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Neuronal excitability in the adult brain is controlled by a balance between synaptic excitation and inhibition mediated by glutamate and
GABA, respectively. While generally inhibitory in the adult brain, GABAA receptor activation is excitatory under certain conditions in
which the GABA reversal potential is shifted positive due to intracellular Cl � accumulation, such as during early postnatal development
and brain injury. However, the conditions under which GABA is excitatory are generally either transitory or pathological. Here, we reveal
GABAergic synaptic inputs to be uniformly excitatory in vasopressin (VP)-secreting magnocellular neurons in the adult hypothalamus
under normal conditions. The GABA reversal potential (EGABA ) was positive to resting potential and spike threshold in VP neurons, but
not in oxytocin (OT)-secreting neurons. The VP neurons lacked expression of the K �-Cl � cotransporter 2 (KCC2), the predominant Cl �

exporter in the adult brain. The EGABA was unaffected by inhibition of KCC2 in VP neurons, but was shifted positive in OT neurons, which
express KCC2. Alternatively, inhibition of the Na �-K �-Cl � cotransporter 1 (NKCC1), a Cl � importer expressed in most cell types mainly
during postnatal development, caused a negative shift in EGABA in VP neurons, but had no effect on GABA currents in OT neurons. GABAA

receptor blockade caused a decrease in the firing rate of VP neurons, but an increase in firing in OT neurons. Our findings demonstrate
that GABA is excitatory in adult VP neurons, suggesting that the classical excitation/inhibition paradigm of synaptic glutamate and GABA
control of neuronal excitability does not apply to VP neurons.

Introduction
Magnocellular neuroendocrine cells in the paraventricular nu-
cleus (PVN) and supraoptic nucleus (SON) of the hypothalamus
play an important role in regulating fluid balance, reproductive
functions, and energy homeostasis. Magnocellular neurons se-
crete either oxytocin (OT) or vasopressin (VP) (Mohr et al., 1988;
Kiyama and Emson, 1990), and neuropeptide secretion from
these neurons is closely related to their firing frequency and pat-
tern (Dreifuss et al., 1971; Dutton and Dyball, 1979). Synaptic
activity is a key regulator of the firing activity in magnocellular
neurons (MacVicar et al., 1982). Approximately 60% of the total
number of synapses in the SON and PVN are GABAergic, indi-
cating a significant role for GABA in the synaptic regulation of the
magnocellular neurons (Decavel and Van den Pol, 1990; El Ma-
jdoubi et al., 1997). GABA is generally inhibitory in the adult

brain, but it also can mediate excitatory synaptic responses under
conditions of high intracellular Cl� concentration. A low intra-
cellular Cl� concentration, as it is in most neurons of the adult
brain, causes EGABA to be negative to resting membrane potential,
which leads to outward membrane currents and inhibitory syn-
aptic signals upon opening of GABAA receptor channels. A high
intracellular Cl� concentration, however, can cause EGABA to be
positive to resting potential and GABAA receptor activation to
generate inward membrane currents and depolarizing synaptic
signals (Misgeld et al., 1986; Prescott et al., 2006; Choi et al.,
2008).

The concentration of intracellular Cl� ions in neurons is
mainly controlled by two Cl� transporters, NKCC1 and KCC2.
NKCC1 accumulates Cl� ions inside cells by the cotransport of
Cl� into cells using the Na� concentration gradient; KCC2, on
the other hand, exports Cl� from cells by the cotransport of Cl�

out of cells using the K� concentration gradient (Payne et al.,
1996; Plotkin et al., 1997). The expression and activity of the Cl�

transporters are regulated by various factors, including develop-
ment, activity, and stress (Rivera et al., 1999; Wardle and Poo,
2003; Woodin et al., 2003; Cordero-Erausquin et al., 2005;
Fiumelli et al., 2005; Hewitt et al., 2009). Recent studies have
shown that the Cl � transporters are expressed in a cell type-
specific manner. For example, VP neurons in the hypothala-
mus have been shown not to express detectable levels of KCC2
in immunohistochemical studies (Kanaka et al., 2001; Belenky
et al., 2008). Interestingly, GABA was shown to reduce the
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firing activity of OT neurons but not VP neurons in vivo,
suggesting a lack of inhibitory action of GABA in VP neurons
(Engelmann et al., 2004).

