVP neuron with chloride imaging. The KCC2 cotransporter expression in the AVP neuron have 

been controversial (2, 13, 15, 42). Differences in methodology are likely to underlie some of these 

inconsistencies. Although the response of the AVP neurons to bumetanide indicate the 
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expression of NKCC, the expression of NKCC and phosphorylation status of KCC2 in individual 

neurons will addressed in future studies.  

Previous studies have shown that TrkB mediated signaling contributes to the downregulation of 

KCC2 co-transporter in the SON neurons and increases AVP secretion in male rats during SL (1, 

2, 9). The effect of the TrkB inhibitor, AnA-12, and broad-spectrum protein kinase inhibitor, 

K252a, on muscimol evoked responses in SON AVP neurons was analyzed in this study. While 

they did not significantly influence the responses to muscimol in neurons from Eu rats, both 

inhibitors significantly blocked the effects of SL in SON AVP neurons responses to muscimol. 

This suggests that BDNF-TrkB signaling is a mechanism that contributes to the increase in 

[Cl−]i associated with SL. However, the synaptic mechanisms leading to BDNF mediated 

activation of TrkB receptor is not known and could be the focus of future studies. 

CONCLUSIONS 

In this study, we used virally mediated expression of a chloride sensitive indicator and single cell 

based Western blot approach to examine the effects of SL on GABA signaling in SON neurons. 

Our data are consistent with earlier studies suggesting a TrKB-KCC2 dependent mechanism 

contributes to the increases in [Cl]i of SON AVP neurons from SL rats (1, 2). The results also 

show that SON AVP neurons express KCC2 and a bumetanide-sensitive NKCC co-transporter. 

The relative contribution of these transporters to chloride homeostasis of vasopressin neurons is 

dependent on the physiological state of the animal. The regulation of intracellular chloride in 

AVP neurons may also involve a leak chloride conductance. Future studies will test whether or 

not other physiological challenges can influence the valence of the GABA response in SON AVP 

neurons. 
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FIGURES AND TABLES 

CHAPTER III - Figure III-1 Immunofluorescence of AAV2-0VP1-GFP virus 

 

 

Figure 1: A: Immunofluorescence of AAV2-0VP1-GFP virus; B: AVP staining within the SON 

and C: merged digital image. Cells labeled with GFP and AVP are indicated with arrows. D: 

Immunofluorescence of AAV2-0VP1-GFP virus; E: OXT staining within the SON and F: 

merged digital image. Cells labeled with GFP and OXT are indicated with arrows.  
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CHAPTER III - Figure III-2 Fluid intake and body weight  

 

 

Figure 2: The effects of salt loading (SL) on A: Daily average fluid intake, *p<0.05 vs. Eu rats 

and vs. Baseline. B: Average daily changes in body weight. Data are mean ±SEM. *p<0.05 vs. 

Eu rats. Groups: Eu (n = 6); SL (n= 6). 
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CHAPTER III - Figure III-3 ClopHensorN images; CsCl and KGlu chloride recordings  

 

Figure 3: Representative digital image of SON AVP neuron expressing ClopHensorN plasmid 

showing F445/F554 ratio. A (i): Image shows the fluorescence of the cell during baseline and A(ii): 

Representative image shows the decrease in fluorescence with increase in [Cl]i- cell during peak 

response. The inset table is color scale for changes in the F445/F554 ratio (0.2– 0.5). A(iii): 

Ratiometric chloride imaging with ClopHensorN using whole cell patch with a CsCl filled 

electrode Arrow indicates the start of whole cell access. B(i):  Image shows the fluorescence of 

the cell during baseline and B(ii): Representative image shows the increase in fluorescence with 

decrease in [Cl]i- cell during peak response and B(iii): Ratiometric chloride imaging with 

ClopHensorN using whole cell patch with a low chloride K Gluconate Electrode.  Note that 

increasing intracellular chloride with CsCl decreases the F445/F554 ratio while decreasing 

intracellular chloride with K gluconate increases the F445/F554 ratio. 
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CHAPTER III - Figure III-4- Responder - Protein expression of Eu SON AVP neuron 

 

Figure 4: Representative protein expression of single SON AVP neuron from Eu rat. A: 

Chloride imaging of the neuron from which protein expression was analyzed. This neuron 

responded to the antagonists during imaging. B: Chemiluminescent signal showing sharp peak 

for total KCC2 protein expression at 174 kDa. (Electropherogram view). C: Electropherogram 

plot showing chemiluminescent signal for ß-Actin protein expression at 24- 26 kDa. D: Total 

KCC2 and ß-Actin expression of the same neuron in traditional densitometry view using Simple 

Wes. 
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CHAPTER III - Figure III-5- Responder - Protein expression of SL SON AVP neuron 

 

Figure 5: Representative protein expression of single SON AVP neuron from SL rat. A: 

Chloride imaging of the neuron from which protein expression was analyzed. This neuron 

responded to the antagonists during imaging. B: Chemiluminescent signal showing sharp peak 

for total KCC2 protein expression at 174 kDa. (Electropherogram view). C: Electropherogram 

plot showing chemiluminescent signal for ß-Actin protein expression at 24- 26 kDa. D: Total 

KCC2 and ß-Actin expression of the same neuron in traditional lane view. 
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CHAPTER III - Figure III-6 - Non-Responder - Protein expression of SL SON AVP neuron 

 

Figure 6: Representative protein expression of single SON AVP neuron from Eu rat that did not 

respond during chloride imaging. A: Chloride imaging of the neuron from which protein 

expression was analyzed. This neuron did not respond to the antagonists during imaging. B: 

Chemiluminescent signal for total KCC2 protein expression did not show a peak 

(Electropherogram view). C. Electropherogram plot had no chemiluminescent signal for ß-Actin 

protein expression. D: Total KCC2 and ß-Actin expression of the same neuron in traditional lane 

view. 
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CHAPTER III - Figure III-7 – Chloride imaging control experiment  

 

 

Figure 7: Control experiment to verify changes in [Cl]i in acutely dissociated SON AVP 

neurons with no bath application of antagonists. A: response of cell from an euhydrated (Eu) rat 

to focal application of muscimol (100uM; 10s; 3 Cycles). aCSF was bath applied without any 

antagonists for the second response of the same cell to muscimol focal application. B: response 

of cell from a salt loaded (SL) rat to focal application of muscimol (100uM; 10s; 3 Cycles) twice 

without bath application of antagonists. The duration and experimental conditions utilized in this 

control imaging were similar to the drug treatment recordings. 

 

 

 

 

 

 

 



115 
 

CHAPTER III - Figure III-8 – Chloride imaging with KCC2 antagonists 

 

 

Figure 8: KCC2 mediated changes in [Cl]i measured by ClopHensorN in acutely dissociated 

SON AVP neurons. A: response of cell from an euhydrated (Eu) rat to focal application of 

muscimol (100uM; 10s; 3 Cycles) and KCC2 antagonist VU0240511,10uM (incubated for 5 

mins and continuously bath applied for second half recording). Cells from control rats showed 

muscimol induced Cl influx (7/9; p<0.05). VU0240511 significantly blocked the Cl influxes.  B: 

2% salt loaded (SL) rat AVP neuron responses to muscimol and VU0240511 application. 

Muscimol application to SON AVPs from SL rats caused either significant increase in chloride 

efflux (7/10; p<0.05) or no change in chloride flux (3/10). C: Quantification graph showing 

average changes in peak to Muscimol from baseline before and after VU0240511 application in 

both Eu and SL rats. Statistical difference is calculated using two-way repeated measures 

ANOVA, Chi-squared test and Bonferroni posthoc analysis. Data are mean ±SEM. * p<0.05 vs. 

aCSF with Muscimol.    
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CHAPTER III - Figure III-9 – Chloride imaging with NKCC1 antagonists 

 

Figure 9: NKCC1 mediated changes in [Cl]i measured by ClopHensorN in acutely dissociated 

SON AVP neurons. A: response of cell from an Eu rat to focal application of muscimol (100uM; 

10s; 3 Cycles) and NKCC1 antagonist bumetanide,10μM (incubated for 5 mins and continuously 

bath applied for second half recording) (5/8). Bumetanide did not have any effect on Cl influxes 

in Eu rats. B: 2% SL rat AVP neuron responses to muscimol and bumetanide application (6/10). 

Bumetanide significantly blocked the Cl effluxes. C: Quantification graph showing average 

changes in peak to Muscimol from baseline before and after bumetanide application in both Eu 

and SL rats. Statistical difference is calculated using two-way repeated measures ANOVA, Chi-

squared test and Bonferroni posthoc analysis. Data are mean ±SEM. *p<0.05 vs. aCSF with 

Muscimol.  
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CHAPTER III - Figure III-10 – Chloride imaging with TrkB antagonists 

 

Figure 10: TrkB mediated changes in [Cl]i measured by ClopHensorN in acutely dissociated 

SON AVP neurons. A: response of an Eu rat to focal application of muscimol (100uM; 10s; 3 

Cycles) and protein kinase inhibitor K252a,100nM (7/10). B: 2% SL rat AVP neuron responses 

to muscimol and K252a application. K252a significantly blocked the Cl effluxes (6/8). C: 

Quantification graph showing average changes in peak to Muscimol from baseline before and 

after K252a application in both Eu and SL rats. D: response of cell from an Eu rat to focal 

application of muscimol (100uM; 10s; 3 Cycles) and TrKB antagonist AnA-12,50uM (incubated 

for 5 mins and continuously bath applied for second half recording) (5/9). E: 2% SL rat AVP 

neuron responses to muscimol and AnA-12 application (6/10). AnA-12 significantly blocked the 

Cl effluxes. F: Quantification graph showing average changes in peak to Muscimol from 

baseline before and after AnA-12 application in both Eu and SL rats. Statistical difference is 

calculated using two-way repeated measures ANOVA, Chi-squared test and Bonferroni posthoc 

analysis. Data are mean ±SEM. *p<0.05 vs. aCSF with Muscimol.   
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CHAPTER III – TABLE 1-1 Plasma osmolality, hematocrit and CPP concentration 

 

Table 1: Plasma osmolality, hematocrit, AVP and CPP concentration in euhydrated and salt 

loaded rats. 

