
 

Glycemic State Regulates Brain-Derived Neurotrophic Factor 

Responsiveness of Neurons in the Paraventricular Nucleus of the 

Hypothalamus 

 

by 

 

William McIsaac 

 

A thesis submitted to the Graduate Program in Neuroscience 

in conformity with the requirements for 

the Degree of Master of Science 

 

Queen‟s University 

Kingston, Ontario, Canada 

September, 2015 

 

Copyright © William McIsaac, 2015 

 

  



I 
 

Abstract 

Brain derived neurotrophic factor (BDNF) is a member of the family of neurotrophins and 

binds to the tropomyosin-related kinase B (TrkB) receptor. Like other neurotrophic factors, 

BDNF is involved in the development and differentiation of neurons. Recently, studies have 

suggested important roles for BDNF in the regulation of energy homeostasis. The paraventricular 

nucleus (PVN) is critical for normal energy balance contains high levels of both BDNF and TrkB 

mRNA. Studies have shown that microinjections of BDNF into the PVN increase energy 

expenditure, suggesting BDNF plays a role in energy homeostasis through direct actions in this 

hypothalamic nucleus. 

We used male Sprague-Dawley rats to perform whole-cell current-clamp experiments 

from PVN neurons in slice preparation. BDNF was bath applied at a concentration of 2nM and 

caused depolarizations in 54% of neurons (n = 25; mean change in membrane potential: 8.9 ± 1.2 

mV), hyperpolarizations in 23% (n = 11; mean change in membrane potential: -6.7 ± 1.4 mV), 

while the remaining cells tested were unaffected. Previous studies showing effects of BDNF on 

γ-aminobutyric acid type A (GABAA) mediated neurotransmission in PVN led us to examine if 

these BDNF-mediated changes in membrane potential were maintained in the presence of 

tetrodotoxin (TTX) sodium channel blocker (N = 9; 56% depolarized, 22% hyperpolarized, 22% 

non-responders) and bicuculline (GABAA antagonist) (N = 12; 42% depolarized, 17% 

hyperpolarized, 41% non-responders), supporting the conclusion that these effects on membrane 

potential were postsynaptic. 

We also evaluated the effects of BDNF on these neurons across varying physiologically 

relevant extracellular glucose concentrations. At 10 mM 23% (n = 11; mean: -6.7 ± 1.4 mV) of 
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PVN neurons hyperpolarized in response to BDNF treatment, whereas at 0.2 mM glucose, 71% 

showed hyperpolarizing effects (n = 12; mean: -6.3 ± 2.8 mV).  

Our findings reveal that BDNF has direct impacts on PVN neurons and that these neurons 

are capable of integrating multiple sources of metabolically relevant input. Our analysis 

regarding glucose concentrations and their effects on these neurons‟ response to other metabolic 

signals emphasizes the importance of using physiologically relevant conditions for study of 

central pathways involved in the regulation of energy homeostasis.  
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Chapter 1: Introduction 

1.1 Energy Homeostasis and Obesity 

Despite recent advances in our knowledge of mechanisms responsible for regulating 

energy expenditure, obesity remains one of the most serious health concerns worldwide. Obesity 

is associated with a wide array of adverse health effects including insulin resistance, glucose 

intolerance, cardiovascular disease, dyslipidemia, and hypertension, collectively termed the 

“metabolic syndrome” (164). Although an effective pharmacological intervention for obesity 

remains to be developed, the secondary health risks suggest that any treatment for obesity would 

ultimately need to target all the associated symptoms. Prevalence estimates indicated that 15% of 

the adult population in Canada is obese and 33% are classified as overweight (19). As obesity 

rates continue to grow, there is constant strain imposed on the health system and pressure to 

better understand the mechanisms underlying obesity and energy homeostasis. 

Obesity ensues when energy intake greatly exceeds energy expenditure and can be caused 

when environmental, social, psychological, and genetic factors aggregate to disturb this delicate 

balance. Despite the directness behind this concept, our understanding of the mechanisms 

involved is limited. Lesion studies in rodents have implicated the hypothalamus as a region that 

may play a major role in controlling energy homeostasis (112). More specific experiments have 

shown that lesioning the paraventricular nucleus (PVN) results in obesity and hyperphagia (69; 

169). The role of the hypothalamus in the regulation of energy homeostasis is a result of the 

critical roles played by neurons in this nucleus in the regulation of neural, endocrine and 

metabolic signals that result in integrated physiological autonomic, endocrine, and behavioural 

responses (177). 

1.2 Central Control of Energy Homeostasis  
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The hypothalamus is a region of the brain that is critical for the regulation of feeding, 

reproduction, cardiovascular regulation and thermoregulation (54). Within the hypothalamus 

there are a number of distinct nuclei which have been suggested to play important roles in the 

regulation of food intake, such as the arcuate nucleus (ARC), the ventromedial hypothalamus 

(VMH), the dorsalmedial hypothalamus (DMH), the lateral hypothalamus (LH), and the PVN 

(13; 36; 64; 144; 165) 

The ARC contains two recognizable neuronal populations: neuropeptide Y (NPY) and 

agouti-related peptide (AgRP) neurons and neurons that coexpress pro-opiomelanocortin 

(POMC) and cocaine- and amphetamine-regulated transcript (CART). NPY is the main 

neurotransmitter of the ARC that stimulates feeding and weight gain (178) and these NPY 

neurons project to the PVN (133). POMC/CART neurons produce alpha-melanocyte-stimulating 

hormone (α-MSH) which suppresses food intake (20; 46) and also project to the PVN (116). 

Thus, NPY and POMC neurons may be involved in regulating food intake through their efferent 

projects to the PVN.  

The VMH is a hypothalamic nucleus involved in feeding and thermoregulation. Early 

studies have shown that lesions of this nucleus resulted in over eating in rats (53). Furthermore, 

when the VMH is stimulated electrically, a decrease in food intake is realized (179).Similar to the 

ARC, the VMH has been shown to project to the PVN (186). Importantly, VMH expresses high 

levels of brain derived neurotrophic factor (BDNF) mRNA (43). 

The DMH is known as a critical site in the control of feeding and metabolic regulation 

that receives input from both the VMH and the LH and in turn sends projections to the PVN (22). 

Early electrolytic lesion studies have found that lesions of the DMH result in hypophagic and 

hypodipsic rats (23). This study showed that the lesioned rats had become hypophagic and 
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reduced percentage of lean body mass compared to pair-fed rats (21). These findings support that 

this hypothalamic locus plays an important role in energy homeostasis. 

Finally, the LH is another crucial regulator of energy balance that is situated in the 

hypothalamus. Electrical stimulation of the LH promotes feeding and drinking behaviors as well 

as increased physical activity (51; 124). Interestingly, LH-lesioned rats appear to have the ability 

to eat and drink, but they lose all motivation to do so and this ultimately results in death from 

starvation (126). Overall, LH‟s regulation of motivation and its vast projections to many areas of 

the brain involved in motivation and feeding reveal its potential to contribute to energy balance. 

1.3 Neurotrophic Factors 

1.3.1 Family of Neurotrophins 

Neurotrophins are a related family of growth factors that are crucial for the growth and 

survival of developing neurons in both the central and peripheral nervous system (50). Nerve 

growth factor (NGF) was the first of this family to be discovered in 1950 through its effects on 

sympathetic neurons, showing that fibers emerging from sympathetic ganglion cells in chick 

embryos were observed to grow directionally towards sarcomas that provide favorable medium 

for nerve fiber outgrowth at the base of limb buds (103). Since this time, other neurotrophic 

factors have been described, including neurotrophin-3 (NT-3) (109), neurotrophin-4/5 (NT-

4/5)(67; 78) and BDNF (17). 

1.3.2Brain-Derived Neurotrophic Factor 

BDNF was the second member of the neurotrophic family to be discovered when it was 

shown to be paramount for the survival of dorsal root ganglion neurons (2; 17). BDNF is 

synthesized as pro-BDNF (32 kDa) and is then later cleaved into its mature form which dimerizes 

in order to bind receptors (87). Although mature BDNF is considered the active form, pro-BDNF 
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may be secreted and interact with pan-neurotrophin receptor p75
NTR 

(210). p75
NTR

 is a member of 

the tumor necrosis factor (TNFR) superfamily and has a glycosylated extracellular region that is 

important for ligand binding, a transmembrane region, and a short cytoplasmic sequence (39; 49). 

p75 is of particular interest because it has biological functions that are distinct from those of 

tropomyosin-related kinase (Trk) receptors; perhaps the most important of which to date is its 

demonstrated role in initiation of programmed cell death, also known as apoptosis (37; 49; 60; 

159) 

Mature BDNF binds to the TrkB receptor with high affinity (16), and to p75
NTR

 with low 

affinity (39). In addition, it has been shown that p75
NTR

 can increase TrkB‟s specificity for 

BDNF (25). Both BDNF and TrkB mRNA widely expressed throughout the central nervous 

system (CNS) (43; 115) and particular peripheral tissues including muscles (128), adipose (197), 

and liver (38). As a result, both proteins are widely distributed throughout the nervous system(43; 

217) while, at the cellular level, BDNF and its receptors, TrkB and p75, can be located in both 

the axon terminals and the dendrites of neurons (195). When bound to its receptor, BDNF 

promotes neuronal survival (5; 65; 74), differentiation (5), and long-term potentiation (LTP) (88).  

1.3.3 TrkB Receptor 

TrkB is a tyrosine kinase which dimerizes upon activation by BDNF. Following kinase 

activation, TrkB transphosphorylates on multiple tyrosine residues and creates specific binding 

sites for intracellular target proteins. These target proteins can then bind the activated receptor via 

SH2 domains (16; 142)and initiate subsequent intracellular signaling cascades. These pathways 

include phospholipase C (PLC-γ), mitogen-activated kinase cascade (Ras-MAP) and 

phosphorylation of cyclic AMP-response element binding protein (CREB) (142). This receptor 

can exist in one full-length form and two truncated forms that do not possess tyrosine kinase 
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domain and are inactive (6), the latter of which have been shown to function as inhibitory 

modulators of neurotrophin responsiveness by forming heterodimers with the full-length form 

and inhibiting BDNF activity (4).  

1.3.4 BDNF and the Control of Energy Homeostasis 

Recently, BDNF has gained increasing recognition as a potential regulator of energy 

metabolism. It has been shown that chronic intraventricular (ICV) administration of BDNF in rats 

with fimbrial lesions attenuated the lesion-induced weight gain, suggesting BDNF has a role in 

the regulation of food intake through acting on central neurons. BDNF given 

introcerebroventricularly to rats for 14 days caused a notable and dose-dependent decrease in 

body weight and energy intake (143). In addition, adult rats implanted with osmotic micro-pumps 

in the lateral ventricle for delivery of BDNF displayed increased locomotor activity and body 

temperature, indicating a role for BDNF in the hypothalamic-pituitary-adrenal axis and its 

subsequent effects on locomotor rhythms (129).Using the cre-lox P recombination system to 

generate conditional mutants in which BDNF has been eliminated from the brain, studies have 

shown that homozygous and heterozygous knockout of BDNF in the brain results in an obese 

phenotype  along with elevated serum insulin, cholesterol and glucose (152). Importantly, ICV 

administration of BDNF to heterozygous knockout mice can transiently reverse the previously 

observed abnormal eating behaviour (85). Finally, haplosufficiency of BDNF in humans with 

WAGR syndrome (Wilms‟ tumor, aniridia, genitourinary anomalies, and mental retardation) is 

associated with obesity and hyperphagia, indicating BDNF may be critical for the regulation of 

food intake in humans (132).  

Within the hypothalamus, BDNF has been shown to be synthesized within the VMH, 

PVN, DMH, and LH (43).  Microarray data from our laboratory has shown that both the BDNF 
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protein and its associated receptor, TrkB, are expressed at high levels within the PVN 

(unpublished). 

1.4 The Paraventricular Nucleus of the Hypothalamus 

1.4.1A Brief Overview 

The PVN is perhaps one of the most important hypothalamic integrative autonomic 

control nuclei in that it is now well established to play critical roles in the regulation of the 

immune system, cardiovascular regulation, the control of fluid balance and energy homeostasis 

(45; 58; 83; 185; 209). The PVN is bilaterally located adjacent to the dorsal portion of the third 

ventricle and it contains three primary output cell types which express distinct neurotransmitters 

and have varying projections. These different cell types are magnocellular (MNC) oxytocin (OT) 

and vasopressin (VP) secreting neurons which project to the posterior pituitary, the OT, VP, 

thyrotropin-releasing hormone (TRH) and corticotropin-releasing hormone(CRH) parvocellular 

preautonomic (PA) neurons which project to the medulla and the spinal cord, and the CRH and 

TRH neuroendocrine (NE) cells which project to the median eminence. In addition, anatomical 

studies have shown GABAergic interneurons dispersed throughout the nucleus as well as the 

surrounding “halo” zone (154). 

1.4.2 Afferent Inputs to the PVN 

PVN receives numerous and diverse afferent projections from various areas of the CNS 

including the hypothalamus, brainstem, and extra-hypothalamic sites (96). Retrograde transport 

experiments have described inputs to the PVN from the suprachiasmatic nucleus (SCN), the 

VMH, the dorsal medial nucleus, the medial preoptic area, areas of the LH (161), and the ARC, 

as well as from the forebrain sensory circumventricular organs including the subfornical organ 

(SFO) and the vascular organ of the lamina terminalis (OVLT) (96). Finally, the PVN also 
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receives projections from critical autonomic control nuclei in the medulla including the nucleus 

tractus solitarius (NTS), the ventrolateral medulla, and the dorsal motor nucleus of the vagus 

(DMN) and other various projections from areas such as the ventrolateral septum, locus 

coeruleus, noradrenergic neurons of the brainstem, the parastrial nucleus, the amygdala and the 

prefrontal cortex (70; 95; 96).  

1.4.3 Efferent Projections of the PVN 

PVN neurons have been described extensively and have been shown to project to 3 main 

areas. MNC neurons are located in the ventrolateral portion of the PVN and project to the 

posterior pituitary where they release VP or OT into the peripheral circulation.  Axons from both 

the MNC neurons of the PVN and the supraoptic nucleus (SON) combined with the posterior 

pituitary gland form the neurohypohyseal system. PA neurons innervate the NTS (162) and DMN 

of the medulla and the intermediolateral cell column of the spinal cord to direct autonomic 

control related to energy balance and cardiovascular regulation (68; 91). Finally, NE neurons 

project to the median eminence to release hypophysial peptides into the pituitary portal system, 

which in turn play critical roles in the regulation of anterior pituitary hormone release (207). 

1.4.4 PVN Neuronal Subtypes 

Studies using intracellular recording, labeling, and immunohistochemistry collectively 

established the morphology and basic electrophysiological characteristics that allow for the 

distinction of PVN neurons into: MNC, PA, and NE in accordance with anatomical 

characteristics and electrophysiological fingerprints. These characteristics allow investigators to 

study each cell type and its function individually. 

