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Abstract
Transient receptor potential (TRP) proteins are non-selective cation channels that mediate sensory
transduction. The neuroanatomical localization and the physiological roles of isoform TRPV2 in
the rodent brain are largely unknown. We report here the neuroanatomical distribution of TRPV2
in the adult male rat brain focusing on hypothalamus and hindbrain regions involved in
osmoregulation, autonomic function and energy metabolism. For this we utilized
immunohistochemistry combined with brighfield microscopy. In the forebrain, the densest
immunostaining was seen in both the supraoptic nucleus (SON) and the magnocellular division of
the paraventricular nucleus (PVN) of the hypothalamus. TRPV2 immunoreactivity was also seen
in the organum vasculosum of the lamina terminalis, the median preoptic nucleus and the
subfornical organ, in addition to the arcuate nucleus of the hypothalamus (ARH), the medial
forebrain bundle, the cingulate cortex and the globus pallidus to name a few. In the hindbrain,
intense staining was seen in the nucleus of the solitary tract, hypoglossal nucleus, nucleus
ambiguous, and the rostral division of the ventrolateral medulla (RVLM) and some mild staining
in the area prostrema. To ascertain the specificity of the TRPV2 antibody used in this paper, we
compared the TRPV2 immunoreactivity of wildtype (WT) and knockout (KO) mouse brain tissue.
Double immunostaining with arginine vasopressin (AVP) using confocal microscopy showed a
high degree of colocalization of TRPV2 in the magnocellular SON and PVN. Using laser capture
microdissection (LCM) we also show that AVP neurons in the SON contain TRPV2 mRNA.
TRPV2 was also co-localized with dopamine beta hydroxylase (DBH) in the NTS and the RVLM
of the hindbrain. Based on our results, TRPV2 may play an important role in several CNS
networks that regulate body fluid homeostasis, autonomic function, and metabolism.
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Introduction
Ever since the first description and identification of Transient Receptor Protein (TRP)
channels in Drosophila as a phototransducer, our understanding of the functions and
structures of TRP channels has evolved and currently TRP channel proteins includes seven
subfamilies (Moran, et al., 2011, Venkatachalam and Montell, 2007). A common functional
aspect of TRP channels is their involvement in sensory transduction. The vanilloid
subfamily of TRP channels (TRPV) is made up of six subtypes TRPV1-6 that are calcium
permeable cationic channels responding by various degrees to thermal and mechanical
stimulation (Caterina, et al., 1999, Hisanaga, et al., 2009). Functional studies indicate that
TRPV channels participate in nociception (Caterina, et al., 2000, Davis, et al., 2000, Szallasi
and Blumberg, 1999), myogenic tone (Knot and Nelson, 1995, Scotland, et al., 2004, Welsh,
et al., 2002), mechanosensation (Christensen and Corey, 2007, Colbert, et al., 1997, Corey,
2003, Lin and Corey, 2005, O'Neil and Heller, 2005) and osmoregulation (Bourque, et al.,
2007, Liedtke, 2006, Liedtke, et al., 2000, Sharif-Naeini, et al., 2008, Sudbury, et al., 2010).

TRPV2 was first identified based on its sequence homology with TRPV1 and characterized
by its activation at high temperatures, with a threshold of approximately 52°C (Caterina, et
al., 1999, Guler, et al., 2002). TRPV2 is extensively localized in the trigeminal ganglia
(Ichikawa and Sugimoto, 2001, Park, et al., 2011), spinal cord (Caterina, et al., 1999,
Lewinter, et al., 2004, Park, et al., 2011) and in the dorsal root ganglia (Caterina, et al.,
1999, Park, et al., 2011). In these structures, TRPV2 is expressed most abundantly among a
subpopulation of medium- to large-diameter neurons. Based on these and other findings, it
had been speculated that TRPV2 was proposed to might be involved in thermal nociception
and hyperalgesia. Yet, extensive characterization of mice lacking TRPV2 failed to reveal
any deficits in nociception, either at baseline, or following nerve injury or inflammation
(Park, et al., 2011). In addition to its thermal sensitivity, it has been shown that TRPV2
responds to mechanical stress in vascular smooth muscle cells(Muraki, et al., 2003) and
cultured sensory neurons (Shibasaki, et al., 2010), where it may function as a
mechanosensor. TRPV2 is also believed to play a role in osmotic cell swelling in murine
aortic myocytes (Beech, et al., 2004, Muraki, et al., 2003) TRPV2 is expressed in the
pancreatic ductal cells and the beta cells, as well as in MIN6 insulinoma cells (Hisanaga, et
al., 2009, Kanzaki, et al., 1999). In beta cells, insulin-induced calcium entry is inhibited by
shRNA knockdown of TRPV2 (Hisanaga, et al., 2009). TRPV2 has also been implicated in
macrophage and prostate cancer cell chemotaxis (Link, et al., 2010, Monet, et al., 2009,
Nagasawa, et al., 2007), as well as macrophage phagocytosis and cytokine release (Link, et
al., 2010, Yamashiro, et al., 2010). In each of these contexts, only limited data are available
which identify the mechanisms of activation or endogenous ligands, if any, for TRPV2. One
common theme is that the activation of PI3 kinase appears to drive translocation of TRPV2
to the plasma membrane as well as its activation (Kanzaki, et al., 1999, Nagasawa, et al.,
2007, Penna, et al., 2006).