 

Values are mean ±SEM; n, number of rats in each group, in parenthesis. *p<0.05 vs. Eu. 

 

 

 

 

 

 

 

 

 

 

Male Eu Male SL

Osmolality (mOsm/kg) 298.8±1.12 (11) 308.6±0.55 (7)*

Hematocrit (%) 42.5±0.5 (11) 47±0.43 (7)*

Plasma AVP (pg/ml) 14.8±5.31 (6) 57.6±7.91 (6)* 

Plasma CPP (pg/ml) 49.4±1.98 (6) 77.8±5.53 (6)* 
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ABSTRACT 

Dilutional hyponatremia due to elevated arginine vasopressin (AVP) secretion increases 

mortality in patients with liver failure. The neural mechanisms causing dysregulation of AVP 

secretion are not completely understood. Based on previous studies, we hypothesize that 

inappropriate AVP release associated with liver failure is due to increased brain derived 

neurotrophic factor (BDNF) in the supraoptic nucleus (SON). BDNF diminishes GABAA 

inhibition in SON AVP neurons by increasing intracellular chloride ([Cl]i) through tyrosine 

receptor kinase B (TrkB) activation and downregulation of K+/Cl- co-transporter 2 (KCC2). This 

loss of inhibition could increase AVP secretion. To test this hypothesis, chronic bile duct ligated 

(BDL) rats, a model of dilutional hyponatremia associated with liver failure, were injected with 

shRNA to prevent increased BDNF in the SON.  

The BDL rats had ascites and significant increases in liver to body weight ratio (p < 0.05; 6-9) 

compared to sham rats indicating liver failure due to bile duct ligation. BDL rats with scrambled 

injections (BDL SCR) developed hyponatremia indicated by significant decreases in plasma 

osmolality and hematocrit along with significant increases in plasma copeptin concentration (all 

p < 0.05; 6-9) compared to sham groups. Copeptin (CPP) was used as biomarker for plasma 

AVP. Phosphorylation of TrkB (pTrkBY515) was significantly increased and phosphorylation of 

KCC2 (pKCC2S940) was significantly lower in the SON of BDL SCR rats compared to the sham 

rats (p < 0.05; 6-8).   

Knockdown of BDNF in the SON of BDL rats (BDL shBDNF) prevented the rats from 

developing hyponatremia and blocked the decrease in plasma osmolality and hematocrit 

observed in BDL SCR rats (p < 0.05; 6-9). The BDL shBDNF rats had significant (p < 0.05; 6-9) 

decreases in plasma CPP concentration compared to BDL SCR rats. shBDNF injections in the 
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SON of BDL rats significantly blocked the increase in TrkB phosphorylation and decrease in 

KCC2 phosphorylation (p< 0.05;6-8) associated with bile duct ligation. mCherry expression was 

used to verify the specificity of stereotaxic injections. Rats that did not have successful virus 

injections in the SON were analyzed separately. The results indicate that BDNF produced in the 

SON contributes to increased CPP secretion and hyponatremia associated with liver failure in 

male rats.  
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INTRODUCTION 

Dilutional hyponatremia is the most frequent electrolyte abnormality and is characterized by 

serum sodium <135 mEq/L. The cost of its treatment in the US has been estimated to be $1.6-

$3.6 billion per year (1). Hyponatremia often results from congestive heart failure or liver failure. 

Hyponatremia during liver failure is caused by inappropriate Arginine vasopressin (AVP) release 

which leads to ascites, seizures, pulmonary and cerebral edema (2-5).  

The secretion of AVP is regulated by magnocellular neurosecretory cells (MNCs) located in the 

supraoptic (SON) and paraventricular (PVN) nuclei of the hypothalamus (6-13). Dilutional 

hyponatremia due to dysregulation of AVP release increases morbidity and mortality in patients 

with liver and heart failure (2-5). The intervention of hyponatremia in the setting of liver failure is 

a challenge as conventional therapies are frequently inefficacious (14, 15). Although treatments 

with AVP antagonists can improve hyponatremia, the cause of AVP dysregulation is unknown (1, 

5, 16, 17). The development of effective therapeutic approaches for dilutional hyponatremia may 

require understanding molecular mechanisms behind the abnormality.  

Inappropriate AVP release is also reported in high salt loaded rats. MNCs continue to release 

AVP into the systemic circulation despite elevated blood pressure during salt loading (18-20). 

Previous studies have shown that during high salt loading and dehydration, MNCs upregulate 

brain derived neurotrophic factor (BDNF) (18-21).  BDNF can have profound effects on GABA 

neurotransmission through several mechanisms, including the regulation of chloride transporters 

through tyrosine receptor kinase B (TrkB) activation. Increases in intracellular chloride ([Cl]i) 

can diminish or reverse the inhibitory effects of GABA on AVP neurons creating a feed forward 

loop that drives AVP release (20, 22) . This study explores the role of a BDNF-TrkB mechanism in 

increased AVP secretion using a liver failure rat model (23, 24). Chronic bile duct ligation (BDL) 
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in male rats is a model of liver failure associated with increased AVP induced dilutional 

hyponatremia. The decrease in plasma volume and vasodilation in response to portal 

hypertension during liver failure are reported to increase AVP secretion as a compensatory 

mechanism (2, 5, 14, 25, 26).   

We hypothesize that BDNF in the SON contributes to the increased AVP release associated with 

liver failure. BDNF diminishes GABAA inhibition in SON AVP neurons by increasing 

intracellular chloride ([Cl]i) through TrkB receptor activation and downregulation of K+/Cl- co-

transporter 2 (KCC2). This loss of inhibition could increase AVP secretion. In this study, we 

used adeno-associated viral vectors with shRNA against BDNF to test our hypothesis by 

knocking down BDNF in the SON. This study reveals a new mechanism by which AVP release 

is increased during liver failure and that could contribute to other diseases such as heart failure 

and neurogenic hypertension (27). 

MATERIALS AND METHODS 

ANIMALS 

All the experiments were conducted on outbred adult male Sprague-Dawley rats with initial body 

weights of 200-250 g (Charles River, Wilmington, MA). Experimental protocols involving 

animals were approved by the UNT Health Science Center IACUC and conducted in accordance 

to the National Institute of Health Guide for the Care and Use of Laboratory Animals. All 

animals were maintained in a temperature-controlled environment on a 12/12h light dark cycle 

with ad libitum access to food and water unless otherwise indicated. Rats were individually 

housed due to the use of survival surgery and individual fluid intake measurements in the 

protocol. Survival surgeries were conducted using aseptic techniques. All rats were given 
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procaine penicillin G (30,000 U, sc) and the non-steroidal anti-inflammatory drug, carprofen 

(Rimadyl, 2 mg po), was given before and after surgery for pain management.   

AAV-MEDIATED KNOCKDOWN OF BDNF IN THE SUPRAOPTIC NUCLEUS 

Each rat receiving stereotaxic surgery was anaesthetized with isoflurane (2-3%) and placed in 

stereotaxic frame equipped to deliver isoflurane throughout the procedure. Their skulls were 

exposed and leveled between lambda and bregma(28). A micromanipulator was oriented to lower 

the probe to the targeted coordinates of SONs (1.4 mm posterior, 9.1 mm ventral, and ±1.4 mm 

lateral from bregma). Rats were bilaterally injected in the SON (300 nl/side) with an Adeno‐

associated virus (AAV) serotype 2 conjugated with a shRNA directed against BDNF, a mCherry 

reporter, and a U6 promoter (shBDNF) (Vector Biolabs, Malvern, PA). Another group of rats 

received bilateral SON injections of equal titer and amount of AAV2 conjugated with a 

scrambled sequence of shRNA, a mCherry reporter, and a U6 promoter (SCR) as controls. The 

vectors were injected at a titer of 1.0 X 1013 GC/ml (Vector Biolabs).  Each construct was 

injected in both the SONs over a 10-min period. After 5 min, the injector was removed, and the 

incision was closed with sutures.  

BILE DUCT LIGATION SURGERY 

Two weeks following stereotaxic injections, the rats were anaesthetized with isoflurane (2-3%). 

The abdomen was shaved and cleaned. A midline abdominal incision was performed, and the 

common bile duct was isolated and cauterized between two ligatures as previously described (23, 

24). Visual inspection of ascetic fluid in the peritoneal cavity was performed daily after surgery.  

Any rat showing morbidity or ascites of greater than 10% of the body weight was euthanized 

(Inactin 100 mg/kg ip). Sham rats received the same surgical procedure except their bile duct 
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was not cauterized. Liver to body weight ratio was determined at the end of the study for 

verification of liver failure development.  

METABOLIC CAGE STUDY 

After two weeks of recovery from BDL surgery, the rats were moved into metabolic cages (Lab 

Products, Seaford, DE) for measurement of daily food intake, fluid intake, and urine excretion. 

