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TRPV1 Gene Deficiency Attenuates Miniature EPSC
Potentiation Induced by Mannitol and Angiotensin II in
Supraoptic Magnocellular Neurons
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The release of arginine vasopressin (AVP) from the magnocellular neurosecretory cells (MNCs) in the supraoptic nucleus (SON) is crucial
for body fluid homeostasis. The MNC activity is modulated by synaptic inputs and humoral factors. A recent study demonstrated that an
N-terminal splice variant of the transient receptor potential vanilloid type 1 (TRPV1) is essential for osmosensory transduction in the
SON. In the present study, we examined the effects of mannitol and angiotensin II on miniature EPSCs (mEPSCs) in the supraoptic MNCs
using whole-cell patch-clamp recording in in vitro slice preparation. Mannitol (60 mM) and angiotensin II (0.1 �M) increased the fre-
quency of mEPSCs without affecting the amplitude. These effects were attenuated by pre-exposure to a nonspecific TRPV channel
blocker, ruthenium red (10 �M) and enhanced by pre-exposure to cannabinoid type1 receptor antagonist, AM251 (2 �M). Mannitol-
induced potentiation of mEPSCs was not attenuated by angiotensin II receptor antagonist, losartan (10 �M), indicating independent
pathways of mannitol and angiotensin II to the TRPV channels. The potentiation of mEPSCs by mannitol was not mimicked by a TRPV1
agonist, capsaicin, and also not attenuated by TRPV1 blockers, capsazepine (10 �M). PKC was involved in angiotensin II-induced
potentiation of mEPSCs. The effects of mannitol and angiotensin II on the supraoptic MNCs in trpv1 knock-out mice were significantly
attenuated compared with those in wild-type mice counterparts. The results suggest that hyperosmotic stimulation and angiotensin II
independently modulate mEPSCs through capsaicin-insensitive TRPV1 channel in the presynaptic terminals of the SON.

Introduction
The release of arginine vasopressin (AVP) from the magnocellu-
lar neurosecretory cells (MNCs) in the supraoptic nucleus (SON)
is crucial for body fluid homeostasis. The supraoptic MNCs
project their axons to the posterior pituitary and secrete arginine
vasopressin (AVP) and oxytocin (OXT) into the systemic blood
flow. The MNCs in the SON receive a number of different syn-
aptic inputs from the cardiovascular system and osmosensitive
areas, and the activity of the MNCs is modulated by excitatory
and inhibitory synaptic inputs. In addition to the synaptic inputs,
various humoral factors, such as angiotensin II (Okuya et al.,
1987; Yang et al., 1992; Nagatomo et al., 1995; Ozaki et al., 2004)
modulate the activity of MNCs.

Plasma osmolality is well known to regulate the activity of
MNCs (Mason, 1980; Leng et al., 1982; Bourque, 1989). The

supraoptic MNCs receive synaptic inputs from the organum vas-
culosum lamina terminals (OVLT), median nucleus of preoptic
area (MnPO) and the subfornical organ (SFO). These areas are
very sensitive to osmotic changes and regulate body fluid and
drinking behavior (Bourque et al., 1994; Richard and Bourque,
1995). In addition to integrative information from the osmosen-
sitive areas, the MNCs are themselves also osmosensitive (Oliet
and Bourque, 1992, 1993a). This osmosensitivity is mediated by
the osmosensory transduction channel, which is activated by hyper-
osmotic stimulation and inhibited by hypo-osmotic stimulation
(Oliet and Bourque, 1993a,b, 1996). A recent study has demon-
strated that an N-terminal splice variant of the transient receptor
potential vanilloid type 1 (N-truncated form of the TRPV1;
C-TRPV1) is essential for osmosensory transduction in the su-
praoptic MNCs (Sharif Naeini et al., 2006). C-TRPV1 knock-out
mice (Trpv1�/�) were reported to show significant defects in
systemic osmoregulation, and their MNCs did not show appro-
priate bioelectrical response to hyperosmolality and angiotensin
II (Sharif Naeini et al., 2006).

Hyperosmotic stimuli and angiotensin II also directly modu-
late glutamatergic inputs to the supraoptic MNCs by acting on
the presynaptic terminals (Inenaga et al., 1997; Ozaki et al., 2004).
Our previous study demonstrated that angiotensin II potentiated
the miniature EPSCs (mEPSCs) into the supraoptic MNCs via
angiotensin type 1 (AT1) receptors (Ozaki et al., 2004). To our
knowledge, there is no information on whether the TRPV chan-
nels mediate the osmosensitivity and angiotensin II sensitivity in
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the presynaptic terminals of the supraoptic MNCs. Furthermore,
little is known about how AT1 receptor activation leads to poten-
tiation of mEPSCs in the presynaptic terminals. In the present
study, we examined the effects of TRPV channel blockers on
hyperosmotic stimulation- and angiotensin II-induced increases
of mEPSCs in the supraoptic MNCs. We also examined signal
transduction activated by AT1 receptors in the presynaptic ter-
minals of the supraoptic MNCs.

