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Brief Communications

Dynamic and Permissive Roles of TRPV1 and TRPV4
Channels for Thermosensation in Mouse Supraoptic
Magnocellular Neurosecretory Neurons
Jessica R. Sudbury and Charles W. Bourque
Centre for Research in Neuroscience, Research Institute of the McGill University Health Centre, Montreal, Quebec, Canada

The transient receptor potential vanilloid 1 and 4 genes (trpv1, trpv4) encode temperature-sensitive cation channels hypothesized to
mediate thermoresponses in mammalian cells. Although such channels were shown to participate in the peripheral detection of ambient
temperature, the specific roles of these channels in central thermosensory neurons remain unclear. Here we report that the membrane
potential and excitability of mouse magnocellular neurosecretory cells (MNCs) maintained at physiological temperature were lowered in
an additive manner upon pharmacological blockade, or genetic deletion, of trpv1 and trpv4. However extracellular recordings from
spontaneously active MNCs in situ showed that blockade or genetic deletion of trpv4 does not interfere with thermally induced changes in
action potential firing, whereas loss of trpv1 abolished this phenotype. These findings indicate that channels encoded by trpv4 play a
permissive role that contributes to basal electrical activity, but that trpv1 plays a dynamic role that is required for physiological thermosensation by MNCs.