There is little information on the expression and the function of TRPV2 in the rodent brain.
Recently published work from our lab demonstrated co-existence of TRPV2 in vasopressin
and oxytocin magnocellular neurons of the SON and PVN in an animal model of
hyponatremia (Nedungadi, et al., 2012). Previous study on the neuroanatomical distribution
of TRPV2-immunoreactivity in primate macaque brain identified TRPV2 to be highly
restrictively localized to the hypothalamic paraventricular, suprachiasmatic, and supraoptic
nucleus and colocalized with oxytocinergic and vasopressinergic neurons suggesting the
possibility of a fundamental role for TRPV2 in mediating the activation of neurohypophysial
neurons and possible involvement of TRPV2 in the hypothalamo-pituitary-adrenal axis
(Wainwright, et al., 2004). The purpose of this study was to confirm and extend these
observations by determining the anatomical localization of TRPV2 channels in the rat brain,
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focusing on the hypothalamic and hindbrain regions by immunohistochemistry and laser
capture microdissection.

Materials and Methods
Animals

Experiments were conducted on adult male Sprague-Dawley rats (250–350g, Charles River
Laboratories, Inc., Wilmington, MA, USA). Rats were individually housed and maintained
in a temperature-controlled (23°C) environment under a 12: 12h light/dark cycle with light
onset at 0700h. Rats had ad libitum access to food and water. All experimental procedures
were approved by the University of North Texas Health Science Center Institutional Animal
Care and Use Committee according to the guidelines of the Public Health Service, the
American Physiological Society, and the Society for Neuroscience. Wild-type (WT) and
TRPV2 knockout (KO) mice (Park, et al., 2011) were bred and maintained in accordance
with guidelines of the Johns Hopkins University Animal Care and Use Committee.

Immunohistochemistry
Rats (n=7) were deeply anesthetized with an intraperitoneal injection of thiobutabarbital
(Inactin, Sigma, 100mg/kg) and perfused transcardially with 0.1M phosphate buffered saline
(PBS) followed by 4% paraformaldehyde (PFA). Brains and pituitaries were removed, post-
fixed in 4% PFA for 2h, and then transferred to 30% sucrose-PBS for 2–3 days until sunk.
Forebrains and hindbrains were sectioned coronally at 40 µm and the pituitaries sectioned
coronally at 20µm on a Leica cryostat. Four serial sets of coronal sections from each brain
were placed in cryoprotectant (Watson, et al., 1986) and stored at −20°C in multiwall tissue
culture plates until they were processed for immunohistochemistry (IHC). Pituitary sections
were directly mounted onto gelatin coated slides and processed for IHC immediately after.
TRPV2 KO and WT mice were deeply anesthetized with ketamine and xylazine (Park, et al.,
2011). Perfusion and tissue preparation were conducted as in the rat. Coronal sections were
cut at 40 µm for the hindbrain and the forebrain and placed in cryoprotectant until ready for
use while the dorsal root ganglia was cut at 20 µm and directly mounted onto gelatin coated
slides for IHC.

For each animal, a series of forebrain sections extending from the anterior olfactory nucleus
to the caudal end of the arcuate nucleus of the hypothalamus and a series of hindbrain
sections extending from the pyramidal decussation to the caudal midbrain were used for
TRPV2 immunohistochemistry employing a peroxidase reaction. The primary antibody was
raised against a synthetic peptide corresponding to amino acids 744–761 of rat vanilloid
receptor like protein 2 (rabbit anti-TRPV2, Calbiochem, EMD Chemicals Inc. Gibbstown,
NJ). Before incubation in the primary antibody, the sections were washed 4-8 times in PBS
for 60 min and then incubated in 0.3% hydrogen peroxide for 30 min at room temperature.
After rinsing in PBS, the sections were incubated in PBS containing 3% horse serum and
0.25% Triton-X for 2h. The sections were then incubated in the primary antibody (1ug/ml)
overnight at 4°C, rinsed for 60 min, followed by incubation in biotinylated horse anti-rabbit
IgG (Vector Laboratories, Burlingame, CA) diluted 1:200 in PBS for 2 h at room
temperature. After additional rinses in PBS for 60 min, the sections were treated with
avidin-biotin conjugate (Vectastain ABC kit, Vector Laboratories) and PBS containing
0.04% 3-3'-diaminobenzidine hydrochloride (DAB) reaction and 0.04% nickel ammonium
sulfate for 10 min. The sections were then mounted on gelatin coated slides; air dried
overnight, dehydrated 2 min each in 70%, 95% and 100% ethyl alcohol followed by 2 min
in xylene and then cover slipped with Permount. Second sets of both forebrain and hindbrain
sections were utilized to validate the specificity of the TRPV2 antibody by competition with
unconjugated control peptide (10ug/ml) that was provided by the supplier.
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Double Immunostaining
A third set of free-floating sections from each forebrain were stained for arginine
vasopressin (AVP) using a commercially available polyclonal guinea pig anti-AVP (1:1000,
Peninsula Laboratories, San Carlos, CA; (Drouyer, et al., 2010)). The sections were
incubated overnight in a cocktail of the primary antibodies directed against TRPV2 and
AVP. After rinsing, the sections were sequentially incubated in Cy3- conjugated Affinipure
Donkey anti-guinea pig IgG (Jackson ImmunoResearch secondary antibody for 4 h followed
by Dylight 488-conjugated Affinipure donkey anti-rabbit IgG (Jackson ImmunoResearch,
West Grove, PA) for another 4 h, followed by PBS rinsing. The sections were then mounted
on gelatin coated slides, air dried overnight and then cover slipped with Vectashield (Vector
Laboratories). The final sets of forebrain sections were stained for glial fibrillary acidic
protein (GFAP; mouse monoclonal, Sigma Aldrich, St. Louis, MO) and TRPV2. For this,
PBS rinsed sections were incubated in a cocktail of antibodies against TRPV2 (1:100) and
GFAP (1:1500). After overnight incubation, the sections were incubated in a cocktail of Cy3
conjugated donkey anti-guinea pig IgG and Dylight 488-conjugated Affinipure donkey anti-
rabbit IgG (Jackson ImmunoResearch, West Grove, PA) for 4h. The third set of hindbrain
free floating sections were stained for Dopamine β- hydroxylase (DBH) using commercially
available mouse monoclonal anti dopamine beta hydroxylase (1:1000, MAB308 Millipore,
Billerica, MA; (Berglöf, et al., 2009)) and for TRPV2 as described earlier using a Cy3
labeled donkey anti-mouse secondary and a Cy2 labeled donkey anti-rabbit secondary
antibody.

