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Chronic Hyperosmotic Stress Converts GABAergic Inhibition
into Excitation in Vasopressin and Oxytocin Neurons in the
Rat
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In mammals, the increased secretion of arginine–vasopressin (AVP) (antidiuretic hormone) and oxytocin (natriuretic hormone) is a key
physiological response to hyperosmotic stress. In this study, we examined whether chronic hyperosmotic stress weakens GABAA

receptor-mediated synaptic inhibition in rat hypothalamic magnocellular neurosecretory cells (MNCs) secreting these hormones.
Gramicidin-perforated recordings of MNCs in acute hypothalamic slices prepared from control rats and ones subjected to the chronic
hyperosmotic stress revealed that this challenge not only attenuated the GABAergic inhibition but actually converted it into excitation.
The hyperosmotic stress caused a profound depolarizing shift in the reversal potential of GABAergic response (EGABA ) in MNCs. This
EGABA shift was associated with increased expression of Na �–K �–2Cl � cotransporter 1 (NKCC1) in MNCs and was blocked by the NKCC
inhibitor bumetanide as well as by decreasing NKCC activity through a reduction of extracellular sodium. Blocking central oxytocin
receptors during the hyperosmotic stress prevented the switch to GABAergic excitation. Finally, intravenous injection of the GABAA

receptor antagonist bicuculline lowered the plasma levels of AVP and oxytocin in rats under the chronic hyperosmotic stress. We
conclude that the GABAergic responses of MNCs switch between inhibition and excitation in response to physiological needs through the
regulation of transmembrane Cl � gradients.

Introduction
In the mammalian CNS, GABA typically acts as an inhibitory
neurotransmitter (Macdonald and Olsen, 1994). However,
there are certain conditions in which GABA can function to
excite the postsynaptic neuron. For example, in the developing
nervous system, it is well established that GABA can depolar-
ize neurons to generate action potentials (Ben-Ari, 2002).
Moreover, under certain pathological conditions, such as ep-
ilepsy, there is increasing evidence for GABA-evoked excita-
tion that occurs as part of the pathology of disease (De
Koninck, 2007). Finally, there is evidence for GABA-mediated

excitation in the normal adult CNS (Wagner et al., 1997; Choi
et al., 2008; Herbison and Moenter, 2011), but the functional
significance has been elusive.

We have been exploring this issue in magnocellular neuro-
secretory cells (MNCs) in the hypothalamic supraoptic (SON)
and paraventricular nuclei (PVN) that secrete the neurohor-
mones oxytocin and arginine–vasopressin (AVP). The secre-
tion of these hormones is an essential part of the physiological
response to hyperosmotic stress (Levine, 2000; Antunes-
Rodrigues et al., 2004), and these cells are densely innervated
by GABAergic afferents (Decavel and Van den Pol, 1990). In
the present study, we sought to determine whether this inhib-
itory input is weakened when a rat is subjected to chronic
hyperosmotic stress, a condition in which a sustained increase
in AVP and oxytocin secretion is needed. Here we report that,
under this physiologically demanding condition, GABA
switches from functioning as an inhibitory transmitter to
evoking an excitatory response in MNCs. This switch contrib-
utes significantly to the increased secretion of AVP and oxy-
tocin. Furthermore, we present evidence that the upregulation
of the Cl� importer Na�–K�–2Cl� cotransporter 1 (NKCC1) in
the postsynaptic neuron, driven by the activation of central oxy-
tocin receptors, is the mechanism underlying the inhibitory-
to-excitatory switch in GABAergic transmission.
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Materials and Methods
Animal care. Male Sprague Dawley rats (age, 6 –20 weeks) from Orient
Bio were used in the current study. They were housed in a temperature-
controlled vivarium (22–24°C) with a 12 h light/dark cycle for at least 1
week before experiments. The experimental procedures described below
were approved by the Korea University College of Medicine Animal Re-
search Policies Committee and conformed to the guidelines of the Coun-
cil of the Korean Physiological Society and the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. All possible
efforts were made to minimize the number of animals as well as suffering.

Drinking water. The rats were supplied with one of the following as
solutions for drinking water before hypothalamic slices were prepared:
(1) tap water for their lifetimes (T group), (2) 2% NaCl solution for 1 d
(S1 group), (3) 2% NaCl solution for 7 d (S7 group), and (4) tap water for
1, 3, or 7 d after 2% NaCl solution for 1 week (ST1, ST3, and ST7 groups).

Hypothalamic slice preparation. Brain slices were prepared in a manner
similar to the one described previously (Kim et al., 2005). In brief, the
animal was anesthetized with sodium pentobarbitone (100 mg/kg body
weight, i.p.), and the brain was quickly excised from the skull and sub-
merged in ice-cold artificial CSF (ACSF) (in mM: 124 NaCl, 1.3 MgSO4, 3
KCl, 1.25 NaH2PO4, 26 NaHCO3, 2.4 CaCl2, and 10 glucose). After being
chilled for 1–2 min, the brain was trimmed to a block containing the
hypothalamus. With the use of a vibroslicer (Campden Instruments),
coronal slices (300 – 450 �m), containing the SON and/or the PVN, were
cut from the tissue block in ice-cold ACSF. The slices were transferred to
a gas interface recording chamber that was perfused with warm (34 –
35°C) aerated (95% O2/5% CO2) ACSF, at a rate of 0.5–1 ml/min, by a
peristaltic pump-driven or gravity-fed bath-perfusion system (Choi et
al., 2008). Warm (34 –35°C), humidified 95% O2/5% CO2 gas mixture
was continuously blown over the slices to further ensure adequate oxy-
genation of cells in the tissue.

Intracellular recording. Current- or voltage-clamp recordings were ob-
tained from neurons in the SON or PVN of hypothalamic slices equili-
brated for 1–12 h in the recording chamber. Micropipettes (tip diameter,
1.5–2.0 �m; 3– 6 M�) pulled from borosilicate tubings (P-97; Sutter
Instruments) and filled with gramicidin (50 �g/ml)-containing solution
(in mM: 143 K-gluconate, 2 KCl, 10 HEPES, and 0.5 EGTA, pH 7.2–7.3)
were used for recording in a perforated configuration (Rhee et al., 1994).
Our use of the low chloride (2 mM) internal solution along with grami-
cidin provided a clear readout of when the patch was ruptured, resulting
in a whole-cell recording configuration (i.e., GABAergic EPSPs/EPSCs
were converted into IPSPs/IPSCs). Stable perforated recording condition
was usually achieved within 10 –25 min after a seal was formed. Those
recordings having steady series resistances (range, 30 –90 M�) and ac-
tion potential amplitudes of �40 mV (measured from spike threshold)
were the only ones included in the data pool; the EGABA and the reversal
potential of muscimol-evoked response (Emuscimol) were estimated only
with the recordings that had a series resistance of �60 M� (typically
30 –50 M�). The voltage errors resulting from the series resistance were
compensated offline for voltage-clamp recordings and online for
current-clamp recordings by using the bridge circuit. Neurons sampled
in the SON and the magnocellular division of the PVN, which responded
to a depolarizing current pulse delivered at a holding potential between
�70 and �80 mV with repetitive spikes having a delayed onset, were
taken as MNCs (Tasker and Dudek, 1991). The signals from neurons
amplified by Axoclamp-2B amplifier (bandwidth filter set at 10 kHz for
current-clamp and 1 kHz for voltage-clamp recordings) were digitized
and sampled at 50 �s intervals (Digidata 1320, pClamp 8.0; Molecular
Devices).