Introduction
Thermosensitive neurons convert physiologically relevant
changes in core body temperature (Tb; 35– 40°C) into significant
changes in action potential frequency to mediate homeostatic
control of vital physiological parameters, such as Tb (Hammel,
1968; Cabanac, 1975; Boulant, 1998, 2000; Romanovsky, 2007)
and blood osmolality (Sharif-Naeini et al., 2008a; Sudbury et al.,
2010). Although progress has been made in our understanding of
mechanisms by which peripheral neurons detect the wide range
of ambient temperatures to which skin is exposed (Dhaka et al.,
2006; Caterina, 2007), the mechanisms by which ion channels
contribute to the central detection of small variations in Tb remain poorly understood.
Recent studies have suggested that members of the transient
receptor potential vanilloid (TRPV) family of ion channels might
contribute to this process (Caterina, 2007; Kauer and Gibson,
2009; Sudbury et al., 2010). Four of the six genes encoding mammalian TRPV channels (trpv1– 4 ) form heat-activated channels
when expressed in heterologous cells (Patapoutian et al., 2003;
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Ramsey et al., 2006; Caterina, 2007). Two of these (trpv1, trpv4 )
are expressed in several brain regions (Liedtke et al., 2000, 2003;
Güler et al., 2002; Sharif Naeini et al., 2006; Hollis et al., 2008;
Nedungadi et al., 2012) and have been hypothesized to mediate
temperature-dependent changes in neuronal excitability in the
Tb range (Shibasaki et al., 2007; Sharif-Naeini et al., 2008a; McGaraughty et al., 2009). Moreover, animals lacking trpv1 or trpv4
show deficits in thermoregulation and osmoregulation (Caterina
et al., 2000; Davis et al., 2000; Todaka et al., 2004; Lee et al., 2005;
Moqrich et al., 2005; Sharif Naeini et al., 2006, 2008a; Garami et
al., 2011).
A previous study showed that TRPV4 channels can increase
the excitability of cultured hippocampal CA1 neurons by promoting a depolarized resting membrane potential (RMP) at 37°C
but not at 25°C (Shibasaki et al., 2007). However, hippocampal
neurons are not recognized as physiological thermosensors because their spontaneous activity is affected by severe hyperthermia (⬎40°C) (Kim and Connors, 2012) rather than mild heating
within the normal Tb range (Vasilenko et al., 1989). These observations suggest that the influence of TRPV4 channels toward
heat-induced changes in excitability may be saturated at Tb;
therefore, the contribution of these channels to physiological
thermosensation remains unclear.
Previous work has shown that a central thermosensory mechanism mediates anticipatory vasopressin (antidiuretic hormone)
secretion to defend the body against heat-induced dehydration (Forsling et al., 1976). Moreover, the electrical activity
of vasopressin-releasing magnocellular neurosecretory cells
(MNCs) isolated from the rat supraoptic nucleus is highly
temperature-sensitive in the Tb range (Sharif-Naeini et al.,
2008a; Sudbury et al., 2010). Although channels encoded by trpv1
mediate a temperature-sensitive inward current in MNCs, VP
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kg, pH 7.2–7.3) comprising (in mM) as follows:
128 NaCl, 26 NaHCO3, 10 D-glucose, 3 KCl,
1.25 NaH2PO4, 1.25 MgCl2, and 2 CaCl2. Extracellular recordings (0.8 –1.2 kHz) positioned within 50 m of the lateral aspect of the
optic tract at the level of the middle cerebral
artery were performed with glass microelectrodes (10 –20 M⍀) filled with 1 M NaCl. ACSF
temperature was monitored via a thermocouple (IT-24P, Physitemp Instruments) within
⬃1 mm of the cell recorded. Temperature was
controlled using a TC-324B and SH-27B inline
heater (Harvard Apparatus). Neurons with unstable baseline activity were discarded.
Whole-cell recording in hypothalamic slices.
Acute angled hypothalamic slices (300 m
thick) (Trudel and Bourque, 2003; SharifNaeini et al., 2008b) were sectioned in ice-cold,
carbogenated (95% oxygen, 5% CO2) slicing
solution (345 ⫾ 5 mosmol/kg) containing (in
mM) as follows: 87 NaCl, 25 NaHCO3, 25
D-glucose,
75 sucrose, 2.5 KCl, 1.25
NaH2PO4䡠H2O, and 7 MgCl2䡠6H2O, using a
VT1200 vibrating blade microtome (Leica Microsystems) and incubated in the same solution at 32°C for ⬎45 min. For recording, slices
were transferred to a glass-bottomed recording
chamber mounted on an Olympus BX-51WI
microscope where they were superfused (2.5
ml/min) with carbogenated (95% oxygen, 5%
CO2) ACSF. Recordings from visually identified SON MNCs (Sharif-Naeini et al., 2008b)
were made using glass pipettes (3–5 M⍀) filled
with (in mM) as follows: 130 K ⫹ gluconate, 10
HEPES, 1 MgCl2, and 1 EGTA, adjusted to
290 ⫾ 2 mosmol/kg with mannitol (pH 7.2–
7.3). Membrane resistance was measured as the
slope of a line fitted through a minimum of 4
Figure 1. Spontaneous firing is sustained by TRPV1 and TRPV4 channels in supraoptic MNCs. a, Spontaneous action potential points in the linear range of the voltage-current
⫺/⫺
firing recorded at Tb from a WT MNC was reversibly reduced during RR application (10 M, left), whereas firing of a trpv1,4
plot. Cells exhibiting resistances ⬍500 M⍀
MNC during RR was unaffected (right; bin width 4 s). b– e, Left, MNC spontaneous firing recorded under control conditions (left) were excluded.
and during TRPV antagonism (right). Middle, Cumulative distribution of interspike intervals for cell shown at left. *p ⬍ 0.05
Statistical analysis. All values are reported as
(Komologrov–Smirnoff test). Line plots (right) represent normalized changes in spontaneous firing rate for all tested neurons; mean ⫾ SEM. Statistical comparisons were
⫺/⫺
mean ⫾ SEM is overlaid. *p ⬍ 0.05 (paired t test). b, Effects of RR on WT neuron firing. c, Effects of RR on trpv1,4
neuron made as appropriate using either Student’s t
firing. ns, Not significant. d, Effects of SB-366791 (SB, 3 M) on trpv4 ⫺/⫺ neuron firing. e, Effects of HC-067047 (HC, 1 M) on test, paired t test, or a one-way ANOVA with
trpv1 ⫺/⫺ neuron firing. All tests were performed in the presence of kynurenic acid (2 mM), bicuculline (10 M), and the Student-Newman-Keuls post hoc analysis
strychnine (1 M).
of significance (Sigma Plot 12.3 software; Systat Software). Cumulative distributions were
compared with the Komologrov–Smirnoff test
neurons have also been shown to specifically express trpv4 (Carusing Clampfit 10.2 software (Molecular Devices). Comparison of the
reño et al., 2009; Nedungadi et al., 2012), and they display a
slopes of linear regressions was performed using Prism version 5.01 softpersistent non-TRPV1 inward current that can be blocked by
ware (GraphPad Software).