Materials and Methods
Animals. Experiments were performed in male Wistar rats weighting
100 –200 g, male TRPV1 gene knock-out mice (Trpv1�/�, KO) and their
counterparts (C57BL/6, wild-type) weighting 20 –25 g. Trpv1�/� mice
were a kind gift from Dr D. Julius (University of California, San Fran-
cisco). Trpv1�/� mice were generated as described previously (Caterina
et al., 2000). All procedures described in the present study were per-
formed in accordance with guidelines on the use and care of laboratory
animals as set out by the Physiological Society of Japan and under the
control of the Ethics Committee of Animal Care and Experimentation,
University of Occupational and Environmental Health, Japan.

Slice preparations. Rats and mice were killed by decapitation. We en-
sured the absence of gross contusion and hemorrhage after removal of
each brain from the skull. The brains were rapidly removed and cooled in
a perfusion medium at 4°C for 1 min. A block containing the hypothal-
amus was cut and glued to the stage of a vibratome-type slicer (DSK
Linearslicer PRO7). After careful removal of the meninges, coronal slices
(150 �m thick) containing the SON were cut as described previously
(Nagatomo et al., 1995). The slices were carefully trimmed with a circular
punch (inner diameter 1.8 mm) and preincubated in the perfusion me-
dium at room temperature for at least 1 h, after which they were trans-
ferred to the recording chamber.

Solutions and drugs. The perfusion medium contained the following
(in mM): 124 NaCl; 5 KCl; 1.24 KH2PO4; 2 CaCl2; 25.9 NaHCO3; and 10
glucose. For Ca 2�-free solution, Ca 2� was replaced by Mg 2� and the
osmolality was adjusted by lowering the Na � concentration. The pH was
adjusted to 7.3, and the osmolality of all solutions ranged between 298
and 303 mOsmol/kg. The perfusion medium for the mice slice prepara-
tion was modified by increasing osmolality to 312 mOsmol/kg, according
to the natural basal serum osmolarity observed in this strain of mice
(Stachniak and Bourque, 2006). For hyperosmotic stimulation, mannitol
was added to the perfusion medium. Angiotensin II and [Pmp1,
Tyr(Me)2]-Arg8-vasopressin (PMP-AVP) were purchased from Peptide
Institute (Osaka, Japan); tetrodotoxin (TTX) was obtained from Sankyo
Co.. Losartan was kindly provided by Merck. Ruthenium red, capsaicin,
capsazepine, SB366791, atosiban, DL-fluorocitric acid and bis-(o-
aminophenoxy)-N,N,N�,N�-tetraacetic acid (BAPTA) were purchased
from Sigma-Aldrich, bisindolylmaleimide I and thapsigargin from Cal-
biochem. AM251 was purchased from Wako. N-(4-Tetrarybutylphenyl)-4-
(3-chloropyridin-2-yl)tetrahydropyrazine-1(2H)-carboxamide (BCTC)
was purchased from Biomol. For stock solution, angiotensin II, TTX,
losartan, ruthenium red, PMP-AVP and atosiban were each dissolved in
distilled water and then dissolved into working solution, with the final
concentration of the solvents not being �0.1%. Capsaicin, capsazepine,
SB366791, bisindolylmaleimade I, thapsigargin BCTC and AM251 were
each dissolved in dimethyl sulfoxide (DMSO). The final concentration of
DMSO in the perfusion medium was �0.05%. All solutions used in this
experiment were bubbled with a mixture of 95%O2-5% CO2. The pipette
solution used in the recording electrodes contained the following (in
mM): 140 K-gluconate; 1 MgCl2, 1 CaCl2; 10 EGTA; and ATP Mg-2 (pH
7.3 with Tris base). TTX was present in all experiments except for Ca 2�-
free solution.

Whole-cell recordings and data analyses. The slices were fixed in a re-
cording chamber as described previously (Kabashima et al., 1997).
Briefly, the slices were placed onto a glass-bottomed chamber and fixed
with a grid of parallel nylon threads supported by a U-shaped stainless
steel weight. The volume of the recording chamber was 1 ml and the
perfusion rate was 1.4 ml/min. The solution level was kept constant by a
low-pressure aspiration system. To identify magnocellular neurons in

the SON, we used an upright microscope (BX-50, Olympus) with No-
marski optics (400�). Drugs were applied to the slice preparation by
switching the perfusion solution using a two-way valve (HV 4-4, Ham-
ilton). The dead space washing time was excluded from calculations.