1.4.5 Magnocellular Neurons (MNC) 
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Magnocellular neurons, as the name suggests, are morphologically distinct when 

compared to neighboring cell types in the PVN in that they are relatively large (soma diameter 20 

– 30  μM) bipolar or multipolar cells that typically have one or two large dendrites. 

Magnocellular neurons typically send projections above and below the fornix to the posterior 

pituitary (117), where they release peptides contained in large dense-core vesicles from their 

axon terminals into general circulation (187). MNC neurons synthesize three primary peptides: 

OT, VP, and enkephalin (18; 155; 163; 165; 201).   

Interestingly, a study has shown that some MNC cells of the PVN are dye-coupled and 

possess gap junctions that electronically couple cells to one another (8). This assists in 

coordinating action potential firing patterns which results in a synchronously firing endocrine 

population and high concentrations of hormones being released into the posterior pituitary. This 

may help with the spike burst of OTergic MNC‟s before the milk let-down reflex or to help in the 

recruitment of VPergic MNC‟s into phasic firing patterns (8). 

 MNC neurons have a unique electrical phenotype that is easily identifiable and allows for 

the distinction from surrounding cells when performing electrophysiological experiments.  MNC 

cells exhibited linear current-voltage relations to very hyperpolarized potentials as well as an 

evident transient outward rectification due to fast-inactivating A-type K+ current (190).  These 

neurons also exhibit a delayed onset to spike firing caused by a hyperpolarizing „indentation‟ in 

the membrane potential and a delayed return to baseline following hyperpolarizing pulses. Being 

relatively large cells, MNC neurons can be distinguished based on their physical characteristics. 

Whole-cell capacitance measurements, a direct measurement of membrane surface area, as well 

as perikarya staining can be used to determine cell size to characterize MNC cells (190). 

1.4.6 Pre-autonomic (PA) Parvocellular Neurons 
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Collectively, the PA neurons are much smaller than magnocellular neurons and tend to 

have 2-3 primary dendrites (187). Although the PA neurons show common morphological and 

electrophysiological properties that are distinct when compared to magnocellular neurons, as a 

population they are a cellular mosaic (117).  PA neurons are not confined to their respective 

subnuclei and can extend into the posterior magnocellular, periventricular, or the medial 

parvocellular areas within PVN (180).  PA neurons send long descending projections to various 

places in the brainstem that are vital with respect to autonomic control. These areas include the 

DMN and the rostral ventrolateral medulla (RVLM) and the NTS (12; 184). At the brainstem, PA 

neurons of the PVN have been shown to secrete OT, VP,CRH, and TRH.PA neurons also project 

to the spinal cord, where VPergic PA cells have been found to have fibers with varicosities close 

to the cell bodies and dendrites of stellate ganglion (150) compared to OT spinally projecting 

neurons that appear to be sparsely distributed throughout the spinal cord (127). In addition, TRH 

and CRH neurons from the PVN directly project to the autonomic preganglionic neurons 

controlling autonomous responses to convey information to peripheral targets involved in 

thermogenesis, cardiovascular regulation, glucose and insulin regulation, and other forms of 

stress (9; 138). 

PA neurons have unique electrical properties that distinguish them from neighbouring 

magnocellular neurons in that they exhibit low threshold spikes (180) attributed to a low-

threshold T-type Ca
2+

 current characterized by its hyperpolarized activation threshold (-60 

mV) , fast rate of inactivation, and the fact that it can be blocked nickel chloride (108). Another 

characteristic that is shared amongst PA cells is the strong inward rectification in response to 

hyperpolarizing current pulses. It has been postulated that this may be due to IH 

(hyperpolarization-gated cation non-selective (HCN) channel activation) (113). In addition, PA 
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neurons show three different types of spontaneous action potential firing that include tonic 

regular, tonic irregular, and bursting. This suggests that the expression or properties of some ion 

channels differ between PA cells which further highlights the heterogeneity of this subgroup (14). 

1.4.7 Neuroendocrine (NE) Parvocellular Neurons 

 NE parvocellular neurons are located in the medial portion of the PVN close to the 3
rd

 

ventricle, as shown by the observation that these cells are preferentially filled by circulating 

fluoro-gold retrograde tracers into rats (107). These neurons send their projections to the external 

lamina of the median eminence where they secrete CRH and TRH (117; 200).  

 Neuroendocrine cells cannot be identified any distinct electrophysiological feature, 

instead they can be pinpointed by the absence of any of the unique electrical characteristics that 

are demonstrated by the previous two cells types (190).  Studies have employed retrograde tracer, 

fluoro-gold, to label neuroendocrine cells and compare the electrophysiological properties of the 

labeled neuroendocrine cells and unlabeled preautonomic neurons using whole-cell recordings in 

hypothalamic slices. A low threshold spike (LTS) was detected in most of the unlabeled 

preautonomic cells, however the neurosecretory parvocellular neurons did not express an LTS 

(107; 181). In addition, NE cells do not experience the delay to first spike that can be seen in 

magnocellular neurons due to their hyperpolarized-activated IA (190).  

1.5 PVN Cell Phenotypes and Physiological Relevance 

1.5.1 Vasopressin (VP) 

 VP (also known as anti-diuretic hormone) is a small 8 amino-acid peptide that is 

synthesized with its carrier protein neurophysin as part of a precursor or pre-prohormone in many 

areas of the brain, but most prominently expressed in the SON and PVN. This precursor is 

packaged into granules which are transported along the axon to the neurohypophysis where these 
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vesicles are released following depolarization, opening of voltage-gated channels, influx of 

calcium followed by exocytosis (26). Investigators have found that the VP expressing neurons are 

concentrated in the posteriodorsolateral area of the magnocellular region of PVN (187). 

 VP is vital to the maintenance of fluid volume and osmolarity (47). When plasma 

osmolality increases to levels above normal physiological ranges, VP secretion in increased at the 

neurohypophysis. VP is then free to bind to receptors that reside in the kidney to decrease the 

excretion of water and return more water to the blood through increasing the expression of 

aquaporin-2 (79; 80; 119; 166). 

 VP has a wide range of actions that include vasoconstriction(94), water retention, 

stimulation of glycogenolysis, effects on lipids (73), regulation of adrenocorticotropic hormone 

(ACTH) release from the pituitary (89), and release of insulin and glucagon from the pancreas 

(160). Therefore, VP may be involved in the development of metabolic syndrome (160).VP acts 

on the pituitary to promote the release of ACTH under normal conditions (11). Interestingly, 

stress will amplify the actions of VP on V1b receptors in the pituitary to release ACTH which 

causes increased cortisol levels in the serum. High serum cortisol has been shown to cause 

obesity, hyperglycemia and insulin resistance (55; 141). These studies highlight the potential 

importance of VP from the PVN influencing metabolic homeostasis. 

1.5.2 Oxytocin (OT) 

 Like VP, OT is highly expressed in the magnocellular neurons of the PVN and SON and 

is released from their axon terminals in the neurohypophysis in response to action potentials 

(149). OT is also synthesized as a pre-prohormone and is linked with a neurophysin that is 

cleaved in secretory granules and released at target sites where it acts on G-protein coupled 

receptors (GPCR) (62; 86). Neurons expressing OT can be found in both the parvocellular and 
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magnocellular regions of the PVN where they can be involved endocrine, autonomic, and energy 

homeostatic functions (187). Although OTergicneurons are found throughout PVN, those 

projecting spinally make up roughly 40% of neurons that project to that location and they reside 

in the lateral parvocellular subdivision (66). 

 OT is appropriately named the “quick birth” hormone as it is a major regulator of 

intimacy in many species. Knock-out experiments using mice have demonstrated that OT is 

necessary for successful milk ejection in response to suckling (131). OT is also important for 

stimulation of uterine smooth muscle contractions during labour (62). OT-expressing neurons in 

the PVN have direct projections to the dorsal brainstem which is a crucial region for 

cardiovascular regulation (173; 174). In addition, rats with reduced OT mRNA expression were 

shown to develop hypertension (199). Previous studies have shown that acute administration of 

synthetic OT increases glomerular filtration rates in the kidneys and reduces tubular Na
+
 

reabsorption (44), implicating OT in fluid homeostasis. Finally, OT released in the brain may 

protect the cardiovascular system from excessive work loading through reducing mean arterial 

pressureand reducing contraction force (62; 212). 

 Arletti et al. (1989) (10) eluded to the potential role of OT in controlling energy 

homeostasis by showing that ICV administration of OT reduced eating and administration of an 

OT receptor antagonist increased eating in rats. Since that preliminary investigation, OT has been 

implicated in the control eating behaviour in a number of studies that have shown that 

hypothalamic OT mRNA expression is reduced with fasting and restored upon feeding. In 

addition, eating activates OT neurons in rats, while reducing OT protein the PVN results in mice 

with an obese phenotype (92; 191). The receptor for OT is highly expressed in the NTS, a well 
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described site important for the regulation of feeding (110). This pathway is well known for 

regulating feeding, further supporting OT‟s potential role in regulating energy homeostasis. 

1.5.3 Corticotropin-Releasing Hormone (CRH) 

CRH is a 41-amino acid polypeptide which is the predominant chemical messenger by 

which the CNS controls the activity of the pituitary-adrenal axis (198). CRH exerts its biological 

effects through CRF1, a GPCR that is expressed highly in the area postrema (AP), cerebellum, 

cortex, and amygdala (146; 147). Activation of CRF1 in the pituitary stimulates the synthesis and 

secretion of ACTH which in turn increases glucocorticoid release from the adrenal glands 

downstream(198)important hormones for the stress response as well as lowering blood-glucose 

concentrations. In addition, CRH is important to the control of autonomic, immune and 

behavioural responses to stress (138). 

In addition to controlling the stress response, CRH also regulates metabolic homeostasis 

(196). Glucocorticoids may have profound impacts on feeding habits through their regulation of 

classical anorexigenic and orexigenic peptides (93). When CRH is injected centrally, it has been 

shown to reduce food intake and reduce body weight in rats (203). When CRH is administered 

peripherally, it increases energy expenditure and increases fat oxidation (170).  Studies have 

shown that leptin administration enhances CRH expression andmore importantly, pretreatment 

with a CRH antagonist attenuates the leptin-induced weight loss and reduced food intake (111). 

Additionally, CRH plays an important role in the regulation of autonomic function (138).  

Increasing sympathetic activation results in increased energy metabolism and reduction in 

feeding through increased oxygen consumption, blood glucose levels, glucagon, thermogenesis 

and locomotion (32; 138). Experiments employing microinjections of CRH into the lateral 

cerebral ventricles of rats have mimicked these effects (31). 
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1.5.4 Thyrotropin-releasing hormone (TRH) 

TRH is a tripeptide that is synthesized in neuronal cell bodies of various regions of the 

brain from a larger precursor protein known as prepro-TRH (ppTRH). This protein is then 

processed in order to produce the active form of the peptide (29; 97). TRH is produced by many 

hypothalamic nuclei; however, it is the TRH-expressing neurons in the mid-caudal parvocellular 

region of the PVN (99) that control thyrotropin (TSH) producing cells of the anterior pituitary. 

The TRH neurons of the PVN project to the median eminence where TRH is released into the 

vessels of the pituitary portal system, subsequently reaching the anterior pituitary where TSH is 

released. TSH is then free to bind to its receptor in the thyroid where thyroid hormone can be 

released as thyroxine (T4) and 3,3‟,5-triiodothyronine (T3) which exert physiological actions and 

feedback (40; 48). 

TRH neurons are critical components of the hypothalamic-pituitary-adrenal axis and its 

influence on energy homeostasis. Actions of TRH target multiple centers that are involved in 

energy expenditure and regulation. Studies have shown that fasting states, food restriction, or 

infection decrease serum levels of TH and TRH expression in TRH neurons. TRH neurons 

receive projections from MSH/CART and NPY/AgRP neurons from the ARC whose activity is 

highly influenced by leptin (167). This observed decrease in TRH expression may be due to 

reduced leptin levels that increase the inhibitory impact of NPY/AgRP on TRH neurons (56). 

TRH administered centrally has been shown to reduce feeding in fasted and normal fed animals. 

TRH also exerts various effects in the CNS that may contribute to the control of energy balance. 

Some of these effects include increased thermogenesis, locomotor activity and arousal, and 

regulation of digestion (98). 

1.6 Glucose-Sensing 
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As highlighted earlier, the hypothalamus is critical to the maintenance of energy 

homeostasis and as a result, these neurons are able to respond to a variety of signals that indicate 

the energy state of the body. One of the most important signals that indicate energy state is 

glucose, both in the circulation and in the brain. Changes in glucose can result in changes in 

hormonal release, metabolic rate, energy expenditure and feeding behaviour (34; 105). Glucose-

sensing neurons have been categorized as being either glucose excited (GE) or glucose inhibited 

(GI) in accordance to their responsiveness to extracellular glucose. GE neurons act similarly to β-

cells in the manner that when there is high extracellular glucose, it is transported into the cell and 

transformed into ATP. ATP is then able to bind and close ATP-sensitive K
+
 (KATP) channels 

leading to a depolarization and signaling for release of transmitter, or in the case of β-cells, 

insulin (105; 123; 158). GI cells respond in a different manner to increases in extracellular 

glucose. GI cells hyperpolarize in response to glucose and this is due to the involvement of either 

the Na
+
/K

+
 pump (137) or Cl

-
 channels (175).  

Glucose-sensing neurons are found in many brain regions including the brainstem (3) and 

many nuclei within the hypothalamus (157). More importantly, glucose-sensing neurons have 

been observed in hypothalamic nuclei that are involved in the regulation of energy expenditure 

and food intake. Some of these nuclei include the LH, ARC, and VMN hypothalamic regions (7; 

136; 156; 158; 205).  The PVN, as outlined above, is a critical nucleus involved in the control of 

energy homeostasis but may also be critical for the regulation of glucose and insulin 

concentration. This concept has been proposed by lesion experiments, chemical stimulation as 

well as viral tracing (100-102). More recently, investigators performed patch-clamp recordings to 

determine that PVN contains GE and GI cells that may be important for the regulation of 

autonomic functions and energy metabolism (114). The authors employed pharmacological 
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techniques to demonstrate that parvocellular neurons likely sense glucose independently of KATP 

channels in contrast to other neurons in the hypothalamus. 

1.7 PVN as an Integrative Center 

The PVN and its surrounding hypothalamic nuclei form an interconnected network of 

pathways sensing and integrating orexigenic and anorexigenic signals. The neurons in the PVN 

are constantly subject to modulation by signals involved in energy homeostasis and other 

biologically active molecules. This positions the PVN as a potentially unique integrative center 

that is constantly monitoring multiple signals, integrating this information, and promoting the 

appropriate physiological response via its outputs. Integrating all of these signals creates a 

balance of orexigenic and anorexigenic signals to control energy homeostasis that can be shifted 

in either direction by subtle perturbations in the environment. 

