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Abstract
Background/Aims: Arginine vasopressin (AVP) neurons play an important role for sensing
a change in the plasma osmolarity and thereby responding with regulated AVP secretion in
order to maintain the body fluid homeostasis. The osmo-sensing processes in magnocellular
neurosecretory cells (MNCs) including AVP and oxytocin (OXT) neurons of the hypothalamus
were reported to be coupled to sustained osmotic shrinkage or swelling without exhibiting
discernible cell volume regulation. Since increasing evidence has shown some important
differences in properties between AVP and OXT neurons, osmotic volume responses are to
be reexamined with distinguishing these cell types from each other. We previously reported
that AVP neurons identified by transgenic expression of enhanced green fluorescence protein
(eGFP) possess the ability of regulatory volume decrease (RVD) after hypoosmotic cell swelling.
Thus, in the present study, we examined the ability of regulatory volume increase (RVI) after
hyperosmotic cell shrinkage in AVP neurons. Methods: Here, we used eGFP-identified AVP
neurons acutely dissociated from AVP-eGFP transgenic rats. We performed single-cell size
measurements, cytosolic RT-PCR analysis, AVP secretion measurements, and patch-clamp
studies. Results: The AVP neurons were found to respond to a hyperosmotic challenge
with physiological cell shrinkage caused by massive secretion of AVP, called a secretory
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volume decrease (SVD), superimposed onto physical osmotic cell shrinkage, and also to
exhibit the ability of RVI coping with osmotic and secretory cell shrinkage. Furthermore, our
pharmacological and molecular examinations indicated that AVP secretion and its associated
SVD event are triggered by activation of T-type Ca2+ channels, and the RVI event is attained
by parallel operation of Na+/H+ exchanger and Cl−/HCO3− anion exchanger. Conclusion: Thus,
it is concluded that AVP neurons respond to hyperosmotic stimulation with the regulatory
volume increase and the secretory volume increase by activating ion transporters and Ca2+
channels, respectively.
© 2021 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Arginine vasopressin (AVP) is an antidiuretic hormone which maintains osmotic
pressure stability in the body fluid. AVP-producing neurons are localized in the supraoptic
nucleus (SON) and paraventricular nucleus (PVN) of the hypothalamus. Synthesized AVP in
these AVP neurons is secreted by an exocytotic mechanism into the systemic circulation from
the axon terminal extending to the posterior pituitary gland. The amount of AVP secreted
into the systemic circulation is controlled in the hypothalamus by osmo-sensing information
derived not only from the axons of osmosensory neurons localized in the organum vasculosum
laminae terminalis (OVLT) and subfornical organ (SFO) but also directly from AVP neurons
themselves in the SON and PVN.
Cell volume regulation is, in general, a prerequisite function coping with osmotic
perturbation in animal cells to survive under both physiological and pathological conditions
[1-5]. In contrast, the osmo-sensing processes in magnocellular neurosecretory cells (MNCs),
which consist of AVP neurons and oxytocin (OXT) neurons, were, in particular, reported to
be coupled to sustained osmotic shrinkage or swelling without exhibiting discernible cell
volume regulation [6]. In rat AVP neurons distinguished from OXT neurons by transgenic
expression of enhanced green fluorescence protein (eGFP), on the other hand, we recently
found that an acute hypoosmotic challenge induces rapid osmotic cell swelling followed
by slow cell volume regulation, called the regulatory volume decrease (RVD) which is
essentially mediated by activation of volume-sensitive outwardly rectifying anion channel
(VSOR) [7]. However, it remains to be examined whether the eGFP-identified AVP neurons
can respond to acute hyperosmotic stress with the regulatory volume increase (RVI) after
osmotic shrinkage.
AVP neurons secrete AVP not only from the axon terminal to regulate the body fluid
homeostasis but also from the soma and dendrites within the brain [8-11] to exert a variety
of autocrine/paracrine actions, such as depressing effects on the EPSCs in MNCs [12],
optimizing effects on the phasic firing pattern of the neurons [13], promoting effects on
the reconstitution of local arterioles within the hypothalamic nuclei [14], and facilitating
effects on their RVD process by augmenting VSOR activity [7]. Both axonal terminal secretion
and somato-dendritic release of AVP and OXT from MNCs are known to be sensitive to
tetanus toxin (TeTx) [8, 15] and dependent on Ca2+ [8, 11, 15-19], indicating an involvement
of exocytotic secretory mechanism. Sustained cell shrinkage, called a secretory volume
decrease (SVD) [20], was observed in a number of secretory cells under stimulation with
secretagogues until the stimuli are withdrawn [5, 20-27]. Thus, there is a possibility that
such an SVD event is coupled to somato-dendritic AVP release from dissociated AVP neurons
in response to a hyperosmotic challenge.
In the present study, we examined whether AVP neurons exhibit, in addition to osmotic
cell shrinkage, SVD and RVI in response to acute hyperosmotic stimulation, by using
AVP neurons isolated from transgenic rats expressing eGFP under the control of the AVP
promoter [28] in the single-cell preparation free of OXT neurons, glia cells, and connective
tissue cells. Our data indicated that AVP neurons respond to a hyperosmotic challenge not
only with physical osmotic shrinkage but also a physiological SVD event, which is sensitive
to TeTx and blockers for T-type calcium channels, and also do possess the RVI ability, which
is sensitive to blockers for Na+/H+ exchanger (NHE) and Cl−/HCO3− anion exchanger (AE).
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Materials and Methods
Animals and Preparation of Acutely Dissociated AVP Neurons
All procedures involving animals were approved in advance by the Ethics Review Committee for Animal
Experimentation of Fukuoka University and were in accordance with the guidelines of the Physiological
Society of Japan. Non-transgenic female Wistar rats (Charles River Laboratories Japan, Yokohama, Japan)
and heterozygous transgenic female Wistar rats, which express an AVP-enhanced green fluorescent protein
(eGFP) fusion gene [28], were bred and housed under standardized conditions (12-h:12-h light/dark cycle)
with food and water. For all the experiments, 4–5-week old AVP-eGFP transgenic female rats were used.
Acutely dissociated AVP neurons were prepared, as described previously [7], and incubated in Ringer
solution containing (in mM): 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES and 10 glucose (adjusted to pH
7.25 with Tris, 300 mosmol/kg-H2O, bubbled with 100% O2) at room temperature (22–26°C). In all of the
experiments, eGFP expression was confirmed each time under a fluorescence microscope to identify given
SON neurons as AVP neurons.