The electrodes used in this study were triple-pulled with a puller (P-87,
Sutter Instrument Co.) from a glass capillary, and had a final resistance of
5–9 M� when filled with the electrode solution. Electrophysiological
recordings were performed at 32�33°C. Whole-cell recordings were
made from microscopically identified SON neurons in the upper sur-
face layers of the slices. Recordings of postsynaptic currents began 5
min after membrane rupture when the current reached a steady state.
Currents and voltages were recorded with an EPC-10 amplifier
(HEKA). Signals were filtered at 3 kHz, digitized at 1 kHz with an
analog-to-digital converter (MacLab/v. 3.5), and stored on the hard
disk of a personal computer. For quantitative analysis of the synaptic
currents, only the AC components (using a 1 Hz high pass filter) were
used for analysis with software (AxoGraph V.3.6.1, Molecular De-
vices). Spontaneous events were automatically screened using an am-
plitude threshold of 15 pA and then were visually accepted or rejected
based on the rise time and decay time. Recordings included for data
analysis were collected during periods of stable series resistance
(10 –20 M� with no compensation).

When using the perfusion medium and the pipette solution indicated
above, mEPSCs and miniature IPSCs (mIPSCs) were discriminated by
changing the holding potential from �70 mV to �20 mV (Kabashima et
al., 1997). At �70 mV, virtually pure mEPSCs were recorded, which were
completely abolished by application of 6-cyano-7-nitroquin-oxaline-
2,3-dione (CNQX; a blocker of non-NMDA receptors), while at �20
mV, pure mIPSCs were recorded, which were completely abolished by
application of picrotoxin (a blocker of GABAA receptor-gated Cl �

channels). Therefore, the holding potentials of �70 mV and �20 mV
were used to analyze mEPSCs and mIPSCs, respectively, throughout
the experiments.

Statistical analysis. Data are expressed as mean � SEM with n repre-
senting the number of neurons tested. Differences between two groups
were examined for statistical significance using the paired t test and be-
tween multiple groups by one-way ANOVA. A p value �0.05 denoted the
presence of a statistically significant difference.

Results
Spontaneous synaptic currents were recorded from a total of 209
MNCs that were identified microscopically in thin punch-out
SON slice preparations from 89 rats and 20 mice. As reported
previously (Kabashima et al., 1997), EPSCs and IPSCs were in-
sensitive to the Na� channel blocker TTX (1 �M), indicating that
spontaneous EPSCs and spontaneous IPSCs recorded from the
thin punch-out slice preparations are miniature EPSCs and min-
iature IPSCs that reflect spontaneous quantal release of glutamate
and GABA, respectively. DMSO alone had no significant effect on
frequency (102 � 10% of control) or amplitude (102 � 6.2% of
control) of mEPSCs (n 	 4).

Effects of hyperosmotic stimulation and angiotensin II
on mEPSCs
Figure 1A shows representative mEPSC recordings and the ef-
fects of mannitol and angiotensin II. Mannitol (60 mM)-induced
hyperosmotic stimulation (360 mOsmol/kg) and the application
of angiotensin II (0.1 �M) increased the frequency of mEPSCs.
The amplitude of mEPSCs was not affected by mannitol or an-
giotensin II. The averaged values of frequency and amplitude of
mEPSCs during the control period and after drug application
were compared. Recordings included for the data analyses were
collected over 3 min, before drug application (control) and 5 min
after starting drug application (mannitol and angiotensin II). To
confirm the stability of the preparations under whole-cell record-
ing, we also recorded from untreated cells for identical time in-
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terval (No treatment group; frequency
98.9 � 5.3% of control, amplitude 100 �
2.4% of control, n 	 7). Mannitol signif-
icantly increased the frequency of mEP-
SCs (185 � 14% of control, n 	 8, p �
0.01), but did not alter the amplitude of
mEPSCs (99.1 � 1.8% of control, n 	 8).
Similarly, angiotensin II increased the fre-
quency of mEPSCs (156 � 13% of con-
trol, n 	 8, p � 0.01), but not the
amplitude (103 � 2.1% of control, n 	 8)
(Fig. 1C). To exclude the possible effect of
postsynaptic activation on the presynaptic
input, BAPTA was added to the pipette
solution. A similar potentiation of mEP-
SCs by mannitol and angiotensin II was
observed when the BAPTA (10 mM)-
containing pipette solution was used (Fig.
1C). The frequency increased significantly
(mannitol: 180 � 12% of control, n 	 8,
p � 0.01; angiotensin II: 160 � 11% of
control, n 	 9, p � 0.01), but not the am-
plitude (mannitol: 100 � 1.8% of control,
n 	 8; angiotensin II: 106 � 1.9% of con-
trol, n 	 9). Thus, hyperosmotic stimula-
tion and angiotensin II increase the
frequency of mEPSCs presynaptically. In
contrast to the effect on the mEPSCs, ap-
plication of mannitol (60 mM) did not af-
fect mIPSCs (frequency 96.9 � 3.6%,
amplitude 96.8 � 1.7% of control, n 	 10).