Recent studies have reported that injections of BDNF into the periphery result in 

hypoglycemia in obese hyperglycemic animals, suggesting an antidiabetic effect of this 

neurotrophic factor (130; 134). Additionally, BDNF mutant mice develop obesity but also show 

elevated insulin and glucose levels (152). Finally, other studies have suggested that BDNF may 

contribute to glucose metabolism and may play a role in the development of type 2 diabetes 

mellitus in humans (61). 

Although studies have investigated the effects of signals such as glucose and BDNF on 

PVN neurons, many studies investigating this region evaluate the effects of only one input at a 

time and not exploiting the PVN‟s integrative nature. Furthermore, many of these studies that 

employ electrophysiological recordings conduct their experiments at only one supraphysiological 

glucose level that represents one physiological energy state of the animal. As a result, this present 

study was undertaken investigate the influence of BDNF on the excitability of all three PVN 
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neuronal subtypes as well as evaluate the ability of each subtype to integrate metabolically 

relevant signals by determining if the responsiveness of PVN neurons to BDNF is altered by 

changes in extracellular glucose concentrations. 

In this study we sought to test three main hypotheses. The first is that BDNF influences 

the excitability of PVN neurons. The second is that BDNF has direct, postsynaptic effects on 

PVN neurons. Finally, we tested the hypothesis that PVN neurons‟ responsiveness to BDNF is 

dynamically altered in accordance with changing levels in local extracellular glucose 

concentrations. 

Chapter 2: Materials and Methods 

All procedures were in accordance with the ethical criteria established by the Canadian 

Council on Animal Care and were approved by the Queen‟s University Animal Care Committee. 

2.1 Slice Preparation 

Coronal slices at the level of the PVN were prepared daily from male Sprague-Dawley 

rats (Charles River, Quebec, Canada) aged 21-28 days, allowed ad libitum access to food and 

water. Unanesthetized rats were decapitated and the brains were removed and submerged in ice-

cold slicing solution composed of (in mM): 87 NaCl, 2.5 KCl, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, 

1.25 NaH2PO4, 25 glucose, 75 sucrose. This solution was bubbled with 95% O2/5% CO2.The 

region of the hypothalamus containing the PVN was isolated and 300 μm sections were cut using 

a vibratome (Leica, Nussloch, Germany). Slices were incubated at 32°C in artificial cerebrospinal 

fluid (aCSF) that had a pH of 7.2, measured 280-300 mOsm, and composed of (in mM): 124 

NaCl, 2.5 KCl, 20 NaHCO3, 2 CaCl2, 1.3 MgSO4, 1.24 KH2PO4 bubbled with 95% O2/5% CO2. 

The glucose concentration of the aCSF was subject to change and was 10, 3, 1, or 0.2 mM. Slices 

were incubated for a minimum 1 hour before electrophysiological recordings were performed. 
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2.2 Electrophysiology 

Slices were relocated to a recording chamber perfused with carbogenated (95% O2/5% 

CO2) aCSF heated to ~32°C at a flow rate of 1.5-2.5 ml/min. The baseline glucose concentration 

of the aCSF in the recording chamber was the same as that used during the incubation period 

following slice preparation. An upright differential interference contrast microscope at x40 was 

used to visualize neurons (Scientifica, East Sussex, United Kingdom). Boroscillicate glass 

electrodes (World Precision Instruments, Sarasota, FL) were pulled on a Sutter Instruments P97 

micropipette puller and filled with an intracellular solution composed of (in mM) 125 potassium 

gluconate, 10 KCl, 2MgCl2, 0.1 CaCl2, 5.5 EGTA, 10 HEPES, 2 NaATP at a pH of 7.2 (KOH) 

and osmolarity of 280-300 mOsm. Electrodes were optimized to have a resistance of 2-5.5 MΩ 

when filled with the solution. After obtaining a high-resistance seal (minimum 1 GΩ), a brief 

period of negative pressure was employed to break the membrane and obtain whole cell access. 

Whole-cell recordings were made with a MultiClamp 700B amplifier (Molecular Devices, 

Sunnyvale, CA) sampled at 10kHz, filtered at 2.4 kHz using a Micro 1401 interface. Data were 

collected with Spike 2 software for offline analysis (Cambridge Electronic Devices, Cambridge, 

UK).  At all glucose concentrations used, neurons were required to have a minimum spike 

amplitude of 50 mV (range 50-100 mV) and a stable baseline membrane potential for a minimum 

baseline period of 100s to be included in our subsequent analysis. PVN neurons were 

characterized as MNC (delayed return to baseline in response to a hyperpolarizing pulse), PA 

(calcium spike in response to a hyperpolarizing pulse), or NE (the absence of the previous two 

characteristics) using a standard pulse protocol prior to the application of BDNF (190).  

All solutions were applied to PVN slices via bath perfusion. Responses to BDNF were 

assessed by comparing the 100s baseline membrane potential of the neurons before and during 
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subsequent 100s periods following peptide application. A response was determined to be 

significant if the change in membrane potential after peptide application was at least twice the 

standard deviation of the baseline membrane potential 100s period before application of BDNF. 

The recorded membrane potential was adjusted to correct for the calculated junction potential (15 

mV). Error values represent ± the standard error of the mean (SEM). All statistical analyses were 

performed using Graphpad Prism 6.01 (La Jolla, CA, USA). One-way analysis of variance 

(ANOVA), post-hoc Tukey test, and Chi-square test were applied. The statistical significance 

was set at P < 0.05. 

2.3 Glucose Concentrations 

10 mM glucose was employed initially in view of its widespread acceptance as the optimal 

concentration for electrophysiological recordings of neurons in slice preparation. 3 mM glucose 

was used to mimic central normoglycemia, 1 mM to mimic moderate central and 0.2 to mimic 

hypoglycemia as it is the lowest concentration observed in the brain in vivo (77; 114; 168). 

2.4 Chemicals and drugs 

Slicing solution, aCSF, bicuculline, and intracellular recording solution were made with 

salts obtained from Sigma Pharmaceuticals (Oakville, Ontario, Canada). BDNF was obtained 

from Phoenix Pharmaceuticals (Belmont, CA) and prepared as 2 nM solution in aCSF. Both 

higher and lower concentrations of BDNF were utilized, however 2 nM was determined to exert 

maximal effects with recovery. Tetrodotoxin (TTX) was obtained from Alamone Laboratories 

(Jerusalem, Isarael) and applied as a 1 μM solution.  

Chapter 3: Results 

 

3.1 BDNF affects the membrane potential of PVN neurons 
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We employed whole-cell patch-clamp recordings in current-clamp configuration to assess 

the effects of BDNF on the membrane potential of PVN neurons. Neurons that were included in 

our analyses were able to fire action potentials greater than 50 mV (spontaneously or induced by 

a current pulse of up to 20 pA) and showed a stable baseline lasting at least 100 seconds. A total 

of 47 neurons met these requirements and were tested for responsiveness to bath application of 2 

nM BDNF dimer. PVN neurons did not appear to show a clear response to the BDNF monomer.  

The majority of these cells, 25 out of the 47 neurons (54%), showed a long lasting (mean: 

1069 ± 259.4 s) depolarization (mean depolarization: 8.9 ± 1.2 mV) that varied in time to onset 

(mean: 158.5 ± 22.9 s) (See Figure 1A). Bath application of 2 nM BDNF also induced long 

lasting (mean: 1472 ± 640.8 s) hyperpolarizing responses (mean: -6.7 ± 1.4 mV) with varied 

times to onset (196.7 ± 33.7 s) in PVN neurons in 11 of 47 (23%) neurons tested a (Figure 1B). 

The remaining PVN neurons tested (11 of 47, 23%) showed no clear changes in membrane 

potential in response to bath application of BDNF. When recordings were maintained for long 

periods of time, individual neurons were tested with BDNF multiple times, although the effects 

observed in response to the first application were often not reproducible (data not shown) and as 

a result, only one neuron was tested per tissue slice thereafter. These data are further illustrated in 

Figures 2A that demonstrates the distribution of neurons that depolarized, hyperpolarized, or 

were unresponsive to BDNF treatment. In addition, Figure 2B further elucidates the mean 

responses of each response type. 

3.2 BDNF-induced effects on membrane potential are postsynaptic 

In order to determine whether the observed effects of BDNF were due to direct actions of 

this peptide on PVN neurons, additional current-clamp recordings were performed in the 

presence of tetrodotoxin (TTX), a voltage-gated sodium channel blocker, at a 1 μM concentration 
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which was confirmed to be effective by its ability to block both spontaneous and/or  current-

evoked action potentials. The responsiveness of PVN neurons to BDNF remained in the presence 

of TTX (n =9) as both depolarizing (n = 5; mean: 7.4 ± 2.5 mV) and hyperpolarizing (n = 2; 

mean: -5.9± 2.2 mV) effects were still observed in response to BDNF, with few non-responsive 

cells (n = 2) (as illustrated in Figure 3A and 3B respectively), data which support the conclusion 

that these effects on membrane potential likely result from postsynaptic action on PVN neurons. 

3.3 BDNF-induced effects on membrane potential are not mediated by GABAA receptors 

PVN neurons are constantly barraged by a tonic level of miniature inhibitory postsynaptic 

currents (mIPSCs) which are independent of the action potential driven-release of GABA onto 

neurons. It has been shown that BDNF can alter synaptic inhibition by decreasing the surface 

expression of GABAA receptors through activation of postsynaptic TrkB receptors (33; 81; 189). 

Recently, Hewitt and Bains (2006) demonstrated that BDNF decreases inhibitory GABAergic 

transmissions onto parvocellular NE cells in the PVN and that these effects were blocked by 

inhibiting dynamin, a critical component in the endocytosis of GABAA receptors (72). Thus, in 

order to test whether the effects of BDNF on membrane potential we were observing were a 

result of changes in the surface expression of the GABAA receptor, we blocked GABAA using 

10μM bicuculline methiodide, a GABAA receptor antagonist. 

We bath applied 2nM BDNF for 2 minutes and assessed changes in membrane potential 

for all three neuronal subtypes that reside in the PVN. We found that the effects of BDNF on 

PVN neurons remained in the presence of the GABAA antagonist and both depolarizing (n = 5; 

mean: 7.7 ± 0.99 mV) and hyperpolarizing (n = 2; mean: -5.7 ± 1.67 mV) responses were 

observed (Figure 4A and B). Figure 4C shows the summary of the responses of all neurons to 

BDNF and Figure 4D shows the distribution of responses which is very similar to that observed 
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in the absence of bicuculline. Of the neurons tested, 42% exhibited a depolarizing response to 

BDNF and 17% resulted in a hyperpolarization. 

There was no significant difference in the amplitude of depolarizing responses between 

control neurons treated with BDNF and those given BDNF in the presence of  bicuculline 

(unpaired t-test: p = 0.628) nor was there any difference in the amplitude of hyperpolarizing 

responses between groups (unpaired t-test: p = 0.794). In addition, there was no significant 

difference in the proportion of responses of bicuculline-treated neurons that responded compared 

to control neurons that responded to treated with BDNF (χ
2
,p = 0.746).  

3.4 BDNF differentially influences subpopulations of PVN neurons 

We also examined the effects of BDNF on PVN neurons classified as MNC (n = 13), NE 

(n = 9), or PA (n = 25) in accordance with their electrophysiological fingerprints. BDNF 

influenced the membrane potential of all three subgroups of neurons although neurosecretory 

cells demonstrated primarily depolarizing responses (Figure 5). In contrast, while a large 

proportion of PA cells were influenced (84%) by BDNF, these neurons show a more even split of 

depolarizing (48%) and hyperpolarizing (36%) effects with a small number of non-responders 

(16%).   

3.5 Extracellular glucose modifies responsiveness of PVN neurons to BDNF 

Normal extracellular glucose concentrations in the rat brain range from 2.5 – 3.5 

mM(168), while concentrations of 5 mM, 1 mM, and 0.2 mM have been characterized as 

hyperglycemia and hypoglycemia and severe hypoglycemia, respectively (77; 114; 168). 

However, to date, the majority of brain slice recordings are obtained with extracellular glucose 

concentrations in the hyperglycemic range (10 mM). More importantly, current studies 

examining the role of signaling molecules critical to the regulation of energy homeostasis employ 
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Figure 1 – BDNF influences the membrane potential PVN neurons. Current-clamp recordings from two 

different PVN neurons in different hypothalamic slices. Upper panel (A) shows bath application (purple bar) of 

2nM BDNF caused a depolarization of the membrane potential while a different PVN neuron (B) showed a 

hyperpolarizing response to 2nM BDNF. Both neurons showed a return to baseline membrane potential 

following washout of BDNF 

 

A) 

 
B) 
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Figure 2 – Summary of BDNF effects on PVN neurons. The bar graph (A) shows the proportion of 

neurons that depolarize, do not respond, or hyperpolarize in response to bath application of 2 nM 

BDNF. The scatter plot (B) illustrates the changes in membrane potential of each individual neuron 

tested in response to bath application of 2nM BDNF. The horizontal bar represents the mean and the 

error bars represent the standard error of the mean. Mean depolarization: 8.9 ± 1.2 mV. Mean 

hyperpolarization: -6.7 ± 1.4 mV. 
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supraphysiological concentrations of glucose (10 mM) not likely to be encountered by the CNS 

neurons in vivo. 

As a result, we sought to investigate the impacts of different glucose concentrations (10 

mM, 3mM, 1 mM, and 0.2 mM) on PVN neurons responding to BDNF. We evaluated whether 

the effects of BDNF on the excitability of PVN neurons may be altered as extracellular glucose 

concentration were modified. We maintained rat brain slices containing the PVN at 10, 3, 1, or 

0.2 mM glucose and subsequently perfused 2 nM BDNF to evaluate the effects of the peptide on 

the membrane potential of PVN cells. Our findings are summarized in Figure 6, which shows the 

changes in membrane potential (Figure 6A) and the distribution of responses (Figure 6B) of PVN 

neurons at each glucose concentration. From the results shown previously, slices maintained at 

10 mM showed effects of BDNF (2 nM) on 77% of PVN neurons, 54% of which depolarized (n 

= 25; mean: 8.9 ± 1.2 mV), 23% of which hyperpolarized (n = 11; mean: -6.7 ± 1.4 mV), and the 

remaining 23% of which did not respond to BDNF (n = 11). At 3 mM extracellular glucose, 70% 

of PVN neurons (n = 20) responded to BDNF treatment, 35% of which depolarized (n = 7; mean: 

8.7 ± 1.5 mV), 35% of which hyperpolarized (n = 7; mean: -8.9 ± 1.4 mV), and the remaining 

30% (n = 6) did not respond to BDNF. When extracellular glucose concentrations were then 

reduced to 1 mM, 80% of PVN neurons (n = 20) responded to BDNF treatment, 38% with a 

depolarization (n = 9; mean: 9.7 ± 2.3 mV), 42% with a hyperpolarization (n = 10; mean: -10.5 ± 

1.7 mV), and the remaining 20% did not respond. Finally, at 0.2 mM extracellular glucose, 77% 

of PVN neurons (n = 17) responded to BDNF administration, 6% with a depolarization (n = 1; 

mean: 4.8 ± 0 mV), 71% with a hyperpolarization (n = 12; mean: -6.3 ± 2.8 mV), and the 

remaining 23 % (n = 4) did not respond. 