Single Cell Size Measurements
Single-cell size was measured at room temperature in AVP neurons adhered to a cover glass that were
exposed to hyperosmotic solution (430 mosmol/kg-H2O) after a 45-min preincubation with isoosmotic
solution (315 mosmol/kg-H2O). The experimental solutions contained (in mM): 120 NaCl, 2.5 KCl, 2 MgCl2,
2 CaCl2, 25 NaHCO3, 10 glucose (315 or 430 mosmol/kg-H2O adjusted with mannitol). Solutions were
always prepared immediately before experimental use to achieve reproducible HCO3 concentrations and
bubbling with 5% CO2 throughout the experiments. The cells were visualized with a charge-coupled device
camera (ORCA-ER-1394, Hamamatsu Photonics) and recorded with AquaCosmos software (version 2.0:
Hamamatsu Photonics). The CSA of the soma was measured as an indicator of cell size by ImageJ software.
To inhibit exocytosis, we preincubated cells with isoosmotic solution containing 15 nM tetanus toxin (TeTx:
Sigma-Aldrich, Tokyo, Japan) for 70 min, and then we performed experiments by applying hyperosmotic
solution in the presence of TeTx.

RNA Isolation and RT-PCR
Using the RNeasy Micro Kit (Qiagen, Tokyo, Japan), total cellular RNAs were extracted from the cytosol
suctioned into patch pipettes from 10 AVP neurons and pooled. RNA samples were reverse-transcribed using
the ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan) according to the manufacturer’s protocols.
Gene-specific primers used for PCR were designed with Primer3 software (http://frodo.wi.mit.edu/
primer3/) and NCBI BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify complementary sequences
in the rat genome. The primers sequences used in the RT-PCR experiments were listed in Table 1 along with
the product sizes and GenBank accession numbers. As a positive control, we amplified the glyceraldehyde-3phosphate-dehydrogenase (GAPDH) sequence. As a negative control, we performed RT-PCR without reverse
transcriptase. PCR was performed with 0.4 U of KOD -Plus- Neo Taq (TOYOBO). Amplification was carried
out in a thermal cycler (Tadvanced 96 SG: Biometra, Göttingen, Germany) under the following conditions:
initial heating at 94°C for 2.5 min, followed by 40 cycles of denaturation at 94°C for 15 s, annealing at 60°C
for 30 s and extension at 68°C for 1 min, and then final extension at 68°C for 5 min. The products of RTPCR were electrophoresed on a 2% agarose gel, and then cloned into the pGEM-T Easy vector (Promega,
Tokyo, Japan) after purification with the Wizard SV Gel and PCR Clean-Up System (Promega). Plasmids were
purified with the Wizard Plus Minipreps DNA Purification System (Promega) and used as templates for
sequencing with ABI PRISM 310 genetic analyzer (Applied Biosystems, Foster City, CA) or with ABI 3730xl
genetic analyzer (FASMAC, Kanagawa, Japan)