Effects of TRPV blockers on
hyperosmotic stimulation- and
angiotensin II-induced potentiation
of mEPSCs
To examine whether the effects of manni-
tol and angiotensin II are mediated by
TRPV channels, we used 10 �M ruthe-
nium red, a nonspecific TRPV channel
blocker. Figure 1B shows representative
examples of the effects of ruthenium red.
Pre-exposure to ruthenium red attenu-
ated the potentiation of mEPSCs by man-
nitol (60 mM) and angiotensin II (0.1 �M).
Figure 1C shows a summary data for the
effects of ruthenium red on the amplitude
and frequency. Ruthenium red almost
completely abolished the mannitol- and
angiotensin II-induced increase in mEPSC
frequency, but had no effect on the am-
plitude of mEPSCs (mannitol: frequency 106 � 8.6%, amplitude
103 � 3.4% of control, n 	 6; angiotensin II: frequency 101 �
6.1%, amplitude 96.5 � 1.8% of control, n 	 13). These results
suggest the possible involvement of TRPV channels in both hy-
perosmotic stimulation- and angiotensin II-induced potentia-
tion of the mEPSCs.

Pharmacological characterizations of TRPV1 channel in
hyperosmotic stimulation-induced potentiation of mEPSCs
To determine whether TRPV1 channels mediate the potentiation
of mEPSCs, we examined the effects of capsaicin, a TRPV1
channel agonist, and capsazepine, a TRPV1 channel selective

blocker. Application of capsaicin (10 �M) did not significantly
influence mEPSCs (frequency 96.7 � 6.4%, amplitude 105 �
2.9% of control, n 	 9) (Fig. 2A). The potentiation of mEPSCs by
mannitol was not suppressed by pre-exposure to capsazepine (10
�M). The frequency increased significantly without affecting the
mean amplitude (frequency: 167 � 16% of control, n 	 8, p �
0.01, amplitude 99.5 � 1.9%, n 	 8) (Fig. 2B,C). Since the
TRPV1 channel selective blockers, SB366791 and BCTC, are
known to inhibit TRPV1 channel activation induced by pH or
temperature, we also examined whether these drugs inhibit the
potentiation of mEPSCs by mannitol. However, the potentiation
of mEPSCs by mannitol was not suppressed by pre-exposure to

Figure 1. Effects of mannitol and angiotensin II on mEPSCs in the SON. A, Representative examples of mannitol (a) (60 mM, 360
mOsmol/kg) and angiotensin II (b) (0.1 �M) on mEPSCs. EPSCs were recorded in the presence of TTX (1 �M). The holding potential
was �70 mV. Plots of frequency are single measurements, whereas plots of amplitude are mean � SEM over 30 s. B, Represen-
tative examples of the effects of a nonspecific TRPV1 blocker, ruthenium red (10 �M) on mannitol (a)- and angiotensin II (b)-
induced potentiation of mEPSCs. Mannitol- and angiotensin II-induced potentiation of mEPSCs was suppressed by ruthenium red.
C, Summary data for the effects of ruthenium red on the frequency and amplitude of mEPSCs. a, Frequency (left) and amplitude
(right) of mEPSCs. No treatment (n 	 7), mannitol (n 	 8), mannitol plus BAPTA (n 	 8) and mannitol plus ruthenium red (n 	
6), respectively. b, No treatment (n 	 7), angiotensin II (n 	 8), angiotensin II plus BAPTA (n 	 9) and angiotensin II plus
ruthenium red (n 	 13). BAPTA in the pipette solution did not affect the potentiation of mEPSCs by mannitol and angiotensin II.
Data are mean � SEM. **p � 0.01, compared with no treatment. #p � 0.01, compared with mannitol or angiotensin II.
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SB366791 (100 �M) or BCTC (10 �M) without affecting the
mean amplitude (SB366791: frequency 164 � 11% of control, n
	 7, p � 0.01, amplitude 101 � 2.9% of control, n 	 7; BCTC:
frequency 163 � 8.4% of control, n 	 11, p � 0.01, amplitude
104 � 1.4% of control, n 	 11) (Fig. 2C).

Characterization of hyperosmotic stimulation- and
angiotensin II-induced potentiation of mEPSCs
Previous studies showed that endocannabinoids, whose recep-
tors are localized on the presynaptic terminals, act as retrograde
messengers and modulate synaptic activities in the SON (Hira-
sawa et al., 2004; Soya et al., 2005). To determine whether endo-
cannabinoids, AVP, and OXT regulate synaptic transmission
during hyperosmotic stimulation and angiotensin II application,
we examined the effects of AM251 (CB1 receptor antagonist) (2

�M), PMP-AVP (AVP V1a receptor an-
tagonist) and atosiban (OXT receptor
antagonist). Pre-exposure to AM251 sig-
nificantly increased the frequency of
mannitol- and angiotensin II-induced
potentiation of mEPSCs (AM251 plus
mannitol: frequency 237 � 14% of con-
trol, n 	 8, p � 0.05 vs mannitol, ampli-
tude 103 � 1.7% of control, n 	 8; AM251
plus angiotenisn II: frequency 209 � 21%
of control, n 	 8, p � 0.05 vs angiotensin
II, amplitude 103 � 2.1% of control, n 	
8) (Fig. 3A,B). Pre-exposure to PMP-
AVP (2 nM) and atosiban (1 �M) did not
affect mannitol- and angiotensin II-
induced potentiation of mEPSCs (PMP-
AVP plus mannitol: frequency 172 � 14%
of control, amplitude 105 � 3.2% of con-
trol, n 	 6; PMP-AVP plus angiotensin II:
frequency 155 � 15% of control, ampli-
tude 99.1 � 2.0% of control, n 	 4; atosi-
ban plus mannitol: frequency 179 � 12%
of control, amplitude 104 � 2.1% of con-
trol, n 	 6; atosiban plus angiotensin II:
frequency 142 � 5.3% of control, am-
plitude 104 � 1.6% of control, n 	 6)
(Fig. 3B).

