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SUMMARY

Thirst and antidiuretic hormone secretion occur dur-
ing hyperthermia or hypertonicity to preserve body
hydration. These vital responses are triggered when
hypothalamic osmoregulatory neurons become de-
polarized by ion channels encoded by an unknown
product of the transient receptor potential vanilloid-
1 gene (Trpv1). Here, we show that rodent osmoregu-
latory neurons express a transcript of Trpv1 that
mediates the selective translation of a TRPV1 variant
that lacks a significant portion of the channel’s amino
terminus (AN-TRPV1). The mRNA transcript encod-
ing this variant (Trpv1dn) is widely expressed in
the brains of osmoregulating vertebrates, including
the human hypothalamus. Transfection of Trpvidn
into heterologous cells induced the expression of
ion channels that could be activated by either hyper-
tonicity or by heating in the physiological range.
Moreover, expression of Trpv1dn rescued the osmo-
sensory and thermosensory responses of single
hypothalamic neurons obtained from Trpv1 knockout
mice. AN-TRPV1 is therefore a co-detector of core
body temperature and fluid tonicity.

INTRODUCTION

In terrestrial mammals, systemic water deficits experienced
during heat- or exercise-induced dehydration are detected by
hypothalamic osmoregulatory neurons (ONs) whose excitation
triggers the sensation of thirst and secretion of antidiuretic hor-
mone to prevent dehydration (Bourque, 2008; McKinley et al.,
2006; Sladek and Johnson, 2013). Previous work has shown
that the electrical activity of rodent ONs is regulated in a feed-
back manner by their cell autonomous ability to detect changes
in extracellular fluid osmolality (Ciura and Bourque, 2006; Ma-
son, 1980; Oliet and Bourque, 1992, 1993a; Qiu et al., 2004;
Vivas et al., 1990). Moreover, ONs have been shown to be intrin-

.
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sically thermosensitive, a property that mediates feedforward
anticipatory responses that prevent dehydration (Sharif-Naeini
et al., 2008; Sudbury and Bourque, 2013). These observations
suggest that the feedforward and feedback signals regulating
ONs might be detected and integrated at the level of single
neurons (Sladek and Johnson, 2013), a concept that remains
hitherto untested. Moreover, the molecular identity of the ion
channels transducing heat and osmotic signals in ONs remain
unknown. Indeed, although several studies have implied the
involvement of channels encoded by Trpv1 (Ciura and Bourque,
2006; Sharif-Naeini et al., 2008; Sharif Naeini et al., 2006), the
gene coding for the heat- and capsaicin-activated channel
TRPV1 (transient receptor potential vanilloid 1), it is presently un-
clear whether these channels are encoded as a full-length prod-
uct of Trpv1 (Moriya et al., 2015; Nishihara et al., 2011) or as a
shorter variant of this ion channel (Ciura and Bourque, 2006;
Sharif Naeini et al., 2006; Sudbury et al., 2010). This study shows
that ONs express a truncated product of Trpv7 that encodes an
ion channel that enables the co-detection of osmotic and ther-
mal signals within the hypothalamus.

RESULTS

Trpvidn Is Selectively Expressed in ONs

In rat and mouse, mRNA coding for wild-type (WT) TRPV1 pro-
tein (Trpv1) comprises 15 exons flanked by UTRs at the 5’ and
3’ ends and a translation start site within exon 1 (Xue et al,,
2001) (Figure 1A). Previous work has shown that alternate tran-
scripts of Trpv1 can be generated, notably by production of
mRNAs that exclude exons 1—4 and retain intron 4 within the
5" UTR (Figure 1B) (Schumacher et al., 2000; Xue et al., 2001).
One such variant, VR.5'sv, does not form a functional channel
but serves as a negative regulator of TRPV1 (Eilers et al., 2007;
Schumacher et al., 2000). However, other variants lacking exons
1—4 could potentially encode functional channels. In order to
ascertain the molecular identity of Trpv7 variants expressed in
ONs, we subjected osmoregulatory nuclei from mouse and rat
to PCR cloning. Mouse paraventricular (PVN) and supraoptic
nuclei (SON) were subjected to PCR with primers positioned at
the 3’ and 5 ends of the previously described VR.5'sv cDNA
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Figure 1. Osmoregulatory Neurons Express Trpvidn

(A) Schema of Trpv1 mRNA (upper), including 5" and 3’ UTRs, translation start
site (ATG), and 15 exons (Ex).

