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trochlear nerve
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anterior cortical amygdaloid area
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anterior hypothalamic area, central part
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hypothalamic arcuate nucleus
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hypothalamic arcuate nucleus
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MTu
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opt
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SYNOPSIS
Energy status plays a major role in reproductive success of the species. In rodents,
acute or chronic food deprivation or food restriction delays puberty, lengthens estrous cycles
and reduces reproductive behaviour [1,2]. One of the important factors responsible for the
infertility due to inadequate nutrition is the suppression of pulsatile luteinizing hormone (LH)
secretion from the pituitary [3]. There are distinct neural circuitries in the brain for regulating
reproduction and energy balance and it is therefore important to understand the central
mechanism that link reproduction and energy balance.

Hypothalamus, a complex and

compartmentalized structure consisting of several discrete neuronal groups with large number
of neuronal pathways and neurotransmitters, has been identified as crucial centre in the brain
involved in the regulation of energy balance. Preoptic area (POA) located rostral to the
hypothalamus harbours crucial elements of the neuronal pathways involved in the regulation
of reproduction [4,5]. The GnRH neurons residing in POA project to the median eminence,
regulate LH secretion, and serve as the principal regulator of hypothalamic-pituitary-gonadal
(HPG) axis [6,7]. The neural circuitry that regulates food intake and energy balance resides
in the hypothalamus [8,9].

The thyrotropin releasing hormone (TRH) neurons in the

hypothalamic paraventricular nucleus (PVN) control the synthesis/secretion of thyroid
stimulating hormone (TSH) from the pituitary gland [10]. TSH acts on thyroid gland and
stimulates thyroid hormone production, which in turn regulates energy expenditure [11].
Although TRH neurons have been identified as the principal regulator of the energy balance,
these neurons are under direct regulatory control of the orexigenic and anorexigenic neurons
of the hypothalamic arcuate nucleus (ARC) [12]. The anorexigenic neuropeptides- [cocaineand amphetamine regulated transcript (CART) and alpha-melanocyte stimulating hormone
(α-MSH)] and orexigenic neuropeptides [agouti-related protein (AgRP) and neuropeptide Y
(NPY)] containing axons innervates PVN, contact TRH neurons and regulate TRH
6|P a ge

Synopsis
biosynthesis/secretion and energy balance [12]. The ARC serve as direct target for leptin,
insulin, glucose, and gut hormones, and the expression of the neuropeptides in ARC are
modulated by changes in energy status of the animal [13]. Although the GnRH-LH axis is
modulated by circulating levels of gonadal steroids, GnRH in turn is regulated by a complex
neural circuitry in the hypothalamus. Estrogen receptor alpha (ERα) in ARC has been
suggested to be involved in the regulation of food intake by acting on the feeding-related
neurons in ARC [14].

Although the GnRH neurons are regulated by gonadal steroids

feedback [15], the absence of ERα in GnRH neurons [16] raised a question as how the
gonadal steroids interact with GnRH neurons [17].

Other neurotransmitters containing

systems in the brain that express ERα have been suggested to mediate the effects of gonadal
steroids to GnRH neurons [18]. CART is recently discovered novel neuropeptide [19].
While the axon terminals containing CART innervate POA GnRH neurons [20], these axons
seem to originate from ARC and premammillary ventral nucleus [20]. The evidence like the
GnRH cells expressing cFos in the afternoon of the proestrus are contacted by CARTcontaining axons [20], and increased GnRH pulse amplitude in cycling females and
decreased GnRH pulse intervals in prepubertal rats following CART treatment, suggest role
of CART in the regulation of GnRH neuronal activity [21]. CART neurons in ARC have
been suggested important in the regulation of feeding and energy balance [22]. The CART
mRNA expression in ARC is suppressed during fasting [22] and central administration of
CART decreases food intake [23] and stimulates cFos expression in the areas of the brain
involved in the regulation of food intake [24]. CART neurons are equipped with leptin
receptors, respond to leptin treatment [22,25] and mediate leptin actions on GnRH neurons
[26]. Prolonged food deprivation suppresses steroid-induced lordosis and decrease estrogen
receptors in the brain [3]. In rats, decrease in mean plasma LH levels, LH pulse frequency,
and LH pulse amplitude was observed after food deprivation [27]. The GnRH neurons in
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POA are sensitive to glucose, and this sensitivity show alteration with gonadal steroids [28].
Recent evidence suggests modulation of CART by estrogen. Estradiol treatment in the
ovariectomized rats reduced CART mRNA expression in ARC and lateral hypothalamic area,
but increased in PVN [29]. The antiobesity drug, oleyl estrone as well as ovariectomized
animals treated with estrogen showed reduced food intake and hypothalamic CART mRNA
expression [29,30]. Whether CART serves as common messenger in the neural pathways
regulating these functions, however has remained unexplored.
Growing evidence suggest an important role of transient receptor potential vanilloid
(TRPV) ion channels in neural and neuroendocrine regulation, synaptic plasticity, Ca 2+mediated cellular signalling and modulation of behaviour [31]. In TRPV subfamily, while
TRPV1-4 are non-selective cation channels, TRPV5 and TRPV6 are highly Ca2+-selective
[32]. The organization of TRPV1-4-expressing elements has been described in the brain and
their relevance to neuroendocrine regulation demonstrated [33], but the relevant aspect about
TRPV5 and TRPV6 has remained unexplored.

The promoters of TRPV genes contain

estrogen response elements (ERE), and estradiol regulates TRPV5/6 mRNA expression in
peripheral tissues [34]. The ARC neurons express ERα, contain CART, and are modulated
by estradiol. Whether ARC CART neurons are equipped with TRPV5 and TRPV6, and the
expression of these ion channels in ARC is modulated by circulating levels of estradiol,
however is not known. In addition to thyroid hormones, growth hormone (GH) secreted from
the pituitary gland also plays an important role in energy balance [35] as well as reproduction
[36]. GH regulates gluconeogenesis, glycogenolysis, lipolysis in the adipose tissue, and free
fatty acid uptake in skeletal muscles [37]. Compared to wild type mice, the GH receptor
knockout mice showed longer estrous cycle, reduced number of preovulatory follicles,
corpora lutea, and plasma estradiol level [36]. The effect of GnRH on LH secretion and
testicular function is also altered in GH receptor knockout mice [38]. The role of CART in
8|P a ge
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the regulation of GH secretion has been suggested. While the CART-ir cells present in the
pituitary co-express GH, icv CART peptide treatment has resulted in significant increase in
GH secretion [39,40]. The dense innervation of the external zone of median eminence by
CART axon terminals, suggests its role in hypophysiotropic regulation of GH. Whether ARC
CART contributes to the hypophysiotropic regulation and by controlling GH release
contributes to energy balance has remained unexplored.
In this background, the aim of my thesis was to find out if ARC CART neurons
serve as common neural substrate for connecting pathways regulating reproduction and
energy balance, and role of TRPV ion channels in the regulation of these neurons and GH
secretion. Experiments were conducted on the adult, male and female, Sprague Dawley rats
and BALB/c mice and the results are presented in five chapters.

Using double

immunofluorescence, we have identified the ERα expressing CART neurons and their
response to changes in energy balance. The trajectories of ARC CART neurons in the brain
were mapped and the innervation on GnRH neurons in POA determined. Attempt was made
to find out if CART-GnRH association is modulated by estrous cycle and changes in energy
balance. These results are given in chapter 1. In chapter 2, we present our results on
identification of putative functional ERE in the promoters of TRPV1-6 genes and estrous
cycle-related changes in TRPV1-6 gene expression in different compartments of the brain.
Results on neuroanatomical organization of TRPV5- and TRPV6-expressing elements in the
brain, and their relevance in regulation of ARC CART neurons are presented in chapters 3
and 4, respectively. While delineating the role of hypothalamic CART in GH secretion, we
observed interesting aspects of TRPV ion channels in the pituitary gland and determined the
role of TRPV1 in GH secretion. These results are presented in chapter 5. A brief outline of
the results presented in each chapter is given below.
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CHAPTER 1
Elucidating the role of CART as common messenger in the neural pathways regulating
energy balance and reproduction
CART neurons were observed in the ARC and a great majority of these neurons
contained ERα. The ARC CART neurons also responded to changes in energy status of the
animal and showed cFos activation after refeeding following a prolonged fast. CART and αMSH are exclusively colocalized in the ARC neurons and the double labelled axons may
serve as evidence of their ARC origin. Using this approach, we mapped the projections of
ARC CART neurons in the brain. While the CART fibers of ARC origin were observed in
different brain regions, dense innervation was seen in POA. The CART/α-MSH double
labelled axons were seen in close apposition to the GnRH cell bodies in POA. In POA, the
CART-ir fibers from ARC showed estrous cycle- and energy status-dependent changes.
Semi-quantitatively, no significant difference in the mean number of GnRH neurons was
observed in POA during estrous cycle. However, the intensity of GnRH-ir in MnPO neurons
showed significant reduction during estrus compared to proestrus, metestrus, and diestrus. In
addition, compared to proestrus a reduction in the percentage of MnPO GnRH neurons
contacted by CART-ir fibers originating from ARC was noticed during estrus.

CHAPTER 2
Transient receptor potential vanilloid 1-6 (TRPV1-6) gene expression in the mouse
brain during estrous cycle
Given the emerging importance of TRPV channels in neuroendocrine regulation and
the evidence suggesting their regulation by estradiol, we explored changes in TRPV1-6
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mRNA expression in different brain regions during estrous cycle. In the mouse brain, the
TRPV1-6 mRNA expressions were observed in the olfactory bulb, cortex, hypothalamus,
hippocampus, brainstem, and cerebellum. Analysis using Dragon ERE Finder version 3.0
showed the presence of putative functional ERE patterns in the promoter regions of TRPV16. The TRPV1-6 mRNA levels showed estrous cycle related changes. During proestrus,
where TRPV1 and TRPV5 mRNA levels were lower, higher mRNA levels of TRPV2,
TRPV4, and TRPV6 were observed. Reduced expression of TRPV3 mRNA was apparent
during estrus compared to other stages of the estrous cycle. TRPV2 mRNA showed abundant
expression during all the four stages of the estrous cycle.

CHAPTER 3
Transient receptor potential vanilloid 5 (TRPV5), a highly Ca2+-selective TRP channel
is widely distributed in the brain and may serve as potential modulator of arcuate
nucleus CART neurons
TRPV5-immunoreactive neurons were conspicuously seen in PVN, supraoptic
(SON), accessory neurosecretory, retrochiasmatic area of SON, ARC, medial tuberal nuclei,
and other brain regions. Glial cells also showed TRPV5-immunoreactivity. To test the
neuroendocrine relevance of TRPV5, we focused on vasopressin, oxytocin, and cocaine- and
amphetamine-regulated

transcript

(CART)

as

representative

candidate

markers. In

hypothalamic neurons, we find the co-expression of TRPV5 with vasopressin and oxytocin.
While ARC neurons express estrogen receptors, 17β-estradiol regulates TRPV5, and CART
neurons and astrocytes in ARC.

Using double immunofluorescence, GFAP-labeled

astrocytes and majority of CART neurons in ARC showed TRPV5-immunoreactivity.
Retrograde neuronal tracing showed projections of TRPV5-equipped ARC CART neurons to
11 | P a g e
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the anteroventral periventricular nucleus and median preoptic nucleus. Compared to
proestrus, a significant increase in the percentage of TRPV5-expressing CART neurons was
observed during estrus, metestrus, and diestrus. TRPV5-immunoreactivity in the astrocytes,
however, showed a significant increase during metestrus and diestrus.

CHAPTER 4
Organization of transient receptor potential vanilloid 6 (TRPV6)-equipped elements in
the brain, estrous cycle-related changes in the hypothalamus, and role in regulation of
arcuate nucleus neurons
TRPV6-immunoreactive cells/fibers were observed in vascular organ of the lamina
terminalis, olfactory bulb, amygdala, hippocampus, septohypothalamic, SON, ARC,
dorsomedial, and subincertal nuclei. TRPV6-immunoreactive cells/fibers were also observed
in the brainstem and cerebellum. Estrogen has emerged as a potential regulator of TRPV6 in
peripheral tissues. Estrogen activates TRPV6 via ERα, and ERα-expressing ARC neurons in
mediobasal hypothalamus (MBH) serve as primary site for estradiol feedback. Using double
immunofluorescence, co-expression of TRPV6 and ERα was observed in several ARC
neurons. MBH of mice during different phases of estrous cycle were subjected to Western
blot analysis of TRPV6. Compared to proestrus, a significant reduction in intensity of
TRPV6-immunoreactive band was observed in MBH during metestrus and diestrus phases.
Using retrograde neuronal tracing, several TRPV6-equipped ARC neurons were found
projecting to AVPe and MnPO. Application of double immunofluorescence showed few
TRPV6-ir neurons co-expressing CART but majority were NPY-immunoreactive.
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CHAPTER 5
CART- and TRPV1-induced growth hormone secretion may serve as novel component
of the central regulation of energy balance and reproduction
Isolated CART and α-MSH fibers were seen in the median eminence suggesting the
involvement of non-ARC CART neurons in the regulation of pituitary. In the rat pituitary,
compared to other members in the TRPV subfamily, TRPV1 showed higher expression.
Application of TRPV1-6 antisera on rat pituitary sections showed discrete organization of
these ion channels in pars nervosa, pars intermedia and pars distalis of the pituitary.
Compared to controls, treatment of the rat pituitary primary cells either with CART or
resiniferatoxin (a TRPV1 agonist) significantly elevated GH release. We have also observed
that the TRPV1-mediated GH release was more potent than CART-mediated response. To
determine whether CART-induced GH secretion is mediated via TRPV1, pituitary cells were
treated with iodoresiniferatoxin (a TRPV1 antagonist) followed by CART. Pre-treatment
with iodoresiniferatoxin did not block the stimulatory effect of CART on GH secretion.

The major findings of my thesis are:
 ARC CART neurons co-express ERα, respond to changes in energy status, and may link
neural pathways regulating reproduction and energy balance.
 ARC CART neurons densely innervate POA, contact GnRH neurons and their association
show reproduction stage- and energy status-dependent plasticity.
 Highly Ca2+ selective TRP channels viz. TRPV5 and TRPV6-equipped elements were
widely distributed in the brain.
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 ARC CART neurons equipped with estradiol-sensitive TRPV ion channels may serve as
novel component of the neural pathways regulating reproduction/energy balance.
 During estrous cycle, while TRPV5 seems to regulate anorexigenic ARC CART neurons,
TRPV6 may regulate orexigenic ARC NPY neurons.
 Effects of CART on GH secretion seem independent of TRPV1 activation.
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GENERAL INTRODUCTION
Pituitary gland serves as the principal regulator of the endocrine functions and
controls a range of physiological processes. It is located beneath the tuberal region of the
hypothalamus and consists of anterior, posterior and intermediate lobes.

The posterior

pituitary is directly connected with the hypothalamus and the neurosecretory neurons
innervate this lobe [41]. Magnocellular neurons in the hypothalamic paraventricular (PVN)
and supraoptic (SON) nuclei innervate the posterior pituitary and secrete the nonapeptides,
oxytocin and vasopressin [42]. In contrast to posterior pituitary, the anterior pituitary is not
directly connected to the hypothalamus and contains the hormone secretory cells including
luteinizing hormone (LH), follicle stimulating hormone (FSH), growth hormone (GH),
prolactin (PRL), and thyroid stimulating hormone (TSH) [43]. The hypothalamus is the hub
where information from internal and external environments is integrated and transmitted to
the posterior pituitary for peripheral action or secreted into the portal capillaries in the
external zone of the median eminence [41]. These releasing factors are then transported to
the anterior pituitary gland, which act on the specific cell types, and the picomolar signals are
converted into nanomolar signals for further action [44].
The organization of hypothalamus, PVN and its hypophysiotropic connections is
shown in Figure 1. The neuroendocrine neurons controlling the synthetic/secretory activity
of cells in the anterior pituitary gland resides in the medial parvocellular subdivision of the
PVN. The hypophysiotropic nature of these neurons was established using neuronal tracing
studies. The retrograde neuronal tracer, horseradish peroxidase (HRP) or Fluoro-Gold (FG)
was injected intravenously and their retrograde accumulations observed in neurons of the
medial parvocellular as well as magnocellular subdivisons of the PVN and SON.

The

cellular distinction within the PVN regulating anterior and posterior pituitary was later
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Figure 1: Organization of the hypothalamus, PVN and its hypophysiotropic
connections. Pituitary gland is located beneath the tuberal region of the hypothalamus and
consists of anterior (APit), posterior (PPit) and intermediate (IPit) lobes. Magnocellular
neurons in the hypothalamic paraventricular (PaM) and supraoptic (SON) nuclei innervate
the posterior pituitary and secrete oxytocin (Oxy) and vasopressin (AVP). The
neuroendocrine neurons controlling the synthetic/secretory activity of cells in the anterior
pituitary gland resides in the medial parvocellular subdivision of the paraventricular nucleus
(PaP) and send their axons to the median eminence (ME) and terminate into its external zone
in close proximity to the portal capillaries. The hypothalamic arcuate nucleus (ARC) is
situated in the mediobasal hypothalamus on either side of the third ventricle (3V) and consists
of two subdivisions viz. the lateral (ARCl) and medial (ARCm). While the neurons in the
ARCl synthesize the neuropeptides viz. cocaine-and amphetamine regulated transcript
(CART) and alpha-melanocyte stimulating hormone (α-MSH), the ARCm contains neurons
producing neuropeptide Y (NPY) and agouti-related protein (AgRP). PaPo, hypothalamic
paraventricular nucleus, posterior part; TRH, thyrotropin-releasing hormone; och, optic
chiasm; ac, anterior commissure; f, fornix.

23 | P a g e

General Introduction
established using removal of the specific target glands and hormonal replacement [45,46].
Application of immunohistochemistry using specific antibodies raised against the
hypothalamic releasing factors demonstrated that the neurons producing these factors resides
in the medial parvocellular subdivision of the PVN, their axons travel laterally, swing over
the fornix, enter the median eminence (ME) and terminate into its external zone in close
proximity to the portal capillaries.
Similar to the range of physiological functions controlled by the hypothalamohypophyseal system, feeding and reproduction are also directly under the regulatory control
of the hypothalamus and pituitary. Two releasing hormones viz. the thyrotropin-releasing
hormone (TRH) and gonadotropin releasing hormone (GnRH) serve an important purpose in
the regulation of the hypothalamus-pituitary-thyroid (HPT) and hypothalamus-pituitarygonadal (HPG) axes, respectively. While the HPT axis regulates energy expenditure, HPG
axis controls gonadotropic secretion, reproduction, and reproductive behaviour [15,47]. The
TRH neurons residing in the PVN have been identified as the principal regulator of the HPT
axis and energy balance [12]. Activation of these neurons secretes TRH into the external
zone of ME and via hypophyseal portal system enters into the anterior pituitary and act on the
thyrotrophs [12] as well as lactotrophs [48,49]. The TSH secreted from the thyrotrophs in the
general circulation act on the thyroid gland and stimulate the synthesis/secretion of thyroid
hormones, thyroxine (T4) and triiodothyronine (T3), which play crucial role in energy
expenditure [12,50].
On the other hand, the GnRH neurons residing in the preoptic area (POA) have been
identified as the principal regulator of the HPG axis [51]. Their activation results in the
secretion of GnRH into the portal vessels in the external zone of ME and via hypophyseal
portal system, enters into the anterior pituitary and acts on gonadotrophs [52,53]. The
gonadotropins viz. follicle-stimulating hormone (FSH) and luteinizing hormone (LH) are
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secreted in the general circulation, which further act on gonads and stimulate the production
of gonadal steroid hormones [52,53].

These hormones play crucial role in the central

regulation of reproduction and reproductive behaviour [52,53].
Although distinct components constitute the HPT and HPG axes, alteration in either
of these pathways affect the function of other [15]. Evidences suggests the association and
crosstalk between the HPT and HPG axes, but the neuroanatomical substrate and molecular
players mediating the cross talk between the two axes are poorly understood [54].
Mechanisms are developed for the biological homeostasis of energy, a state known as energy
balance (EB).

Since the role of HPT axis in energy balance is well established, any

perturbation in HPT axis results in either positive energy balance (PEB) or negative energy
balance (NEB) depending upon the amount of calories consumed and calories burned over
time [15,55]. The consumption of more calories than required results into PEB whereas the
consumption of less calories produces NEB [55]. While PEB causes gain in weight, NEB
results in weight loss. Both, PEB as well as NEB states adversely affect the fertility in
humans and other mammals [56–58].

This clearly demonstrates the direct interaction

between energy expenditure and reproduction and set a basis for exploring the cross-talk
between neural pathways regulating these functions.
Hypophysiotropic TRH neurons are tightly regulated by neurons of the
hypothalamic arcuate nucleus (ARC). The ARC is situated in the mediobasal hypothalamus
on either side of the third ventricle and beneath the ventromedial nucleus.

The

neuroanatomical location of ARC in the rat brain and its organization is shown in Figure 1.
The ARC consists of two subdivisions viz. the lateral (ARCl) and medial (ARCm). These
subdivisions are not only anatomically distinct but contain distinct neuropeptides with
specific function. While the neurons in the ARCl synthesize the neuropeptides viz. cocaineand amphetamine regulated transcript (CART) and alpha-melanocyte stimulating hormone
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(α-MSH), the ARCm contains neurons producing neuropeptide Y (NPY) and agouti-related
protein (AgRP) [59–61]. While the NPY/AgRP are orexigenic, stimulate food intake and
inhibit energy expenditure, the α-MSH/CART are anorexigenic in nature, inhibit food intake
but promote energy expenditure [62–64]. The ARC neurons sense the peripheral cues related
to energy reserves and accordingly exert orexigenic or anorexigenic effects. The adiposity
signals, leptin and insulin have gained attention as peripheral cues of energy status because of
their ability to cross the blood brain barrier and expression of their receptors on
orexigenic/anorexigenic neuronal populations of ARC [65–67].
Leptin, the product of the obese (ob) gene, is a 16 kDa protein consisting of 146
amino acids and is secreted by adipocytes [68]. The concentration of leptin in the serum
reflects the body fat content [69]. The leptin-deficient (ob/ob) mice are obese, diabetic, and
exhibit reduced metabolism and body temperature [70]. The intraperitoneal injection of OB
protein in ob/ob mice reduces their body weight, percent body fat, and food intake; and
increases their metabolic rate and body temperature [70], suggesting its role in the regulation
of the HPT axis. The individual deletion of leptin receptor (LepR) from the AgRP and
POMC neurons of the ARC results into an increase in the body weight and adiposity [71].
These measures further increases following the simultaneous deletion of LepR from both the
neuronal subpopulations [71], suggesting leptin-sensing by the orexigenic/anorexigenic
neurons of the ARC is crucial for energy balance.
Insulin, a product of the preproinsulin gene, is a 5.8 kDa protein consisting of 51
amino acids and secreted by the pancreatic β cells in response to increased blood glucose
levels [72,73]. Insulin promotes the uptake of glucose by the skeletal muscle and adipose
tissue, and regulates lipid metabolism in the liver [73]. The neuron-specific disruption of the
insulin receptor gene in mice (NIRKO mice) increases food intake, body fat and plasma
leptin levels, thereby developing diet-sensitive obesity [74].

Insulin depolarizes POMC
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neurons via TRPC5 channels activation in whole-cell recording, and increases c-Fos
expression

in

ARC

POMC

neurons

and

inhibits

food

intake

when

given

intracerebroventricularly [75].
Leptin and insulin acts on the brain via specific receptors. Leptin act via LepR
whereas insulin’s action is mediated by insulin receptors (InsR).

These receptors are

expressed in various brain regions and specifically localized in the hypothalamus.

In the

hypothalamus, higher expression of LepR as well as InsR was observed in the ARC AgRP
and POMC neurons [65–67].

It has been proposed that the actions of leptin and insulin in

POMC and AgRP neurons of ARC is crucial for central regulation of food intake, body
weight, and energy balance [76]. LepR deletion or its overexpression in ARC neurons has
been shown to alter the body weight and food intake [77,78]. The presence of LepR seem
important for anorectic actions of POMC neurons since deletion of LepR from POMC
neurons induces obesity [77,78]. It is interesting, however to mentioned that both AgRP and
POMC neurons mediates the actions of leptin to regulate energy balance since deletion of
LepR from both these neurons has resulted in severe obesity [71]. Binding of leptin to its
receptors activates Janus kinase which phosphorylates the receptor and activates STAT3.
The phosphor-STAT3 then binds to the promoters of agrp and pomc genes [76,79]. This
leads to stimulation of POMC expression but AgRP expression gets inhibited [79].

In

addition, leptin is also known to activate PI3K signalling, stimulate PIP3 and AKT [80,81].
The action of leptin and insulin has been shown to converge at some point during their
actions on ARC neurons since insulin via insulin receptor substrate activate PI3K [82].
Neurons in the ARC densely innervate TRH neurons in the PVN and regulate the
activity of these neurons [12]. In addition, ARC neurons have been shown to project to the
POA and contact GnRH Neurons [20,83]. Therefore, the impaired signalling of leptin and
insulin not only affects the metabolism and function of HPT axis, but may also alter
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reproduction. While impaired leptin signalling in ob/ob mice results into infertility [84,85],
leptin-treatment restores fertility both in the male and female ob/ob mice [86–88] and the
leptin receptor-deficient (db/db) mice are infertile [89–91]. The expression of LepR in the
brain of db/db mice however has been shown to restore the fertility [92]. This seems to be
mediated by reverting leptin sensitivity of the POMC and AGRP/NPY neurons in the ARC
[93]. To study the significance of insulin signalling in reproductive regulation, Bruning et al.
[74] created a mice with neuron specific disruption of insulin receptor gene (NIRKO).

In

this mice, inactivation of insulin receptors resulted in the alteration of energy balance as well
as reproductive regulation [74].

The mice developed obesity and showed impaired

spermatogenesis, maturation of ovarian follicles and dysregulation of LH [74], suggesting
role of insulin signalling in linking energy balance and reproduction.
Centrally, leptin and insulin may serve as common molecular players in the cross
talk between pathways regulating energy balance and reproduction. The hormones may
directly act on GnRH neurons in POA and regulate HPG axis [94] and may serve as
important component of the energy status-dependent regulation of reproduction.

Since the

GnRH neurons do not express LepR [95], the possibility of direct actions of leptin on GnRH
neurons is ruled out [94]. Unlike the indirect action of leptin, insulin seem to act on GnRH
neurons directly. While the GnRH neurons express insulin receptor and insulin treatment
stimulates these neurons [96,97], the deletion of insulin receptors selectively from the GnRH
neurons did not alter fertility and displayed normal pubertal timing both in male and female
mice [98]. This clearly suggest that the indirect action of peripheral cues of energy reserves
on GnRH neurons serve as crucial regulators of these neurons during different energy states.
The neural pathways responding to metabolic cues also seem to be sensitive to
circulating estradiol and the gonadal hormone may serve as yet another key molecular player
in the cross talk between energy balance and reproductive pathways. The hormone and its
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receptors are not only known to play a role in regulation of reproductive function but also
affect a range of physiological processes including metabolism and feeding behaviour [99–
101]. The discovery of membrane-associated steroid receptors suggests action of steroids at
the level of membrane in controlling reproductive physiology. Estradiol membrane-initiated
signalling modulates female sexual receptivity and estrogen feedback regulating LH surge
[102]. Using single cell RT-PCR, more than 50% and approximately 10% of the GnRH
neurons in the brain of female mouse were shown to express estrogen receptor (ER) viz. ERα
and ERβ transcripts, respectively [103]. The single GnRH cell analysis revealed lowest ERα
and ERβ transcripts during proestrus compared to estrus and diestrus [103]. However, other
studies have reported absence of ERα in GnRH neurons [16,104–107]. While the neuronal
deletion of ERα in the female mice did not show estrous cycles/negative feedback, ERβ
neuronal deletion did not affect the estrous cycle [108]. Further, the GnRH neuron-selective
deletion of ERβ has resulted in normal reproductive cycle and negative feedback in mice
[108]. These findings suggest that the ERα-expressing neurons are essential and probably
sufficient for the normal estrous cycle and estrogen negative feedback [108].

Neuron-

specific ERα mutant mice failed to exhibit estrogen positive feedback, demonstrating that the
neurons presence of ERα are critical [109]. Using GnRH neuron-specific Pseudorabies virus
tracing approach, ERα-expressing neurons which innervate GnRH neurons have been shown
to reside within the rostral periventricular region in the hypothalamus [109]. The results
suggest that ovulation is driven by action of estrogen on ERα-expressing neuronal afferents to
GnRH neurons [109]. Female mice lacking ER gene in neuronal and glial cells showed
normal estrous cycle and unaltered sexual behaviour in the adulthood [110]. These mice,
however showed reduced ovarian weight and increased anxiety-like behaviour during the
follicular phase, and in addition the number and distribution of GnRH-immunoreactive cells
were also unaffected in these mice [110]. Although the GnRH neurons are regulated by the
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gonadal steroid feedback mechanism [15], these neurons do not express ERα [16]. This has
raised a question as how the gonadal steroids interact with GnRH neurons and suggested the
role of other neurotransmitters-containing systems in the brain that express ERα to mediate
the effects of gonadal steroids to GnRH neurons [18,111–113]. Estrogen inhibits adipose
tissue deposition by regulating the food consumption and energy expenditure at the level of
brain [114]. Estradiol regulates insulin sensitivity [115], reduces body weight and fat in the
female mice in estrogen receptor element (ERE)-independent manner [116]. The role of
estrogen in lipid homeostasis and glucose metabolism has been demonstrated using
aromatase-knockout (ArKO) mouse, lacking ability to synthesize endogenous estrogens
[100,117].

The role of estrogen and androgen receptors in the regulation of energy

homeostasis have been described in both rodents and humans [99]. The estrogenic control of
feeding behaviour and body weight regulation in mice depends on ERα gene expression
[118]. During estrous cycle in rodents, compared to metestrus and diestrus, reduced food
intake was observed during the proestrus and estrus phases [119–121]. There seems an
inverse relationship between estradiol and ERα expression in the ARC.

In the

ovariectomized rats, estradiol treatment resulted in 64% reduction in ERα mRNA in the ARC
[122]. Majority of the dopaminergic neurons in the ARC express ERα during diestrus phase
but showed significant reduction during proestrus phase [123], when plasma estradiol levels
remain elevated [124]. Although ERα in ARC has been suggested to be the crucial regulator
of food intake, estrogen may regulate food intake by acting on the feeding-related neurons in
ARC [14,125].
Although TRH neurons have been identified as the principal regulator of the energy
balance, these neurons are under direct regulatory control of the orexigenic and anorexigenic
neurons of the ARC. The axons containing CART/α-MSH and AgRP/NPY innervate PVN,
contact TRH neurons and regulate TRH biosynthesis/secretion and energy balance [12]. The
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ARC neurons serve as direct target for leptin, insulin, glucose, and gut hormones, and the
expression of the neuropeptides in ARC are modulated by changes in energy status of the
animal. Although the GnRH-LH axis is modulated by circulating levels of gonadal steroids,
GnRH in turn is regulated by a complex neural circuitry in the hypothalamus. CART is
recently discovered novel neuropeptide [19]. CART derived its name after the discovery of a
specific mRNA in the striatum of the rat which is transcriptionally regulated by cocaine and
amphetamine [19]. The C-terminus region of the peptide encoded by CART mRNA was
found to match with the peptide sequenced in 1981 by Spiess et al. [126] from the ovine
hypothalamus. Later, Thim et al. [127] isolated and sequenced two CART peptides viz.
CART (55-102) and CART (62-102) from rat tissue. The gene has assigned its name as
“CART prepropeptide” and was named as “CARTPT” [128].

Further studies showed

alternative splicing of CART prepropeptide which gave rise to two propeptides viz.
proCART (1-89) and proCART (1-102) [128]. Although proCART (1-89) is the only CART
propeptide reported in humans, rats have both proCART (1-89) as well as proCART (1-102)
[128]. The long form proCART (1-102) in rats undergo post-translational processing and
further gives rise to at least two biologically active peptides viz. CART (55-102) and CART
(62-102) [128]. On the other hand, processing of the human proCART (1-89) gives rise to
CART (42-89) and CART (49-89) fragments [128].

Interestingly, CART (55-102) and

CART (62-102) are identical to CART (42-89) and CART (49-89), respectively in any
species which expresses both the forms of proCART [128]. It should be noted that there may
exist other bioactive CART peptides which needs further investigations [129]. In addition to
humans, rats, and mouse, CART mRNA has been reported in the primates, bovine, swine,
amphibians, and fish [129]. The CART gene and the predicted transcription factor binding
sites in the promoter region are highly conserved across the species [129]. Despite several
attempts, the CART receptors have still not been identified. Studies have suggested the
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presence of a putative specific Gi⁄Go-protein-coupled receptor (GPCR) for the actions of
CART peptides [128,129]. The mRNA and peptides of CART are abundantly expressed and
widely distributed in the central as well as peripheral nervous systems, peripheral blood,
pituitary portal blood, cerebrospinal fluid, as well as endocrine cells of the pituitary and
adrenal glands [128,129]. Apart from the well-established role of CART in the regulation of
food intake and energy balance, the peptide also plays a role in neuronal development and
migration, anxiety and depression, stress, reward and addiction, as well as ischaemic stroke,
dementia, Huntington’s disease, and seizures [128,129].
The studies exploring cross talk between neural pathways regulating energy balance
and reproduction became further exciting with the emergence of neuropeptide CART. The
axon terminals containing CART were seen in close proximity of the GnRH neurons in POA
[20] and these axons seem to originate from ARC and premammillary ventral nucleus [20].
The evidence like the CART axons innervating GnRH neurons during proestrus [20],
increased GnRH activity in cycling females and decreased activity in the prepubertal rats
following CART treatment, suggests role of CART in the regulation of GnRH neurons
[21,130]. CART is an anorexigenic neuropeptide and abundantly expressed in areas of the
brain regulating feeding and energy balance [24,128,131–133]. The CART neurons in ARC
have been suggested important in the regulation of feeding and energy balance [22,134]. The
CART mRNA expression in ARC is suppressed during fasting [22].

The central

administration of CART has been shown to decrease food intake [23] and induce cFos
expression in the areas of the brain known to regulate food intake [24]. While the CART
neurons are equipped with leptin receptors and these neurons respond to leptin treatment
[22,61], role of CART in mediating stimulatory effects of leptin on GnRH pulse generator
has also been demonstrated [26]. Prolonged food deprivation suppresses steroid-induced
display of lordosis in the adult female rats, which was associated with a decrease in estrogen
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receptors in the brain [3]. In rats, a decrease in mean plasma LH levels, LH pulse frequency,
and LH pulse amplitude was observed after food deprivation [27,135,136]. The GnRH
neurons in POA are sensitive to glucose, and this sensitivity show alteration with changes in
levels of gonadal steroids [28]. Recent evidence suggests modulation of CART by estrogen.
Estradiol treatment in the ovariectomized rats reduced CART mRNA expression in ARC and
lateral hypothalamic area, but was increased in PVN [29]. The antiobesity drug, oleyl estrone
as well as ovariectomized animals treated with estrogen showed reduced food intake and
hypothalamic CART mRNA expression [29,30].
While the neuropeptides execute the effects of the neural pathways, the signalling
and components regulating these neurons/neuropeptide synthesis/release is not well
established. Transient receptor potential (TRP) superfamily of cation channels may serve as
crucial component of the neural pathways since these ion channels are known as cellular
sensors for a wide range of physical and chemical stimuli [137]. They display greater
diversity in activation mechanisms and selectivity compared to other group of ion channels
[32]. TRP channels have been found in worms, fruit flies, zebrafish, mice, rats, and humans.
Based on the sequence and topological differences, TRP superfamily is divided into two
groups. The group 1 TRPs consist of five subfamilies viz. TRPC (canonical), TRPV
(vanilloid), TRPM (melastatin), TRPA (ankyrin), and TRPN (no mechanoreceptor potential
C, NOMP-C) [32].

Among these five subfamilies, TRPC subfamily has the strongest

sequence homology with Drosophila TRP [138].