Brightfield and Confocal Imaging
TRPV2 positive cells were examined and analyzed using an Olympus IX-2 DSU confocal
microscope equipped for brightfield imaging and for epifluorescence with appropriate
excitation/emission filter sets. Images were captured using a Q-imaging Retiga-SRV
camera. The areas analyzed were identified using Paxinos and Watson (1997) for the
forebrain and Paxinos (1999) for the hindbrain. For analysis of TRPV2/AVP double
labeling, sections containing the supraoptic nucleus of the hypothalamus (SON) located -
0.80 mm to −1.80 mm posterior to bregma were analyzed. For paraventricular nucleus of the
hypothalamus (PVN), sections located at −1.40 mm to −2.12 mm posterior to bregma were
utilized for analysis. For analysis of DBH/TRPV2 colocalization, sections containing the
NTS from −13.175 mm to −14.066 mm posterior to bregma were analyzed. We used Image
J software for counting of TRPV2, AVP and DBH labeled cells.

Semiquantitative analysis of TRPV2 distribution
To evaluate the relative densities and distribution patterns of TRPV2 positive neurons,
brightfield images of immunostained regions were captured from the different areas of the
brain. The relative intensity of TRPV2 was graded throughout the brain according to scale of
strong (+++), moderate (++), weak (+) and undetectable (−).

Laser Capture Microdissection of magnocellular AVP neurons
AVP Immunostaining for LCM—Rats (n = 5) were anesthetized with thiobutabarbital
(Inactin, Sigma, 100mg/kg ip) and decapitated. Brains were rapidly removed and were snap
frozen in cooled isopentane kept on dry ice. Using a cryostat10µm thick serial frozen
sections were cut through the hypothalamus at the level of the SON and mounted onto
Polyethylene Napthalate (PEN) membrane coated slides (Catalogue# LCM0522- Arcturus
Bioscience). Frozen sections were allowed to thaw for 30 sec on the slides. The sections
were fixed in ice-cold 100% methanol for 3 min followed by washing in cold DEPC- PBS
three times. Blocking was done DEPC- PBS containing 3% horse serum and 0.25% Triton-
X for 5 min. This was followed by incubation in guinea pig anti-AVP antibody diluted 1:50
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in DEPC- PBS diluent for 3 min and incubation in donkey anti-guinea pig Cy3-labeled
secondary antibody diluted 1:50 in DEPC-PBS for 3 min (Carreno, et al., 2011).

Laser Capture Microdissection (LCM) of AVP neurons—An Arcturus Veritas
Microdissection instrument, which utilizes the IR capture laser with a UV cutting laser, was
used to laser capture AVP labeled neurons. Only neurons that exhibited visible and complete
cytoplasmic staining were selected for LCM harvesting. After dissecting individual
immunoreactive neurons from surrounding tissue, each cell was captured into an Arcturus
Adhesive Cap. After the cells were collected, the cap was immediately transferred to a 0.5ml
tube containing 30 µl of ArrayPure Nano-Scale Lysis Solution with 5.0 µ g of proteinase K
(prod. no. MPS04050; Epicentre Biotechnol Inc. Madison, WI, USA).

Single-neuron RNA extraction and amplification—Total RNA was isolated from
each of 7–10 neurons collected per animal with ArrayPure Nano-Scale RNA Purification Kit
reagents (Epicentre Biotechnol Inc.), in accordance with the manufacturer’s instructions.
Briefly, the cells were individually incubated in Lysis Solution for 15 min at 65–70 °C, and
protein was precipitated by addition of 18 µl of MPC Protein Precipitation, followed by
vortexing and centrifugation at 10, 000 g for 7 min at 4 °C. Fifty microlitres of isopropanol
was added to the supernatant, followed by centrifugation at 10, 000 g for 5 min at 4 °C.
Contaminating DNA was removed from preparations: pellets were air-dried for 5 min,
suspended in 20 µl of DNase I solution containing 1 µl of RNase- Free DNase I and 40µl of
1X DNase buffer, and incubated for 10 min. After addition of 20 µl each of 2X Nano-Scale
Lysis Solution and MPC Protein Precipitation Reagent, the mixtures were vortexed and
centrifuged at 10, 000 g for 5 min at 4 °C. After the addition of 50 ul isopropanol, the
supernatants were centrifuged at 10,000 g for 5 min at 4 °C to pellet purified RNA. Final
rinsing was carried out with 70% ethanol. Resulting pellets were air-dried for 5 min, and
resuspended in 5 µl of RNase-Free water supplemented with 1µl of ScriptGuard RNase
inhibitor (Epicentre Biotechnol Inc.). All RNA samples were stored at - 80° C. RNA
samples were evaluated using a Nanodrop Spectrophotometer (Nanodrop 2000c
Spectrophotometer, Thermoscientific). An aliquot of 1–2 µl per cellular RNA sample was
amplified with TargetAmp 2-Round Aminoallyl-aRNA Amplification Kit materials
(Epicentre Biotechnol Inc.), in accordance with the manufacturer’s instructions as
previously described (Briski, et al., 2010, Carreno, et al., 2011).