(B) Schema of Trpv1dn mRNA isolated from mouse and rat osmoregulatory
nuclei. The transcript lacks E1-4 and incorporates intron 4 (14) within the 5’ UTR
&)

(C) RT-PCR detection of mMRNA in rat supraoptic nucleus (SON) using primers
specific for Trov1dn (AN).

(D) Western blot shows proteins detected using an antibody directed against
the C terminus of Trpv1 (a-cTRPV1) in lysates of HEK293 cells transfected with
Trpv1dn (AN) or Trpv1 (WT). High-molecular-weight bands presumably reflect
glycosylation of the third extracellular loop (Veldhuis et al., 2012).

(E) Single-cell RT-PCR detection of transcripts specific to AN or WT and
various markers (GADPH, glyceraldehyde 3-phosphate dehydrogenase;
NeuN, hexaribonucleotide binding protein-3; VP/OT, vasopressin or oxytocin).
Absence of GLAST (glutamate aspartate transporter) was used to confirm
absence of astrocyte material. Each panel shows data from seven neurons
isolated from the areas indicated. Numbers indicate positive/total tested.
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(Schumacher et al., 2000; see Supplemental Experimental Pro-
cedures). This led to the isolation of Trpv1dn, a cDNA containing
an open reading frame encompassing all of exons 5—15 of
Trpv1, including an ATG start site (GenBank: KP277509.1; Fig-
ure 1B). A corresponding transcript was also isolated from rat
SON (Figure 1C) and OVLT (organum vasculosum lamina termi-
nalis) using the same strategy (GenBank: KP277510.1). Trpv1dn
is predicted to encode a protein comprising 531 amino acids,
corresponding to residues 308-838 of rat TRPV1 and residues
309-839 of mouse TRPV1 (Figure S1). Indeed, transfection of
rat Trpv1dn into HEK293 cells induced the expression of a 58-
Kd protein, significantly smaller than TRPV1 (92 Kd; Figure 1D).

A recent study indicated that TRPV1 may also be expressed in
central osmosensory nuclei and co-localize with glia-specific
markers (Mannari et al., 2013). In agreement with this observa-
tion, we detected transcripts encoding parts of the N terminus
of Trpv1 (exons 1-5) in rat SON and OVLT, together with prod-
ucts specific for Trpv1dn. To determine whether ONs selectively
express Trpvidn rather than Trpv1, we performed single-cell
RT-PCR on subsets of neurons acutely isolated from adult
brains. Whereas products corresponding to Trpv1 were not
found, transcripts specific for Trpv1dn were readily detected in
ONs isolated from SON and OVLT, but not in neurons from
non-osmosensitive brain regions including piriform cortex and
hippocampus (Figure 1E). Alignment analysis of the amino acid
sequences of TRPV1 orthologs from different species revealed
that the methionine that provides the alternate translation start
site in AN-TRPV1 is highly conserved throughout osmoregulat-
ing vertebrates (Figure 1F), and transcripts specific for Trpv1dn
mRNA were also detected in the brains of fish, amphibians,
and birds, as well as human hypothalamus (Figure 1G).