The group 2 TRPs consist of two

subfamilies viz. TRPP (polycystin) and TRPML (mucolipin). TRPY (yeast) subfamily is
different from group 1 and 2 TRPs and is only reported in yeast [32]. The TRPN expression
was reported in the zebrafish but not observed in mammals [32]. TRPM proteins possess Cterminal enzyme domains and are therefore called as chanzymes [139]. Mutations in TRPP,
TRPML, TRPC6, and TRPM6 genes have been observed to cause autosomal dominant
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polycystic kidney disease (ADPKD) and mucolipidosis type IV (MLIV), autosomal dominant
segmental glomerulosclerosis, hypomagnesemia/ hypocalcemia, respectively and thereby
evidences the importance of TRP channels in human health [32].

TRP channels are

polymodal in nature and serve as signal integrators. Their role in sensory physiology has
been widely studied. All TRP channels are suggested to resemble voltage-gated potassium
channels consisting of four subunits surrounding a centrally located ion permeation pore.
Each subunit is a six transmembrane segment with a pore forming loop between S5 and S6,
and intracellularly located N and C termini [137]. Growing evidence suggests an important
role of transient receptor potential vanilloid (TRPV) ion channels in neural and
neuroendocrine regulation [33]. These ion channels have emerged as novel players in
neurotransmission, synaptic plasticity, Ca2+-mediated cellular signalling and modulation of
behaviour. TRPV channels are gated by vanilloids, temperature, osmolality, phospholipids,
and steroid hormones. The TRPV subfamily consists of six members viz. TRPV1-6 [32].
While TRPV1-4 are non-selective cation channels, TRPV5 and TRPV6 are highly Ca 2+selective [32]. The organization of TRPV1-4 expressing elements has been described in the
brain and their relevance to neuroendocrine regulation demonstrated [33], but relevant
information about TRPV5/TRPV6 is not available. The promoter of TRPV genes have been
proposed to contain estrogen response elements (ERE), and estradiol regulates TRPV5/6
mRNA expression in peripheral tissues [34,140,141].

The ARC neurons express ERα,

contain CART, and are modulated by estradiol [123]. Whether ARC CART neurons are
equipped with TRPV5 and TRPV6, and the expression of these ion channels in ARC is
modulated by circulating levels of estradiol, however is not known.
Apart from the role of gonadotrophs and thyrotrophs of pituitary gland in
reproduction and energy balance respectively, somatotrophs also seem to play an important
role in the regulation of these functions. The GH secreted from the somatotrophs of pituitary
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gland which influences both energy balance [35] as well as reproduction [36]. Compared to
wild type mice, estrous cycle/changes in estradiol levels are altered in the GH receptor
knockout mice [36]. These mice further showed reduced testicular function [38].

GH

regulates gluconeogenesis, glycogenolysis, lipolysis in the adipose tissue, and free fatty acid
uptake in skeletal muscles [37].

Further, an increase in GH secretion by the central

administration of CART peptide and dense innervations of CART in the external zone of ME,
suggests role of hypophysiotropic CART in the modulation of GH secretion. Whether ARC
CART contributes to the hypophysiotropic regulation, how CART controls GH release and
control energy balance has remained unexplored.
In this background, my aim was to find out if ARC CART neurons serve as common
neural substrate for connecting reproductive and energy balance pathways, and role of TRPV
ion channels in the regulation of these neurons and GH secretion.

Experiments were

conducted on the adult, male and female, Sprague Dawley rats and BALB/c mice. Using
double immunofluorescence, we have identified the ERα-expressing CART neurons and their
response to changes in energy balance. The projections of ARC CART neurons in the brain
were mapped and the innervation on GnRH neurons in POA determined. Attempts were
made to find out if CART-GnRH association is modulated by estrous cycle and changes in
energy balance. We studied the estrous cycle-related changes in TRPV1-6 gene expression in
different compartments of the brain. Due to high Ca2+ selectivity and estradiol regulation of
TRPV5/6, we focused on exploring the relevance of these ion channels in the brain. Given
the importance of GH in the regulation of energy balance and reproduction, we explored the
importance of CART in GH secretion and studied the hypophysiotropic and TRPV1-induced
GH secretion.
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PLAN OF WORK
Neural circuits regulating energy balance and reproduction are well established but
the complex interplay between these circuitries is not well understood. I have investigated
the role of hypothalamic CART neurons in bridging the pathways regulating energy balance
and reproduction.

I have presented the results obtained during my Ph.D. work in the

following five chapters:
Chapter 1:

Elucidating the role of CART as common messenger in the neural pathways
regulating energy balance and reproduction

Chapter 2:

Transient receptor potential vanilloid 1-6 (TRPV1-6) gene expression in the
mouse brain during estrous cycle

Chapter 3:

Transient receptor potential vanilloid 5 (TRPV5), a highly Ca2+-selective TRP
channel is widely distributed in the brain and may serve as potential modulator
of arcuate nucleus CART neurons

Chapter 4:

Organization of transient receptor potential vanilloid 6 (TRPV6)-equipped
elements in the brain, estrous cycle-related changes in the hypothalamus, and
role in regulation of arcuate nucleus neurons

Chapter 5:

CART- and TRPV1-induced growth hormone secretion may serve as novel
component of the central regulation of energy balance and reproduction

Our studies show that the CART neurons in ARC co-express estrogen receptor alpha
and respond to changes in energy status. While CART-containing axons of ARC origin
densely innervate GnRH neurons in the POA, CART-GnRH contacts showed reproduction
stage- and energy status-dependent plasticity.

These results are presented in chapter 1.

TRPV ion channels may serve as potential regulators of ARC CART neurons. The promoter
of TRPV1-6 genes contain estrogen response element and 17β-estradiol modulates their
expression in peripheral tissues. In chapter 2, we have presented our results on estrous cycle36 | P a g e
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related changes in TRPV1-6 expression in different brain compartments. We explored the
organization of TRPV5/6 in brain and their relevance in the regulation of CART neurons in
the ARC. While a great majority of ARC CART neurons were equipped with TRPV5, only
few neurons co-express TRPV6. Retrograde neuronal tracer iontophoresed into POA showed
its accumulation in TRPV5- and TRPV6-equipped ARC CART neurons.

TRPV5 and

TRPV6 expression in these neurons showed correlation with estrous cycle but were not
altered due to changes in energy status. TRPV5/6 may differentially regulate ARC neuronal
populations. The results of TRPV5 and TRPV6 in the brain and their importance in the
regulation of ARC CART neurons are presented in chapters 3 and 4, respectively. Finally,
we elucidated the role of CART in regulation of GH cells, which controls energy balance.
The external zone of median eminence was richly innervated CART-containing axons.
Compared to control, CART-peptide treatment significantly elevated GH release in primary
rat pituitary cells.

While TRPV1-6 equipped elements showed discrete localization in

different compartments of the pituitary, GH cells in the pituitary co-express TRPV1. TRPV1
agonist treatment resulted in GH secretion from primary rat pituitary cells and the CARTinduced GH-secretion was not mediated via TRPV1. These results are presented in chapter 5.
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CHAPTER 1

ELUCIDATING THE ROLE OF CART AS COMMON MESSENGER IN
THE NEURAL PATHWAYS REGULATING ENERGY BALANCE AND
REPRODUCTION
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INTRODUCTION
CART is expressed in various brain regions and regulates range of physiological
functions and behavior [22,133,142–146]. Well known for its anorectic action, CARTcontaining neurons were observed in the ARC, PVN, and dorsomedial nucleus (DMN) and
lateral hypothalamus, and these areas are known to play important role in the central
regulation of feeding and energy balance [24,128,131–133]. The CART-containing neurons
in the ARC and PVN have been suggested important players of feeding and energy balance
controlling pathways [22,134]. CART mRNA expression in the ARC is suppressed during
fasting [22] and intracerebroventricular (icv) CART administration decreases food intake
[23]. Injection of CART stimulates cFos expression in the areas of the brain involved in
feeding [147]. CART neurons are direct targets for leptin. Leptin receptors are present on
the CART neurons in the ARC [61] and these neurons respond to intracerebroventricular
(ICV) administration of leptin The [148]. CARTPT−/− mice were shown to gain body weight
[149–151]. The CART-containing system in the brain also seems to interact with NPY
(orexigenic neuropeptide)-containing system and the NPY fibers were seen in close vicinity
of PVN CART neurons [23].
Acute food deprivation or chronic food restriction delays puberty, lengthens estrous
cycles, extends lactational diestrous and reduces reproductive behavior [1,2,152].

Food

deprivation for 74 h suppresses steroid-induced display of lordosis in adult female rats, which
was associated with a decrease in estrogen receptors in the brain [152]. Nutritional infertility
is the result of several different factors, one being the suppression of pulsatile LH secretion
from the pituitary. In rats, a decrease in mean plasma LH levels, LH pulse frequency and LH
pulse amplitude was observed following 48 h of food deprivation [27,135,136]. The GnRH
neurons in POA are sensitive to glucose and the sensitivity of the GnRH neurons to glucose
show alteration with changes in gonadal steroids levels [28].
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Recent evidence suggests the modulation of CART by estrogen. The midbrain
CART neurons contains estrogen receptors and the gene expression of peptide was decreased
following estrogen treatment in the rhesus monkey [153].

Estradiol treatment in the

ovariectomized rats reduced CART mRNA expression in the ARC and lateral hypothalamic
area, but increased in PVN [29]. Female odours stimulate CART neurons in the ventral
premammillary nucleus of male rats [154]. Treatment with oleyl estrone, which is used as
antiobesity drug seem to reduce food intake and CART mRNA expression in the
hypothalamus [30]. In addition, ovariectomized animals treated with estrogen resulted in
decreased food intake and CART mRNA expression in the ARC [29].
Although the role of ARC CART neurons in energy balance is well established,
recent evidence demonstrate involvement of these neurons in the regulation of reproductive
pathways in the brain [20,83]. CART-ir fibers were found in close apposition to GnRH cells
and 100 nM CART-induced depolarization and spontaneous firing in GnRH-GFP neurons
[83]. Using retrograde neuronal tracing, Rondini et al. [20] have demonstrated that the
CART-ir fibers in anteroventral periventricular nucleus (AVPe) of female rats originate from
ARC. In addition, the ARC CART neurons were also shown to project the dorsal raphe and
locus coeruleus [155]. The ARC CART neurons innervate the sympathetic preganglionic
neurons in the thoracic spinal cord [156]. Although these evidence suggest role of CART in
the regulation of feeding and energy balance, whether CART serve as common messenger in
the neural pathways regulating these functions has remained unexplored.

The central

projections of the ARC CART neurons involved in energy balance/reproduction, however are
not known.
More than 95 % ARC CART neurons also express -MSH [24]. In addition to
ARC, α-MSH neurons are also found in nucleus of the solitary tract (NTS) in the brainstem
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[157,158]. Although NTS contain neurons synthesizing CART, no colocalization of α-MSH
and CART was observed in this region [157]. Therefore, the presence of CART/α-MSH
double labelled fibers would indicate their origin from the ARC and may serve as an
important tool to trace the projections of ARC CART neurons in the CNS. As compared to
the critical bilateral neuronal tracing with little success, CART/α-MSH double
immunofluorescence using sections of the brain a normal animal seems more accurate and
simple approach to study the projections of ARC CART neurons. To find out whether the
CART neurons in ARC involved in the regulation of energy balance also participate in
regulation of reproduction, the sections of the hypothalamus were processed for CART/ER
double immunofluorescence. Using CART/α-MSH double immunofluorescence, an attempt
has been made to trace and map the projections of ARC CART neurons in the CNS. In
addition, we have explored the role of ARC CART neurons in modulation of GnRH neurons
in the preoptic area by studying changes in CART/α-MSH double-labelled fibers and their
association with GnRH neurons in the preoptic area during estrous cycle and changes in
energy status.
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MATERIALS AND METHODS
Animals
Adult, male and female, Sprague-Dawley rats [200-250 g body weight (BW)] used
in this study, were housed in the standard temperature and humidity on a cycle of 12 h
light/12 h dark with ad libitum food and water. Experiments based on animal usage were
reviewed and approved by the Animal Ethical Committee at the National Institute of Science
Education and Research (NISER), Bhubaneswar, under the Committee for the Purpose of
Control and Supervision of Experiments on Animals (CPCSEA), New Delhi, India.

Assessment of estrous cycle
The stages of estrous cycle were assessed by vaginal smear cytology as described
previously [159,160]. In brief, the stages were identified by the presence of predominant
nucleated epithelial cells in proestrus, cornified epithelial cells in estrus, mixture of
leukocytes, nucleated epithelial cells and cornified cells in metestrus and predominant
leukocytes in diestrus. The adult female rats were handled every morning between 8:00 and
9:00 am for a week prior to experiment to reduce the handling related stress. Vaginal
smears were collected on glass slides between 8:00 and 9:00 am everyday by flushing
vagina gently with 10 µl 0.01 M PBS, pH 7.4 using pipette after cleaning with PBS-soaked
cotton tipped wooden applicators.

The unstained slides having vaginal smears were

observed under the light microscope and stages were assigned to rats based on the cell types
in the smears. Samples from three rats per stage of the estrous cycle were collected and
processed as described below.
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Fasting and refeeding
The fasting and refeeding of fasted animals is known to activate cFos in the brain
regions involved in regulation of energy balance [161]. Adult female rats were divided into
four groups (n = 3 rats/group) viz. fed, fasted for 65 h, and fasted for 65 h and refed for 2, 4
and 8 h. While the rats in fed group were supplied with food ad libitum, rats in fasted group
had no access to food for 65 h. The animals in the refeeding group were fasted for 65 h and
given free access to food for 2, 4 or 8 h. The animals in all groups received water ad libitum.
The rats were anaesthetized and the brains were processed for immunofluorescence as
described below.

Tissue collection and processing
Animals were anaesthetized using an intraperitoneal injection of a mixture of
ketamine (100 mg/Kg BW) and xylazine (10 mg/Kg BW).

The rats were perfused

transcardially with phosphate buffered saline (PBS, pH 7.4) followed by 4 %
paraformaldehyde in phosphate buffer (PB, pH 7.4). The brain, pituitary and spinal cord
were dissected, post-fixed in 4 % paraformaldehyde and cryoprotected in 25% sucrose
solution in PBS. Coronal sections (25 µm thick) through the rostro-caudal extent of the
brain, pituitary and spinal cord were cut on a cryostat (Leica CM3050 S, Leica Microsystems,
Nussloch GmbH, Germany), collected in PBS, transferred to the anti-freezing solution, and
stored at -20 °C until processed further.

Double immunofluorescence
To find out whether the hypothalamic CART neurons express ERα, double
immunofluorescence protocol was employed, as described earlier [159]. In brief, coronal
sections through the POA and hypothalamic regions from each brain (n = 3) were washed
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several time in PBS to remove traces of anti-freezing solution.

To improve antibody

penetration, the sections were permeabilized with 0.5% Triton X-100 in PBS for 20 min at
room temperature. The sections were incubated in 3% normal horse serum in PBS for 30
min. The sections were incubated overnight at 4˚C in a mixture of diluted rabbit polyclonal
anti-ERα antiserum (1:1000) and mouse monoclonal anti-CART antibody (1:2000). The
sections were rinsed in PBS and incubated in a mixture of fluorescence conjugated secondary
antibodies [Alexa Fluor 488-conjugated donkey anti-rabbit IgG and Alexa Fluor 594conjugated goat anti-mouse IgG (Life technologies, 1:1000)] for 2 h at room temperature.
To find out the effect of dynamics of energy balance on CART neurons in the ARC,
double immunofluorescence was employed.

The rostrocaudal series of hypothalamic

sections containing ARC from the rats in fed, fasted, and refed groups (n = 3/group) were
incubated overnight at 4 ˚C in diluted rabbit polyclonal anti-cFos antiserum (1:50,000) and
mouse monoclonal anti-CART antibody (1:2000). The sections were rinsed in PBS and
incubated in a mixture of Alexa Fluor 488-conjugated donkey anti-rabbit IgG and Alexa
Fluor 594-conjugated goat anti-mouse IgG (Life technologies, 1:1000) for 2 h at room
temperature.
To map the innervations of hypothalamic CART immunoreactive fibers of ARC
origin, rostro-caudal series of coronal sections through the brain, pituitary, and spinal cord
from each animal (n = 6; 3 males and 3 females) were subjected to double
immunofluorescence.

The sections were prepared for immunofluorescence as described

above and incubated in a mixture of mouse monoclonal anti-CART antibody (1:2000) and
sheep polyclonal anti-α-MSH antiserum (1:10000) overnight at 4 ºC. Following rinsing in
PBS, sections were incubated in Alexa Fluor 594-conjugated goat anti-mouse IgG and Alexa
Fluor 488-conjugated donkey anti-sheep IgG (Life technologies, 1:1000) for 2 h at room
temperature.
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Triple immunofluorescence
To determine whether the CART fibers of ARC origin innervate GnRH neurons in
the POA, triple immunofluorescence protocol was employed. The coronal sections through
the rostro-caudal extent of the median preoptic nucleus (MnPO) and AVPe were prepared for
immunofluorescence protocol as described above. The sections were incubated overnight at
4 ˚C in a mixture of diluted mouse monoclonal anti-CART antibody (1:2000), sheep
polyclonal anti-α-MSH antiserum (1:10000), and guinea pig polyclonal anti-GnRH antiserum
(1:1000).

Following incubation in primary antisera, sections were rinsed in PBS and

incubated in a mixture of Alexa Fluor 594-conjugated goat anti-mouse IgG, Alexa Fluor 488conjugated donkey anti-sheep IgG, and Alexa Fluor 648-conjugated donkey anti-guinea pig
IgG (Life technologies, 1:1000) for 2 h at room temperature. After rinsing in Tris buffer (pH
7.6), sections were mounted on glass slides and coverslipped with Vectashield mounting
medium.

Specificity of the antisera
The CART, ERα, cFos, α-MSH, and GnRH antisera used in this study have
previously been shown to specifically recognize the respective antigens in the rat brain
[134,161–164]. The details of the antisera are given in Appendix 1.

Image analysis
Images were captured using AxioCam digital camera (Carl Zeiss) by switching the
filter sets.

In Adobe Photoshop CS4 (Adobe Systems, Inc., USA), the images were

superimposed, and adjusted for brightness and contrast. Neuroanatomical description and
nomenclature were adapted from the rat brain atlas of Paxinos and Watson [165]. For
depicting the hypothalamic CART-immunoreactive fibers of ARC origin in the brain,
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pituitary, and spinal cord as shown in Figures 2-4, schematics of the coronal sections of the
respective regions were adapted from Paxinos and Watson [165] with minor modifications.
The innervations of hypothalamic CART immunoreactive fibers of ARC origin in
brain, pituitary, and spinal cord of rat were visually scored [+, low; ++, moderate; +++, high;
–, absent] based on the relative density of double labelled fibers in each brain region (Table
1). The innervations were further semiquantified using colocalization tool of Image J [166].
The Manders’ colocalization coefficients (MCC), M1 and M2 estimate fraction of one
fluorophore overlapping another. The Manders’ colocalization coefficient, M1 estimates
fraction of red pixels (CART) overlapping green pixels (α-MSH), thereby representing the
fraction of hypothalamic CART immunoreactive fibers originating from ARC (Table 1). The
fraction of CART fibers other than ARC origin (M’) was given by 1 – M1 (Table 1). The M1
estimation in regions containing CART cell bodies did not represent the desired fraction as it
is affected by the pixels of CART cell bodies in addition to that of CART fibers (Table 1).
Although the arbitrary scores and M1 help in distinguishing different regions for
density of hypothalamic CART immunoreactive fibers of ARC origin, it was difficult to
interpret subtle changes in the same regions (AVPe or MnPO) under a given experimental
condition (estrous cycle or energy status). This might be due to the CART fibers from other
brain regions contributing to the estimation of M1. Therefore, any changes in CART fibers
of other brain regions will also be reflected in the M1, which makes the analysis of
specifically the ARC CART fibers difficult. To distinguish the CART fibers of ARC origin
from those of other brain regions, the total CART fibers of ARC origin was obtained by
multiplying M1 with MGV where MGV is the mean gray value for red pixels, representing
the total CART fibers in a given region. Pearson’s correlation coefficient (PCC) was also
calculated which gave the degree of association between intensities of two fluorophores in
each pixel, and helped in quantifying colocalization. The total number of GnRH neurons and
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the number of GnRH neurons contacted by CART fibers of ARC origin in the MnPO region
during estrous cycle were counted and the percentage of GnRH neurons contacted by ARC
CART axons were calculated, as described previously [167].

Statistical analysis
The sections from all the animals from the experiment (estrous cycle or energy
states) were processed together for immunofluorescence to reduce the standard deviation
(SD) between groups due to reagents, pipetting error etc. All the images were captured at
same exposure time using constant microscopic settings. The data from all the animals in
each group of an experiment was analyzed in Prism 7.02 software using Two-way ANOVA
followed by Tukey’s multiple comparisons test. A P < 0.05 was considered statistically
significant. The values are represented as mean ± SD.
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RESULTS
Organization of CART-containing neurons co-expressing ERα in the hypothalamus
CART neurons were observed in the AVPe, PeV, PVN, SON, lateral hypothalamus,
zona incerta, and DMN.

Several neurons in the ARC showed intense CART

immunoreactivity. A dense network of CART immunoreactive fibers were seen in the POA,
PeV, PVN, DMN, lateral part of the hypothalamic ventromedial nucleus (VMNl), and ARC.
Isolated CART fibers were seen in the SON. The ERα immunoreactive cells were observed
in the AVPe and VMNl. Using double labeling immunofluorescence as described above, we
explored the neuroanatomical organization of CART neurons co-expressing ERα. While the
CART neurons in the AVPe contained weak ERα immunofluorescence, several CART
neurons in the ARC contained distinct ERα immunoreactivity (Fig. 1). Approximately, 87 ±
1.2 % CART neurons in the ARC co-expressed ERα.

Effect of fasting and refeeding on cFos activation in ARC
In the normal fed animals, isolated cFos cells were seen in the ARC (Fig. 2A) but a
significant increase (P<0.001) in the number of cFos cells was apparent in the medial portion
of the ARC following 65 h fasting (Fig. 2E). In the fasted rats refed for 2 h, a significant
increase (P<0.001) in cFos cells were observed in the lateral portion of the ARC (Fig. 2I).
Isolated cells were observed in the medial portion of ARC after refeeding (Fig. 2I).

ERα-containing CART neurons in the hypothalamus are regulated by energy balance
Isolated cFos-expressing CART neurons were seen in the ARC of fed animals (Fig.
2A-C). Fasting for 65 h resulted in cFos activation in the medial part of the ARC (Fig. 2E),
but none of the ARC CART neurons showed cFos during fasting (Fig. 2G, H). Refeeding of
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Figure 1: CART neurons in the preoptic area and hypothalamus of rat co-express
estrogen receptor alpha (ERα). Double-immunofluorescence photomicrographs showing
presence of ERα (green) in CART neurons (red) in the anteroventral periventricular nucleus
(AVPe, A) and hypothalamic arcuate nucleus (ARC, B). Double labelled neurons are shown
with arrows. 3V, third ventricle. Scale bar = 25 µm.
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Figure 2: Energy status-dependent activation of hypothalamic neurons. Doubleimmunofluorescence photomicrographs of the coronal sections of the hypothalamic arcuate
nucleus (ARC) of rat showing activation of cFos (green) in CART neurons (red). (A-D) ad
libitum fed, (E-H) fasted for 65 h, and (I-L) fasted for 65 h and refed for 2 h. Note cFos
activation in the medial ARC during fasting and in lateral ARC during refeeding. Refeeding
activates cFos in CART neurons in lateral ARC (arrows). None of the CART neurons show
cFos during fasting (arrowheads). 3V, third ventricle. Scale bar = 25 µm.
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Figure 3: Co-localization of CART and α-MSH neurons in the rat brain. Double
immunofluorescence photomicrographs are showing colocalization of CART and alphamelanocyte stimulating hormone (α-MSH) in the neurons of the hypothalamic arcuate
nucleus (ARC) (A-C, A1-C1, arrows). No colocalization of the CART and α-MSH is
observed in the nucleus of the solitary tract (NTS) (D-F, D1-F1). Scale bar = 50 µm (A-F)
and 20 µm (A1-F1).

51 | P a g e

Chapter 1
fasting rats however showed cFos activation in the lateral ARC (Fig. 2I) and approximately
61 ± 1.7 % of the CART neurons in ARC contained cFos following refeeding (Fig. 2K, L).
Compared to that in the fed (Fig. 2C, D) and fasted (Fig. 2G, H) rats, refeeding for 2 h
induced cFos activation in a great majority of CART neurons in the ARC (Fig. 2K, L).

Organization of CART-immunoreactive fibers of ARC origin in the CNS
Colocalization of CART and α-MSH was observed in the ARC neurons (Fig. 3A-C,
A1-C1). No colocalization of these two neuropeptides was seen in the neurons of NTS (Fig.
3D-F, D1-F1). The axons containing both the peptides would indicate its origin from ARC
and not from other brain region, therefore serving as a useful tool to trace the projections of
the ARC CART neurons in the brain. Using this approach, we have identified the projections
of the CART neurons in the brain. Axons originated from the ARC CART neurons were
observed in the forebrain (Fig. 4), midbrain (Fig. 5), hindbrain (Fig. 5), and spinal cord (Fig.
6). The semi-quantitative analysis of relative density of the innervation of ARC CART fibers
in different regions of brain is given in Table 1.
In the forebrain, few double-labelled CART/α-MSH immunoreactive fibers were
observed in the olfactory bulb (OB, Fig. 4A), nucleus of the horizontal limb of the diagonal
band (HDB, Fig. 4D), ventral pallidum (VP, Fig. 4E), vascular organ of the lamina terminalis
(VOLT, Fig. 4G), amygdala (Fig. 4O), ARC (Fig. 4P), and posterior hypothalamic nucleus
(PH, Fig. 4T). Moderate density of double labelled fibers was observed in the accumbens
nucleus, shell (AcbSh, Fig. 4B), bed nucleus of the stria terminalis, medial division, anterior
part (STMA, Fig. 4F), periventricular hypothalamic nucleus (Pe, Fig. 4K, L), PVN (Fig. 4M),
anterior hypothalamic area (AH, Fig. 4N), and DMN (Fig. 4R, S). The regions including the
medial septal nucleus (MS, Fig. 4C); MnPO (Fig. 4H); medial preoptic area (MPA, Fig. 4I),
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and AVPe (Fig. 4J) were densely innervated by the CART/α-MSH double labelled fibers. No
double labelled fibers were seen in the ME (Fig. 4Q).
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Figure 4: Organization of CART fibers of arcuate nucleus origin in the forebrain of rat.
CART/α-MSH double-labelled fibers (yellow) are seen in the olfactory bulb (OB, A),
accumbens nucleus, shell (AcbSh, B), medial septal nucleus (MS, C), nucleus of the
horizontal limb of the diagonal band (HDB, D), ventral pallidum (VP, E), bed nucleus of the
stria terminalis, medial division, anterior part (STMA, F), vascular organ of the lamina
terminalis (VOLT, G), median preoptic nucleus (MnPO, H), medial preoptic area (MPA, I),
anteroventral periventricular nucleus (AVPe, J), periventricular hypothalamic nucleus (Pe, K,
L), paraventricular hypothalamic nucleus (PVN, M), anterior hypothalamic area (AH, N),
amygdala (O), arcuate hypothalamic nucleus (ARC, P), dorsomedial hypothalamic nucleus
(DMN, R and S), and posterior hypothalamic nucleus (PH, T). No double-labelled fibers are
seen in the medial eminence (ME, Q). Scale bar = 50 µm.
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Figure 5: Organization of CART fibers of arcuate nucleus (ARC) origin in the midbrain
and hindbrain of rat. The CART/α-MSH double-labelled fibers (yellow) are seen in the
dorsal raphe nucleus (DR, A), interpeduncular nucleus, apical subnucleus (IPA, B),
dorsomedial periaqueductal gray (DMPAG, C), lateral periaqueductal gray (LPAG, D),
ventrolateral periaqueductal gray (VLPAG, E), commissural nucleus of the inferior colliculus
(Com, F), dorsal cortex of the inferior colliculus (DCIC, G), medial paralemniscial nucleus
(MPL, H), lateral parabrachial nucleus, superior part (LPBS, I), central gray (CG, J), medial
vestibular nucleus, magnocellular part (MVeMC, K), locus coeruleus (LC, L), intermediate
reticular nucleus, alpha part (IRtA, M), nucleus of the trapezoid body (Tz, N), and nucleus of
the solitary tract (NTS, O, P). Scale bar = 50 µm.

55 | P a g e

Chapter 1

Figure 6: Organization of CART fibers of arcuate nucleus (ARC) origin in the pituitary
gland and spinal cord of rat. CART/α-MSH double-labelled fibers (yellow, arrowheads) are
seen in the cervical (C, D) and thoracic (E) regions of the spinal cord. No double-labelled
fibers are seen in the pituitary (A, B). Scale bar = 50 µm (A1, A2, A, C1-E2, C-E) and 20
µm (B1, B2, B).
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Table 1: Semi-quantitative analysis of the CART/α-MSH double labelled fibers in the
forebrain, midbrain, hindbrain, spinal cord, and pituitary gland of rat

Areas of the brain

Forebrain
Olfactory bulb (OB)
Accumbens nucleus, shell (AcbSh)
Medial septal nucleus (MS)
Nucleus of the horizontal limb of the diagonal
band (HDB)
Ventral pallidum (VP)
Bed nucleus of the stria terminalis, medial
division, anterior part (STMA)
Vascular organ of the lamina terminalis
(VOLT)
Median preoptic nucleus (MnPO)
Medial preoptic area (MPA)
Anteroventral periventricular nucleus (AVPe)
Periventricular hypothalamic nucleus (Pe)*
Paraventricular hypothalamic nucleus (PVN)*
Anterior hypothalamic area (AH)
Amygdala
Hypothalamic arcuate nucleus (ARC)*
Median eminence (ME)
Dorsomedial hypothalamic nucleus (DMN)*
Posterior hypothalamic nucleus (PH)*
Midbrain
Dorsal raphe nucleus (DR)
Interpeduncular nucleus, apical subnucleus
(IPA)
Dorsomedial periaqueductal gray (DMPAG)
Lateral periaqueductal gray (LPAG)
Ventrolateral periaqueductal gray (VLPAG)
Commissural nucleus of the inferior colliculus
(Com)
Dorsal cortex of the inferior colliculus
(DCIC)
Medial paralemniscial nucleus (MPL)
Lateral parabrachial nucleus, superior part
(LPBS)
Central gray (CG)

Fraction of
CART fibers
from
arcuate
nucleus
(M1)

Fraction of
CART fibers
from brain
regions other
than arcuate
nucleus
(M’=1-M1)

Score based
on density of
CART fibers
from arcuate
nucleus**

0.722
0.929
0.796

0.278
0.071
0.204

+
++
+++

0.725

0.275

+

0.832

0.168

+

0.935

0.065

++

0.697

0.303

+

0.783
0.709
0.741
0.191*, 0.765
0.295*
0.717
0.783
0.573*
0
0.319*, 0.832
0.390*

0.217
0.291
0.259
0.235
n/a
0.283
0.217
n/a
1.000
0.168
n/a

+++
+++
+++
++
++
++
+
+
−
++
+

0.831

0.169

++

0.804

0.196

+

0.551
0.559
0.537

0.449
0.441
0.463

+
++
++

0.455

0.545

+

0.753

0.247

++

0.565

0.435

+

0.695

0.305

++

0.675

0.325

+
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Hindbrain
Medial vestibular nucleus, magnocellular part
(MVeMC)
Locus coeruleus (LC)
Intermediate reticular nucleus, alpha part
(IRtA)
Nucleus of the trapezoid body (Tz)
Nucleus of the solitary tract (NTS)*

0.512

0.488

+

0.577

0.423

+

0.240

0.760

+

0.505
0.167*, 0.296

0.495
0.704

+
+

Spinal cord
Cervical
Thoracic
Lumbar
Sacral

0.161
0.007
0.002
0.000

0.839
0.993
0.998
1.000

+
+
−
−

Pituitary
Pars distalis
Pars intermedia
Pars nervosa

0.000
n/a
n/a

1.000
n/a
n/a

−
−
−

*Regions containing CART cell bodies.
**Score based on density of CART fibers from arcuate nucleus: +, low; ++, moderate; +++, high; −,
absent.
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In the midbrain, few double-labelled CART/α-MSH fibers were observed in the
interpeduncular nucleus, apical subnucleus (IPA, Fig. 5B), dorsomedial periaqueductal gray
(DMPAG, Fig. 5C), commissural nucleus of the inferior colliculus (Com, Fig. 5F), medial
paralemniscial (MPL, Fig. 5H), and central gray (CG, Fig. 5J) nuclei. Moderate density of
double labelled fibers was seen in the dorsal raphe nucleus (DR, Fig. 5A), and lateral (LPAG,
Fig. 5D) and ventrolateral (VLPAG, Fig. 5E) subdivisions of periaqueductal gray, as well as
in dorsal cortex of the inferior colliculus (DCIC, Fig. 5G) and lateral parabrachial nucleus,
superior part (LPBS, Fig. 5I).
In the hindbrain, the isolated CART/α-MSH double labelled fibers were observed in
the medial vestibular nucleus, magnocellular part (MVeMC, Fig. 5K), locus coeruleus (LC,
Fig. 5L), intermediate reticular nucleus, alpha part (IRtA, Fig. 5M), nucleus of the trapezoid
body (Tz, Fig. 5N), and NTS (Fig. 5O, P).
No CART/α-MSH double-labelled fibers were observed in the pituitary (Fig. 6A, B).
While few double-labelled fibers were seen in the cervical (Fig. 6C, D) and thoracic (Fig. 6E)
regions, no double labelled fibers were detected in the lumbar and sacral regions of the spinal
cord.

Estrous cycle-related changes in GnRH-ir neurons and ARC CART fibers innervations
in the POA
As compared to other brain regions, preoptic area was densely innervated by CART
fibers of ARC origin (Table 1). Using triple immunofluorescence, the ARC CART fibers as
well as CART fibers from other brain regions were seen in close association with GnRH
neurons in the preoptic area (Fig. 7A-E). The CART/α-MSH double labelled fibers were
observed in AVPe (Fig. 8A-D) and MnPO (Fig. 8E-H) during all the four stages of the
estrous cycle. The corresponding fluorograms of AVPe and MnPO are shown in
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Figure 7: Association between GnRH neurons and CART axons in the median preoptic
nucleus (MnPO). (A-E) Triple immunofluorescence photomicrographs of the preoptic
region showing GnRH neurons (magenta) in the MnPO contacted by CART fibers originating
from ARC (yellow, arrows) as well other brain regions (green, arrowheads). Scale bar = 25
µm.
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Figure 8: Arcuate nucleus CART fibers innervation in preoptic area show estrous cyclerelated changes. Double immunofluorescence photomicrographs showing double-labelled
CART/α-MSH immunoreactive fibers (yellow) in the anteroventral periventricular nucleus
(AVPe, A-D) and median preoptic nucleus (MnPO, E-H) during proestrus (A and E), estrus
(B and F), metestrus (C and G), and diestrus (D and H) phases of the estrous cycle. The
fluorograms showing changes in double labelled fibers during estrous cycle in AVPe (A’-D’)
and MnPO (E’-H’). Semiquantitative analysis of the double labelled fibers in AVPe (I) and
MnPO (J) during estrous cycle. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Scale bar = 40 µm.
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Figures 8A’-D’ and 8E’-H’, respectively. Compared to estrus (P < 0.05), metestrus (P <
0.01), and diestrus (P < 0.001), a significant decrease in CART/α-MSH fibers innervations
was observed in the MnPO during proestrus (Fig. 8J). Although similar pattern of reduction
in double labelled fibers was observed in AVPe, the difference was non-significant (Fig. 8I).
Using triple immunofluorescence, CART/α-MSH fibers were observed in close apposition to
MnPO-GnRH neurons during proestrus (Fig. 10A1-3, A), estrus (Fig. 10B1-3, B), metestrus
(Fig. 10C1-3, C), and diestrus (Fig. 10D1-3, D) phases. Semi-quantitative analysis showed
comparable number of MnPO-GnRH neurons during all the four stages of estrous cycle (Fig.
10F). Compared to proestrus, metestrus, and diestrus, a significant decrease (P < 0.05) in
mean integrated density of MnPO-GnRH neurons was observed during estrus (Fig. 10E). In
addition, a significant decrease (P < 0.05) in the percentage of MnPO-GnRH neurons
contacting double-labelled fibers was observed during estrus compared to proestrus,
metestrus, and diestrus (Fig. 10G) phases.