qRT-PCR—Aminoallyl-aRNA (< 50 ng) from laser-micro dissected neurons was reverse-
transcribed to cDNA with Sensiscript RT Kit reagents (prod. no.205213; Qiagen Inc.,
Valencia, CA, USA), in accordance with the manufacturer’s instructions. Each RT reaction
mixture consisted of 2µl of 10X RT buffer, 2µl of dNTP mix (final concentration: 5 mM),
2µl of oligo-dT primer solution (final concentration: 10 µm), 1 µl of RNase inhibitor (final
concentration: 10 U / µl), 1µl of Sensiscript reverse transcriptase solution, and aRNA
dissolved in sufficient RNase-free water to yield a total volume of 20 µl. Forward and
reverse primers for target genes (Table 1) were obtained from Integrated DNA Technologies
(Coralville, Iowa, USA). PCR samples consisted of 2µl of cDNA, 10.3µl of RNase / DNase-
free water, 0.2µl of each primer, and 12.5µl of iQ SYBR Green Supermix (prod. no.
170-8880; Bio-Rad). PCR reactions were performed in a Bio-Rad iQTM5 iCycler system,
with cyclic parameters: initial denaturation at 95 °C for 3 min, followed by 40 cycles of 1
min each (40 s at 94°C; followed by 30 s at 60 °C, 72° at 40s).The housekeeping gene,
GAPDH, was measured for normalization of mRNA expression in each sample. In each
real-time RT-PCR analysis, no-template and no-RT controls were performed. Melt curves
generated were analyzed to identify nonspecific products and primer-dimers. The data was
analyzed by the 2−ΔCT method as described previously (Carreno, et al., 2011).
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Results
Characterization of the TRPV2 antibody staining

The specificity of the TRPV2 antibody was first assessed by pre-incubation of the antibody
with the control peptide supplied by the manufacturer. Figure 1 shows representative images
of TRPV2-postive cell body staining in the SON (Fig. 1A) and PVN (Fig. 1B). The robust
TRPV2-ir seen in the SON and PVN were completely abolished by the addition of the
control peptide illustrating the specificity of the TRPV2 antibody (Figs. 1C &1D). The
control peptide also blocked TRPV2 staining in regions outside the hypothalamus including
the cortex (Fig 1E) and the NTS of the hindbrain (Fig 1F). Additional characterization of the
antibody was carried out using TRPV2 knockout mouse brains. Figure 2 shows wild-type
(WT) and TRPV2 knockout (KO) mice stained for TRPV2 immunoreactivity. Robustly
stained TRPV2-ir cells in the SON from WT are shown in Fig 2A. However in the KO there
is absence of TRPV2 staining in the SON (Fig. 2B). In the hindbrain, TRPV2 staining seen
in the WT was absent in the KO (Fig. 2C & 2D). As reported previously (Park et al., 2011),
somatosensory neurons in WT dorsal root ganglia were intensely labeled with TRPV2
antibody, whereas KO ganglia did not show specific staining (Fig 2E & 2F).

Characterization of TRPV2 distribution in the hypothalamus and forebrain regions by
single immunohistochemistry

Table 2 shows the relative abundance of the TRPV2 immuno-reactive neurons in the
different areas of the forebrain. The densest immunolabeling was observed in the
magnocellular SON in both the rostral and caudal aspects (Fig. 1A & 2A) and in
magnocellular PVN (Fig. 1B & 2B). TRPV2 immunoreactive processes also were observed
in the posterior pituitary (Fig.3C & 3D). Moderate numbers of TRPV2 stained cell bodies
were evident in the posterior parvocellular and dorsal horn region of the paraventricular
nucleus of the hypothalamus (Fig. 4A). The organum vasculosum of the lamina terminalis
(OVLT), located in the ventral lamina terminalis, contained intense staining of neuropil and
fibers (Figs. 4B and 4G). TRPV2 positive cells were located in both the lateral and dorsal
aspects of the nucleus of the OVLT. In contrast, the median preoptic nucleus (MnPO)
contained moderate cell body staining ventral and dorsal to the anterior commissure (Figs.
4C and 4H) while the subfornical organ (SFO), the other circumventricular organ of the
lamina terminalis, displayed moderate fiber staining but few TRPV2 positive cells (Fig. 4D).
Moderate staining of cell bodies was observed in the arcuate nucleus of the hypothalamus
(ARH) (Fig. 4E). Mild TRPV2 staining was present in the medial forebrain bundle (MFB)
(Fig. 4F). Mild TRPV2 staining also was observed in cingulate cortex, globus pallidus and
hindlimb forelimb (HLFL) somatosensory cortex (Figs. 5A–C). Very little or no
immunostaining for TRPV2 was observed in the suprachiasmatic nucleus, ventromedial and
dorsomedial hypothalamus, lateral hypothalamic region.