Previous in vitro studies showing GABA as an inhibitory
neurotransmitter in the PVN and SON were conducted using
intracellular or patch-clamp recordings (Wuarin and Dudek,
1993; Boudaba et al., 1996), which disrupt the normal Cl �

concentration gradient. In the present study, we used grami-
cidin-perforated patch-clamp recordings and loose-seal patch
extracellular recordings, both of which do not disturb the Cl �

concentration gradient, as well as immunohistochemical anal-
yses, to study GABA-mediated synaptic currents and action
potential generation in OT and VP magnocellular neurons of
the SON and PVN.

Materials and Methods
Animals. We used 5–12 week old male wild-type and transgenic Wistar
rats that express VP-eGFP fusion protein in VP neurons according to a
protocol approved by the Tulane University Institutional Animal Care
and Use Committee and in accordance with US Public Health Service
guidelines. The VP-eGFP transgenic rat colony was established from
founders provided by Dr. Yoichi Ueta of the University of Occupational
and Environmental Health in Japan (Ueta et al., 2005). Wild-type rats
were purchased from Harlan and were allowed to acclimate to their living
quarters for at least a week before being used for experiments. All rats had
ad libitum access to water and food.

Slice preparation. Rats were deeply anesthetized with isoflurane inha-
lation (VetOne, Meridian, ID) and decapitated using a rodent guillotine.
The brain was quickly removed from the cranial cavity after cutting the
optic nerves and immersed in a cooled (1–2°C) artificial CSF (aCSF)
bubbled with 100% O2. The composition of the aCSF for dissection and
electrophysiological recordings was (in mM): 140 NaCl, 3 KCl, 1.3
MgSO4, 1.4 NaH2PO4, 2.4 CaCl2, 11 glucose, and 5 HEPES; pH was
adjusted to 7.2–7.4 with NaOH. The hypothalamus was blocked and
glued to the chuck of a vibrating microtome with the rostral side up. Two
or three 300-�m-thick coronal hypothalamic slices containing the PVN
and/or SON were sectioned and bisected along the midline, and the
hemi-slices were maintained submerged in a holding chamber in oxy-
genated aCSF at room temperature, where they were allowed to equili-
brate for at least 1 h before being transferred to the recording chamber.

Electrophysiological recording materials and methods. All electrophysi-
ological recordings were performed in visualized individual PVN and
SON magnocellular neurons in acute hypothalamic slices maintained at
a temperature of 30°C. Patch-clamp electrodes were pulled from boro-
silicate glass capillary tubes (1.65 mm outer diameter, 1.2 mm inner
diameter; KG33; King Precision Glass) with a Flaming/Brown P-97 mi-
cropipette puller (Sutter Instruments) to a resistance of 3– 6 M�. Pipette
solutions contained (in mM) 120 K-gluconate, 10 KCl, 1 NaCl, 1 MgCl2,
1 CaCl2, 10 EGTA, 2 Mg-ATP, 0.3 Na-GTP, and 10 HEPES; the pH of the
pipette solution was adjusted to 7.3 with KOH and the osmolarity was
adjusted to 300 mOsmol with 20 mM D-sorbitol. Magnocellular neuroen-
docrine cells were identified in the PVN based on their large soma size,
their location within the lateral magnocellular division of the nucleus,
and the presence of a distinct transient outward rectification during re-
cordings (Tasker and Dudek, 1991; Luther et al., 2000). Vasopressin
neurons were distinguished by the presence of eGFP expression (Ueta et
al., 2005); eGFP-negative neurons were considered to be putative OT
neurons (Fig. 1 A). We used 488 nm for excitation of GFP fluores-
cence. Glutamate receptor antagonists 6,7-dinitroquinoxaline-2,3-dione
(DNQX, 15 �M) and DL-2-amino-5-phosphonopentanoic acid (DL-AP5,
50 �M) were bath-applied to block glutamatergic synaptic inputs and
isolate GABA synaptic currents. For some experiments, the GABAA re-
ceptor antagonist bicuculline methiodide (10 – 60 �M) was bath-applied
to block synaptic GABA currents. For perforated patch-clamp record-
ings, gramicidin was added to the intracellular solution. Gramicidin was
first dissolved in DMSO (0.05 mg/�l) and then diluted in the patch
pipette solution to a final concentration of 100 �g/ml (Kyrozis and