Energy states-related changes in GnRH neurons and ARC CART fibers innervations in
the POA
CART/α-MSH immunoreactive fibers were observed in AVPe (Fig. 9A-D) and
MnPO (Fig. 9E-H) in POA of fed, fasted, and fasted rats refed for 4 and 8 h.

The

fluorograms showing changes in double labelled fibers of AVPe and MnPO of fed, fasted,
and refed rats are shown in Figures 9A’-D’ and 9E’-H’, respectively. Compared to the
double labelled fibers in AVPe and MnPO of refed rats for 4 h, a significant increase in
CART/α-MSH fibers innervations was observed in AVPe (P < 0.01) (Fig. 9I) and MnPO (P <
0.001) (Fig. 9J) of fasted animals. Using triple immunofluorescence, CART/α-MSH fibers
were observed in close apposition to MnPO-GnRH neurons in fed (Fig. 11A1-3, A), fasted
(Fig. 11B1-3, B), and fasted animals refed for 4 (Fig. 11C1-3, C) and 8 (Fig. 11D1-3, D) h.
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No significant difference in mean integrated density of MnPO-GnRH neurons was observed
in fasted animals compared to the rats in fed and refed groups (Fig. 11E).
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Figure 9: Arcuate nucleus (ARC) CART fibers innervation in preoptic area show
energy status-related changes. Double immunofluorescence photomicrographs showing
density of double labelled CART/α-MSH fibers (yellow) in the anteroventral periventricular
nucleus (AVPe, A-D) and median preoptic nucleus (MnPO, E-H) in the fed (A and E), fasted
(B and F), and fasted rats refed for 4 (C and G) and 8 (D and H) h. The fluorograms
showing changes in double labelled fibers during estrous cycle in AVPe (A’-D’) and MnPO
(E’-H’). Semiquantitative analysis of the double labelled fibers in AVPe (I) and MnPO (J)
during different energy states. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Scale bar = 40 µm.
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Figure 10: Arcuate nucleus (ARC) CART innervation of GnRH neurons in the median
preoptic nucleus (MnPO) show estrous cycle-related changes. Triple immunofluorescence
photomicrographs showing CART/α-MSH double labelled fibers (yellow) closely associated
with the MnPO GnRH neurons during proestrus (A1-3, A), estrus (B1-3, B), metestrus (C1-3,
C), and diestrus (D1-3, D) phases. Semi-quantitative analysis of the mean integrated density
of GnRH immunoreactivity in MnPO (E), total number of MnPO GnRH neurons (F), and
percentage of MnPO GnRH neurons contacted by ARC CART fibers (G), during estrous
cycle. *, P < 0.05. Scale bar = 20 µm.
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Figure 11: Arcuate nucleus (ARC) CART innervation of GnRH neurons in the median
preoptic nucleus (MnPO) show energy status-related changes. Triple
immunofluorescence photomicrographs showing CART/α-MSH double labelled fibers
(yellow) closely associated with the MnPO GnRH neurons in fed (A1-3, A), fasted (B1-3, B),
and fasted rats refed for 4 (C1-3, C), and 8 (D1-3, D) h. Semi-quantitative analysis of the
mean integrated density of GnRH immunoreactivity in MnPO (E) during fed, fasting, and
refed states. Scale bar = 20 µm.
66 | P a g e

Chapter 1

DISCUSSION
GnRH neurons residing in the POA project to the external zone of the median
eminence and secrete the neuropeptide into the portal circulation.

GnRH via portal

circulation is carried to the anterior pituitary gland and act and stimulates the LH and FSH
secreting cells. These hormones regulate the gonadal function and reproduction. While a
range of external and internal factors regulate the synthetic/secretory activity of GnRH
neurons, the central regulation of these neurons is far more complex. In addition to the
gonadal hormones and central factors, recent studies have underscored the importance of
metabolic cues and energy status in the regulation of GnRH neuronal activity [168,169].
How these signals are transmitted to GnRH neurons is not well established. Fasting-induced
glucoprivation, ICV insulin and 2-deoxyglucose treatments have been shown to alter GnRH
neuronal activity. Zhang et al. [170] have demonstrated that the GnRH neurons are equipped
with glucosensing mechanism.

Although the GnRH neurons do not express ERα, the

feedback signals from estradiol are conveyed to these neurons via other ERα expressing
neuronal populations in the brain. Attempts have been made to find out whether such ERαexpressing neuronal populations which are linked to GnRH neurons serve as metabolic
sensors in the brain [171,172]. True et al. [83] demonstrated that treatment with the anorectic
neuropeptide, CART resulted in enhanced neuronal firing on GnRH neurons. The sources of
CART innervation of GnRH neurons seem to originate from the hypothalamus. In the
hypothalamic ARC, the feeding related CART neurons reside and the CART mRNA
expression in ARC is modulated by changes in energy balance. Since ARC neurons express
ERα and CART, we probed whether these neurons serve as substrate in the brain to link the
neuronal pathways regulating reproduction and energy balance. We observed that the CART
neurons in ARC are equipped with ERα and these neurons were activated in fasted animals
refed for a short interval. The ARC CART neurons project to several different brain regions
67 | P a g e

Chapter 1
with distinct innervation to POA contacting GnRH neurons. The CART/GnRH contacts
showed changes with circulating levels of estradiol during estrous cycle. The CART fibers in
the external zone of median eminence seem to originate from the PVN but the GnRH fibers
in this region originate from the preoptic area [173,174]. Although CART as well as GnRH
control LH and FSH secretion [52,175], and CART stimulate activity of GnRH neurons
[176], these neuropeptidergic system might not interact at the level of median eminence.
This is supported by the experiments showing no alterations in LH and FSH levels following
central injections of CART [177]. The cultured LH cells however respond to CART
treatment and resulted in inhibition of LH release [175]. Baranowska et al. (2003) suggested
that CART may act directly on the pituitary cells to regulate LH secretion. Evidence from
non-mammalian vertebrate also suggest role of CART as a regulator of LH secretion. In
teleosts, CART expression in the pituitary LH cells showed reproduction phase dependent
expression. CART is transiently expressed in LH cells only during the phase [178]. In the
present study, this is for first time we demonstrate CART as common messenger in the neural
pathways of energy balance and reproduction and ARC as a connecting link between these
pathways.
Although various brain nuclei including the nucleus accumbens, lateral
hypothalamus, paraventricular nucleus have been reported in the regulation of food intake
[128], the ARC seems the major centre for the integration of central as well as peripheral
cues of energy reserves. The primary neuronal populations involved in the direct sensing and
processing of peripheral cues of energy reserves reside in this region [179]. The ARC
neurons express ERα and mediate anorexigenic effects of estradiol [14,125]. We observed
the expression of ERα in ARC CART neurons, and this is in agreement with the previous
observation of presence of ERα in POMC neurons in ARC of ewe [180]. It is important to
note that CART and POMC are co-expressed in ARC neurons [24]. We have also observed
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ERα expression in AVPV CART neurons, which may contribute to the feedback effect of
estradiol on GnRH neurons. It is important to note that the kisspeptin neurons of AVPV
serve as target of estrogen positive feedback to induce GnRH/LH surge in female rats [181].
We observed energy status-dependent changes in cFos activation in ARC CART
neurons.

The metabolic control of GnRH neurons primarily involves NPY/AgRP and

POMC/CART neuronal populations of the ARC [15]. By ICV route, CART peptide has been
shown to decrease the food intake [23] and stimulates cFos expression in the feeding-related
brain areas [147]. We have employed CART/MSH double immunofluorescence to find out
the projections of ARC CART neurons in the CNS. This approach seems to be superior as
compared to the neuronal tracing techniques. In the anterograde neuronal tracing, the tracer
need to be injected or iontophoresed in the nucleus of interest to trace its projections. This
needs further validation with retrograde neuronal tracing at multiple areas of projection of the
neuronal group [182]. Injecting the tracer on either side of the brain in the nucleus of interest
is challenging and involves extended surgery duration. Further, the injection site and its
spread in the neighbouring regions vary from animal to animal. Employing the CART/MSH
double immunofluorescence protocol seems to overcome these issues. Both CART and MSH are anorexigenic neuropeptides and the neurons synthesizing these neuropeptides
resides in the lateral ARC [183]. Fasted rats refed for short interval showed pronounced
activation of cFos in -MSH [161] as well as CART (present study) neurons. Further, these
neurons are known to express leptin and insulin receptors and are known to mediate the
anorectic action to other brain regions [63]. Although previous studies have identified few
brain regions including PVN and brainstem areas connected to the ARC neurons, anatomical
evidence was not available. Our results suggest that projections of CART neurons from ARC
may transmit energy status-related signals to the second order neurons in different brain
regions. In addition to the anorectic role of ARC CART neurons, evidence suggests the
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involvement of these neurons in the regulation of reproductive pathway in the brain
[83]. While the GnRH neurons in the preoptic area are innervated by CART axons from
ARC, CART peptide treatment increased neuronal firing in GnRH neurons [83]. We
observed ER in ARC CART neurons which suggest involvement of these neurons in
estradiol feedback regulation of GnRH neuronal activity. Recently, using neuronal tracing
connection between refeeding activated ARC neurons and central nucleus of amygdala (CeA)
has been established [184]. Only a few refeeding-activated proopiomelanocortin (POMC)
synthesizing neurons in ARC seem to project to CeA. Since CART and POMC are
colocalized in ARC neurons, we anticipate similar projection pattern of the CART neurons to
the CeA. Further, the ARC-CART neurons innervate the sympathetic preganglionic neurons
in the thoracic spinal cord and its involvement in the leptin action has been suggested [156].
While tracing the ARC CART neurons projections in the rat brain, we observed dense
innervations in the preoptic area compared to other brain regions. Further, these innervations
were closely associated with GnRH neurons suggesting modulation of GnRH neurons by
ARC CART neurons. Earlier studies have demonstrated that the CART axons from ARC and
premammillary ventral nucleus innervate the POA GnRH neurons [20] and CART peptide
treatment increases neuronal firing in GFP-GnRH neurons [83]. The ARC CART neurons
may serve as yet another mediator of estradiol. While the ARC CART neurons express leptin
receptors [61,148] and ERα, the POA GnRH neurons are devoid of these receptors [16]. The
ARC neurons may therefore represent potential integrators of metabolic as well as
reproductive signals in the regulation of GnRH neurons and CART in these neurons as
common messenger in the neural pathways of energy balance and reproduction.
To further understand the role of ARC CART neurons in the regulation of POA
GnRH neurons during reproductive cycle and metabolic states, we studied changes in the
innervations of ARC CART neurons in two subdivisions of POA viz. MnPO and AVPV.
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The MnPO contains GnRH cell bodies whereas AVPV is known to regulate GnRH neurons
[181,185]. We have correlated these changes with alteration in the intensity of GnRH-ir
neurons.

Compared to the refed animals, fasting significantly increased ARC CART

innervation in the MnPO and AVPe regions, supporting the possibility of suppression of
CART release in POA under energy deficit condition. Berriman et al. [186] have observed
metabolic fuel dependent changes in cFos-ir in GnRH neurons and suggested a decrease in
GnRH secretion during food deprivation. The ARC CART innervations in MnPO region
significantly decreases in proestrus rats compared to those in the other phases of the estrous
cycle, which is expected if CART causes release of GnRH. We presume that the release of
CART peptide from the axons may trigger GnRH release and therefore the GnRH-ir intensity
was reduced. These results are supported by previous findings showing the expression of
cFos in GnRH cells contacted by CART axons in the afternoon of proestrus [20] and
increased GnRH activity in cycling female rats following CART treatment [21,26]. We did
not observe significant changes in the number of MnPO GnRH neurons during estrous cycle.
While few earlier studies showed comparable number of GnRH mRNA-expressing neurons
in POA of rat throughout the estrous cycle [185], more number of LHRH-ir cell bodies was
seen in POA during proestrus compared to estrus phase [187]. These discrepancies might be
due to difference in timing of experimentation during proestrus. Reduced number of GnRH
mRNA-expressing cells was observed at 1400-1600 h, increase significantly at 1800 h (the
time of the LH surge), and gradually return to basal levels at 2200 h during proestrus [188].
However, during other stages of the estrous cycle the GnRH mRNA expressions remained
unaltered [188]. In addition, two peaks of GnRH expression were also observed during
estrous cycle [189]. The GnRH mRNA level increased at 1100 h during proestrus, rapidly
decreased with a nadir at 1600 h, and again increased at 1100 h during estrus [189]. We
speculate that the peak of GnRH mRNA in morning of proestrus might be due to the rise in
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circulating estradiol in this phase of the estrous cycle. The subcutaneous implantation of
estradiol-containing silastic tubing in the ovariectomized rats have been shown to increase
hypothalamic GnRH mRNA levels [189]. We have observed a significant decrease both in
the percentage of MnPO GnRH neurons contacted by ARC CART fibers and intensity of
MnPO GnRH neurons in estrus rats compared to those in other phases of the estrous cycle.
Estradiol levels remained lowest during estrus compared to proestrus, metestrus, and diestrus
[124] and this might be a reason of reduced CART axons contacts on GnRH neurons during
estrus. Moreover, reduced GnRH immunoreactivity has been reported in the morning of
estrus suggesting a prior depletion [5]. The major molecular component of transient outward
A-type currents [I(A)] in MPOA GnRH neurons are Kv4.3 channels, and its expression
showed reduction during estrus phase compared to diestrus/proestrus phases in rats [190]. In
addition, GnRH also seems to regulate its own activity. For example, an increase in GnRH
mRNA levels was observed in response to GnRH hypersecretion during LH surge [188] and
a predominant excitatory influence on GnRH neurons caused by GnRH in adult male and
female mice has also been demonstrated [191]. The mean firing rate of fluorescently tagged
GnRH neurons in brain slices from proestrous mice was higher compared to that from
diestrous mice [192].
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CHAPTER 2

TRANSIENT RECEPTOR POTENTIAL VANILLOID 1-6 (TRPV1-6)
GENE EXPRESSION IN THE MOUSE BRAIN DURING ESTROUS
CYCLE

S. Kumar, O. Singh, U. Singh, and P.S. Singru. Transient receptor potential vanilloid 1-6
(TRPV1-6) gene expression in the mouse brain during estrous cycle (under review).
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INTRODUCTION
The transient receptor potential (TRP) ion channels are integral membrane proteins,
serve as cationic channels, and play a role in cellular functions [193]. These ion channels are
polymodal in nature and gated by voltage, temperature, osmolality, vanilloids, and
phospholipids [194], and regulate cellular signalling and a range of physiological processes
[195–197]. While the TRP ion channels have been suggested as putative targets of steroids
[198], analysis of the human, mouse, and rat genomes suggests the presence of steroid
response elements in the promoter regions of TRP genes [34,199,200].

Among TRP

superfamily, the importance of TRPV subfamily of ion channels in the neural and
neuroendocrine regulation has been explored [159,201–203]. The interaction between TRPV
and steroid hormone appears to be a crucial regulator of the activity of these ions channels in
brain and peripheral tissues. While estrogen and its precursors have been suggested to bind
with the same hydrophobic pocket of TRPV1, 17β-estradiol activate this ion channel [204].
In the absence of estrogen TRPV1 does not contribute to the normal mechanosensation in the
cervix [205]. In addition to TRPV1, other members of TRPV subfamily have also been
shown to be regulated by estradiol. Weber et al. [34] have demonstrated the presence of a
putative estrogen response element in the promoter sequence of TRPV6 gene. Estrogen
upregulate expression of TRPV5 in the kidney and TRPV6 in duodenal tissue [140,141].
Changes in expression of uterine TRPV6 mRNA were studied during estrous cycle and
pregnancy in mice [206]. While the increase in TRPV6 mRNA expression was observed in
estrus, its expression during pregnancy showed two peaks, mid pregnancy and the other at
birth [206]. In immature mice, estradiol but not progesterone treatment induced TRPV6
mRNA expression in the uterus [206]. Estradiol upregulate expression of renal TRPV5
[140,207], duodenal TRPV5 and TRPV6 [141], and endometrial TRPV6 [208] expression.
TRPV6 mediated Ca2+ entry/signalling in T84 colonic cells is 17β-estradiol sensitive [209].
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The effect of estradiol on TRPV5 and TRPV6 appears to be mediated via estrogen receptors
[210]. Reduction in intestinal TRPV6 mRNA expression was observed in the ERα knockout
but not in the ERβ knockout mice [211]. Estradiol seem to interact with TRPV6 via estrogen
receptors since TRPV6 mRNA expression in the uterus and placenta of mice was reduced by
treatment with estrogen receptor antagonist [212].
Evidences show wide organization of TRPV1-6-expressing elements in the brain
[33,159,201–203,213–216]. The sensory neurons, and neurons as well as glial cells in the
brain are equipped with different TRPV ion channels [33,159,201–203,213,215–217]. The
TRPV-steroid hormone interaction has also been observed in the sensory neurons [218] and
brain [159,201], and the ion channel expression is modulated by estradiol. Estrogen receptors
are widely expressed in the brain [219–222] and the estrogen receptor activity in mouse brain
is influenced by estrous cycle [223]. While TRPV1 expression in the amygdala, prefrontal
cortex, and thalamus is estradiol independent, hippocampal TRPV1 expression is regulated
by estradiol [224]. The TRPV6-expressing neurons in the hypothalamic arcuate nucleus in
mice co-express ERα [201], and the expression of TRPV5/TRPV6 in the hypothalamus
showed estrous cycle-dependent changes [159,201]. In addition to CNS, 17β-estradiol also
interacts with TRPV ion channels in the sensory neurons. While the hormone enhances the
currents and TRPV1 expression in dorsal root ganglia (DRG) neurons [225], TRPV1
expression in these neurons was inhibited by non-classical estrogen-signalling pathway [226].
Estradiol via estrogen receptors increases the expression of TRPV1 in uterine cervical
afferent as well as DRG neurons [227].
In this background, the present study was aimed at finding out whether TRPV1-6 ion
channels serve as direct targets of estradiol and changes in circulating levels of estradiol
during estrous cycle modulates their gene expression in the brain.

Champion ChiP

Transcription Factor Search Portal and Dragon ERE Finder v 3.0 [228] are well established
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bioinformatic tools to identify the putative estrogen binding sites in the genes [229]. Using
these tools, we have determined if the promoter regions of TRPV1-6 genes contain estrogen
response elements (ERE). Next, we have studied whether the TRPV1-6 mRNA expression in
the brain of mice show correlation with estrous cycle. Different brain regions, known to
express estrogen receptors, were isolated from the mice during each stage of estrous cycle
and processed for qRT-PCR analysis using TRPV1-6 specific primers.

We have also

explored the relative expression of TRPV1-6 mRNA in different brain regions of male mice.
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MATERIALS AND METHODS
Animals
Adult, female and male BALB/c mice [25-30 g body weight (BW)] were housed
under standard temperature and humidity of the animal house facility at NISER,
Bhubaneswar, India and given ad libitum food and water. All the experimental procedures
employed in this study were approved by the Institutional Animal Ethical Committee
(IAEC), NISER, Bhubaneswar, under the Committee for the Purpose of Control and
Supervision of Experiments for Animals (CPCSEA), New Delhi, India.

Assessment of the estrous cycle
Estrous cycle in mice was assessed as previously described [201,230]. In brief, the
vaginal smears were collected on slides and observed under light microscope. The cell types
present in the vaginal smears during the four different stages of the cycle were identified
(Proestrus: nucleated epithelial cells; Estrus: cornified cells; Metestrus: mixture of
leukocytes, nucleated epithelial and cornified cells; Diestrus: predominant leukocytes in
diestrus). Based on the cell types present in the smear, the mice in each stage of the estrous
cycle were identified.

Tissue collection for quantitative real-time polymerase chain reaction (qRT-PCR)
Mice showing regular estrous cycle were used in further experiments. Three mice
per stage of the estrous cycle, and three male mice were anesthetized with an intraperitoneal
(i.p.) injection of a mixture containing ketamine (Neon Laboratories Ltd., Mumbai, India;
80 mg/kg BW) and xylazine (Stanex Drugs and Chemicals Pvt. Ltd., Hyderabad, India; 10
mg/kg BW). The brains were isolated, frozen on dry-ice. Using a sterile stainless steel
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blade, the olfactory bulb, cortex, hypothalamus, hippocampus, brainstem and cerebellum
were isolated and stored at - 80 ˚C.

Total RNA isolation and qRT-PCR
The tissues were homogenized in 1 ml QIAzol lysis reagent using TissueLyser
(Qiagen) at 50 Hz for 2 mins. Total RNA were isolated from each brain region of each animal
using RNeasy Lipid Tissue Mini Kit (Qiagen). The RNA was quantified in NanoDrop 2000
Spectrophotometer (Thermo Scientific). One μg of the total RNA from each tissue were
reverse transcribed into cDNA using QuantiTect Reverse Transcription Kit (Qiagen). qRTPCR was performed as described earlier [159]. Briefly, 2 μl of the cDNA from each brain
regions were amplified in 7500 Real Time PCR System (Applied Biosystems) using KAPA
SYBR Fast qPCR master mix (2X) (KAPA Biosystems) along with the TRPV primers. The
details of primers used for relative quantification of TRPV1-6 in the mouse brain are given in
Table 1. The specificity of the primers and amplification of single correct sized fragment was
confirmed by running the amplified amplicons along with 100 bp DNA ladder (Gene Ruler,
Cat. # SM0243, Thermo Scientific) on 1 % agarose gel.

The DNA was eluted using

QIAquick gel extraction kit (Cat. # 28704, Qiagen) and sequenced at DNA sequencing
facility (Institute of Life Sciences, Bhubaneswar, India). The relative expressions of TRPV16 mRNA were normalized by HPRT mRNA (endogenous control) and represented as relative
CT values (CT of TRPV/CT of HPRT), as previously described [231].
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Table 1: Quantitative real-time PCR primer sequences for mouse TRPVs (target genes) and
HPRT (endogenous control gene).

Target

Amplicon length
Primer

Primer sequence (5’--->3’)

gene

(bp)
F

CAAACTCCACCCCACACTGA

R

AGGCCAAGACCCCAATCTTC

F

GTTTGACCGTGACCGACTCT

R

GAGCCTTCTGTGTATGCCGA

F

GCCCCTCATGGGCAAAAGAA

R

GTGTGCACTCTTCTTGGTGGG

F

ACTGGAACCAGAACTTGGGC

R

AGGACCAACGATCCCTACGAA

F

CTTACGGGTTGAACACCACCA

R

TTGCAGAACCACAGAGCCTCTA

F

GGGGTTAATACTCTGCCTATGG

R

GCACCTCACATCCTTCAAACTT

F

TTATCAGACTGAAGAGCTACTGTAATGATC

R

TTACCAGTGTCAATTATATCTTCAACAATC

TRPV1

101

TRPV2

123

TRPV3

100

TRPV4

111

TRPV5

163

TRPV6

191

HPRT

127
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Bioinformatics analysis of TRPV1-6 genes for putative estrogen response elements
The promoter sequences of mouse TRPV1-6 genes from −3000 to +1000 bp relative
to transcription start site (TSS) were obtained using EPDnew Mouse version 002 [232].
These promoter sequences were further analyzed for putative estrogen response element
(ERE) patterns at the sensitivity of 87% using Dragon ERE Finder version 3.0 [228].
The promoter sequences of mouse TRPV1-6 genes were further analyzed using
Champion ChiP Transcription Factor Search Portal for ERα binding site. The Champion
ChiP Transcription Factor Search Portal is based on SABiosciences' proprietary database
known as DECipherment Of DNA Elements (DECODE).

Statistical analysis
Three biological replicates per group were used. Each biological replicate was
further tested thrice (n = 3, three technical replicates) to obtain CT value. Any outlier in
technical replicates was omitted by the 7500 Real Time PCR System software (Applied
Biosystems). Expression of TRPV1-6 genes in different regions of the brain is represented
as mean CT value (mean of technical replicates). Two close mean CT values for each TRPV
gene/brain region/group (N = 2, two biological replicates) were analysed using GraphPad
Prism (GraphPad Software Inc., USA) using Two-way ANOVA followed by Tukey's
multiple comparison test. P < 0.05 was considered statistically significant.
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RESULTS
TRPV1-6 mRNA expression in the mouse brain
Using qRT-PCR, a single band of appropriate sized amplicon for HPRT as well as
each member of the TRPV subfamily viz. TRPV1, TRPV2, TRPV3, TRPV4, TRPV5 and
TRPV6, was observed in different compartments (olfactory bulb, cortex, hypothalamus,
hippocampus, brainstem, and cerebellum) of the male mouse brain (Fig. 1). Sequencing of
TRPV1-6 amplicons followed by Mus musculus Nucleotide BLAST analysis confirmed the
amplification of correct gene using respective set of primers (sequencing data not shown).

Putative functional ERE patterns in the promoter region of mouse TRPV1-6 genes
Analysis of the promoter sequences of mouse TRPV1-6 genes using Champion ChiP
Transcription Factor Search Portal detected ERα binding sites in the promoter regions of
TRPV1, TRPV3, TRPV5 and TRPV6 genes (Table 2).

While no ERα binding sites were

detected in the promoter regions of TRPV2 and TRPV4 genes using Champion ChiP
Transcription Factor Search Portal, screening with the Dragon ERE Finder 3.0 showed the
presence of putative functional ERE patterns in the promoter regions of TRPV1-6 genes
(Table 3).

TRPV1-6 mRNA levels in the mouse brain during estrous cycle
The TRPV1-6 mRNA expression in the brain during different stages of the estrous
cycle in mice is shown in Figures 2-9. The expression of each ion channel in different
regions of the mice brain (olfactory bulb, cortex, hypothalamus, hippocampus, brainstem, and
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Figure 1: TRPV1-6 mRNA expression in the mouse brain. The bands represent the qRTPCR products. L, DNA ladder; OB, olfactory bulb; Co, cortex; Hyp, hypothalamus; Hip,
hippocampus; BS, brainstem; Ce, cerebellum; NTC, no template control; bp, basepair.
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Table 2: ER-α binding sites in the promoter region of mouse TRPV1-6 genes analysed using
Champion ChiP Transcription Factor Search Portal. The Champion ChiP Transcription
Factor Search Portal is based on SABiosciences' proprietary database known as DECODE
(DECipherment Of DNA Elements).

Gene

Binding Position

Strand

Binding Sequence

TRPV1

chr11: 73036440-73036458

+

CCTGGGCCATGTGACCCGG

TRPV2

no binding site

TRPV3

chr11: 73068349-73068367

+

CAAGCGCACCCTGAGCTTC

TRPV4

no binding site

TRPV5

chr6: 41625403-41625421

+

GCAGTGCAGTCTGACCTGG

TRPV6

chr6: 41576999-41577017

+

GTAGTGCAGTCTGACCTGG
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Table 3: Putative functional estrogen response element (ERE) patterns in the promoter region
of mouse TRPV1-6 genes analysed using Dragon ERE Finder version 3.0. EPDnew Mouse
version 002 was used to get promoter sequence from -3000 to +1000 bp relative to TSS.
These promoters were further analysed for putative ERE patterns.

Expected ERE sensitivity: 87 %
Gene

Promoter ID
Strand

TRPV1 FP013256 Trpv1_1 :+U

+

ERE Pattern
AA-GGGCA-GCC-CAGCC-TC

EU:NC; range -3000 to 1000
TRPV2 FP013052 Trpv2_1 :+U

No ERE pattern

EU:NC; range -3000 to 1000
FP013053 Trpv2_2 :+U

+

GT-GGTCC-TGA-TGATC-AG

+

GT-GGTGG-GTG-TGGCC-TG

−

CT-GATCA-CTA-CAACC-TG

+

AA-GAACA-AGT-CAGCC-TC

+

CG-GGTGG-GCG-GGACC-CC

−

TG-GGTGG-CCG-TGGTC-TC

+

CA-AGTCT-GTC-TGACT-CA

+

CA-GGGCT-GTA-TGGCC-TG

+

TA-GCACA-GGC-TGCCC-TC

−

CC-AGTCC-CCC-TAGCC-TG

EU:NC; range -3000 to 1000
TRPV3 FP013257 Trpv3_1 :+U
EU:NC; range -3000 to 1000
TRPV4 FP006010 Trpv4_1 :+U
EU:NC; range -3000 to 1000

TRPV5 FP006756 Trpv5_1 :+U
EU:NC; range -3000 to 1000
TRPV6 FP006755 Trpv6_1 :+U
EU:NC; range -3000 to 1000
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cerebellum), and the changes in their mRNA levels in each of these brain regions are
described below.

TRPV1
Compared to metestrus and diestrus phases, significantly lower level of TRPV1
mRNA expression was observed in the olfactory bulb (Fig. 2A), cortex (Fig. 2B),
hypothalamus (Fig. 2C), hippocampus (Fig. 3A), brainstem (Fig. 3B), and cerebellum (Fig.
3C) during proestrus (Figs. 4A, 5A). Except in the hypothalamus (Fig. 2C) and olfactory
bulb (Fig. 2A), similar changes in TRPV1 mRNA expression levels were also observed in
other brain regions of mice in estrus compared to those in metestrus and diestrus (Figs. 2B,
3A-C, 4A, 5A). In the olfactory bulb (Fig. 2A) and hypothalamus (Fig. 2C), significantly
lower levels of TRPV1 mRNA were detected during proestrus as compared to that in estrus
(Figs. 4A, 5A).

TRPV2
Compared to estrus, metestrus, and diestrus phases, significantly higher level of
TRPV2 mRNA was observed in the olfactory bulb (Fig. 2D), cortex (Fig. 2E), hypothalamus
(Fig. 2F), hippocampus (Fig. 3D), brainstem (Fig. 3E), and cerebellum (Fig. 3F) during
proestrus phase (Figs. 4B, 5B). In the cerebellum (Fig. 3F), compared to estrus phase, a
significant decrease in TRPV2 mRNA levels was observed during diestrus phase (Figs. 4B,
5B).

TRPV3
Compared to metestrus, significant decrease in TRPV3 mRNA level was observed in
the cortex (Fig. 2H), hypothalamus (Fig. 2I), brainstem (Fig. 3H), and cerebellum (Fig. 3I)
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during estrus (Figs. 4C, 5C).

Higher TRPV3 mRNA expression was seen in the

hypothalamus (Fig. 2I) and hippocampus (Fig. 3G) during diestrus compared to estrus (Figs.
4C, 5C). During proestrus, the TRPV3 mRNA level in all the brain regions was comparable
(P>0.05) to that observed during estrus, metestrus, and diestrus phases.

TRPV4
Compared to estrus, higher TRPV4 mRNA level was detected in the olfactory bulb
(Fig. 2J), cortex (Fig. 2K), hypothalamus (Fig. 2L), and brainstem (Fig. 3K) of mice in
proestrus (Figs. 4D, 5D). Compared to metestrus and diestrus phases, significantly higher
expression of TRPV4 mRNA was observed in the hypothalamic tissue (Fig. 2L) of mice in
proestrus (Figs. 4D, 5D). Significantly higher expression of TRPV4 was detected in the
hippocampus (Fig. 3J) of mice in proestrus as compared to that in diestrus phase (Figs. 4D,
5D).

TRPV5
TRPV5 mRNA levels in the olfactory bulb (Fig. 2M), cortex (Fig. 2N), and
brainstem (Fig. 3N) were significantly reduced during proestrus compared to estrus,
metestrus, and diestrus phases (Figs. 4E, 5E). A significant decrease in TRPV5 mRNA
expression was observed in the hypothalamus (Fig. 2O), hippocampus (Fig. 3M) and
cerebellum (Fig. 3O) of mice in proestrus and estrus compared to that in the metestrus and
diestrus phases (Figs. 4E, 5E).

TRPV6
Compared to estrus, metestrus, and diestrus phases, significantly higher TRPV6
mRNA level was detected in the olfactory bulb (Fig. 2P), cortex (Fig. 2Q), hypothalamus
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(Fig. 2R), hippocampus (Fig. 3P), brainstem (Fig. 3Q), and cerebellum (Fig. 3R) of mice in
proestrus (Figs. 4F, 5F).

Estrous cycle-related changes in TRPV1-6 mRNA expression in the olfactory bulb
The changes in TRPV1-6 mRNA expression in the olfactory bulb during estrus cycle
are shown in Figures 6A-D, 8A, and 9A. In the olfactory bulb, a significant increase in
TRPV1 mRNA levels was observed in the estrus compared to the proestrus phase. TRPV1
mRNA level in the olfactory bulb of mice in the estrus, metestrus, and diestrus phases was
comparable. Similar to TRPV1, the expression of TRPV5 mRNA in the olfactory bulbs
during estrous cycle also showed similar pattern. TRPV2 mRNA was abundantly expressed
in the olfactory bulbs of mice in proestrus but reduced levels were seen in the tissues
collected during estrus, metestrus, and diestrus phases. During proestrus, abundant TRPV2
and least TRPV5 mRNA expression were observed in the olfactory bulb. TRPV1 mRNA
was significantly lower than TRPV2-4 and TRPV6 mRNAs, TRPV2 mRNA was
significantly higher than TRPV3-6, TRPV3 mRNA significantly lower than TRPV4 and
significantly higher than TRPV5, TRPV5 mRNA was significantly lower than TRPV4 and
TRPV6 in olfactory bulbs during proestrus. During estrus TRPV6 mRNA level was
significantly lower than the mRNA levels of TRPV1 and TRPV5. The TRPV2 mRNA level
was significantly higher than TRPV3-6 mRNA levels. The TRPV6 mRNA level was also
significantly reduced compared to those of TRPV1-5 during metestrus and TRPV1-3 and
TRPV5 during diestrus.

Estrous cycle-related changes in TRPV1-6 mRNA expression in the cortex
The changes in TRPV1-6 mRNA expression in the cortex during estrus cycle are
shown in Figures 6F-I, 8B, and 9B. During proestrus, highest level of TRPV2 and lowest
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level of TRPV1 mRNA were detected in the cortex. Compared to TRPV2-4 and TRPV6,
significantly lower level of TRPV1 mRNA was observed in the cortex during proestrus.
Cortical TRPV1 and TRPV5 mRNA levels were comparable during proestrus. In the cortex
of mice during proestrus, compared to the TRPV1 and TRPV3-6 mRNA levels, significantly
higher TRPV2 mRNA level was observed. TRPV3 mRNA level detected in the cortex of
mice in proestrus was significantly lower than TRPV4 and TRPV6, but higher than TRPV5
mRNA level. TRPV5 mRNA levels were significantly lower than TRPV4 and TRPV6 in
cortex of proestrus mice. During estrus, as compared to other TRPV mRNA, significantly
higher level of TRPV2 mRNA levels was detected in cortex. During metestrus and diestrus,
as compared to TRPV4 and TRPV6, higher level of TRPV2 mRNA was observed in the
cortex. The TRPV5 mRNA level was significantly higher than TRPV6 in the cortex of mice
in metestrus.