Measurements of AVP Secretion
The amounts of AVP secretion from dissociated AVP neurons exposed to isoosmotic and hyperosmotic
solutions were measured at 37°C using the arg8-Vasopressin Enzyme Immunoassay Kit (Assay Designs, Ann
Arbor, MI) according to the manufacturer’s protocol. The experimental solutions were the same as used in
the single cell size measurements. After a 20-min preincubation of a batch of ~3800 isolated neurons in 200
mL of iso-osmotic solution, 800 mL of isoosmotic or hyperosmotic solution was added to the cell suspension
and the cells were incubated for 90 min. These solutions were then centrifuged at 400g for 10 min at 4°C.
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Table 1. Primer sequences used in RT-PCR analyses for rat NHEs, AEs, ENaCs, TRPM2 and GAPDH
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Extraction of AVP was performed with the supernatants, which were applied onto C-18 SEP-COLUMNs
(Phoenix Pharmaceuticals, Burlingame, CA) according to the manufacturer’s protocol using buffers A and B
(Phoenix Pharmaceuticals). Extracted AVP was dried with a vacuum freeze-dryer (VD-800F: Taitec). AVP
was assayed with a Microplate reader (MultiscanMS-UV, Lab Systems) at a wavelength of 414 nm. To inhibit
exocytosis, we preincubated cells in isoosmotic solution containing 15 nM TeTx for 70 min, and then we
performed experiments by applying hyperosmotic solution containing TeTx.

Electrophysiology
The patch electrodes had a resistance of around 1–3 MΩ. Currents or voltages were recorded using
an Axopatch 200B amplifier (Axon Instruments, Union City, CA) coupled to DigiData 1440A A/D and D/A
converters (Axon Instruments). Currents or voltage signals were filtered at 5 kHz and digitized at 20 kHz.
pClamp software (version 9.0.2: Axon Instruments) was used for command pulse control, data acquisition
and analysis. For the measurements of Ca2+ channel currents, whole-cell voltage-clamp recordings were
performed at room temperature. The time course of current activation was monitored by repetitively
applying (every 10 s) alternating pulses (0.3-s duration) of −10 mV from a holding potential of −80 mV. To
observe voltage dependence of the current profile, step pulses were applied (every 10 s) from the holding
potential to test potentials of -60 mV to +70 mV for 0.3 s in 10 mV increments. For the peak value, we
measured the largest value among the inward currents observed immediately after stimulation of the test
pulse. For the steady-state value, we measured the value at 280 ms after stimulation of the test pulse. Series
resistance (<10 MΩ) was compensated (to 70–80%) to minimize voltage errors. The intracellular (pipette)
solution contained (in mM): 160 NMDG-phosphate, 4 MgCl2, 40 HEPES, 10 EGTA, 12 phosphocreatine, 0.1
leupeptine, 2 ATP-Tris salt and 0.4 GTP-Tris salt (280 mosmol/kg-H2O, adjusted to pH 7.2 with phosphoric
acid). The isosmotic or hyperosmotic extracellular (bath) solution (300 or 380 mosmol/kg-H2O) contained
(in mM): 60 TEA-Cl, 10 HEPES, 50 BaCl2, 10 glucose and 0 or 80 mannitol (adjusted to pH 7.3 with TEA-OH).
For the measurements of membrane potential and spontaneous firing, perforated whole-cell current-clamp
recordings were performed at 32–35°C controlled by using an automatic temperature controller (TC-324;
Warner Instruments, Hamden, CT) with the pipette solution containing (in mM): 99 K2SO4, 31 KCl, 5 MgCl2,
0.2 EGTA, 5 HEPES (280 mosmol/kg-H2O, adjusted to pH 7.4 with KOH). Pipette solution was placed in
the tip of the pipette by capillary action (~5 s), and then pipettes were backfilled with nystatin-containing
(200 μg/mL) pipette solution. The isosmotic or hyperosmotic bath solution (300 or 380 mosmol/kg-H2O)
contained (in mM): 120 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, 10 HEPES and 20 or 100 mannitol (adjusted
to pH 7.3 with NaOH).
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Statistical Analysis
Data are given as the means ± SEM of observations (n). Statistical differences of the data were
evaluated using one-way ANOVA followed by a Bonferroni-type for multiple comparisons and considered to
be significant at p < 0.05.

Chemicals
All chemicals except nickel were prepared on the day of the experiments by diluting stock solutions of
1000-fold concentrations. Ni2+ (Wako Pure Chemical) was directly made in the solution for each experiment
and used during that day. The stocks of flufenamic acid (FFA: Sigma-Aldrich), 4,4’-diisothiocyanatostilbene2,2’-disulfonic acid disodium salt hydrate (DIDS; Sigma-Aldrich), benzamil (Sigma-Aldrich), and
3-aminobenzamide (3-AB: Sigma-Aldrich) were made in dimethyl sulfoxide (DMSO: Wako Pure Chemical,
Osaka, Japan) and kept at −20°C. The stocks of TeTx, ω-conotoxin GVIA (ω-CgTx: PEPTIDE INSTITUTE, INC.,
Osaka, Japan), and amiloride (Sigma-Aldrich) were made in distilled water and kept at −20°C.