Reichling, 1995). All recordings were performed using a Multiclamp
700A patch-clamp amplifier (Molecular Devices) and data were low-pass
filtered at 2 kHz and sampled at 10 kHz with pClamp software (Molec-
ular Devices). To determine the EGABA, synaptic currents were evoked by
electrical stimuli (30 –50 V for 0.3 ms) applied every 10 s with a bipolar
electrode placed dorsomedial to the PVN or SON. A Grass S48 stimulator
and SIU5 stimulus isolation unit (Grass Technologies) were used to de-
liver the extracellular stimulation. For loose-seal cell-attached patch re-
cordings, pipettes with a larger tip diameter (pipette resistance � 1–3
M�) were used to prevent the spontaneous formation of a high-
resistance seal. Cells were recorded at the resting potential (i.e., injection
current � 0 pA), and a high-K � (10 mM) extracellular solution was used
to depolarize cells, consisting of (in mM) 133 NaCl, 10 KCl, 1.3 MgSO4,
1.4 NaH2PO4, 2.4 CaCl2, 11 glucose, and 5 HEPES; pH was adjusted to
7.2–7.4 with NaOH. The 10 mM K � did not have a significant effect on
EGABA in VP cells (�33.1 � 3.4 mV in 3 mM aCSF, n � 15 vs �29.8 � 4.1
mV in 10 mM K � solution, n � 4; p � 0.639). Only recordings with a seal
resistance of �40 M� were considered to have a stable loose-seal config-
uration and were used for data analysis.

Drug application. The following drugs were stored as stock solutions in
frozen aliquots (�20°C) and were thawed and dissolved in aCSF to their
final concentrations immediately before experiments (final concentration):
DNQX (15 �M, Tocris Bioscience), AP5 (50 �M, Tocris Bioscience), bicuc-
ulline methiodide (10–60 �M, Ascent Scientific), bumetanide (20 or 40 �M,
Tocris Bioscience), and VU0240551 (75 �M, Tocris Bioscience). Bumetanide
and VU0240551 were dissolved in DMSO or a mixture of DMSO and etha-
nol. All other drugs were dissolved in sterilized deionized water.

Immunohistochemical identification of recorded cells. Some SON and
PVN magnocellular neurons in slices from wild-type Wistar rats were
infused with biocytin (Tocris Bioscience) during recordings for subse-
quent immunohistochemical identification. In these recordings, 0.3%
biocytin was included in the patch solution. Following perforated patch
recordings and characterization of EGABA, the whole-cell configuration
was achieved for 2–5 min to allow dialysis of the cell with biocytin-
containing patch solution. After recording from and filling 1–2 cells in a
slice with biocytin, the slices were collected and immersion fixed in 4%
paraformaldehyde/0.1% picric acid in 0.15 M sodium phosphate buffer,
pH 7.2, at 4°C for at least 24 h.