Trpvidn Encodes an Osmoreceptor

Previous work has shown that the cell-autonomous osmosen-
sory phenotype of hypothalamic ONs is lost in Trpv1 knockout
mice (Trov1 ™~ mice; Ciura and Bourque, 2006; Ciura et al.,
2011; Sharif Naeini et al., 2006; Sudbury et al., 2010). We there-
fore examined whether directed expression of Trpv1dn into hy-
pothalamic neurons cultured from Trpv1 ™~ mice could rescue
their osmosensory behavior. Immunostaining of Trov1 ™~ neu-
rons transfected with Trovidn using an antibody directed
against the C terminus of TRPV1 (a-cTRPV1) revealed a high de-
gree of expression along the cell perimeter whereas no staining
was observed in untransfected controls (Figure 2A). Bath appli-
cation of a hypertonic solution (+20 mOsm) caused a sustained
and significant increase in the average action potential firing
rate (FR) (p = 0.00033) and resting membrane potential (RMP)

(F) Alignment of amino acid sequences spanning the region containing the
alternate start site for AN in various TRPV1 orthologs (arrow). Colors indicate
the degree of identity of corresponding residues across the group. Human
(Homo sapiens; Gl:74315354), rat (Rattus norvegicus; Gl:14010883), mouse
(Mus musculus; GI:46309115), finch (Taenopygia guttata; GI:224076526), frog
(Xenopus laevis; Gl:298676437), and fish (Danio rerio; Gl:187607882) are
shown.

(G) PCR detection of Trpv1dn-specific transcripts in brains from various ver-
tebrates. The different weights of bands reflect differences in the sizes of the
products predicted for primer sets used for each species (see Supplemental
Experimental Procedures).
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Figure 2. Trpvidn Rescues Osmosensitivity in Neurons from
Trov1~’~ Mice

(A) Immunostaining of neurons cultured from the hypothalamus of Trpv1~/~
mice using antibodies directed against the neuronal marker NeuN and against
the C terminus of TRPV1 (a-cTRPV1). Upper panels show staining in un-
transfected (UT) neurons, and lower panels show neurons transfected with
Trpvidn (AN).

(B) Plots show the time course of mean (+SEM) changes in firing rate (FR)
induced by hypertonicity (blue area) in UT (n = 21) and AN-expressing neurons
(n=18).

(C) Excerpts of voltage recordings obtained before (control) and after
increasing osmolality (blue area) in Trpv1~'~ neurons that were UT or trans-
fected with vector (Vec), AN, or Trpv1 (WT).

(D) Plots show mean (+SEM) steady-state osmotically induced changes in
membrane voltage (AE) in different groups of neurons.

(E) Bars plot mean (+SEM) steady-state osmotically induced changes in FR in
the various groups of neurons tested. ***p < 0.005.

(p = 0.0000024) of Trov1~'~ neurons transfected with Trovidn
(n = 33) but had no effect on untransfected neurons (FR, p =
0.088; RMP, p = 0.53; n = 20), neurons expressing vector alone
(FR, p = 0.955; RMP, p = 0.927; n = 21), or neurons expressing
Trpv1 (FR, p = 0.259; RMP, p = 0.580; n = 6; Figures 2B-2E).
We next examined the effect of expressing Trpv1dn in heterol-
ogous cells. Dishes containing HEK293 cells transfected with

Trpv1dn displayed a significantly lower population density com-
pared to untransfected controls (p < 0.005), and these cells were
rounded and loosely attached, as commonly observed when
basal Ca®* permeability is high (Caterina et al., 1997; Zhang
and Hao, 2013). Moreover, only a small proportion (9.3%) of cells
present in such dishes could be stained using a-cTRPV1 (Fig-
ure S2), suggesting that expression of Trpv1dn had a toxic effect
on these cells. Under voltage-clamp (Vhog —60 mV), HEK293
cells that were either untransfected (n = 21) or transfected with
Trpv1 (n = 20) did not respond to the application of a hyperos-
motic stimulus (+40 mOsm; p > 0.05; Figure S2). In contrast,
the same stimulus caused the appearance of a slow inward cur-
rent in a significant proportion (21%; Z test; p = 0.002) of the
HEK293 cells transfected with either rat Trpv1dn (8/37) or mouse
Trpv1dn (34/156; Figure S2). Current-voltage analysis revealed
that this current was associated with a sustained increase in
membrane conductance and a reversal potential (E,e,) of 2.5 +
3.1 mV (Figures S2 and S3), consistent with the involvement of
a nonselective cation conductance. Equivalent results were
obtained in neuroblastoma Neuro-2A (N-2A) cells; where 18%
(6/34) of cells transfected with mouse Trpv7dn responded to hy-
pertonicity with a slow inward current reversing at 1.5 + 3.2 mV
(n = 14), whereas no response was observed in untransfected
N2A cells (0/21) or in N2A cells transfected with Trpv1 (0/18).
As found in native ONs (Ciura and Bourque, 2006; Ciura et al.,
2011; Sharif Naeini et al., 2006; Sudbury et al., 2010), responses
to hypertonicity were significantly reduced by the TRPV1 antag-
onists Ruthenium red and SB 366791 (p < 0.01; n=9; Figure S2),
and capsaicin had no effect on neurons expressing Trpvidn
(Figure S3).