The rats were provided with ad libitum access to food and water for 14 days to record various 

parameters as previously described (18, 24, 29). Food and fluid intake were measured by filling the 

containers up to a predetermined weight in grams and subtracting the remaining weight 24 h 

later. Mineral oil was added to the urine collection vials to prevent evaporation of water from 

urine.  Urine excretion volume was recorded, and urine samples were collected for measuring 

daily sodium excretion.  

PLASMA MEASUREMENTS 

Trunk blood was collected from each rat after decapitation and plasma was collected for 

measuring plasma osmolality, hematocrit, circulating copeptin concentration. Copeptin (CPP) is 

widely used as biomarker for AVP secretion (30) and was measured in this study in addition to 

AVP. 

For CPP analysis, separate 5 to 6 ml samples of blood were collected in vacutainer tubes 

containing the anticoagulant, EDTA (12 mg). The proteinase inhibitor, aprotinin (0.6 TIU/ml of 

blood; Phoenix Pharmaceuticals, Inc, Burlingame, CA) was added and the sample was 

centrifuged at 1600 g for 15 minutes at 4o C. CPP concentration was measured in plasma 

samples by using specific ELISA according to the manufacturer’s instructions (MBS724037, 
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MyBioSource, Inc, San Diego, CA). Four parametric logistic analysis (4-PL) was performed to 

quantify the concentration of AVP and CPP. 

Another 1 to 2 ml of blood were collected in a 2 ml microcentrifuge tube and prepared for 

measuring plasma osmolality and hematocrit as previously described (31). Two heparinized 

capillary tubes (Fisher Scientific, Hampton, NH) were filled with blood for measuring hematocrit 

using Micro-Hematocrit capillary tube reader (Lancer, St. Louis, MO). The remaining blood 

sample was centrifuged at 1600 g for 5-10 minutes and plasma was collected to measure plasma 

osmolality using vapor pressure osmometer (Wescor, Logan, UT).   

WESTERN BLOT ANALYSIS 

Four weeks after bile duct ligation, the rats were anesthetized with inactin (100 mg/kg ip) and 

decapitated. Punches containing the SON were collected from 1 mm coronal section from each 

brain as previously described (31, 32). Protein was extracted from the SON punches using RIPA 

lysis buffer containing DTT, chelators, and protease phosphatase inhibitor cocktail. Protein 

concentration was determined by Bio-Rad DC assay (detergent compatible) with varying 

concentrations of BSA as reference standards. Total lysate (20–25 ug) were loaded onto a 4-15% 

acrylamide sodium dodecyl sulphate (SDS) gel and separated by electrophoresis in Tris-glycine 

buffer with denaturing conditions. The protein was transferred to Polyvinylidene difluoride 

(PVDF) membrane (Immobilon-P; EMD-Millipore, Burlington, MA) in Tris-glycine buffer (25 

mM Tris, 192 mM glycine, 0.1% SDS; pH 8.3) with 20% (v/v) methanol. Membranes were 

blocked with 5% BSA in Tris-buffered saline-Tween 20 (25 mM Tris base, 125 mM NaCl, 0.1% 

Tween 20) for 30 minutes at room temperature. The membranes were incubated with primary 

antibodies made in 5% BSA overnight at 4o C. The primary antibodies used were: 

Phosphorylated TrkB (Y515; rabbit polyclonal; 1:1000; ab109684, Abcam, Cambridge, MA), 
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Total TrkB (goat;1:1000; GT15080, Neuromics), Phosphorylated KCC2 (Ser940; rabbit 

polyclonal; 1:500; 612-401-E15, Rockland), mCherry (rabbit polyclonal;1:500; ab167453, 

Abcam) and GAPDH (mouse monoclonal;1:2000; MAB374, Millipore).  

Membranes were rinsed three times at 10 min intervals with TBS-Tween followed by a 2 h 

incubation at room temperature with a horseradish peroxidase-conjugated secondary antibody 

against the primary antibody host species (anti-rabbit, anti-goat, or anti-mouse; 1:1000; Sigma, 

St Louis, MO, USA). The membranes were washed three times at 5 min intervals with TBS-

Tween. Proteins were visualized using an enhanced chemiluminescence substrate kit 

(Supersignal West Femto Maximum Sensitivity kit; Thermo Scientific, Waltham, MA). Blots 

were developed, and the digital image was obtained by using Gbox (Genesnap program) and 

densitometry analysis of the bands was performed using ImageJ. Densitometry measurements of 

the immunoreactive bands were normalized using GAPDH as loading control. 

EXPERIMENTAL GROUPS AND STATISTICAL ANALYSIS 

The plasma measurements and posttranslational modifications of the proteins were first 

determined in rats that did not receive stereotaxic injections. The animals were divided into two 

groups in these experiments: 1) Male sham and 2) Male BDL. Based on the data from the initial 

experiments, the shRNA was stereotaxically injected in the further experiments. In these 

experiments, the rats were divided into four groups as follows: 1) Sham rats injected with SCR 

virus (Sham SCR), 2) Sham rats injected with shBDNF virus (Sham shBDNF), 3) BDL rats 

injected with SCR virus (BDL SCR), and 4) BDL rats injected with shBDNF virus (BDL 

shBDNF).  
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The data from BDL and sham rats without any stereotaxic injections were analyzed using 

Student’s t-test using Sigma plot 12.0. Data from the metabolic cage studies were analyzed by 

separate two-way repeated measures ANOVA with time as first factor and treatment (BDL/sham 

with stereotaxic injection) as second factor followed by Bonferroni post hoc tests. All other data 

were analyzed using one-way ANOVA with Bonferroni post hoc tests using Sigma Plot 12.0. 

Figures were assembled using the ‘magick’ package in RStudio. The group sizes were 

determined by power analysis and effect size calculated from our previously published work (19, 

24, 31) and preliminary data using Sigma plot 12.0. Power analysis calculation elements included 

considerations of p < 0.05, of 0.8, largest difference between means, and the largest standard 

deviation we had observed from our studies. Eta2 (  method was chosen to calculate the effect 

sizes and the sample sizes were balanced (equal) in all the groups and were independent of each 

other. Sum of squares (SS) of effect and total from our previous studies (19, 23, 24, 31) were used for 

the effect size determination. The minimal n’s per group for each experiment was determined to 

have an appropriately powered study with the effect size ( ) of approximately 0.7 (70%).  

RESULTS   

EFFECT OF BDL IN MALE RATS 

CHANGES IN LIVER WEIGHT AND PLASMA PARAMETERS 

The liver weight and plasma parameters were measured 4 weeks after BDL/ sham ligation 

surgery. The liver to body weight ratio was very high in BDL rats compared to the sham rats. 

The increase in liver to body weight ratio indicates the BDL rats develop liver failure. The 

Student’s t test indicates that the liver weight was significantly increased in BDL rats compared 

to the sham rats (t = -5.936, d.f. =23; p < 0.001; Figure 1A). Plasma osmolality and hematocrit 
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values were significantly decreased in BDL rats compared to the sham rats indicating the 

development of hyponatremia with bile duct ligation (Osmolality: t =24.982; d.f. = 10; p < 0.001; 

Hematocrit: t = 4.089; d.f. = 9; p < 0.05; Figure 1B & 1C). Plasma CPP values were used as 

biomarker for circulating AVP concentration. The concentration of CPP in BDL sham rats was 

higher compared to the sham rats. Student’s t test indicates significant increase in plasma CPP 

concentration in male BDL rats compared to the sham rats (t = -8.030; d.f. = 10; p < 0.05; Figure 

1D). 

POST TRANSLATIONAL MODIFICATIONS OF TrkB AND KCC2  

The phosphorylation status of TrkB and KCC2 co-transporter were first determined in male BDL 

and sham rats without stereotaxic injections (Figure 2A). Bile duct ligation for 4 weeks increased 

TrkB phosphorylation without affecting total TrkB expression and decreased phosphorylation of 

KCC2 in the SON. The phosphorylation of TrkB receptor was significantly increased in BDL 

rats compared to the sham rats which was determined using student’s test (t = -2.486; d.f = 14; 

Figure 2B). The phosphorylation of KCC2 was significantly decreased in BDL rats compared to 

the sham rats (t = 3.578; d.f = 14; Figure 2C).  

EFFECT OF BDL AND BDNF KNOCKDOWN IN MALE RATS 

CHANGES IN FLUID INTAKE, URINE EXCRETION, FOOD INTAKE AND BODY 

WEIGHT 

Fluid intake, urine excretion and food intake were measured daily for 14 days after two weeks 

from BDL or sham surgery (18, 24, 29). Both the fluid intake and urine excretion were increased in 

BDL rats with SCR injections compared to the sham rats. But this increase in both fluid intake 

and urine excretion was not observed in the BDL rats injected with shBDNF.  Two-way repeated 
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measures ANOVA revealed significant difference indicating that fluid intake was affected by 

time and the treatment protocol (Time: F (13,156) = 5.734, p < 0.001; Treatment: F (3,156) = 

11.818, p < 0.001; Figure 3A). Post hoc multiple comparisons between the factors revealed that 

bile duct ligation significantly increased fluid intake (vs Sham SCR: Bonferroni t = 4.942; p 

<0.05; vs. Sham shBDNF: Bonferroni t = 5.271; p <0.05). The BDNF knockdown significantly 

decreased the fluid intake in BDL rats compared to the sham ligated rats (Bonferroni t = 4.027; p 

<0.05). The significant interaction between the factors are observed in the volume of urine 

excreted (Time x Treatment F (39,156) = 1.984, p < 0.05; Figure 3B). The average daily urine 

volume significantly increased in BDL SCR compared to the sham rats (Bonferroni t tests, p < 

0.05). Post hoc multiple comparisons show that the urine excretion was not significantly 

increased in BDL shBDNF rats compared to the sham rats. The food intake was not significantly 

different in all the four groups (F (3, 19) = 0.595, p = 0.626; Figure 3C).  Concomitantly, the 

average body weight increase was not significantly different between the four groups. (Figure 

3D). 