Thus there was no difference in the amplitude of the depolarizations or hyperpolarizations 
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Figure 3 – BDNF actions on PVN neurons persist in the presence of TTX.  Current-clamp recordings from 

two PVN neurons pretreated with 1µM TTX. Depolarizing (A) and hyperpolarizing (B) responses to 2 nM 

BDNF are still observed in the presence of TTX (N=9).The scatterplot (C) shows the changes in membrane 

potentialand the bar graph (D) shows the proportion of neurons that depolarize, do not respond, or 

hyperpolarize. Mean depolarization: 7.4 ± 2.5 mV. Mean hyperpolarization-5.9 ± 2.2 mV. 
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Figure 4 – BDNF’s actions on PVN neurons are not mediated by GABAA receptors.Previous studies have 

shown that BDNF decreases the surface availability of GABAA receptors to decrease inhibitory inputs. As a 

result, we conducted current-clamp recordings from two different PVN neurons in slice preparation pretreated 

with 10 µM bicuculline.  Both the depolarizing (A) and hyperpolarizing (B) effects of BDNF were observed in 

the presence of bicuculline. The scatterplot (C) shows the changes in membrane potentialand the bar graph (D) 

shows the proportion of neurons that depolarize, do not respond, or hyperpolarize in response to bath 

application of 2nM in the presence of bicuculline (N=12). Mean depolarization: 7.7 ± 0.99 mV. Mean 

hyperpolarization: -5.7 ± 1.67. 
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observed at all extracellular glucose concentrations employed (one-way ANOVA with Tukey‟s 

multiple comparison test; p = 0.76 and p = 0.12 for depolarizations and hyperpolarizations, 

respectively; Figure 6A). 

 Despite no changes in the amplitudes of responses across varying extracellular 

glucose concentrations, our findings do indicate that PVN neurons show significantly more 

hyperpolarizing responses to BDNF than depolarizing when glucose is decreased from 10 mM to 

3 mM (χ
2
, p = 0.003). When glucose is decreased from 3 mM to 1 mM there was no significant 

change in the proportion of responses in PVN neurons to BDNF administration (χ
2
, p = 0.08). 

Finally, further decreasing the extracellular glucose concentration to 0.2 mM resulted in 

significantly more hyperpolarizations than depolarizations in response to BDNF treatment (χ
2
, p< 

0.0001). 
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Figure 5 – BDNF differentially influences subpopulations of PVN neurons. This bar graph illustrates 

the proportion of magnocellular (MNC), neuroendocrine (NE), and preautonomic neurons (PA) that 

depolarize or hyperpolarize in response to bath application of 2 nM BDNF. 
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Figure 6 – Amplitude of BDNF effects are consistent across glucose concentrations, but as glucose lowers, 

more hyperpolarizations are observed. A: Scatterplot depicting the range of responses elicited by 2 nM 

BDNF at varying extracellular glucose concentrations. Mean depolarization at 10 mM was 8.9 ± 1.2 mV (n = 

25), 3 mM, 8.7 ± 1.5 mV (n = 7), 1 mM, 9.7 ± 2.3 mV (n = 9), and 0.2 mM, 4.8 ± 0 mV (n = 1). Mean 

hyperpolarization at 10 mM was -6.7 ± 1.4 mV (n = 11), 3 mM, -8.9 ± 1.4 mV (n = 7), 1 mM,   -10.5 

± 1.7 mV (n = 10), and 0.2 mM, -6.3 ± 2.8 mV (n = 12). B: Bar graph showing the percentage of PVN 

neurons that respond to BDNF with a depolarization, hyperpolarization, or no response across all 

glucose concentrations used. There is no difference in the amplitude of BDNF response across groups 

(ANOVA with Tukey‟s multiple-comparison test; P = 0.76 and P = 0.12 for depolarizations and 

hyperpolarizations, respectively). The distribution of BDNF responses across groups differed between 

10 mM and 3 mM (χ
2
, P = 0.003) and 1 mM to 0.2 mM (χ

2
, P = < 0.0001), but not from 3 mM to 1 

mM (χ
2
, P = 0.08). 
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Chapter 4: Summary 

The developing obesity epidemic has been shown to be linked to dysfunction in the 

regulation of energy balance at the central level (104).Over the past decade many studies have 

contributed to enhancing our understanding of the critical roles of the hypothalamus and specific 

nuclei within this region in the central regulation of appetite and energy homeostasis (42; 151; 

178; 202; 211). There are numerous signals that are involved in regulating the energy state of an 

organism but extracellular glucose is perhaps one of the most critical. Neurons in many critical 

CNS nuclei involved in the regulation of energy homeostasis have been shown to be glucose 

sensitive (3; 136; 156; 205), and recent studies have suggested that extracellular glucose 

concentrations in these areas may  in fact modify the responsiveness of individual neurons to 

other signaling molecules involved in energy regulation (71; 118). Understanding such plasticity 

in the neural circuitry involved in the regulation of food intake and energy homeostasis represents 

an important step to the elucidation of the complex interactions between the many signals which 

contribute to the regulations of metabolic homeostasis. 

Traditionally known as an important member of the neurotrophin family, BDNF promotes 

neuronal differentiation, survival during development, neurogenesis and neural plasticity (5; 65; 

88). While BDNF has been shown to modify circuits important to food intake and energy 

expenditure (82; 84; 183), the cellular mechanisms underlying these effects remain poorly 

understood. This is the first study to show that the neurotrophin BDNF has direct effects on the 

membrane potential of PVN neurons that are not a consequence of the modulation GABA 

transmission. Due to the heterogeneous nature of the PVN, we subsequently directed our focus to 

understanding how each neuronal subtype is affected by BDNF administration. Using patch-

clamp electrophysiology, we investigated PVN sensitivity to BDNF under different glucose 
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concentrations in an attempt to mimic different feeding states, thus examining if single PVN 

neurons sense and integrate multiple feeding signals. This study shows that the responses of PVN 

neurons to BDNF are dynamically altered in accordance with the glucose concentrations in the 

CNS and by extension, the metabolic status of the organism. 

4.1BDNF directly affects membrane potential of PVN neurons 

Our initial experiments were designed to establish whether PVN neurons respond to 

BDNF with changes in membrane potential. Previous studies utilizing whole-cell patch-clamp 

recordings from PVN neurons in coronal slices have shown that BDNF selectively inhibits 

GABA synapses through a dynamin-mediated endocytosis of postsynaptic GABAA receptors 

onto parvocellular neuroendocrine neurons (72). However, this study examined effects on 

mIPSCs on a single subtype of PVN neurons (NE) and demonstrated TrkB-mediated inhibition of 

GABA signaling. These observations were consistent with previous work in hippocampal slices 

(33), although it should be noted that others have reported that BDNF can also potentiate GABAA 

receptor function (15). However, none of these previous studies reported effects of BDNF on the 

membrane potential of recorded neurons which we observed in our patch-clamp recordings from 

PVN neurons. As described above these effects were quite rapid in onset and often completely 

reversible within the time frame of our recordings. Importantly, effects on neuronal excitability 

were maintained in TTX, supporting the conclusion that the effects were not the result of effects 

on other neuronal soma in our slice preparation. In addition, these effects were maintained in 

bicuculline suggesting these actions are not related to the modulation of GABAergic 

neurotransmission. Collectively, these observations suggest that BDNF exerts direct post-

synaptic actions on PVN neurons to depolarize or hyperpolarize the membrane potential of these 

critical autonomic cell groups. 
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Our observations suggest that BDNF may be influencing PVN neurons in a manner 

independent of the previously suggested endocytosis of GABAA receptors. Other studies have 

shown BDNF has a multitude of effects on many different channels of neurons, one of which is 

calcium. (24). In support of this, another study detected BDNF-evoked Ca
2+

 transients in 

neuronal cell bodies in the absence of extracellular Ca
2+ 

(35).  Binding of BDNF to TrkB 

activates various intracellular signaling cascades which lead to increased calcium(188). Once 

activated the TrkB receptor autophosphorylates and recruits intracellular proteins that trigger the 

phospholipase C-γ (PLC) pathway resulting in the formation of the second messengers diacyl-

glycerol (DAG) and inositol 1, 4, 5-triphosphate (IP3).This ultimately induces calcium release 

from intracellular stores which can occur within 20 seconds and lasts up to 20 minutes after 

addition of BDNF (208). Such changes correlate quite well with the time course of action of 

BDNF observed in our PVN recordings. 

Protein kinases activated by TrkB phosphorylation may modulate ion channels to alter the 

excitability of PVN (28; 90). Importantly, several subtypes of potassium channels are subject to 

tyrosine phosphorylation after application of BDNF. Acute BDNF activation of TrkB receptors in 

the olfactory bulb increased tyrosine phosphorylation of Kv1.3 within 15 minutes (194). 

Additionally, BDNF can alter the activity of G-protein-activated inward rectifying potassium 

channels (Kir3) (153). PLC-dependent calcium elevations have been demonstrated to induce 

calcium-activated potassium currents that are expressed in most neuronal cells where they are 

involved in spike repolarization and after-hyperpolarization (206). A study involving neurons 

from the visual cortex showed that BDNF administration caused both a long-lasting increase in 

intracellular calcium and an outward current that was identified as calcium-activated potassium 

current (122). This is another possible mechanism through which BDNF may exert its effects on 
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PVN neurons. However, determining the channels involved in BDNF‟s effect on PVN neurons 

was beyond the scope of this study and, consequently, further experiments involving voltage-

clamp analysis would represent an important extension of our studies. 

Our results show that BDNF induces both depolarizing and hyperpolarizing responses in 

neurons that reside in PVN. Hypothalamic PVN neurons are a heterogeneous mixture of various 

cell types that express a wide array of neurotransmitters and projection sites, this may explain 

why BDNF induces both depolarizing and hyperpolarizing responses in neurons from this region. 

As a result, we sought to investigate whether BDNF impacted PVN neuronal subtypes in 

different ways.  

4.2 BDNF differentially influences subpopulations of PVN neurons 

Our experiments show for the first time that the majority (77%) of PVN neurons respond 

to BDNF. However, distinct neuronal subpopulations appear to respond differentially to BDNF 

application. MNC neurons exhibit primarily depolarizations (77%) with only one 

hyperpolarization (8%) in response to BDNF at standard electrophysiological concentrations of 

glucose (10 mM), which may indicate that MNC neurons projecting to the posterior pituitary are 

influenced. This possibility is supported by a study that employed ICV administration of BDNF 

and recorded VP mRNA signals from before and after BDNF injection using in situ 

hybridization. These investigators found that BDNF induced a decrease in VP mRNA expression 

while the hypothalamic hormone content increased (63). In addition, another group performed 

experiments on isolated hypothalamic cells from rats that showed that when BDNF is present in 

the culture medium, VP secretion increases significantly while OT secretion remains unchanged 

(125).Within the context of these observations, our data suggest that depolarizing effects of 

BDNF on MNCs may represent primary action on VP neurons. 
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PVN NE cells show mainly depolarizations (33%) or no response (56%) and again, only 

one hyperpolarization (11%) in response to BDNF. A possible explanation for this observation is 

that BDNF is influencing the neurons expressing CRH rather than those expressing TRH, leading 

to the observed division of responses. This theory would align well with previous studies that 

have shown that ICV BDNF upregulated CRH mRNA expression in the PVN (192). These 

results suggest that BDNF‟s effects on NE neurons may be directly through the CRH-urocortin 

pathway in the PVN and may cause a depression in feeding downstream. The PA cells show 

varied responses indicative of distinct cell types responding to BDNF. It is possible that BDNF is 

depolarizing the OT-expressing PA cells projecting to the medulla which have been previously 

implicated in having anorexigenic effects (27; 76).  

Although electrophysiological fingerprints of PVN neurons offer a means of cellular 

subtype identification, they are not beyond compare. Further studies using single-cell reverse 

transcription-polymerase chain reaction (RT-PCR) along with slice patch-clamp recordings may 

be beneficial in determination of the precise cell type and their associated mRNA expression 

profiles in order to further elucidate how BDNF is impacting distinct cell type in the PVN. 

4.3 Glycemic state influences the proportion of responses amongst PVN neurons 

In this study, we initially chose to maintain PVN slices in 10 mM glucose, as this is the 

industry standard with regards to electrophysiological recordings in brain slices. Interestingly, 

this level of glucose is supraphysiological and does not represent a concentration that is normally 

experienced by the CNS but may be used in order to maintain the integrity of the brain slices for 

recording purposes. This concentration, that is widely used when performing electrophysiological 

recordings, is greatly contrasted by physiological brain glucose levels which are approximately 

2.5 mM (158). Studies that have simultaneously measured circulating blood glucose levels in 
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relation to central extracellular glucose levels in rats have found  extracellular glucose levels in 

the brain to range from 0.16 ± 0.03 during hypoglycemia to 4.5 ± 0.4 during hyperglycemia 

(168). Our chosen concentrations of 0.2, 1, and 3 mM extracellular glucose provide a closer 

mimic of the range of concentrations that may be encountered by PVN neurons in vivo and can 

be compared to 10 mM concentrations that previous whole-cell patch-clamp studies in that region 

utilize. It is evident from our results that the proportion PVN neurons that respond to BDNF with 

a depolarization appears to decline as extracellular glucose levels decrease. Conversely, there is a 

clear trend toward higher proportions of hyperpolarizing responses as extracellular glucose levels 

decrease. It is interesting to note that the largest change in the proportion of responses occurs 

when extracellular glucose levels change to 0.2 mM, at which point hyperpolarizations become 

the dominant response. Previous studies investigating PA neurons‟ responses to changes in 

extracellular glucose found that these neurons showed minimal changes when the concentration 

was changed from 10 mM to 2.5 mM, but from 10 mM to 0.2 mM 67.8% of PA neurons 

responded to low glucose (114). This may provide an explanation for the more drastic changes in 

response to BDNF observed at 0.2 mM compared to other glycemic states. Perhaps, this drastic 

hypoglycemia is required to provoke PVN neurons to alter their response to BDNF and 

ultimately promote changes in energy balance of the body in order to combat the perturbation. 