An analysis of the osmotically responsive HEK293 cells
expressing mouse Trpvidn revealed that hypertonic stimuli
caused dose-dependent increases in membrane conduc-
tance, whereas a decrease in basal membrane conductance
was observed when the cells were exposed to a hypo-os-
motic stimulus (Figure 3A). Fitting the dose-response data
with a sigmoidal equation revealed a 2% threshold for os-
motic activation at 268 mOsm (Figure 3A). Concurrent mea-
surements of digital images captured during the experiments
revealed that the volume of HEK293 cells varies as an inverse
function of fluid osmolality (Figure S4). Moreover, as observed
in native ONs (Ciura et al., 2011; Oliet and Bourque, 1993a;
Zhang et al., 2007), osmotically induced changes in con-
ductance were inversely related to changes in cell volume
(Figure 3B).

AN-TRPV1 Is Activated by Cell Shrinking

Native ONs display osmometric changes in cell volume (Ciura
et al.,, 2011; Zhang and Bourque, 2003), and the electrical
responses of these neurons to osmotic stimuli reflect a mechan-
ical modulation of channel activity that varies as an inverse
function of cell volume (Ciura et al., 2011; Prager-Khoutorsky
et al., 2014; Zhang and Bourque, 2008; Zhang et al., 2007). We
therefore examined whether expression of Trpv1dn can confer
shrinkage-dependent responses to heterologous cells and neu-
rons cultured from Trpv? ™~ mice. In osmoresponsive HEK293
cells expressing AN-TRPV1, shrinking induced by application
of negative pressure to the recording pipette caused a significant
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(C) Whole-cell current-voltage relations show ef-
fects of suction (—30 mmHg) applied to the
recording electrode in HEK293 cells that were
either UT or transfected with WT or AN.

(D) Plots show mean (+SEM) suction-induced AG
in the three groups (AN group includes only os-
moresponsive cells).

(E) Effects of suction on cultured Trpv1~'~ neurons
that were either UT or transfected with Vec, WT,
or AN.

(F) Bars plot mean (xSEM) suction-induced
changes in FR observed in various groups (*p <
0.01).

(G) Plots show mean (+SEM) suction-induced
changes in AE in different groups (*“p < 0.01).
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icant increase in FR (p = 0.00525) and
RMP (p = 0.000539; n = 11) in neurons
transfected with Trpvidn (Figures 3E-
3G). Thus, Trpv1dn encodes an osmosen-
sory channel whose activity is enhanced
to cause neuronal excitation in response
to cell shrinking.

Trpvidn Encodes a Physiological
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increase in membrane conductance and activated an ion current
reversing near 0 mV (Figures 3C and 3D). Although it caused an
equivalent decrease in cell volume (p > 0.05), the application of
negative pressure had no effect on the membrane conductance
of untransfected HEK293 cells or cells transfected with Trpv1
(Figures 3C and 3D).