Since the AT1 receptor exists in glial
cells, we also examined the effects of
DL-fluorocitric acid (a glial metabolism
inhibitor). Pretreatment with DL-fluoro-
citric acid for 150 min did not affect
mannitol- and angiotensin II-induced po-
tentiation of mEPSC (DL-fluorocitric plus
mannitol: frequency 181 � 15% of control,
amplitude 105 � 2.3% of control, n 	 5;
DL-fluorocitric plus angiotensin II: fre-
quency 143 � 11% of control, amplitude
97.4 � 1.8% of control, n 	 4) (Fig. 3B).

To examine whether the potentiation
of mEPSC by mannitol is dependent on
extracellular Ca 2�, we used Ca 2�-free so-
lution. The frequency and amplitude of
mEPSC in the Ca 2�-free solution were
significantly smaller than that in normal
perfusion solution (normal vs Ca 2�-free:
frequency 0.79 � 0.1 Hz vs 0.69 � 0.1 Hz,
n 	 8, p � 0.05, amplitude 27.7 � 0.7 pA

vs 23.5 � 0.2 pA, n 	 8, p � 0.01). Under this condition, man-
nitol did not increase the frequency and amplitude of mEPSC
(frequency 106 � 6.3% of control, amplitude 101 � 1.3% of
control, n 	 8) (Fig. 3C). Thus, the mannitol-induced potentia-
tion of mEPSC was extracellular Ca 2�-dependent.

Hyperosmotic stimulation and angiotensin II independently
modulate mEPSCs through TRPV channels
We next examined whether angiotensin II and mannitol interact
with each other, we used 10 �M losartan, an AT1 receptor selec-
tive antagonist. Mannitol-induced potentiation of mEPSCs
was not affected by pre-exposure to losartan (frequency 162 �
11% of control, n 	 12, p � 0.01, amplitude 102 � 1.7% of
control, n 	 12) (Fig. 4 A). These results suggest that mannitol
and angiotensin II independently modulate mEPSCs through

Figure 2. Pharmacological characterization of the presynaptic TRVP1 channel in the SON. A, Representative example of the
effect of capsaicin (10 �M), a TRPV1 channel agonist, on mEPSCs. The holding potential was �70 mV. Plots of frequency are single
measurements, whereas plots of amplitude are mean � SEM over 30 s. B, Representative examples of the effect of selective TRPV1
channel blockers on mannitol-induced potentiation of mEPSCs. a, Capsazepine (10 �M); b, SB366791 (100 �M); and c, BCTC (10
�M). C, Summary data for the effects of TRPV1 selective blockers. Frequency (left) and amplitude (right) of mEPSCs. No treatment
(n 	 7), mannitol (n 	 7), mannitol plus capsazepine (n 	 8), mannitol plus SB366791 (n 	 7) and mannitol plus BCTC (n 	 11).
Data are mean � SEM. **p � 0.01, compared with no treatment.
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TRPV channels and a lack of direct in-
teraction between these two pathways.

Signal transduction by mannitol and
angiotensin II in the presynaptic
terminals of the SON
We examined the signal transduction ac-
tivated by angiotensin II receptor in the
presynaptic terminals of the SON by using
a PKC inhibitor, bisindolylmaleimide I, and
a calcium-ATPase inhibitor, thapsigargin.
Bisindolylmaleimide I (10 nM) inhibited
angiotensin II-induced potentiation of
mEPSCs (frequency 105 � 4.0%, ampli-
tude 97.7 � 2.1% of control, n 	 8) (Fig.
4B,C). On the other hand, thapsigargin
(10 nM) did not inhibit angiotensin II-in-
duced potentiation of mEPSCs (fre-
quency 187 � 19% of control, n 	 5, p �
0.01, amplitude 94.9 � 2.9% of control, n
	 5) (Fig. 4C). These results suggest the
involvement of PKC in signal transduc-
tion from the angiotensin II receptor to
the TRPV channels. Interestingly, man-
nitol-induced potentiation of mEPSCs
was not inhibited by bisindolylmaleimide
I and thapsigargin (bisindolylmaleimide:
frequency 195 � 12% of control, n 	 4,
p � 0.01, amplitude 102 � 2.1% of con-
trol, n 	 4; thapsigargin: frequency
191 � 14% of control, n 	 4, p � 0.01,
amplitude 104 � 1.8% of control, n 	 4)
(Fig. 4C).