Estrous cycle-related changes in TRPV1-6 mRNA expression in the hypothalamus
The changes in TRPV1-6 mRNA expression in the hypothalamus during estrus cycle
are shown in Figures 6K-N, 8C, and 9C. Highest level of TRPV2 and lowest TRPV5 mRNA
levels were observed in the hypothalamus of mice during proestrus. During this phase of
estrous cycle, compared to levels of TRPV2, TRPV4, and TRPV6 mRNA, significantly lower
level of TRPV1 mRNA was detected in the hypothalamus. While TRPV2 mRNA level was
significantly higher than TRPV3-6, the TRPV3 level was lower than TRPV4 but higher than
TRPV5. The TRPV5 mRNA level was significantly lower than those of TRPV4 and TRPV6.
During estrus, TRPV1 level was significantly higher than TRPV3, TRPV5, and TRPV6;
TRPV2 levels were significantly higher than TRPV3-6, and TRPV4 levels were significantly
higher than TRPV6. The TRPV6 mRNA level was significantly lower than TRPV1-5 during
metestrus and diestrus.
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Estrous cycle-related changes in TRPV1-6 mRNA expression in the hippocampus
The changes in TRPV1-6 mRNA expression in the hippocampus during estrous
cycle are shown in Figures 7A-D, 8D, and 9D. Hippocampal levels of TRPV2 mRNA level
was highest and that of TRPV5 lowest during proestrus. During this phase, the TRPV1
mRNA level was significantly lower than TRPV2-4 and TRPV6. The TRPV2 mRNA level
was significantly higher than TRPV3-6. The TRPV3 mRNA level was significantly lower
than those of TRPV4 and TRPV6, and significantly higher than that of TRPV5. The TRPV5
mRNA level was significantly lower than the mRNA levels of TRPV4 and TRPV6. During
estrus, TRPV1 mRNA level was significantly lower than those of TRPV2 and TRPV4. The
TRPV2 mRNA level was significantly higher than the levels of TRPV3, TRPV5, and TRPV6
mRNA. Compared to TRPV3, TRPV5, and TRPV6, higher level of TRPV4 mRNA was
observed. During metestrus, TRPV6 level was significantly lower than the mRNA levels of
other TRPV ion channels. The hippocampal TRPV6 mRNA level was significantly lower
than TRPV1-3 during diestrus.

Estrous cycle-related changes in TRPV1-6 mRNA expression in the brainstem
The changes in TRPV1-6 mRNA expression in the brainstem during estrus cycle are
shown in Figures 7F-I, 8E, and 9E. During proestrus, highest TRPV2 and lowest TRPV5
mRNA levels were observed in the brainstem. While the TRPV1 levels were significantly
lower than TRPV2, TRPV4, and TRPV6, the TRPV2 mRNA level was significantly higher
than those of TRPV3-6. Compared to TRPV4 and TRPV6, lower level of TRPV3 mRNA
was observed. The TRPV3 mRNA levels were higher than that of TRPV5. Compared to
TRPV4 and TRPV6 mRNA levels, significantly lower level of TRPV5 mRNA was observed.
During estrus, the TRPV2 mRNA level was significantly higher than those of TRPV1,
TRPV3, TRPV5, and TRPV6; and TRPV6 mRNA level was significantly lower than that of
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TRPV4. The brainstem TRPV6 mRNA level was significantly lower than TRPV1-5 mRNA
levels during metestrus and diestrus phases.

Estrous cycle-related changes in TRPV1-6 mRNA expression in the cerebellum
The changes in TRPV1-6 mRNA expression in the cerebellum during estrus cycle
are shown in Figures 7K-N, 8F, and 9F.

During proestrus, while TRPV2 was highly

expressed, lowest level of TRPV5 mRNA was seen in the cerebellum. The TRPV1 mRNA
level was significantly lower than those of TRPV2, TRPV4, and TRPV6.

The TRPV2

mRNA level was significantly higher than those of TRPV3-6. The TRPV3 mRNA level was
significantly lower than those of TRPV4 and TRPV6, but significantly higher than that of
TRPV5. The TRPV5 mRNA level was significantly lower than those of TRPV4 and TRPV6.
During estrus, the TRPV1 mRNA was significantly lower than TRPV2 and TRPV4. The
TRPV2 expression was significantly higher than those of TRPV3-6. The expression of
TRPV4 was significantly higher than those of TRPV3, TRPV5, and TRPV6.

During

metestrus, the TRPV2 mRNA levels were significantly higher than those of TRPV3, TRPV4,
and TRPV6; and TRPV6 mRNA levels were significantly lower than those of TRPV1 and
TRPV3-5. During diestrus, compared to the mRNA levels of TRPV1, TRPV2, TRPV4 and
TRPV5, significantly lower level of TRPV6 mRNA was observed in the cerebellum. During
this stage, compared to the TRPV3, the TRPV2 mRNA levels remained significantly
elevated.

TRPV1-6 mRNA levels in different regions of the brain of male mice
TRPV1-6 mRNA levels in the olfactory bulb, cortex, hypothalamus, hippocampus,
brainstem, and cerebellum of male mice are shown in Figures 2-9. A comparable level of
TRPV1-6 mRNA was observed in the olfactory bulbs of male mice (Figs. 6E, 8A, 9A).
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TRPV2 mRNA level was significantly higher as compared to TRPV5 and TRPV6 in the
cortex of male mice (Figs. 6J, 8B, 9B). In the hypothalamus, the TRPV6 mRNA level was
significantly lower than TRPV2, TRPV3, and TRPV4 whereas the TRPV5 mRNA level was
significantly lower than TRPV2 (Figs. 6O, 8C, 9C). In the hippocampus, while the TRPV4
mRNA level was significantly higher than TRPV1, the TRPV5 level was significantly lower
than TRPV2 and TRPV4 (Figs. 7E, 8D, 9D).

In the brainstem, compared to TRPV2,

significantly lower level of the TRPV5 mRNA was observed (Figs. 7J, 8E, 9E). Cerebellar
TRPV6 mRNA level was significantly lower than TRPV1-4 whereas TRPV5 level was
significantly lower than TRPV2 (Figs. 7O, 8F, 9F). Except hippocampal TRPV4 mRNA
(Figs. 3J, 4D, 5D) and the TRPV6 expression in the olfactory bulb (Figs. 2P, 4F, 5F),
hippocampus (Figs. 3P, 4F, 5F) and brainstem (Figs. 3Q, 4F, 5F), the mRNA levels of TRPV
in various brain compartments of male mice were comparable to that of female mice during
metestrus and diestrus (Figs. 2-9).
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Figure 2: Estrous cycle-related changes in TRPV1-6 mRNA expression in the olfactory
bulb, cortex, and hypothalamus of mice. Changes in TRPV1 (A-C), TRPV2 (D-F),
TRPV3 (G-I), TRPV4 (J-L), TRPV5 (M-O), and TRPV6 (P-R) mRNA levels in the olfactory
bulb (A, D, G, J, M, P), cortex (B, E, H, K, N, Q), and hypothalamus (C, F, I, L, O, R) of
mice during proestrus, estrus, metestrus, and diestrus stages of the estrous cycle, and in male
mice. The relative CT values are represented as mean ± SD. The statistical comparison is
represented above each bar [*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001 compared
to the proestrus (PE), estrus (E), metestrus (ME), diestrus (DE) or male mice (M)]
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Figure 3: Estrous cycle-related changes in TRPV1-6 mRNA expression in the
hippocampus, brainstem, and cerebellum of mice. Changes in TRPV1 (A-C), TRPV2 (DF), TRPV3 (G-I), TRPV4 (J-L), TRPV5 (M-O), and TRPV6 (P-R) mRNA levels in the
hippocampus (A, D, G, J, M, P), brainstem (B, E, H, K, N, Q), and cerebellum (C, F, I, L, O,
R) of mice during proestrus, estrus, metestrus, and diestrus stages of the estrous cycle, and in
male mice. The relative CT values are represented as mean ± SD. The statistical comparison
is represented above each bar [*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001
compared to the proestrus (PE), estrus (E), metestrus (ME), diestrus (DE) or male mice (M)].
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Figure 4: Representation of estrous cycle-related changes in TRPV1-6 mRNA levels in
different brain regions of mice. Representation of overall changes in TRPV1 (A), TRPV2
(B), TRPV3 (C), TRPV4 (D), TRPV5 (E), and TRPV6 (F) mRNA levels in the olfactory bulb
(OB), cortex (Co), hypothalamus (Hyp), hippocampus (Hip), brainstem (BS), and cerebellum
(Ce) of mice during proestrus, estrus, metestrus, and diestrus stages of the estrous cycle, and
in male mice. The relative CT values are represented as mean ± SD.
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Figure 5: Heat maps showing estrous cycle-related changes in TRPV1-6 mRNA levels in
the olfactory bulb, cortex, hypothalamus, hippocampus, brainstem, and cerebellum of
mice. Heat maps showing mRNA levels of TRPV1 (A), TRPV2 (B), TRPV3 (C), TRPV4
(D), TRPV5 (E), and TRPV6 (F) in the olfactory bulb (OB), cortex (Co), hypothalamus
(Hyp), hippocampus (Hip), brainstem (BS), and cerebellum (Ce) of mice during proestrus,
estrus, metestrus, and diestrus stages of the estrous cycle, and in male mice. The relative C T
values are represented as mean.
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Figure 6: Estrous cycle-related changes in TRPV1-6 mRNA expression in the olfactory
bulb, cortex, and hypothalamus of mice. TRPV1-6 mRNA expression in the olfactory bulb
(A-E), cortex (F-J), and hypothalamus (K-O) of mice during proestrus (A, F, K), estrus (B, G,
L), metestrus (C, H, M), and diestrus (D, I, N) stages of the estrous cycle, and in male mice
(E, J, O). The relative CT values are represented as mean ± SD. The statistical comparison is
represented above each bar [*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001 compared
to TRPV1-6 (V1-V6)].
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Figure 7: Estrous cycle-related changes in TRPV1-6 mRNA expression in the
hippocampus, brainstem, and cerebellum of mice. TRPV1-6 mRNA expression in the
hippocampus (A-E), brainstem (F-J), and cerebellum (K-O) of mice during proestrus (A, F,
K), estrus (B, G, L), metestrus (C, H, M), and diestrus (D, I, N) stages of the estrous cycle,
and in male mice (E, J, O). The relative CT values are represented as mean ± SD. The
statistical comparison is represented above each bar [*, P<0.05; **, P<0.01; ***, P<0.001;
****, P<0.0001 compared to TRPV1-6 (V1-V6)].
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Figure 8: Representation of estrous cycle-related changes in TRPV1-6 mRNA levels in
different brain regions of mice. Representation of overall changes in TRPV1-6 mRNA
expression in the olfactory bulb (A), cortex (B), hypothalamus (C), hippocampus (D),
brainstem (E), and cerebellum (F) of mice during proestrus, estrus, metestrus, and diestrus
stages of the estrous cycle, and in male mice. The relative C T values are represented as mean
± SD.
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Figure 9: Heat maps showing estrous cycle-related changes in TRPV1-6 mRNA levels in
the olfactory bulb, cortex, hypothalamus, hippocampus, brainstem, and cerebellum of
mice. Heat maps showing mRNA levels of TRPV1-6 in the olfactory bulb (A), cortex (B),
hypothalamus (C), hippocampus (D), brainstem (E), and cerebellum (F) of mice during
proestrus, estrus, metestrus, and diestrus stages of the estrous cycle, and in male mice. The
relative CT values are represented as mean.

99 | P a g e

Chapter 2

DISCUSSION
TRPV subfamily of ion channels has emerged as novel cationic channels. These ion
channels are gated by a range of external as well as internal stimuli, expressed in the
peripheral tissues as well as sensory neurons, and have been suggested to control a range of
cellular and physiological processes. Recent evidences have demonstrated the presence of
TRPV ion channels in the brain. TRPV1 mRNA was observed in the brain [231,233] and
neurons expressing TRPV1 were seen in the olfactory bulb, hypothalamus, hippocampus,
midbrain, brainstem, and cerebellum [213,234–237].

TRPV2-ir neurons reside in the

cerebral cortex, preoptic region, hypothalamus, and hindbrain [202,235]. The presence of
TRPV3-equipped neurons has been described in the cerebral cortex, midbrain, and brainstem
[215,238]. The neurons as well as astrocytes in the brain have been shown to express TRPV4
[239–241] and TRPV5 [159]. The TRPV4-expressing cell bodies were observed in the
cerebral cortex, hippocampus, thalamus, preoptic area, hypothalamus and cerebellum
[240,241]. Wide organization of TRPV5- and TRPV6-immunoreactive neurons was seen in
the brain including olfactory bulb, hypothalamus, hippocampus, cortex, midbrain, brainstem
and cerebellum [159,201]. Activity of TRPV1, TRPV5 and TRPV6 in the sensory neurons,
peripheral tissues, and brain seem to be modulated by circulating levels of estradiol during
estrous cycle. While the present study is in agreement with the reports showing presence of
TRPV1-6 ion channel expression in different brain compartments, changes in the expression
of these ion channels in each brain region during estrous cycle suggest that circulating levels
of estradiol may regulate neuronal function by differentially modulating the expression of
TRPV ion channels.
Using Champion ChiP Transcription Factor Search Portal as well as Dragon ERE
Finder version 3.0 [228], we found the putative estrogen binding sites in the promoter region
of TRPV1-6 genes. The Champion ChiP Transcription Factor Search Portal is a widely used
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bioinformatics tool to identify the putative binding sites of the transcription factors in the
gene of interest. Using ChIP search portal, no putative ERα binding sites were detected in
the promoter regions of TRPV2 and TRPV4 genes, but the promoter sequences of TRPV1,
TRPV3, TRPV5 and TRPV6 genes showed ERα binding domains. For further validation, we
have employed Dragon ERE Finder tool. This program has been developed to identify
putative estrogen receptor elements in the genes of interest [228] and has used to identify the
candidate estrogen responsive genes [229]. Application of this tool revealed the presence of
putative ERE pattern in the promoters of TRPV1-6 genes. We suggest that the circulating
levels of estradiol by interacting with specific estrogen receptors may directly influence the
expression and activity of TRPV channels in the brain.
The olfactory bulb, cortex, hypothalamus, hippocampus, brainstem, and cerebellum
are known to express estrogen receptors [219–221]. Expression of ERα as well as ERβ
mRNA have been described in different brain regions of adult male mice [ERα:
hypothalamus > brainstem > cerebral cortex > hippocampus > olfactory areas > cerebellum;
and ERβ: hypothalamus > brainstem > cerebral cortex > olfactory areas > hippocampus]
[219]. The 3D spatial gene expression data from the Allen Brain Atlas showed the mRNA
expression of ERα and ERβ throughout the mouse brain [ER-α: hypothalamus > olfactory
areas > brainstem > cerebellum = hippocampus = cortex, and ER-β: hypothalamus >
olfactory areas > brainstem = hippocampus = cortex > cerebellum] [220]. The expressions of
TRPV1-6 mRNA in these regions of the mouse brain suggest that estradiol may regulate
neuronal function in these brain regions by modulating TRPV ion channels.
We have observed decreased TRPV1 mRNA expression during proestrus and estrus
phases when estradiol levels remain high. Although estradiol is known to interact with
TRPV1 in CNS as well as DRG neurons, the role of hormone in the regulation of TRPV1
expression is still not clear. TRPV1 expression in the amygdala, prefrontal cortex, and
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thalamus seems estradiol independent whereas hippocampal TRPV1 expression is modulated
by estradiol [224]. In DRG neurons, estradiol increases the currents and TRPV1 expression
[225]. Xu et al. (2008) suggested that the expression of TRPV1 expression in sensory
neurons was inhibited by non-classical estrogen-signalling pathway [226].

In addition,

estradiol via estrogen receptors has been shown to increase the expression of TRPV1 in
uterine cervical afferent as well as DRG neurons [227].
In the olfactory bulb, cortex, hypothalamus, hippocampus, brainstem, and
cerebellum, lower levels of TRPV5 mRNA were observed during the proestrus phase as
compared to its expression levels in the metestrus and diestrus. The TRPV5 mRNA levels
in the hypothalamus, hippocampus, and cerebellum of mouse in estrus were comparable to
those in proestrus. Recently, reduced TRPV5 immunoreactivity has been shown in the
astrocytes of arcuate nucleus during proestrus and estrus, as compared to those in the
metestrus and diestrus [159]. Further, the percentage of TRPV5-equipped CART neurons in
the arcuate nucleus were reduced during proestrus as compared to those in estrus, metestrus,
and diestrus [159]. TRPV5 and TRPV6 seem to serve as potential mediator of estradiol
signalling in the brain, and TRPV5 and TRPV6 mRNA levels in the brain appears to be
regulated in opposite manner during estrous cycle.

The TRPV5 and TRPV6

immunoreactive cells in the arcuate nucleus co-express ERα [159,201] and estradiol
treatment up-regulate renal TRPV5 and Ca2+ reabsorption [140,141,207]. The regulation of
TRPV5 ion channel by estradiol seems to be mediated via estrogen receptors [210].
Compared to estrus, metestrus, and diestrus, an increase in TRPV6 mRNA level was
observed in the olfactory bulb, cortex, hypothalamus, hippocampus, brainstem, and
cerebellum during proestrus. Recently, we have shown a rise in TRPV6 protein levels in the
hypothalamic tissue of mouse during proestrus and estrus as compared to that in metestrus
and diestrus [201]. Evidences suggest potential role of estradiol in the regulation of TRPV6.
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The presence of a putative ERE has been demonstrated in the promoter sequence of TRPV6
[34]. While the expression of TRPV6 in the duodenum of mouse remained unaltered by
estrogen treatment [34], a significant increase in the expression of TRPV6 was observed in
the duodenum of rats as well mice following estradiol treatment [141]. In contrast to
duodenum, the renal TRPV6 level remained unaffected by treatment with estradiol in
combination with progesterone [242]. The intestinal TRPV6 mRNA expression was reduced
in ERα KO mice but not in ERβ KO mice [211]. TRPV6 expression in mice seem to be
mediated via estrogen receptors since it was blocked by ICI 182, 780 (anti-estrogen)
treatment [212].

Estradiol treatment results in significant increase in TRPV6 mRNA

expression in the gilt endometrial explants and Ishikawa cell line [208,243].
In addition to estradiol, other steroid hormones have also been shown to modulate
the activity of TRPV ion channels. Glucocorticoid-induced transient increase in miniature
excitatory postsynaptic currents in the feeding-related, preautonomic PVN neurons seem to
be mediated via TRPV1 and TRPV4 [244]. In isolated DRG neurons, treatment with
pregnenolone sulphate and dehydroepiandrosterone has resulted in inhibition of the
capsaicin-induced ionic currents [245,246].

Although the present study describes the

changes in the expression pattern of TRPV channels in the brain in response to circulating
estradiol levels, it is not clear how the hormone in a given region of brain influences the
expression of TRPV1-6 differently. We propose that estradiol and other steroid hormones
by regulating TRPV expression in different brain regions may modulate neuronal function,
plasticity, and behaviour.
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TRANSIENT RECEPTOR POTENTIAL VANILLOID 5 (TRPV5), A
HIGHLY

Ca2+-SELECTIVE

TRP

CHANNEL

IS

WIDELY

DISTRIBUTED IN THE BRAIN AND MAY SERVE AS POTENTIAL
MODULATOR OF ARCUATE NUCLEUS CART NEURONS

Kumar S, Singh U, Goswami C, Singru PS. (2017). Transient receptor potential vanilloid 5
(TRPV5), a highly Ca2+-selective TRP channel in the rat brain: relevance to neuroendocrine
regulation. Journal of Neuroendocrinology 29, 4, DOI: 10.1111/jne.12466
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INTRODUCTION
Transient receptor potential vanilloid (TRPV) subfamily constitutes a group of ion
channels gated by vanilloid compounds, temperature, osmotic and pH changes, certain
lipophilic agents, and steroid hormones [137]. The TRPV subfamily consists of six members
viz., TRPV1-6 [214]. While TRPV1-4 are non-selective cation channels and known as
‘Thermo TRPs’ as these respond to temperature changes [247], TRPV5 and TRPV6 are
highly selective for Ca2+, but are temperature insensitive [248].
Reports underscoring the importance of TRPV channels in neural and
neuroendocrine regulation are emerging [31,33,249]. While gene expression studies suggest
the presence of TRPV mRNA in the brain tissue [216], neuroanatomical organization of
TRPV neurons has also been explored using immunohistochemistry and in situ hybridization
histochemistry (Table 1). Presence of TRPV1, TRPV2 and TRPV4 has been demonstrated in
the PVN and SON nuclei [202,203,213,250]. The oxytocin and vasopressin neurons in these
nuclei express thermosensitive TRPVs and these channels seem to play important regulatory
functions [202,203,250,251]. In addition to the neuronal expression, presence of TRPV
channels was also observed in the astrocytes [252]. While TRPV4-mediated Ca2+ oscillations
were observed in the astrocytic endfeet processes [253], TRPV1 agonist was found to
stimulate cFos expression in the astrocytes [254].
TRPV5 and TRPV6 are unique members of the TRP superfamily. These are highly
selective for Ca2+ (PCa/PNa > 100) [248,255].

Although they share a high degree of

homology, TRPV5 and TRPV6 are distinct epithelial Ca2+ channels [256]. While their
presence and role in the kidney and gastrointestinal tract has been extensively studied
[257,258], the information with reference to brain is much limited. Using RT-PCR analysis,
TRPV5 mRNA expression was observed in the human brain tissue [258], while the presence
of TRPV5 as well as TRPV6 was demonstrated in the mouse brain [257].

Recently,
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organization of TRPV6-immunoreactive elements in the mouse brain has been described
[201] but the relevant information about TRPV5 in the brain (Table 1) and its significance
remains elusive.
Confluent lines of evidences suggest that TRPV5 may be a novel player in
neuroendocrine regulation.

TRPV5 gene has vitamin D (VD) response element in its

promoter [34] and 1, 25-dihydroxyvitamin D3 up regulate TRPV5 expression in the kidney
[258–260].

Both, VD receptors (VDR) [261] as well as binding protein (DBP) are

abundantly expressed in the hypothalamus [262]. While the oxytocin neurons contain VDR
[261], vasopressin neurons express DBP [262], suggesting involvement of VD in the
regulation of these neurons via TRPV5. In this background, we wanted to test the role of
TRPV5 in neuroendocrine regulation. Since there is no information on the neuroanatomical
organization of TRPV5, we first focused on the distribution of TRPV5-immunoreactive
elements in the rat brain using immunofluorescence method.

While TRPV5 cells were

widely noticed in the brain, discrete groups of cells were seen in the hypothalamus. We
employed double immunofluorescence to determine if oxytocin and vasopressin neurons in
the hypothalamus co-express TRPV5. Double immunofluorescence for glial fibrillary acidic
protein (GFAP) and vimentin was used to find out whether astrocytes and tanycytes in the
mediobasal hypothalamus express TRPV5. Recent evidence underscores the importance of
17β-estradiol as potential regulator of TRPV5. The hormone up-regulates TRPV5 mRNA
expression in the kidney [140], and via TRPV5, it seem to modulate influx of Ca2+ in several
cells and estrogen receptors (ER) in osteoclasts [210]. While neurons, as well as astrocytes,
in the ARC express ER [263,264], the nucleus serves as an important site for estrogen
feedback [172]. CART is a novel neuropeptide enriched in the ARC neurons and seems to
play an important role in neuroendocrine regulation [22]. CART and POMC are co-localized
in the ARC neurons [22] and POMC neurons express ERα [180]. CART neurons in the ARC
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have been shown to innervate GnRH neurons in the POA including the AVPe and MnPO
[20,83], CART treatment regulate GnRH neuronal activity in POA [83], and these neurons
respond to ovariectomy and estradiol treatment [265]. Double immunofluorescence was
employed to study if CART neurons and astrocytes in the ARC express TRPV5.

To

determine whether ARC CART neurons equipped with TRPV5 project to the preoptic area,
retrograde neuronal tracer, cholera toxin-β subunit (CtB) was iontophoresced into the AVPe
and MnPO, and using triple immunofluorescence the TRPV5-expressing CART neurons
accumulating CtB were identified in ARC. Finally, we have studied whether the channel
protein expression in these cells show estrous cycle-related changes.
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Table 1: Organization of TRPV-expressing neurons in different areas of the brain
TRPV
Subfamily
Areas of the
brain

TRPV1

TRPV2

TRPV3

TRPV4

TRPV5

TRPV6

Cerebral cortex, olfactory
bulb, hippocampus, basal
ganglia, amygdala, thalamus,
paraventricular
thalamic
nucleus, median preoptic
nucleus
(MnPO),
hypothalamic paraventricular
(PVN), supraoptic (SON),
dorsomedial (DMN), and
arcuate (ARC) nuclei, lateral
hypothalamus,
anterior
hypothalamic
nucleus,
suprachiasmatic
nucleus
(SCN), subfornical organ
(SFO), organum vasculosum
of lamina terminalis (OVLT),
Cerebellar Purkinje cells,
periaqueductal
grey,
intrafascicular, trigeminal and
parabrachial
nuclei,
hypoglossal nucleus, locus
coeruleus (LC), area postrema
(AP), dorsal motor nucleus of
vagus (DMV), nucleus of the
solitary tract (NTS).
[33,213,233,235–237,266–
268]

Cerebral cortex,
PVN,
SCN,
SON,
lateral
hypothalamus,
MnPO, OVLT,
SFO,
ARC,
globus pallidus,
raphae magnus
and pallidus, LC,
inferior
olive,
hypoglossal
nucleus, nucleus
ambiguous,
rostral division
of
the
ventrolateral
medulla, lateral
tegmental
and
pontine nucleus,
AP,
NTS,
nucleus
ambiguss,
trigeminal motor
nucleus.
[33,202,203,235,
250,269]

Cerebral cortex,
thalamus,
hippocampus,
striatum, ventral
tegmental area,
substantia nigra,
hypoglossal
nucleus, medial
NTS.
[33,215,216,270]

Optic
chiasm,
Cortex,
hippocampus,
thalamus,
basal
ganglia,
circumventricular
organ,
medial
preoptic
area
(MPA),
MnPO,
SON, cerebellum.
[33,202,240,271,2
72]

No information
is available.

OB, Ventral pallidum, Piriform cortex,
amygdala, hippocampus, Nucleus of the
horizontal limb of the diagonal band
(HDB), OVLT, medial and lateral
preoptic area, septohypothalamic, SON,
DMN, ARC,
nuclei, anterior
hypothalamic area, Peduncular part of
lateral
hypothalamus,
subincertal
nucleus, zona incerta, SFO, raphe
pallidus,
A11
dopamine
cells,
periolivary nucleus, nucleus
of
trapezoid body, Ventral cochlear
nucleus, Cerebellar Purkinje cells.
[201]
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MATERIALS AND METHODS
Animals
Adult, female, Sprague-Dawley rats (220-250 g) were maintained under 12 h
light:12 h darkness cycle and the standard temperature and humidity of the animal facility.
Food and water was provided ad libitum. All the experimental protocols were reviewed and
approved by the Institutional Animal Ethical Committee (IAEC) at the National Institute of
Science Education and Research (NISER), Bhubaneswar, under the Committee for the
Purpose of Control and Supervision of Experiments for Animals (CPCSEA), New Delhi,
India.

Quantitative real-time PCR (qRT-PCR) analysis
Rats (n = 3) were anaesthetized with intraperitoneal injection of a mixture containing
ketamine [Neon Laboratories Ltd., Mumbai, India; 90 mg/kg body weight (BW)] and
xylazine (Stanex Drugs and Chemicals Pvt. Ltd., Hyderabad, India; 10 mg/kg BW). Brains
were rapidly dissected out and frozen on dry ice. Each brain was mounted on a cryostat and
regions including the olfactory bulb, cortex, hippocampus, hypothalamus, midbrain,
brainstem and cerebellum were micro-dissected out using sterile stainless steel blade. Total
RNA was extracted from each tissue using TRIzol® Reagent (Ambion) as per manufacturer’s
instructions.

The purity of the isolated RNA was detected using 1% agarose gel and

estimated in a NanoDrop 2000 spectrophotometer (Thermo Scientific). Using high-capacity
cDNA reverse transcription kit (Applied Biosystems), 2 μg of the RNA was reversetranscribed to obtain cDNA. Diluted cDNA samples were used for qRT-PCR. The KAPA
SYBR Fast qPCR master mix (2X) (KAPA Biosystems) along with the primers (200 nM) for
rat TRPV5: forward primer 5′-CTTACGGGTTGAACACCACCA-3′ and reverse primer 5′TTGCAGAACCACAGAGCCTCTA-3′

[140]

and

rat

Hprt1:

forward

primer

5’-
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ATGCTGAAGATTTGGAAAAGGTG-3’

and

reverse

5’-

primer

ACACAGAGGGCCACAATG-3’ (designed using IDT-RealTime PCR tool, NM_012583.2),
TRPV5 and Hprt1 cDNAs, respectively were amplified in 7500 Real Time PCR System
(Applied Biosystems). Relative abundance of TRPV5 mRNA was obtained by comparing its
CT values with that of Hprt1 gene, as previously described [231]. The qRT-PCR amplified
products were finally run on 1.7% agarose gel to confirm size of the amplified products.

Tissue processing
Animals were deeply anaesthetized with intraperitoneal injections of ketamine (90
mg/kg BW) and xylazine (10 mg/kg BW) and perfused transcardially with phosphate
buffered saline (PBS, pH 7.4) followed by 100 ml 4% paraformaldehyde in phosphate buffer
(PB, pH 7.4). The brains were removed from the calvarium, post-fixed in the same fixative
and cryoprotected in 25% sucrose solution in PBS. Serial 25 µm thick coronal sections
through the rostro-caudal extent of the brain and spinal cord were cut on a cryostat (Leica
CM3050 S, Leica Microsystems, Nussloch GmbH, Germany) and free-floating sections were
obtained.

Sections were collected in PBS, transferred to the antifreeze solution (30%

ethylene glycol and 25% glycerol in 0.05 M PB), and stored at -20 °C until processed further.

Immunofluorescence
Details of the antisera and their dilutions used for localization of TRPV5 in the brain
and spinal cord, and the phenotypic characterization of TRPV5-expressing cells are given in
Appendix 1. Sections were processed for immunofluorescence as previously described [167].
Application of TRPV5 antiserum at 1:1000 and 1:2500 dilutions followed by Alexa Fluor
488-conjugated anti-rabbit IgG (1:500) produced weak immunofluorescence.

Tyramide

amplification protocol was therefore employed for signal amplification. In brief, a set of free
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floating brain sections from each rat (n = 6) were treated with 0.5% Triton X-100 in PBS
followed by 3% normal horse serum in PBS, and incubated in rabbit polyclonal TRPV5
antiserum at 1:1000 dilution overnight at 4 °C. Following incubation in TRPV5 antiserum,
sections were rinsed in PBS and incubated in biotinylated goat anti-rabbit IgG (Vector
Laboratories,

1:400)

followed

by

streptavidin-peroxidase

(ABC,

1:1000).

The

immunoreaction was amplified using Tyramide Signal Amplification kit as per
manufacturer’s instructions (New England Nuclear Life Science Products, USA). Sections
were incubated in DTAF-avidin (1:300, Jackson ImmunoResearch) for 2 h, rinsed in Tris
buffer (pH 7.6), and mounted with Vectashield mounting medium containing DAPI (Vector).

Double immunofluorescence
For phenotypic characterization of TRPV5-immunoreactive cells, sets of alternate
sections through the rostro-caudal extent of hypothalamus from each animal (n = 12) were
incubated separately in a mixture of rabbit TRPV5 antiserum and either mouse monoclonal
oxytocin, vasopressin, CART, vimentin, or GFAP antibodies (Appendix 1) overnight at 4 ºC.
Following rinsing in PBS, TRPV5 signal was amplified as described above. For visualization
of oxytocin, vasopressin, CART, vimentin and GFAP, sections were incubated in Alexa Fluor
594-conjugated anti-mouse IgG (Life Technologies, 1:500) for 2 h at room temperature. In
addition, few sections through the ARC region were incubated in rabbit anti-estrogen
receptor alpha (ERα) antiserum followed by incubation in Alexa Fluor 594-conjugated antirabbit IgG (Life Technologies, 1:500). Sections were rinsed in PBS and incubated in rabbit
TRPV5 antiserum followed by tyramide amplification as described above.
To study the estrous cycle-related change in TRPV5-immunoreactivity in the ARC,
coronal sections through this nucleus were processed for double immunofluorescence
labeling using mouse anti-CART antibody and rabbit anti-TRPV5 antiserum. Sections were
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incubated in Alexa Fluor 594-conjugated goat anti-mouse IgG (Life technologies, 1:500) for
visualization of CART.

Tyramide amplification protocol was employed for TRPV5 as

described above. After rinsing in Tris buffer, sections were mounted on glass slides and
coverslipped with Vectashield mounting medium.
Images were captured using AxioCam digital camera (Carl Zeiss) by switching the
filter sets.

In Adobe Photoshop CS4 (Adobe Systems, Inc., USA), the images were

superimposed, and adjusted for the brightness and contrast. In addition, the sections were
also analyzed under laser-scanning confocal microscope (LSM780, Carl Zeiss, Germany).
Immunofluorescence signal was detected at excitation/emission wavelengths of 495/517 nm
(DTAF, green), 590/619 nm (Alexa Fluor 594, red), and 358/463 nm (DAPI, blue).
Association between TRPV5 and oxytocin or vasopressin in the PVN, SON, ANS and SOR
was analyzed under a fluorescence microscope and images were captured. Using a 63x oil
objective, serial optical sections through the hypothalamus and cortex were obtained to
explore the association between TRPV5 and oxytocin, vasopressin, CART, GFAP or
vimentin-immunoreactive elements.
merged using LSM software.

The series of optical slices from each region were

The images were opened using Adobe Photoshop CS4,

adjusted for brightness and contrast, and panels were prepared. Sections of the ARC doubled
labeled with TRPV5 and ERα were observed to find out if the ERα expressing cells in the
ARC co-express TRPV5.
Neuroanatomical description, nomenclature, and schematic of the coronal sections
of the brain to depict TRPV5-immunoreactive neurons as shown in Fig. 5 was adapted from
the rat brain atlas of Paxinos and Watson [165] with minor modifications.

Estrous cycle-dependent changes in TRPV5-immunoreactivity in the arcuate nucleus
(ARC)
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The stages of estrous cycle were determined by vaginal smear cytology:
predominant nucleated epithelial cells in proestrus; cornified epithelial cells in estrus; mixture
of leukocytes, nucleated epithelial cells and cornified cells in metestrus; and predominant
leukocytes in diestrus [160].

Rats (n = 3) in each stage of the estrous cycle were

anaesthetized with intraperitoneal injection of a mixture containing ketamine (90 mg/kg BW)
and xylazine (10 mg/kg BW), perfused, brains sectioned on a cryostat and processed for
double immunofluorescence labeling as described above.

Retrograde neuronal tracing
In rats, the CART neurons of ARC are known to project to MnPO and AVPV in
POA [20]. To find out if these neurons are equipped with TRPV5, retrograde neuronal
tracing was employed, as described previously [20,215] with minor modifications. Adult,
female, Sprague Dawley rats (200–250 g) were anesthetized with an i.p. injection of mixture
containing Ketamine and Xylazine (Ketamine: 75 mg/kg and Xylazine: 10 mg/kg body
weight) and placed into a stereotaxic apparatus (Leica). The retrograde neuronal tracer CtB
(Cat. # 104, List Biological Laboratories, Inc.) was iontophoresed (Stoelting Co.) using 6 µA
positive current for 10 min through a glass micropipette (tip diameter: 15-20 µm) in the
MnPO and AVPe under stereotaxic coordinates [coordinates for MnPO from bregma: -0.26
mm anterior-posterior, 0.07 mm lateral to the midline, and 7.77 mm dorso-ventral;
coordinates for AVPe from bregma: 0.30 mm anterior-posterior, 0.17 mm lateral to the
midline, and 8.59 mm dorso-ventral] [165]. After 10 days, the rats were anesthetized and
perfused transcardially; the brains were dissected out and post-fixed in 4% paraformaldehyde,
and immersed overnight in 25% sucrose solution in PBS. Coronal sections (25 μm thick)
containing the POA and ARC were collected in PBS. The sites of CtB injection were
detected by incubating the sections in goat anti-CtB (1:2000) followed by incubation in
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AlexaFluor 594-conjugated donkey anti-sheep IgG, (Life technologies, 1: 1000). The rostrocaudal series of sections containing ARC

were subjected to sequential triple

immunofluorescence using goat anti-CtB (1:5000) and rabbit anti-TRPV5 (Alomone,
1:1000). The TRPV5 signal was amplified using BT and visualized using DTAF-avidin
(1:300) and CtB cells in ARC were detected using AlexaFluor594-anti-goat IgG (1:1000).
The sections were rinsed in PBS several times in PBS and incubated in rabbit anti-CART
(55-102) (1:5000) followed by incubation in DyLight649-conjugated donkey anti-rabbit IgG
(BioLegend, 1:1000 dilution). To ensure that the secondary antibody used for detecting
CART neurons in ARC are not binding to the TRPV5 labelled neurons, few TRPV5-labelled
sections of ARC were incubated in DyLight 649-conjugated donkey anti-rabbit IgG. No
DyLight649 immunofluorescence was seen in TRPV5 labelled neurons.