Characterization of TRPV2 distribution in the hindbrain by single immunohistochemistry
The relative abundance of the TRPV2 immunopositive cells in different areas of the
hindbrain is shown in Table 3. Dense labeling of cell bodies was evident in the dorsal vagal
complex (DVC) and the hypoglossal nucleus (Fig. 6A). A few small immunostained TRPV2
cells were located in the cap region of the area postrema (AP) (Figs.6B & 6C) and dense
fiber staining was observed in the Nucleus of the solitary tract (NTS) bordering the area
postrema and this region also contained numerous immunoreactive cell bodies (Figs. 6B and
6D). Intense cell body staining was located in the nucleus ambiguous with moderate staining
ventral to the nucleus ambiguous in the ventrolateral medulla (VLM) (Figs. 7A and 7B).
Few TRPV2 immunoreactive cells were observed in the raphae pallidus nucleus. Figure 8
shows representative TRPV2 staining seen in the C2 adrenaline cells (Fig.8A), pontine
nucleus caudal (Fig. 8B), laterotegmental (Fig. 8C) and lateral reticular nucleus (Fig. 8D)
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Co-localization of TRPV2 protein with AVP neurons in the SON and PVN and with DBH in
the caudal NTS and ventrolateral medulla

Double label immunoflourescence studies revealed that the TRPV2 immunoreactive neurons
in the SON co-localized with the AVP neuronal cell bodies in the SON and the
magnocellular PVN of the hypothalamus. Confocal images of the AVP/TRPV2
colocalization in the SON and caudal magnocellular PVN are represented in Figure 9. To
investigate whether the TRPV2 is expressed in noradrenergic cell groups in the hindbrain,
double immunoflourescent studies were carried out for TRPV2 and DBH. We found a mild
to moderate level of co-localization of TRPV2 with DBH in the caudal A2 region of the
NTS as shown in Figure 10A–C and in the rostral division of the ventrolateral medulla as
depicted by representative images in Figure 10D–F. Table 4 shows the TRPV2/AVP counts
in the SON and TRPV2/DBH colocalization counts in the NTS. Approximately 74% of the
vasopressin immunoreactive cells in the SON were found to be TRPV2 positive. The
percentage of DBH positive neurons co-labeled for TRPV2 was approximately 34%.

Double Immunostaining of TRPV2 protein with GFAP positive astrocytes
Double immunostaining of TRPV2 and GFAP showed low to undetectable levels of double
labeling in the ventral glia lamina of the SON. GFAP labeled processes were observed
distributed among the MNC soma of the SON and very few of these processes stained
positively for TRPV2. Figure 11 shows representative confocal images of GFAP (Figure
11A), TRPV2 (Figure 11B), and TRPV2/GFAP double immunostaining in the SON. In the
arcuate nucleus (Fig. 12A) and MFB (Fig. 12B), colocalization of TRPV2 and GFAP was
also very low to undetectable.

Gene expression analysis
The AVP immunoreactive neurons were identified by a quick immunostaining protocol
involving guinea pig polyclonal primary antibody and Cy3 secondary antibody as previously
described in our earlier publications (Carreno, et al., 2011, Nedungadi, et al., 2012). The
method and area used for microdissection causes minimal damage to the tissue surrounding
the neurons.

Figure 13 show the amplification curves for GAPDH (A), TRPV2 (B) and AVP (C) and
genes from the samples wells. All the CT values for the genes of interest were in the range
from 25–30 and the CT values for the GAPDH were in the lower 20s. ΔCT values were
calculated by subtracting the housekeeping (GAPDH) CT value from the gene of interest.
The 2-ΔCT values for AVP and TRPV2 mRNA expression are as follows. The 2−ΔCT value
for AVP was 0.07144 ± 0.03183 and the 2−ΔCT value for TRPV2 = 0.01511 ± 0.00194.
These values correspond to robust mRNA levels of AVP and TRPV2. Lower values in 3–4
decimal places indicate high CT values and correspond to lower mRNA levels. These results
indicate that the gene encoding TRPV2 is expressed in AVP neurons in the SON.

Discussion
Our study provides a systematic examination of TRPV2 protein in the rat forebrain and
hindbrain focusing on brain regions involved in autonomic regulation and body fluid
homeostasis. In the forebrain, there was extensive TRPV2 immunoreactivity in the
magnocellular neurons of the SON and PVN and in the OVLT. TRPV2 was colocalized with
AVP in both the SON and PVN as demonstrated by double labeling and confocal
microscopy. This observation also is supported by data from laser capture microdissection
and real time RT-PCR analysis of AVP neurons harvested from the SON which
demonstrated expression of TRPV2 mRNA. TRPV2 staining was also present in non-
vasopressin neurons in both the PVN and SON indicating its expression in oxytocin
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neurons. Our recently published study demonstrates TRPV2 colocalization with oxytocin
(Nedungadi, et al., 2012). As reported by Wainwright et.al (2004) in primate brains, we also
found beaded TRPV2 fiber staining in addition to staining of the soma in the magnocellular
hypothamic areas indicative of dendritic core vesicles containing neurosecretory granules. In
rodents, vasopressin and oxytocin magnocellular neurosecretory cells are intrinsically
osmosensitive (Mason, 1980, Oliet and Bourque, 1992, Oliet and Bourque, 1993, Renaud
and Bourque, 1991). VGL astrocytic processes projecting dorsally showed very low or no
co-localization with TRPV2 positive cells in the SON, as well as in the ARH and the MFB
respectively. Very few of these astrocytic processes were seen juxtapositioning with TRPV2
labeled cells, suggesting a predominantly neuronal rather than astrocytic localization. While
we cannot at this time exclude the possibility that TRPV2 is expressed in astrocytes, our
results indicate that if TRPV2 is present in these cells, its expression is very low and that
hypothesis may require further investigation.