We next examined the effects of volume changes on hypo-
thalamic Trpv1~'~ neurons. Application of negative pressure
(—30 mmHg) to the recording pipette had no effect on untrans-
fected neurons (FR, p = 0.0567; RMP, p = 0.202; n = 14) or neu-
rons transfected with vector (FR, p = 0.350; RMP, p =0.957; n =
13) or Trpv1 (FR, p = 0.437; RMP, p = 0.823; n = 4). However, an
equivalent degree of suction-evoked shrinkage caused a signif-
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which displays a threshold near 42°C
(Caterina et al., 1997; Kauer and Gibson,
2009), ONs are gradually and proportion-
ally activated by increases in temperature across the physiolog-
ical range (~35°C-39°C; Sudbury and Bourque, 2013). To deter-
mine whether Trpvidn can confer this phenotype, we first
examined the effects of heat on HEK293 cells. Raising the tem-
perature of the perfusing solution from 30°C to 42°C had no
effect on untransfected cells (n = 24) or cells transfected with
vector alone (n = 10) but caused a progressive and sustained in-
crease in inward membrane current in 21.3% (17/80) of HEK293
cells expressing Trpv1dn (e.g., Figures 4A and 4B). Cells trans-
fected with Trpv1 also displayed a modest increase in current
at a temperature of 37°C; however, these cells displayed a
much larger and sharp increase in current at temperatures above
41°C (Figures 4A and 4B).
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Figure 4. Trpv1dn Encodes a Thermosensitive Channel

(A) Effects of temperature (upper) on membrane current (lower; Vo9 —60 mV)
in HEK293 cells that were UT or transfected with Vec, WT, or AN. Vertical
deflections are current responses to voltage ramps (—100 to +100 mV) used to
generate |-V relations at different time points.

(B) Graphs plot mean (+SEM) changes in holding current (—pA; inward goes
up) versus temperature (relative to 30°C) in all groups; shaded area indicates
range where p < 0.05 (*).

ONs Co-detect Heat and Osmotic Stress via AN-TRPV1
We next examined whether Trpv1dn could rescue physiological
thermosensitivity in hypothalamic Trpv? ™~ neurons. In agree-
ment with the findings reported above, Trov1 '~ neurons ex-
pressing Trpv1dn (n = 11) were significantly excited and depolar-
ized by heating from 24°C to 37°C, whereas neurons transfected
with vector alone (n = 13) or untransfected neurons (n = 8) were
unaffected by this stimulus (Figures 5A-5C). Moreover, the vast
majority of Trpv1 '~ neurons transfected with Trovidn (81.8%)
displayed significant thermosensitivity across the physiological
range. Therefore, AN-TRPV1 can confer physiological thermo-
sensing properties upon otherwise thermally non-responsive
heterologous cells and neurons from Trpv1~'~ mice.

Although separate studies have shown that subsets of ONs
can detect changes in osmolality (Ciura and Bourque, 2006;
Ciura et al., 2011; Oliet and Bourque, 1993a; Qiu et al., 2004)
and temperature stimuli in the physiological range (Sharif-Naeini
et al., 2008; Sudbury and Bourque, 2013), it remains unclear
whether individual ONs can respond to both types of stimuli
and, if so, via a signaling pathway that relies on one sensory
molecule or rather on diverse pathways and/or diverse molecular
sensors. To address this fundamental issue, we obtained single-
unit extracellular recordings from ONs in situ. As illustrated in
Figures 5D and 5E, the FR of native ONs recorded under condi-
tions blocking synaptic transmission was reversibly and signifi-

cantly increased by small increases in temperature and osmo-
lality. Moreover, as shown in Figures 5F and 5G, significant
excitatory responses were also induced by these stimuli in single
hypothalamic Trpv1~'~ neurons transfected with Trov1dn.

DISCUSSION

Our data show that single hypothalamic ONs can cell-autono-
mously detect physiological increases in temperature and fluid
osmolality and that the AN-TRPV1 channel by itself is sufficient
to bestow these critical cell physiological properties on ONs.
Although previous studies have shown that ion channels can op-
erate as polymodal sensors (Caterina et al., 1997; Ramsey et al.,
2006), our work establishes that this feature can serve homeo-
static sensory functions under physiological conditions in the
mammalian brain.