Results

Persistent Osmotic Shrinkage in Dissociated AVP Neurons under Hyperosmotic Stimulation
and Its Aggravation by Blocking the NHE and AE Activities
When dissociated AVP neurons were exposed to hyperosmotic extracellular solution
(136.5% osmolarity), the cross-sectional area (CSA) of AVP neurons became rapidly
smaller, and such hyperosmotic cell shrinkage persisted over 90 min, as shown in Fig. 1
(a: open squares; b: Control), being consistent with a previous report for MNCs [6]. Since
AVP neurons apparently lack the RVI ability, we next examined molecular expression of
NHE and AE transporters as well as of the epithelial Na+ channel (ENaC) and the transient
receptor potential cation channel, subfamily M, member 2 (TRPM2), that are both known
to be responsible for the hypertonicity-induced cation channel (HICC) [29, 30], in AVP
neurons, because the volume-regulatory NaCl influx involved in the RVI event is known to
be attained by these Na+ and Cl- transporters or Na+-permeable cation channels in a variety
of animal cells [29, 31-33]. As shown in Fig. 2a, cytosol RT-PCR analysis showed significant
expression of mRNAs for NHE1, NHE4, NHE5, AE2, AE3, and TRPM2 in AVP neurons. The
sequences of above six transporter/channel genes expressed in AVP neurons were found to
completely match by sequence analysis to the sequences corresponding to their respective
rat NHEs, AEs and TRPM2. On the other hand, any ENaC mRNAs were not be detected in
the cytosol of AVP neurons (Fig. 2a), although α-, β-, and γ-ENaC were all sizably detected
in the SON region (Fig. 2b). The sequences of above three ENaC genes expressed in the SON
region completely matched to the sequences corresponding to their respective rat ENaC
channels. Thus, the effects of blockers for these transporters and channels on hyperosmotic
cell shrinkage were next examined by measuring the CSA of AVP neurons. When applying an
NHE blocker, amiloride (100 mM), or an AE blocker, DIDS (100 mM), osmotic cell shrinkage
became prominently exaggerated, as shown in Fig. 1a (filled symbols). In the presence of
amiloride or DIDS, as summarized in Fig. 1b (+amiloride/+DIDS), the shrinking CSA change
never recovered even after 90 min after a hyperosmotic challenge and moreover became
much more shrunken by around 30%. In contrast, applications of an ENaC blocker, benzamil
[34], and a blocker of poly (ADP-ribose) polymerase (PARP), 3-AB [35], which thereby
inhibits PARP-dependent TRPM2 channel activity [36], failed to affect the persistent cell
shrinkage even 90 min after a hyperosmotic challenge (Fig. 1b). These results suggest that
AVP neurons do possess the RVI ability, in which NHE and AE are involved, though they
apparently exhibit sustained shrinkage under hyperosmotic stimulation.
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Fig. 1. The effects of blockers for NHE, AE,
ENaC and PARP on osmotic shrinkage induced
by hyperosmotic stimulation in AVP neurons.
(a) Time course of changes in the cross-sectional area (CSA) of the cell soma before and
after application of hyperosmotic bath solution (at arrow) in the absence (Control) or
presence of an NHE blocker, amiloride (100
µM), or an AE blocker, DIDS (100 µM). (b) Percentage of recovery of CSA (from Control peak
osmotic shrinkage) at 90 min after application
of hyperosmotic bath solution in the absence
(Control) or presence of amiloride (100 µM),
DIDS (100 µM), benzamil (10 µM), or 3-AB
(300 µM). *p<0.05 vs. Control (n=12-33).