Our study demonstrates that although using supraphysiological concentrations of glucose may 

benefit the integrity of the PVN slices, it may produce different proportions of responses to 

BDNF than more physiologically relevant values. From our results, it is evident that the 

proportion of responses differs significantly between groups, but more importantly between the 

supraphysiological concentration of 10 mM and the more physiologically relevant value of 3 

mM. It is important to note, that the proportion of non-responsive PVN neurons does not appear 
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to differ greatly between glycemic states, illustrating that perhaps if TrkB is not present, glycemic 

state has no impact on the responsiveness of those neurons to BDNF.  

From this study, it appears that PVN neurons have a comparable sensitivity to glucose, in 

that the influence of BDNF is most effectively altered at low rather than high levels of glucose.  

Considering the nature of each PVN neuronal subtype, it seems intuitive that if extracellular 

glucose is low (indicating an energy-deprived state), reducing the anorexigenic signal that BDNF 

would promote by activating CRH, TRH, OT, and VP neurons in the PVN would be beneficial. 

As a result, at low glucose levels, these neurons become more inclined to hyperpolarize in order 

to oppose the low energy state of the brain reducing anorexigenic signaling. A study using acute 

injections of BDNF into the PVN showed that high fat diet induced obesity and metabolic 

syndrome-like measures (such as increased glucose) increased PVN‟s responsiveness to BDNF 

injection in those obese animals compared to rats with less body fat (204).  This evidence also 

suggests that the fed state of the organism impacts the way in which the PVN responds to BDNF. 

4.4 BDNF’s widespread actions 

 It is important to note that mature BDNF (13.6 kDa) does not cross the blood–brain 

barrier (139; 140) and as such, may represent a distinct mechanism for the control of energy 

homeostasis. Subcutaneous BDNF increases muscle use of glucose and brown adipose tissue of 

db/db mice (216). In addition, BDNF injected subcutaneously reduces body weight in db/db mice 

and a single injection of BDNF has significant and long-lasting hypoglycemic effects (213-215).  

Thus, BDNF may act in the periphery to maintain proper blood glucose levels in mice. 

 BDNF acts on TrkB receptors in both the CNS and the periphery to reduce food intake 

and ultimately obesity in rodents, but this action is not paralleled in higher mammals. Monkeys 

demonstrate the anorectic effects of central administration of BDNF much like that which is seen 
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in rodents, however, the response to peripheral administration is orexigenic (106).It is interesting 

that this particular neurotrophic factor has opposing functions when administered in different 

areas of the body. However, despite not being able to cross the blood-brain barrier, perhaps 

peripheral information provided by BDNF may communicate with the CNS by other means. The 

subfornical organ (SFO) is one of a group of specialized structures which lack the normal blood-

brain barrier, known as circumventricular organs (CVO‟s), that allow passage into the CNS for 

molecules whose information may otherwise be trapped in the periphery. The SFO is situated on 

the floor of the third ventricle and is known to be involved in cardiovascular (57) and metabolic 

(171; 172; 193) control. The SFO cerebral vasculature contains fenestrations between endothelial 

cells which make it ideal for detecting and regulating molecules in the periphery. The SFO is 

connected to many hypothalamic autonomic control centers, including the PVN, to which it can 

communicate the information it has gathered from the periphery (120; 121). In addition, 

microarray data from our laboratory has shown that the SFO has a high density of TrkB 

receptors. With this information, we administered BDNF to SFO neurons in slice preparation to 

investigate the effects BDNF on the excitability of this population of neurons. Our current-clamp 

recordings (data not shown) from SFO neurons show that BDNF effects the excitability of these 

neurons, resulting in 67% (n = 4) neurons responding to BDNF application with a large 

depolarization (Mean = 18.2 ± 7.6 mV). These results demonstrate that BDNF has widespread 

impacts with regards to energy metabolism, as well as illustrate the coordination between the 

periphery and CNS required to monitor and respond to any perturbations. 

4.5 Neurotrophic effects of other satiety signals 

Traditionally, BDNF has been seen as a well-documented regulator of plasticity, synaptic 

strength, neuron survival, and neuron differentiation (5; 65; 74) and because of this, one view is 



  

39 
 

that rather than having direct actions on anorexigenic or orexigenic pathways, BDNF or TrkB 

insufficiencies alter basic components of neuronal function. However, it is important to note that 

the satiety hormones leptin and ghrelin have profound effects on neuronal development and 

neurotransmission in addition to their impacts on energy homeostasis. For example, ob/ob mice 

have shown significant modifications in their neural projections from the ARC that cannot be 

rescued with leptin treatment in adulthood (30).Thus, indicating leptin‟s role in facilitating α-

MSH and AGRP neuron fibers directional growth to their targets in the PVN. This study suggests 

that leptin acts as a neurotrophic signal during the development of the hypothalamus that 

precedes leptin‟s regulation of food intake in adulthood (30). Furthermore, leptin has also been 

shown to regulate ventral tegmental area (VTA) neuron excitability by activation and trafficking 

of potassium channels (75; 176). Finally, studies have demonstrated that leptin administration to 

hippocampal neuronal progenitor cells causes proliferation (145). 

Ghrelin is an orexigenic hormone that has acts in the central nervous system and has 

exhibited some neurotrophic effects similar to those of BDNF‟s. Ghrelin regulates the excitability 

of neurons, neurotransmitter release,  neuron proliferation, and neuron survival (59). Like BDNF, 

ghrelin has antiapoptotic effects, more specifically, through the protection of hypothalamic 

neurons experiencing oxygen-glucose deprivation by inhibiting reactive oxygen species 

production and inhibiting caspase 3 (41).  

Both of these satiety signals are involved in synaptic remodeling processes that contribute 

to the control of food intake (148; 182). Ob/ob mice have shown differences in the number of 

excitatory and inhibitory synapses onto NPY and POMC cells in the ARC compared to wildtype 

mice, changes are expected to promote feeding (148). Alternatively, ghrelin demonstrates the 
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opposite effects to those of leptin in the ARC and increases excitatory input onto dopamine 

neurons in the VTA (1; 148). 

Another similarity that these feeding signals share with neurotrophic factors is their 

antidepressant effects and influences on learning and memory (52; 135). Leptin impacts 

hippocampal synaptic plasticity by facilitating CA1 LTP and calmodulin protein kinase II activity 

(135). Similarly, ghrelin works in the hippocampus to promote LTP and dendritic spine synapse 

formation (52). These data suggest that BDNF‟s known impacts on neurotransmission and 

plasticity do not exclude it from having anorexigenic effects and a direct role in metabolic 

homeostasis. 

4.6 Conclusion  

In conclusion, our data show that BDNF has postsynaptic effects on the majority of PVN 

neurons and that these effects are not caused by modulation of GABA signaling.  Despite many 

PVN neurons being affected by BDNF, distinct neuronal subpopulations appear to respond 

differentially.  In addition, these responses to BDNF are dynamically altered in accordance with 

changes in local glucose levels. This study provides evidence of the integrative capacity of single 

PVN neurons through their ability to alter BDNF signals in changing extracellular glucose. Our 

data has important implications for future electrophysiological studies regarding the use of 

physiologically relevant glucose concentrations when evaluating the effects of feeding-related 

peptides in the PVN. 

 

 

 

 



  

41 
 

Reference List 
 

 1.  Abizaid A, Liu ZW, Andrews ZB, Shanabrough M, Borok E, Elsworth JD, Roth RK, 

Sleeman MW, Picciotto MR, Tschöp MH, Gao XB and Horvath T. Ghrelin 

modulates the activity and synaptic input organization of midbrain dopamine 

neurons while promoting appetite. J Clin Invest 116: 3229-3239, 2006. 

 2.  Acheson A, Conover JC, Fandl JP, Dechiara TM, Russel M, Thadani, Squinto SP, 

Yancopoulos GD and Lindsay RM. A BDNF autocrine loop in adult sensory neurons 

prevents cell death. Nature 374: 450-453, 1995. 

 3.  Adachi A, Kobashi M and Funahashi M. Glucose-responsive neurons in the 

brainstem. Obes Res 3 Suppl 5: 735S-740S, 1995. 

 4.  Aldecoa A, Gujer R, Fischer JA and Born W. Mammalian calcitonin receptor-like 

receptor/receptor activity modifying protein complexes define calcitonin gene-

related peptide and adrenomedullin receptors in Drosophila Schneider 2 cells. FEBS 

Lett 471: 156-160, 2000. 

 5.  Alderson RF, Alterman AL, Barde YA and Lindsay RM. Brain-derived 

neurotrophic factor increases survival and differentiated functions of rat septal 

cholinergic neurons in culture. Neuron 5: 297-306, 1990. 



  

42 
 

 6.  Allendoerfer KL, Cabelli RJ, Escandón E, Kaplan DR, Nikolics K and Shatz CJ. 

Regulation of neurotrophin receptors during the maturation of the mammalian 

visual system. J Neurosci 14: 1795-811, 1994. 

 7.  Anand BK, Chhina GS, Sharma KN, Dua S and Singh B. Activity of single neurons in 

the hypothalamic feeding centers: effect of glucose. Am J Physiol 207: 1146-1154, 

1964. 

 8.  Andrew RD, MacVicar BA, Dudek FE and Hatton GI. Dye transfer through gap 

junctions between neuroendocrine cells of rat hypothalamus. Science 211: 1187-189, 

1981. 

 9.  Arancibia S, Rage F, Astier H and Tapia-Arancibia L. Neuroendocrine and 

autonomous mechanisms underlying thermoregulation in cold environment. 

Neuroendocrinology 64: 257-267, 1996. 

 10.  Arletti R, Benelli A and Bertolini A. Influence of oxytocin on feeding behavior in 

the rat. Peptides 10: 89-93, 1989. 

 11.  Armstrong WE. Hypothalamic supraoptic and paraventricular nuclei: In the rat 

nervous system.  2004, p. 369-388. 



  

43 
 

 12.  Armstrong WE, Warach S, Hatton GI and McNeill TH. Subnuclei in the rat 

hypothalamic paraventricular nucleus: a cytoarchitectural, horseradish peroxidase 

and immunocytochemical analysis. Neuroscience 5: 1931-1958, 1980. 

 13.  Bai FL, Yamano M, Shiotani Y, Emson PC, Smith AD, Powell JK and Tohyama M. 

An arcuato-paraventricular and -dorsomedial hypothalamic neuropeptide Y-

containing system which lacks noradrenaline in the rat. Brain Res 331: 172-175, 

1985. 

 14.  Bains JS and Ferguson AV. Nitric oxide regulates NMDA driven GABAergic inputs to 

type I neurons of the rat paraventricular nucleus. J Physiol (Lond ) 499.3: 733-746, 

1997. 

 15.  Baldelli P, Novara M, Carabelli V, Hernandez-Guijo JM and Carbone E. BDNF up-

regulates evoked GABAergic transmission in developing hippocampus by 

potentiating presynaptic N- and P/Q-type Ca2+ channels signalling. Eur J Neurosci 16: 

2297-2310, 2002. 

 16.  Barbacid M. The Trk family of neurotrophin receptors. J Neurobiology 25: 1386-

1403, 1994. 

 17.  Barde YA, Edgar D and Thoenen H. Purification of a new neurotrophic factor from 

mammalian brain. The EMBO Journal 1: 549-553, 1982. 



  

44 
 

 18.  Bargmann W and Scharrer E. The site of origin of the hormones of the posterior 

pituitary. American Scientist 39: 255-259, 1951. 

 19.  Belanger-Ducharme F and Tremblay A. Prevalence of obesity in Canada. Obesity 

Reviews 6: 183-186, 2005. 

 20.  Benoit SC, Schwartz MW, Lachey JL, Hagan MM, Rushing PA, Blake KA, Yagaloff 

KA, Kurylko G, Franco L, Danhoo W and Seeley RJ. A novel selective 

melanocortin-4 receptor agonist reduces food intake in rats and mice without 

producing aversive consequences. J Neurosci 20: 3442-3448, 2000. 

 21.  Bernardis LL. Participation of the dorsomedial hypothalamic nucleus in the "feeding 

center" and water intake circuitry of the weanling rat. J Neurosci 31: 387-398, 1970. 

 22.  Bernardis LL and Bellinger LL. The dorsomedial hypothalamic nucleus revisited: 

1998 update. Proceeding of the Society for Experimental Biology and Medicine 218: 

294-306, 1998. 

 23.  Bernardis LL, Box BM and Stevenson JAF. Growth following hypothalamic lesions 

in the wanling rat. Endocrinology 72: 692, 1963. 

 24.  Berninger B, Garcia DE, Inagaki N, Hahnel C and Lindholm D. BDNF and NT-3 

induce intracellular Ca2+ elevation in hippocampal neurones. Neuroreport 4: 1303-

1306, 1993. 



  

45 
 

 25.  Bibel M, Hoppe E and Barde YA. Biochemical and functional interactions between 

the neurotrophin receptors trk and p75NTR. EMBO J 18: 616-622, 1999. 

 26.  Bisset GW and Chowdrey HS. Control of release of vasopressin by neuroendocrine 

reflexes. Quart J Exp Physiol 73: 811-872, 1988. 

 27.  Blevins JE, Schwartz MW and Baskin DG. Evidence that paraventricular nucleus 

oxytocin neurons link hypothalamic leptin action to caudal brain stem nuclei 

controlling meal size. American Journal of Physiology-Regulatory Integrative and 

Comparative Physiology 287: R87-R96, 2004. 

 28.  Blum R, Kafitz KW and Konnerth A. Neurotrophin-evoked depolarization requires 

the sodium channel NaV 1.9. Nature 419: 687-693, 2002. 

 29.  Boler J, Chang JK, Enzmann F and Folkers K. Synthesis of the thyrotropin-

releasing hormone. J Med Chem 14: 475476-476, 1971. 

 30.  Bouret SG, Draper SJ and Simerly RB. Trophic action of leptin on hypothalamic 

neurons that regulate feeding. Science 304: 108-110, 2004. 

 31.  Britton DR, Koob GF, Rivier J and Vale W. Intraventricular corticotropin-releasing 

factor enhances behavioral effects of novelty. Life Sci 31: 363-7, 1982. 

 32.  Brown MR, Fisher LA, Spiess J, Rivier C, Rivier J and Vale W.  



  

46 
 

  Corticotropin-releasing factor: actions on the sympathetic nervous system and 

metabolism. Endocrinology 111: 928-931, 1982. 

 33.  Brunig I, Penschuck S, Berninger B, Benson J and Fritschy JM. BDNF reduces 

miniature inhibitory postsynaptic currents by rapid downregulation of GABA(A) 

receptor surface expression. Eur J Neurosci 13: 1320-1328, 2001. 

 34.  Burdakov D, Luckman SM and Verkhratsky A. Glucose-sensing neurons of the 

hypothalamus. Philos Trans R Soc Lond B Biol Sci 360: 2227-2235, 2005. 