Extracellular recording. Extracellular single-unit recordings were ob-
tained from MNCs in the SON and PVN slices. Micropipettes (tip diam-
eter, 1.5–2.0 �m; 4 –7 M�) pulled from borosilicate tubings (P-97; Sutter
Instruments) and filled with the slice perfusion medium (i.e., ACSF)
were used for recording. The voltage signals from recording electrodes
were fed serially into an Axoclamp-2B amplifier (Molecular Devices) and
a differential amplifier (AM 502; Tektronix) for amplification, alternat-
ing current coupling, and bandpass filtering (200 Hz to 1 kHz). The
processed signals were digitized and sampled at 50 �s intervals (Digidata

1320A, pClamp 8.0; Molecular Devices). The criteria used to identify
single units were consistent spike waveform and amplitude.

Electrical stimulation to evoke GABAergic postsynaptic responses. To
elicit GABAA receptor-mediated synaptic responses from MNCs in the
PVN and SON, a site midway between the PVN and the suprachiasmatic
nucleus and a site dorsomedial to the SON were stimulated, respectively.
For this, constant current (0.1– 0.7 mA) or voltage (5–50 V) pulses (bi-
phasic square wave, 0.5 ms duration) were applied to these sites through
custom-made bipolar tungsten electrodes.

Correction of EGABA and Emuscimol values. The reported EGABA and Emuscimol

values are the ones corrected for the difference in Cl � concentration
(127.8 � 0.4 mM, n � 5) between slice perfusion medium and the CSF of
rats used for experiments (T, 122.6 � 1.2 mM, n � 5; S1, 126.8 � 1.6 mM,
n � 4; S7, 151.9 � 3.9 mM, n � 9; ST1, 116.3 � 2.7 mM, n � 3; ST3,
117.5 � 2.8 mM, n � 6; ST7, 121.8 � 0.3 mM, n � 4). For this correction,
we used the following equation: EGABA (or Emuscimol) � (RT/
F )ln[([Cl �]e � 0.2[HCO3

�]e)/([Cl �]i � 0.2[HCO3
�]i)], where R is the

gas constant, T is the absolute temperature on the Kelvin scale, and F is
the Faraday constant. We assumed that the HCO3

�-to-Cl � permeability
ratio for GABA channel is 0.2 and that [HCO3

�]i and [HCO3
�]e are 16

and 26 mM, respectively, at intracellular and extracellular pH of 7.2 and
7.4 and equal intracellular and extracellular [CO2].

Drugs. We purchased all the drugs and chemicals used in the current
study from Sigma-Aldrich, except muscimol (GABAA receptor agonist;
Ascent Scientific), gabazine (GABAA receptor antagonist; Tocris Biosci-
ence) and oxytocin and AVP antagonists (gift from Dr. M. Manning at
the University of Toledo College of Medicine, Toledo, OH). We prepared
the solutions of muscimol, bicuculline methiodide (GABAA receptor
antagonist), gabazine, and DL-2-amino-5-phosphonopentanoic acid
(AP-5; NMDA receptor antagonist) by dissolving these drugs in ACSF,
the standard slice perfusion medium, and 6,7-dinitroquinoxaline-2,3-
dione (DNQX; non-NMDA receptor antagonist) solution by diluting its
dimethylsulfoxide-based stock solution with ACSF (final concentrations
of dimethylsulfoxide, 0.05%). The solution of bumetanide (NKCC
blocker) was prepared by dissolving this agent in AP-5 and DNQX-
containing ACSF. These drug solutions were applied to hypothalamic
slices by bath perfusion. In some experiments, muscimol was also applied
focally by “Y-tube” method (Murase et al., 1989). Bicuculline methio-
dide solution for intravenous injection was prepared by dissolving the
agent in 0.9% NaCl solution. Oxytocin and AVP receptor antagonist
solutions for intracerebroventricular infusion were prepared by dissolv-
ing these peptides in ACSF.

Western blot. The SON was excised from hypothalamic slices prepared
as described above. The SON tissues from three rats were pooled to form
a single sample. Each sample was lysed in triple-detergent lysis buffer (50
mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.02% sodium azide, 0.1% SDS, 1%
Nonidet P-40, 0.5% sodium deoxycholate, and 1 mM phenylmethylsul-
fonyl fluoride). After the determination of protein concentration of total
tissue lysate with Bradford assay, the tissue lysate was denatured with
SDS-reducing buffer and heat (70 – 80°C, 4 min). The denatured lysate
and prestained molecular size markers were resolved by 8% SDS-PAGE
and transferred to nitrocellulose membrane. After being incubated in 5%
skimmed milk/Tris-buffered saline for 1 h at room temperature, the
membrane was reacted sequentially with primary antibodies [rabbit
polyclonal anti-NKCC1 (1:1000; Millipore), rabbit polyclonal anti-
KCC2 (1:500; Millipore), or mouse monoclonal anti-�-actin (1:2000;
Santa Cruz Biotechnology)] and HRP-conjugated secondary antibodies
(anti-rabbit or anti-mouse IgG; 1:2000; Assay Designs). Immunoreactive
protein signals were detected with the enhanced chemiluminescence de-
tection system (Thermo Fisher Scientific).