Fig. 2. Molecular expression of Na+ and Cl−
transporters and Na+-permeable cation channels detected by RT-PCR in AVP neurons and
the SON region. (a) Expression of mRNAs
encoding NHE, AE, ENaC, and TRPM2 in AVP
neurons. The pooled cytosol of 10 AVP neurons was used in RT-PCR for NHE1 (555base
pairs (bp)), NHE2 (523 bp), NHE3 (498 bp),
NHE4 (408 bp), NHE5 (415 bp), AE1 (451
bp), AE2 (551 bp), AE3 (518 bp), α-ENaC
(576 bp), β-ENaC (463 bp), γ-ENaC (472 bp),
TRPM2 (533 bp), or GAPDH (429 bp) (n=4-10).
Sequence analyses showed that the above
seven genes sizably detected in AVP neurons
were completely matched to the sequences
corresponding to their respective rat NHE1,
NHE4, NHE5, AE2, AE3, TRPM2, and GAPDH.
(b) Expression of mRNAs encoding ENaC in the
SON region. The block of SON region was used
in RT-PCR for rat α-ENaC, β-ENaC, γ-ENaC, and
GAPDH (n=4). The above four genes expressed
in the SON region were completely matched to
the sequences corresponding to their respective mRNAs. RT (+) and RT (−) represent lanes
with and without reverse transcriptase.
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Prominent RVI Event Sensitive to Blockers of NHE and AE in Dissociated AVP Neurons
under the Conditions where Hyperosmolarity-Induced AVP Secretion was Inhibited
When AVP neurons were exposed to hyperosmotic solution containing flufenamic acid
(FFA, 100 mM), which was shown to markedly suppress T- and N-type voltage-gated Ca2+
channel (VGCC) currents and thereby abolish action potential firings in AVP neurons under
isotonic conditions [37], the RVI event surprisingly became evident (Fig. 3a: filled circles) in
a manner sensitive to amiloride and DIDS at 100 mM (Fig. 3a: filled triangles and reversed
triangles). A similar prominent RVI event was also observed in the presence of a blocker
of vesicular exocytotic secretion, TeTx (15 nM), or a known blocker of VGCC, Ni2+ (3 mM),
which was found to predominantly suppress T-type VGCC currents and thereby abolish
action potential firings in AVP neurons under normotonic conditions [37], in dissociated
AVP neurons under hyperosmotic conditions (Fig. 3b). As summarized in Fig. 3c, TeTx,
Ni2+ and FFA recovered the CSA by 50 to 60% in dissociated AVP neurons 90 min after a
hyperosmotic challenge, and the FFA-induced CSA recovery was abolished by amiloride and
DIDS. Since release of AVP and OXT from MNCs are known to be inhibited by TeTx [8, 15]
and to be dependent on Ca2+ influx through VGCCs [38-41], it is likely that the FFA effects
on the CSA changes in AVP neurons after a hyperosmotic challenge are caused by inhibiting
hyperosmotic AVP secretion. In fact, hyperosmolarity-induced AVP secretion was remarkably
inhibited not only by TeTx and Ni2+ but also by FFA, as shown in Fig. 3d. These results
indicate that AVP neurons respond to hyperosmotic stimulation with the SVD event caused
by massive vesicular exocytotic release of AVP, superimposed onto osmotic cell shrinkage. It
is noted that they exhibited the NHE- and AE-dependent RVI event in opposition to such dual
volume-decreasing events.

Sensitivity of Action Potential Firing Activity to FFA and Ni2+ in Dissociated AVP Neurons
under Hyperosmotic Stimulation
It is known that AVP secretion depends on action potential firing activity which
stimulates Ca2+ entry via VGCCs in MNCs [42-46]. Also, we recently found that FFA and
Ni2+ abolish action potential firings in rat AVP neurons under normotonic conditions [37].
Thus, we examined the effects of FFA and a known VGCC blocker, Ni2+, on the firing activity
in dissociated AVP neurons after hyperosmotic stimulation by nystatin-perforated wholecell current-clamp recordings. When the neurons were exposed to a hyperosmotic solution
(126.7% osmolarity), the firing activity was markedly enhanced with inducing a slight
depolarizing shift of the resting membrane potential, as shown in Fig. 4. These results are
in good agreement with previous observations [45, 47-49]. The firing activity observed
after hyperosmotic stimulation was prominently suppressed by application of FFA (Fig. 4a)
and Ni2+ (Fig. 4b). The firing frequency was increased around three-fold by hyperosmotic
stimulation and was almost completely abolished by application of FFA and Ni2+ (Fig. 4c).
In contrast, hypertonicity-enhanced action potential firing activity in AVP neurons were, as
shown in Fig. 4c, not affected by application of ω-CgTx (0.5 mM), which is a specific blocker
of N-type Ca2+ channels [50-52] and was found to predominantly suppress N-type VGCC
currents in AVP neurons under isotonic conditions [37]. These results suggest that FFA
inhibits hyperosmolarity-induced AVP secretion and thereby the SVD event by inhibiting
the firing activity presumably through suppression of Ni2+-sensitive T-type VGCCs in AVP
neurons under hyperosmotic conditions.
Sensitivity of the Ca2+ Channel Activities to FFA and Ni2+ in Dissociated AVP Neurons under
Hyperosmotic Stimulation
To examine whether FFA and Ni2+ actually suppresses VGCC currents in dissociated
AVP neurons under not only isotonic but also hyperosmotic conditions, we then made
conventional whole-cell recordings. Under exposure to 50 mM Ba2+, AVP neurons showed
Ba2+ currents through VGCCs exhibiting the peak inward currents at around −10 mV under
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Fig. 3. The effects of FFA, TeTx and Ni2+ on osmotic shrinkage in and AVP secretion from AVP neurons in
response to hyperosmotic stimulation. (a) Time course of changes in the cross-sectional area (CSA) of the
cell soma before and after application of hyperosmotic bath solution (at arrow) in the absence (Control) or
presence of FFA (100 µM), FFA plus amiloride (100 µM) or FFA plus DIDS (100 µM) (n=11-19). (b) Time
course of changes in the cross-sectional area (CSA) of the cell soma before and after application of hyperosmotic bath solution (at arrow) in the absence (Control) or presence of TeTx (15 nM) or Ni2+ (3 mM) (n=814). TeTx was applied for 70 min before hyperosmotic stimulation as well. (c) Percent recovery of CSA (from
the average of Control peak osmotic shrinking) at 90 min after a hyperosmotic challenge in the absence or
presence of drugs (n = 9-19). *p<0.05 vs. Control. #p<0.05 vs. in the presence of FFA. (d) The relative amount
of AVP released from dissociated SON neurons for 90 min after application of isosmotic (Basal; n=16) or
hyperosmotic bath solution in the absence (Control) or presence of TeTx, Ni2+, or FFA (n=7-21). *p<0.05 vs.
Basal. #p<0.05 vs. Control.