Effects of hyperosmotic stimulation
and angiotensin II on mEPSCs in
Trpv1 �/� mice
To determine whether the N-terminal
variants of TRPV1 are required for the
generation of the osmosensory response,
we compared the effects of mannitol and
angiotensin II on mEPSCs in the supraop-
tic MNCs of wild-type mice and Trpv1�/�

mice (Fig. 5). The raw frequency and
amplitude were not different between rats
and mice. Mannitol- and angiotensin II-
induced increase in mEPSCs was signifi-
cantly lower in Trpv1�/� mice than in
wild-type mice. However, the effects were
not abolished completely even in Trpv1�/�

mice. The mean amplitude of mEPSCs
was not affected in both wild-type and
Trpv1�/� mice (wild-type vs Trpv1�/�;
mannitol: frequency 191 � 16% (n 	 7) vs 119 � 4.0% (n 	 8) of
control, p � 0.01, amplitude 106 � 2.1% vs 101 � 2.1% of control;
angiotensin II: 162 � 15% (n 	 6) vs 116 � 6.4% (n 	 7) of control,
p � 0.01, amplitude 101 � 2.6% vs 105 � 3.5%).

Discussion
In the present study, mannitol-induced hyperosmotic stimula-
tion and application of angiotensin II independently increased
the frequency of mEPSCs without affecting their amplitude in
supraoptic MNCs. Such potentiation of mEPSCs was enhanced

by pre-exposure to AM251, a cannabinoid type1 receptor
blocker, and attenuated by pre-exposure to ruthenium red, a
nonspecific TRPV channel blocker. In the Trpv1�/� mice, the
effects of mannitol and angiotensin II were markedly attenuated
compared with those in wild-type mice.

We have reported that application of mannitol or angiotensin
II modulated mEPSCs by acting on the presynaptic terminals in
the SON (Inenaga et al., 1997; Ozaki et al., 2004). The present
results also support these conclusions because (1) recordings
were conducted from neurons within thin slices containing only

Figure 3. Characterization of the mannitol- and angiotensin II-induced potentiation of mEPSCs. A, Representative examples of
the effect of AM251, a cannabinoid type 1 receptor blocker, on the mannitol- and angiotensin II-induced potentiation of mEPSC.
a, Mannitol; b, angiotensin II. The holding potential was �70 mV. Plots of frequency are single measurements, whereas plots of
amplitude are mean � SEM over 30 s. B, Summary data for the characterization of mEPSCs under mannitol and angiotensin II
application. a, Frequency (left) and amplitude (right) of mEPSCs. mannitol (n 	 8), mannitol plus AM251 (n 	 8), mannitol plus
PMP-AVP (n 	 6), mannitol plus atosiban (n 	 6) and mannitol (fluorocitric acid) (n 	 5), respectively. b, Angiotensin II (n 	 8),
angiotensin II plus AM251 (n 	 6), angiotensin II plus PMP-AVP (n 	 4), angiotensin II plus atosiban (n 	 6) and angiotensin II
(fluorocitric acid) (n 	 4). Data are mean � SEM. *p � 0.05, compared with mannitol or angiotensin II. C, Mannitol-induced
potentiation of mEPSCs is extracellular Ca 2� dependent. a, A representative example of the effect of mannitol (60 mM) on
mannitol-induced potentiation of mEPSCs in the Ca 2�-free perfusion medium. b, Summary data for the effects of mannitol on
frequency (left) and amplitude (right) of mEPSCs in normal solution (n 	 8) and in Ca 2�-free solution (n 	 8). Data are mean �
SEM. **p � 0.01, compared with no treatment.
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SON and the perinuclear zone, (2) the mannitol- and angiotensin
II-induced increase in frequency of mEPSCs was observed even
in the presence of TTX without affecting the amplitude of the
mEPSCs, and (3) the presence of BAPTA in the pipette solution
did not affect the potentiation of mEPSCs induced by mannitol
and angiotensin II. The mEPSCs in the present study thus reflect
spontaneous transmitter release from the terminals of cut axons,
disconnected from their cell bodies, in response to application of
mannitol and angiotensin II.

Ruthenium red attenuated the mannitol- and angiotensin II-
induced increase of mEPSC frequency without affecting mEPSC