Image analysis
Qualitative analysis of the number of TRPV5-immunoreactive neurons and
fibers/terminal fields in the brain was performed as described earlier [273]. Briefly, sections
were visualized under a fluorescence microscope. The relative abundance of the TRPV5immunoreactive cells and fibers/terminals was estimated by observing the immunolabelled
sections under the microscope and analyzed using a qualitative scale [+, few; ++, moderate;
+++, high; -, negative]. The analysis is given in Table 2.
To determine the percentage of TRPV5-expressing oxytocin and vasopressin
neurons in the PVN, SON, ANS, and SOR, six sections through the rostro-caudal extent of
these nuclei [SON: -0.80 mm to -1.88; PVN: -1.80 to -2.12; SOR: -2.12 to 3.14 mm, relative
to bregma [165]] from each animal were analyzed under an AxioImager M2 fluorescence
microscope. While switching the filter sets, green for TRPV5 and red for oxytocin or
vasopressin, the double-labelled neurons on either side of the brain were identified, counted,
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and percentages determined for each animal. Percentage of double-labeled cells from each
animal was pooled and mean ± SEM was calculated. The analysis of neurons double labeled
for TRPV5 and oxytocin or vasopressin in the PVN, SON, ANS and SOR is given in Table 4.
To determine the estrous cycle-related changes in the TRPV5-expressing CART
neurons of the ARC, total number of CART neurons and CART neurons expressing TRPV5
in this nucleus [from bregma: -2.56 to 3.30 mm [165]] were counted in each animal,
percentages were determined, and mean ± SEM calculated. To study the estrous cyclerelated changes in TRPV5-expressing astrocytes of the ARC, relative quantitative analysis of
the intensity of TRPV5-immunoreactivity in the astrocytes of ARC was determined as
described earlier [167] with minor modifications.

Briefly, the image analysis system

consisted of an AxioImager M2 fluorescence microscope equipped with a CCD camera.
Slides were coded for the observer blind to the experiment. TRPV5-expressing astrocytes
were analysed throughout the rostro-caudal extent of the ARC of each animal while keeping
the fluorescence intensity and exposure time unaltered. For measuring the pixel intensity of
TRPV5-immunoreactivity, eight sections encompassing the rostro-caudal extent of ARC
from either side of the brain of each animal were analysed. The images of ARC were
captured and TRPV5-immunofluorescence intensity values within the area of imaged section
were determined using Zen 2011 software (Carl Zeiss). The background intensity values of
the non-immunoreactive area and TRPV5-immunoreactive neurons in the ARC were
subtracted from the total intensity. The data from all the animals in each stage of the estrous
cycle was pooled separately and mean ± SEM calculated. The changes in percentage of
TRPV5/CART double labeled neurons and TRPV5-immunoreactivity in astrocytes in the
ARC during different phases of estrous cycle were statistically analysed.

Specificity of the antisera
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CART, GFAP, oxytocin, vasopressin, ERα, and vimentin antibodies have already
been used in previous studies for localization of respective antigens in rat brain
[134,162,274–278]. We have characterized the specificity of TRPV5 antiserum in further
detail. Affinity purified TRPV5 antiserum (Alomone Labs and Sigma) was raised against a
synthetic peptide [C-GLNLSEGDGEEVYHF], corresponding to the amino acid residues
715-729 of human TRPV5. TRPV5 protein sequences of human (NP 062815.2) and rat (NP
446239.2) were aligned and analyzed using CLUSTAL Omega. In addition, another TRPV5
antiserum (Cat. # ab77351, abcam, USA; 1:2000) was also used to compare the
immunostaining pattern. Sections were incubated in the diluted antiserum and antiserum
preadsorbed with the control peptide (1:1) for 24 h. To determine whether the antiserum
recognizes TRPV5, Western blot analysis of the rat hypothalamus, cerebellum, and kidney
was performed as described below.

Western blot analysis
Rats were anaesthetized with intraperitoneal injection of a mixture containing
ketamine (90 mg/kg BW) and xylazine (10 mg/kg BW), and decapitated, brains dissected out,
and frozen on dry ice. Western blot analysis was performed as described earlier [167].
Tissue blocks containing hypothalamus, cerebellum, and kidney were isolated and
homogenized in 10 mM Tris-HCl (pH 8.0) lysis buffer containing 1% protease inhibitor
cocktail (Sigma). The homogenate was centrifuged at 4 ºC at 14000 rpm for 30 min and the
supernatant was used for SDS-PAGE analysis. Protein concentration was estimated using
Bradford reagent (Sigma) and 60 µg of the protein along with the protein marker (Fermentas)
were run in 9 % SDS-PAGE in the adjacent lane. Separated protein bands in the gel were
transferred to the Immobilon®-P Polyvinylidene difluoride membrane (PVDF, Sigma) using
wet transfer (BioRad). The blot was blocked in 3% bovine serum albumin (HIMEDIA,
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India) solution for 1 h and incubated in rabbit anti-TRPV5 antiserum (1:5000) for 1 h at room
temperature. In addition, the TRPV5 antiserum was preadsorbed with the control peptide
(1:1) for 24 h and the blot was incubated with the preadsorbed antiserum. After washing in
TBST buffer, the blots were incubated in goat anti-rabbit horseradish peroxidase-conjugated
antibody (1:10000; Cell Signaling) for 1 h at room temperature. The signal was visualized
using enhanced chemiluminescence method (ECL, Amersham) and detected in Gel Doc
system (BioRad).
To further validate the specificity of the TRPV5 antiserum, Trpv5 gene was cloned
into a vector and using transfection the gene was expressed in HEK293T cells.

The

transfected cells were processed for TRPV5 immunofluorescence. In addition, a knockdown
protocol using siRNA was employed. Details of these experiments are given below.

Cell culture and in vitro transfection
HEK293T cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM,
HiMedia) supplemented with 2 mM GlutaMAX-I (Life Technologies), 10% fetal bovine
serum (FBS, HiMedia), and 100 U/ml Penicillin/100 μg/ml Streptomycin (HiMedia) at 37 ˚C
in a humidified environment with 5% CO2 in air.

The HEK293T cells were used for

transfection only after the third passage. The cells were treated with 0.25% Trypsin (Gibco,
Life Technologies) for 2 min at 37 ˚C, allowed to grow for 24 h, and processed for
transfection.
HEK293T cells were transfected with 500 ng of either the shuttle vector (pLenti-CmGFP-P2A-Puro, Lenti vector with C-terminal mGFP tag, and P2A-Puro, OriGene
Technologies Inc, USA, Cat. # PS100093) or rat Trpv5 plasmid (Lenti ORF clone of Trpv5mGFP-tagged ORF, Accession No. NM_053787, OriGene Technologies Inc., Cat. #
RR208885L4) using lipofectamine 3000 reagent (Invitrogen), as per the instructions of the
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manufacturer. Cells treated with lipofectamine 3000 without DNA served as control. The
efficiency of transfection was accessed by expression of GFP.

Forty-eight hours after

transfection, the cells on the coverslips were fixed with 4 % paraformaldehyde in PBS and
processed for TRPV5 immunofluorescence. The coverslips were incubated in rabbit antiTRPV5 antiserum (Alomone, 1:1000) for 3 h at room temperature followed by incubation in
AlexaFluor594-conjugated donkey anti-rabbit IgG (1:1000) for 1 h. The untransfected cells
were also incubated in Alexa Fluor 594-conjugated donkey anti-rabbit IgG antiserum
(1:1000) to guard against the possibility of any non-specific binding by the secondary
antibody. The coverslips were rinsed in PBS and mounted using Vectashield mounting
medium containing DAPI, observed under a fluorescence microscope, and images were
captured using AxioCam digital camera by switching the filter sets. The captured images
were superimposed and adjusted for the brightness and contrast in Adobe Photoshop CS4
(Adobe Systems, Inc., USA).

Knockdown of TRPV5 in the rat brain and pituicytes
The Accell rat TRPV5 siRNA–SMARTpool (GE Dharmacon) was used to
knockdown TRPV5 in the rat brain and pituicytes. The TRPV5 siRNA targets the following
sequences:

CUAACAUCUUCCAUUUAUG

(ORF),

CGAUUAGGUUUUAUUUUCU

(3’UTR), GUAUGUACCUUAUAAGUUC (3’UTR), and CUAAUGUACUUUAUAAUUG
(3’UTR). The DyLight547-labeled non-target siRNA was used for the assessment of siRNA
uptake by the cells. While the GAPDH siRNA served as positive control, the non-targeting
siRNA was used as a negative control (control siRNA). The siRNAs were resuspended in 1X
siRNA buffer and the delivery media was used for further dilutions. The vehicle-treated
control animals or cells received equivalent volume of 1X siRNA buffer in the delivery
media. The vehicle or siRNA were delivered through the following two routes.
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A. Intracerebroventricular (ICV) administration:
Rats were anaesthetized with intraperitoneal injection of a mixture containing
ketamine (90 mg/kg BW) and xylazine (10 mg/kg BW), and guide cannula (PlasticOnes,
USA) was stereotaxically placed in the right lateral ventricle using coordinates [AP –0.8 mm,
ML –1.4 mm, DV –3.5 mm from bregma] [165] and secured using screws and dental cement.
Seven days following surgery, experiments were performed.

In the freely moving rat,

through an internal cannula, either vehicle, DyLight547-conjugated non-target siRNA, nontarget siRNA, GAPDH siRNA or TRPV5 siRNA (5 µg/rat) in 5 µl of siRNA delivery media
was administered in the lateral ventricle at a rate of 0.5 µl/min (n = 3/treatment group), as
describe earlier [279]. Four days following injections, animals were sacrificed, and brains
were collected and processed for TRPV5 immunofluorescence or western blot analysis, as
given below. The effect of control non-target siRNA, vehicle, and TRPV5 siRNA treatments
on TRPV5-immunoreactivity in the hypothalamic SOR and cerebellar Purkinje neurons was
determined using relative quantitative analysis, as described above in the image analysis.
The data from all the animals in each group was statistically analyzed.
The hypothalamic and cerebellar tissues from the control non-target siRNA, vehicle,
and TRPV5 siRNA-treated rats were excised from the brain. The tissues were homogenized
in 10 mM Tris-Cl, pH 8.0 buffer in the presence of Halt TM protease inhibitor cocktail
(Thermo Scientific) followed by centrifugation. The supernatant collected and the total
protein was estimated using Bradford reagent (Sigma). The protein (60 g) from each test
sample was resolved on 9% SDS-PAGE and transferred to PVDF membrane using wettransfer (Bio-Rad). The blots were incubated with either mouse monoclonal anti-GAPDH
(Abgenex; dilution 1:8000), and rabbit monoclonal anti-β-Actin (Cell Signaling; dilution
1:8000) antibodies, or rabbit polyclonal TRPV5 antiserum (Alomone; 1:5000) followed by
incubation in respective HRP-conjugated secondary antibodies (Cell Signaling; dilution
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1:10000). The signal was detected using Chemiluminescent HRP substrate (Millipore). The
band intensities were analyzed using Quantity One software. The percent intensity of the
target proteins (TRPV5 or GAPDH) relative to the loading controls (GAPDH or β-Actin)
were determined for each treatment groups and represented as mean ± SD. The data was
statistically analysed.

B. Delivery of Accell siRNA in rat pituicytes primary cells:
Pituicytes were obtained from the rat pituitary glands as described previously [280].
Rats were anaesthetized with intraperitoneal injection of a mixture containing ketamine (90
mg/kg BW) and xylazine (10 mg/kg BW); pituitaries were dissected out, kept in fresh icecold Hanks' balanced salt solution (HBSS), and rinsed in 0.1 M PBS, pH 7.4. The anterior
and intermediate lobes of the pituitary were separated, pars nervosa was isolated, gently
triturated in growth plating media [281] and passed through the cell strainer (40 µm). The
suspension was centrifuged at 1000 rpm for 5 min and the pellet was resuspended in growth
Approximately 2 × 105 cells per well were plated on poly-d lysine coated

plating media.

cover slips and were allowed to adhere in the incubator for 2 days with constant supply of
95% O2 and 5% CO2 at 37 ºC. The cells were rinsed in Accell siRNA delivery media
supplemented with B-27 followed by 1 h incubation in the same media. After 1 h, vehicle or
1 µM DyLight547-conjugated non-target siRNA, non-target siRNA, or TRPV5 siRNA was
added in the delivery media supplemented with B-27. Four days after the treatment, the cells
were

fixed

in

4

%

paraformaldehyde

and

processed

for

GFAP

or

TRPV5

immunofluorescence. All the conditions including chemicals, dilution, treatment time, and
exposure time for capturing the images were kept constant to minimize the errors.
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Statistical analysis
The data analysis was performed using Prism 4 software (GraphPad Software Inc.,
La Jolla, CA). The estrous cycle-related changes in TRPV5-expressing CART neurons and
TRPV5-immunoreactivity in ARC; the effect of control non-target siRNA, vehicle, and
TRPV5 siRNA treatments on TRPV5-immunoreactivity in the hypothalamic SOR and
cerebellar Purkinje neurons, and TRPV5 and GAPDH protein expression were analysed using
one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test.
A P < 0.05 was considered statistically significant.
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Table 2: Distribution of TRPV5-immunoreactive neuronal cell bodies and fibers/terminals in
rat brain

Areas of the brain
Cerebral cortex
Piriform cortex
Retrosplenial dysgranular cortex
Primary motor (M1 and M2) cortex
Somatosensory cortex

Cell bodies

Fibers/terminals

+++
++
++
+

+
+
+
+

+
+

++
++

++
+++
++
++
+++

++
++
++

++

+

Cerebellum
Purkinje cell layer (PCL)
Molecular layer (ML)

+++
-

+++

Midbrain and brainstem
Substantia nigra, reticular part (SNR)
Ventral tegmental area (VTA)
C1/A1 region
Trapezoid nucleus

++
++
+
+++

+
+
-

Hippocampus
Field CA1
Field CA3
Hypothalamus
Paraventricular nucleus (PVN)
Supraoptic nucleus (SON)
Accessory neurosecretory nuclei (ANS)
Arcuate nucleus (ARC)
Supraoptic nucleus, retrochiasmatic part
(SOR)
Medial tuberal nucleus (MTu)

Number of cell bodies and fibers/terminals: +, few; ++, moderate; +++, high; -,
negative
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RESULTS
TRPV5 mRNA expression in the brain
qRT-PCR showed a single band of desired amplicon length for TRPV5 (163 bp) as
well as endogenous control gene Hprt1 (118 bp) (Fig. 1A). The relative TRPV5 mRNA
abundance in various regions of the rat brain is shown in Fig. 1B. Highest TRPV5 mRNA
expression was observed in the hippocampus, midbrain, and brainstem, followed by cortex,
cerebellum and hypothalamus.

Specificity of the TRPV5 antiserum
Alignment of the human and rat TRPV5 sequences showed high degree of similarity
(Fig. 2A). The fifteen amino acids (715-729) human TRPV5 peptide sequence against which
the antiserum # 1 was raised showed 73.3 % sequence similarity with the rat TRPV5 (Fig.
2A). Using this antiserum, TRPV5 immunoreactive neurons were seen in the retrochiasmatic
part of the hypothalamic supraoptic nucleus (SOR) (Fig. 2B) and other brain regions. The
antiserum # 2 was raised against twelve amino acids (697-708) human TRPV5 peptide
sequence. It showed 91.66 % sequence similarity with the rat TRPV5 (Fig. 2A). Application
of this antiserum on the sections of the brain resulted in immunostaining pattern similar to
antiserum # 1 (Fig. 2C). Incubation of the hypothalamic sections with preadsorbed TRPV5
antiserum resulted in a complete loss of TRPV5-immunoreactivity in SOR (Fig. 2D) as well
as other areas of the brain. Using Western blot analysis, a prominent band at 65-68 kDa was
consistently observed in tissue homogenate of the hypothalamus, cerebellum, and kidney
(Fig. 2E). Application of TRPV5 antiserum preadsorbed with the control peptide resulted in
absence of the TRPV5-immunoreactive bands (Fig. 2E).
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Figure 1: TRPV5 mRNA expression in the rat brain. (A) qRT-PCR analysis of the
TRPV5 mRNA expression in different regions of the rat brain. (B) The relative abundance of
TRPV5 mRNA in different brain regions was obtained by comparing its C T values with that
of Hprt1 gene in the respective region of the brain. BsT, brainstem; C, cortex; CB,
cerebellum; HP, hippocampus; Hyp, hypothalamus; MB, midbrain; OB, olfactory bulb.
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Figure 2: Specificity of TRPV5 antiserum in the rat brain using preadsorption control
and western blot. (A) CLUSTAL Omega analysis of the sequences of human and rat
TRPV5. The fragments of human TRPV5 against which the antiserum #1 and 2 were raised
shows 73.3 and 91.66 % sequence similarity, respectively with the rat TRPV5 (red
rectangles). TRPV5 labelled neurons are seen in the retrochiasmatic part of the hypothalamic
supraoptic nucleus (SOR) following application of the antiserum # (B) 1 and (C) 2. (D)
Absence of immunofluorescence in the SOR following preadsorption of the TRPV5
antiserum with control peptide. (E) Western blot analysis of the hypothalamus (H),
cerebellum (CB) and kidney (K) of rat showing one band at 65-68 kDa (arrowhead). Ab,
antiserum; Ab+P, antiserum preadsorbed with control peptide; M, molecular weight marker.
Scale bar = 25 µm.
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The TRPV5 immunoreactivity in the primary rat pituicytes and brain responded to
the TRPV5 siRNA treatment. While no immunoreactivity was observed in pituicytes in the
absence of GFAP (Fig. 3A) or TRPV5 (Fig. 3C) antisera, application of these antisera
resulted in labeling of the pituicytes (Fig. 3B, D). No labeling was observed in the pituicytes
treated with vehicle (Fig. 3E), whereas DyLight547-conjugated non-target siRNA was
detected in the pituicytes (Fig. 3F).

While intense TRPV5 immunofluorescence was

observed in the pituicytes treated with non-target siRNA, serving as control (Fig. 3G),
TRPV5 siRNA treatment resulted in a drastic reduction in TRPV5 immunoreactivity in the
pituicytes (Fig. 3H). Following icv administration, the DyLight547-conjugated non-target
siRNA were detected in the neurons in different regions of the brain including the Purkinje
cells of the cerebellum (Fig. 3I, i) as well as the neurons of SOR (Fig. 3M). TRPV5immunoreactivity was observed in the Purkinje (Fig. 3J, j, K, k) and SOR (Fig. 3N, O)
neurons of the control non-target siRNA- (Fig. 3J, j, N) as well as vehicle- (Fig. 3K, k, O)
treated animals. Compared to the control non-target siRNA- and vehicle-treated animals, a
significant reduction in TRPV5-immunoreactivity in the Purkinje (P<0.001) as well as
hypothalamic SOR (P<0.01) neurons (Fig. 3L, l, P, Q) was observed in the animals treated
with TRPV5 siRNA.

Using Western blot analysis, a significant reduction (P<0.01) in

GAPDH level in the hypothalamus and cerebellum was apparent following the treatment with
GAPDH siRNA (Fig. 3R). Treatment with TRPV5 siRNA resulted in a significant reduction
(P<0.001) of the ~65-68 kDa TRPV5-immunoreactive band in the hypothalamus and
cerebellum (Fig. 3S).
While no GFP expression was seen in untransfected HEK293T cells (Fig. 4A-C, MO), cells transfected with shuttle vector expressed GFP (Fig. 4D-F). Transfection of HEK293
cells with GFP-ratTrpv5 resulted in expression of TRPV5 in these cells (Fig. 4G-I).
Application of TRPV5 immunofluorescence resulted in labeling of the GFP-TRPV5-
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Figure 3: Specificity of TRPV5 antiserum using TRPV5 siRNA approach. Specificity of
the TRPV5 antiserum in rat (A-H) primary pituicytes and (I-S) brain following siRNA
treatment. The pituicytes were treated with TRPV5 siRNA in vitro as well as administered
intracerebroventricularly (icv). The pituicytes from rat pituitary without (A) GFAP or (C)
TRPV5 antiserum and with (B) GFAP or (D) TRPV5 antiserum. Note the GFAP and TRPV5
immunofluorescence in pituicytes. The pituicytes treated with (E) vehicle and (F)
DyLight547-conjugated siRNA. The pituicytes show uptake of siRNA (F). Compared to (G)
non-target siRNA, note a drastic reduction in TRPV5-immunofluorescence in the pituicytes
(H) treated with TRPV5 siRNA. Following icv DyLight547-conjugated non-target siRNA,
immunofluorescence (arrows) is seen in the (I, i) cerebellar purkinje cells and (M)
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retrochiasmatic part of the supraoptic nucleus (SOR). TRPV5 immunofluorescence
(arrowheads) in the (j, J, k, K, l, L) purkinje cells and (N, O, P) SOR following treatments
with (J, j, N) non-target siRNA control, (K, k, O) vehicle control, and (L, l, P) TRPV5
siRNA. Note a drastic reduction in TRPV5 immunoreactivity in purkinje and SOR neurons
following TRPV5 siRNA treatment (L, l, P).
Semiquantitative image analysis of the
TRPV5-immunoreactivity in the hypothalamic SOR and cerebellar purkinje neurons (Q).
Note a significant reduction in TRPV5-immunoreactivity following TRPV5 siRNA
treatment. Effect of siRNA treatment on protein expression in the brain (R and S).
Treatment with GAPDH siRNA shows significant reduction in its protein expression (R),
serving as control. Treatment with TRPV5 siRNA (S) significantly reduces the intensity of
the ~65-68 kDa TRPV5-immunoreactive band. *, P<0.01; **, P<0.001. Scale bar = 20 µm
A-L and 25 µm in M-P.
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expressing cells (Fig. 4I) but not in the untransfected cells (Fig. 4C) as well as cells
transfected with shuttle vector (Fig. 4F). Application of TRPV6 immunofluorescence in
GFP-mouse Trpv6 transfected HEK293T cells resulted in labeling of the GFP-TRPV6expressing cells (Fig. 4P-R) but not in the GFP-rat Trpv5 transfected cells (Fig. 4J-L) and
vice versa (Fig. 4S-U).

Organization of TRPV5-immunoreactive elements in the brain
TRPV5-immunoreactivity was observed in the neurons as well as glial cells in the
brain. The organization of TRPV5-immunoreactive neurons in the brain and hypothalamus is
schematically represented in Fig. 5. The relative density of TRPV5-immunoreactive neurons
and fibers/terminals in different regions of the brain is summarized in Table 2. Distinct
TRPV5 labelled neurons were observed in the CA1 and CA3 regions of the hippocampus
(Figs. 5B-D and 6A, B) and piriform cortex (Figs. 5A-D and 6C). TRPV5-immunoreactive
cells were seen in the retrosplenial agranular, primary motor (M1 and M2), and
somatosensory (Fig. 5A-D and F) cortices. The cells were organized in distinct layers (I and
IV) of the cerebral cortex (Fig. 6D, E). In addition, TRPV5 labeling was observed in the
cortical cells located below the amygdala (Fig. 6F).
Diagrammatic representation of the TRPV5-immunoreactive elements in the
hypothalamus is shown in Fig. 5A-D. TRPV5 immunofluorescence was observed in the
neurons of the PVN (Figs. 5B and 7A), SON (Figs. 5A, B and 7B), accessory neurosecretory
nuclei (ANS) (Figs. 5B and 7C), retrochiasmatic area of the SON (SOR) (Figs. 5C-E and
7D), medial tuberal nucleus (MTu) (Figs. 5D, E and 7E), and ARC (Figs. 5C-E and 7F). In
PVN, the TRPV5-immunoreactive cells were seen in the magnocellular and ventral
parvocellular subdivisions.

While weak TRPV5 immunofluorescence was seen in PVN

neurons, moderate labeling was observed in neurons of the SON (Fig. 7A, B). Compared to

129 | P a g e

Chapter 3
the PVN and SON, intense TRPV5 immunofluorescence was observed in neurons of the SOR
(Fig. 7D).

In the above described hypothalamic nuclei, TRPV5-immunoreactivity was

restricted to the cell bodies of the neurons whereas isolated TRPV5-immunoreactive fibers
were seen in the SOR (Fig. 7Dd). In the median eminence, TRPV5-immunoreactivity was
restricted to the cells in the internal zone and processes in the external zone (Fig. 7G). In the
midbrain, neurons in the reticular part of the substantia nigra (SNR) (Figs. 5F and 7H), and
ventral tegmental area (VTA) (Figs. 5F and 7I) were moderately TRPV5-immunoreactive.
TRPV5-immunoreactive neurons were seen in the C1/A1 region (Figs. 5G and 7J) and
nucleus of the trapezoid body (Figs. 5G and 7K) in the brainstem. In the cerebellum,
Purkinje cells in the purkinje cell layer and fibers in the molecular layer were TRPV5immunoreactive (Figs. 5G, H and 7L, M).
In addition, TRPV5-immunoreactivity was also observed in the glial cells in the
cortical layer I (Fig. 6D, E). In the mediobasal hypothalamus, tanycytes lining the wall of
third ventricle were TRPV5-immunoreactive (Fig. 5E and 8A, B). Glial cells in the ARC
(Fig. 8C), inferior olive dorsal nucleus (IOD) in the brainstem (Fig. 8D), and spinal cord also
showed TRPV5-immunostaining. Moderate TRPV5 immunofluorescence was observed in
cells of the choroid plexus (Fig. 8E). TRPV5-immunoreactivity was observed along the
blood vessels in cortex (Fig. 8F) and in the Pia mater (Fig. 8G).

Few TRPV5-

immunoreactive cells were also detected in close association with the blood vessels (Fig. 8F).

Phenotypic characterization of TRPV5-immunoreactive cells
In the cortex, GFAP-labelled astrocytes and their processes showed TRPV5
immunofluorescence (Fig. 9A-F). TRPV5-immunoreactive astrocytic endfeet-like processes
were closely associated with the blood vessels in the cortex (Fig. 9G-L).

TRPV5-

immunoreactivity was more intense in the cell bodies (Fig. 9J-L) and end-feet processes of

130 | P a g e

Chapter 3

Figure 4: Specificity of TRPV5/6 antisera using transfection protocol. Fluorescence
photomicrographs showing HEK293T cells (A-C, M-O) untransfected, and transfected with
(D-F) shuttle vector, (G-L) GFP-ratTrpv5 cloned vector or (P-U) GFP-mouse Trpv6 cloned
vector. No TRPV5/6 immunofluorescence is seen in untransfected cells or cells transfected
with shuttle vector. TRPV5/6 immunofluorescence is observed in cells expressing GFPTrpv5/GFP-Trpv6. Scale bar = 20 µm.
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Figure 5: Schematics showing the organization of TRPV5-immunoreactive elements in
the rat brain. Schematic drawings of the rostro-caudal series of the coronal sections (A-H)
of rat brain adapted from Paxinos and Watson (38) [A: -1.6, B: -1.8, C: -2.80, D: -3.30, F: 5.80, and G: -12.80 relative to bregma] showing the cytoarchitectonic areas on left and
TRPV5-immunoreactive neurons (closed circles) on the right. Enlarged view of the (E)
hypothalamus and (H) cerebellum showing TRPV-5 immunoreactive cells, fibers and
terminals. Scale bar = 1 mm in A-D, F and G, and 500 µm in E and H.
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Figure 6: Organization of TRPV5-immunoreactive elements in the hippocampus and
cortex. Photomicrographs showing the TRPV5-immunoreactive cells (arrows) and terminals
(arrowheads) in (A) CA1 and (B) CA3 areas of the hippocampus, and (C) piriform cortex
(Pir). Sections of the cortex counterstained with DAPI (blue) showing TRPV5-labeled cells
(arrows) in (D-E) different layers of the cerebral cortex and (F) below the amygdala. Scale
bar = 15 µm.
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Figure 7: Organization of TRPV5-immunoreactive elements in the hypothalamus,
midbrain, brainstem, and cerebellum. TRPV5-immunoreactive neurons (arrows) are seen
in the hypothalamic (A) paraventricular nucleus (PVN), (B) supraoptic nucleus (SON), (C)
accessory neurosecretory nuclei (ANS), (D) retrochiasmatic area of the SON (SOR), (E)
medial tuberal nucleus (MTu), and (F) arcuate nucleus (ARC). (Dd) isolated TRPV5immunoreactive fiber (arrowheads) is also seen in the SOR.
(G) TRPV5
immunofluorescence is seen in the cells (arrows) of internal zone (IZ) of the median
eminence (ME). TRPV5 labeled processes (arrowheads) are seen in the external zone (EZ)
of the ME. In midbrain, TRPV5 labeled neurons (arrows) are seen in the (H) substantia
nigra, reticular part (SNR) and (I) ventral tegmental area (VTA). In the brainstem, TRPV5
cells (arrows) are seen in the (J) C1/A1 region and (K) nucleus of the trapezoid body (Tz). In
the cerebellum, (L, M) purkinje neurons (arrows) in the purkinje cell layer (PCL) and fibers
(arrowheads) in the molecular layer (ML) with TRPV5-immunofluorescence are seen.
Arrowheads indicate TRPV5-immunoreactive terminals. IGL, internal granule cell layer.
opt, tract; 3V, third ventricle. Scale bar = 100 µm in A; 25 µm in B-J; 15 µm in Dd; 10 µm
in K; and 25 µm in L, M.
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Figure 8: TRPV5-immunoreactive elements in the arcuate nucleus, brainstem, choroid
plexus, around the brain blood vessel, and Pia mater. Photomicrographs showing TRPV5
immunofluorescence in the (A-C) mediobasal hypothalamus, (D) brainstem, (E) cells of the
choroid plexus, (F) around the brain blood vessel (bv), and (G) Pia mater. (A, B) TRPV5immunoreactivity is seen in tanycytes (arrows) and glial cells (arrowheads) in the mediobasal
hypothalamus. Distinct TRPV5-immunoreactive glial cells (arrows) are seen in the (C)
arcuate nucleus (ARC) and (D) inferior olive, dorsal nucleus (IOD) in the brainstem. (C)
TRPV5 terminals (arrowheads) are seen in the ARC. (F) Isolated TRPV5-immunoreactive
cell (arrow in F and also shown with DAPI in inset) is seen near the bv in the cortex. (A-C)
confocal and (D-G) fluorescence photomicrographs. 3V, third ventricle. Scale bar = 25 µm
in A, C and D-G; 10 µm in B.
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the astrocytes (Fig. 9M-O). The vimentin-immunoreactive tanycytes lining the wall of third
ventricle in the mediobasal hypothalamus were TRPV5-immunoreactive.

In the

hypothalamus, vasopressin and oxytocin neurons in the PVN, SON, ANS and SOR seem to
be equipped with TRPV5 (Figs. 10 and 11; Table 3). Compared to oxytocin neurons, a vast
majority of the vasopressin neurons in the PVN (Figs. 10A-C, M and 11A-C, M), ANS (Figs.
10G-I, O and 11G-I, O), and SON (Figs. 10D-F, N and 11D-F, N) were co-labelled with
TRPV5 antiserum. In the SOR, 86.5 ± 1.74% oxytocin (Fig. 11J-L, P) and all vasopressin
(Fig. 10J-L, P) neurons were TRPV5-immunoreactive.

TRPV5-immunoreactivity in the ARC shows estrous cycle-dependent changes
In the ARC, while both glial cells and neurons were TRPV5-immunoreactive (Fig.
12A-C), cells co-expressing ERα and TRPV5 were also seen. Application of TRPV5 and
GFAP double immunofluorescence resulted in the labeling of TRPV5-expressing astrocytes
in the ARC (Fig. 12A-F). Majority of CART neurons in the ARC also showed TRPV5immunoreactivity (Fig. 12G-I). As described previously [20], iontophoretic injection of CtB
in AVPV and MnPO, resulted in retrograde accumulation of CtB in ARC neurons (Fig. 12J,
N). The CtB/CART neurons in ARC also contained TRPV5-immunoreactivity (Fig. 12J-Q).
The CART neurons and astrocytes in ARC equipped with TRPV5 showed estrous cyclerelated changes (Fig. 12R-U). Compared to proestrus phase, TRPV5-immunoreactivity in the
astrocytes showed a significant increase during metestrus phases (P<0.05). Further increase
in TRPV5-immunoreactivity was observed in diestrus phase compared to proestrus, estrus,
and metestrus phases (P<0.001) (Fig. 12R-V). The percentage of CART/TRPV5 doublelabelled neurons in the ARC, however, was significantly higher (P<0.001) in the estrus,
metestrus, and diestrus phases, compared to those in the proestrus phase (Fig. 12W).
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Figure 9: TRPV5-immunoreactive astrocytes in the cerebral cortex. Confocal
photomicrographs of the coronal sections through the cerebral cortex showing (A-C) TRPV5
immunoreactivity (green) on GFAP labelled astrocytes (red). Astrocytes showing TRPV5
immunofluorescence (arrows) are seen. (D-F) Magnified view of an astrocyte equipped with
TRPV5-immunoreactivity (arrow). (G-I) TRPV5-immunoreactive astrocytes (arrows) are
seen around the brain blood vessel (bv). An astrocyte equipped with TRPV5 is associated
with bv (arrowhead in G-I). TRPV5-labeled astrocyte in (G-I) is shown at higher
magnification in (J-L, arrow). (M-O) TRPV5-immunoreactive endfeet-like process of the
astrocyte in close association with the bv (arrowhead). Scale bar = 25 µm in A-C and G-I; 10
µm in D-F and J-O.
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Figure 10: Hypothalamic vasopressin neurons are equipped with TRPV5. Fluorescence
(A-L) and Confocal (M-P) photomicrographs showing association between vasopressin (red)
and TRPV5 (green) in the hypothalamic paraventricular nucleus (PVN, A-C and M),
supraoptic nucleus (SON, D-F and N), accessory neurosecretory nuclei (ANS, G-I and O),
and retrochiasmatic part of the SON (SOR, J-L and P). Note the presence of TRPV5 on
vasopressin neurons in each of these nuclei. Isolated TRPV5 neurons are also seen
(arrowheads). opt, optic tract; 3V, third ventricle. Scale bar = 100 µm in A-C and 25 µm in
D-P.
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Figure 11: Hypothalamic oxytocin neurons co-express TRPV5. Fluorescence (A-L) and
Confocal (M-P) photomicrographs showing association between oxytocin (red) and TRPV5
(green) in the hypothalamic paraventricular nucleus (PVN, A-C and M), supraoptic nucleus
(SON, D-F and N), accessory neurosecretory nuclei (ANS, G-I and O), and retrochiasmatic
part of the SON (SOR, J-L and P). Note the presence of TRPV5 on oxytocin neurons in each
of these nuclei. Isolated TRPV5 neurons are also seen (arrowheads). opt, optic tract; 3V,
third ventricle. Scale bar = 100 µm in A-C and 25 µm in D-P.
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Figure 12: TRPV5-immunoreactivity in the arcuate nucleus shows estrous cycle-related
changes. Immunofluorescence (A-C) and confocal (D-I) photomicrographs of the coronal
sections through mediobasal hypothalamus of rat showing TRPV5-immunofluorescence
(green) on (A-F) astrocytes (arrows in A-C) and neurons (arrowheads in A). (G-I) CART
neurons in the arcuate nucleus (ARC) show TRPV5 immunofluorescence (arrows). (J-Q)
CART neurons (magenta) in ARC equipped with TRPV5 (green) showing retrograde
accumulation of cholera toxin beta subunit (red) injected in either (J-M) median preoptic
nucleus (MnPO) or (N-Q) anteroventral periventricular nucleus (AVPe).
Note
CtB/TRPV5/CART the triple labeled neurons in ARC (arrows). TRPV5-immunoreactivity in
the ARC during (R) proestrus, (S) estrus, (T) metestrus, and (U) diestrus phases of the estrus
cycle. Semiquantitative image analysis of the (V) TRPV5-immunoreactivity in astrocytes
and (W) percentage of CART neurons expressing TRPV5, in the ARC during estrous cycle.
(V) *, P<0.05 compared to proestrus phase and **, P<0.001 compared with proestrus,
estrus, and metestrus phases. (W) **, P<0.001 compared to proestrus phase. Scale bar = 25
µm in A-C and R-U, 10 µm in D-Q.
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Table 3: Semi-quantitative analysis of the percentage of hypothalamic oxytocin and
vasopressin neurons co-expressing TRPV5

Neuropeptides

PVN

SON

ANS

SOR

Vasopressin

50.73 ± 3.82

75.91 ± 2.34

49.12 ± 4.28

100%

Oxytocin

6.88 ± 1.21

63.34 ± 5.69

20.40 ± 4.14

86.5 ± 1.74%
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DISCUSSION
Using qRT-PCR, presence of TRPV5 mRNA expression has been demonstrated in
the brain of mouse [257].