When expressed in heterologous cells, Trpv1dn formed an
ion channel that was active under basal conditions and whose
activity was proportionally increased, in a non-desensitizing
manner, by mechanically or hypertonicity-induced shrinking.
Conversely, basal channel activity was suppressed by mechan-
ically or hypotonicity-induced swelling. This behavior, together
with the apparent 2% threshold for activation near 270 mOsm,
is consistent with the features of the osmosensory transduction
current measured in native ONs (Oliet and Bourque, 1992,
1993a, 1993b) and with the sensitivity of osmoregulatory re-
sponses observed in vivo (Bourque, 2008). These features of
AN-TRPV1 make us confident that we have isolated a critical
constituent of the osmosensory transduction channel operative
in hypothalamic ONs, a long-sought-after molecular entity.
Although AN-TRPV1 is required for cell-autonomous heat and
osmolality sensing in ONs, it is likely that additional factors are
involved in the osmotic control of ONs in vivo, including other
types of ion channels (Hiyama et al., 2002; Tanaka et al., 1999;
Zhang et al., 2009) and chemical mediators released by glial cells
(Choe et al., 2012; Hussy et al., 2000; Shimizu et al., 2007).

Since its discovery, the Trpv1 gene has been implicated in
the detection of nociceptive heat by peripheral thermosensitive
neurons (Caterina et al., 1997). Subsequent loss-of-function
studies using knockout animals and specific TRPV1 antagonists
have supported a role for this gene in thermoregulation (Caterina,
2007). However, it has been argued that TRPV1 does not
itself operate as a physiological thermosensor (Romanovsky
et al., 2009). The identification of Trpvidn and its product,
AN-TRPV1, as an alternate product of Trpv1 with physiologically
relevant temperature sensitivity suggests that this channel could
also contribute to the central control of thermoregulation. Addi-
tional studies are required to explore this possibility.

The molecular basis for the different thermosensitive proper-
ties of TRPV1 and AN-TRPV1 remains to be determined; how-
ever, modest changes in specific regions of TRPV1 have been
shown to affect its temperature sensitivity (Gracheva et al,,
2011). Interestingly, the N-terminal region that is missing in
AN-TRPV1 includes an amino acid residue previously shown to
be required for the activation of TRPV1 by capsaicin (Jung
et al., 2002) (Figure S3), providing a likely explanation for the
lack of responsiveness of native ONs to this compound. Impor-
tantly, AN-TRPV1 retains an intact C terminus, including regions
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required for tetramerization, thermosensitivity, and binding do-
mains for B-tubulin (Figure S3). Our group has recently shown
that parts of the C terminus are required for microtubule-depen-
dent push activation of the channel during cell shrinking (Prager-
Khoutorsky et al., 2014). Lastly, it is interesting to note that the
N-terminal portion of TRPV1, which is absent in AN-TRPV1,
includes domains that mediate rapid desensitization of the
full-length channel (Lishko et al., 2007). The absence of a desen-
sitizing module in AN-TRPV1 may be a critical feature for the
generation of non-desensitizing thermosensory and osmosen-
sory currents in ONs, a subject worthy of future investigations.

EXPERIMENTAL PROCEDURES

Tissue Collection

Adult Long Evans rats (Charles River Canada) or mice (Jackson Laboratory)
were anesthetized with isoflurane and decapitated. The animals were treated
in strict accordance with the guidelines outlined by the Canadian Council on
Animal Care (http://www.ccac.ca/en), and experiments adhered to protocols
approved by the Facility Animal Care Committee of McGill University (protocol
no. 1190). Brains were removed and immersed in chilled (2°C-4°C), oxygen-
ated (95% O, and 5% CO,) artificial cerebrospinal fluid (ACSF) (pH 7.35)
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comprising (in mM) NaCl 120, KCI 3, NaH,PO,
1.23, NaHCO3 26, MgCl, 1.5, CaCl, 2, and glucose
10; osmolality adjusted to 300 mOsm with
mannitol. Blocks of tissue (~1 mm?®) were removed
to prepare acutely isolated neurons or submerged
in RNA-later for isolation of total RNA.