CHANGES IN LIVER TO BODY WEIGHT RATIO 

The liver weight was measured four weeks after BDL/ sham ligation surgery. The increase in 

liver weight is widely used as a biomarker to verify the liver failure animal model (24, 29). The 

liver to body weight ratio was higher in both BDL SCR and BDL shBDNF rats compared to the 

sham rats. One-way ANOVA followed by Bonferroni multiple comparisons show that both SCR 

and shBDNF rats with bile duct ligation had significantly increased liver to body weight ratio 

compared to the sham groups (F (3,25) = 59.304, p < 0.001; Figure 4A). The BDNF knockdown 

in BDL rats did not have any effect on the liver to body weight ratio compared to BDL SCR rats.   

 



131 
 

CHANGES IN PLASMA, OSMOLALITY, HEMATOCRIT AND COPEPTIN 

The plasma parameters osmolality, hematocrit and CPP concentration were measured 4 weeks 

after BDL/ sham ligation surgery. The development of hyponatremia with bile duct ligation 

caused decrease in plasma osmolality and hematocrit values in BDL rats with SCR injections 

compared to the sham rats. The BDL induced hyponatremia is not observed with BDNF 

knockdown. The concentration of CPP in BDL sham rats was higher compared to the sham rats. 

This increase in plasma CPP values was not seen in the BDL rats injected with shBDNF. 

One- way ANOVA followed by post hoc multiple comparisons show that plasma osmolality and 

hematocrit values were significantly different between the groups (Plasma osmolality F (3,23) = 

32.115, p < 0.001; Hematocrit F (3,22) = 20.771, p < 0.001). The BDL SCR rats also had plasma 

osmolality and hematocrit values that were significantly lower than all other groups (Bonferroni t 

tests, all p < 0.05). The BDL shBDNF group had significantly higher plasma osmolality 

(Bonferroni t = 4.269, p < 0.05; Figure 4B) and hematocrit (Bonferroni t = 5.945, p < 0.05; 

Figure 4C) as compared to the BDL SCR group. One-way ANOVA revealed significant 

difference between the groups in plasma CPP concentration (F (3,18) = 48.260, p < 0.05). 

Bonferroni multiple comparisons show that rats with SCR injections and bile duct ligation had 

significantly increased circulating CPP compared to all the other groups (Bonferroni t tests, all p 

< 0.001; Figure 4D). Knockdown of BDNF in the SON of bile duct ligated rats significantly 

decreased plasma CPP as compared to the BDL SCR group (Bonferroni t = 6.498, p < 0.05; 

Figure 4D).  
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CHANGES IN PHOSPHORYLATION OF TrkB AND KCC2 IN SON 

The SONs from the BDL rats with SCR injections had increased phosphorylation of TrkB 

receptor and decreased phosphorylation of KCC2. The phosphorylation of TrkB receptor was 

decreased in the BDL rats with BDNF knockdown in the SON. In addition, the downregulation 

of KCC2 phosphorylation was inhibited by BDNF knockdown in the BDL rats. The mCherry 

expression was used to verify the specificity of stereotaxic injections (Figure 5A). One-way 

ANOVA analysis revealed a significant difference between the groups in TrKB phosphorylation 

(F (3,20) = 14.931, p < 0.05; Figure 5B) and KCC2 phosphorylation (F (3,20) = 5.973, p < 0.05; 

Figure 5C). Bile duct ligation for four weeks significantly increased TrkB phosphorylation 

without affecting total TrkB expression and decreased phosphorylation of KCC2 (Bonferroni t 

tests, all p < 0.05, Figure 5) in the SON of rats injected with the control vector compared to the 

sham ligated rats. Virally mediated BDNF knockdown in the SON of BDL rats significantly 

prevented the increase in TrkB phosphorylation and the decrease in KCC2 phosphorylation 

compared to sham rats (Bonferroni t tests, all p < 0.05, Figure 5). One to two rats in each group 

did not have successful virus injections in the SON which were verified at the end of the 

experiment and were excluded from the data analysis in all the experiments.   
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DISCUSSION 

It is well established that the liver failure causes portal hypertension due to obstruction of portal 

blood flow because of massive structural changes associated with fibrosis and intrahepatic 

vasoconstriction (33). The increase in hepatic vascular resistance to blood flow during liver failure 

is coupled with hypovolemia and vasodilation. These systemic responses to portal hypertension 

disturb circulatory physiology (3, 5, 14, 34, 35). The compensatory neurohumoral mechanisms are 

activated and AVP secretion is increased to restore blood volume. But, the secretion of AVP is 

not suppressed relative to plasma osmolality leading to hyponatremia which increases morbidity 

and mortality of patients with liver failure. Dilutional hyponatremia is common in end stage liver 

disease due to fluid accumulation by decreased free water clearance which leads to life 

threatening complications such as cerebral and pulmonary edema (15, 36).  

Hyponatremia is characterized by relative excess of body water relative to body sodium content.  

The management of hyponatremia in liver failure is challenging as conventional treatment for 

hyponatremia including fluid restriction and loop diuretics to enhance the renal solute-free water 

excretion are frequently inefficacious. Diuretic therapy often leads to a worsening of the plasma 

sodium status and is shown to have very little effect on improving free water clearance (5, 34). The 

majority of patients find it difficult to adhere to fluid restriction, and discontinuation of diuretics 

may further worsen ascites (15). However, the rapid correction of serum sodium may lead to 

serious neurological complications such as central pontine myelinolysis or seizures (15, 36). The 

AVP antagonists, vaptans, that selectively antagonizes the effects of AVP on the V2 receptors in 

the kidney tubules represents the logical step in the treatment of hyponatremia. However, most of 

currently available vaptans increase risk for hepatic failure and mortality (1, 5, 36).  
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During liver failure, AVP secretion is increased due to non- osmotic mechanisms. However, the 

mechanisms involved in the increase in AVP secretion during liver failure are not known. In this 

study, we show a mechanism that contributes to the increased AVP secretion in an animal model 

of liver failure. This model is shown to induce hyponatremia due to increased AVP secretion 

caused by liver failure. This model is widely used as it is reproducible and the survival rate 

associated with this model is higher compared to other animal models of liver failure (37, 38). The 

cauterization of bile duct in BDL rats causes obstruction of bile duct resulting in cholestasis. 

Cholestasis is a condition where bile cannot flow from the liver to the duodenum and it leads to 

jaundice. The accumulation of bile in the liver causes necrosis of hepatocytes leading to liver 

failure. The yellowish pigmentation of skin, plasma and increase in liver to body weight ratio are 

used as biomarkers to verify the disease model in this study (23, 29, 31, 39). 

We measured copeptin as biomarker for plasma AVP in our experiments. Copeptin is secreted at 

equal molar concentration (1:1) to AVP with longer half-life compared to AVP. Previous studies 

from our lab and several others have shown a correlation between plasma copeptin and AVP 

measurements at various osmolalities (30, 40). 

The fluid intake and urine excretion in BDL rats are higher compared to the sham rats despite 

their lower plasma osmolalities which suggests the role of non-osmotic mechanisms in fluid 

intake of BDL rats. The fluid intake and urine excretion were decreased with BDNF knockdown 

in BDL rats.  Previous studies from our laboratory reported the association between BDL, 

increased drinking behavior, increased angiotensin II type 1 receptor (AT1R) expression in the 

subfornical organ (SFO) and elevated peripheral renin angiotensin system (24, 29, 39). The renin 

angiotensin system is activated in response to systemic hypotension in BDL rats. The current 

study shows the similar decrease in drinking behavior and urine excretion in BDL rats. The 
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BDNF knockdown in the BDL rats might have compensated the decrease in mean arterial 

pressure thereby preventing the angiotensin mediated thirst response, although this was not 

directly tested in the current study. Also, the osmoreceptors in the SON are known to control 

both thirst and osmolality (7, 35, 41-43). It is possible BDNF plays a role in the transduction 

pathways of the osmoreceptors.  

Body fluid and electrolyte homeostasis are maintained by the integration of physiological and 

behavioral systems (5, 41, 44). In the physiological context of decreasing copeptin secretion, 

behavioral decrease in fluid intake could contribute to progressively increasing plasma 

osmolality associated with BDNF knockdown in BDL rats. The role of BDNF in thirst and urine 

excretion is not understood and will be the focus of future studies. 

KCC2 is the major co-transporter for the efflux of chloride ions, as KCC2 is downregulated Cl 

concentration within the neuron is increased which reverses the flux of ions through GABAA 

receptor. This impairs GABAA mediated inhibition of SON neurons (19, 20, 45). The loss of 

synaptic inhibition in SON neurons creates a feed forward loop in the secretion of AVP (18, 19, 46). 