amplitude. Since ruthenium red is a non-
specific TRPV channels blocker, these re-
sults suggest that TRPV channels mediate
the potentiation of mEPSCs induced by
mannitol and angiotensin II. The TRPV
channels have been shown to play a role in
mechanosensation and osmosensation.
The osmosensitivity in the SON is consid-
erably mediated by the osmosensory
transduction channel, which is activated
by hyperosmotic stimulation and inhib-
ited by hypo-osmotic stimulation (Oliet
and Bourque, 1993a,b, 1996). A recent
study has demonstrated that an N-terminal
splice variant of TRPV1 (N-truncated form
of the TRPV1) is expressed on the su-
praoptic MNCs and is essential for osmo-
sensory transduction in the SON (Sharif
Naeini et al., 2006). The N-terminal end
of TRPV1 is known to be a capsaicin recep-
tor (Caterina et al., 1997), and parts of the
N terminus of the protein are required to
mediate the effects of capsaicin (Schuma-
cher et al., 2000; Jung et al., 2002; Wang et
al., 2004; Hellwig et al., 2005; Lu et al.,
2005; Vos et al., 2006). Thus, the
N-truncated form of the TRPV1 is not
sensitive to capsaicin in the supraoptic
MNCs, and trpv1�/� mice had impaired
AVP secretion in response to synaptic hy-
perosmolality and infusion of angiotensin
II (Sharif Naeini et al., 2006). The present
study is in good agreement with these re-
sults except that the site of action was pre-
synaptic terminals, because capsaicin did
not have a significant effect on mEPSCs,
and mannitol-induced potentiation of
mEPSCs could not be attenuated by the
TRPV1 selective blocker capsazepine. Al-
though we did not identify the N-terminal
splice variant of TRPV1 by a specific anti-
body, the results using Trpv1�/� mice
strongly support the presence of the
N-truncated form of TRPV1 in the pre-
synaptic terminals. However, TRPV1 is
required for intrinsic osmoreception in
the OVLT that projects its axon into the
SON and is very sensitive to systemic os-
motic changes (Ciura and Bourque,
2006). Moreover, in the paraventricular
nucleus (PVN), activation of presynaptic
TRPV1 by capsaicin excites spinally pro-

jecting PVN neurons through increase of mEPSC frequency
without affecting the amplitude, a mechanism very similar to that
of the present results (Li et al., 2004). At present, the reason for
the discrepancy, that is the regulatory role of N-truncated form of
the TRPV1 versus TRPV1, is not clear. Since the TRPV1 is widely
present in the brain and has many splice variants, the mechanism
of regulation may vary depending on the expression of the variant
form.

In our experiments using Trpv1�/� mice, potentiation of
mEPSCs induced by mannitol and angiotensin II was markedly
reduced compared with the wild-type. However, it was not com-

Figure 4. Mannitol and angiotensin II independently modulate mEPSCs through PKC pathway and TRPV channels. A, Mannitol-
induced potentiation of mEPSCs is not affected by pre-exposure to losartan, angiotensin II type 1 receptor antagonist. a, Repre-
sentative example of the effect of losartan (10 �M) on mannitol-induced potentiation of mEPSCs. The holding potential was �70
mV. Plots of frequency are single measurements, whereas plots of amplitude are mean � SEM over 30 s. b, Summary data for the
effects of mannitol on the frequency and amplitude of mEPSCs in the presence of losartan (n 	 12). Data are mean � SEM. **p �
0.01, compared with no treatment. B, Representative examples of the effect of bisindolylmaleimide I (PKC inhibitor) on mannitol
(a)- and angiotensin II (b)-induced potentiation of mEPSCs. C, Summary data for the effects of bisindolylmaleimide I and thapsi-
gargin (calcium-ATPase inhibitor) on mannitol- and angiotensin II-induced potentiation of mEPSCs. a, Frequency (left) and am-
plitude (right) of mEPSCs. No treatment (n 	 7), mannitol (n 	 8), bisindolylmaleimide I (10 nM) (n 	 4), thapsigargin (10 nM)
(n 	 4). b, Frequency (left) and amplitude (right) of mEPSCs. No treatment (n 	 7), angiotensin II (n 	 8), bisindolylmaleimide
I (n 	 7), thapsigargin (n 	 5). Data are mean � SEM. **p � 0.01, compared with no treatment. #p � 0.01, compared with
mannitol or angiotensin II.

Yokoyama et al. • Modulation of EPSCs by TRPV1 Channels J. Neurosci., January 20, 2010 • 30(3):876 – 884 • 881



plete and the possible involvement of
other TRP channels or mechanisms could
not be excluded. In fact, the TRPV4 chan-
nel is reported to function as an osmosen-
sor in the SON (Liedtke et al., 2000;
Strotmann et al., 2000, Liedtke and Fried-
man, 2003; Mizuno et al., 2003), although
this channel is reported to be activated by
cell swelling and is insensitive to hyperos-
motic stimulation (Liedtke et al., 2000;
Strotmann et al., 2000; Alessandri-Haber
et al., 2003). Extracellular matrices around
the MNCs, such as protein, other mechano-
channels and other TRP channels, such as
TRPC, may participate in mechanical regu-
lation and glutamatergic release.

Interestingly, pre-exposure to AM251
potentiated mEPSCs induced by mannitol
and angiotensin II. These results suggest
that endocannabinoids modulate the ex-
citatory synaptic inputs. Various endoge-
nous factors regulate the release of
transmitters in the SON. We have demon-
strated previously that cannabinoids
modulate synaptic activity in the rat SON
(Soya et al., 2005). Recent studies have
demonstrated also that synaptic transmis-
sion in the SON is regulated by endo-
cannabinoids (Hirasawa et al., 2004;
McDonald et al., 2008). In high-salt diet
rats, endocannabinoids regulate blood
pressure through activation of the TRPV1
channel (Wang et al., 2007). Considered
collectively, these results suggest that en-
docannabinoids participate in osmoregulation and interact with
the TRP channels.