Immunohistochemistry. The animals were anesthetized by intraperito-
neal injection of urethane (1.25 g/kg) and perfused transcardially with
phosphate buffer (0.12 M, pH 7.4) containing 4% paraformaldehyde.
Their brains were postfixed in the same fixative overnight and cryopro-
tected in phosphate buffer containing 30% sucrose for at least 3 d at 4°C.
Brains were cut coronally in 30 �m thickness on a sliding microtome,
and the sections were stored in anti-freezing solution (30% glycerol and
30% ethylene glycol in 0.02 M phosphate buffer) at �20°C until addi-
tional processing. Every fourth section of the hypothalamus containing
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the SON and/or the PVN was used for the study. After being preincu-
bated for 1 h in 0.12 M PBS containing 0.25% Triton X-100, 0.1% gelatin,
and 0.1% sodium azide (PBSGTA), the sections were incubated over-
night with mouse anti-NKCC monoclonal antibody (clone T4, 1:500;
Developmental Studies Hybridoma Bank) (Lytle et al., 1995). The sec-
tions were further incubated with goat fluorescent-conjugated anti-
mouse IgG (1:200; Alexa Fluor 488 H�L; Invitrogen) for 2 h after
washing with PBSGTA. Then, they were mounted on the slide glass in
anti-fade reagent (ProLong Gold; Invitrogen). NKCC-positive signals
were scrutinized with a confocal fluorescent microscope (Carl Zeiss LSM
510). The SON and PVN contained NKCC-immunoreactive cells and
processes, whereas the lateral hypothalamus (LH) had no obvious
NKCC-positive signals. The brain sections that were processed by this
method, omitting the primary antibody, did not show detectable fluores-
cent signal. Images taken under the same settings of the microscope were
converted to grayscale images and then inverted. Using Scion Image
program and Wacom tablet, we traced the SON boundary in each of the
images and measured the mean gray value within the boundary. The
same tracing frame was dragged to the LH above the SON and measured
the mean gray value, which represented the background immunoreac-
tivity level. NKCC immunoreactivity in the SON was presented as the
ratio of mean gray values in the SON and LH. The mean gray values in the
LH were not significantly different among different experimental groups
of rats. NKCC immunoreactivity was measured in the boundaries of
individual SON neurons as well. The ratios of these gray values measured
in the individual neurons to the mean gray value in the LH were taken as
the NKCC immunoreactivities in the cell membrane.

Intracerebroventricular infusion of AVP and oxytocin receptor antago-
nists. Before use for electrophysiology, some of rats in T and S7 groups
received a 10 d intracerebroventricular infusion of one of four treat-
ments: (1) desGly-NH2,d(CH2)5[D-Tyr 2, Thr 4]OVT (selective oxytocin
receptor antagonist; Manning et al., 1995); (2) d(CH2)5[Tyr(Me) 2, Ala-
NH2

9]AVP (antagonist selective for V1a with respect to V2 AVP receptor,
but whose possible anti-oxytocin effect has not been tested; Manning et
al., 1992); (3) a combination of both antagonists; or (4) vehicle (ACSF).
The surgery to implant an osmotic minipump (infusion rate, 0.5 �l/h;
Alzet model 2002) and an infusion cannula (Brain Infusion kit 2; Alzet)
targeting the right lateral ventricle (anteroposterior, �1.0 mm from the
bregma; mediolateral, �1.6 mm; dorsoventral, �4 mm below the
surface of the skull; Paxinos and Watson, 1998) was performed under
the anesthesia induced by an intraperitoneal injection of a combina-
tion of ketamine (43 mg/kg body weight) and xylazine (8.7 mg/kg
body weight). The pump was positioned subcutaneously in the scap-
ular region and attached to the cannula via polyethylene tubing. Be-
fore the implantation, the pump had been filled with a solution
containing either drugs or vehicle control and placed in warm (36°C)
saline overnight for priming.

ELISA. For blood sampling and intravenous injection of bicuculline,
the jugular vein of the rat was cannulated under a brief gas anesthesia (4%
enflurane). After 3 h recovery period, 150 �l blood samples were taken at
0, 10, 20, and 30 min and replaced with heparinized saline. Bicuculline
methiodide (2 mg/kg body weight in 100 �l of saline) was administered
immediately after the first blood sample was taken at 0 min. AVP and
oxytocin concentrations in the plasma were determined by ELISA using
Arg 8–vasopressin and oxytocin enzyme immunoassay kits (Assay De-
signs). The intra-assay coefficients of variation for the assay for AVP and
oxytocin were 11.7 and 27.9%, respectively, and the sensitivities were 3.4
and 6.4 pg/ml, respectively.

Statistical analysis. Numerical data are expressed as the mean � SEM.
Student’s t test and Mann–Whitney U test were used for the comparison
of two independent datasets with and without normal distribution, re-
spectively. One-way ANOVA and pairwise comparison with Holm–Si-
dak method were performed to compare multiple independent datasets
with normal distributions, whereas Kruskal–Wallis one-way ANOVA on
ranks and pairwise comparison with Tukey’s test or Dunn’s method were
performed to compare datasets without normal distributions. Compar-
ison of multiple datasets collected with repeated measurement was
performed with the generalized estimating equations (GEE) method.
Fisher’s exact test was performed to see whether there was a contingency

between the two kinds of classification. p � 0.05 was considered
significant.

Results
GABA normally functions as an inhibitory transmitter
in MNCs
We first examined GABAergic PSPs/PSCs of MNCs recorded in
the acute SON and PVN slices prepared from rats supplied with
normal drinking water. The GABAergic PSPs/PSCs were isolated
from glutamatergic ones by including AP-5 (100 �M) and DNQX
(20 �M) in the recording medium and monitored at various hold-
ing potentials with the use of gramicidin-perforated recording
technique, which preserves the intracellular Cl� concentration
([Cl�]i) of the recorded cell (Rhee et al., 1994). We could detect
no physiological differences between the MNCs recorded in the
SON and PVN regions and therefore pooled the resulting data for
this study. The GABAergic PSPs/PSCs detected in the MNCs (n �
117) of rats maintained under these control conditions (n � 42)
were either inhibitory (i.e., hyperpolarizing relative to action po-
tential threshold; Fig. 1a, top trace) or excitatory (i.e., depolariz-
ing relative to action potential threshold), with the former being
the predominant of the two (73.5 vs 26.5%). The reversal poten-
tials of these synaptic events (EGABA values) averaged �51.6 � 2.3
mV (n � 21; range, �19 to �70 mV) and were not significantly
different from the Emuscimol values (�50.3 � 1.8 mV, n � 8), the
reversal potentials of the responses elicited by focal application of
muscimol (5 �M, 50 ms; GABAA receptor agonist) (Fig. 2). In
many of the control neurons having GABAergic IPSPs, the EGABA

was similar to or significantly more positive than the resting
membrane potential (RMP; �58.3 � 2.1 mV, n � 21). Therefore,
GABAergic IPSPs in these cells were either buried in the noise (5
of 18 cells) or detected as depolarizing responses at RMP (7 of 18
cells). To ensure that the GABAergic PSPs occurring in the con-
trol neurons are mostly inhibitory, we next examined the effects
of the GABAA receptor antagonist gabazine on the firing rates of
these cells. Because most of the MNCs were electrically silent, we
injected intracellularly constant levels of (�) direct current to
induce firing while testing the effects of gabazine. Bath applica-
tion of gabazine (3 �M) increased the firing rate in a reversible
manner in most cases (Fig. 1d); the firing rates before, during,
and after the application of gabazine were 3.5 � 0.6 (n � 14),
4.9 � 0.6 (n � 14), and 3.5 � 0.8 impulses/s (n � 13), respectively
(overall difference, p � 0.0031, before vs during, p � 0.0017;
during vs after, p � 0.0046; before vs after, p � 0.8635; GEE
methods). Thus, our physiological data suggest that, when rats
were held in normal drinking water, GABA functions typically as
an inhibitory transmitter in the MNCs.