This is the first study to demonstrate increased activation of TrkB receptor and decreased 

phosphorylation of KCC2 co-transporter in BDL rats compared to sham ligated rats. The 

knockdown of BDNF, the primary ligand of TrkB receptor in the SON of BDL rats, prevented 

both the activation of TrkB receptor and downregulation of KCC2 cotransporter. The decrease in 

copeptin concentration in plasma samples correlate with the western blot data of BDNF 

knockdown rats. The mCherry protein expression is used to verify the specificity of viral 

injections.  
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The AAV- U6 - shBDNF used in this study to knockdown BDNF, specifically in the SON, is 

based on previous studies which show stable knockdown of BDNF and high transduction 

efficiency with this viral construct (18, 19). The studies from our lab previously demonstrated 

increased FosB staining and AVP hnRNA expression in the SON neurons of bile duct ligated 

male rats (24, 29). In addition, the increase in AVP secretion in SL rats was prevented by inhibiting 

the increase in BDNF in the SON (18). Based on these previous results, the bilateral SON was 

chosen in the current study to inject shRNA against BDNF.  

Although the post translational modification of KCC2 implies the changes in intracellular 

chloride concentration (47, 48), the effect of BDL and BDNF knockdown on the chloride 

homeostasis and GABA mediated inhibition is not directly tested in this study and will be the 

focus of future studies. The synaptic mechanisms contributing to the increase in BDNF in SON 

are yet to be understood. 

CONCLUSIONS 

This study advances our understanding on the mechanisms involved in inappropriate AVP 

secretion leading to hyponatremia during liver failure. Our results are the first showing that 

BDNF from SON causes activation of TrkB receptor and downregulation of KCC2 in BDL male 

rats. This BDNF-TrkB- KCC2 regulatory mechanism contributes to the increase in AVP 

secretion resulting in hyponatremia. In addition, the knockdown of BDNF in the SON reduced 

the thirst and urine excretion associated with liver failure.  
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FIGURES    

CHAPTER IV - Figure IV-1 – Parameters of male BDL rats without stereotaxic injections 

 

 

Figure 1: Effect of BDL in male rats without stereotaxic injections on A: Liver to body weight 

ratio of male sham and male BDL rats B: Plasma osmolality. C: Hematocrit values. D: Plasma 

CPP concentration.  Data are mean ±SEM.* p <0.05 vs. sham. Groups: Male Sham (n = 7); Male 

BDL (n = 5). 
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CHAPTER IV - Figure IV-2 –Protein expression of male BDL rats 

 

Figure 2: Effect of BDL in protein expression in SON of male rats. A: Sample Western blot 

images showing changes in protein expression of SON punches in male sham and BDL rats 

without stereotaxic injections. B: Quantification of phosphorylated TrkB (normalized to total 

TrkB). C: Phosphorylated KCC2 normalized to GAPDH. Data are mean ±SEM. * p <0.05 vs. 

male sham.  Groups: Male sham (n = 7); Male BDL (n = 9).  
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CHAPTER IV - Figure IV-3 – BDL shBDNF Metabolic cage parameters 

 

Figure 3: The effects of bile duct ligation and BDNF knockdown in the SON on A: Daily 

average fluid intake. B: Daily average urine excretion. C: Average daily changes in food intake.  

D: Average increase in body weight. Data are mean ±SEM. *p <0.05 vs. sham groups. + p <0.05 

BDL shBDNF vs. BDL SCR.  Groups: Sham SCR (n = 6); Sham shBDNF (n = 6); BDL SCR (n 

= 6); BDL shBDNF (n = 5).    

 



147 
 

CHAPTER IV - Figure IV-4 – Plasma parameters and liver weight of BDL shBDNF rats  

 

 

Figure 4: The effects of bile duct ligation and BDNF knockdown in the SON on A: Liver to 

body weight ratio B: Plasma osmolality C: Hematocrit values. D: Plasma CPP concentration.  

Data are mean ±SEM.*p <0.05 vs. all other groups. Groups: Sham SCR (n = 6); Sham shBDNF 

(n = 6-9); BDL SCR (n = 6); BDL shBDNF (n = 6 - 8). 
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CHAPTER IV - Figure IV-5 –Protein expression of BDL shBDNF rats 

 

Figure 5: The effects of bile duct ligation and BDNF knockdown in the SON on protein 

expression. A: Sample Western blot images showing changes in protein expression of SON 
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punches. mCherry protein expression images shows successful injections at SON B: 

Quantification of phosphorylated TrkB (normalized to total TrkB). C: Phosphorylated KCC2 

normalized to GAPDH. Data are mean ±SEM. * p < 0.05 vs. all other groups. +p <0.05 vs. BDL 

SCR. Groups: Sham SCR (n = 6); Sham shBDNF (n = 6); BDL SCR (n = 6); BDL shBDNF (n = 

6).  
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OVERALL DISCUSSION 

The focus of this section is to discuss the comparable outcomes between the hypernatremia and 

hyponatremia animal models used in this dissertation. The detailed experimental discussions 

were addressed in the individual chapters. The first part of the dissertation focused on regulation 

of AVP secretion during salt loading (SL). It was reasonable to begin by interpreting the role of 

BDNF produced from SON in the SL model where preliminary studies on regulatory pathways 

have been reported (1-3). The results and techniques from the SL study set the stage for 

investigating AVP release associated with liver failure using bile duct ligated (BDL) rats, as 

there are not many previous studies on AVP neuron regulation during liver failure. 

The salt loading and liver failure models were primarily chosen and studied in this dissertation as 

they both involve inappropriate AVP secretion (1-6). The results from this dissertation and several 

previous studies have shown that GABAA mediated inhibition of SON AVP neurons is impaired 

in both the models (1-3, 7-13). However, the neural mechanisms leading to the activation of PNZ 

GABAergic neurons that project to the neurosecretory cells in the SONs are different in both the 

models (14-22). The baroreceptor mediated inhibition of SON AVP neurons occurs during SL 

while the osmoreceptor mediated inhibition occurs during liver failure (14, 15, 17, 23-25). Also, the 

osmotic mechanisms initiate AVP secretion during SL while non-osmotic mechanisms contribute 

to AVP secretion during BDL (9, 26-31). 

The metabolic cage data from SL and BDL experiments shows that BDNF knockdown in the 

SON decreased water intake in BDL rats but not in SL rats. This influence of BDNF on fluid 

intake is not completely understood. It is well established that BDL causes systemic hypotension 

that activates renin angiotensin system and angiotensin can increase water intake(1, 2, 6, 32, 33). It is 

possible the BDNF knockdown in the BDL rats and the resulting changes in AVP release and 
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plasma osmolality might have systemic effects that mitigated the hypotension and angiotensin 

release mediated water intake, although this was not evaluated in the current study. However, in 

SL rats, renin angiotensin system remains inactivated as the mean arterial pressure was not 

decreased with BDNF knockdown in the SON (7). The decrease in angiotensin and increase in 

MAP indicates the possibility of inhibition of thirst. This inhibition might have been overruled 

by vicious cycle created between angiotensin mediated thirst inhibition and sustained high salt 

intake induced thirst as 2% salt is the only drinking fluid available for SL rats.  

Also, the osmoreceptors in the SON are known to control both thirst and osmolality (14, 15, 31, 34, 

35). It is possible that BDNF differentially regulate the osmoreceptors which might have 

influenced thirst response during hyponatremia but not during hypernatremia (25, 31, 33, 35, 36). The 

results of these studies show that behavioral response induced by BDNF in the SON might 

depend on the physiological state of the animal.  

In addition to decreasing AVP secretion, the BDNF knockdown induced increased urine sodium 

excretion in SL rats (7) and decreased water retention by decreasing fluid intake in BDL rats. 

These responses induced by BDNF knockdown might contribute to the progressively normalized 

plasma osmolality in the SL and BDL models and might be independent of BDNF effects on 

AVP secretion. The increase in oxytocin during SL can cause natriuresis at high concentrations 

(37, 38) in addition to inducing atrial natriuretic peptide (ANP) mediated renal sodium excretion. 

However, the effect of BDNF knockdown on oxytocin and its subsequent role in urine sodium 

excretion during SL were not tested.  

The results from this dissertation shows that the BDNF-TrkB-KCC2 mechanism in the SON 

impairs the GABAA inhibition of SON AVP neurons contributing to the increase in AVP 

secretion in both SL and BDL rats. Provided the difference in neural pathways for GABAergic 
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inputs to the SON AVP neurons in both the models, the presynaptic mechanisms that contribute 

to the increase in BDNF in the SON neurons might be different.  
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DISSERTATION PERSPECTIVES AND SIGNIFICANCE 

Arginine Vasopressin (AVP) plays a major role in regulating body fluid and electrolyte 

homeostasis. In spite of vast existing knowledge on the regulation of AVP secretion, 

mechanisms contributing to inappropriate increase in AVP secretion during osmotic stress are 

not completely understood.  These studies explored a possible mechanism in the context of salt 

loading and liver failure in male rats. During salt loading, AVP is released into systemic 

circulation although mean arterial pressure is elevated. Similarly, AVP secretion is high despite 

lower plasma osmolality during liver failure. The major results from these projects are outlined 

below. 

SALT LOADING INDUCED AVP SECRETION 

Salt loading (SL) male rats with 2% salt for 7 days causes hypernatremia and a sustained 

increase in AVP secretion. The first part of the specific aim 1 is intended to determine if the 

supraoptic nucleus (SON) is the source of brain derived neurotrophic factor (BDNF) that leads to 

increases in AVP secretion and mean arterial pressure during SL. The major findings of this 

study are that shRNA against BDNF successfully prevents the increase in BDNF and AVP gene 

expression induced by SL. Virally mediated BDNF knockdown in the SON of SL rats prevents 

the increase in tyrosine receptor kinase B (TrkB) phosphorylation and decrease in K+/Cl- Co-

transporter 2 (KCC2) phosphorylation. Plasma osmolality, hematocrit and AVP concentration 

are decreased in SL rats with the BDNF knockdown. Also, blocking the increase in BDNF in the 

SON produced natriuresis in salt loaded rats. However, BDNF knockdown in the SON was not 

sufficient to prevent the salt loading induced increase in mean arterial pressure (Figure 1). 