Dense TRPV2 staining was observed in the OVLT, a circumventricular organ located in the
optic recess. Moderate staining of TRPV2 was observed in the MnPO and the SFO which
are located on the midline of the anterior wall of the third ventricle in the lamina terminalis.
Early functional studies by Andersson et al (1971) and Buggy et al (1979) have shown that
the lamina terminalis is involved in osmoregulation. OVLT and other structures located in
the lamina terminalis are essential for the normal control of vasopressin release, thirst and
salt appetite collectively contributing to maintenance of cardiovascular and body fluid
homeostasis (McAllen, et al., 1990, McKinley, et al., 1999, McKinley, et al., 2004). More
recent work has demonstrated that the OVLT contains neurons that are osmosensitive
(Bourque, et al., 2007). The differences in TRPV2 staining in the SFO and OVLT could be
related to their topographically distinct patterns of Fos staining following osmotic
stimulation (McKinley, et al., 2004).

We also observed TRPV2 staining in the posterior parvocellular cell group and dorsal cap of
the PVN. These regions of the PVN project to the brainstem and spinal cord and are
involved in autonomic regulation. Yahamashita et al. (1988) reported that osmotic
stimulation of PVN neurons in a brain slice preparation was associated with decreased
activity and that PVN neurons display thermosensitivity. However, a more recent report
indicates that putative preautonomic neurons in the PVN are depolarized by hypertonic
NaCl in vitro (Chu, et al., 2010). Our results suggest that TRPV2 could mediate the thermo-
or osmosensitivity of these PVN neurons.

Our data on the localization of TRPV2 in the arcuate nucleus of the hypothalamus suggests
its possible involvement in food intake and energy homeostasis despite its conspicuous
absence in the ventromedial hypothalamus, dorsomedial hypothalamus as well as the lateral
hypothalamic area. However, arcuate nucleus exhibit specific neuroendocrine phenotypes
(Everitt, et al., 1986).Neurons expressing growth hormone-releasing hormone (GHRH)
neurons are predominantly located in the ventrolateral part of the arcuate nucleus, and as we
observed a few cells in this region, it is also possible that TRPV2 might play a role in
regulating GH release from the pituitary. Interestingly, in contrast to the study on nonhuman
primate brain, we did not observe any TRPV2 labeling in the SCN and hence no
colocalization with vasopressin in this region. Species variability might account for this
difference.

Intense TRPV2 labeling was seen in several areas of the rat hindbrain. We observed
abundant TRPV2 immunoreactivity in all aspects of the NTS, the dorsal motor nucleus of
the vagus, the hypoglossal nucleus, rostroventrolateral reticular nucleus, caudoventrolateral
reticular nucleus the nucleus ambiguous, and the locus coeruleus. Furthermore, we observed
that TRPV2 in the NTS and ventrolateral medulla was colocalized with dopamine-beta-
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hydroxylase indicating its expression in noradrenergic and adrenergic neurons. In the NTS
and the area postrema, there was also dense labeling of fibers throughout each region. The
NTS, which receives inputs from primary visceral afferent fibers, is a key relay nucleus in
the reflex control of respiratory and autonomic function (Guyenet, 2006, Kalia, 1981).
TRPV2 expression in parasympathetic and somatic motor neurons of the rat has been
previously described (Lewinter, et al., 2008). The presence of TRPV2 in catecholaminergic
neurons in the NTS, ventrolateral medulla, and locus coeruleus suggest that it could
participate in the central regulation of neuroendocrine function, sympathetic tone, arousal,
and affect (Moreira, et al., 2006, Rinaman, 2007, Rinaman, 2011, Sara, 2009). Lesions of
area postrema have been implicated in impaired osmoregulation (Curtis, et al., 1999). Our
observation of presence of TRPV2 in the area postrema could possibly imply its possible
osmoregulatory component in this region.