isotonic conditions (Fig. 5a: Iso), as observed in our recent studies under normotonic
conditions [37]. A hyperosmotic challenge (126.7% osmolarity) did not significantly
affect depolarization-induced Ba2+ currents (Fig. 5a: Hyper), indicating that the VGCCs in
AVP neurons per se do not exhibit osmosensitivity. As found in our preceding study [37],
VGCC currents in AVP neurons under normotonic conditions were largely suppressed
by Ni2+ (3 mM) with shifting the voltage showing the peak current from around −10 mV
to around +10 mV (Fig. 5b), whereas they were suppressed by ω-CgTx (0.5 mM) without
shifting the voltage showing the peak current (Fig. 5c). Ni2+-insensitive currents observed
under isosmotic conditions, which were shown to represent mainly N-type VGCC currents
[37], were little affected by a hyperosmotic challenge (Fig. 5b). The Ni2+-insensitive current
observed under hyperosmotic conditions was markedly suppressed by ω-CgTx (Fig. 5b).
Also, ω-CgTx-insensitive currents observed under isosmotic conditions, which was shown
to represent mainly T-type VGCC currents [37], were also little affected by a hyperosmotic
challenge (Fig. 5c). The ω-CgTx-insensitive current observed under hyperosmotic conditions
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Fig. 4. The effects of hyperosmotic stimulation and application of FFA or Ni2+ on spontaneous action potential firings in AVP neurons. (a, b) Representative records of spontaneous action potential firings under
isosmotic (Iso) or hyperosmotic (Hyper) conditions and before and after application of FFA (a: +FFA, n=8)
or Ni2+ (b: +Ni2+, n=10). Insert panels given below the traces of membrane potential changes represent expanded traces for the indicated parts of the records for 30 s. Arrows represent the membrane potential level
of −50 mV. (c) The averages of the firing frequency (Hz) under isosmotic (Iso) or hyperosmotic (Hyper)
conditions in the absence and presence of FFA, Ni2+ or ω-CgTx (n=8-27). *p<0.05 vs. Iso. #p<0.05 vs. Hyper
in the absence of blockers.

was mostly abolished by Ni2+ (Fig. 5c). These results indicate that VGCC currents observed in
AVP neurons under hyperosmotic conditions are composed mainly of T-type and N-type Ca2+
channels, as was the case of those observed under isosmotic conditions [37].
When FFA was applied to AVP neurons, their VGCC currents observed under hyperosmotic
conditions were markedly suppressed by FFA (Fig. 6a, d), just as the case of those observed
under isotonic conditions [37]. In the presence of w-CgTx, FFA suppressed the remaining
(mainly T-type) VGCC currents (Fig. 6b, d); and also, in the presence of Ni2+, FFA largely
diminished the remaining (mainly N-type) VGCC currents (Fig. 6c, d) in AVP neurons under
hyperosmotic conditions. Taken together, it is concluded that FFA and Ni2+ block voltagegated Ca2+ channel activities in dissociated rat AVP neurons under hyperosmotic conditions
and thereby inhibit the SVD event coupled to hypertonicity-induced AVP secretion.
Discussion