Chronic hyperosmotic stress converts GABAergic inhibition
into excitation in MNCs
In contrast, when rats (n � 28) were given a 2% NaCl solution in
their drinking water for 7 d, the GABAergic PSPs/PSCs recorded in
the MNCs were almost always excitatory (75 of 76 neurons; Fig. 1a,
bottom trace). Under these conditions, the EGABA was �34.0 � 1.6
mV (n � 25; Figs. 2, 3), with a range between �9 to �45 mV. This
value was not statistically different from the Emuscimol (�39.3 � 1.6
mV, n � 9, p � 0.072) and considerably less negative than the
RMP (�57.5 � 1.4 mV, n � 25). Gabazine (3 �M, n � 15) and
another GABAA receptor antagonist, bicuculline (30 �M, n � 15;
Fig. 1b), reversibly blocked the EPSPs/EPSCs occurring in the
MNCs of the hyperosmolar rats. Moreover, gabazine (3 �M) de-
creased the firing rates of these neurons (Fig. 1d); the firing rates
before, during, and after the application of gabazine were 1.8 �
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0.3 (n � 15), 0.4 � 0.2 (n � 15), and 1.5 � 0.3 impulses/s (n �
13), respectively (overall difference, p � 0.0001; before vs during,
p � 0.0001; during vs after, p � 0.0007; before vs after, p �
0.0778; GEE methods). Conversely, muscimol (5 ��, 50 ms focal
application) depolarized the membrane (15.8 � 6.2 mV, n � 20)
and elicited action potentials (20 of 20 neurons) (Fig. 1c). These
results indicate that the chronic hyperosmotic stress causes the
EGABA to depolarize beyond the action potential threshold in
MNCs and thus converts GABAA receptor-mediated inhibition
into excitation in these neurons.

GABAergic excitation takes days to develop and is reversible
In the next set of experiments, we sought to determine the time
course of the EGABA change (Fig. 3). We measured plasma osmo-
lality and the EGABA for groups of rats held for 1 and 7 d with high
Na� drinking water (2% NaCl) and then 1, 3, and 7 d after the
return to tap water. One day after the rats were switched to the
high Na� drinking water, the plasma osmolality had already sig-
nificantly increased (p � 0.05 compared with controls), but the
EGABA was still the same as control. By 7 d on the high Na�

drinking water, both plasma osmolality and the EGABA were sig-

nificantly changed (p � 0.05). To determine whether this switch
in EGABA was reversible, rats that had been exposed to high Na�

drinking water for 7 d were then returned to regular water for 1,
3, and 7 d . The EGABA shift was reversed after 7 d but not 1 or 3 d.
These results indicate that the depolarizing EGABA shift takes days
to develop and is reversible.

Additional control experiments
Recent studies have found that GABAergic excitation in imma-
ture CNS neurons can be reversed by adding energy sources to the
recording medium and thus raises the possibility that GABAergic
excitation is an artifact of metabolic condition (Rheims et al.,
2009; Holmgren et al., 2010). To determine whether GABAergic
excitation in MCNs could be reversed with energy supplements,
we investigated the effect of replacing the slice-perfusing ACSF by
an energy-enriched medium containing ketone bodies and pyru-
vate (Holmgren et al., 2010). Under these energy-enriched con-
ditions, GABAergic PSPs/PSCs of the MNCs (n � 22) of
hyperosmolar rats (n � 3) were still excitatory. Moreover, the
EGABA of the MNCs recorded in the energy-enriched medium
(�34.5 � 2.7 mV, n � 22) was essentially the same as that of the

Figure 1. GABAA receptor-mediated inhibition and excitation in MNCs. a, Spontaneous GABAergic IPSPs (E, top trace) and EPSPs (F, bottom trace) recorded in the MNCs of control and
hyperosmolar rats, respectively. RMP, �52 mV (cell with IPSPs), �54 mV (cell with EPSPs). b, Reversible blockade by bath-applied bicuculline methiodide (BIC, 30 �M) of EPSPs recorded in a cell
from hyperosmolar rat (RMP, �51 mV). Action potentials in a and b are truncated. c, Muscimol (5 �M, 50 ms focal application)-induced depolarization and spike generation in a cell from
hyperosmolar rat (RMP, �54 mV), which shows spontaneous GABAergic EPSPs. d, Effects of GABAA receptor blockade by gabazine on the firing rates of MNCs. Top and middle rows, Voltage traces
showing the firing of MNCs of control and hyperosmolar rats before, during, and after bath application of gabazine (3 �M). The duration of gabazine application (5 min) is indicated with a horizontal
bar. The numbers associated with arrows denote the levels of membrane potential (in millivolts). RMP, �58 mV (control), �55 mV (hyperosmolar). Bottom, Graphic summary of the results from
MNCs tested with gabazine as in the top and middle rows. The symbols connected by lines denote data from the same cells.
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cells recorded in the ACSF (�34.0 � 1.6 mV, n � 25). These
results argue against the idea that the GABAergic excitation in the
MNCs is an artifact of the metabolic conditions and fit with re-
cent studies on GABAergic excitation in developing neurons
(Kirmse et al., 2010; Ruusuvuori et al., 2010; Tyzio et al., 2011).

The osmolality and Cl� concentration of the standard perfu-
sion medium (i.e., ACSF) used in this study were 300.5 � 0.5
mOsm/kg H2O (n � 4) and 127.8 � 0.4 mM (n � 5), respectively,
whereas those of the CSF of hyperosmolar rats were 347.3 � 2.1
mOsm/kg H2O (n � 3) and 151.9 � 3.9 mM (n � 9). To exclude
the possibility that the exposure of slices from hyperosmolar rats
to an acute osmolar change at the time of recording led to the
emergence of GABAergic excitation in MNCs, we raised the os-
molality and Cl� concentration of the slice perfusion medium to
the in vivo levels (i.e., 348 mOsm/kg H2O and 152 mM) by adding
NaCl. Under these conditions, the GABAergic PSPs/PSCs were
still mostly excitatory (20 of 21 neurons, n � 3 rats), just as those
observed in the standard perfusion medium. Furthermore, their
EGABA values (�32.5 � 2.9 mV, n � 21) were not significantly
different from those of the GABAergic PSCs recorded in the stan-
dard perfusion medium [�34.0 � 1.6 and �30.5 � 1.6 mV (n �
25); corrected and uncorrected values, respectively, for the differ-

ence in Cl� concentration between the ACSF and the CSF of rats
used]. Thus, these results rule out the possibility that the GABAe-
rgic excitation is an artifact resulting from the exposure of slices
to an acute osmolar change.