TRPV channels have been shown to form homomultimers or heteromers with other
members of the same subfamily (Liapi and Wood, 2005, Rutter, et al., 2005). Co-expression
of TRPV2 with other TRPV channels in the same cells could result in the formation of
heteromeric channels. In the TRPV subfamily, TRPV4 and TRPV1 are other members that
are also responsive to osmotic stimulation. Hence it can be speculated that heteromeric
assembly of two distinct TRPV channels could result in a gain of function or influence the
gating properties of the channel. Capsaicin-sensitive TRPV1 is considered a molecular
integrator of physical and chemical pain stimuli (Tominaga and Caterina, 2004). TRPV1
knock-out animals (Caterina, et al., 2000, Caterina, et al., 1997, Davis, et al., 2000) failed to
develop thermal hyperalgesia establishing the role of TRPV1 as an important regulator of
pain signal transduction mechanisms. It has been suggested that an N -terminal variant of
TRPV1 is involved in thermal and osmosensory transduction in the mouse supraoptic
neurons (Sharif Naeini, et al., 2006). The osmosensory signal transduction cascade is
significantly diminished in TRPV1 KO mice and these mice have significantly attenuated
water intake to systemic hypertonicity compared to wild type controls (Ciura and Bourque,
2006). However, TRPV1 KO mice have normal responses to systemic hypernatremia
(Taylor, et al., 2008). A possible role for TRPV4 in osmotic regulation has also been
suggested. When challenged with systemic hypertonic saline, TRPV4 KO mice exhibited
impaired regulatory responses that include decreased water intake and vasopressin release
resulting in elevated plasma osmolality (Liedtke and Friedman, 2003). These mice also
demonstrated an attenuation of c-Fos expression in the OVLT suggested an impaired
activation of this region in response to a hypertonic stress. Previous studies from our lab
have identified that in conditions of inappropriate vasopressin release, there is increased
expression of TRPV4 protein in the SON of bile duct ligated rats compared to the shams
(Carreno, et al., 2009). TRPV2 may contribute to thermo- and osmosensitivity of
magnocellular neurosecretory neurons and the OVLT alone or by interacting with other
TRPV channels (Sudbury, et al., 2010, Wainwright, et al., 2004).

We have provided evidence for the neuroanatomical distribution of both the mRNA and
protein TRPV2 in the rat and its extensive immunolocalization in the magnocellular
paraventricular and supraoptic nucleus in the forebrain and colocalization of TRPV2 with
vasopressin in these regions. Also, in the hindbrain, extensive TRPV2 expression was seen
in the nucleus of the solitary tract, the rostroventrolateral nucleus, the caudoventrolateral
nucleus and the hypoglossal nucleus. Our data strongly suggest the possible direct
involvement of TRPV2 in mediating osmotic balance, autonomic functions, somatosensory
functions, food intake and cardiovascular regulation. This cation channel might also be
indirectly involved in mediating other responses apart from its direct actions. In pancreatic
β-cells, TRPV2 trafficking and function is modulated by insulin and insulin-like growth
factors (Hisanaga, et al., 2009) while cannabinoids and peptides can activate TRPV channels
in the nervous system (Chakfe and Bourque, 2001, Flores, et al., 2004, Jeske, et al., 2006).
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Our results provide evidence for a new substrate for this type of modulation in each of these
regions. TRPV2 knockout mice have compromised immune function and this channel has
been shown to play an essential role in macrophage phagocytosis (Link, et al., 2010). Based
on our results TRPV2 may play an important role in many CNS networks. Experimental
strategies in which TRPV2 is selectively inhibited or knocked down in neurons expressed in
different brain areas may shed light on the functional role of this channel in the nervous
system.
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Highlights

• TRPV2 expressed in rat brain regions involved in fluid homeostasis, food intake
and autonomic regulation.

• Densest TRPV2 labeling in magnocellular SON and PVN.

• TRPV2 colocalizes with vasopressin in the forebrain and with DBH in the
hindbrain.

• Presence of TRPV2 mRNA in vasopressin neurons as detected by LCM and
qRT-PCR.
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Figure 1.
Demonstration of the specificity of the TRPV2 antibody in the hypothalamic magnocellular
areas. Brightfield images of specific staining seen in the SON (A) and the PVN (B) is
completely abolished by addition of the pre-absorption peptides. Adding 10X excess pre-
absorption peptide eliminated TRPV2 immunostaining in the SON (C), PVN (D), cortex (E)
and NTS (F). The third ventricle is represented as 3v and the optic tract is represented as
OT. The fourth ventricle is represented as 4v. Scale bars= 100 µm in all the images.
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Figure 2.
Antibody specificity tested using TRPV2 KO and WT mouse brain and dorsal root
ganglionic tissue using brightfield imaging. Specific staining seen in the SON of WT (A) is
completely absent in the SON of the KO mice (B). Similar staining patterns are shown in the
NTS of WT (C) and KO (D). As a positive control, presence vs absence of TRPV2 staining
in the DRG of WT (E) and KO (F) respectively. Scale bar=100 µm in all the images
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Figure 3.
Brightfield microscopic images of TRPV2 in SON (A), PVN (B), and posterior pituitary (C
& D). High magnification images of the SON (A) and the PVN (B) shows intense cell body
staining of TRPV2 in these areas. A low magnification image of the pituitary (C) shows
TRPV2 immunoreactive process in the posterior pituitary (PP) and less immunostaining in
the pars intermedia (PI). High magnification images (D) depict the dense immunostaining in
the posterior pituitary. Scale bar= 100 µm in C; 10 µm in A, B and D.
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Figure 4.
Expression of TRPV2 in the posterior parvocellular and the dorsal horn of the PVN (A),
OVLT (B), MnPO (C), SFO (D), ARH (E) and MFB (F) and high magnification images of
intense TRPV2 DAB immunoreactivity in the OVLT (G) and moderate TRPV2 staining in
the MnPO (H) 3v represents the third ventricle. Scale bar = 100 µm for images A-F and 10
µm for images G and H.
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Figure 5.
Images of mild TRPV2 staining in the cingulate cortex (A), globus pallidus (B) and the Hind
limb-Forelimb (HLFL) cortex (C). Scale bar=100 µm in all the images.
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Figure 6.
Expression of TRPV2 in the DVC and hypoglossal nucleus (A) showing dense
immunoreactive cell bodies. Dense immunoreactive fiber labeling and small cells expressing
TRPV2 located in the dorsal cap of the AP (B). High magnification images of TRPV2
positive cells in the dorsal cap of the AP (C) and in the NTS (D). 4v represents the fourth
ventricle. Scale bar = 100µm in A and B. Scale bar = 10 µm for C and D.
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Figure 7.
TRPV2 immunostaining in the nucleus ambiguous and the rostral division of the VLM.
Scale bar = 100µm in A. Scale bar = 10 µm for B.
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Figure 8.
Moderate expression of TRPV2 in low magnification images of the medial vestibular
nucleus and rostral NTS (A), caudal aspect of the pontine nucleus (B), laterotegmental
nucleus (C) and the lateral reticular nucleus (D). Scale bar = 100 µm in all the images.
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Figure 9.
High magnification images of TRPV2 colocalization with AVP in the SON (A–C) and PVN
(D–F). These confocal images of densely Cy2 (green) labeled TRPV2 (B & E) colocalize
with Cy3 (red) labeled AVP (A & D) in the SON and PVN. Neurons with TRPV2 and AVP
colocalization are shown as yellow. Scale bar = 10 µm for all the images.
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Figure 10.
High magnification images of TRPV2 colocalization with DBH in the NTS (A–C) and VLM
(D–F). These confocal images of densely Cy2 (green) labeled TRPV2 (B & E) colocalize
with Cy3 (red) labeled DBH (A & D) in the NTS and VLM. Neurons demonstrating
colocalization are shown as yellow. Scale bar = 10 µm for all the images.
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Figure 11.
Images of TRPV2 immunostaining with GFAP stained astrocyte processes in the SON (A–
C). 60x high magnification images of TRPV2/GFAP double immunolabeling in the SON
(D–F). Confocal images of Cy3 (red) labeled GFAP (A, D) and Cy2 (green) labeled TRPV2
and merged images (C, F) in the SON. Scale bar = 100 µm for A–C and 20 µm for D–F.