ruthenium red (RR) at temperatures ⬎35°C (Sharif-Naeini et
al., 2008a). The objective of the present study was to determine
whether TRPV4 channels contribute to heat detection in VP
MNCs and to contrast the roles of TRPV1 and TRPV4 in
thermosensation.

Materials and Methods
Animals. Experiments were performed in accordance with a protocol
approved by the Animal Care Committee of McGill University. Adult
male or female mice aged p21–28 (slices) or 2– 6 months (explants) were
from Charles River Laboratories (WT) or The Jackson Laboratory
(trpv1 ⫺/⫺). trpv4 ⫺/⫺ animals bred in our colony (Liedtke and Friedman,
2003) were crossed with trpv1 ⫺/⫺ animals to generate trpv1,4 ⫺/⫺
mice.
Single-unit recording in hypothalamic explants. Hypothalamic explants
(Sharif-Naeini et al., 2008b) were superfused at 1–2 ml/min with carbogenated (95% oxygen, 5% CO2) artificial CSF (ACSF; 312 ⫾ 2 mosmol/

Results
Trpv1 and trpv4 drive spontaneous firing at Tb
We first determined whether TRPV1 and TRPV4 channels participate in the maintenance of spontaneous activity at temperatures near the low range of Tb (34 –36°C) using noninvasive
single-unit extracellular recordings from MNCs in superfused
explants of WT mouse hypothalamus. All recordings were made
in the caudal part of the supraoptic nucleus, a region that is
almost exclusively comprised of VP MNCs in mice (SharifNaeini et al., 2008b). Bath application of the nonspecific TRPV
channel blocker RR (10 M) caused a significant and reversible
reduction in firing rate (from 9.81 ⫾ 1.26 Hz to 6.76 ⫾ 1.70 Hz;
n ⫽ 9; p ⫽ 0.0079; Fig. 1a,b), suggesting that RR-sensitive ion
channels contribute a sustained depolarizing current in MNCs at
34 –36°C. When repeated in explants prepared from mice lacking
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Figure 2. MNCs lacking TRPV channels are hyperpolarized at Tb. a, Plots represent mean ⫾ SEM steady-state voltage responses to current injection in WT, trpv4 ⫺/⫺, trpv1 ⫺/⫺, or trpv1,4 ⫺/⫺
neurons. Voltage observed at zero current (dashed line) indicates RMP. b, Error bars indicate mean ⫾ SEM values of membrane resistance (top) and RMP (bottom) in all genotypes. *p ⬍ 0.05
(one-way ANOVA). ns, Not significantly different.