On the similar lines, we investigated the TRPV5 mRNA

expression and neuroanatomical organization of the channel proteins expressing elements in
different brain compartments of rat. TRPV5 immunoreactivity was noticed in the neurons as
well as glia in several areas, hypothalamus being most conspicuous.

Distinct TRPV5-

immunoreactivity was noticed in the neuroendocrine neurons of the PVN, SON, and SOR.
Oxytocin and vasopressin neurons in these nuclei, tanycytes in the medio-basal
hypothalamus, and astrocytes along with their end-feet like processes associated with blood
vessels seem equipped with TRPV5.

Presence of TRPV5 on oxytocin and vasopressin

neurons and the estrous-cycle dependent changes in the TRPV5-immunoreactivity in the
ARC, suggests the neuroendocrine salience of TRPV5. To our knowledge, this is also the
first report describing neuroanatomical organization of TRPV5, a highly Ca2+-selective TRP
channel-expressing elements in the brain.

The importance of thermosensitive TRPV-

channels viz., TRPV1, TRPV2, and TRPV4 in the neuroendocrine regulation has been
suggested [33,202,203,282]. TRPV5 and TRPV6 are known as highly Ca2+ selective TRP
channels. Recently, we have demonstrated the neuroanatomical organization of TRPV6 in
mouse brain [201]. While TRPV6-expressing elements were widely organized in the brain,
hypothalamic neurons were equipped with this ion channel. The TRPV6 protein expression
in ARC showed estrous cycle dependent changes.
The TRPV5 antiserum used in the present study was raised against fifteen amino
acids human TRPV5 sequence, which shares 73% similarity with rat TRPV5. The specificity
of the TRPV5 antiserum in rat brain was further validated by preadsorption of the antiserum
with control peptide.

Antisera from two different sources showed comparable

immunoreactivity pattern in the brain. The specificity of the TRPV5 antiserum was further
142 | P a g e

Chapter 3
validated using siRNA treatment and transfection protocols. The TRPV5-immunoreactivity
in the rat pituicytes, hypothalamic SOR, and cerebellar purkinje neurons responded to
TRPV5 siRNA treatment with a reduction in TRPV5-immunoreactivity, suggesting the
specificity of the antiserum.

In the hypothalamic and cerebellar tissue, treatment with

TRPV5 siRNA resulted in a significant reduction (P < 0.001) in the TRPV5-ir band. We
believe that the siRNA may block the further synthesis of the channel proteins but not affect
the protein already synthesized. The TRPV5 antiserum used in the present study has
previously been used to localize TRPV5 in the kidney [283]. The kidney tissue therefore
served as positive control. The Western blot analysis of the hypothalamus, cerebellum, and
kidney yielded similar results, and one prominent band at 65-68 kDa was consistently
observed.

Previously, while the application of TRPV5 antiserum revealed two bands in the

human retinal pigment epithelium [284], TRPV5-immunoreactive bands of varying sizes
were observed in the membrane extracts and soluble fractions of the human parathyroid gland
[285]. These authors observed a prominent band at around 75-80 kDa but additional weaker
bands at ~135, 110, and 47-60 kDa were also seen. The band sizes ranging between 85–100
kDa were also observed in the lysates of cells expressing recombinant TRPV5 and presence
of mature glycosylated TRPV5 protein was suggested [286]. Multiple bands of TRPV5 have
also been observed previously [287,288]. More than one band might represent two types of
post-translational modifications or two levels of glycosylation [287]. The Western blot
analysis of the Xenopus laevis oocyte homogenate showed three TRPV5 bands, which
represents the core-glycosylated, complexly-glycosylated, and unglycosylated forms [289].
While one band was observed between 75 and 100 kDa, other two bands were seen below 75
kDa [289]. In the present study, the 65-68 kDa TRPV5-immunoreactive band responded to
TRPV5 siRNA treatment and might represent the core TRPV5 band. Presence of TRPV5-ir
band below the predicted molecular weight of TRPV5 is not surprising since in previous
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studies application of a specific TRPV5 antiserum was unable to detect a band of appropriate
molecular weight [290]. Western blot analysis of the HEK293 cells transfected with TRPV5
[291] and N-glycosylation-deficient mutant TRPV5N358Q [292] showed a TRPV5-ir band of
less than 75 kDa. Our observation of the 65-68 kDa TRPV5-ir band is in agreement with
these reports.

The HEK293T cells were transfected with GFP-ratTrpv5 vector and the

transfected cells showed TRPV5 immunofluorescence, suggesting the specificity of TRPV5
antiserum. Application of qRT-PCR technique revealed TRPV5 mRNA expression in the
olfactory bulb, cortex, hypothalamus, hippocampus, midbrain, brainstem, and cerebellum.
However, in some discrete areas like hypothalamus, cerebellum and hippocampus, dissimilar
expression pattern across qRT-PCR and immunofluorescence preparations were encountered.
While the present study clearly demonstrates the presence of TRPV5 in various regions of the
brain, the lack of correspondence might be due to the difference in the expression levels of
transcript and channel protein.
Although TRPV5 cells were widely distributed in the brain, a discrete organizational
pattern was observed in the hypothalamus. TRPV5-immunoreactive cell bodies were detected
in the PVN, SON, ANS and SOR. However, with the exception of some isolated fibers in the
SOR, no immunoreactive fibers were observed in the hypothalamus. Among the different
immunoreactive groups in the hypothalamus, the neurons in the SOR showed maximum
immunoreactivity. Both SON and SOR share similarities including the presence of oxytocin
and vasopressin neurons and are the part of the neuroendocrine effector systems. These
regions show activation following exposure to 38.5 ºC [293]. TRPV channels seem novel
component of the regulatory system controlling neuroendocrine neurons.

The neurons in

SON express N-terminal variant of TRPV1 and this variant seem essential for osmosensory
transduction in vasopressin neurons [251]. Evidence suggests that the deletion of TRPV1
results in loss of the intrinsic response of vasopressin neurons to hyperosmotic challenge

144 | P a g e

Chapter 3
[251]. Importance of TRPV2 in the regulation of vasopressin as well as oxytocin neurons has
been suggested [203]. In view of the neuroendocrine importance of TRPV [33,203,282] and
high Ca2+ selectivity of TRPV5, we speculate that the regulation of oxytocin and vasopressin
neurons in the PVN, SON, ANS, and SOR might be mediated by TRPV5.

The

neuroendocrine significance of TRPV ion channels may further be supported by occurrence
of TRPV6 in the neuroendocrine neurons in hypothalamus and modulation of TRPV6 protein
expression in the mediobasal hypothalamus during estrous cycle [201]. We suggest that
TRPV5 and TRPV6 may serve as crucial regulators of the neuroendocrine pathways in the
brain. In the midbrain, TRPV5 cells were observed in the VTA and SN. While presence of
TRPV3 has been demonstrated in the SN of rat, the neurons showed increased firing
following exposure to 39 °C [294]. Both VTA and SN contain dopamine neurons and control
reward and motor movements, respectively [295]. We suggest that the dopamine neurons in
VTA and SN might be equipped with TRPV5. Neurons in C1/A1 area, nucleus of the
trapezoid body in the brainstem, and Purkinje neurons in the cerebellum were equipped with
TRPV5 and role of these channels in the regulation of these neurons is suggested. In the
cortex, astrocytes showed TRPV5 immunofluorescence and were associated with the blood
vessels. Both, expression of TRPV channels on the astrocytes [252,296,297] as well as their
importance in the regulation of Ca2+ dynamics has been demonstrated [253]. In view of the
higher Ca2+ selectivity, presence of TRPV5 on astrocytes in close association with blood
vessels may play role in regulation of cerebrovasculature and sensing of blood-borne
molecules.
ARC contains neurons that synthesize neuropeptide Y/agouti-related peptide, and
other subpopulation producing CART/proopiomelanocortin [22]. While the importance of
the ARC CART neurons in food intake and energy balance is well established, recent
evidence suggest role of this subpopulation in the regulation of GnRH neurons and
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reproduction [83]. CART neurons of ARC innervate GnRH neurons in POA, CART peptide
treatment increases neuronal firing in GnRH neurons [83], and the CART neurons respond to
ovariectomy and estradiol treatment [265].

Using retrograde neuronal tracing, CART

neurons in the ARC have been shown to project to the MnPO and AVPe regions in POA [20].
We observed that the ARC CART neurons projecting to AVPe and MnPO co-express
TRPV5, suggesting role of these ion channels in the modulation of CART-GnRH pathway.
In the ARC of ewes, orphanin FQ neurons co-express POMC and these neurons showed
presence of ERα [180]. Since POMC and CART are colocalized in the ARC [24], possibility
exists that CART neurons of the ARC also express ERα. There seems an inverse relationship
between estradiol and ER expression in the ARC. In ovariectomized rats, estradiol treatment
resulted in 64% reduction in the ER mRNA in the ARC [122]. Majority of the dopaminergic
neurons in the ARC express ERα during diestrus phase but showed significant reduction
during proestrus phase [123], when plasma estradiol levels remain high [124]. As compared
to proestrus phase, we observed a significant increase in the percentage of CART neurons
expressing TRPV5 in the estrus, metestrus, and diestrus phases. It is interesting to note that
estradiol treatment modulates TRPV5 expression in the kidney [140] and intracellular Ca2+
via TRPV5 in the cortical collecting duct cells of rat [207]. We suggest that via ERα the
changes in circulating estradiol levels may modulate recruitment of TRPV5 channels on
CART neurons of ARC during estrous cycle.

A significant increase in TRPV5-

immunoreactivity in the astrocytes of ARC was observed during the metestrus and diestrus
phases. The role of estradiol in the regulation of astrocytes in the ARC via TRPV5 seems
valid since astrocytes in this nucleus express ERα [263]. While we suggest a role of TRPV5
ion channels in the regulation of ARC neurons, further studies are essential to determine the
significance of TRPV5 ion channels in the ARC and their relevance to reproduction. It is
interesting to note that the TRPV6 protein expression in mediobasal hypothalamus showed
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estrous cycle-dependent changes, with higher expression during proestrus [201]. We suggest
that TRPV5 and TRPV6 in the hypothalamus might be regulated by circulating estradiol
levels in opposite manner.
In summary, TRPV5 is expressed in several discrete nuclei as well as glial cells in
the brain. While TRPV channels play an important role in neural regulation, activity of these
ion channels in neurons modulate signaling cascade by increasing or decreasing intracellular
Ca2+ levels [33].

In view of this and high Ca 2+-selectivity feature of TRPV5, discrete

organization of these channel protein-expressing cells in the hypothalamus, regulation by
circulating levels of estradiol, and co-expression on CART, oxytocin, and vasopressin
neurons in the hypothalamus, we suggest that TRPV5 may play a role in neuroendocrine
regulation. The present observations will set basis for future studies exploring significance of
TRPV5 in the brain.
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ORGANIZATION
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TRANSIENT

RECEPTOR

POTENTIAL

VANILLOID 6 (TRPV6)-EQUIPPED ELEMENTS IN THE BRAIN,
ESTROUS CYCLE-RELATED CHANGES IN THE HYPOTHALAMUS,
AND ROLE IN REGULATION OF ARCUATE NUCLEUS NEURONS

Kumar S, Singh U, Singh O, Goswami C, Singru PS. (2017). Transient receptor potential
vanilloid 6 (TRPV6) in the mouse brain: Distribution and estrous cycle-related changes in the
hypothalamus. Neuroscience 344: 204-216.
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INTRODUCTION
Transient receptor potential vanilloid (TRPV) are cation channels gated by a range
of stimuli including heat, mechanical stretch, osmotic pressure, and steroid hormones
[33,214,298]. TRPV subfamily consists of six members viz., TRPV1-6 [137]. TRPV1-4
are thermosensitive, non-selective cationic channels and suggested to play a role in neural
regulation. Although the distribution and functional significance of TRPV1-4 in the brain
has been explored [33,202,203,213,215–217,235,269,271,272], relevant information about
TRPV5 and TRPV6 is not available. TRPV5 and TRPV6 draws attention as they have been
identified as unique members of the TRP superfamily and are distinct from other members
of TRPV subfamily [299]. They are close homologs, highly selective for Ca2+ (permeability
ratio PCa/PNa > 100) [298–300], but does not seem responsive to temperature. Although
only TRPV6-like gene was observed in fish and birds, both TRPV5 and TRPV6 are present
in mammals [299]. Due to gene duplication, TRPV5 might have been produced from
TRPV6 during evolution [299]. TRPV6 has been suggested to serve as Ca2+ entry channel
for the transcellular Ca2+ transport pathway [299] and TRPV6 knockout mice showed
phenotypes associated with impaired Ca2+ homeostasis [301–303].

While the studies

exploring presence and role of TRPV5 and TRPV6 were mostly focussed on peripheral
tissues including kidney, gastro-intestinal tract, uterus, and placenta [257,299], RT-PCR
analysis demonstrated the presence of TRPV5 and TRPV6 mRNA in the mouse brain [257].
Although higher TRPV6 mRNA expression was observed in the mouse brain compared to
TRPV5 [257], the lack of information on neuroanatomy of neural elements expressing these
ion channels has posed a major impediment in understanding its functional significance in
the brain.
Using the TRPV6 specific antiserum, we explored the neuroanatomical
organization of TRPV6-immunoreactive elements in the brain of mouse. Estradiol seems to
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be a potential regulator of TRPV6 in the peripheral tissues. Increase in TRPV6 mRNA
expression was observed in the uterus of rodents during pregnancy and estrus phase of
estrous cycle [206,212]. In immature mice, estradiol-induced increase in TRPV6 mRNA
expression in the uterus was attenuated by pre-treatment with estrogen receptor antagonist
[206]. While the duodenal TRPV6 expression was increased by estradiol treatment in
ovariectomized rats, 55% reduction in TRPV6 was observed in estrogen receptor alpha
(ERα) knockout mice [141]. Presence of estrogen response element has been described in
promoter region of mouse TRPV6 gene [34] and regulation of TRPV6 by estrogen via ERαdependent pathway has been suggested [206]. The mediobasal hypothalamus (MBH) serve
as the primary site for feedback effect of estradiol [304].

In MBH, neurons in the

hypothalamic arcuate nucleus (ARC) express ERα [305,306] and these neurons mediate
negative feedback effect of estrogen on gonadotropin secretion [307].

Double

immunofluorescence was employed to find out if TRPV6-immunoreactive cells in ARC coexpress ERα. Using Western blot analysis, changes if any in the TRPV6 protein expression
in the MBH during different phases of the estrous cycle were studied.
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MATERIALS AND METHODS
Animals
Adult, male and female, BALB/c mice [25-30 g body weight (BW)] were used in
the study. Mice were maintained under standard environment of the animal facility. Food
and water were provided ad libitum. All the experimental protocols were reviewed and
approved by the Institutional Animal Ethical Committee (IAEC) at the National Institute of
Science Education and Research (NISER), Bhubaneswar, under the Committee for the
Purpose of Control and Supervision of Experiments for Animals (CPCSEA), New Delhi,
India.

Tissue processing
Mice were deeply anaesthetized with intraperitoneal (i.p.) injection of a mixture
containing ketamine [Neon Laboratories Ltd., Mumbai, India; 80 mg/kg body weight (BW)]
and xylazine (Stanex Drugs and Chemicals Pvt. Ltd., Hyderabad, India; 10 mg/kg BW).
The animals were perfused transcardially with ice-cold phosphate buffered saline (PBS, pH
7.4) followed by 60 ml 4% paraformaldehyde in phosphate buffer (PB. pH 7.4). The brains
were removed, post-fixed in 4% paraformaldehyde and cryoprotected in 25% sucrose
solution in PBS. Serial 25 µm thick coronal sections through the rostro-caudal extent of the
brain were cut on a cryostat (Leica CM3050 S, Leica Microsystems, Nussloch GmbH,
Germany) and four sets of free floating sections were collected in PBS. The sections were
kept in the anti-freezing solution for 4 h at room temperature and stored at -20 °C until
processed further. For specificity controls, dorsal root ganglia (DRG) of rat and kidney
tissues of mice were isolated, postfixed, and sectioned on the cryostat. The sections were
collected on the poly-L-lysine coated slides and stored at -20 °C.
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Immunofluorescence/immunohistochemistry
One set of sections from each mice (n = 5) was processed for TRPV6
immunofluorescence. Sections were immersed in 0.5% Triton X-100 in PBS for 20 min to
improve antibody penetration and incubated in blocking solution (3% normal horse serum,
0.1% Triton X-100, 0.08% sodium azide) for 30 min. Sections were incubated in rabbit
polyclonal TRPV6 antiserum (Alomone Labs., Jerusalem, Israel; Cat. # ACC-036) at 1:1000
dilution for 24 h at 4 °C. Following rinsing in PBS, sections were incubated in biotinylated
goat anti-rabbit IgG (Jackson Immunoresearch, West Groove, USA; 1:400) and later in
streptavidin-peroxidase (ABC, 1:1000, Vector Laboratories, Burlingame, USA). Sections
were processed for biotinylated tyramide amplification as per the instructions of the
manufacturer (NEN Life Sciences, Boston, MA), rinsed in PBS and incubated in DTAFavidin (1:300, Jackson ImmunoResearch) for 4 h at room temperature.
To determine whether TRPV6 labelled neurons in the ARC co-express ERα/
CART/ NPY sections containing ARC were processed for double immunofluorescence.
Sections were processed for TRPV6 immunofluorescence as mentioned above. Sections
were further rinsed several times in PBS, treated with blocking solution for 30 min, and
incubated in rabbit polyclonal ERα/ rabbit polyclonal CART/ sheep polyclonal NPY
antisera for 24 h at 4 °C. Sections were rinsed in PBS, and incubated in Alexa Fluor-594conjugated anti-rabbit/ anti-sheep IgG (Invitrogen, 1:1000).
To find out if TRPV6 equipped CART neurons of ARC innervate preoptic area,
rostro-caudal series of sections containing ARC from rat brains of retrograde neuronal tracer
in MnPO and AVPe regions as described in Chapter 3 (Material and method section,
Retrograde

neuronal

tracing

paragraph)

were

employed

for

sequential

triple

immunofluorescence using goat anti-CtB (1:5000) and rabbit anti-TRPV6 (Alomone,
1:1000). The TRPV6 signal was amplified using BT and visualized using DTAF-avidin
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(1:300) and CtB cells in ARC were detected using AlexaFluor594-anti-goat IgG (1:1000).
The sections were rinsed in PBS several times and incubated in rabbit anti-CART (55-102)
(1:5000) followed by incubation in DyLight649-conjugated donkey anti-rabbit IgG
(BioLegend, 1:1000 dilution).
Sections

of

the

DRG,

kidney

and

cerebellum

were

processed

for

immunohistochemistry as previously described [308]. Sections were treated with 0.5%
Triton X-100 in PBS followed by 3% normal horse serum in PBS, and incubated in TRPV6
antiserum (1:1000) for 24 h at 4 °C.

Sections were rinsed in PBS and incubated in

biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, USA, 1:400) for 2 h
followed by streptavidin-peroxidase (ABC, Vector, 1:100) for 2 h. Following rinsing in
PBS and Tris buffer (pH 7.6), sections were incubated in 0.025% diaminobenzedine
containing 0.0036% H2O2 in 0.05 M Tris buffer pH 7.6 for 5 min. All the sections/slides
were rinsed in PBS, mounted on glass slides, and coverslipped with Vectashield mounting
medium.
All the fluorescently labelled sections were observed under AxioImager M2
fluorescence microscope (Carl Zeiss, Germany).
Neuroanatomical description, nomenclature, and schematics showing the
distribution of TRPV6 cells and fibers in the mouse brain were adopted from the mouse
brain atlas [309]. Description of the relative intensity and density of TRPV6 cells and fibers
in the mouse brain is given in Table 1.

Specificity of TRPV6 antiserum
Details of the antisera and their dilutions used for localization of TRPV6 in the
mouse brain, and the phenotypic characterization of TRPV6-expressing cells are given in
Appendix 1. The specificity of TRPV6 antiserum has already been established [310,311].
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Using Western blot analysis, the antiserum has been shown to recognize TRPV6 in prostate
carcinoma cell line (LNCaP) endogenously expressing the ion channels [311]. In human
embryonic kidney (HEK) cells transfected with TRPV6-YFP, specificity of the antiserum
has been demonstrated using immunofluorescence and Western blot [310]. The specificity
of the antiserum to recognize mouse TRPV6 has also been established [312,313]. The
affinity

purified

TRPV6

antiserum

was

raised

against

a

synthetic

peptide

(NRGLEDGESWEYQI), corresponding to the amino acid residues 712-725 of C-terminus
end of human TRPV6. The human and mouse TRPV6 sequences were aligned using
CLUSTAL-OMEGA.

The sections of the brain were incubated in diluted TRPV6

antiserum. The diluted antiserum was preadsorbed with the control peptide (Alomone Labs)
at 1:1 ratio for 24 h and applied on the sections of the brain. Using this antiserum, the
manufacturer has demonstrated TRPV6 immunofluorescence in the sensory neurons of
DRG (Alomone Labs) and presence of TRPV6 has been demonstrated in the mouse kidney
[257]. DRG and kidney tissues therefore served as positive controls. To determine whether
the antiserum recognizes TRPV6 in the mouse brain, western blot analysis of the mouse
hypothalamus was performed as described below.

Total RNA isolation and RT-PCR
Adult, female, mice were anesthetized with an i.p. injection of a mixture containing
ketamine (80 mg/kg BW) and xylazine (10 mg/kg BW), brains were dissected out, quickly
frozen in dry ice, cut on a cryostat, and a block of tissue containing the hypothalamus was
isolated.

Total RNA was isolated from mouse hypothalamus using TRIzol® Reagent

(Ambion) and quantified using NanoDrop 2000 Spectrophotometer (Thermo Scientific) and
then stored in -80˚C.

The cDNA was synthesized using high-capacity cDNA reverse

transcription kit (Applied Biosystems). TRPV6 cDNA was PCR amplified using total cDNA
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(0.5 µl) as template, mouse TRPV6 gene specific primers (forward primer: 5’GGGGTTAATACTCTGCCTATGG-3’,

and

reverse

primer:

5’-

GCACCTCACATCCTTCAAACTT-3’; [231] and the Phusion High-Fidelity PCR kit (Cat.
# E0553S, BioLabs). The PCR product along with Gene Ruler 100 bp DNA ladder (Gene
Ruler, Cat. No. SM0243, Thermo Scientific) was electrophoresed on 1.7% agarose gel and
visualized in the Gel Doc (Bio-Rad).

Estrous cycle-related changes in TRPV6 in the mediobasal hypothalamus
Adult, female mice were employed to study the estrous cycle-related changes in
TRPV6 in the mediobasal hypothalamus (MBH). Animals were handled every morning
8:00-9:00 am for a week prior to experiment to reduce the handling-related stress. The
estrous cycle was assessed by vaginal smear cytology: predominant nucleated epithelial
cells in proestrus; cornified cells in estrus; mixture of leukocytes, nucleated epithelial cells
and cornified cells in metestrus; and predominant leukocytes in diestrus [230]. Vaginal
smears were collected over glass slides between 8:00-9:00 am everyday by flushing vagina
gently with 10 µl 0.01 M PBS, pH 7.4 using pipette after cleaning the vagina with PBSsoaked cotton balls. The unstained slides having vaginal smears (flush) were observed under
light microscope with a 10X objective.

Three mice per stage of estrous cycle were

anesthetized with i.p. injection of a mixture containing ketamine (80 mg/kg BW) and
xylazine (10 mg/kg BW), brains were dissected out, frozen on dry ice, and stored at - 80 ˚C
until processed further. MBH was isolated from each brain and further processed for
Western blot analysis as described below.

155 | P a g e

Chapter 4
Western blot analysis
To determine the specificity of the TRPV6 antiserum and study the estrous cyclerelated changes in TRPV6 expression in MBH, Western blot analysis was performed. Mice
were anaesthetised with i.p. injection of a mixture containing ketamine (80 mg/kg BW) and
xylazine (10 mg/kg BW) and decapitated; brain was dissected out, and frozen on dry ice.
Using cryostat, a tissue block containing the hypothalamus was isolated from each animal,
lysed in 10 mM Tris-Cl, pH 8.0 buffer in the presence of Halt TM protease inhibitor cocktail
(Thermo Scientific) in a tissue lyser (Qiagen) and centrifuged at 4˚C for 30 min (Laura
Giusti, J cell Mol Med., 2014).

The supernatant was collected and total protein was

estimated using Bradford reagent (Sigma). The protein sample along with protein marker
(Fermentas, Cat# SM0671) in adjacent lane was electrophoresed using minigel apparatus
(BioRad). Similarly, 40 µg of the protein isolated from mediobasal hypothalamic tissue
from mouse in each phase of the estrous cycle, was resolved on 9 % SDS-PAGE. Proteins
were transferred to Immobilon®-P Polyvinylidene Difluoride membrane (PVDF, Sigma)
using wet-transfer system (Biorad). The blots were incubated with mouse monoclonal
GAPDH antibody (Abgenx, 100 ng/ml) and rabbit polyclonal TRPV6 antiserum (Alomone,
50 ng/ml) followed by goat anti-mouse and anti-rabbit horseradish peroxidase-conjugated
antibodies (Cell Signaling, 1:10000), respectively. The signal was detected in ChemiDoc
(Biorad) using Chemiluminescent HRP substrate (Millipore). The band intensities were
measured using Quantity One software. The percentage intensity of TRPV6 protein relative
to GAPDH (loading control) was calculated. The values were represented as mean ± SEM.

Statistical analysis
Changes in TRPV6 protein expression in MBH during estrous cycle (3 mice per
phase of the estrous cycle) was analysed in GraphPad Prism using One-way ANOVA
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followed by Bonferroni's Multiple Comparison Test. P<0.05 was considered statistically
significant.
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RESULTS
Specificity of TRPV6 antiserum
CLUSTAL-OMEGA analysis of the human and mouse TRPV6 showed a high
degree of similarity (Fig. 1A). The fourteen amino acid human TRPV6 peptide against
which the antiserum was raised has 92.9% sequence identity with mouse TRPV6 (Fig. 1A).
Application of TRPV6 antiserum on sections of the mouse brain resulted in labelling of
neurons in the SON (Fig. 1B) and other brain regions. No immunoreactivity was observed
in the brain following application of the antiserum preadsorbed with the control TRPV6
peptide (Fig. 1C). Several sensory neurons in the DRG showed TRPV6 immunoreactivity
(Fig. 1D). Using this antiserum, the manufacturer (Alomone Labs) has also demonstrated
TRPV6 immunofluorescence in the sensory neurons of the rat DRG. Application of the
TRPV6 antiserum on sections of the mouse kidney showed immunofluorescence in the cells
of renal tubules.

In the hypothalamic tissue, while Western blot analysis detected a

prominent band of ~95 kDa (Fig. 1E), corresponding to the molecular weight of TRPV6,
RT-PCR analysis showed TRPV6 mRNA expression (Fig. 1F).

Organization of TRPV6-immunoreactivity in the brain
Diagrammatic representation of the organization of TRPV6-immunoreactive cell
bodies and fibers in the mouse brain is shown in Fig. 2. The relative number of TRPV6
cells and fibers in different regions of the brain is given in Table 1.

Telencephalon
Moderately labelled TRPV6-immunoreactive cells were observed in the ventral
tenia tecta (Figs. 2A, 3A), ventral pallidum (Fig. 2A), and piriform cortex (Figs. 2C, 3B). In
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Figure 1: Specificity of the TRPV6 antiserum in the mouse brain. (A) CLUSTALOMEGA analysis of sequences of human and mouse TRPV6. The fragment of human
TRPV6 against which the antiserum is raised show 92.9 % sequence identity with mouse
TRPV6 (red rectangle). (B) TRPV6 labelled neurons (arrows) are seen in the hypothalamic
supraoptic nucleus (SON) but (C) no immunofluorescence is seen in SON after application
of the preadsorbed TRPV6 antiserum with control peptide. (D) Sensory neurons in the
dorsal root ganglion (DRG) showing TRPV6 immunoreactive cell bodies (arrows). (E)
Western blot analysis of the hypothalamus showing a band at ~95-100 kDa. No band is
seen following application of the preadsorbed antiserum. (F) RT-PCR analysis showing
TRPV6 transcript in the hypothalamus. Ab, TRPV6 antibody; Ab+P, TRPV6 antiserum
preadsorbed with control peptide; L, DNA ladder; M, protein molecular weight marker.
Scale bar = 20 µm.
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amygdala, TRPV6-immunoreactive cell bodies and fibers were observed in the medial
amygdaloid nucleus, anterodorsal subdivision (MeAD) (Figs. 2D, 3C). In the hippocampus,
immunoreactive cells were also observed in the molecular (Figs. 2E, F, 3D) and granule
(Figs. 2F, 3E) layers of the dentate gyrus. Immunoreactive cells and fibers were seen in the
nucleus of horizontal limb of the diagonal band (HDB) and ventral part of the lateral septal
nucleus (Figs. 2B,C).

Diencephalon
TRPV6-immunoreactive cell bodies and fibers were observed in the preoptic area
(POA) and hypothalamus (Fig. 2B-F). The cells and fibers of vascular organ of the lamina
terminalis (VOLT) showed distinct TRPV6-immunofluorescence (Figs. 2B, 3F, G).
TRPV6-immunoreactive cells were seen in the subfornical organ (Figs. 2D, 3I) and choroid
plexus (Figs. 2E, F, 3J).

TRPV6-immunoreactive cells and fibers were seen in the

septohypothalamic nucleus (Figs. 2B, C, 4A). While several neurons in the hypothalamic
supraoptic nucleus (SON) showed intense TRPV6 immunofluorescence (Figs. 2D, 4B),
isolated weakly immunoreactive neurons were observed in the anterior hypothalamic area,
posterior part (AHP) (Fig. 2E, 4C) and anterior hypothalamic area, central part (AHC) (Figs.
2D, 4D). No immunoreactivity was detected in the hypothalamic paraventricular nucleus
(PVN). TRPV6 immunoreactive cell bodies and fibers were observed in the peduncular part
of the lateral hypothalamus (PLH) (Figs. 2D-F, 4E), hypothalamic dorsomedial nucleus
(DMN) (Figs. 2F, 4F-H), and subincertal nucleus (SubI) (Fig. 4I). In DMN, while the
immunoreactive cells and fibers were organized in the dorsal (DMD, Figs. 2F, 4F, G) and
ventral (DMV, Figs. 2F, 4H) subdivisions; the compact part of DMD was devoid of TRPV6
immunofluorescence (DMC, Fig. 2F). In the hypothalamic arcuate nucleus (ARC), several
TRPV6 cells were observed; no TRPV6 fibers were observed in this area (Figs. 2E, F, 4J).
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Figure 2: Schematics showing the organization of TRPV6-immunoreactive elements in
the mouse brain. Schematic drawings of the rostrocaudal series of transverse sections (AG) of the mouse brain [A: 2.34, B: 0.50, C: 0.14, D: -0.82, E: -1.22, F: -1.82 , and G: -5.40
relative to bregma] showing cytoarchitectonic areas on the left [adopted from Franklin and
Paxinos (2007)] and TRPV6 cells (circles) on the right. Please refer abbreviations for
details of the nuclei and brain regions. Scale bar = 1 mm.

161 | P a g e

Chapter 4
Table 1: Distribution of TRPV6-immunoreactive neuronal cell bodies and fibers/terminals
in the mouse brain and pituitary gland

Areas of the brain
Telencephalon
Olfactory bulb
Ventral tenia tecta
Ventral pallidum
Piriform cortex
Amygdala
Medial amygdaloid nucleus, anterodorsal (MeAD)
Hippocampus (Hp)
Granule cell layer of dentate gyrus (GrDG)
Molecular layer of dentate gyrus (MoDG)
Nucleus of the horizontal limb of the diagonal band (HDB)
Diencephalon
Preoptic area (POA)
Medial preoptic area (MPA)
Lateral preoptic area (LPO)
Septohypothalamic nucleus (SHy)
Hypothalamus
Supraoptic nucleus (SON)
Paraventricular nucleus (PVN)
Anterior hypothalamic area (AH)
AH, central part (AHC)
AH, posterior part (AHP)

Cells

Fibers/terminals

.+
.+
.+++

...-

.+++

.++

.+

+

.+
.+

.-

.+
.+
.++

...++

.+++
-

.+
-

+

+

+

+

.++
.++
.+++
+++
++
..+
+++
++
+++

.+++
.+++
++
+++
++
.++
+
+++
-

.-

.+

Dorsomedial hypothalamic nucleus (DM)
DM, dorsal part (DMD)
DM, ventral part (DMV)
Hypothalamic arcuate nucleus (ARC)
Peduncular part of lateral hypothalamus (PLH)
Subincertal nucleus (Subl)
Median eminence (ME)
Zona incerta (ZI)
Vascular organ of the lamina terminalis (VOLT)
Subfornical organ (SFO)
Choroid plexus (CP)
Mesencephalon
p1 periaqueductal gray (p1PAG)
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Metencephalon and myelencephalon
Raphe pallidus nucleus (RPa)
A11 dopamine cells
Lateroventral periolivary nucleus (LVPO)
Medioventral periolivary nucleus (MVPO)
Nucleus of trapezoid body (Tz)
Ventral cochlear nucleus anterior part (VCA)
Cerebellum (Purkinje cells)
Pituitary gland
Pars tuberalis (PT)
Pars distalis (PD)

.++
.+
.++
.++
.+++

..+
...-

.++
.+++

..-

.++
.+

..-

Number of cell bodies and fibers/terminals: +, few; ++, moderate; +++, high; -, negative
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Figure 3: Organization of TRPV6-immunoreactive elements in the forebrain of mouse.
Fluorescence photomicrographs showing TRPV6-immunoreactive cells (arrows) and fibers
(arrowheads) in (A) tenia tecta, (B) piriform cortex, (C) medial amygdaloid nucleus
anterodorsal subdivision, (D) hippocampus (Hp), (E) granule layer dentate gyrus (GrDG),
(F) vascular organ of the lamina terminalis (VOLT) around the third ventricle (3V), (G)
high magnification image of a region in F, (H) horizontal limb of the diagonal band (HDB),
(I) subfornical organ, and (J) choroid plexus (CP) of mouse. Scale bar = 25 µm in A-C, F,
G, I, and 10 µm in D, E, H, and J.
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Figure 4: Organization of TRPV6-immunoreactive elements in the hypothalamus and
pars tuberalis of mouse. Fluorescence photomicrographs showing TRPV6-immunoreactive
cells (arrows) and fibers (arrowheads) in (A) septohypothalamic nucleus (SHy), (B)
supraoptic nucleus (SON), (C) anterior hypothalamic area, anterior part (AHA), (D) anterior
hypothalamic area, central part (AHC), (E) peduncular part of the lateral hypothalamus
(PLH), (F) dorsomedial nucleus, dorsal subdivision (DMD), (G) enlarged region of DMD
showing TRPV6-immunoreactive cells and processes, (H) dorsomedial nucleus, ventral
subdivision (DMV), (I) subincertal nucleus (SubI), (J) hypothalamic arcuate nucleus (ARC),
(K) around third ventricle in the hypothalamus, (L) external zone of the median eminence
(ME) and pars tuberalis (PT), (M) enlarged view of PT. TRPV6-immunoreactive cells are
seen in the PT. opt, optic tract; 3V, third ventricle. Scale bar = 25 µm in A, B, E, F, H-L,
and 10 µm in C, D, G, and M.
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Tanycytes lining the wall of third ventricle showed TRPV6 immunofluorescence (Figs. 2BF, 4K). TRPV6 immunoreactive terminals were observed in the external zone of median
eminence (Fig. 4L). Distinct TRPV6-immunoreactive cells were seen in the pars tuberalis
around the median eminence (Figs. 4J, L, M).