160 
 

SALT LOADING INDUCED INCREASE IN INTRACELLULAR CHLORIDE 

CONCENTRATION 

Salt loading impairs GABAA mediated inhibition of AVP neurons in the SON of hypothalamus 

through increase in intracellular chloride concentration ([Cl]i). The second part of specific aim 1 

is to determine if a TrKB-KCC2 mediated mechanism contributes to an increase in intracellular 

chloride concentration in SON AVP neurons of SL rats. Pharmacological antagonists were used 

to understand the role of TrkB receptor and chloride co-transporters in increasing [Cl]i in SL rat 

AVP neurons. The effect of these antagonists on [Cl]i during GABAA inhibition was studied 

using focal application of the GABAA agonist muscimol.  

The important outcomes from this study are muscimol application causes an increase in [Cl]i 

indicating influx of chloride ion in Eu rat neurons whereas in SL rat neurons the muscimol 

application causes decrease in [Cl]i indicating efflux of chloride ion. This shows the GABAA 

mediated inhibition is impaired during SL. The reversal of chloride flux progressively switches 

GABAA mediated hyperpolarization to depolarization. The TrkB antagonist blocked the 

muscimol induced chloride efflux in SL rats (Figure 1). The KCC2 antagonist did not have any 

effect on the SL rats as KCC2 was already downregulated during SL. As the KCC2 cotransporter 

expression in the AVP neuron has been controversial, the KCC2 protein expression was 

correlated with the chloride imaging data. The results show that KCC2 and ß-Actin expression is 

found in the neurons that responded to muscimol during chloride imaging.   

LIVER FAILURE INDUCED AVP SECRETION 

Specific aim 2 of the dissertation focused on understanding clinically relevant increase in AVP 

secretion. In this study, we used chronic bile duct ligated (BDL) rats as animal model of 
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dilutional hyponatremia associated with liver failure. The results and approaches from specific 

aim 1 were used to determine the role of a BDNF-TrkB- KCC2 mechanism in the development 

of hyponatremia and increased AVP secretion during liver failure. The major findings from this 

study are that bile duct ligation causes increased phosphorylation of TrkB receptor and decreased 

phosphorylation of KCC2 co-transporter. The BDNF knockdown in the SON inhibits the TrkB 

receptor activation and KCC2 downregulation (Figure 1). The plasma measurements mirror the 

protein expression data. Blocking the BDNF in SON of BDL rats causes increased plasma 

osmolality and hematocrit values and prevents the rats from developing hyponatremia. Also, the 

copeptin secretion decreases in BDL rats with shRNA against BDNF in the SON.  In addition, 

knockdown of BDNF in the SON is associated with reduced thirst and urine excretion associated 

with liver failure.  

SIGNIFICANCE 

Taken together, these results demonstrate that loss of GABAA inhibition through a BDNF-TrkB-

KCC2 pathway in the SON contributes to increased AVP secretion during salt loading and liver 

failure in male rats. It is interesting to note that while the BDNF from the SON is essential for 

increased AVP secretion during SL, it is not necessary for the increase in mean arterial pressure. 

This indicates the involvement of other mechanisms, in addition to SON-dependent AVP release, 

that could contribute to the observed increase in MAP during high salt loading. A subset of 

neurons that responded during chloride imaging had KCC2 expression. The TrKB-KCC2 

dependent mechanism contributes to the increases in [Cl]i and impairment of GABAA mediated 

inhibition of SON AVP neurons from SL rats. The BDNF from the SON contributes to the 

increase in AVP secretion and fluid retention resulting in hyponatremia during liver failure. This 
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could eventually lead to the discovery of biomarkers or new treatments for hyponatremia in liver 

failure patients.   
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CHAPTER V - Figure V-1 – Schematic representation of specific aims with results 
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Figure 1: Schematic representation of specific aims with important results from the dissertation. 

Regulatory mechanism in normal vasopressin neuron (top); Regulatory mechanism in salt loaded 

male rats (middle, left; specific aim 1a and 1b); the results of BDNF knockdown in the SON in 

salt loaded male rats (bottom, left; specific aim 1a and 1b); bile duct ligation (BDL) in male rats 

leading to dilutional hyponatremia (middle, right; specific aim 2); the results of BDNF 

knockdown in the SON in male bile duct ligated rats (bottom, right; specific aim 2).  
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FUTURE DIRECTIONS 

ROLE OF OXYTOCIN IN SALT LOADING 

The results from this dissertation indicate that the SON neurons are the source of BDNF causing 

dysregulation of AVP neurons during salt loading (SL). However, the results cannot conclude 

whether the source is AVP or oxytocin or both neuronal types in the SON. Previous studies have 

shown that hypertonic saline can activate hypothalamic oxytocin neurons in addition to arginine 

vasopressin (AVP) neurons (1, 2). Oxytocin at high concentrations can induce natriuresis (3, 4) 

which could potentially be involved in the observed increase in urine sodium excretion in salt 

loaded rats with BDNF knockdown. It would be interesting to note in future studies whether 

oxytocin expression within the SON is similarly affected by shBDNF.   

INCREASED BLOOD PRESSURE IN SALT LOADED RATS 

Although BDNF knockdown in the SON inhibited the increase in AVP secretion, it was not 

sufficient to prevent the SL induced increase in mean arterial pressure (MAP). It is known that 

activation of osmoreceptors excites preautonomic neurons and enhance sympathetic tone (5, 6). 

More studies will be required to assess the contribution of the sympathetic nervous system by 

determining the effects of ganglionic blockers in the sustained MAP response. Additionally, 

AVP that is dendritically released from magnocellular secretory neurons in the PVN has been 

shown to increase sympathetic outflow (7). This mechanism would not have been influenced by 

the AAV injections in the SON and could still contribute to the increase in MAP associated with 

salt loading. The role of AVP from PVN neurons in increase in MAP during SL will be 

addressed in future studies by injecting shRNA against BDNF in both SON and PVN. 
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POTENTIAL SYNAPTIC MECHANISM 

This dissertation did not address synaptic mechanisms that could potentially influence BDNF 

mediated activation of TrkB receptors in the SON during SL and liver failure. As the 

noradrenergic projections from the brainstem are involved in both osmotic and non-osmotic 

activation of AVP neurons (8-16), these projections could stimulate BDNF release in the SON. 

This could be tested by using the catecholamine specific toxins to disrupt the norepinephrine 

inputs to SON in bile duct ligated (BDL) rats and will be the focus of future studies.  

MEMBRANE EXPRESSION OF KCC2 

It is understood from the previous studies that phosphorylation of KCC2 at Ser940 stabilizes the 

co-transporter in cell membrane (17-20). Our results show the decrease in phosphorylation of 

KCC2 during SL and liver failure is inhibited by injecting shBDNF in the SON. Though this 

posttranslational modification correlates with the intracellular [Cl]i measured in our experiments, 

the membrane expression was not directly tested. This will be verified in verified in future 

studies using cell fractionation methods. 

ROLE OF BDNF IN THIRST 

The studies from this dissertation shows that BDNF knockdown decreased fluid intake in BDL 

rats but not in SL rats (21). The difference in this behavioral response between the two animal 

models of osmotic stress is not clear and several possibilities for this variation are discussed in 

earlier sections. The most important of which is the effect of BDNF knockdown on the 

transduction mechanisms in the osmoreceptors located in the SON as the transduction 

mechanisms during hypernatremia and hyponatremia are known to involve different TRPV 
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channels (22-26). Additional experiments are required to understand the role of BDNF in thirst at 

varying osmolalities. 
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ABSTRACT 

Dilutional hyponatremia due to elevated arginine vasopressin (AVP) secretion increases 

mortality in patients with liver failure. No previous studies have addressed sex difference in 

dilutional hyponatremia in animal models of liver failure. The aim of this study is to investigate 

potential sex differences in dilutional hyponatremia and the effect of ovarian hormones on AVP 

secretion. We used chronic bile duct ligated (BDL) rats, a model of dilutional hyponatremia 

associated with liver failure. 

Adult male, female and ovariectomized (OVX) female Sprague Dawley rats were used. After 

two weeks, the rats had BDL or sham ligation surgery. Four weeks later, the brains were 

processed for immunohistochemistry analysis of FosB and AVP expression. Blood samples were 

collected to measure plasma osmolality, hematocrit, circulating estradiol and copeptin 

concentration. Copeptin was used as biomarker for plasma AVP. Liver weight, body weight, and 

fluid accumulation were recorded to verify if the rats developed liver failure and ascites. Data 

were analyzed by two-way ANOVA with Bonferroni post hoc comparisons. 

All the BDL rats had ascites and significantly increased liver to body weight ratios compared to 

sham rats indicative of liver failure. Male BDL rats had hyponatremia along with significant 

increases in plasma copeptin and FosB expression in Supraoptic AVP neurons compared to male 

shams (all p<0.05; 5-7). Unlike male BDL rats, the female BDL rats did not become 

hyponatremic and did not demonstrate increased Supraoptic AVP neuron activation or copeptin 

secretion compared to female shams. 