Fixed slices were incubated for 24 h at 4°C in a mixture of primary
antibodies that included a rabbit polyclonal antibody to VP-neurophysin
(1:20,000; generously provided by Alan Robinson, UCLA, Los Ange-
les, CA) (Roberts et al., 1993) and a mouse monoclonal antibody to
OT-neurophysin (1:500; PS38, generously provided by Harold Gainer,
National Institutes of Health, Bethesda, MD) (Ben-Barak et al., 1985).
Slices were then incubated overnight at 4°C in a mixture of secondary
antibodies, including DyLight 488-conjugated goat anti-rabbit and Dy-
Light 594-conjugated goat anti-mouse IgG (Jackson ImmunoResearch),
and avidin-AMCA (7-amino-4methylcoumarin-3-acetic acid; Vector
Labs) to visualize the biocytin-filled neurons. All antibodies and labeling
reagents were dissolved in PBS containing 0.5% Triton X-100, and slices
were washed several times in PBS/Triton X-100 between steps. Neurons
were identified as either vasopressinergic or oxytocinergic only if positive
staining for one of the two antibodies was complemented by a negative
reaction for the other.

In vivo immunohistochemistry. Rats were deeply anesthetized with iso-
flurane inhalation (VetOne, Meridian, ID) and intracardially perfused
with heparinized saline followed by 4% paraformaldehyde in PBS until
the blood was sufficiently cleared from the circulatory system. Brains
were dissected and transferred to 30% sucrose in PBS overnight. The
hypothalamus was blocked and 30 �m sections containing the SON and
PVN were obtained using a cryostat (Model CM3050, Leica Microsys-
tems). Sections were treated with 3% normal goat serum (NGS) with
0.01% Triton-X and then incubated in a mouse monoclonal antibody to
OT (PS 38, 1:500, generously provided by Dr. H. Gainer, National Insti-
tutes of Health,) and a guinea pig polyclonal antibody to VP (T-5048,
1:500, Peninsula Laboratories, LLC) or anti-KCC2 polyclonal antibody
(1:500, Millipore) in 1% NGS in PBS overnight at 4°C. After rinsing five
times for 5 min with PBS, slices were treated with goat anti-mouse sec-
ondary antibody conjugated to Alexa Fluor 488 (A-11001, 1:400) at room
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temperature for 1 h to stain OT neurons, with goat anti-guinea pig IgG
conjugated to Alexa Fluor 546 (A-11074, 1:400) at room temperature for
1 h to stain VP neurons, or goat anti-rabbit IgG conjugated to Alexa Fluor
546 (A-11010, 1:400) at room temperature for 1 h to stain KCC2-
expressing neurons. All secondary antibodies were purchased from
Invitrogen. After washing five times for 5 min with PBS, slices were
mounted on coverslips with Vectashield (Vector Laboratories) and
imaged on a confocal microscope (Zeiss LSM 510, Carl Zeiss AG).

Statistical analysis. Synaptic current detection analysis was performed
using Mini Analysis 6.0.9 software (Synaptosoft) and pClampfit 10.2
(Molecular Devices). All data were expressed as � SEM. The Student’s
paired or unpaired t test was used for within-cell comparisons and
between-cell comparisons, respectively. For non-normally distributed
data, determined by the Shapiro–Wilk test, the Mann–Whitney U test or
the Wilcoxon signed-rank test was used for within-cell and between-cell
comparisons, respectively. For comparisons of more than two groups, we
used the ANOVA followed by the Newman–Keuls test. Differences were
considered to be statistically significant at p � 0.05.

Results
Identification of vasopressin and oxytocin neurons
To compare GABA actions in OT and VP magnocellular neurons,
we used transgenic rats that express a VP-eGFP fusion protein

under the control of the VP promoter. Previous studies have
shown the specific expression of eGFP in VP neurons in the SON
and the PVN of these VP-eGFP transgenic rats (Ueta et al., 2005).
To confirm these previous findings, we performed a qualitative
immunohistochemical analysis of VP and OT labeling in SON
and PVN sections from VP-eGFP rats (n � 3). These experiments
confirmed that GFP is expressed selectively in vasopressinergic
neurons and not in oxytocinergic neurons in the SON and PVN
(Fig. 1A).