the expression of both trpv1 and trpv4 genes (trpv1,4 ⫺/⫺ mice),
RR had no effect on the firing rate of trpv1,4 ⫺/⫺ MNCs (from
10.06 ⫾ 3.03 Hz to 10.13 ⫾ 3.10 Hz; n ⫽ 8; p ⫽ 0.442; Fig. 1a,c).
We next examined the effects of the specific TRPV1 channel
antagonist SB-366791 (3 M) (Sharif-Naeini et al., 2008a) on
MNCs recorded in trpv4 ⫺/⫺ explants. As shown in Figure 1d,
spontaneous firing was significantly reduced by the drug (from
7.83 ⫾ 2.10 to 6.53 ⫾ 2.00 Hz, n ⫽ 10, p ⫽ 0.003). Moreover,
spontaneous firing in explants prepared from mice lacking trpv1
expression (trpv1 ⫺/⫺) was significantly reduced by the specific
TRPV4 channel antagonist HC-067047 (1 M; Fig. 1e) (Everaerts
et al., 2010), from 6.61 ⫾ 1.02 Hz to 6.08 ⫾ 1.06 Hz (n ⫽ 17, p ⫽
0.005). Together, these results suggest that TRPV1 and TRPV4
channels both actively contribute to the spontaneous action potential discharge in MNCs at physiological temperatures in situ.
Trpv1 and trpv4 depolarize RMP and enhance excitability
at 37°C
To determine whether the excitatory influence of TRPV1 and
TRPV4 channels on MNCs can be attributed to an effect on the
RMP of MNCs, we performed whole-cell recordings in acute
hypothalamic slices prepared from WT, trpv1 ⫺/⫺, trpv4 ⫺/⫺, and
trpv1,4 ⫺/⫺ mice maintained in vitro at 37°C. Steady-state
voltage-current analysis revealed significant differences in the
mean RMP of MNCs in the different genotypes. The RMP of
MNCs lacking TRPV1 (⫺55.43 ⫾ 1.84 mV; n ⫽ 15) or TRPV4
(⫺53.15 ⫾ 4.06 mV; n ⫽ 9) was significantly more negative than
that of WT neurons (⫺44.53 ⫾ 1.70 mV; n ⫽ 29; p ⬍ 0.05; Fig.
2a,b). Moreover, the mean RMP of MNCs recorded from
trpv1,4 ⫺/⫺ slices (⫺66.47 ⫾ 2.71 mV; n ⫽ 7) was significantly
more hyperpolarized than all other genotypes ( p ⬍ 0.05). Mean
membrane input resistance was significantly greater in cells recorded from all three types of knock-outs compared with WT
(0.78 ⫾ 0.036 G⍀; n ⫽ 29; p ⬍ 0.05; Fig. 2b). Although no
difference was found between trpv1 ⫺/⫺ and trpv4 ⫺/⫺ MNCs
(1.02 ⫾ 0.052 G⍀; n ⫽ 15; 0.98 ⫾ 0.093 G⍀; p ⫽ 0.616), cells

recorded from trpv1,4 ⫺/⫺ animals had significantly greater resistance than all other groups (1.35 ⫾ 0.088 G⍀; n ⫽ 7; p ⬍ 0.05).
We next determined whether the negative RMPs associated
with gene deletion were accompanied by decreases in excitability
at 37°C. Analysis of changes in action potential firing during
steady-state current injection revealed no statistically significant
difference in the mean values of rheobase (⫺44.74 ⫾ 0.47 mV;
n ⫽ 60; p ⫽ 0.154; Fig. 3a) and maximal firing rate ( p ⫽ 0.464;
40.3 ⫾ 1.3 Hz; n ⫽ 23; Fig. 3b) across genotypes. Differences in
excitability were then examined using steady-state frequencycurrent (F-I) analysis. Because WT MNCs displayed spontaneous
action potential firing in the absence of holding current (Ihold), a
standard amount of negative Ihold (⫺50 pA) was applied to silence all cells at the beginning of the F-I protocol. As illustrated in
Figure 3c, d, a significantly greater amount of current was required to achieve rheobase and elicit spiking in knock-out MNCs
compared with WT neurons ( p ⬍ 0.05). In agreement with this
observation, MNCs from knock-out animals exhibited rightwardshifted F-I relations compared with WT MNCs (Fig. 2e), and cells
lacking both TRPV1 and TRPV4 channels (trpv1,4 ⫺/⫺) were the
least excitable.
TRPV4 channels are not required for dynamic thermosensing
near Tb
To determine whether TRPV1 and TRPV4 channels both contribute to dynamic thermosensing in the physiological range,
we examined the effect of a staircase thermal stimulus spanning 36 –39°C in explants prepared from WT, trpv1 ⫺/⫺, and
trpv4 ⫺/⫺ mice. As illustrated in Figure 4a– c, firing rates in WT
MNCs were linearly related to temperature with a mean thermosensitivity coefficient (TC) of 1.28 ⫾ 0.13 Hz/°C (r 2 ⫽
0.4388; n ⫽ 33; p ⬍ 0.05). Dynamic steady-state thermosensing near Tb was significantly reduced in MNCs from trpv1 ⫺/⫺
animals (TC ⫽ 0.23 ⫾ 0.07 Hz/°C; n ⫽ 23; p ⬍ 0.0001 vs WT;
Fig. 4c). In contrast, the mean TC observed for MNCs from
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Figure 3. TRPV channels enhance excitability at Tb in MNCs. a, b, Error bars indicate mean ⫾
SEM values of rheobase (a) and maximum firing frequency (Fmax, b) determined by current (I)
injection during whole-cell current-clamp experiments in slices from mice of various genotypes.
c, Traces show the effects of I (indicated on the left) on action potential firing in MNCs from
different genotypes. d, Error bars indicate mean ⫾ SEM holding I required to achieve rheobase
(steady-state voltage at which firing first appears). *p ⬍ 0.05. e, Plots of steady-state firing
frequency (F) induced by I in MNCs of different genotypes. The solid lines are fits of the data
using the equation: F ⫽ Fmax/(1 ⫹ [e ⫺(I ⫺ k )/s]), where s is the slope factor and k is the value
of I at half-maximum.