Nedungadi et al. Page 26

Exp Neurol. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 12.
Images of TRPV2 immunostaining with GFAP in the ARH (A–C) and the MFB (D–F).
Confocal images of Cy3 (red) labeled GFAP (A, D) and Cy2 (green) labeled TRPV2 and
merged images (C, F) in the ARH and MFB. 3v represents the third ventricle. Scale bar = 20
µm for all images.
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Figure 13.
Amplification curves for GAPDH (A), TRPV2 (B) and AVP (C) obtained by qRT-PCR
from laser capture microdissected AVP neurons in the SON.
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Table 1
Real-Time Quantitative-Reverse Transcriptase Polymerase Chain Reaction Primer
Sequences

Primer sequences of the different genes of interest. The 2−ΔCT is calculated by subtracting the individual CT
value of housekeeping gene (GAPDH) from the corresponding CT value of genes of interest

AVP forward primer: 5'- TGCCTGCTACTTCCAGAACTGC-3’

AVP reverse primer: 5'-AGGGGAGACACTGTCTCAGCTC-3’

TRPV2 sense primer: 5’-GAGTCACCATTCCAGAGGGA-3’

TRPV2 antisense primer: 5’-GTTCAGCACAGCCTTCATCA-3’

GAPDH forward primer: 5’-CTCATGACCACAGTCCATGC -3’

GAPDH reverse primer: 5’-TACATTGGGGGTAGGAACAC -3’
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Table 2
Qualitative estimates of TRPV2-ir in the rat forebrain

Qualitative estimates of TRPV2 positive cells in regions of the rat forebrain.

Forebrain Regions TRPV2-IR
cells

Medial Forebrain Bundle +

Supraoptic Nucleus ++++

Paraventricular nucleus rostral (magnocellular) ++

Paraventricular nucleus caudal (magnocellular) +++

Paraventtricular nucleus (dorsal horn and posterior parvocellular) ++

Suprachiasmatic Nucleus −

Retrochiasmatic Nucleus +

Arcuate Nucleus of the Hypothalamus ++

Ventromedial hypothalamic nucleus −

Dorsomedial hypothalamic nucleus −

Median Eminence +

Periventricular area +

Lateral hypothalamic area −

Medial Preoptic Nucleus +

Organum vasculosum of lamina terminalis +++

Bed Nucleus of Stria Terminalis +

Anterior Amygdaloid Area- Ventral ++

Caudate Putamen ++

Cingulate cortex +

HLFL cortex +

Posterior hypothalamic area −
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Table 3
Qualitative estimates of TRPV2 in the rat hindbrain

Qualitative estimates of TRPV2 positive cells in regions of the rat hindbrain.

Hindbrain Regions TRPV2-IR
cells

Area Postrema +

Hypoglossal Nucleus +++

Nucleus of the solitary tract-medial, lateral and caudal +++

C2 adrenaline cells ++

Locus Cereolus +++

Inferior olive, subnucleus C of medial nucleus ++

Inferior olive, cap of kooy of the medial nucleus ++

Laterodorsal tegmental nucleus ++

Probst bundle ++

Pontine Nucleus Caudal ++

Lateral reticular nucleus ++

Raphae Magnus Nucleus ++

Raphae Pallidus nucleus +

Rostroventrolateral reticular nucleus +++

Caudoventrolateral reticular nucleus +++

Sphenoid Nucleus ++

Sub Cereolus Ventral ++
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