Since the potentiation of mEPSCs was induced by both man-
nitol and angiotensin II and suppressed by pre-exposure to ru-
thenium red, we examined whether there is an interaction
between these two pathways. Pre-exposure to losartan, an AT1
receptor antagonist, had no effect on mannitol-induced potenti-
ation of mEPSCs. Mannitol-induced potentiation of mEPSCs
was not suppressed by bisindolylmaleimide I or thapsigargin.
Moreover, ruthenium red does not easily cross the cell membrane
and commonly has to be dialyzed into cells to modulate mito-
chondrial calcium transport (Tang and Zucker, 1997). Thus, the
effects of ruthenium red on mannitol-induced currents are more
likely to be due to channel blockade rather than via intracellular
signal transduction.

To date, four distinct AT receptors have been identified (AT1,
AT2, AT3 and AT4) (Unger et al., 1996). The AT1 receptor is
predominant in the SON (Culman et al., 1995). However, the
mechanism through which AT1 receptor activation leads to po-
tentiation of mEPSCs presynaptically remains elusive. The AT1
receptor is a G-protein coupled receptor, which is responsible for
most of the physiological actions of angiotensin II (Conchon et
al., 1998). Signal transduction via AT1 receptor follows the Gq
protein pathway. Activated AT1 receptors are coupled to the Gq
protein and they increase phospholipase C (PLC) activity, result-
ing in the cleavage of phosphatidylinositol-4,5-bisphosphate
(PIP2) by PLC, yielding two second messengers: inositol-1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG). DAG with calcium
activates PKC, and IP3 activates calcium release channels in en-

doplasmic reticulum membranes. We examined the signal trans-
duction activated by angiotensin II. Angiotensin II-induced
increase of mEPSC frequency was suppressed by pre-exposure to
the PKC inhibitor (bisindolylmaleimide I) but not by the intra-
cellular calcium-ATPase inhibitor (thapsigargin). These results
suggest that angiotensin II-induced potentiation of mEPSCs is
mediated through the TRPV channels by activating the AT1 re-
ceptor, Gq-PLC-DAG-PKC pathway. Interestingly, activation of
PKC is also involved in the TRPV1-mediated potentiation of
mEPSCs at the presynaptic terminals of sensory neurons, which
contributes to the pathophysiology of chronic pain conditions
(Sikand and Premkumar, 2007).

Limitation of the study
In the present study, 
80% of the tested supraoptic MNCs were
sensitive to mannitol and angiotensin II. Supraoptic MNCs (AVP
neurons or OXT neurons) are divided into two groups based on
their electrophysiological characteristics. By combining immu-
nohistochemical and electrophysiological techniques, most of
the phasically firing neurons contain AVP (phasic neurons)
whereas the other neurons that do not fire phasically (nonphasic
neurons) contain OXT (Yamashita et al., 1983; Cobbett et al.,
1986). Subsequent studies revealed that the majority of OXT neu-
rons displayed a sustained outward rectification at depolarized
potentials and hyperpolarization-induced inward rectification;
those were largely absent in AVP neurons (Armstrong et al., 1994;
Stern and Armstrong, 1995; Hirasawa et al., 2003). Although we
did not identify the cell types electrophysiologically in the present
study, the possibility that the actions of mannitol and angiotensin

Figure 5. Effects of mannitol and angiotensin II on mEPSCs in the SON of wild-type and Trpv1�/� mice. Representative
examples of the effects of mannitol (A) (60 mM, 372 mOsmol/kg) and angiotensin II (B) (0.1 �M) on mEPSCs in wild-type mice and
Trpv1�/� mice (TRPV1KO). All experiments were recorded in the presence of TTX (1 �M). The holding potential was �70 mV.
Plots of frequency are single measurements, whereas plots of amplitude are mean � SEM over 30 s.
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II are limited to a single cell type (AVP neurons or OXT neurons)
is unlikely. A previous immunohistochemical study demon-
strated that AVP neurons are more common in the caudal and
ventral parts of the SON, while OXT neurons tend to be found
rostrally and dorsally (Rhodes et al., 1981). Subsequent topo-
graphic analysis revealed the majority of Fos-expressing AVP
neurons occupy the ventral part of the SON, while Fos-OXT
neurons are located mainly in the dorsal part on hyperosmotic
stimulation (Pirnik et al., 2004). Since we recorded mEPSCs in
the ventral part of the SON, this methodological approach might
affect the proportion of angiotensin II-sensitive MNCs.

In conclusion, mannitol-induced hyperosmotic stimulation
and application of angiotensin II independently increased the
frequency of mEPSCs through capsaicin-insensitive TRPV1
channels in the presynaptic terminals of the SON. Mannitol
might act on the TRPV1 channels directly, while angiotensin II
acts via AT1 receptor and signal transduction of the Gq-PLC-
DAG-PKC pathway.
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