Last, to ensure that the GABAergic EPSPs/EPSCs were not an
artifact of gramicidin-perforated recording technique, we ob-
tained extracellular single-unit recordings from the MNCs and

Figure 3. Time course of depolarizing shift of EGABA. Groups of rats (n � 3– 8 per group)
were held under durations of high Na � drinking water (2% NaCl). Control rats were supplied
with tap water as drinking water (T group). The S1 group was exposed to the salty water for 1 d,
whereas the S7 group drank salty water for 7 d. ST1, ST3, and ST7, Rats supplied with tap water
as drinking water for 1, 3, and 7 d, respectively, after the high Na � water for 1 week. a,
Histogram shows the EGABA for each of the groups. The number of cells used in calculating the
mean is given in parentheses. The mean values denoted with the same symbols were not
significantly different from each other, but they were different from the means indicated with
different symbols (pairwise comparisons with Holm–Sidak method after one-way ANOVA). b,
Histogram plots of the plasma osmolality values obtained for each of the groups. *p � 0.005,
**p � 0.001 when compared with the mean of T group (pairwise comparisons with Holm–
Sidak method after one-way ANOVA); †indicates difference from values denoted by asterisks.

Figure 4. Excitatory effect of muscimol on the extracellularly recorded single-unit electrical
activities of MNCs of hyperosmolar rats. a, Responses to muscimol (10 �M, 10 ms focal applica-
tion once every 30 s, indicated by Œ) of a silent MNC recorded in slice from a hyperosmolar rat.
b, Responses to muscimol (10 �M, 10 ms focal application once a minute, indicated by Œ) of a
spontaneously active MNC recorded in slice from a control rat.

Figure 2. Hyperosmolar conditions cause a depolarizing shift in the reversal potentials for
GABAA receptor-evoked responses in MNCs. a1, b1, GABAergic PSCs evoked in the presence of
AP-5 (100 �M) and DNQX (20 �M) in the MNCs of control and hyperosmolar rats. They were
evoked at various holding potentials (VH) by electrical stimulation (Œ) at a site near recorded
cells. RMP, �57 mV (cell in a1), �50 mV (cell in b1). Double arrowheads, Regenerative inward
current (truncated). c1, Amplitudes of the GABAergic PSCs illustrated in a1 and b1 are plotted
against VH. The PSC that elicited the regenerative inward current (b1) was not included in the
plot. Linear regression was used to fit the data points. The intersections (2,1) of the regres-
sion lines with the abscissa were taken as the reversal potentials of GABAergic PSCs (i.e., EGABA

values). The validity of the method of determining the EGABA with the extrapolated regression
line as in (c1, hyperosmolar) was confirmed through a supplementary experiment, in which
muscimol (GABAA receptor agonist)-elicited currents were recorded in the MNCs of control and
hyperosmolar rats at various VH between �90 and �20 mV after blocking action currents with
tetrodotoxin (a2, b2); the Emuscimol values estimated on the basis of these currents (c2) (control,
�50.3 � 1.8 mV, n � 8; hyperosmolar, �39.3 � 1.6 mV, n � 9) was not significantly
different from the EGABA values estimated with synaptic currents (c1) (control, �51.6 � 2.3
mV, n � 21; hyperosmolar, �34.0 � 1.6 mV, n � 25).
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examined the effect of muscimol (10 �M,
10 ms focal application) on their firing
rates in the presence of AP-5 (100 �M) and
DNQX (20 �M). Muscimol increased the
firing rate of all neurons (25 of 25 cells;
Fig. 4a) recorded in the slices from hyper-
osmolar rats (n � 2). In contrast, musci-
mol decreased the firing rate in a majority
of neurons (26 of 29 cells; Fig. 4b) re-
corded in slices from control rats (n � 4);
in the remaining cells, it increased the fir-
ing rate. The proportion of cells excited or
inhibited by muscimol was significantly
different between control and hyperos-
molar rats (p � 0.001, Fisher’s exact test).
Bath application of bicuculline (30 �M)
prevented both the excitatory (10 of 10
neurons) and inhibitory (6 of 6 neurons)
effects of muscimol (data not shown).
Thus, chronic hyperosmotic stress pro-
duces excitatory effects of GABA even
when experiments are performed with a
technique that keeps the membrane of the
recorded cell intact.

GABAergic PSPs in parvocellular
neurons of the PVN are not altered by
chronic hyperosmotic stress
To determine whether chronic hyperos-
motic stress alters GABAergic signaling in
neurons other than MNCs, we examined
the GABAergic PSPs of parvocellular neu-
rons recorded in brain slices. These cells
were sampled from the medial portion of
the PVN that is highly packed with
corticotrophin-releasing hormone/AVP
colocalizing neurons that are stress-
activated (Tramu et al., 1983; Mouri et al.,
1993; Kovacs and Sawchenko, 1996; Jiang
et al., 2004). The GABAergic PSPs in these
neurons were mostly inhibitory regardless
of the osmolar condition of the rat (con-
trol, 22 of 25 cells; hyperosmolar, 13 of 18
cells; p � 0.247, Fisher’s exact test, n � 3
rats per group). These results suggest that
the change in GABAergic PSP/PSC profile
is a specific physiological adaption within
the osmoregulatory circuit to chronic hy-
perosmotic stress.

NKCC1 contributes to the depolarizing
shift of EGABA and the resultant
emergence of GABAergic excitation
Previous work suggests that the Cl�-
importing transporter NKCC1 plays a
critical role in GABAergic excitation in
neurons (Ben-Ari, 2002; Choi et al., 2008;
Irwin and Allen, 2009; Belenky et al.,
2010). To examine the role of this trans-
porter in the depolarizing shift of EGABA in
MNCs (Fig. 4), we first substituted NaCl
in the slice perfusion medium with Tris-
Cl. This experimental manipulation re-