Preparation of Acutely Isolated Neurons
Tissue blocks were incubated in oxygenated
PIPES solution (pH 7.3; 295 mOsm; 100% O,)
comprising (in mM) NaCl 120, KCI 5, MgCl, 1,
PIPES 10, CaCl, 1, and glucose 10, supplemented
with protease XIV (8 mg/ml; Sigma-Aldrich). After
incubation at room temperature for 30 min, blocks were rinsed in enzyme-
free PIPES solution, triturated in ~0.4 ml of PIPES solution, and plated onto
Petri dishes (BD Falcon).

12)

Culture and Transfection of Heterologous Cells

HEK293 and N2A cells were kept in an incubator at 37°C (5.0% CO,) in DMEM
supplemented with 10% heat-inactivated fetal bovine serum (both from
Wysent) and 1% penicillin/streptomycin (Sigma Chemical). Cells were trans-
fected with p-IRES2-eGFP vector alone, pcDNA3-Trpv1, or Trpv1dn cloned
on pIRES2-eGFP between EcoRI and BamHl restriction sites, using non-lipo-
somal jetPRIME (PolyPlus Transfection) reagent.

Culture and Transfection of Hypothalamic Neurons

WT and Trpv1~/~ pregnant female mice (day 18) were anesthetized with CO,
and sacrificed according to a protocol approved by the FACC of McGill
University. Fetus brains were collected and submerged in Hank’s balanced
salt solution (GIBCO). After removing the meninges, hypothalami were
dissected and placed in DMEM (37°C) and dissociated using Pasteur pipettes
and plated onto UV-treated poly-lysine (70,000-15,000 MW; Sigma) coated
glass coverslips and placed in an incubator (37°C and 5% CO,) for 3 to 4 hr.
Coverslips were then transferred to a 24-well plate and covered with Neuro-
basal medium containing 0.25% GlutaMAX-1, 2% B-27 Supplement (all
from GIBCO-BRL), and 1% penicillin/streptomycin, with osmolality adjusted
to 300 mOsm with mannitol. Half of the medium was exchanged every
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4 days. Neurons were transfected 9 to 10 days after isolation with pIRES2-
eGFP (vector alone) or pcDNA3-Trpv1 or p-Trpv1dn-IRES2-eGFP adhered
to magnetic nanoparticles (Magnetofection; Neuromag; OZ Biosciences).

Whole-Cell Recording

Whole-cell current (DC 0.5 kHz) and voltage (DC 2 kHz) were measured using
glass pipettes (2-4 MQ) containing (in mM; pH 7.2) K gluconate 120, MgCl, 1,
EGTA 10, and HEPES 10 and connected to an Axopatch 200B amplifier (Mo-
lecular Devices). ATP (2 mM) was added to this solution when recording from
neurons. Cells were perfused (~0.8 ml/min) with a HEPES solution comprising
(in mM; pH 7.3) NaCl 150, KCI 3, MgCl, 1, HEPES 10, CaCl, 1, and glucose 10.
Osmolality was adjusted to 300 mOsm with mannitol. Temperature was regu-
lated with a PTC-20 temperature control system (NPI Electronic). Pressure in
the recording pipette was monitored using a PM015D pressure monitor (World
Precision Instruments).

Osmotic Stimulation

After recording baseline values for >2 min, solutions of different osmolalities
(adjusted with mannitol) were applied for 2-5 min. Effects were quantified using
values recorded during the last 30-60 s of each condition. Recordings were
analyzed only if membrane conductance or FR and cell volume were stable dur-
ing the baseline period. HEK293 and N2A cells were considered osmorespon-
sive if they showed AG values exceeding twice the SD of basal values in
response to a +40-mOsm stimulus. Neurons were considered osmoresponsive
if they showed an increase in FR greater than the average change observed in
untransfected neurons +2 SD in response to a +20-mOsm stimulus.