Ovariectomy significantly decreased plasma estradiol concentration in sham rats compared to 

intact female sham (p< 0.05;6-10). However, circulating estradiol concentration was 
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significantly elevated in ovariectomized BDL (OVX BDL) rats compared to the ovariectomized 

sham (OVX sham) and female sham rats (p<0.05; 6-10). To identify a possible source of 

estradiol contributing to the observed increase in OVX BDL rats, adrenal glands were collected 

at the end of protocol. Adrenal gland steroids were extracted to measure estradiol and its 

precursors, testosterone and DHEA concentration. 

The OVX BDL rats had significantly increased adrenal estradiol along with significantly 

decreased adrenal testosterone and DHEA compared to OVX sham rats (all p< 0.05;6-7). Plasma 

osmolality, hematocrit and copeptin concentration were not different between OVX BDL and 

OVX sham rats. Our results show that unlike male BDL rats, female BDL rats did not develop 

hyponatremia, supraoptic AVP neuron activation, or increased copeptin secretion compared to 

sham ligated females. Female OVX BDL rats did not become hyponatremia or increased 

copeptin secretion compared to female OVX sham rats. It is possible that the increase in adrenal 

estradiol compensated for the lack of ovarian estrogens in OVX BDL rats. Additional 

experiments will be required to determine the effects of estrogen in this model. 
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MATERIALS AND METHODS 

ANIMALS 

Adult male and female Sprague-Dawley rats (Charles River, Wilmington, MA) were used in the 

experiments for this study. Experimental protocols involving animals were approved by the UNT 

Health Science Center IACUC and conducted in accordance to the National Institute of Health 

Guide for the Care and Use of Laboratory Animals. All animals were housed in a temperature 

(24-26 oC) and humidity (40-60%) controlled environment with ad libitum access to food 

(Teklad LM-485 Rat Sterilizable Diet with 0.3% Sodium, Envigo, Somerset, NJ) and water 

unless otherwise indicated. Rats were individually housed due to the use of survival surgery and 

individual fluid intake measurements in the protocol. Survival surgeries were conducted using 

aseptic techniques. All rats were given procaine penicillin G (30,000 U, sc) and non-steroidal 

anti-inflammatory drug, carprofen (Rimadyl, 2 mg po), was given before and after surgery for 

pain management.   

BILATERAL OVARIECTOMY 

Prior to ovariectomy, female rats were anaesthetized with isoflurane (2-3%). The left side of the 

abdomen was shaved, cleaned and incision was created. Ovary and uterine horn were identified 

and exposed. The ovary was cut by gently pulling it out by grabbing the surrounding adipose 

tissue to prevent detachment of a small piece of ovary, which may fall into the abdominal cavity 

where it may be replanted to carry on its normal function (1) . The fallopian tube was cauterized, 

and the remaining tissue was put back into the abdominal cavity. The incision was closed with 

absorbable antibiotic sutures. The procedure was repeated on the right side to remove the other 

ovary (2). Two weeks later, the rats received either bile duct ligation or sham ligation surgery.  
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BILE DUCT LIGATION SURGERY 

The rats were anaesthetized with isoflurane (2-3%). The abdomen was shaved and cleaned. A 

midline abdominal incision was performed, and the common bile duct was isolated and 

cauterized between two ligatures as previously described (3, 4). Visual inspection of ascetic fluid 

in the peritoneal cavity was performed daily after surgery.  Any rat showing morbidity or ascites 

of greater than 10% of the body weight was euthanized (Inactin 100 mg/kg ip). Sham rats 

received the same surgical procedure except their bile duct was not cauterized. Liver to body 

weight ratio was determined at the end of the study for verification of liver failure development.  

PLASMA MEASUREMENTS 

Trunk blood was collected from each rat after decapitation and plasma was collected for 

measuring plasma osmolality, hematocrit, copeptin, and estradiol concentration. Copeptin (CPP) 

is widely used as biomarker for AVP secretion (5) and was measured in this study in addition to 

AVP. A 5 to 6 ml sample of blood was collected in Vacutainer tubes containing the 

anticoagulant, EDTA (12 mg). The proteinase inhibitor, aprotinin (0.6 TIU/ml of blood; Phoenix 

Pharmaceuticals, Inc, Burlingame, CA) was added to each sample. The samples were centrifuged 

at 1600 g for 15 minutes at 4o C. CPP and estradiol concentrations were measured in plasma 

samples by using specific ELISAs according to the manufacturer’s instructions (CPP: 

MBS724037, MyBioSource, Inc, San Diego, CA; Estradiol: BioVendor Research and Diagnostic 

Products, Asheville, NC). Four parametric logistic analysis (4-PL) was performed to quantify the 

concentration of CPP.  

A separate 1 to 2 ml sample of blood was collected in 2 ml microcentrifuge tube and prepared for 

measuring plasma osmolality and hematocrit as previously described (6, 7). Two heparinized 
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capillary tubes (Fisher Scientific, Hampton, NH) were filled with blood for measuring hematocrit 

using Micro-Hematocrit capillary tube reader (Lancer, St. Louis, MO). The remaining blood 

sample was centrifuged at 1600 g for 5-10 minutes and plasma was collected to measure plasma 

osmolality using vapor pressure osmometer (Wescor, Logan, UT).   

IMMUNOHISTOCHEMISTRY 

Four weeks after bile duct ligation surgery, rats were deeply anesthetized with inactin (100 

mg/kg, ip.), perfused transcardially with phosphate-buffered saline (PBS) followed by 4% 

paraformaldehyde in PBS. After the perfusion, brains were extracted from the skull and placed in 

30% sucrose until dehydrated. The brains were serial sectioned at a thickness of 40 µm using a 

cryostat. Sections were processed for FosB and AVP using goat polyclonal FosB (Santa Cruz 

Biotechnology, Cat# sc-48-G Santa Cruz, CA; 1:1000), guinea pig polyclonal Anti-(Arg8)-VP 

(1:1000; Cat# T-5048 Peninsula Labs, San Carlos, CA). Sections were incubated in primary 

antibodies for two days at 4oC.  Following primary antibody incubation, sections were then 

rinsed with PBS, followed by sequential incubation in respective secondary antibodies against 

host species. Biotinylated anti-goat secondary (1:1000, Jackson ImmunoResearch Laboratories, 

Inc. West Grove, PA) was used for FosB to visualize using 3,3’-diaminobenzidine 

hydrochlorides. The Cy3 fluorophores (Cy3-conjugated anti-guinea pig IgG (1:10000; Cat 706-

165-148, Jackson ImmunoResearch Laboratories, Inc) was used for AVP. Sections were rinsed 

again in PBS, mounted on gelatin coated slides, and cover slipped with Vectashield (Vecta Labs, 

Burlingame, CA) mounting media. Sections were examined for co-localization of the FosB with 

AVP immunofluorescence to determine the activation of AVP neurons.  
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ADRENAL GLAND STEROID MEASUREMENTS 

After four weeks of bile duct ligation surgery, the adrenal glands from ovariectomized female 

rats were collected and flash frozen using dry ice. The frozen (−80°C) adrenal tissue was thawed, 

weighed, and homogenized using acetonitrile. The steroids were extracted from tissue samples 

by organic phase extraction using acetonitrile to solubilize the steroid and hexane to remove fat 

and lipid that may be present in the sample. The steroid separated in acetonitrile phase was 

evaporated to dryness using vacuum centrifugal concentrator (8). The dried extracted samples 

were diluted in ethanol: assay buffer mixture (1:10). The reconstituted samples were used to 

measure DHEA, testosterone and estradiol concentration using specific ELISAs according to the 

manufacturer’s instructions (DHEA: Enzo Life Sciences, Inc., Farmingdale, NY; Testosterone: 

BioVendor Research and Diagnostic Products). 

EXPERIMENTAL GROUPS AND STATISTICAL ANALYSIS 

The male, female and OVX rats were subdivided into two groups in these experiments: 1) Sham 

ligation and 2) BDL. The adrenal steroid concentration data from OVX sham and BDL rat was 

analyzed using Student’s t-test. All other data were analyzed using two-way ANOVA with 

treatment (sham vs. BDL) as first factor and sex (male vs. female vs. OVX) as second factor 

followed by Bonferroni post-hoc comparisons using Sigma Plot 12.0. Figures were assembled 

using the ‘magick’ package in RStudio. The group sizes were determined by power analysis and 

effect size calculated from our previously published work (4, 6, 9) and preliminary data using 

Sigma plot 12.0. The minimal n’s per group for each experiment was decided to have an 

appropriately powered study with the effect size of approximately 0.7 (70%).  
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RESULTS 

EFFECT OF BDL IN MALE AND FEMALE RATS 

CHANGES IN LIVER TO BODY WEIGHT RATIO 

The liver weight was measured four weeks after BDL/ sham ligation surgery. The increase in 

liver weight is widely used as a biomarker to verify the liver failure animal model (4, 10). The liver 

to body weight ratio was increased in both male and female BDL rats compared to their 

respective sham ligated groups. The increase in liver to body weight ratio indicates that both the 

male and female BDL rats develop liver failure. Two- way ANOVA indicates significant 

difference between the groups (F (2, 45) = 3.36, p < 0.05). Bonferroni post hoc analysis indicates 

that the liver weight was significantly increased in male BDL rats compared to the male sham 

rats (Bonferroni t = 5.703; p < 0.001; Figure 1A). Similar increase was in female BDL rats 

compared to the female sham rats (Bonferroni t = 11.517; p < 0.001; Figure 1A). The liver 

weights were not significantly different between male and female BDL groups. This data shows 

that there was no sex difference in the development of liver failure disease with the bile duct 

ligation.    