Figure 5. Both low-Na � recording solution and the NKCC1 blocker bumetanide prevent the depolarizing shifts in
Emuscimol and EGABA. a, Responses to muscimol (5 �M, 50 ms focal application,1) of MNCs (a1, hyperosmolar; a2, control)
recorded in current-clamp mode before, during, and after the application of low-Na � medium. The numbers to the left of
the voltage traces denote holding potentials (in millivolts). b1, b2, Plots against holding potentials of the amplitudes of
muscimol-elicited responses in a1 and a2. Responses not illustrated in a1 and a2 are also included in these plots. The
intersections with the abscissa of the regression lines used to fit the data points (arrows) were taken as Emuscimol values. c,
Graphic summary of the low-Na � medium-induced changes in Emuscimol detected in different MNCs of hyperosmolar (c1)
and control (c2) rats. The symbols connected by lines denote data from the same cells. d, Graphic summary of the
bumetanide effects on the EGABA of MNCs of hyperosmolar and control rats.
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duces NKCC1 activity because the transporter requires external
Na� (Russell, 2000). We then determined that reversal potential
(Emuscimol) of the response elicited by the focal application of the
GABAA receptor agonist muscimol (5 �M). In the MNCs of hy-
perosmolar rats (n � 7), the Emuscimol was estimated to be
�24.3 � 2.4 mV (n � 13) under control condition and �43.9 �
2.1 mV (n � 13) when sodium was replaced. Returning these cells
to the original medium caused the Emuscimol to return to �25.5 �
5.3 mV (n � 7) (overall difference, p � 0.0001; before vs during
the perfusion with low-Na� medium, p � 0.0001; during vs after
the perfusion with low-Na� medium, p � 0.0079; before vs af-
ter the perfusion with low-Na� medium, p � 0.0933; GEE
method) (Fig. 5a1,b1,c1). Meantime, in the MNCs of control rats
(n � 3), the Emuscimol values estimated before, during, and after
the application of the low-Na� medium were �56.1 � 3.0 mV
(n � 9), �64.2 � 2.1 mV (n � 9), and �53.6 � 1.8 mV (n � 4),
respectively (overall difference, p � 0.0001; before vs during the
perfusion with low-Na� medium, p � 0.0103; during vs after the
perfusion with low-Na� medium, p � 0.0351; before vs after
the perfusion with low-Na� medium, p � 0.1189; GEE method)
(Fig. 5a2,b2,c2). Thus, inhibiting NKCC1 by sodium replacement
caused reversible hyperpolarizing shifts in Emuscimol in the MNCs
of both control and hyperosmolar rats, with this effect being
greater in the latter (8.1 � 1.7 mV, n � 9 vs 19.6 � 3.0 mV, n �
13; Mann–Whitney U test, p � 0.002). These results suggest that
NKCC1 plays a role in setting EGABA in both resting and chroni-
cally active MNCs. More importantly, they suggest that chronic
hyperosmotic stress increases NKCC1 activity in MNCs, making
EGABA depolarize and driving GABAergic EPSPs.

To obtain additional evidence for the role of NKCC1, we next
examined the effect of bumetanide (NKCC inhibitor) on EGABA

by comparing EGABA values measured in the presence and the
absence of the drug. Bumetanide was bath applied at 10 �M, a
concentration that can be used to block NKCC without signifi-
cantly affecting the K�–Cl� cotransporter (KCC) (Payne et al.,
2003). We found that the proportion of MNCs of hyperosmolar
rats that exhibited GABAergic EPSPs/EPSCs was significantly
smaller in the presence of bumetanide (7 of 14 vs 25 of 25, p �
0.001, Fisher’s exact test). In addition, the application of bumet-
anide caused a significant negative shift in the EGABA measured in
both hyperosmolar and control conditions (Fig. 5d). Conversely,
bumetanide treatment did not alter RMP and input resistance of
the MNC measured in control and hyperosmolar rats (control,
�56.6 � 2.1 mV, n � 10 vs �58.3 � 2.1 mV, n � 21 and 370 �
64 M�, n � 10 vs 398 � 34 M�, n � 21; hyperosmolar, �61.3 �
2.4 mV, n � 14 vs �57.5 � 1.4 mV, n � 25 and 262 � 29 M�,
n � 14 vs 266 � 26 M�, n � 25). These results again suggest that
NKCC1 plays a role in setting EGABA in the MNCs in both control
and hyperosmolar rats. Furthermore, the results suggest that
intracellular Cl� accumulation by NKCC1 is critical for the de-
polarizing shift of EGABA and the consequent emergence of
GABAergic excitation in the MNCs of hyperosmolar rat.

Chronic hyperosmotic stress upregulates NKCC1 expression
Previous work suggests that NKCC1 is expressed weakly in the
MNCs (Kanaka et al., 2001). We sought to determine whether the
chronic hyperosmotic stress would change this expression. First,
we used the Western blot technique to measure NKCC1 and
KCC2 from tissue samples of the SON (Fig. 6). We were able to
detect both Cl� transporters from the samples. Interestingly, the
chronic hyperosmotic stress produced by 7 d of high Na� drink-
ing water produced a profound increase in the level of NKCC1
protein (137.0 � 23.1%, n � 8) in the SON. This increase in

protein expression was fully reversible after 7 d in normal water.
The hyperosmotic stress also produced a modest increase in
KCC2 levels (34.1 � 6.3%, n � 12), although this increase did not
reverse after return to normal drinking water. These suggest that
an upregulation in the levels of NKCC1 expression underlies the
dynamic change in EGABA in the MNCs of hyperosmolar rats.

Next we used immunohistochemical techniques to better de-
termine the anatomical location of NKCC1 expression (Fig. 7). In
both the SON and PVN, the NKCC1 immunoreactivities were
localized in MNCs with soma diameters of 20 –30 �m (Fig. 7a,b).
In response to hyperosmotic stress, NKCC1 immunoreactivity
robustly increased in both brain regions. Densitometric analyses
of the intensities of NKCC1-positive signals revealed that NKCC1
expression in the SON as well as the cell perimeters (presumably
the membranes) of SON neurons were significantly greater in
hyperosmolar animals (Fig. 7c,d). We were unable to detect
NKCC1 immunoreactivity in the parvocellular division of the
PVN. These results again support the hypothesis that the upregu-
lation of NKCC1 contributes to the depolarization of EGABA and
the consequent emergence of GABAergic excitation.

Figure 6. Chronic hyperosmotic stress increases the NKCC1 protein level in the SON. a,
NKCC1, KCC2, and actin bands recognized by Western blot for the SON tissue samples obtained
from rats under different experimental conditions. b, c, Summary graphs showing the relative
levels of NKCC1 (n � 8) and KCC2 (n � 12) in the SONs of rats under different experimental
conditions. For each experiment, the values were normalized to the samples collected from the
control rats. NKCC1 and KCC2 levels were normalized to actin to control for loading. *p � 0.05;
NS, statistically not different (pairwise comparison with Tukey’s test or Dunn’s method after
Kruskal–Wallis one-way ANOVA on ranks). Recovery, Rats supplied with tap water as drinking
water for 7 d after 2% NaCl drink for 1 week.
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Centrally released oxytocin may link chronic hyperosmotic
stress to the EGABA shift
Hyperosmotic stress is a good stimulus for the release of AVP and
oxytocin from the dendrites of MNCs in the PVN and SON (Lud-
wig, 1998), and it is possible that these neuropeptides could drive the
changes in EGABA. In the next set of experiments (Fig. 8), we exam-
ined the effects of intracerebroventricular infusion of desGly-
NH2,d(CH2)5 [D-Tyr2, Thr4]OVT (highly selective oxytocin
receptor antagonist) on the depolarizing shift of EGABA and the
emergence of GABAergic EPSCs in MNCs. The oxytocin receptor
antagonist was infused (2.4 �g/d) (Teruyama et al., 2008) for 10 d
while the rats were exposed to the high Na� drinking water. The
vehicle (i.e., ACSF) infusion served as the control. Brain slices
were then prepared, and EGABA in the MNCs was determined as
described previously. The pretreatment with the selective oxyto-
cin receptor antagonist significantly reduced the depolarizing
EGABA shift in the MNCs of hyperosmolar rats (ACSF, �30.2 �
1.7 mV, n � 36 vs oxytocin receptor antagonist, �39.4 � 2.5 mV,
n � 29, p � 0.05; Fig. 8a, left). The antagonist also significantly
reduced the proportion of MNCs showing GABAergic EPSCs
(ACSF, 36 of 36 vs oxytocin receptor antagonist, 19 of 29, p �
0.003; Fig. 8b, left). For comparison, we also examined the impact
of the intracerebroventricular infusion (10 d, 5.184 �g/d) (Do-
bruch et al, 2005) of the AVP receptor antagonist
d(CH2)5[Tyr(Me) 2, Ala-NH2