 35.  Canossa M, Griesbeck O, Berninger B, Campana G, Kolbeck R and Thoenen H. 

Neurotrophin release by neurotrophins: implications for activity-dependent 

neuronal plasticity. Proc Natl Acad Sci USA 94: 13279-13286, 1997. 

 36.  Canteras NS, Simerly RB and Swanson LW. Organization of projections from the 

ventromedial nucleus of the hypothalamus: a Phaseolus vulgaris-leucoagglutinin 

study in the rat. J Comp Neurol 348: 41-79, 1994. 

 37.  Casaccia-Bonnefil P, Carter BD, Dobrowsky RT and Chao MV. Death of 

oligodendocytes mediated by the interaction of nerve growth factor with its receptor 

p75. Nature 383: 716-71, 1996. 



  

47 
 

 38.  Cassiman D, Denef C, Desmet VJ and Roskams T. Human and rat hepatic stellate 

cells express neurotrophins and neurotrophin receptors. Hepatology 33: 148-158, 

2001. 

 39.  Chao MV and Hempstead BL. p75 and Trk: a two-receptor system. TINS 18: 321-

326, 1995. 

 40.  Cheng SY, Leonard JL and Davis PJ. Molecular aspects of thyroid hormone actions. 

Endocrinology 31: 139-170, 2010. 

 41.  Chung H, Kim E, Lee DH, Seo S, Ju S, Lee D, Kim H and Park S. Ghrelin inhibits 

apoptosis in hypothalamic neuronal cells during oxygen-glucose deprivation. 

Endocrinology 148: 148-159, 2007. 

 42.  Cone RD, Cowley MA, Butler AA, Fan W, Marks DL and Low MJ. The arcuate 

nucleus as a conduit for diverse signals relevant to energy homeostasis. Int J Obes 

Relat Metab Disord 25 Suppl 5: S63-S67, 2001. 

 43.  Conner JM, Lauterborn JC, Yan Q, Gall CM and Varon S. Distribution of brain-

derived neurotrophic factor (BDNF) protein and mRNA in the normal adult rat CNS: 

evidence for anterograde axonal transport. J Neurosci 17: 2295-2313, 1997. 



  

48 
 

 44.  Conrad KP, Gellai M, North WG and Valtin H. Influence of oxytocin on renal 

hemodynamics and sodium excretion. Annals of New York Academy of Sciences 689: 

346-362, 1993. 

 45.  Coote JH. Cardiovascular function of the paraventricular nucleus of the 

hypothalamus. Biol Signals 4: 142-149, 1995. 

 46.  Cowley MA, Smart JL, Rubinstein M, Cerdan MG, Diano S, Horvath TL, Cone RD 

and Low MJ. Leptin activates anorexigenic POMC neurons through a neural network 

in the arcuate nucleus. Nature 411: 480-484, 2001. 

 47.  Danziger J and Zeidel ML. Osmotic homeostasis. Clinical Journal of the American 

Society of Nephrology 10: 852-862, 2014. 

 48.  Davis PJ, Lin HY, Tang HY, Davis FB and Mousa SA. Adjunctive input to the nuclear 

thyroid hormone receptor from the cell surface receptor for the hormone. Thyroid 

23: 1503-1509, 2013. 

 49.  Dechant G and Barde YA. The neurotrophin receptor p75(NTR): novel functions 

and implications for diseases of the nervous system. Nature Neuroscience 5: 1131-

1136, 2002. 

 50.  Deister C and Schmidt CE. Optimizing neurotrophic factor combinations for neurite 

outgrowth. Journal of Neural Engineering 3: 172-179, 2006. 



  

49 
 

 51.  Delgado JM and Anand BK. Increase of food intake induced by electrical 

stimulation of the lateral hypothalamus. Am J Physiol 172: 162-168, 1953. 

 52.  Diano S, Farr SA, Benoit SC, Horvath B, Gaskin FS, Nonaka N, Jaeger LB, Banks 

WA, Morley JE, Pinto S, Sherwin RS, Xu L, Yamada KA, Sleeman MW, Tschöp MH 

and Horvath TL. Ghrelin controls hippocampal spine synapse density and memory 

performance. Nature Neuroscience 9: 381-388, 2006. 

 53.  Dube MG, Kalra SP and Kalra PS. Food intake elicited by central administration of 

orexins/hypocretins: identification of hypothalamic sites of action. Brain Res 842: 

473-477, 1999. 

 54.  Elmquist JK, Elias CF and Saper CB. From lesions to leptin: hypothalamic control of 

food intake and body weight. Neuron 22: 221-232, 1999. 

 55.  Enhörning S, Wang TJ, Nilsson PM, Almgren P, Hedblad B, Berglund G, Struck J, 

Morgenthaler NG, Bergmann A, Lindholm E, Groop L, Lyssenko V, Orho-

Melander M, Newton-Cheh C and Melander O. Plasma copeptin and the risk of 

diabetes mellitus. Circulation 121: 2102-2108, 2010. 

 56.  Fekete C and Lechan RM. Central regulation of hypothalamic-pituitary-thyroid axis 

under physiological and pathophysiological conditions. Endocr Rev 35: 159-194, 

2014. 



  

50 
 

 57.  Ferguson AV and Bains JS. Actions of angiotensin in the subfornical organ and area 

postrema: implications for long term control of autonomic output. Clin Exp 

Pharmacol Physiol 24: 96-101, 1997. 

 58.  Ferguson AV and Washburn DLS. Angiotensin II: a peptidergic neurotransmitter in 

central autonomic pathways. Prog Neurobiol 54: 169-192, 1998. 

 59.  Ferrini F, Salio C, Lossi L and Merighi A. Ghrelin in central neurons. Current 

Neuropharmacology 7: 37-49, 2009. 

 60.  Frade JM, Rodriguez-Tebar A and Barde YA. Induction of cell death by 

endogenous nerve growth factor through its p75 receptor. Nature 383: 166-168, 

1996. 

 61.  Fujinami A, Ohta K, Obayashi H, Fukui M, Hasegawa G, Nakamura N, Kozai H, 

Imai S and Ohta. Serum brain-derived neurotrophic factor in patients with type 2 

diabetes mellitus: Relationship to glucose metabolism and biomarkers of insulin 

resistance. Clical Biochemistry 41: 812-817, 2008. 

 62.  Gimpl G and Fahrenholz F. The oxytocin receptor system: structure, function, and 

regulation. Physiol Rev 81: 629-683, 2001. 

 63.  Givalois L, Naert G, Rage F, Ixart G, Arancibia S and Tapia-Arancibia L. A single 

brain-derived neurotrophic factor injection modifies hypothalamo-pituitary-



  

51 
 

adrenocortical axis activity in adult male rats. Molecular and Cellular Neuroscience 

27: 280-295, 2004. 

 64.  Gold RM. Anodal electrolytic brain lesions: how current and electrode metal 

influence lesion size and hyperphagiosity. Physiol Behav 5: 625-632, 1975. 

 65.  Grothe C and Unsicker K. Neuron-enriched cultures of adult rat dorsal root ganglia: 

establishment, characterization, survival, and neuropeptide expression in response 

to trophic factors. J Neurosci Res 18: 539-550, 1987. 

 66.  Hallbeck M and Blomqvist A. Spinal cord-projecting vasopressinergic neurons in 

the rat paraventricular hypothalamus. J Comp Neurol 411: 201-211, 1999. 

 67.  Hallbook F, Ibanez CF and Persson H. Evolutionary studies of the nerve growth 

factor family reveal a novel member abundantly expressed in Xenopus Ovary. 

Neuron 6: 845-858, 1991. 

 68.  Hardy SG. Hypothalamic projections to cardiovascular centers of the medulla. Brain 

Res 894: 233-240, 2001. 

 69.  Heinbecker P, White HL and Rolinat JP. Experimental obesity in the dog. Am J 

Physiol 141: 549-565, 1944. 



  

52 
 

 70.  Hermes SM, Mitchell JL and Aicher SA. Most neurons in the nucleus tractus 

solitarii do not send collateral projections to multiple autonomic targets in the rat 

brain. Exp Neurol 198: 539-551, 2006. 

 71.  Herrmann C, Göke R, Richter G, Fehmann HC, Arnold R and Göke B. Glucagon-

like peptide-1 and glucose-dependent insulin-releasing polypeptide plasma levels in 

response to nutrients. Digestion 56: 117-126, 1995. 

 72.  Hewitt SA and Bains JS. Brain-derived neurotrophic factor silences GABA synapses 

onto hypothalamic neuroendocrine cells through a postsynaptic dynamin-mediated 

mechanism. J Neurophysiol 95: 2193-2198, 2006. 

 73.  Hiroyama M, Aoyagi T, Fujiwara Y, Birumachi J, Shigematsu Y, Kiwaki K, Tasaki 

R, Endo F and Tanoue A. Hypermetabolism of fat in V1a vasopressin receptor 

knockout mice. Mol Endocrinol 21: 247-258, 2007. 

 74.  Hofer MM and Barde YA. Brain-derived neurotrophic factor prevents neuronal 

death in vivo. Nature 331: 261-262, 1988. 

 75.  Hommel JD, Trinko R, Sears RM, Georgescu D, Liu ZW, Gao XB, Thurmon JJ, 

Marinelli M and DiLeone RJ. Leptin receptor signaling in midbrain dopamine 

neurons regulates feeding. Neuron 51: 801-810, 2006. 



  

53 
 

 76.  Hoyda TD, Samson WK and Ferguson AV. Adiponectin depolarizes parvocellular 

paraventricular nucleus neurons controlling neuroendocrine and autonomic 

function. Endocrinology 150: 832-840, 2009. 

 77.  Hu Y and Wilson GS. Rapid changes in local extracellular rat brain glucose observed 

with an in vivo glucose sensor. J Neurochem 68: 1745-1752, 1997. 

 78.  Ip NY ICNS, McClain J, Jones PF, Gies DR, Belluscio L, Le Beau MM, Espinosa R 

3rd and Squinto SP. Mammalian neurotrophin -4: structure, chromosomal 

localization, tissue distribution, and receptor specificity. PNAS 89: 3060-3064, 1992. 

 79.  Ishikawa SE and Schrier RW. Pathophysiological roles of arginine vasopressin and 

aquaporin-2 in impaired water excretion. Clin Endocrinol 58: 1-17, 2003. 

 80.  Ishikawa S-E and Schrier RW. Vascular effects of arginine vasopressin, angiotensin 

II, and norepinephrine in adrenal insufficiency. Am J Physiol 246: H104-H113, 1984. 

 81.  Jovanovic JN, Thomas P, Kittler JT, Smart T and Moss S. Brain-derived 

neurotrophic factor modulates fast synaptic inhibition by regulating GABA(A) 

receptor phosphorylation, activity, and cell-surface stability. J Neurosci 24: 522-530, 

2004. 

 82.  Ka S, Lindberg J, Strömstedt L, Fitzsimmons C, Lindqvist N, Lundeberg J, Siegel 

PB, Andersson L and Hallböök F. Extremely different behaviours in high and low 



  

54 
 

body weight lines of chicken are associated with differential expression of genes 

involved in neuronal plasticity. J Neurosci 21: 208-216, 2009. 

 83.  Kalra SP, Dube MG, Pu S, Xu B, Horvath TL and Kalra PS. Interacting appetite-

regulating pathways in the hypothalamic regulation of body weight. Endocr Rev 20: 

68-100, 1999. 

 84.  Katz A and Meiri N. Brain-derived neurotrophic factor is critically involved in 

thermal-experience-dependent developmental plasticity. J Neurosci 26: 3899-3907, 

2006. 

 85.  Kernie SG, Liebl DJ and Parada LF. BDNF regulates eating behavior and locomotor 

activity in mice. EMBO J 19: 1290-1300, 2000. 

 86.  Kimura T, Tanizawa O, Mori K, Brownstein MJ and Okayama H. Structure and 

expression of a human oxytocin receptor. Nature 356: 526-529, 1992. 

 87.  Kolbeck R, Jungbluth S and Barde YA. Characterisation of neurotrophin dimers 

and monomers. European Journal of Biochemistry 225: 995-1003, 1994. 

 88.  Korte M, Carroll P, Wolf E, Brem G, Thoenen H and Bonhoeffer T. Hippocampal 

long-term potentiation is impaired in mice lacking brain-derived neurotrophic 

factor. PNAS 92: 8856-60, 1995. 



  

55 
 

 89.  Koshimizu TA, Nakamura K, Egashira N, Hiroyama M, Nonoguchi H and Tanoue 

A. Koshimizu TAVasopressin V1a and V1b receptors: from molecules to 

physiological systems. Physiol Rev 92: 1813-1864, 2012. 

 90.  Kramar EA, Lin B, Lin CY, Arai AC, Gall CM and Lynch G. A novel mechanism for 

the facilitation of theta-induced long-term potentiation by brain-derived 

neurotrophic factor. J Neurosci 24: 5151-5161, 2004. 

 91.  Krukoff TL, MacTavish D and Jhamandas J. Activation by hypotension of neurons 

in the hypothalamic paraventricular nucleus that project to the brainstem. The 

Journal of Comparative Neurology 385: 285-296, 1997. 

 92.  Kublaoui BM, Gemelli T, Tolson KP, Wang Y and Zinn AR. Oxytocin deficiency 

mediates hyperphagic obesity of Sim1 haploinsufficient mice. Mol Endocrinol 22: 

1723-1734, 2008. 

 93.  La Fleur SE. The effects of glucocorticoids on feeding behavoir in rats. Physiologiy 

and Behavior 89: 110-114, 2006. 

 94.  Landry DW, Levin HR, Gallant EM, Ashton RC, Seo S, D'Alessandro D, Oz MC and 

Oliver JA. Vasopressin deficiency contributes to the vasodilation of septic shock. 

Circulation 95: 1122-1125, 1997. 



  

56 
 

 95.  Larsen PJ, Hayschmidt A, Vrang N and Mikkelsen JD. Origin of projections from 

the midbrain raphe nuclei to the hypothalamic paraventricular nucleus in the rat:  a 

combined retrograde and anterograde tracing study. Neuroscience 70: 963-988, 

1996. 

 96.  Larsen PJ and Mikkelsen JD. Functional identification of central afferent 

projections conveying information of actue "stress" to the hypothalamic 

paraventricular nucleus. J Neurosci 15: 2609-2627, 1995. 

 97.  Lechan RM, Wu P and Jackson IM. Immunolocalization of the thyrotropin-releasing 

hormone prohormone in the rat central nervous system. Endocrinology 119: 1210-

1216, 1986. 

 98.  Lechan RM and Fekete C. The TRH neuron: a hypothalamic integrator of energy 

metabolism. Prog Brain Res 153: 209-235, 2006. 