CHANGES IN PLASMA OSMOLALITY, VOLUME AND COPEPTIN  

Plasma osmolality, hematocrit, and CPP concentration were measured four weeks after BDL/ 

sham ligation surgery. The decrease in plasma osmolality and hematocrit values in BDL rats 

indicates development of hyponatremia with bile duct ligation. The statistical analysis using two-

way ANOVA shows that the first factor treatment is significantly different between some of the 

groups (Osmolality: F (1, 44) = 8.671, p < 0.05; Hematocrit: F (1, 46) = 16.754, p < 0.05; CPP: 

F(1, 32) = 13.219). The second factor sex did not have any significant effect on the osmolality 
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and hematocrit.  The plasma CPP concentration was significantly different between male and 

female rats in both sham and BDL groups (F (2, 32) = 40.489; Bonferroni t tests, all p < 0.05). 

Bonferroni multiple comparisons indicate that the male BDL rats had significantly decreased 

plasma osmolality and hematocrit values as compared to male Sham rats (Osmolality: Bonferroni 

t = 2.890; p < 0.05; Hematocrit: Bonferroni t = 3.096; p < 0.05; Figure 1B & 1C). Similar 

decreases were not observed between female BDL and sham (Figure 1B & 1C). Similarly, the 

concentration of CPP in male BDL rats was significantly increased compared to the male sham 

rats (Bonferroni t = 3.096; p < 0.05; Figure 1D). This increase in plasma CPP values was not 

seen in the female BDL rats (Figure 1D).  

FosB AND AVP EXPRESSION IN SON NEURONS 

FosB expression was measured in the SON of male and female sham and BDL rats (Figure 2A). 

It is well established that the increase in FosB expression indicates neuronal activation (4). The 

neurons were double labeled with AVP to record AVP expression (Figure 2B) and localize FosB 

expression in AVP neurons (Figure 2C). The co-localization of FosB in the AVP neurons was 

measured in the sections from male sham and BDL rats. FosB expression in SON AVP neurons 

was increased in both male and female BDL rats compared to their respective shams. In male 

BDL rats, 59% of the FosB positive cells were vasopressinergic compared with 14% in sham 

ligated controls. The FosB expression was co-localized in AVP neurons in male BDL rats 

whereas in female BDL rats the FosB was not co-localized in AVP neurons. The 24% of the 

FosB positive neurons were colocalized with AVP compared with 19% in sham rats. The number 

of FosB and AVP co-localized neurons in female BDL rats was not significantly increased 

compared to the female shams (Figure 2D).  
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EFFECT OF BDL IN OVARIECTOMIZED FEMALE RATS 

The following experiments were performed in ovariectomized rats to understand the role of 

estradiol in development of hyponatremia and increase in AVP secretion during liver failure. The 

male and female group data are represented again in the following sections along with the OVX 

groups for easier comparison.  

CHANGES IN LIVER TO BODY WEIGHT RATIO 

Two weeks later ovariectomy, the OVX rats undergo BDL/sham surgery. After four weeks of 

BDL/ sham ligation, the liver weight was measured. The increase in liver weight indicates the 

bile duct ligation surgery was successful and the rats develop liver failure (4, 10). The liver to body 

weight ratio was very high in OVX BDL rats compared to their sham rats. The increase in liver 

to body weight ratio indicates the OVX BDL rats develop liver failure similar to the male and 

female BDL rats. The two-way ANOVA followed by post-hoc analysis indicates that the liver 

weight was significantly increased in OVX BDL rats compared to the OVX sham rats 

(Bonferroni t = 9.995; p < 0.001; Figure 3A). The liver to body weight of OVX BDL rats was 

similar to the male and female BDL rats.  

PLASMA ESTRADIOL CONCENTRATION 

Plasma estradiol concentration was measured in the OVX sham and BDL rats to compare the 

values with intact female sham and BDL rats and verify the efficiency of ovariectomy 

procedures. Plasma estradiol concentration was minimal in OVX sham rats compared to the 

intact female sham rats. This indicates the ovariectomy procedures were successful. However, 

the bile duct ligation in OVX rats increased the circulating estradiol concentration. Two-way 

ANOVA indicates significant difference between the groups (F (1,29) = 42.706; p < 0.05). 
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Bonferroni comparisons indicates that plasma estradiol concentration was significantly decreased 

with ovariectomy in sham rats compared to the intact female shams (Bonferroni t = 2.345; p < 

0.05; Figure 3B). The OVX BDL rats showed significant increase in circulating estradiol 

concentration compared to the OVX sham rats (Bonferroni t = 6.253; p < 0.05; Figure 3B). 

CHANGES IN PLASMA OSMOLALITY, VOLUME AND COPEPTIN  

Plasma parameters were measured four weeks after BDL/sham surgery. Unlike the male BDL 

rats, OVX BDL rats did not develop hyponatremia. The plasma osmolality and hematocrit values 

were not decreased in OVX BDL rats compared to the OVX sham rats. Also, the OVX BDL rats 

did not had increase in plasma CPP concentration compared to the OVX sham rats. 

The comparison of OVX sham and OVX BDL rats using two-way ANOVA and Bonferroni 

analysis shows that the plasma osmolality and hematocrit values were not significantly different 

between OVX sham and OVX BDL rats (Osmolality: Bonferroni t = 1.350 ; p = 0.184; 

Hematocrit: Bonferroni t = 1.669; p = 0.102; Figure 3C & 3D). The statistical analysis did not 

show significant increase in plasma CPP concentration in OVX BDL rats compared to the OVX 

sham rats (Bonferroni t = 1.519; p = 0.139; Figure 3E). The circulating CPP concentration was 

significantly different in OVX sham rats compared to male and female sham rats. Also, the CPP 

concentration in OVX BDL rats was significantly different compared to female rats but not to 

male rats (Bonferroni t tests, all p <0.05). These data show that bile duct ligation did not affect 

the plasma parameters of OVX rats similar to that observed in intact female rats.     

CHANGES IN ADRENAL STEROID CONCENTRATION 

The adrenal steroid was extracted to measure the concentration of estradiol, testosterone and 

DHEA. Bile duct ligation increased adrenal estradiol concentration in OVX rats compared to the 
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sham rats. This increase in adrenal estradiol concentration might be contributing to the observed 

increase in circulating estradiol. In contrast, the concentration of estradiol precursors, 

testosterone and DHEA were decreased in adrenal glands of OVX BDL rats compared to the 

OVX sham rats. The decrease in substrates of estradiol synthesis pathway with the increase in 

the product renders the possibility of increase in enzyme activity. 

Student’s t-test showed significant increase in adrenal estradiol concentration in OVX BDL rats 

compared to the OVX sham rats (t =-5.632; d.f. = 11; p < 0.001; Figure 4A). The adrenal 

testosterone and DHEA were significantly decreased in the OVX BDL rats compared to the 

OVX sham rats (Testosterone: t = 4.685; d.f. = 11; p < 0.001; Figure 4B. DHEA: t = 2.783; d.f. = 

11; p < 0.05; Figure 4C). This data suggests increase in aromatase transcription or activity in the 

adrenal glands. 
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FIGURES 

APPENDIX I - Figure I-1 – Parameters of male and female sham/BDL rats  

 

 

Figure 1: Effect of BDL in male and female rats on A: Liver to body weight ratio. B: Plasma 

osmolality. C: Hematocrit values. D: Plasma CPP concentration.  Data are mean ±SEM.*p <0.05 

vs. respective sham. +p < 0.05 respective male group. Groups: Male Sham (n = 6-7); Male BDL 

(n = 6); Female Sham (n = 11); Female BDL (n = 9). 
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APPENDIX I - Figure I-2 – Immunohistochemistry of FosB and AVP expression in SON 

 

Figure 2: Immunohistochemistry in the SON. A: FosB expression in female BDL rats B: AVP 

expression in the same SON section from female BDL rats C: Double labelling of FosB and 

AVP obtained from the merge of A and B. Arrows indicate co-localization of FosB and AVP in 

female BDL rats D: Quantification graph indicating average no. of neurons expressing FosB and 

FosB+AVP in male sham, male BDL, female sham, female BDL.  Data are mean ±SEM.*p < 

0.05 vs. respective sham. Groups: Male Sham (n = 7); Male BDL (n = 6); Female Sham (n = 9); 

Female BDL (n = 9). 
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       APPENDIX I - Figure I-3 – Parameters of female and OVX sham/BDL rats  

 

Figure 3: Effect of BDL in female and OVX rats on A: Liver to body weight ratio. B: Plasma 

estradiol concentration. C: Hematocrit values. D: Plasma CPP concentration. E: Plasma 

osmolality. Data are mean ±SEM.*p <0.05 vs. respective sham. +p <0.05 vs. respective female 

group. Groups: Female Sham (n = 11); Female BDL (n = 9); OVX Sham (n = 6-9); OVX BDL 

(n = 6-11). The female sham and BDL rat data shown in this figure 3 are replicated from figure 1 

to provide easier visual comparison between female and OVX groups. 
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APPENDIX I - Figure I-4 – Adrenal steroid concentration in OVX sham/BDL rats 

 

Figure 4: Effect of BDL in adrenal glands of OVX rats. A: Adrenal estradiol concentration. B: 

Adrenal testosterone concentration. C: Adrenal DHEA concentration. Data are mean ±SEM.*p < 

0.05 vs. OVX sham. Groups: OVX Sham (n = 7) and OVX BDL (n = 5). 

 

 