9]AVP. This antagonist had no sig-
nificant effect on the depolarizing EGABA shift occurring in the
MNCs of hyperosmolar rats (ACSF, �30.2 � 1.7 mV, n � 36 vs

AVP receptor antagonist, �36.4 � 3.0
mV, n � 35, p � 0.05; Fig. 8a, left), al-
though it reduced significantly the pro-
portion of MNCs exhibiting GABAergic
EPSCs (ACSF, 36 of 36 vs AVP receptor
antagonist, 28 of 35, p � 0.015; Fig. 8b,
left). In control rats, neither of the AVP
and oxytocin receptor antagonists had ef-
fect on the EGABA and GABAergic PSC
profile (Fig. 8a,b, right). These results sug-
gest that central oxytocin receptor activa-
tion is part of the signal that links the
chronic hyperosmotic stress to shift to
GABAergic excitation in the PVN and
SON.

The lack of effect of the AVP receptor
antagonist on EGABA can be interpreted as
suggesting that AVP has no significant
role in the depolarizing EGABA shift and
the resultant emergence of GABAergic ex-
citation. Alternatively, under the assump-
tion that this antagonist has an anti-
oxytocin as well as anti-AVP efficacy, it
can be interpreted as suggesting that AVP
and oxytocin have opposite effects. To test
this possibility more directly, we next ex-
amined the effect of the mixture of the
AVP and oxytocin receptor antagonists.
Our rationale was that, if indeed AVP has
an effect opposite to that of oxytocin, the
mixture of AVP and oxytocin receptor an-
tagonists would exert smaller effects on
EGABA and GABAergic PSCs profile than
oxytocin receptor antagonist alone. The
results (Fig. 8a,b, left) show that the mix-
ture had essentially the same effect as the

oxytocin receptor antagonist alone, indicating that AVP has little
or no role in linking hyperosmotic stress to depolarizing EGABA

shift.

GABAergic excitation contributes to the secretion of AVP and
oxytocin in rats under chronic hyperosmotic stress
Finally, to assess the functional significance of GABAergic neu-
rotransmission in MNCs, we blocked GABAA receptors and ex-
amined the plasma levels of AVP and oxytocin (Fig. 9). In
hyperosmolar rats, blocking GABAA receptors with an intrave-
nous injection of bicuculline (2 mg/kg body weight: subconvul-
sive dose) caused a significant decrease in AVP level after 30 min
of the injection; the decrease in oxytocin level was also seen at 10
and 20 min after the injection. Conversely, the bicuculline injec-
tion did not produce any significant changes in the levels of AVP
and oxytocin in control rats.

Discussion
The present results demonstrate that, under resting conditions,
the GABAA receptor-mediated transmission in MNCs is inhibi-
tory in 	75% of the neurons. Importantly, GABAergic transmis-
sion becomes excitatory in virtually all MNCs when there is a
sustained physiological demand for increased secretion of AVP
and oxytocin. The hyperosmotic stress caused a profound depo-
larizing shift in the reversal potential of GABAergic response
(EGABA) in MNCs. This EGABA shift was associated with increased
expression of NKCC1 in MNCs and was prevented by treatments

Figure 7. Chronic hyperosmotic stress increases immunohistochemically detectable NKCC1 signals in the SON and PVN. a, b,
NKCC1-positive signals in the SON and PVN. Bottom rows, Magnified views of the areas in the top rows indicated with dotted boxes.
Scale bar, 300 �m. 3V, Third ventricle; OC, optic chiasm. c, d, NKCC1 levels in the SON and the cell perimeters (presumably the
membranes) of SON neurons. These levels were normalized to that in the LH located above the SON. The numbers in parentheses
in c and d denote the numbers of rats and cells included in the analyses, respectively. *p � 0.05 (pairwise comparison with
Holm–Sidak method after one-way ANOVA in c and pairwise comparison with Dunn’s method after Kruskal–Wallis one-way
ANOVA on ranks in d). Recovery, Rats supplied with tap water as drinking water for 7 d after 2% NaCl drink for 1 week.
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that blocked NKCC activity. Blocking central oxytocin receptors
prevented the shift to GABAergic excitation under chronic hy-
perosmotic stress. These results suggest that GABAergic re-
sponses of MNCs are not consistently inhibitory but switch
between inhibition and excitation in response to physiological
needs.

The present study is not the first that demonstrates the emer-
gence of excitatory actions of GABA in mature CNS neurons
under particular conditions or states. Previous studies have
shown that pathological conditions such as epilepsy, axonal in-
jury, and neuropathy can cause a depolarizing shift in EGABA in
neurons related to the pathologies, reducing the magnitude of
GABAergic inhibition in these cells and, in some cases, even pro-
ducing GABAergic excitation (De Koninck, 2007). Similarly, a

recent study has shown that acute restraint stress weakens
GABAA receptor-mediated inhibition in putative corticotro-
phin-releasing hormone neurons in the PVN by causing EGABA to
depolarize (Hewitt et al., 2009). Furthermore, this study has dem-
onstrated that, after the stress, repetitive activation at high fre-
quencies of GABAergic inputs to these cells produces GABAA

receptor-mediated excitation. However, the EGABA shifts in these
studies were not large enough such that a single stimulation of
GABAergic afferent seldom elicited an action potential. In con-
trast, in the current study, a single stimulation of GABAergic
inputs evoked action potentials in essentially all of the MNCs, by
virtue of the large depolarization of EGABA. To the best of our
knowledge, the results from the current study provide the first
demonstration that a physiological state or environmental chal-
lenge can induce a profound EGABA change in a specific popula-
tion of adult CNS neurons so that GABA functions as an
excitatory neurotransmitter in these cells.

The EGABA shifts in MNCs did not follow the time course of
osmolality shifts during the chronic hyperosmotic treatment;
they took days to establish and recover. The relatively slow depo-
larization of EGABA might be related to that, at the early stages of
hyperosmotic stress, changes in glutamatergic or other excitatory
input to MNCs are sufficient for the secretion of AVP and oxy-
tocin needed for coping with the stress. Meanwhile, the slow
recovery of EGABA may represent a delayed disarmament for pos-
sible re-attack of hyperosmotic stress.