Mesencephalon
Isolated beaded TRPV6 labelled fibers were observed in the p1 periaqueductal gray
(p1PAG) (Fig. 5A). Other mesencephalic nuclei were devoid of TRPV6.

Metencephalon and myelencephalon
TRPV6-immunoreactive cells were observed in the A11 region (Fig. 5B), raphe
pallidus (RPa) (Figs. 2G, 5C), medio- (MVPO) and lateroventral (LVPO) periolivary
nucleus (Figs. 2G, 5D), nucleus of trapezoid body (tz) (Figs. 2G, 5E), and anterior part of
the ventral cochlear nucleus (VCA) (Figs. 2G, 5F). Purkinje cells in the cerebellum were
TRPV6-immunoreactive (Figs. 2G, 5G).

TRPV6-immunoreactive cells in ARC co-express ERα and TRPV6 protein expression
in MBH show correlation with estrous cycle
TRPV6- (Fig. 6A) and ERα- (Fig. 6B) immunoreactive cells were seen in ARC
(Fig. 6A, B). Application of double immunofluorescence showed TRPV6-immunoreactive
cells co-expressing ERα (Fig. 6C). By semi-quantitative analysis, approximately 62 %
TRPV6-immunoreactive cells in ARC showed ERα-immunoreactivity in their nuclei.
Intense TRPV6-immunoreactive band was detected in the MBH tissue of mice during
proestrus stage (Fig. 6D, E). Compared to the proestrus stage, a significant reduction
(P<0.01) in the percent intensity of the TRPV6-immunoreactive band was observed in MBH
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of mice in the metestrus and diestrus stages (Fig. 6D, E). TRPV6 protein levels in the MBH
during proestrus and estrus was comparable (P>0.05) (Fig. 6D, E).

TRPV6 equipped neurons in ARC innervates preoptic area and majority of TRPV6immunoreactive cells in ARC co-express NPY
Majority of NPY neurons in the ARC showed TRPV6-immunoreactivity (Fig. 7G-I,
arrow), whereas very few ARC CART neurons showed TRPV6- immunoreactivity (Fig. 7AC, arrowhead). To ensure that the secondary antibody used for detecting CART neurons in
ARC are not binding to the TRPV6 labelled neurons, few TRPV6-labeled sections of ARC
were incubated in Alexa Fluor-594-conjugated anti-rabbit IgG.

No Alexa Fluor-594

immunofluorescence was seen in TRPV6 labelled neurons (Fig. 7D-F). The iontophoretic
injection of CtB in AVPe (Fig. 8A) and MnPO (Fig. 9A) resulted in retrograde accumulation
of CtB in ARC neurons (Figs. 8B, B’, 9B, B’). The CtB/TRPV6 neurons in ARC contained
few or no CART-immunoreactivity (Figs. 8B-E, B’-E’, 9B-E, B’-E’).
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Figure 5: Organization of TRPV6-immunoreactive elements in the midbrain and
cerebellum of mouse. Fluorescence photomicrographs showing TRPV6-immunoreactive
cells (arrows) and fibers (arrowheads) in (A) p1 periaqueductal gray (p1PAG), (B) A11
region, (C) raphe pallidus (RPa), (D) lateroventral periolivary nucleus (LVPO), (E) nucleus
of trapezoid body (Tz), and (F) anterior part of the ventral cochlear nucleus (VCA). (G)
Distinct TRPV6-immunoreactivity is seen in purkinje cells of cerebellum. Scale bar = 25
µm in A-F and 10 µm in G.
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Figure 6: TRPV6-immunoreactive cells in the arcuate nucleus co-express ERα and
TRPV6 protein in mediobasal hypothalamus show correlation with estrous cycle. (AC) Double immunofluorescence photomicrographs showing TRPV6-immunoreactive cells
(green, arrows) in the hypothalamic arcuate nucleus (ARC) co-expressing estrogen receptor
alpha (ERα, red). (D, E) Western blot and analysis of the percent intensity of TRPV6immunoreactive bands in the mediobasal hypothalamus (MBH) of mice collected during
different phases of the estrous cycle. *, P<0.01 compared to proestrus phase. Scale bar =
25 µm.
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Figure 7: Majority of the TRPV6-immunoreactive cells in the arcuate nucleus (ARC)
co-express neuropeptide Y (NPY) but not CART. Double immunofluorescence
photomicrographs showing TRPV6-immunoreactive cells (B, E, H) in ARC co-expressing
CART (A-C, arrowhead in C) and NPY (G-I, arrows). In the absence of CART- antibody, no
co-localization is seen (D-F).

170 | P a g e

Chapter 4

Figure 8: TRPV6-equipped neurons in the arcuate nucleus (ARC) innervate
anteroventral periventricular nucleus (AVPe) in the preoptic area. (A-E, B'-E') CART
neurons (magenta) in ARC equipped with TRPV6 (green) showing retrograde accumulation
of cholera toxin beta subunit (red) injected in (A) AVPe. Note CtB/TRPV6/CART the triple
labelled neurons in ARC (arrows).
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Figure 9: TRPV6-equipped neurons in the arcuate nucleus (ARC) innervate median
preoptic nucleus (MnPO) in the preoptic area. (A-E, B'-E') CART neurons (magenta) in
ARC equipped with TRPV6 (green) showing retrograde accumulation of cholera toxin beta
subunit (red) injected in (A) MnPO. Note CtB/TRPV6/CART the triple labelled neurons in
ARC (arrows).
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DISCUSSION
TRPV ion channels have emerged as novel cationic channels and their significance
in neural regulation is increasingly being appreciated.

In contrast to TRPV1-4,

TRPV5/TRPV6 are highly Ca2+ selective but temperature insensitive and their significance
in the brain is not known. Using RT-PCR analysis, Nijenhuis et al. [314] observed the
presence of TRPV5 and TRPV6 in the mouse brain; TRPV6 seem to be highly expressed as
compared to TRPV5. Compared to other tissues, brain showed lower expression of TRPV6
[315]. We observed TRPV6 mRNA and protein expression in the hypothalamus of mouse.
The cells/fibers expressing these ion channels proteins were observed in the hypothalamus,
brainstem, cerebellum, and pituitary gland.

While TRPV6 and ERα double

immunofluorescence labelling showed their colocalization in ARC neurons, TRPV6 protein
expression in MBH showed correlation with the estrous cycle. This is the first study
describing the neuroanatomical architecture of TRPV6-expressing elements in the brain.
Regulation of TRPV6 in the MBH by circulating levels of estradiol during estrous cycle
might play a role in feedback regulation.
Using multiple sequence alignment, the human TRPV6 epitope against which the
antiserum was raised showed a high degree of sequence similarity with mouse TRPV6.
Specificity of the TRPV6 antiserum used in the present study is well established using range
of approaches including Western blot analysis and transfection [310,311].

Using this

antiserum, our control procedures like the preadsorption control and Western blot analysis
produced convincing results. Further, the antiserum labelled DRG neurons and kidney
cortex and served as positive controls. Using the same antiserum, the manufacturer has
demonstrated TRPV6 immunoreactivity in DRG neurons of rat and the antiserum is known
to label the cells of renal distal tubules [316]. In the present study, using TRPV6 antiserum
the Western blot analysis of the hypothalamic tissue showed a distinct band of desired
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molecular mass. In human prostate carcinoma cell line (LNCaP) endogenously expressing
the ion channels, Western blot analysis using the TRPV6 antiserum has been shown to
recognize ~95 kDa band [311]. Recently, HEK293 cells were transfected with pTRPV6YFP or pIRES-TRPV6 plasmid and using immunofluorescence and Western blot the
specificity of the antiserum was established [310].

While the immunofluorescence

application of TRPV6 antiserum labelled the transfected HEK293 cells, Western blot
analysis of TRPV6 transfected HEK293 cells showed a ~95-100 kDa band [310]. Yet
another study used the same TRPV6 antiserum as used in our study and established its
specificity [317]. In immunoblotting, application of TRPV6 antiserum on HEK cells stably
overexpressing TRPV6 detected a distinct TRPV6 band and the siRNA-TRPV6 treatment
reduced the intensity of the band [317]. Further the application of the TRPV6 antiserum
from Alomone Labs on leukemia K562 cells [318], the intestinal tissue of mouse [319], and
human colon tissue [209], consistently produced a band of predicted molecular mass.
Application of TRPV6 antiserum on the LNCaP cells treated with siRNA-TRPV6, resulted
in reduced TRPV6 immunofluorescence compared to the cells treated with functional noncoding siRNA [320].
recognize

mouse

The TRPV6 antiserum from Alomone labs has been shown to

TRPV6

[312,313].

In

mouse,

the

application of TRPV6

immunohistochemistry and TRPV6 in situ hybridization histochemistry on yok sac tissue
sections resulted in strong labelling of the intraplacental yolk sac [313]. Hatano et al. have
established the specificity of TRPV6 antiserum using the lysate from HEK and Caco-2 cells
transiently transfected with mouse TRPV6-expressing vector [312].

Our Western blot

analysis of TRPV6 in the hypothalamus of mouse is in agreement with the above reports,
suggesting that the TRPV6 antiserum is specific and recognizing TRPV6 in the mouse
brain.
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TRPV6-immunoreactive neurons were observed in the POA, cortex, hippocampus,
amygdala, circumventricular organ, brainstem, and cerebellum. Hypothalamus contained
distinct TRPV6-expressing cells and fibers.

TRPV6-immunoreactive neurons were

observed in SON but no immunoreactive signal was detected in the PVN. The neurons in
SON have also been shown to express other members of the TRPV subfamily including
TRPV1 [251], TRPV2 [202], and TRPV4 [250]. While the magnocellular vasopressin
neurons in SON of wild type mice showed increased neuronal firing following capsaicin (a
TRPV1-agonist) treatment, these neurons in TRPV1 knockout mice did not respond to
capsaicin treatment [321]. While the vasopressin neurons in SON and PVN of rat coexpress TRPV2 [202], both vasopressin and oxytocin neurons in the hypothalamus of
monkey co-express TRPV2 [203]. Neurochemical identity of the TRPV6-immunoreactive
neurons in the SON is not known. We suggest that, like other TRPV ion channels, TRPV6
may also play a role in regulation of SON neurons. The ARC contain neurons expressing
TRPV1 [213] and TRPV2 [202] and role of TRPV2 in the regulation of feeding has been
suggested [202]. Although no TRPV6-immunoreactive cells were observed in the PVN,
distinct TRPV6 immunoreactive cells and fibers were observed in the DMDd and DMDv.
The DMN serve as important integrative center in the hypothalamus and part of the ARCDMN-PVN multisynaptic pathway [322].

Retrograde neuronal tracer study in rat has

demonstrated that DMN neurons project to PVN and these neurons are innervated by αmelanocyte stimulating hormone-containing axons originating from ARC [322]. While we
do not know the neurochemical phenotype of TRPV6-expressing cells in the DMN, we
suggest that the TRPV6 equipped neurons in DMN may innervate and regulate the activity
of PVN neurons. TRPV6-immunoreactivity was observed in the cells and fibers in the
VOLT. The VOLT contains osmosensory neurons [268]. While the neurons in VOLT in
wild type mice showed increased neuronal firing in response to increased osmolality, the
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response was absent in TRPV1 -/- mice [282]. We speculate that the TRPV6 equipped
elements in the VOLT may play a role in osmosensing.
The TRPV6-immunoreactive neurons were observed in ARC of mouse and these neurons coexpressed ERα. Western blot analysis of the TRPV6 protein expression in MBH of mice
during different phases of the estrus cycle showed an interesting correlation. During estrous
cycle, low but slowly increasing level of estradiol was observed during the metestrus and
diestrus phases, and remain elevated during the proestrus phase [323]. During the proestrus
phase, we observed a higher TRPV6 expression in MBH. Compared to proestrus phase, a
significant reduction in TRPV6 expression was seen in MBH of mice in the metestrus and
diestrus phases. The TRPV6 gene promoter contain estrogen response element [34] and
estradiol has emerged as potential regulator of TRPV6 [316].

Although information

pertaining to the interaction between estradiol and TRPV6 in neural tissue is not available,
studies conducted on peripheral tissues have demonstrated a strong correlation between
estrogen and TRPV6.

The duodenal TRPV6 mRNA expression was reduced after

ovariectomy in rat and in ER knockout mice [211]. The TRPV6 mRNA expression in the
duodenum of ovariectomized rat was upregulated following 17-β-estradiol treatment [141].
TRPV6 mRNA in the uterus showed correlation with estrous cycle and highest levels were
detected during estrus phase and pregnancy [206,212]. Estradiol treatment-induced increase
in TRPV6 mRNA expression in the uterus was blocked by pre-treatment with estrogen
receptor antagonist [206]. In human T84 colonic cells, estradiol treatment rapidly enhanced
[Ca2+]i through TRPV6 ion channels [209]. The ARC contains ERα-expressing neurons
[305,307] and the nucleus serve as site for negative feedback effect of estradiol [307]. Since
the effect of estradiol on TRPV6 expression has been suggested to be mediated via ERα
dependent pathway [206], we suggest that the higher estradiol levels during proestrus phase
may upregulate TRPV6 expression in neurons of ARC and play a role in feedback regulation.

176 | P a g e

Chapter 4
Further, using retrograde neuronal tracing, we observed majority of TRPV6 equipped
neurons in ARC projects to AVPe and MnPO but none or few co-express CART. Double
immunofluorescence studies showed ARC TRPV6 neurons co-express NPY suggesting role
of TRPV6 ion channels in the modulation of NPY-GnRH pathway.
In summary, TRPV6-expressing elements seem to be discretely organized in the
brain of mouse. TRPV6-immunoreactive ARC neurons contain ERα and the ion channel
protein expression in MBH showed correlation with estrous cycle. The neuroanatomical
organization of TRPV6-equipped elements in the brain would further help in exploring the
functional significance of the ion channel in neural regulation.
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CHAPTER 5

CART- AND TRPV1-INDUCED GROWTH HORMONE SECRETION
MAY SERVE AS NOVEL COMPONENT OF THE CENTRAL
REGULATION OF ENERGY BALANCE AND REPRODUCTION

S. Kumar, U. Singh, O. Singh, and P.S. Singru. (2017). Transient receptor potential vanilloid
(TRPV1-6) in the pituitary gland of rat: organization and relevance to growth hormone
secretion (manuscript under preparation).
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INTRODUCTION
CART is a widely distributed neuropeptide in the brain [19,133] and regulates a
range of physiological processes by its actions on central as well as peripheral tissues
[128,146]. In Chapter 1, we have observed projections of the arcuate nucleus CART neurons
in the CNS of rat. Although several brain regions dense/moderately innervated by CART
axons originating from ARC, these neurons do not seem to project to the posterior pituitary
gland. In addition, we did not find presence of ARC CART axons in the external zone of
median eminence. While the ARC CART neurons may modulate the energy balance and
reproduction by its central action, presence of CART peptide has also been observed in the
peripheral circulation [128,324].

In addition to other peripheral sources of CART,

hypothalamic neuroendocrine neurons secreting CART in portal circulation and CART
synthesizing cells in the anterior pituitary gland may serve as important contributors for
serum CART. CART in the external layer of medial eminence seem to play a role in the
regulation of anterior pituitary gland secretion [325,326]. In addition, presence of CARTexpressing cells has been reported in the anterior pituitary gland [327]. CART-(55-102)
seems to be the predominant form of CART peptide reported in the anterior pituitary gland
[127]. The CART-expressing cells have been shown to be colocalized with prolactin (PRL,
82%), growth hormone (GH, 10%), adrenocorticotropic hormone (5%), and thyroid
stimulating hormone and follicle stimulating hormone [< 1%] in the anterior pituitary gland
of rat [327]. While no CART-ir was observed in the pars intermedia, dense CART-ir fibers
were seen in the posterior pituitary [327]. The CART-ir fibers in the pars nervosa seem to
originate from neurons of hypothalamic supraoptic (SON) and paraventricular (PVN) nuclei
since presence of CART/oxytocin and CART/AVP double labelled fibers were observed in
the posterior pituitary [327]. The role of CART in the modulation of pituitary hormones has
also been reported. CART peptide treatment has been shown to inhibit TSH, stimulate PRL,
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and decrease LH release [175].

Recently, the CART-ir cells in the mouse pituitary at

postnatal day P8 were TSHβ- (16-21%) and GH- (57-68%) immunoreactive [40]. This
percentage showed drastic change in the pituitary gland of a 12 week old adult mouse where
approximately 67-76% TSHβ but no GH cells co-expressed CART [40]. These observations
suggest a role for CART peptide in pituitary hormone secretion.
GH plays an important role in the regulation of metabolism. GH regulate glucose
production in liver by gluconeogenesis and glycogenolysis [328–332], lipolysis in the adipose
tissue [333–336], and free fatty acid (FFA) uptake in skeletal muscles [337,338]. Evidence
suggests role of GH in reproduction.

As compared to the wild type mice, the growth

hormone receptor knockout (GHR-KO) mice showed longer estrous cycle duration and
reduced number of preovulatory follicles, corpora lutea, plasma estradiol level, and ovarian
insulin-like growth factor I (IGF-I) mRNA expression [36]. The effect of GnRH on LH
secretion as well as testicular function was also altered in GHR-KO mice [38]. GH levels are
sexually dimorphic and the differential effects of androgens and estrogens in the
hypothalamus might be the cause of sexual dimorphism in GH secretion [339]. The role of
CART in the regulation of GH secretion has been suggested. Although CART-ir cells are
present in the pituitary, only a small population of GH cells co-express CART. Furthermore,
the icv CART peptide treatment significantly increased GH secretion and the external zone of
median eminence contain dense CART innervations, suggesting role of hypophysiotropic
CART system in modulation of GH secretion. Whether ARC CART contributes to the
hypophysiotropic regulation, how CART controls GH release, and controls energy balance,
however has remained unexplored.
The role of TRP channels for the currents present in pituitary cells has been
suggested [340]. The nature of Ca2+-activated non-selective cationic currents in GH3 cells
[341] and gonadotrophs [342], and TTX-insensitive Na+ conductance present in all endocrine

180 | P a g e

Chapter 5
pituitary cells [343,344] is unknown and could be mediated by TRP channels. TRP ion
channels have been speculated to be responsible for mediating Ca2+-activated non-selective
cationic currents in GH3 cells and gonadotrophs [340]. Ca2+ signalling is critical component
of pituitary hormone secretion and the importance of TRPV ion channels in hormonal
secretion has been suggested [340]. Few studies have demonstrated the presence of TRPV
ion channels in the pituitary gland of mammals (Table 1) and their relevance in endocrine
regulation.

RT-PCR analysis has demonstrated the presence of TRPV3 in the human

pituitary [217]. Followed by CNS, pituitary seems to be a high TRPV3 mRNA expressing
tissue [217]. Using immunohistochemistry, TRPV2 immunoreactivity was observed in the
pars nervosa (PN) of macaque [203] and rat [202]. TRPV5 and TRPV6 transcripts and
protein expression were observed in the human parathyroid gland [285]. Reports from the
non-mammalian vertebrate also support the relevance of TRPV ion channels in endocrine
regulation. TRPV4 is expressed in the pituitary pars distalis of the teleost fish, Oreochromis
mossambicus and mediate hyposmolality-induced prolactin release [345].

Presence of

TRPV1 and TRPV4 was observed in the pituitary and pineal gland of the teleost fish,
Oncorhynchus mykiss and these ion channels modulate melatonin secretion in vitro [346].
Poor understanding about these ion channels expression and organization of TRPV-equipped
elements in the pituitary has posed a major impediment in exploring the role of these ion
channels in the regulation of pituitary gland.
In this background, we studied expression and organization of TRPV subfamily
members viz. TRPV1-6 in the rat pituitary. In a pilot study, we have observed TRPV1
immunoreactivity in GH cells in pars distalis. We have therefore explored the role of TRPV1
in GH secretion. Since CART peptide has been shown to modulate GH secretion, we
determined whether this effect of CART is mediated via TRPV1. The pituitary cells were
isolated from rat and treated with either CART or TRPV1 agonist, RTX.

To test the

181 | P a g e

Chapter 5
involvement of TRPV1 in GH release, the pituitary cells were treated with TRPV1 inhibitor,
IRTX followed by RTX and the GH levels were measured using ELISA.
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MATERIALS AND METHODS
Animals
Adult, male, Sprague-Dawley rats (220-250 g) were housed under standard
temperature and humidity of the animal facility in a 12 h light and 12 h dark cycle. Standard
rodent chow and fresh water were provided ad libitum. All the experimental protocols were
reviewed and approved by the Institutional Animal Ethical Committee (IAEC) at the National
Institute of Science Education and Research (NISER), Bhubaneswar, under the Committee
for the Purpose of Control and Supervision of Experiments for Animals (CPCSEA), New
Delhi, India.

Tissue collection
Rats (n = 5 for quantitative real-time PCR; n = 3 for Western blotting; n = 3
immunofluorescence) were anaesthetized intraperitoneally with a mixture of ketamine (100
mg/kg) and xylazine (10 mg/kg). For qRT-PCR and western blotting, anaesthetized rats were
subjected to cervical dislocation followed by decapitation. The pituitaries were isolated,
frozen in dry ice and stored at − 80˚C till processed further. For immunofluorescence, rats
were transcardially perfused with 200 ml phosphate buffered saline (PBS, pH 7.4) followed
by 100 ml 4% paraformaldehyde in phosphate buffer (PB, pH 7.4). The pituitary glands were
isolated, post-fixed in 4% paraformaldehyde in PB and cryoprotected in 25% sucrose in PBS.
Pituitary cell culture protocol was employed to study the effect of TRPV1 agents on GH
cells. The procedure was carried out in sterile conditions. Anaesthetized rats (n = 6) were
subjected to cervical dislocation followed by decapitation. The pituitary glands from each rat
were immediately isolated. The processing of tissue for each protocol is described below.
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Quantitative real-time PCR (qRT-PCR)
The relative abundance of TRPVs mRNA in rat pituitary was studied using
quantitative real- time PCR. In brief, pituitary glands were disrupted and homogenized in 1
ml QIAzol lysis reagent using TissueLyser (Qiagen) at 50 Hz for 2 mins. Total RNA was
isolated using RNeasy Lipid Tissue Mini Kit (Cat. # 74804, Qiagen). RNA was quantified in
NanoDrop 2000 Spectrophotometer (Thermo Scientific). One μg of the total RNA was
reverse transcribed into cDNA using QuantiTect Reverse Transcription Kit (Cat. # 205313,
Qiagen). cDNA was added to a 20 µl reaction of KAPA SYBR Fast qPCR master mix (2X)
(Cat. # KK4601, KAPA Biosystems) along with the primers (200 nM each) for rat TRPVs
and HPRT (Table 1). TRPVs and HPRT cDNAs respectively were amplified in 7500 Real
Time PCR System (Applied Biosystems). The qRT-PCR amplified products were finally run
on 1.4 % agarose gel in order to confirm the amplification of single correct sized fragment.
The relative expressions of TRPVs mRNA were normalized by HPRT mRNA (endogenous
control) and reported as relative CT values (CT of TRPV/ CT of HPRT), as previously
described [231].

Western blotting
Pituitary glands collected for WB were disrupted and homogenized in 10 mM TrisCl, pH 8.0 buffer in the presence of Halt TM protease inhibitor cocktail (1:100, Thermo
Scientific) using TissueLyser (Qiagen) at 50 Hz for 2 mins. The homogenate was kept in ice
for 10 mins, centrifuged at 14000 x g for 30 mins at 4˚C, and the supernatant was collected
and stored at −20 ˚C [285]. Total protein was estimated using Bradford reagent (Sigma). 40
µg of the protein along with the protein marker (Fermentas) were resolved in 9% SDS-PAGE
and transferred to Immobilon®-P Polyvinylidene difluoride (PVDF, Sigma) membrane using
wet-transfer (Bio-Rad) at constant 350 mA for 1 h. The blots were incubated in blocking
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Table 1: Primer sequences used in quantitative real-time PCR of the rat TRPVs (target
genes) and HPRT (endogenous control gene).

Target

Amplicon length
Primer

Primer sequence (5’--->3’)

gene

(bp)
F

GTTTCAGGGTGGACGAGGTA

R

ATCCCTCAGAAGGGGAACCA

F

GTTTGACCGTGACCGACTCT

R

TTCCAGTGGAGCCTTCTGTG

F

AGAGACCCCATCCAATCCCA

R

GCATGAGGAAGTCAGACGCA

F

TCGGGGTCTTTCAGCACATC

R

CTCATGGCGGTTCTCGATCT

F

CTTACGGGTTGAACACCACCA

TRPV1

173

TRPV2

131

TRPV3

197

TRPV4

197

TRPV5

163
R

TTGCAGAACCACAGAGCCTCTA

F

GGGGTTAATACTCTGCCTATGG

TRPV6

191
R

GCACCTCACATCCTTCAAACTT

F

TTATCAGACTGAAGAGCTACTGTAATGATC

R

TTACCAGTGTCAATTATATCTTCAACAATC

HPRT

127
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buffer (3 % BSA, 0.05 % Tween 20 in PBS, pH 7.4) for 1 h, followed by incubation with
TRPVs antisera (50 ng/ml, Table 2) for 1 h at room temperature. In addition, the TRPVs
antisera were preadsorbed with their respective control peptides (1:1) for 1 h and the blots
were incubated with the preadsorbed antisera. After washing in TBST buffer, the blots were
incubated in goat anti-rabbit horseradish peroxidase-conjugated antibody (1:10000; Cell
Signaling) for 1 h at room temperature. The blots were washed in TBST buffer and the signal
was detected using Chemiluminescent HRP substrate (Millipore) in Gel Doc system
(BioRad). All the conditions including chemicals, dilution, treatment time, and exposure
time for capturing the images were kept constant to minimize the errors.

Immunofluorescence
The pituitary glands were coronally sectioned (18 µm thick) on a cryostat (Leica
CM3050 S, Leica Microsystems, Nussloch GmbH, Germany). Sections were collected in
PBS, transferred to the antifreeze solution (30% ethylene glycol and 25% glycerol in 0.05 M
PB), and stored at − 20 °C until processed further. The details of the antibodies used in the
study are given in Appendix 1. Sections were processed for immunofluorescence as described
previously [159,201].

Since the application of TRPV1-6 antiserum at 1:1000-1:2500

dilutions followed by incubation in Alexa Fluor 488-conjugated anti-rabbit IgG (1:1000)
resulted in a weak immunofluorescence labelling, tyramide amplification protocol was
employed for signal amplification of TRP1-6 signal. Briefly, the sections of the pituitary
gland were treated with 0.5% Triton X-100 in PBS for 20 min followed by 3% normal horse
serum in PBS for 30 min. Each set of sections were separately incubated in TRPV1-6
antisera for 24 h at 4 °C. The sections were washed in PBS and incubated in biotinylated
donkey anti-rabbit IgG (Vector Laboratories, Burlingame; 1:400) for 4 h followed by
streptavidin-peroxidase (ABC, 1:1000) for 2 h. The immunoreaction was amplified using
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Tyramide Signal Amplification kit as per the instructions of the manufacturer (New England
Nuclear Life Science Products, USA). Sections were incubated in DTAF-avidin D (1:300,
Jackson ImmunoResearch) for 2 h, rinsed in Tris buffer (pH 7.6), and mounted with
Vectashield mounting medium containing DAPI (Vector).
A set of TRPV1 labelled pituitary sections from each animal were processed for GH
immunofluorescence. The sections were incubated in polyclonal rabbit anti-GH antiserum
overnight at 4 ºC. The sections were washed in PBS and incubated in Alexa Fluor 594conjugated anti-rabbit IgG (1:1000, Life Technologies) for 4 h at room temperature. After
rinsing in Tris buffer, sections were mounted on glass slides and coverslipped with
Vectashield mounting medium with DAPI (Vector).

Pituitary cell culture
The pituitary glands were kept in fresh ice-cold HBSS buffer, rinsed in 0.1 M PBS,
pH 7.4, followed by gentle trituration in growth plating media [Neurobasal medium, 1X; B27 supplement, 1X; GlutaMax, 1X; FBS, 0.5%; Penicillin-Streptomycin, 1X (Thermo Fisher
Scientific)] [281].

The suspension was passed through the cell strainer (40 μm) and

centrifuged at 1000 rpm for 5 mins. The pellet was resuspended in growth plating media.
Approximately 2 × 105 cells per well were seeded on poly-d lysine coated coverslips and
were placed in the CO2 incubator (5% CO2, 37 ºC) for 2 days to allow cells to adhere. After 2
days, the coverslips containing adhered cells were used for immunfluorescence, ELISA, and
Ca2+-imaging as described below.
The coverslips containing adhered pituitary cells were processed for GH and TRPV1
double-immunofluorescence labelling. In brief, coverslips were washed once with PBS,
fixed in 4% paraformaldehyde in PB for 10 mins, and rinsed in PBS. The cells on coverslips
were immersed in 0.2% Triton X-100 for 5 mins followed by washing in PBS. The cells were
187 | P a g e

Chapter 5
blocked with 3% normal horse serum in PBS for 30 mins and incubated in polyclonal rabbit
anti-TRPV1 antiserum for 2 h.

The cells were washed with PBS and incubated in

biotinylated donkey anti-rabbit IgG (1:400, Vector Laboratories) for 2 h followed by
streptavidin-peroxidase (ABC, 1:1000). The immunoreaction was amplified as described
above and detected using DTAF-avidin D. The cells were rinsed in PBS and incubated in
GH antiserum for 2 h. After washing with PBS, the cells were incubated in Alexa Fluor 594conjugated goat anti-rabbit IgG (1:1000) for 1 h. The cells were rinsed with Tris buffer (pH
7.6), and mounted in Vectashield mounting medium containing DAPI (Vector).

Growth hormone ELISA
The coverslips containing adhered pituitary cells were rinsed with serum-free media
[Neurobasal medium, 1X; B-27 supplement, 1X; GlutaMax, 1X; Penicillin-Streptomycin,
1X] and incubated in the same fresh serum-free media for 1 h in CO2 incubator (5 % CO2, 37
˚C) prior to experiment. After 1 h, the media was replaced with serum-free media containing
0.1 μM resiniferatoxin (RTX, TRPV1 agonist, CAT # 1137/1, Tocris Bioscience), 1 μM 5’iodoresiniferatoxin (5’-iRTX, TRPV1 antagonist, CAT # 1362/1, Tocris Bioscience), and
vehicle (containing DMSO; solvent for RTX and 5’-iRTX). The no-treatment group received
only the serum-free media.

Experiment was conducted in triplicate.

The media were

collected and stored at − 80 ˚C from the RTX, vehicle and no-treatment groups after 1 h of
treatment.

In the 5’-iRTX group, cells were rinsed in serum-free media followed by

incubation with serum-free media containing RTX (0.1 μM). The media was collected after 1
h of treatment and stored at − 80 ˚C. Ten μl media from each group was assayed for GH
levels using rat/mouse GH ELISA kit (Cat # EZRMGH-45K, Millipore) along with the
equivalent amount of the quality controls (Cat # E6045-K, Millipore) and rat/mouse GH
standard supplied, in duplicates as per the manufacturer’s instructions. The absorbances were
188 | P a g e

Chapter 5
read at 450 nm and 590 nm in ELISA plate reader within 5 mins and the difference in
absorbance values (450 nm – 590 nm) were used to obtain the standard curve. The data was
analysed using MasterPlex ReaderFit, a Curve-Fitting Software for ELISA Analysis.
All the quality control values fall within the calculated quality control range. The
dose-response curve for this assay fits best to a 5-parameter logistic equation which was used
to calculate the GH levels in different groups.

Ca2+ imaging
To test whether the release of GH in rat pituitary cell culture by TRPV1 activation is
dependent or independent of Ca2+ ions, Ca2+-imaging was performed using Fluo-4 AM as
previously described [347] with modifications.
Briefly, Pluronic F-127 (Cat. # P3000MP, Thermo Fisher Scientific) was mixed
with Fluo-4 AM (Cat. No. F14201, Thermo Fisher Scientific) in 1:1 ratio such that the final
concentration of Pluronic F-127 was below 0.1 %. The cells on coverslips were loaded with
2 μM Fluo-4 AM calcium indicator dye containing Pluronic F-127 in Ca2+-free HBSS buffer
(Cat. # TL1098, HiMedia) for 45 mins in CO2 incubator (5 % CO2, 37 ˚C). The cells were
rinsed in Ca2+-free HBSS buffer containing 1 mM probenecid (Cat. No. P8761, Sigma)
followed by incubation with Hibernate A supplemented with GlutaMax, B-27, and 1 mM
probenecid for 30 mins in CO2 incubator (5 % CO2, 37 ˚C). Fluorescence measurements
were taken up to 36.4 mins at every 3 sec using a 490 nm excitation and 543 nm emission
filter block in laser-scanning confocal microscope (LSM780, Carl Zeiss, Germany). Vehicle
(containing DMSO) and RTX (0.1 μM) were given after 2 mins of the start of fluorescence
measurements. The change in fluorescence intensity at a given time relative to average
fluorescence intensity before stimulus (∆F/F) was plotted as a function of time [348].
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Image capturing and image analysis
The image analysis system consisted of a fluorescence microscope equipped with a
CCD camera. Images were captured using AxioCam digital camera (Carl Zeiss) by switching
the filter sets. In Adobe Photoshop CS4 (Adobe Systems, Inc., USA), the images were
superimposed, and adjusted for the brightness and contrast. In addition, the pituitary sections
and coverslips containing pituitary cells were also analyzed under laser-scanning confocal
microscope (LSM780, Carl Zeiss, Germany). Immunofluorescence signal was detected at
excitation/emission wavelengths of 495/517 nm (DTAF, green), 590/619 nm (Alexa Fluor
594, red), and 358/463 nm (DAPI, blue). The series of optical slices from each coverslip
were analysed using LSM software.
The immunoreactivity of each ion channel was visually scored [+, low; ++,
moderate; +++, high; ++++, intense; -, absent] based on the relative density in different
compartments of the pituitary (Table 2).

Specificity of the antisera
The specificity of TRPV1 [349,350], TRPV2 [202], TRPV3 [215], TRPV4 [351],
TRPV5 [159], and TRPV6 [201] antisera is well established. Stringent control procedures
including omission of the primary antisera from the reaction, replacement of the primary
antiserum with normal serum, and application of the preadsorbed antiserum with the
respective control peptides at 1:1, were employed.

Statistical analysis
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The various groups in different experiments were analyzed in GraphPad Prism 7.02
(trial version) software using One-way ANOVA followed by Bonferroni’s multiple
comparison test. A P<0.05 was considered statistically significant.
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RESULTS
TRPV1-6 mRNA expression in the rat pituitary
The TRPV1-6 mRNA expression was observed in the rat pituitary.

Higher

expression of TRPV1 followed by TRPV2 and TRPV4, TRPV3 and TRPV5, with lower
levels of TRPV6 was seen in the pituitary gland (Fig. 1).

TRPV1-6 immunoreactivity in the rat pituitary
No immunofluorescence was observed in the pituitary sections following omission
of the primary antisera from the reaction and replacement of the primary antiserum with
normal serum. Further, the application of the preadsorbed antiserum with the respective
control TRPV peptide did not produce any immunoreactivity in the pituitary gland sections
(Fig. 2). The pituitary gland of rat consists of three lobes viz. PD, PN, and PI. In addition, PT
has been suggested as a structural subdivision of PD and share similar ontogenic origin [352].
A discrete organization of TRPV1-6 immunoreactive elements was observed in each lobe of
the pituitary gland. The diagrammatic representation of TRPV1-6-ir elements in the pituitary
gland is shown in Figure 3, the relative immunoreactivity of each ion channel in different
pituitary compartments is given in Table 2, and details of organization of TRPV-equipped
cells/fibers in pituitary are described below.