Release of AVP and OXT from MNCs in the hypothalamus is evoked by Ca2+ influx through
VGCCs [41, 53, 54]. Previous electrophysiological studies on VGCC currents showed that the
soma of rat SON MNCs express T-, N-, L-, P/Q- and R-type Ca2+ channels [55-59]. Among
these types of VGCCs, somato-dendritic expression of T-, N- and L-type Ca2+ channels in AVP
neurons were indirectly suggested by observing sensitivity to VGCC blockers of increases
in ([Ca2+]i) in response to AVP [46] and pituitary adenylate cyclase-activating polypeptide
(PACAP) [60]. Although direct electrophysiological studies showed expression of L-, N- and
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Fig. 5. The effects of Ni2+ and ω-CgTx on VGCC currents under isosmotic (Iso) or hyperosmotic (Hyper)
conditions. (a) Representative record of currents before and after application of hyperosmotic bath solution
(upper) and I-V relationships (bottom; n=14). Inset panels (middle) represent the expanded traces of current responses to step pulses from –60 to +70 mV applied at i and ii. (b) Representative record of currents
(upper), I-V relationships (middle) and percent currents observed at −10 mV (bottom, left panel) and +20
mV (bottom, right panel) in the presence of Ni2+ (+Ni2+) under isosmotic and hyperosmotic conditions, and
in the presence of Ni2+ plus ω-CgTx (+Ni2++ω-CgTx) under hyperosmotic conditions (bottom; n=6). *p<0.05
between +Ni2+ and +Ni2++ω-CgTx under hyperosmotic conditions in the middle panel and vs. Control in the
bottom panel. #p<0.05 vs. +Ni2+ under hyperosmotic conditions in bottom panel. (c) Representative record
of currents (upper), I-V relationships (middle) and percent currents observed at −10 mV (bottom, left panel)
and +20 mV (bottom, right panel) in the presence of ω-CgTx (+ω-CgTx) under isosmotic and hyperosmotic
conditions, and ω-CgTx plus Ni2+ (+ω-CgTx+Ni2+) under hyperosmotic conditions (bottom; n=8). *p<0.05
between +ω-CgTx and +ω-CgTx+Ni2+ under hyperosmotic conditions in the middle panel and vs. Control in
the bottom panel. #p<0.05 vs. +ω-CgTx under hyperosmotic conditions in bottom panel.

P/Q-type of Ca2+ channels in the neurohypophysial nerve endings of rat AVP neurons under
unstimulated normotonic conditions [39, 41], such studies have not been conducted in the
soma/dendrites in AVP neurons. Under dehydration conditions, somato-dendritic L-type
Ca2+ channel currents were found to be increased in both AVP and OXT neurons in rats
after 16-24 h water deprivation [61], but such studies have not been done upon an acute
hyperosmotic challenge. Also, T-type Ca2+ channel currents were recorded in guinea pig
AVP-containing MNCs in the slice preparation of the SON under normotonic conditions [62].
Recently, we showed that in rat AVP neurons under normotonic conditions, T-type Cav3.1 and
N-type Cav2.2 channels are molecularly and functionally expressed, but Cav3.1 is primary
involved in their action potential generation [37]. In the present study, for the first time,
expression of VGCCs was examined upon acute hyperosmotic stimulation in dissociated rat
AVP neurons that are largely devoid of nerve terminals and were identified by transgenic
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Fig. 6. The effects of FFA in the absence and presence of ω-CgTx or Ni2+ on VGCC currents under hyperosmotic conditions. (a) Representative record of currents before and after application of FFA under hyperosmotic conditions. Inset panels given below the current trace represent expanded current responses to step
pulses from –60 to +70 mV applied at i and ii. (b, c) Representative records of currents before and after
application of FFA in the absence and presence of 0.5 µM ω-CgTx (b) or 3 mM Ni2+ (c) under hyperosmotic
conditions. Inset panels given below the current traces represent expanded traces of current responses to
step pulses from –60 to +70 mV applied at i, ii and iii. (d) Percent currents observed at −10 mV (left panel)
and +20 mV (right panel) in the presence of FFA, ω-CgTx, ω-CgTx plus FFA, Ni2+, and Ni2+ plus FFA compared
to the control currents (Control) in the absence of these blockers (n=8-16). *p<0.05 vs. Control. #p<0.05 vs.
+ω-CgTx or +Ni2+.