GABA synaptic currents in GFP-positive and
GFP-negative neurons
To study GABA-mediated synaptic currents without disturbing
the intracellular Cl� concentration, we used the gramicidin-
perforated patch-clamp recording technique. After a high-
resistance seal was formed, cells were held in cell-attached mode
at �60 mV and the access resistance was periodically monitored.
In most of the cells, the access resistance gradually dropped to
�80 M� and the amplitude of capacitative currents reached
�200 pA within 40 min after seal formation. Perforated-patch
recordings were performed after the access resistance stabilized at

Figure 1. EGABA is shifted positive in vasopressin neurons. A, Fluorescence micrographs of the same hypothalamic section showing the expression in the lateral PVN of the VP-eGFP transgene, VP
immunoreactivity, OT immunoreactivity, and a merged image of the three. GFP-expressing cells were positive for VP but not for OT. B, Images of the same field of the SON taken under bright field
(left) and epifluorescence illumination (right), which show a GFP-negative cell (left arrowhead) and a GFP-positive cell (right arrowhead) that were pair recorded. C, Paired voltage-clamp recordings
of spontaneous GABA synaptic currents in a GFP-negative cell (Ch1) and a GFP-positive cell (Ch2). At resting membrane potential (i.e., 0 pA current injection) in the presence of glutamate receptor
antagonists, the polarity of the GABA currents was positive in the GFP-negative cell and was negative in the GFP-positive cell. D, Synaptic GABA currents evoked at different membrane potentials
recorded in a GFP-negative (left) and a GFP-positive (right) neuron. E, I–V relationships obtained from the mean amplitudes of evoked GABA synaptic currents recorded at different holding potentials
in GFP-negative cells (n �9) and GFP-positive cells (n �15). F, A scatter plot showing the distribution of EGABA in GFP-negative cells (GFP(�), n �9) and GFP-positive cells (GFP(�), n �15). Scale
bars: 50 �m.
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between 30 and 80 M�. All perforated-patch recordings of syn-
aptic currents were performed in the presence of the ionotropic
glutamate receptor antagonists DNQX (15 �M) and DL-AP5 (50
�M) to isolate GABAergic synaptic currents (Wuarin and Dudek,
1993). In GFP-negative, putative OT neurons recorded with little
or no holding current (i.e., near resting potential, n � 12), spon-
taneous synaptic currents were outward. GFP-positive, VP neu-
rons recorded at resting potential (n � 18) generated inward
spontaneous synaptic currents. In simultaneous recordings of
mixed pairs of GFP-positive cells and GFP-negative cells re-
corded at resting potential, spontaneous synaptic currents were
inward in the GFP-positive cells and outward in the GFP-
negative cells (Fig. 1B,C). Both the spontaneous outward synap-
tic currents recorded in putative OT neurons (n � 5) and the
spontaneous inward currents recorded in VP neurons (n � 6)
were completely blocked with the GABAA receptor antagonist
bicuculline methiodide (60 �M), indicating that they were
GABAergic synaptic currents and suggesting that GABA is inhib-
itory at resting potential in OT neurons (Vm � �53.3 � 2.3 mV,
n � 15), and that, surprisingly, GABA is excitatory at resting
potential in VP neurons (Vm � �53.3 � 1.5 mV, n � 22).

GABA reversal potential in GFP-positive and
GFP-negative neurons
The striking difference in the polarity of synaptic GABA currents
at resting membrane potential between VP neurons and putative
OT neurons prompted us to examine whether there is a differ-
ence in the EGABA between the two cell groups. A current–voltage
( I–V) relationship of GABA currents was generated by evoking
synaptic currents with extracellular electrical stimulation of af-
ferent inputs (see Materials and Methods) at different holding
potentials with ionotropic glutamate receptors blocked (in
DNQX and DL-AP5) to isolate GABA currents (Fig. 1D). The
EGABA in putative OT neurons was �75.1 � 2.6 mV (n � 9),
whereas the EGABA in VP neurons was significantly more positive,
at �33.1 � 3.4 mV (n � 15, Student’s t test, p � 0.001) (Fig.
1E,F). The EGABA was negative with respect to resting potential in

OT neurons, resulting in outward GABA currents in OT neurons
at rest, whereas it was positive to the resting membrane potential
in VP neurons, resulting in inward GABA currents at rest.