 99.  Lechan RM and Segerson TP. Pro-TRH gene expression and precursor peptides in 

rat brain. Observations by hybridization analysis and immunocytochemistry. Ann N 

Y Acad Sci 553: 29-59, 1989. 

 100.  Leibowitz SF. Hypothalamic paraventricular nucleus: interaction between alpha 2-

noradrenergic system and circulating hormones and nutrients in relation to energy 

balance. 12 2: 109, 1988. 



  

57 
 

 101.  Leibowitz SF, Weiss GF and Shor-Posner G. Hypothalamic serotonin: 

pharmacological, biochemical, and behavioral analyses of its feeding-suppressive 

action. Clinical Neuropharmacology 11: S51-S71, 1988. 

 102.  Leibowitz SF, Hammer NJ and Chang K. Hypothalamic paraventricular nucleus 

lesions produce overeating and obesity in the rat. Physiol Behav 27: 1031-1040, 

1981. 

 103.  Levi-Montalcini R and Hamburger V. Selective growth stimulating effects of mouse 

sarcoma on the sensory and sympathetic nervous system of the chick embryo. J Exp 

Zoo 116: 321-361, 1951. 

 104.  Levin BE and Routh VH. Role of the brain in energy balance and obesity [editorial] 

[Review] [143 refs]. Am J Physiol 271: Pt 2):R491-500, 1996. 

 105.  Levin BE, Routh VH, Kang L, Sanders NM and Dunn-Meynell AA. Neuronal 

Glucosensing: What Do We Know After 50 Years? Diabetes 53: 2521-2528, 2004. 

 106.  Lin JC, Tsao D, Barras P, Bastarrachea RA, Boyd B, Chou J, Rosete R, Long H, 

Forgie A, Abdiche Y, Dilley J, Stratton J, Garcia C, Sloane DL, Comuzzie AG and 

Rosenthal A. Appetite enhancement and weight gain by peripheral administration 

of TrkB agonists in non-human primates. PLoS One 3: e1900, 2008. 



  

58 
 

 107.  Luther JA, Daftary SS, Boudaba C, Gould GC, Halmos KC and Tasker JG. 

Neurosecretory and non-neurosecretory parvocellular neurones of the 

hypothalamic paraventricular nucleus express distinct electrophysiological 

properties. J Neuroendocrinol 14: 929-932, 2002. 

 108.  Luther JA and Tasker JG. Voltage-gated currents distinguish parvocellular from 

magnocellular neurones in the rat hypothalamic paraventricular nucleus. J Physiol 

(Lond) 523 Pt 1: 193-209, 2000. 

 109.  Maisonpierre PC, Belluscio L, Squinto S, Ip NY, Furth ME, Lindsay RM and 

Yancopoulos GD. Neurotrophin-3: a neurotrophic factor related to NGF and BDNF. 

Science 247: 1446-1451, 1990. 

 110.  Martins AS, Crescenzi A, Stern JE, Bordin S and Michelini LC. Hypertension and 

exercise training differentially affect oxytocin and oxytocin receptor expression in 

the brain. Hypertension 46: 1004-1009, 2005. 

 111.  Masaki T, Yoshimichi G, Chiba S, Yasuda T, Noguchi H, Kakuma T, Sakata T and 

Yoshimatsu H. Corticotropin-releasing hormone-mediated pathway of leptin to 

regulate feeding, adiposity, and uncoupling protein expression in mice. 

Endocrinology 144: 3547-3554, 2003. 

 112.  Mayer J and Thomas DW. Regulation of food intake and obesity. Science 156: 328-

337, 1967. 



  

59 
 

 113.  Mayer ML and Westbrook GL. A voltage-clamp analysis of inward (anomalous) 

rectification in mouse spinal sensory ganglion neurones. J Physiol (Lond) 340: 19-45, 

1983. 

 114.  Melnick iV, Price CJ and Colmers WF. Glucosensing in parvocellular neurons of the 

rat hypothalamic paraventricular nucleus. Eur J Neurosci 34: 272-282, 2011. 

 115.  Merlio JP, Ernfors P, Kokaia Z, Middlemas DS, Bengzon J, Kokaia M, Smith ML, 

Siesjo BK, Hunter T, Lindvall O and et al. Increased production of the TrkB protein 

tyrosine kinase receptor after brain insults. Neuron 10: 151-164, 1993. 

 116.  Mezey E, Reisine TD, Skirboll L, Beinfeld M and Kiss JZ. Role of cholecystokinin in 

corticotropin release: coexistence with vasopressin and corticotropin-releasing 

factor in cells of the rat hypothalamic paraventricular nucleus. Proc Natl Acad Sci 

USA 83: 3510-3512, 1986. 

 117.  Michaud JL, Rosenquist T, May NR and Fan CM. Development of neuroendocrine 

lineages requires the bHLH-PAS transcription factor SIM1. Genes Dev 12: 3264-3275, 

1998. 

 118.  Mimee A and Ferguson AV. Glycemic state regulates melanocortin, but not 

nesfatin-1, responsiveness of glucose-sensing neurons in the nucleus of the solitary 

tract. American Journal of Phsyiology Regulatory, Integrative and Comparitive 

Physiology 308: R690-R699, 2015. 



  

60 
 

 119.  miry-Moghaddam M and Ottersen OP. The molecular basis of water transport in 

the brain. Nat Rev Neurosci 4: 991-1001, 2003. 

 120.  Miselis RR. The subfornical organ's neural connections and their role in water 

balance. Peptides 3: 501-502, 1982. 

 121.  Miselis RR, Shapiro RE and Hand PJ. Subfornical organ efferents to neural systems 

for control of body water. Science 205: 1022-1025, 1979. 

 122.  Mizoguchi Y, Monji A and  NJ. Brain-derived neurotrophicfactor induces long-

lasting Ca2þ-activated Kþ currents in rat visualcortex neurons. Eur J Neurosci 16: 

1417-1424, 2002. 

 123.  Mobbs CV, Kow LM and Yang XJ. Brain glucose-sensing mechanisms: ubiquitous 

silencing by aglycemia vs. hypothalamic neuroendocrine responses. American 

Journal of Physiology: Endocriology and Metabolism 281: E649-E654, 2001. 

 124.  Mogenson GJ and Morgan CW. Effects of induced drinking on self-stimulation of the 

lateral hypothalamus. Exp Brain Res 3: 111-116, 1967. 

 125.  Moreno G, Piermaria J, Gaillard RC and Spinedi E. In vitro functionality of isolated 

embryonic hypothalamic vasopressinergic and oxytocinergic neurons: modulatory 

effects of brain-derived neurotrophic factor and angiotensin II. Endocrinology 39: 

83-88, 2011. 



  

61 
 

 126.  Morrison SD, Barrnett RJ and Mayer J. Localization of lesions in the lateral 

hypothalamus of rats induced adipsia and aphagia. Am J Physiol 193: 230-234, 1958. 

 127.  Motawei K, Pyner S, Ranson RN, Kamel M and Coote JH. Terminals of 

paraventricular spinal neurons are closely associated with adrenal medullary 

sympathetic preganglionic neurones: immunocytochemical evidence for vasopressin 

as a possible neurotransmitter in this pathway. Brain Res 126: 68-76, 1999. 

 128.  Mousavi K and Jasmin BJ. BDNF is expressed in skeletal muscle satellite cells and 

inhibits myogenic differentiation. J Neurosci 26: 5739-5749, 2006. 

 129.  Naert G, Ixart G, Tapia-Arancibia L and Givalois L. Continuous i.c.v. infusion of 

brain-derived neurotrophic factor modifies hypothalamic–pituitary–adrenal axis 

activity, locomotor activity and body temperature rhythms in adult male rats. 

Neuroscience 139: 779-789, 2005. 

 130.  Nakagawa T, Tsuchida A, Itakura Y, Nonomura T, Ono M, Hirota F, Inoue T, 

Nakayama C, Taiji M and Noguchi H. Brain-derived neurotrophic factor regulates 

glucose metabolism by modulating energy balance in diabetic mice. Diabetes 49: 

436-444, 2000. 

 131.  Nishimori K, Young LJ, Guo Q, Wang Z, Insel TR and Matzuk MM. Oxytocin is 

required for nursing but is not essential for parturition or reproductive behavior. 

Proceedings of the National Academy of Sciences U S A 93: 11699-11704, 1996. 



  

62 
 

 132.  Noble EE, Billington CJ, Kotz CM and Wang C. The lighter side of BDNF. American 

Journal of Phsyiology Regulatory, Integrative and Comparative Physiology 300: 

R1053-R1069, 2011. 

 133.  O'Donohue TL, Chronwall BM, Pruss RM, Mezey E, Kiss JZ, Eiden LE, Massari VJ, 

Tessel RE, Pickel VM, DiMaggio DA, Hotchkiss AJ, Crowley WR and Zukowska-

Grojec Z. Neuropeptide Y and peptide YY neuronal and endocrine systems. Peptides 

6: 755-768, 1985. 

 134.  Ono M, Ichihara J, Nonomura T, Itakura Y, Taiji M, Nakayama C and Noguchi H. 

Brain-derived neurotrophic factor reduces blood glucose level in obese diabetic mice 

but not in normal mice. Biochemical and Biophysical Research Communications 238: 

633-637, 1997. 

 135.  Oomura Y, Hori N, Shiraishi T, Fukunaga K, Takeda H, Tsuji M, Matsumiya T, 

Aou S, Li XL, Kohno D, Uramura K, Sougawa H, Yada T, Wayner MJ and Sasaki K. 

Leptin facilitates learning and memory performance and enhances hippocampal CA1 

long-term potentiation and CaMK II phosphorylation in rats. Peptides 27: 2738-2749, 

2006. 

 136.  Oomura Y, Ono T, Ooyama H and Wayner MJ. Glucose and osmosensitive 

neurones of the rat hypothalamus. Nature 222: 282-284, 1969. 



  

63 
 

 137.  Oomura Y, Ooyama H, Sugimori M, Nakamura T and Yamada Y. Glucose 

inhibition of the glucose-sensitive neurone in the rat lateral hypothalamus. Nature 

247: 284-286, 1974. 

 138.  Owens MJ and Nemeroff CB. Physiology and pharmacology of corticotropin-

releasing factor. Pharmacol Rev 43: 425-473, 1991. 

 139.  Pardridge WM, Kang YS and Buciak JL. Transport of human recombinant brain-

derived neurotrophic factor (BDNF) through the rat blood-brain barrier in vivo 

using vector-mediated peptide drug delivery. Pharmaceautical Research 11: 738-

746, 1994. 

 140.  Pardridge WM. Neuropeptides and the blood-brain barrier. Ann Rev Physiol 45: 73-

82, 1983. 

 141.  Pasquali R, Gagliardi L, Vicennati V, Gambineri A, Colitta D, Ceroni L and 

Casimirri F. ACTH and cortisol response to combined corticotropin releasing 

hormone-arginine vasopressin stimulation in obese males and its relationship to 

body weight, fat distribution and parameters of the metabolic syndrome. 

International Journal of Obesity and Related Metabolic Disorders 23: 419-424, 1999. 

 142.  Patapoutian A and Reichardt LF. Trk receptors: mediators of neurotrophin action. 

Current Opinion in Neurobiology 11: 280, 2001. 



  

64 
 

 143.  Pelleymounter MA, Cullen MJ and Wellman CL. Characteristics of BDNF-induced 

weight loss. Exp Neurol 131: 229-238, 1995. 

 144.  Pelleymounter MA, Cullen MJ, Baker MB, Hecht R, Winters D, Boone T and 

Collins F. Effects of the obese gene product on body weight regulation in ob\ob 

mice. Science 269: 540-543, 1995. 

 145.  Pérez-González R, Antequera D, Vargas T, Spuch C, Bolós M and Carro E. Leptin 

induces proliferation of neuronal progenitors and neuroprotection in a mouse model 

of Alzheimer's disease. Journal of Alzheimer's Disease 24: 17-25, 2015. 

 146.  Perrin MH and Vale WW. Corticotropin releasing factor receptors and their ligand 

family. Ann N Y Acad Sci 885: 312-328, 1999. 

 147.  Perrin MH, Sutton SW, Cervini LA, Rivier JE and Vale WW. Comparison of an 

agonist, urocortin, and an antagonist, astressin, as radioligands for characterization 

of corticotropin-releasing factor receptors. J Pharmacol Exp Ther 288: 729-734, 

1999. 

 148.  Pinto S, Roseberry AG, Liu H, Diano S, Shanabrough M, Cai X, Friedman JM and 

Horvath TL. Rapid rewiring of arcuate nucleus feeding circuits by leptin. Science 

304: 110-115, 2004. 



  

65 
 

 149.  Poulain DA and Wakerley JB. Electrophysiology of hypothalamic magnocellular 

neurones secreting oxytocin and vasopressin. Neuroscience 7: 773-808, 1982. 

 150.  Ranson RN, Motawei K, Pyner S and Coote JH. The paraventricular nucleus of the 

hypothalamus sends efferents to the spinal cord of the rat with closely appose 

sympathetic preganglionic neurones projecting to the stellate ganglion. Brain Res 

120: 164-172, 1998. 

 151.  Richard D, Huang Q and Timofeeva E. The corticotropin-releasing hormone 

system in the regulation of energy balance in obesity. International Journal of Obesity 

and Related Metabolic Disorders 24: S36-S39, 2000. 

 152.  Rios M, Fan G, Fekete C, Kelly J, Bates B, Kuehn R, Lechan RM and Jaenisch R. 

Conditional deletion of brain-derived neurotrophic factor in the postnatal brain 

leads to obesity and hyperactivity. Mol Endocrinol 15: 1748-1757, 2001. 

 153.  Rogalski S, ppleyard S, Pattillo A, Terman G and Chavkin. TrkB activation by 

brain-derived neurotrophic factor inhibits the G protein-gated inward rectifier Kir3 

by tyrosine phosphorylation of thechannel. The Jounral of Biological Chemistry 275: 

25082-25088, 2000. 

 154.  Roland BL and Sawchenko PE. Local origins of some GABAergic projections to the 

paraventricular and supraoptic nuclei of the hypothalamus in the rat. The Journal of 

Comparative Neurology 332: 123-143, 1993. 



  

66 
 

 155.  Rossier J, Battenberg E, Pittman Q, Bayon A, Koda L, Miller R, Guillemin R and 

Bloom F. Hypothalamic enkephalin neurones may regulate the neurohypophysis. 

Nature 277: 653-655, 1979. 

 156.  Routh VH. Glucosensing neurons in the ventromedial hypothalamic nucleus (VMN) 

and hypoglycemia-associated autonomic failure (HAAF). Diabetes/Metabolism 

Research and Reviews 19: 348-356, 2003. 

 157.  Routh VH, Hao L, Santiago AM, Sheng Z and Zhou C. Hypothalamic glucose 

sensing: making ends meet. Frontiers in Systems Neuroscience 8: 2014. 