trpv4 ⫺/⫺ animals was not significantly different from WT
(TC ⫽ 1.15 ⫾ 0.33 Hz/°C; n ⫽ 10, p ⫽ 0.654; Fig. 4c).
To control for possible developmental compensatory changes
associated with the loss of trpv1 or trpv4 expression in knock-out
animals, we performed acute loss-of-function experiments using
selective pharmacological inhibition of these channels in WT
preparations. As illustrated in Figure 4d, the mean TC of WT
MNCs was significantly reduced by bath application of SB366791 (TC ⫽ 0.13 ⫾ 0.16 Hz/°C; n ⫽ 7; p ⬍ 0.0001), but not by
the TRPV4 inhibitor HC-067047 (TC ⫽ 0.95 ⫾ 0.20 Hz/°C; n ⫽
11; p ⫽ 0.186).

Discussion
A previous study showed that temperature ramps rising ⬎35°C
evoke proportional increases in inward current or firing rate in
acutely isolated MNCs under voltage-clamp or current-clamp,
respectively (Sharif-Naeini et al., 2008a). However, that study did
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Figure 4. Dynamic role of TRPV1 but not TRPV4 in temperature sensing at Tb. a, Plots
represent the effect of changing ACSF temperature (temperature, top) on the firing rate of a WT
MNC (bottom; bin width 4 s). The steady-state frequency (dashed lines) achieved at each temperature was determined from the last minute of recording at each level. b, Segments of steadystate single-unit activity recorded at different temperatures for the WT cell in (a) (top) and for a
trpv1 ⫺/⫺ cell (bottom). c, Plots represent mean ⫾ SEM changes in steady-state firing
frequency (⌬ Firing rate) caused by changes in temperature for WT, trpv4 ⫺/⫺, and trpv1 ⫺/⫺
cells. d, Plots represent temperature-induced ⌬ Firing rate for WT neurons under control conditions, or when exposed to SB-366791 (SB, 3 M) or HC-067047 (HC, 1 M). Solid lines indicate
linear regressions through the data points.