Since male rats undergo sexual maturation at �6 weeks of age,
one possibility is that many of the magnocellular neurons that we
recorded from were from rats that had not yet reached puberty
and in which an excitatory-to-inhibitory developmental switch
of the GABA response had not yet occurred. To control for this
possibility, we divided recordings into those from young rats,
aged 34 –39 d, and from older rats, aged 53– 80 d, and compared
the EGABA in the two groups. The EGABA in VP neurons from the
older rats (�28.6 � 3.5 mV, n � 12) was not significantly differ-
ent from that in neurons from the young rats (�39.4 � 3.9 mV,
n � 6; p � 0.075, Student’s t test) (data not shown), suggesting
that the positive EGABA is not due to immaturity of the VP
neurons.

To control for the possibility that Cl� leakage from the patch
pipette into the recorded cells caused experimental alteration of
the intracellular Cl� concentration, after establishing the
synaptic GABA current I–V relationship in the cell-attached,
perforated-patch recording configuration, the membrane patch
was ruptured in a subset of cells by applying a slight negative
pressure combined with a brief voltage pulse to obtain the whole-
cell configuration. The rupture of the membrane and transition
to the whole-cell mode were characterized by a sudden decrease
in access resistance, an increase in both membrane noise and
membrane currents, and a marked increase in the amplitude of
the capacitative current. After rupturing the membrane, the
EGABA in VP cells shifted negative (from �35.7 � 4.5 mV to
�51.0 � 2.0 mV; n � 7) (Fig. 2A,B), while the EGABA in putative
OT neurons shifted positive (from �71.9 � 4.5 mV to �55.0 �
2.1, n � 4) (data not shown). The EGABA, therefore, was more
negative measured in the whole-cell configuration than in the
perforated-patch configuration in VP neurons, and was more
positive in the whole-cell configuration than in the perforated-
patch configuration in OT neurons, suggesting that the intracel-
lular Cl� concentration was higher in VP neurons and lower in

Figure 2. Perforated patch recordings maintain native intracellular Cl � concentration. A, Synaptic GABA currents evoked in a GFP-positive (VP) neuron at different membrane potentials and
recorded in the perforated patch configuration (left) and, after rupture of the membrane, in the whole-cell configuration (right). Following membrane rupture, EGABA shifted from �29.9 mV to
�58.9 mV in this cell, which is close to the EGABA predicted by the Nernst Equation. B, I–V plot from the same GFP-positive cell showing the negative shift in the I–V relationship caused by membrane
rupture. This indicated that the intracellular Cl � concentration remained intact during the gramicidin perforated-patch recording. C, Box graph showing the mean EGABA obtained in GFP-negative,
putative OT neurons and GFP-positive, VP neurons during perforated-patch recordings and whole-cell recordings. The mean EGABA in putative OT neurons shifted from a negative potential (�75.1�
2.4 mV) in perforated-patch recordings (n � 9) to a more positive potential (�55.0 � 2.1 mV) in whole-cell recordings (n � 12), whereas the EGABA in VP neurons shifted from a relatively positive
potential (�33.1 � 3.4 mV) in perforated-patch recordings (n � 15) to a more negative potential (�51.0 � 1.3 mV) in whole-cell recordings (n � 14). The box extends from the 25th percentile
to the 75th percentile and the line designates the median. The upward and downward bars illustrate the upper and lower limits of the range of values.
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OT neurons than that in the patch solution. This suggests that the
native intracellular Cl� concentration in VP neurons (� 41 mM)
is higher than that in OT neurons (� 8 mM, calculated according
to the Nernst Equation), and that the positive EGABA measured in
VP neurons seen in perforated patch recordings is not contami-
nated by leakage of Cl� from the patch pipette into the recorded
cell. In whole-cell recordings, there was no significant difference
in the EGABA between putative OT and VP neurons (�55.0 � 2.1
mV, n � 12 putative OT cells; � 51.6 � 1.3 mV, n � 14 VP cells;
p � 0.166, Mann–Whitney U test) (Fig. 2C).