 158.  Routh VH. Glucose-sensing neurons: are they physiologically relevant? Physiol 

Behav 76: 403-413, 2002. 

 159.  Roux PP, Colicos MA, Barker PA and Kennedy TE. p75 neurotrophin receptor 

expression is induced in apoptotic neurons after seizure. J Neurosci 19: 6887-6896, 

1999. 

 160.  Saleem U, Khaleghi M, Morgenthaler NG, Bergmann A, Struck J, Mosley TH Jr 

and Kullo IJ. Plasma carboxy-terminal provasopressin (copeptin): a novel marker of 

insulin resistance and metabolic syndrome. Journal of Clinical Endocrinology and 

Metabolism 94: 2558-2564, 2009. 



  

67 
 

 161.  Saper CB, Swanson LW and Cowan WM. An autoradiographic study of the efferent 

connections of the lateral hypothalamic area in the rat. J Comp Neurol 183: 689-706, 

1979. 

 162.  Saper CB, Loewy AD, Swanson LW and Cowan WM. Direct hypothalamo-

autonomic connections. Brain Res 117: 305-312, 1976. 

 163.  Sar M, Stumpf WE, Miller RJ, Chang KJ and Cuatrecasas P. Immunohistochemical 

localization of enkephalin in rat brain and spinal cord. J Comp Neurol 182: 17-37, 

1978. 

 164.  Sarafidis PA and Nilsson PM. The metabolic syndrome: a glance at its history. J 

Hypertens 24: 621-626, 2006. 

 165.  Sawchenko PE and Swanson LW. Immunohistochemical identification of neurons 

in the paraventricular nucleus of the hypothalamus that project to the medulla or to 

the spinal cord in the rat. J Comp Neurol 205: 260-272, 1982. 

 166.  Schrier RW. Vasopressin and aquaporin 2 in clinical disorders of water 

homeostasis. Semin Nephrol 28: 289-296, 2008. 

 167.  Schwartz MW, Woods SC, Porte D, Jr., Seeley RJ and Baskin DG. Central nervous 

system control of food intake. Nature 404: 661-671, 2000. 



  

68 
 

 168.  Silver IA and Erecinska M. Extracellular glucose concentration in mammalian 

brain: continuous monitoring of changes during increased neuronal activity and 

upon limitation in oxygen supply in normo-, hypo-, and hyperglycemic animals. J 

Neurosci 14: 5068-5076, 1994. 

 169.  Sims JS and Lorden JF. Effect of paraventricular nucleus lesions on body weight, 

food intake and insulin levels. Behav Brain Res 22: 265-281, 1986. 

 170.  Smith SR, de Jonge L, Pellymounter M, Nguyen T, Harris R, York D, Redmann S, 

Rood J and Bray GA. Peripheral administration of human corticotropin-releasing 

hormone: a novel method to increase energy expenditure and fat oxidation in man. 

Journal of Clinical Endocrinology and Metabolism 86: 1991-1998, 1991. 

 171.  Smith PM, Chambers AP, Price CJ, Ho W, Hopf C, Sharkey KA and Ferguson AV. 

The subfornical organ: a central nervous system site for actions of circulating leptin. 

Am J Physiol Regul Integr Comp Physiol 296: R512-R520, 2009. 

 172.  Smith PM, Rozanski G and Ferguson AV. Acute electrical stimulation of the 

subfornical organ induces feeding in satiated rats. Physiol Behav 99: 534-537, 2010. 

 173.  Sofroniew MV. Projections from vasopressin, oxytocin, and neurophysin neurons to 

neural targets in the rat and human. J Histochem Cytochem 28: 475-478, 1980. 



  

69 
 

 174.  Sofroniew MV, Weindl A, Schrell U and Wetzstein R. Immunohistochemistry of 

vasopressin, oxytocin and neurophysin in the hypothalamus and extrahypothalamic 

regions of the human and primate brain. Acta Histochem Suppl 24: 79-95, 1981. 

 175.  Song Z, Levin BE, McArdle JJ, Bakhos N and Routh VH. Convergence of pre- and 

postsynaptic influences on glucosensing neurons in the ventromedial hypothalamic 

nucleus. Diabetes 50: 2673-2681, 2001. 

 176.  Spanswick R, Smith MA, Groppi VE, Logan SD and Ashford MLJ. Leptin inhibits 

hypothalamic neurons by activation of ATP-sensitive potassium channels. Nature 

390: 521-525, 1997. 

 177.  Spiegelman BM and Flier JS. Obesity and the regulation of energy balance. Cell 104: 

531-543, 2001. 

 178.  Stanley BG and Leibowitz SF. Neuropeptide Y injected in the paraventricular 

hypothalamus: a powerful stimulant of feeding behavior. Proc Natl Acad Sci USA 82: 

3940-3943, 1985. 

 179.  Stenger J, Fournier T and Bielajew C. The effects of chronic ventromedial 

hypothalamic stimulation on weight gain in rats. Physiology and Behaviour 50: 1209-

1213, 1991. 



  

70 
 

 180.  Stern JE. Electrophysiological and morphological properties of pre-autonomic 

neurones in the rat hypothalamic paraventricular nucleus. J Physiol 537: 161-177, 

2001. 

 181.  Stern JE. Electrophysiological and morphological properties of pre-autonomic 

neurones in the rat hypothalamic paraventricular nucleus. J Physiol 537: 161-177, 

2001. 

 182.  Sternson SM, Shepherd GM and Friedman JM. Topographic mapping of VMH --> 

arcuate nucleus microcircuits and their reorganization by fasting. Nature 

Neuroscience 8: 1356-1363, 2005. 

 183.  Sugiyama N, Kanba S and Arita J. Temporal changes in the expression of brain-

derived neurotrophic factor mRNA in the ventromedial nucleus of the hypothalamus 

of the developing rat brain. Brain Res 115: 69-77, 2003. 

 184.  Swanson LW and Kuypers HGJM. The paraventricular nucleus of the 

hypothalamus: cytoarchitectonic subdivisions and organization of projections to the 

pituitary, dorsal vagal complex, and spinal cord as demonstrated by retrograde 

fluorescence double-labeling methods. J Comp Neurol 194: 555-570, 1980. 

 185.  Swanson LW and Sawchenko PE. Paraventricular nucleus: a site for the integration 

of neuroendocrine and autonomic mechanisms. Neuroendocrinology 31: 410-417, 

1980. 



  

71 
 

 186.  Swanson LW and Sawchenko PE. Hypothalamic integration: organization of the 

paraventricular and supraoptic nuclei. Ann Rev Neurosci 6: 269-324, 1983. 

 187.  Swanson LW and Sawchenko PE. Hypothalamic integration: organization of the 

paraventricular and supraoptic nuclei. Ann Rev Neurosci 6: 269-324, 1983. 

 188.  Tadahiro Numakawa, Shingo Suzuk, Emi Kumamaru, Naoki Adachi, Misty 

Richards and Hiroshi Kunugi. BDNF function and intracellular signaling in 

neurons. Histology and Histopathology 25: 237-258, 2010. 

 189.  Tanaka T, Saito H and Matsuki N. Inhibition of GABAA synaptic responses by 

brain-derived neurotrophic factor (BDNF) in rat hippocampus. J Neurosci 17: 2959-

2966, 1997. 

 190.  Tasker JG and Dudek FE. Electrophysiological properties of neurones in the region 

of the paraventricular nucleus in slices of rat hypothalamus. J Physiol (Lond ) 434: 

271-293, 1991. 

 191.  Tolson KP, Zinn AR, Elmquist JK, Gautron L, Gemelli T and Kublaoui BM. 

Postnatal Sim1 deficiency causes hyperphagic obesity and reduced Mc4r and 

oxytocin expression. J Neurosci 30: 3803-3812, 2010. 

 192.  Torya M, Maekawa F, Maejimai Y, Onaka T, Fujiwara K, Nakagawa T, Nakata M 

and Yada T. Long-term infusion of brain-derived neurotrophic factor reduces food 



  

72 
 

intake and body weight via a corticotrophin-releasing hormone pathway in the 

paraventricular nucleus of the hypothalamus. Journal of Neuroendocrinology 22: 

987-995, 2010. 

 193.  Trivedi P, Jiang M, Tamvakopoulos CC, Shen X, Yu H, Mock S, Fenyk-Melody J, 

Van der Ploeg LH and Guan XM. Exploring the site of anorectic action of 

peripherally administered synthetic melanocortin peptide MT-II in rats. Brain Res 

977: 221-230, 2003. 

 194.  Tucker K and Fadool DA. Neurotrophin modulation of voltage-gated potassium 

channels in rat through TrkB receptors is time and sensory experience dependent. J 

Physiol (Lond ) 542: 413-429, 2002. 

 195.  Tyler WJ, Alonso M, Bramham CR and Pozzo-Miller LD. From aquisition to 

consolidation: on the role of brain-derived neurotrophic factor signaling in 

hippocampal dependent learning. Learning and Memory 9: 224-237, 2002. 

 196.  Uchoa ET, Aguilera G, Herman JP, Fiedlers JL, Deak T and de Sousa MBC. Novel 

Aspects of Glucocorticoid Actions. Journal of Neuroendocrinology 26: 557-572, 2014. 

 197.  Ukropec J, Penesova A, Skopkova M, Pura M, Vicek M, Radikova Z, Imrich R, 

Ukropcova B, Tajtakova M, Koska J, Zorad S, Belan V, Vanuga P, Payer J, Eckel J, 

Klimes I and Gasperikova D. Adipokine protein expression in growth hormone 

deficiency predisposes to the increased fat cell size and the whole body metabolic 



  

73 
 

derangements. Journal of Clinical Endocrinology and Metabolism 93: 2255-2262, 

2008. 

 198.  Vale W, Spiess J, Rivier C and Rivier J. Characterization of a 41-residue ovine 

hypothalamic peptide that stimulates secretion of corticotropin and beta-endorphin. 

Science 213: 1394-1397, 1981. 

 199.  van Tol HH, van den Buuse M, de Jong W and Burbach JP. Vasopressin and 

oxytocin gene expression in the supraoptic and paraventricular nucleus of the 

spontaneously hypertensive rat (SHR) during development of hypertension. Brain 

Res 464: 303-311, 1988. 

 200.  Vandesande F, Diericks K and De MJ. The origin of the vasopressinergic and 

oxytocinergic fibres of the external region of the median eminence of the rat 

hypophysis. Cell Tiss Res 180: 443-452, 1977. 

 201.  Vandesande F and Dierickx K. Identification of vasopressin producing and of the 

oxytocin producing neurons in the hypothalamic magnocellular neurosecretory 

system of the rat. Cell Tiss Res 164: 153-162, 1975. 

 202.  Verbalis JG, Blackburn RE, Olson BR and Stricker EM. Central oxytocin inhibition 

of food and salt ingestion: a mechanism for intake regulation of solute homeostasis. 

Regul Pept 45: 149-154, 1993. 



  

74 
 

 203.  Vettor R, Fabris R, Pagano C and Federspil G. Neuroendocrine regulation of eating 

behavior. J Endocrinol Invest 25: 836-854, 2002. 

 204.  Wang C, Godar RJ, Billington CJ and Kotz CM. Chronic administration of brain-

derived neurotrophic factor in the hypothalamic paraventricular nucleus reverses 

obesity induced by high-fat diet. Am J Physiol Regul Integr Comp Physiol 298: R1320-

R1332, 2010. 

 205.  Wang R, Liu X, Hentges ST, Dunn-Meynell AA, Levin BE, Wang W and Routh VH. 

The regulation of glucose-excited neurons in the hypothalamic arcuate nucleus by 

glucose and feeding-relevant peptides. Diabetes 53: 1959-1965, 2004. 

 206.  Weiger T, Hermann A and Levitan I. Modulation of calciumactivated potassium 

channels. Journal of Comparative Physiology A 188: 79-87, 2002. 

 207.  Whitnall MH. Regulation of the hypothalamic corticotropin-releasing hormone 

neurosecretory system. Prog Neurobiol 40: 573-629, 1993. 

 208.  Widmer H, Kaplan D, Rabin S, Beck K and Hefti F. Rapid phosphorylation of 

phospholipase C gamma 1 by brain-derived neurotrophic factor and neurotrophin-3 

in cultures of embryonic rat cortical neurons. J Neurochem 60: 2111-2123, 1993. 

 209.  Williams G, Harrold JA and Cutler DJ. The hypothalamus and the regulation of 

energy homeostasis: lifting the lid on a black box. Proc Nutr Soc 59: 385-396, 2000. 



  

75 
 

 210.  Woo NH, Teng HK, Siao CJ, Chiaruttini C, Pang PT, Milner TA, Hempstead BL 

and Lu B. Activation of p75NTR by proBDNF facilitates hippocampal long-term 

depression. Nature Neuroscience 8: 1069-1077, 200. 

 211.  Woods SC and D'Alessio DA. Centrol control of body weight and appetite. The 

Jounral of Clinical Endocrinology and Metabolism 93: s37-s50, 2008. 

 212.  Wsol A, Cudnoch-Jedrzejewska A, Szczepanska-Sadowska E, Kowalewski S and 

Puchalska L. Oxytocin in the cardiovascular responses to stress. 59 Suppl 8: 127, 

2008. 

 213.  Yamanaka M, Itakura Y, Inoue T, Tsuchida A, Nakagawa T, Noguchi H and Taiji 

M. Protective effect of brain-derived neurotrophic factor on pancreatic islets in 

obese diabetic mice. Metabolism 55: 1286-1292, 2006. 

 214.  Yamanaka M, Itakura Y, Tsuchida A, Nakagawa T, Noguchi H and Taiji M. 

Comparison of the antidiabetic effects of brain-derived neurotrophic factor and 

thiazolidinediones in obese diabetic mice. Diabetes, Obesity, and Metabolism 9: 888, 

2007. 

 215.  Yamanaka M, Itakura Y, Tsuchida A, Nakagawa T and Taiji M. Brain-derived 

neurotrophic factor (BDNF) prevents the development of diabetes in prediabetic 

mice. Biomedical Research 29: 147-153, 2008. 



  

76 
 

 216.  Yamanaka M, Nakagawa T, Nonomura T, Ono-Kishino M, Sugaru E, Noguchi H 

and Taiji M. Brain-derived neurotrophic factor enhances glucose utilization in 

peripheral tissues of diabetic mice. Diabetes, Obesity and Metabolism 9: 59-64, 2007. 

 217.  Yan Q, Rosenfeld RD, Matheson CR, Hawkins N, Lopez OT, Bennett L and 

Welcher AA. Expression of brain-derived neurotrophic factor protein in the adult 

rat central nervous system. Neuroscience 78: 431-448, 1997. 

 

 
 
 
 
 
 
 
 

 
 