Measurement of Changes in Cell Volume

Normalized volume (nV) (fraction of control volume) was determined from
changes in maximal cell cross-sectional area (CSA) from images captured dur-
ing the recordings. For each image, CSA (in pixels) was determined using Im-
aged (NIH). CSA at baseline (CSA) and different times (t) (CSA;) were used to
calculate nV using the equation nV; = (CSA,)"*/(CSA)"-°. Normalized shrinking
was expressed as 1 — nV or as percent shrinking (% = 100 x [nV; — nVo)).

cDNA Preparation and PCR

For single-cell analysis, micropipettes (autoclaved) were filled with 1.5 ul of a
solution comprising HEPES internal solution and RNaseIN (10 U/ul; Invitro-
gen-Life Technologies; 10:1). Upon contact, suction was applied and the
cell was lifted and completely suctioned into the electrode. The content was
then expelled by positive pressure into a 250-ul microcentrifuge tube contain-
ing 0.5 pl DNase | (1 U/ul; Fermentas; Fisher Scientific) and 1x MgCl, buffer
and stored over dry ice. Tubes were incubated at 37°C for 30 min, and the re-
action was stopped by addition of 1 ul EDTA (25 mM) and incubation at 65°C
for 10 min. The RT reaction was then performed by adding 1 pl 50 uM Random
Hexamer primers (Applied Biosystems-Life Technologies), 0.25 ul RNaselN
(10 U/pl), 1 pl 0.1M DTT, 1 ul 50 mM MgCl,, 1 pl 10 mM (each) dNTPs mix
(QIAGEN), 2 pl 5x First Strand Buffer, and 0.25 ul Superscriptlll (200 U/pl; In-
vitrogen). The mix was incubated at 50°C for 2 hr and then the cDNA was
stored at —20°C. For tissue analysis, blocks of tissue were submerged in
five to ten volumes of RNAlater (Ambion-Applied Biosystems-Life Technolo-
gies) and kept at 4°C until use. Total purified RNA was isolated and retro-tran-
scribed to cDNA using RiboPure Kit and RETROscript Kit, respectively (Am-
bion). Nested PCR and nested multiplex single-cell PCR were performed as
specified in Supplemental Experimental Procedures.

Immunostaining

Cultured neurons were fixed for 15 min with PBS containing 3% paraformalde-
hyde, 0.2% glutaraldehyde, and 0.25% Triton X-100 and washed with PBS at
room temperature. Next, cells were treated for 15 min in 0.1% NaBH,. After a
1 hr incubation with 2% normal goat serum, cells were washed and incubated
overnight at 4°C with a mixture of anti-NeuN chicken polyclonal antibody (EMD
Millipore; 1:500) and anti c-TRPV1 rabbit polyclonal antibody (Alomone Labs;
1:200). Following wash, cells were incubated for 1 hr with fluorescently labeled
secondary antibodies (Life Technologies; 1:500), mounted in SlowFade Gold
Antifade reagent (Life Technologies), and imaged using an FV1000 confocal
microscope (Olympus Canada).

Immunoblotting

Cells expressing WT-Trpv1 or AN-Trpv1 were lysed on ice for 10 min in Triton
lysis buffer (in mM; pH 7.4), Tris 20, NaCl 137, and EDTA 2, supplemented
with Triton X-100 1%, glycerol 10%, SDS 0.1%, protease inhibitors, and so-
dium orthovanadate (Jones et al., 2011). The lysate was separated from
cellular debris by centrifugation at 13,000 rpm for 10 min at 4°C. Samples
were stored in 1x sample buffer (3-mercaptoethanol 5.3%) and warmed to
60°C just prior to being resolved by SDS page (acrylamide 7.5%). Samples
were immunoblotted with anti c-TRPV1 (1:10,000; Alomone Labs) and
-GAPDH (1:100,000; EMD Millipore) and exposed using Amersham ECL Prime
Western Blotting Detection Reagent (GE).

Statistical Analysis

Group values, expressed as means plus or minus the SEM, were compared
using the ttest or paired t test, as appropriate. The Z test was applied to assess
differences in the proportions of responsive cells between groups. Differences
were considered significant when p < 0.05. Curve fitting was performed using
Sigmaplot 12 (Systat Software).

ACCESSION NUMBERS

The accession numbers for the isolated transcripts reported in this paper
are GenBank: KP277509.1 and GenBank: KP277510.1 for mouse and rat,
respectively.
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and four figures and can be found with this article online at http://dx.doi.org/
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