The results of the present study suggest that the upregulation
of the Cl� importer NKCC1 is a key mechanism contributing to
the depolarizing EGABA shift and the resultant inhibitory-to-
excitatory switch in GABAergic transmission in the MNCs of rats
subjected to chronic hyperosmotic stress. Previous work found
that NKCC1 is expressed at a low level in the PVN (Kanaka et al.,
2001). In the PVN and SON, we found low basal levels of NKCC1
protein that could be dynamically upregulated in response to
osmotic stress. The techniques used do not allow us to determine
the relative roles of transcription or trafficking of the protein in
the increased expression. The immunohistochemistry results
suggest that more NKCC1 is localized in the cell perimeter pre-
sumably in the membrane. NKCC1 activity has also been found
to be critical for the GABAergic excitation observed in immature
cortical neurons (Ben-Ari, 2002) and gonadotropin-releasing
hormone neurons (DeFazio et al., 2002) as well as in the supra-
chiasmatic nucleus (Belenky et al., 2008, 2010; Choi et al., 2008).

Downregulation of the activity of the Cl�-extruding trans-
porter KCC2 is another mechanism that has been postulated to
contribute to GABAergic excitation (Coull et al., 2003; Hewitt et
al., 2009). However, we found that the level of KCC2 expression
was increased, not decreased, by the chronic hyperosmotic stress.
Expression of a protein as measured by Western blot is not always
linked to activity of the transporter, and future work on the role
of KCC2 is required. Interestingly, previous work suggests that
KCC2 may play other physiological roles besides Cl� transport
(Li et al., 2007). It is possible that the upregulated KCC2 contrib-
utes to the structural remodeling of MNCs and their synapses
that occurs under chronically hyperosmolar condition (Theodo-
sis et al., 1995; Hatton, 1997). Our finding that the KCC2 level in
the SON remained elevated after return to normal drinking wa-
ter, unlike the changes in NKCC1 and EGABA, is consistent with
this hypothesis.

The results of the current study suggest that oxytocin is a key
signal that links chronic hyperosmotic stress to the depolarizing
EGABA shifts in MNCs. Conversely, they do not support a role for
AVP; if this neuropeptide were important for the EGABA shifts or

Figure 8. Intracerebroventricularly administered oxytocin receptor antagonist prevents the
depolarizing shift in EGABA in MNCs. The selective oxytocin receptor antagonist desGly-
NH2,d(CH2)5[D-Tyr 2, Thr 4]OVT was administered intracerebroventricularly for 10 d while the
rats were exposed to the high Na � drinking water. The impact of the intracerebroventricular
infusion of the AVP receptor antagonist d(CH2)5[Tyr(Me) 2, Ala-NH2

9]AVP is shown for compar-
ison. The impact of the combination of the two antagonists was also determined and is labeled
“Cocktail.” The ACSF infusion served as the control. Brain slices were prepared and EGABA was
estimated with PSCs evoked in the presence of AP-5 (100 �M) and DNQX (20 �M). a, Histograms
show the EGABA under control and hyperosmolar conditions. b, Histograms show the percentage
of neurons expressing GABA-mediated excitatory currents under each condition. The number of
MNCs sampled in each experiment (each group contains 3–5 rats) is given in parentheses. *p �
0.05, significant difference from control as determined by Kruskal–Wallis one-way ANOVA on
ranks followed by pairwise comparisons with Dunn’s method. NS, Statistically not different.

Figure 9. GABAA receptor blockade lowers plasma levels of AVP and oxytocin under hyper-
osmolar conditions. Plasma levels of AVP (left) and oxytocin (right) before and after intravenous
injection (1) of bicuculline methiodide (BIC) in the control (E) and hyperosmolar (f) rats,
which were measured with ELISA. AVP and oxytocin concentrations are normalized to the level
at 0 min. The number of rats used in each experiment is given to the right of the corresponding
graph. *p � 0.005, **p � 0.0001 compared with the value at 0 min (GEE method; overall
difference, p � 0.0001).
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had an effect opposite to that of oxytocin, the mixture of the AVP
and oxytocin receptor antagonists would have exerted an effect
different from that of oxytocin receptor antagonist alone. In this
study, we have not determined the source of oxytocin and the
location of its receptors responsible for the EGABA shifts. Whether
the activation of oxytocin receptors in MNCs (Freund-Mercier et
al., 1994) or nearby glial cells (Di Scala-Guenot and Strosser,
1992; Di Scala-Guenot et al., 1994) by oxytocin from the den-
drites of MNCs (Ludwig, 1998) leads to the shifts is open for
additional investigation.

Our results (Fig. 5c,d) indicate that EGABA was different be-
tween control and hyperosmolar rats after NKCC1 blockade with
bumetanide and in low-Na� conditions. It may be that these
manipulations did not completely block the NKCC1 transporter.
Alternatively, it may be that other transporters/factors also influ-
ence EGABA. However, KCC2 is unlikely to be an explanation for
the more positive EGABA values in the MNCs of hyperosmolar
rats, because its expression was increased by chronic hyperos-
motic stress.

The secretion of AVP and oxytocin from MNCs depends on
the electrical activities of these cells (Poulain and Wakerley, 1982;
Renaud and Bourque, 1991). In this study, we found that GABAA

receptor activation by muscimol increased the firing rate of the
MNCs of hyperosmolar rats, whereas GABAA receptor blockade
by gabazine did the opposite. Moreover, we discovered that in-
travenously injected bicuculline (GABAA receptor antagonist)
lowered the plasma levels of AVP and oxytocin in these animals.
There was a difference in the measured time course of the effects
that is likely explained by the differences between the half-lives of
these hormones in the blood (AVP, 2–17 min vs oxytocin, 1–2
min; Janáky et al., 1982; Gimpl and Fahrenholz, 2001). The ab-
sence of bicuculline-induced release of AVP and oxytocin in con-
trol rats might be attributable to that the amount of bicuculline
injected (2 mg/kg body weight: subconvulsive dose) was too
small to remove significantly the strong GABAergic inhibition.
Together, these results indicate that the GABAA receptor-
mediated transmission in the MNCs promotes the secretion of
AVP and oxytocin from these cells by increasing their firing rates
during chronic hyperosmotic stress.

In summary, this study demonstrates that, in response to
physiological needs, GABA can switch from functioning as an
inhibitory transmitter to evoking an excitatory response in
MNCs. Most neurons are embedded in circuits in which their
intrinsic firing is regulated by the balance of excitatory and inhib-
itory transmission; we have found evidence that the postsynaptic
neuron can shift this balance through the regulation of the Cl�

uptake mechanism NKCC1. The activation of central oxytocin
receptors may provide the trigger that causes this switch. It re-
mains to be seen whether this novel form of synaptic plasticity is
specific to these hypothalamic neurons or is widespread through-
out the CNS.
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