not establish whether (or to what extent) TRPV1 channels contribute to heat-induced changes in firing rate, or whether heatinduced changes in firing can be maintained during prolonged
changes in temperature, as occurs under physiological conditions. Notably, the same study revealed the existence of a sustained and RR-sensitive thermally activated current in trpv1 ⫺/⫺
MNCs at Tb, suggesting that another channel might participate
in heat detection in these cells. Because supraoptic nucleus MNCs
express both TRPV1 and TRPV4 (Nedungadi et al., 2012), we
sought to define the individual contributions of these two types of
channels to physiological thermosensing in MNCs.
Our findings reveal that the basal spontaneous electrical
activity of MNCs near Tb is significantly reduced by pharmacological blockade of either TRPV1 or TRPV4 channels. Indeed, MNCs lacking expression of either trpv1 or trpv4 were
also found to be significantly hyperpolarized and less responsive to depolarizing current injection under steady-state conditions at 37°C. Based on these observations, we conclude that
TRPV1 and TRPV4 channels can both play a permissive role in
thermosensation by MNCs. Specifically, the persistent cation
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current fluxing through these channels at 37°C serves to maintain
RMP near rheobase, thus contributing to the discharge of spontaneous action potentials under resting conditions. This contribution is deemed permissive for thermosensation because it
allows bidirectional changes in firing rate to occur when small
changes in cation flux are induced by the temperature-dependent
modulation of channel activity.
To determine whether TRPV1 and TRPV4 channels can
both contribute to nonadapting dynamic thermosensation, we
examined the effects of prolonged and physiologically relevant
temperature steps on the steady-state firing rate of supraoptic
MNCs. As expected, pharmacological blockade or genetic deletion of TRPV4 channels made it more difficult to detect
spontaneously active MNCs during extracellular single-unit
recording. For example, application of HC-067047 caused a
significant decrease in the density of spontaneously active
MNCs detected while advancing the microelectrode at Tb
(0.4 ⫾ 0.10 active cells/100 m in control, n ⫽ 10; 0.12 ⫾ 0.06
in HC, n ⫽ 16; p ⫽ 0.015). However, the spontaneously active
neurons that were detected under these conditions displayed
temperature-dependent changes in firing rate that were equivalent to those observed in WT controls. By contrast, blockade
or genetic deletion of TRPV1 channels caused a significant and
profound reduction in the proportional thermal modulation
of action potential firing rate observed ⬎36°C in spontaneously active MNCs. These findings suggest that the steadystate thermal activation of TRPV4 channels reaches an
apparent maximum at a temperature near or ⬍36°C, limiting
the contribution of these channels to a permissive role under
physiological conditions. In contrast, the proportional activation of channels encoded by the trpv1 gene extends well beyond Tb and is necessary to mediate the dynamic steady-state
changes in firing that encode physiologically relevant temperature fluctuations between 36°C and 39°C.
In contrast to those located in the brain, which detect small
deviations in temperature near Tb, thermosensory neurons located in the periphery must be capable of detecting and encoding
an array of temperatures that ranges from nociceptive cooling
(⬍15°C) to nociceptive heating (⬎40°C) (Foulkes and Wood,
2007; Zhu and Lu, 2010). Recent studies have suggested that this
wide spectrum of sensitivity is achieved through the participation
of distinct types of channels that are each sensitive to narrow yet
overlapping ranges in temperature (Dhaka et al., 2006). In striking contrast, MNCs are rarely if ever exposed to temperatures
breaching the 35– 40°C range (Kiyatkin, 2007; Rango et al., 2012).
The nonadapting and precise detection of small changes in Tb by
these neurons is essential for the maintenance of osmotic homeostasis (Sharif-Naeini et al., 2008a; Sudbury et al., 2010). Our results indicate that channels encoded by trpv1 are the principal
mediators of dynamic thermal sensing in supraoptic MNCs. It
will be interesting to determine whether other types of central
thermosensory neurons use a similar mechanism for heat detection and whether variations in core body temperature associated
with fever-induced changes in set-point are associated with a
modulation of the density or sensitivity of permissive TRPV4
channels, or dynamic TRPV1 channels. Finally, previous work
has shown that supraoptic neurons do not express the full-length
protein encoded by the trpv1 gene, but a variant lacking part of
the channel’s N-terminal cytoplasmic region (Sharif Naeini et al.,
2006). Although it is the C-terminal region of the full-length
TRPV1 protein that is required for thermosensation (Vlachová et
al., 2003; Brauchi et al., 2006; Valente et al., 2008), it will be
important to determine whether the variant expressed in su-

praoptic MNCs displays specific properties that somehow enhance its role as a thermosensory transducer.
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