eGFP expression, and w-CgTx-sensitive (mainly N-type) and Ni2+-sensitive (mainly T-type)
VGCC channels were found to be predominantly functioning in the plasma membrane of AVP
neurons under hyperosmotic stimulation by whole-cell recordings (Fig. 5). Also, both N- and
T-type Ca2+ channels in AVP neurons were found to be sensitive to FFA under hyperosmotic
conditions (Fig. 6). In addition, the spontaneous firing in AVP neurons under hyperosmotic
stimulation was virtually abolished by FFA and Ni2+ (Fig. 4), suggesting that the firing activity
under acute hyperosmotic conditions is caused mainly by T-type VGCC channels.
The ability of cell volume regulation is fundamental to the survival and function of animal
cells under not only physiological conditions but also pathological situations [1-4, 31, 63, 64].
The volume regulation processes are classified into RVD and RVI, that take place after cell
swelling and shrinkage, respectively, and they are essentially involved not only in the relief of
osmotic volume perturbation but also in cell shape changes associated with cell proliferation
or mitosis, differentiation and migration [2, 55, 65, 66]. Persistent cell swelling and shrinkage
lead to induction of necrotic and apoptotic cell death, respectively [4, 67]. On the other hand,
rat SON MNCs were reported to exhibit sustained cell swelling and shrinkage in response to
hypoosmotic and hyperosmotic stimulation, respectively, without showing discernible cell
volume regulation [6]. However, we demonstrated that AVP neurons identified by transgenic
eGFP expression can respond to a hypoosmotic challenge with a slow RVD event which is
attained by activation of volume-sensitive outwardly rectifying anion channels (VSORs) by
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osmotic cell swelling and AVP receptor-mediated autocrine signaling [7]. In the present
study, eGFP-identified AVP neurons were found to respond with sustained cell shrinkage to
a hyperosmotic challenge without apparently showing volume recovery (Fig. 1a). However,
when FFA was added to a hyperosmotic solution, a typical RVI event became evident after
osmotic cell shrinkage in the AVP neurons (Fig. 3a). The RVI event observed in the presence
of FFA was completely eliminated by application of amiloride and DIDS (Fig. 3a, c) that are
blockers of NHE and AE, respectively. In contrast, as shown in Fig. 1b, changes in the CSA
values of AVP neurons after exposure to a hyperosmotic solution were affected neither by
benzamil, which is known to block ENaC much more strongly than amiloride [34], nor by
3-AB, which is known to block PARP [35] and thereby suppress PARP-dependent TRPM2
channel activity [36]. Thus, NHE and AE are likely involved in the RVI process in the presence
of FFA in AVP neurons. Taken together, it appears that rat AVP neurons do possess the RVI
ability which is largely attained by parallel operation of NHE and AE, and that the RVI event
is hidden behind some additional cell shrinkage process which is sensitive to FFA.
Essentially similar RVI-actualizing effects of FFA were found to be duplicated by
application of a vesicular transport inhibitor, TeTx, and a known T-type VGCC blocker, Ni2+,
in AVP neurons upon a hyperosmotic challenge (Fig. 3b, c). In addition, not only TeTx but
also Ni2+ and FFA were found to prominently inhibit somatodendritic AVP secretion (Fig.
3d). Exocytotic AVP secretion from both axon terminals and somata/dendrites is known to
be regulated by the frequency and pattern of action potential firings generated in the soma
due to activation of both Na+ and Ca2+ channels [45, 68, 69]. In fact, firing activity in eGFPidentified AVP neurons was enhanced by hyperosmotic stimulation in a manner sensitive
to Ni2+ and FFA (Fig. 4). Thus, an FFA-sensitive component of cell shrinkage represents an
SVD event [20] which was observed in a number of secretory cells during stimulation with
a variety of secretagogues [5, 20-27]. Taken together, it is concluded that the AVP neurons
exhibit three different types of volume responses to a hyperosmotic challenge; that is,
physical osmotic cell shrinkage as well as physiological SVD and RVI events.
Ni2+ is known to block a number of VGCCs [70], preferentially T-type Ca2+ channels [71,
72]. FFA was shown to inhibit L-type Ca2+ channels in rat smooth muscle cells [73]. Thus, a
possibility arises that FFA blocks Ni2+-sensitive VGCCs in rat AVP neurons, with inhibiting
hyperosmolarity-induced enhancement of firing activity and AVP secretion coupled to
an SVD event. In the present study, actually, both Ni2+ and FFA were found to prominently
suppress VGCC currents in AVP neurons under hyperosmotic stimulation (Fig. 5 and 6).
Pharmacological experiments showed that hyperosmotic VGCC currents in AVP neurons are
mainly composed of ω-CgTx-sensitive N-type and Ni2+-sensitive T-type Ca2+ channel currents
(Fig. 5a, c) and that FFA could block both N- and T-type Ca2+ channel currents (Fig. 6b-d).
Thus, it appears that rat AVP neurons respond to acute hyperosmotic stimulation not only
with osmotic cell shrinkage but also with the SVD event due to massive somatodendritic AVP
secretion that was triggered by activation of T-type Ca2+ channels, and that rat AVP neurons
do exhibit the RVI event which is likely attained by parallel operation of NHE and AE coping
with these dual volume decreasing events.
Accumulating evidence has shown that a number of important properties are different
between AVP and OXT neurons [74]. Therefore, future studies are warranted to clarify
whether OXT neurons distinguished from AVP neurons also respond to acute hyperosmotic
stimulation not only with osmotic cell shrinkage but also with RVI and SVD events, and which
types of VGCCs are activated upon a hyperosmotic challenge.
Conclusion

In summary, we revealed that AVP neurons retain the ability of RVI largely involving
NHE and AE activities and also do exhibit the SVD response due to massive AVP exocytosis
under hyperosmolar conditions. The volume recovery due to the RVI mechanism and the
volume decrease due to the SVD event occurred in parallel in a manner approximately
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cancelling out the volume changes of each other, and the volume recovery was therefore
not apparently observed after the cell volume reduction by hyperosmotic stimulation. It is
suggested that the SVD event was triggered by activation of Ni2+- and FFA-sensitive voltagegated Ca2+ channels in AVP neurons under hyperosmotic conditions.
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