TRPV1
Distribution of TRPV1-equipped elements in the rat pituitary is shown in Figs. 3A,
4A-D, and 5A. TRPV1 immunoreactivity was observed in the PD, PN, and PI (Fig. 3A, 4AD). Weak TRPV1-ir fibers/terminals were seen in the PN (Figs. 3A, 4A, B). While several
moderately TRPV1-ir cells were observed in the PI and PD (Figs. 3A, 4A, C, D), intense
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immunoreactive cells were localized in PT (Fig. 5A). TRPV1-ir was seen in the periphery of
the cells (Fig. 4D).

TRPV2
Organization of TRPV2-ir elements in the pituitary of rat is shown in Figs. 3B, 4EH, and 5B. Dense and intensely labelled TRPV2-ir fibers were observed in the PN (Fig. 3B,
4E, F). Intensely labelled TRPV2-ir stellate cells were observed in the PD (Figs. 3B, 4E, H).
No distinct immunofluorescence signal was detected in the PI (Figs. 3B, 4E, G) and PT (Fig.
5B).

TRPV3
The distribution of TRPV3-expressing elements in the pituitary is shown in Figs. 3C,
4I-L, and 5C. Isolated TRPV3-ir terminals and weak immunofluorescence signal was noticed
in the PN (Figs. 3C, 4I, J). The PI showed diffuse TRPV3 immunofluorescence (Figs. 3C, 4I,
K). In the PD, scattered TRPV3-ir cells were observed (Figs. 3C, 4I, L). No distinct
TRPV3-ir was seen in the PT (Fig. 5C).

TRPV4
The organization of TRPV4-ir in the pituitary of rat is shown in Figs. 3D, 4M-P, and
5D. Isolated terminals and weak immunofluorescence signal were observed in the PN (Figs.
3D, 4M, N). While intensely labelled distinct TRPV4-ir cells were seen in the PI (Figs. 3D,
4M, O), isolated weak cells were present in the PD (Figs. 3D, 4M, P).

No

immunofluorescence signal was observed in the PT (Fig. 5D).

TRPV5
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Organization of TRPV5-ir elements in the pituitary gland of rat is shown in Figs. 3E,
4Q-T, and 5E. TRPV5-ir was observed in all subdivisions of the pituitary gland. While
several intensely labelled cells were observed in the PI (Figs. 3E, 4Q, S), isolated cells were
seen in the PD (Figs. 3E, 4Q, T).

The PN showed the presence of moderately

immunoreactive terminal fields (Figs. 3E, 4Q, R) whereas intensely labelled cells were seen
in the PT (Fig. 5E).

TRPV6
The distribution of TRPV6-ir cells/terminals in the different lobes of the pituitary
gland of rat is shown in Figs. 3F, 4U-X, and 5F. TRPV6-ir fibers/terminals were observed in
the PN (Figs. 3F, 4U, V). The PI showed the presence of compactly organized TRPV6-ir
cells (Figs. 3F, 4U, W). Moderate to intensely immunoreactive cells were observed in the PD
(Figs. 3F, 4U, X) and PT (Fig. 5F).

GH secreting cells in PD co-express TRPV1
Application of GH/TRPV1 double immunofluorescence method on pituitary gland
showed co-expression of GH and TRPV1 in vast majority of cells in PD (Fig. 6A-C) as well
as in the isolated rat pituitary primary cells (Figs. 6D-F). By semi-quantitative analysis of the
pituitary sections for double labelled cells with GH+TRPV1, approximately 87% GH cells
showed co-expression of TRPV1.

Activation of TRPV1 increases GH secretion in vitro
Compared to vehicle and no treatment groups, while the rat pituitary primary cells
treated with 0.1 μM RTX resulted in significant increase in GH secretion (Fig. 7), cells
treated with 1 μM IRTX followed by 0.1 μM RTX blocked the RTX-induced increase in GH
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release (Fig. 7). Compared to vehicle and no treatment, 0.1 μM CART peptide treatment
significantly increased GH release from the pituitary cells (Fig. 7). The GH release observed
by treatment with 0.1 μM RTX was significantly higher than that by 0.1 μM CART peptide,
suggesting TRPV1-mediated GH release in rat pituitary primary cells is more potent than
CART-induced GH release (Fig. 7). The GH levels in cells pre-treated with IRTX followed
CART peptide and CART peptide alone was comparable (Fig. 7).

Effect of TRPV1 activation on [Ca2+]i activity in rat pituitary primary cells
The [Ca2+]i activity in rat pituitary primary cells prior (Fig. 8A), during (Fig. 8B),
and after (Fig. 8C, D) application of 0.1 μM RTX were comparable.

No change was

observed in ∆F/F prior or after the application of RTX (Fig. 8E).
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Figure 1: TRPV1-6 mRNA expression in the pituitary gland of rat. The relative CT
values for TRPV1-6 in the rat pituitary are represented as mean ± SD. Coloured circles
represent the relative CT values for individual rats and the horizontal lines represent the mean
relative CT values from five rats. P>0.05 TRPV2 vs TRPV4 and TRPV3 vs TRPV5.
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Figure 2: Specificity of the TRPV1-6 antisera in the pituitary gland of rat.
Immunofluorescence photomicrographs of the sections of the rat pituitary gland incubated in
(A) TRPV1, (B) TRPV2, (C) TRPV3, (D) TRPV4, (E) TRPV5, and (F) TRPV6 antisera
preadsorbed with respective control peptide. No immunofluorescence is seen in the pituitary
gland. Scale bar = 100 µm.
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Table 2: Qualitative analysis of TRPV1-6 immunoreactivity in the pituitary gland of rat

Organization of TRPV channels in the pituitary gland of rat
Pituitary gland
TRPV
Pars

Pars

Pars

Pars

nervosa

intermedia

distalis

tuberalis

TRPV1

++

++

++++

++++

TRPV2

++++

-

+++

-

TRPV3

+

++

++

-

TRPV4

+

++

+

-

TRPV5

++

++++

+

++

TRPV6

+++

++++

+++

+++

subfamily

Score based on relative density of TRPV channels immunoreactivity in different pituitary
compartments: +, low; ++, moderate; +++, high; ++++, intense; -, absent
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Figure 3: Schematics showing the organization of TRPV1-6 immunoreactive elements in
the pituitary gland of rat. Schematics showing organization of (A) TRPV1-, (B) TRPV2-,
(C) TRPV3-, (D) TRPV4-, (E) TRPV5-, and (F) TRPV6-euipped elements in pars distalis
(PD), pars nervosa (PN) and pars intermedia (PI) of the rat pituitary gland. Immunoreactive
fibers/terminals are shown with dots/dotted lines and cells with closed circles. The star
shaped cells represent TRPV2-ir stellate cells in PD. Scale bar = 1 mm.
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Figure 4: TRPV1-6 immunoreactivity in the pituitary gland of rat. Immunofluorescence
photomicrographs of the sections of the pituitary gland showing (A-D) TRPV1, (E-H)
TRPV2, (I-L) TRPV3, (M-P) TRPV4, (Q-T) TRPV5, and (U-X) TRPV6 immunoreactive
cells or fibers in the pars nervosa (PN, B, F, J, N, R, V), pars intermedia (PI, C, G, K, O, S,
W), and pars distalis (PD, D, H, L, P, T, X). The low magnification images of the pituitary
gland are shown in the first column (A, E, I, M, Q, U). Scale bar = 100 µm (A, E, I, M, Q, U)
and 20 µm (B-D, F-H, J-L, N-P, R-T, V-X).
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Figure 5: TRPV1-6 immunoreactivity in the pars tuberalis (PT) of rat.
Immunofluorescence photomicrographs of the hypothalamic sections at the level of median
eminence (ME) showing (A) TRPV1, (B) TRPV2, (C) TRPV3, (D) TRPV4, (E) TRPV5, and
(F) TRPV6 immunoreactivity in the PT. Scale bar = 40 µm.
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Figure 6: Growth hormone (GH) secreting cells in the rat pars distalis (PD) and
pituitary primary cells co-express TRPV1.
Double immunofluorescence
photomicrographs of the sections of PD of the pituitary gland of rat (A-C) as well as the
isolated rat pituitary primary cells (D-F) showing growth hormone (GH, red, A, D) and
TRPV1 (green, B, E) immunoreactive cells. The co-localized cells (C, F) appear yellow due
to colour mixing. Scale bar = 20 µm (A-C) and 25 µm (D-F).
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Figure 7: Effect of CART peptide treatment and TRPV1 agonist on growth hormone
secretion. Effect of CART peptide and TRPV1 agonist, resiniferatoxin (RTX) on growth
hormone (GH) release (ng/ml) from the rat pituitary primary cells. CART peptide or RTX
significantly increase GH release. Pre-treatment of the cells with TRPV1 antagonist,
iodoresiniferatoxin (iRTX) blocked TRPV1- but not CART-induced GH release.

203 | P a g e

Chapter 5

Figure 8: Effect of TRPV1 agonist on [Ca2+]i activity in the rat pituitary primary cells.
Photomicrographs showing intracellular Ca2+ concentration, [Ca2+]i in rat pituitary primary
cells prior (A), during (B), and after (C, D) application of TRPV1 agonist, resiniferatoxin
(RTX). The change in [Ca2+]i in RTX-treated rat cells (1-6) is shown in E. [Ca2+]i is
measured in terms of change in fluorescence intensity at a given time relative to average
fluorescence intensity before stimulus (∆F/F). B = Background, Scale bar = 20 µm
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DISCUSSION
Information on TRPV ion channels in the pituitary is scanty and functional
significance of these channels in the regulation of pituitary hormones unexplored. Presence
of TRPV1- and TRPV2-immunoreactivity was observed in the pars nervosa of the pituitary
gland of rat [202] and monkey [203]. While we have recently described presence of TRPV6ir cells in the pars tuberalis of mouse pituitary gland, Smith et al. [217] observed presence of
TRPV3 transcript in the pituitary gland of rat. In the present study, expression of TRPV1-6
mRNA was detected in the pituitary gland of rat. The TRPV1 mRNA was highly expressed
but low level of TRPV6 was seen in the pituitary. Our immunofluorescence data showed
distinct cells in the PD and PI equipped with TRPV, whereas in the PN fibers/terminals
containing TRPV1-6-ir were observed. The PD contained several TRPV1 and TRPV6-ir
cells and PI showed the presence of TRPV5- and TRPV6-ir cells. The GH cells in PD
showed co-expression of TRPV1, and treatment of the primary pituitary cells with TRPV1
agonist resulted in release of GH. This is the first report demonstrating discretely organized
TRPV1-6-equipped elements in different compartment of the pituitary gland and significance
of TRPV1 in the regulation of GH secretion.
Specific antisera against TRPV1-6 were employed for localization of the respective
ion channels in the rat pituitary gland. These antisera have been used in previous studies to
localize TRPV1-6 in different tissues. For example, TRPV1 antiserum was used to localize
TRPV1 in DRG neurons of rat [350] and mice [353]. The TRPV2 antiserum was used for
localization of TRPV2 in the brain and pituitary of rat and the specificity established using
tissue obtained from TRPV2 knock out mice [202].

TRPV3 antiserum has been

demonstrated to recognize its antigen in rat brain and in TRPV3 transfected cells [215]. The
specificity of the TRPV4 was established in TRPV4-transfected HEK cells and mouse kidney
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[351,354]. Recently, we have established the specificities of the TRPV5 and TRPV6 antisera
in mouse/rat brain [159,201]. We further validated the specificity of each antiserum in the rat
pituitary using preadsorption control protocol. We suggest that the TRPV1-6 antisera are
specific and recognizing respective antigens in the pituitary gland of rat. Using qRT-PCR,
distinct expression of each member of TRPV subfamily was observed in the pituitary gland
of rat. Compared to other channels, TRPV1 mRNA was highly expressed whereas lowest
level of TRPV6 mRNA was observed. The channel synthesis, trafficking, and recycling
might a factor for the discrepancy in the results obtained with qRT-PCR and
immunofluorescence. Further, we have used entire pituitary gland for qRT-PCR analysis,
whereas immunofluorescence localization of TRPV1-6 was studied in each pituitary lobe.
While abundant TRPV2-ir was observed in the PN of rat, scattered TRPV1, TRPV36-ir fibers/terminals were seen in this region. The fibers/terminals in PN of rat [202] and
monkey [203] are known to express TRPV2-immunoreactivity.

The PN contains axon

terminals of magnocellular neurons of the hypothalamic paraventricular (PVN) and
supraoptic (SON) nuclei which synthesizes nonapeptides, oxytocin and vasopressin [42].
The oxytocin and vasopressin neurons in the PVN and SON co-express TRPV2 and
importance of TRPV2 as a cation conducting channel in neurohypophyseal neurons to
regulate lactation, diuresis, and parturition has been suggested [203]. The oxytocin-dependent
Ca2+ signalling in PVN neurons is mediated via TRPV2 activation [355]. TRPV2 at the
axonal endings of magnocellular neurons might regulate release of the nonapeptides from
posterior pituitary. In addition to the PN, intensely TRPV2 labelled folliculo-stellate cells
were seen in the PD. These cells are stellate/sustentacular/star shaped, their processes contact
blood vessels and endocrine cells [356,357]. These cells express S-100 protein, glial fibrillary
acidic protein, and vimentin and their neuroendocrine origin was proposed [357]. These cells
have been considered as supporting cells for endocrine cells in PD [356–360]. Acosta et al
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[357]studied the ultrastructure of folliculo-stellate cells and their association with different
endocrine cells in PD of a rodent, Visacacha. In this animal, the folliculo-stellate cells were
associated with lactotrophs, gonadotrophs, and corticotrophs [357]. The folliculo-stellate
cells are known to secrete follistatin which may mediate paracrine regulation in pituitary
[359]. While we do not know the significance of TRPV2 in folliculo-stellate cells, we
speculate a role for this ion channel in regulation of other endocrine cells in PD.
We observed the presence of distinct TRPV1-, TRPV5-, and TRPV6-ir cells in the
PT of the pituitary gland. The PT forms incomplete collar on pituitary/infundibular stalk
[361].

Although PT has been considered as one of the major compartments of the

adenohypophysis [362–364], it has been suggested that the PT is merely an extension of PD
[365]. Using immunohistochemistry, while Gross [366] detected gonadotrophs (LH and
FSH) and TSH in the PT of rats, TSH cells contribute a major population of cells of PT. The
significance of the TSH cells in PT, however is not well established. The PT also express
melatonin receptors and play a role in seasonal physiology [362,367]. Further studies are
required to characterize the phenotype of TRPV expressing PT cells and their functional
significance.
Exercise is known to stimulate GH secretion [368–373].

Bridge et al. [374]

observed a linear increase in rectal temperature and plasma GH levels during exercise. The
authors suggested core temperature as major stimulus for GH release [374]. This was further
supported by Christensen [375], suggesting that it is mainly the core and not cutaneous
temperature which modulate GH release. Although evidences strongly indicate that the
exercise-induced rise in body temperature stimulate GH release, the molecular mechanism is
still not known. In the present study, we observed the presence of a thermosensitive TRPV1
in GH cells in PD. The ion channels in GH cells seem functional since treatment with
TRPV1 agonist, RTX significantly increase GH release from the primary pituitary cells.
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While TRPV1 is rapidly activated at 33-39 ˚C, full opening of the ion channel was observed
at 42 ˚C in the presence of 2.5 μm phosphatidylinositol 4,5-bisphosphate [376]. Bridge et al
[374] observed an increase of upto 39 ˚C in rectal temperature during exercise and
temperature of the blood perfusing the brain. The rectal temperature is generally slightly
lower than that in the oesophagus [374]. We suggest that the rising central core temperature
as a result of exercise may activate TRPV1 leading to increased GH release.
Our Ca2+ imaging results showed that the release of GH in rat pituitary cell culture
by RTX mediated activation of TRPV1 is independent of change in activity of [Ca 2+]i. Few
reports have demonstrated TRPV1 mediated processes without any significant change in
[Ca2+]i. For example the RTX mediated activation of TRPV1 in mouse DRG explants which
cause varicosity formation and growth cone retraction seems independent of Ca2+
mobilization from the endoplasmic reticulum and partially independent of Ca 2+ influx [377].
Although the proteins involved in exocytosis machinery in different cells are of similar, the
molecular composition is different in different cell types. The stimulus based secretion where
in neurons and endocrine cells has been shown to be Ca2+ dependent, it is independent of
Ca2+ in epithelial and blood cells [378]. However, there are evidences where the secretion by
neurons and endocrine cells has been observed without affecting intracellular Ca 2+ levels
[378]. For example, the release of vasopressin from isolated neurohypophysial nerve endings
can be evoked by Na+ without rinse in the intracellular Ca2+ [379]. Corticotropin-releasing
factor (CRF) stimulation has been shown to be both Ca2+-dependent as well as Ca2+independent in primary cultured anterior pituitary cells of the rat [380]. While the GnRHinduced LH secretion from rat gonadotropes is Ca2+-dependent [381], phorbol myristate
acetate stimulates LH secretion without detectable [Ca2+]i elevation [382]. The activation of
G-protein via intracellular dialysis of non-hydrolysable analogues of GTP can directly
stimulate a component of exocytosis that is independent of [Ca 2+]i elevation, as well as the
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activation of the cAMP or PKC pathway [383].

This G-protein-mediated and Ca2+-

independent exocytosis appears to be acting on a pool of vesicles or granules that is distinct
from the Ca2+-dependent pool [383].
Since CART stimulate GH release when given intracerebroventricularly or
intravenously [39], we explored the involvement of TRPV1 in CART’s action on GH cells.
Treatment of the primary rat pituitary cells with CART peptide resulted in significant
increase in GH release. Although CART serves as regulator of GH cells, the origin of CART
stimulation to the pituitary is still unclear. Intense CART immunoreactivity is observed in
the median eminence. CART-ir cells are present in the pituitary but only 10 % GH cells coexpress CART. We presume that the hypophysiotropic neurons synthesizing CART may
significantly contribute to the action of CART on GH cells. The effect of CART on GH
release, however, does not seem to be mediated via TRPV1 since blockage of TRPV1 with its
antagonist could not prevent CART-induced GH release. We suggest that in addition to the
central control, the GH cells might be equipped with mechanism to regulate the hormone
secretion independent of the hypothalamic regulation. TRPV1-6 ion channels therefore seem
to be the novel elements in the regulatory control of pituitary gland and their differential
distribution in pituitary lobes suggest their involvement in precise control of endocrine or
neuroendocrine regulation.
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SUMMARY AND CONCLUSIONS
The reproductive success of any species depends on nutritional status and a perfect
balance between energy balance and reproduction is crucial. Improper nourishment and
imbalance in the energy balance may lead to infertility. In rodents, acute or chronic food
deprivation or food restriction delays puberty, lengthens estrous cycles and reduces
reproductive behavior [1,2]. One of the important factors responsible for the infertility due to
inadequate nutrition is the suppression of pulsatile luteinizing hormone (LH) secretion from
the pituitary [3]. While GnRH regulates LH secretion, GnRH in turn is regulated by a
complex neural circuitry in the hypothalamus. GnRH neurons in the preoptic area have been
found to be responsive to glucose treatment and the sensitivity of GnRH neurons was
dependent on ovarian steroids [28]. Furthermore, the neural circuitry that regulates feeding,
satiety and energy balance also resides in the hypothalamus. Evidence suggesting a complex
interplay between the neuronal systems regulating reproduction and energy balance are
emerging. It is therefore important to understand the central mechanism that link
reproduction and energy balance to design strategies to address the question. The neural
pathways and mechanisms regulating reproduction and energy balance are well established.
Two subpopulations of neurons residing in the ARC orchestrate the central regulation of
energy balance. While the AgRP/NPY-containing neurons inhibit energy expenditure but
stimulates food intake, CART/-MSH-producing neurons are known to inhibit food intake
and stimulate energy expenditure [62–64]. These neurons seem to exert their effect by acting
on TRH neurons in the hypothalamic PVN as well as other neuronal elements in the brain
[12]. The evidence like suppression in LH and reproductive behaviour during fasting, and
regulation of GnRH neurons by peripheral metabolites [3,21,26–28], has raised a possibility
of crosstalk between neural pathways regulating energy balance and reproduction. While
studies have demonstrated role of CART peptide in energy balance, importance of this
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peptide in the regulation of GnRH neurons and reproduction is also available. In this thesis, I
have investigated role of ARC CART in weighing reproductive strategies versus energy
availability and identified the regulators of CART neurons. An overall representation of the
neural circuitry in the hypothalamus involving CART as key messenger linking pathways of
reproduction and energy balance, and key regulatory players in the circuitry is shown in
Figure 1. The ARC CART neurons showed expression of gonadal steroid receptor, ERand
these neurons respond to changes in energy status. The ARC CART neurons project to
several different brain region and distinct innervation of CART-ir fibers was observed in the
POA. Using triple immunofluorescence, we identified the innervation of GnRH neurons in
POA by CART-ir fibers of ARC origin and the CART-GnRH contacts showed correlation
with estrous cycle. We further demonstrate that the CART neurons of ARC co-express
highly Ca2+-selective TRPV channels viz. TRPV5 and TRPV6. These ion channels genes
contain putative estrogen receptor binding elements in their promoters.

TRPV5/6 mRNA

expression showed estrous cycle-related changes. Interestingly, these ion channel equipped
CART neurons project to POA. In addition to the central modulation, CART may also serve
as regulator of energy balance by its action on pituitary GH cells. While CART treatment
stimulated GH release from the primary rat pituitary cells, the action was not mediated via
TRPV1.
CART neurons in ARC have emerged as crucial regulators of energy balance. CART
neurons senses the peripheral metabolic cues and are believed to serve as the first order
neurons in the neural circuitry of central regulation of energy balance [12,13]. We observed
the expression of ER in ARC CART neurons, suggesting role of estrogen in modulating
these neurons. The ER-expressing CART neurons showed activation when the fasted rats
were refed for a short interval. These studies suggest that CART neurons in ARC may link
two intricate functions of integrating estradiol signalling and modulating food intake/energy
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balance. This is further supported by the studies demonstrating role of leptin as well as
estrogen in influencing energy balance and reproduction. Since ARC CART neurons express
both LepR and ERα, these neurons may play a crucial role in mediating the cross talk. We
have also explored the CNS projections of the ARC CART. Not only the regions which
processes the energy balance or reproduction related information, ARC CART neurons
innervate various regions in the brain and spinal cord, suggesting a complex inputs of ARC
CART neurons provided to the CNS. We observed dense innervations of ARC CART
neurons in the POA where the CART fibers contacted GnRH neurons. The intensity of
GnRH-ir neurons as well as the CART-ir fibers and contacts show energy status- as well as
estrous cycle-dependent plasticity. In view of the higher estradiol levels and reduced
expression of ERα in ARC [122–124] observed during proestrus, we presume that rising
estradiol levels during proestrus may activate ARC CART neurons which then alter the food
intake and triggers GnRH neurons. During fasting, by suppressing CART mRNA expression
in ARC neurons, the activity of GnRH neurons might be altered. It is important, however, to
note that the acute or chronic food deprivation or food restriction in rodent delays puberty,
lengthens estrous cycles, and reduces reproductive behaviour [1,2].
TRPV subfamily of cationic channels has emerged as novel players of
neuroendocrine regulation. The activation of these channels by various stimuli enables an
individual cell to receive information from different signals and accordingly regulate the
function of cell. While we observed the presence of putative functional ERE in the promoter
regions of TRPV genes, changes in the mRNA expression levels of TRPV genes in different
brain regions of mouse across the estrous cycle suggesting importance of estradiol-TRPV
interaction in the central control of reproduction. The TRPV5 and TRPV6 channels are
distinct from other members of the TRPV subfamily.

These ion channels have been

suggested temperature insensitive but highly selective for Ca2+ ions with PCa/PNa ratio more
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than 100 compared to other TRP channels [248,255]. Despite their high selectivity for Ca2+
ions, we could not find evidence of distribution of these ion channels-equipped elements in
the CNS. We observed the TRPV5- and TRPV6-ir elements widely distributed in the brain
of mice/rat. While TRPV6 was localized in neurons, TRPV5-ir was observed in neurons as
well as glial cells.

In addition to other brain regions, presence of these ion channel

expressing elements was observed in ARC, where a great majority of CART neurons coexpress TRPV5, and NPY neurons showed TRPV6-ir.

The ARC CART neurons are

anorexigenic whereas NPY neurons are orexigenic, and these neuronal populations constitute
the major part of the hypothalamic pathways regulating food intake and energy balance
[8,9,62–64]. To gain insight into the functional significance of these ion channels in ARC,
we employed retrograde neuronal tracing protocol. Following neuronal tracer CtB injection
in the POA, we observed accumulation of the tracer in CART neurons co-expressing
TRPV5/6. Further, the POA projecting ARC CART neurons co-expressing TRPV5 showed
estrous cycle dependent changes. The TRPV5-ir astrocytes in the ARC also showed estrous
cycle-dependent changes. The ARC TRPV6-ir neurons coexpressed ERα and their expression
showed estrous cycle-dependent changes in the medio-basal hypothalamus.

These

observations suggest the involvement of TRPV5/6 channels in the regulation of neural
circuitry linking energy balance with that regulating reproduction.

These ion channels

expressions seem to be modulated by circulating levels of estradiol and thereby regulate ARC
CART or NPY neurons which in turn regulate the GnRH neurons. In addition to its role in
the regulation of ARC CART neurons, hypothalamic neuroendocrine neurons synthesizing
oxytocin and vasopressin also seem to be equipped with these ion channels. Further studies
are essential to elucidate the functional significance of these ion channels in the regulation of
neuroendocrine pathways.
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In addition to the role of TSH in regulation of energy expenditure, and importance of
LH and FSH in reproduction, the GH secreted by the anterior pituitary gland seem to play an
essential role in controlling energy balance as well as reproduction. The GH is a crucial
regulator of metabolism and reproduction, and therefore may serve as important player in the
cross talk between the two distinct functions. We observed dense CART-ir fibers in the
external zone of ME. Hypophysiotropic CART neurons release the peptide in the ME and
transported to the anterior pituitary via portal vessels and may trigger GH secretion.
Intracerebroventricular administered CART peptide has been shown causes GH release in
rats [39]. Since we could not find the CART/-MSH double labelled fibers in the ME, we
suggest that ARC CART neurons do not contribute directly to the pituitary gland regulation.
Treatment of the primary rat pituitary cells with CART peptide resulted in significant
increase in GH release. While exploring the CART-GH interaction and role of TRPV in the
regulation of ARC CART neurons, we encountered TRPV ion channel expression in the rat
pituitary gland. While TRPV1 mRNA was highly expressed, lowest expression of TRPV6
was observed in the pituitary gland. Application of TRPV1-6 immunofluorescence showed
discrete organization of these ion channel expressing elements in the pituitary gland.

The

GH cells in the pituitary co-expressed TRPV1 and treatment with TRPV1-agonist stimulated
GH release from rat pituitary primary cells. We further observed that the CART mediated
GH release is independent of TRPV1, suggesting different mechanism are employed for GH
release by CART and TRPV1 modulators. The TRPV1 induced GH release was more potent
than the CART-mediated GH release. These findings seem to have paramount importance in
regulation of GH secretion by body temperature. TRPV1 is a thermosensor and GH release
has been shown to increase with an increase in the core body temperature as seen during
exercise [374]. Activation of TRPV1 and release of GH thus provide an important nonneural mechanism for cross talk between the energy balance and reproduction. Although
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presence of six members of TRPV subfamily in three different compartments of pituitary
gland was exciting, understanding the significance of each of these ion channels in the
regulation of pituitary was challenging.

The study might help to further explore the

functional significance of TRPV1-6 in the pituitary gland.
Taken together, we suggest that ARC neurons serve as common neural substrate to
link pathways regulating energy balance and reproduction, and CART as common messenger
employed by these pathways. For the first time we have demonstrated the neuroanatomical
organization of TRPV5 and TRPV6-ir elements in the brain. With TRPV ion channels
expressed in ARC CART neurons, the regulation of these neurons seem to interesting.
CART neurons in ARC contain ER, and TRPV5. Further, the promoters of TRPV5/6 genes
are equipped with putative ERE and their expression changes with changes in circulating
levels of estradiol during estrous cycle. We propose that the TRPV5 and TRPV6 may
function like ionotropic receptor for estradiol’s action.

These ion channels seem to be

important in the regulation of CART-GnRH pathway since they are present on ARC CART
neurons and these neurons project to POA and innervate GnRH neurons to regulate
reproduction.

In addition to its central action on pathways regulating energy balance and

reproduction, CART seems to be a potent regulator of GH cells in pituitary gland. Given the
discretely organized TRPV1-6-ir elements in different lobes of the pituitary gland, we
speculate that TRPV ion channels as novel endocrine regulators of pituitary gland. With
TRPV1-6 in different compartments and polymodal nature of these ion channels, the pituitary
hormone secretion might also be regulated independent of the hypophysiotropic regulation.
This is evident from the comparable response of GH secretion elicited by CART peptide and
TRPV1 agonist treatments, but inability of TRPV1 antagonist to block GH releasing action of
CART.
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Figure 1: Organization and proposed mechanism of the regulation of neural pathways in the
brain wherein the cocaine- and amphetamine-regulated transcript (CART)-containing neurons
of the hypothalamic arcuate nucleus (ARC) serve as a common messenger in the crosstalk
between circuits regulating energy balance and reproduction. CART neurons residing in the
ARC express estrogen receptor (ER and respond to changes in energy status. The ER-expressing
CART neurons receive estradiol feedback signals and project to preoptic area (POA) to innervate the
gonadotropin-releasing hormone (GnRH) neurons. Majority of ARC CART neurons are equipped
with TRPV5, innervate GnRH neurons in the POA, and the CART-GnRH contacts show estrous
cycle-dependent plasticity. The astrocytes in ARC also express TRPV5 and estradiol may modulate
their activity to regulate reproduction. Unlike TRPV5, TRPV6 is expressed by only few ARC CART
neurons but the majority of the ARC neuropeptide Y (NPY) neurons co-express TRPV6. The
hypophysiotropic CART neurons residing in the paraventricular nucleus (PVN) which project to the
external zone of median eminence (ME) may regulate growth hormone (GH) release from the
somatotrophs in the pituitary gland (P). GH is a crucial regulator of metabolism. The GH cells in the
pituitary are equipped with TRPV1 and the hypophysiotropic regulation of GH by CART seems
independent of TRPV1 activation.
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Appendix
Appendix 1: Details of the primary antibodies/antisera used

Antigen

Host

Antibody
type

Immunogen

Source

Dilution

Cocaine-and
amphetamine
-regulated
transcript
(CART)

Mouse

Monoclonal

Purified recombinant
CART (54-102)

CART

Rabbit

Polyclonal

CART (54-102)

Polyclonal

α-MSH conjugated to
bovine thyroglobulin

Jeffrey B. Tatro,
Tufts Medical
Center, Boston,
MA

1:10000

Polyclonal

Synthetic NPY peptide
conjugated to bovine
thyroglobulin

Chemicon®
Cat. # AB1583

1:1000

Polyclonal

Mammalian GnRH
conjugated to bovine
thyroglobulin

Kind gift of Dr.
Erik
Hrabovszky,
Hungarian
Academy of
Sciences,
Hungary
(#1018)

1:1000

Polyclonal

A synthetic peptide
(SGFNADYEASSSRC)
(Cat. No. PP10)
corresponding to amino
acids 4-17 of human cFos

Calbiochem®
Cat. # PC38

Alphamelanocytestimulating
hormone (αMSH)
Neuropeptide
Y (NPY)

Gonadotropin
-releasing
hormone
(GnRH)

cFos

Sheep

Sheep

Guinea
pig

Rabbit

Kind gift of Drs.
Lars Thim and
J.T. Clausen,
Novonordisk,
Denmark
Phoenix
Pharmaceuticals
, USA
Cat. # H-003-62

Millipore, USA
Cat. #
MAB5296
Kind gift of Dr.
H. Gainer

1:2000

1:5000

1:50,000

Oxytocin

Mouse

Monoclonal

Oxytocin conjugated to
thyroglobulin.

Vasopressin

Mouse

Monoclonal

Vasopressin neurophysin

Glial
fibrillary
acidic protein
(GFAP)

Mouse

Monoclonal

Purified GFAP from
porcine spinal cord.

EMD Millipore,
Cat. # MAB360

1:500

Vimentin

Mouse

Monoclonal

Purified vimentin from
pig eye lens.

EMD Millipore,
Cat. #
MAB3400

1:1000

1:500
1:500
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Estrogen
receptor
alpha (ERα)

Cholera
Toxin B
Subunit
(CtB)

GAPDH

β-Actin

GH

TRPV1

TRPV2

TRPV2

Rabbit

Goat

Mouse

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Polyclonal

Polyclonal

KLH-conjugated
synthetic peptide
corresponding to 15
amino acids of rat ERα
(TYYIPPEAEGFPNTI).

EMD Millipore,
Cat. # 06-935

Purified CtB
isolated from Vibrio
cholerae

List Biological
Laboratories,
Campbell, CA,
USA
Cat. # 703

1:1000

1:5000

Monoclonal

A partial length
recombinant GAPDH
Abgenex
protein (amino acids 120- Cat. # 10-10011
320)

1:8000

Monoclonal

A synthetic peptide
corresponding to residues Cell Signaling
near the amino terminus
Cat. # 4970
of human β-actin protein

1:8000

Polyclonal

National
Hormone and
Pituitary
Program
(NHPP), NIH,
USA

Polyclonal

Polyclonal

Polyclonal

Rat GH

Peptide
EDAEVFKDSMVPGEK
, corresponding to the
amino acid residues 824838 of rat TRPV1
(Accession O35433)
from C-terminus region.
Peptide
(KNSASEEDHLPLQVL
QSP) corresponding to
amino acids 744-761 of
rat vanilloid receptor like
protein 1, conjugated to
KLH
Peptide
KKNPTSKPGKNSASE
E, corresponding to the
amino acid residues 735750 of rat TRPV2
(Accession Q9WUD2)
from C-terminus region.

Alomone Labs,
Jerusalem, Israel
Cat. # ACC-030

1:1000
(IF);
1:2000
(IF cells)
1:1000
(IF);
1:2000
(IF cells);
50 ng/ml
(WB)

1:1000
(IF);
50 ng/ml
(WB)

Calbiochem,
Cat. # PC421

Alomone Labs,
Jerusalem, Israel
Cat. # ACC-032

1:1000
(IF);
50 ng/ml
(WB)
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TRPV3

TRPV4

Rabbit

Rabbit

Polyclonal

Polyclonal

TRPV5

Rabbit

Polyclonal

TRPV5

Goat

Polyclonal

TRPV6

Rabbit

Polyclonal

KLH conjugated
synthetic peptide selected
from the N-terminal
region of mouse TRPV3
(NP_659567, 95-129)
Peptide
CDGHQQGYAPKWRA
EDAPL, corresponding
to the amino acid
residues 853-871 of rat
TRPV4 (Accession
Q9ERZ8) from Cterminus region.
Peptide
GLNLSEGDGEEVYHF,
corresponding to the
amino acid residues 715729 of human TRPV5
(Accession Q8NDW5)
from C-terminus region.
Peptide CSHRGWEILRQNT
corresponding to amino
acids 697-708 of human
TRPV5.
Peptide
NRGLEDGESWEYQI,
corresponding to the
amino acid residues 712725 of human TRPV6
(Accession Q9H1D0)
from C-terminus region.

Sigma-Aldrich
Cat. #
SAB1300539

1:1000
(IF);
50 ng/ml
(WB)

Alomone Labs,
Jerusalem, Israel
Cat. # ACC-034

1:1000
(IF);
50 ng/ml
(WB)

Alomone Labs,
Jerusalem, Israel
Cat. # ACC-035

1:1000
(IF);
50 ng/ml
(WB)

Abcam, USA
Cat. # ab77351

Alomone Labs,
Jerusalem, Israel
Cat. # ACC-036

1:2000

1:1000
(IF);
50 ng/ml
(WB)
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