GABA reversal potential in magnocellular neurons from
wild-type rats
Previous studies have shown that GFP expression does not affect
the intracellular Cl� concentration or EGABA (Kuner and Augus-
tine, 2000; DeFazio et al., 2002; Fu and van den Pol, 2007), and
that the expression of VP in the VP-eGFP transgenic rats is not
significantly different from that in wild-type rats (Fujio et al.,
2006). To confirm that the positive EGABA in VP-eGFP-
expressing cells was not a result of the GFP expression or the
genetic changes in the VP neurons, we determined the EGABA in
magnocellular neurons from the SON and PVN of age-matched
wild-type male Wistar rats. Consistent with the data from the
VP-eGFP transgenic rats, the measured values of EGABA in mag-
nocellular neurons from wild-type rats distributed into two
groups, one group with an EGABA negative to the resting mem-
brane potential (�75.4 � 3.8 mV mV, n � 6) and the other group
with an EGABA positive to the resting potential (�37.2 � 2.6 mV,
n � 11) (Fig. 3A,B). The cells assigned to each of the two groups
on the basis of their EGABA were tested for membrane properties
characteristic of OT or VP neurons. There was a significant dif-
ference in the rectification index, defined as (I�45 mV �
I�85 mV)/(I�85 mV � I�125 mV), between the two cell groups
(0.40 � 0.04 in cells with outward GABA currents at resting
membrane potential, n � 8; 0.83 � 0.04 in cells with inward
GABA currents at resting membrane potential, n � 20, p � 0.001,
Student’s t test) (Fig. 3C). Thus, the cells that showed a negative
EGABA generated a hyperpolarization-induced inward rectifica-
tion, which is manifested as a non-linearity in the membrane
potential range between �85 mV and �125 mV and is charac-
teristic of OT, but not VP, neurons (Hirasawa et al., 2003) (Fig.
3D). The cells that showed a positive EGABA had a linear or near-
linear I–V relationship, which is characteristic of VP neurons
(Fig. 3E). Additionally, the cells with a hyperpolarized EGABA

were found in the ventromedial part of the PVN and the dorso-
lateral part of the SON, where OT neurons are concentrated,
while the cells with a depolarized EGABA were found in the dor-
solateral part of the PVN and in the ventromedial part of the
SON, where VP neurons are concentrated (data not shown) (Ka-
naka et al., 2001; Kawasaki et al., 2006; Simmons and Swanson,
2009).

Finally, to confirm the identity of the two populations of
magnocellular neurons in wild-type rats as oxytocinergic and
vasopressinergic, following characterization of synaptic GABA
currents with perforated-patch recordings, we labeled neurons
by including biocytin in the patch solution and infusing biocytin
intracellularly by rupturing the membrane at the end of record-
ings to achieve the whole-cell configuration. After recording and
injecting one or two neurons in a slice, the slice was processed
for immunohistochemistry using antibodies against OT and VP
(see Materials and Methods). Of 16 neurons that generated in-
ward spontaneous synaptic currents at resting membrane poten-
tial (with glutamate receptors blocked), 15 stained positively for

VP and negatively for OT (Fig. 3F, top); of three neurons that
generated outward spontaneous synaptic currents at resting po-
tential, two stained positively for OT and negatively for VP (Fig.
3F, bottom). Together, these results in slices from wild-type rats
confirmed our findings in VP-eGFP rats of a positive EGABA in VP
neurons and a negative EGABA in OT neurons.

GABA excites vasopressinergic magnocellular neurons
To determine whether depolarizing GABA synaptic currents
in VP neurons are excitatory and can trigger action potentials,
cells were recorded in the perforated patch mode and were
held at a membrane potential close to spike threshold, where
spontaneous action potential currents were often observed. At
this potential, spontaneous inward GABA currents were ob-
served, indicating that GABA is excitatory near spike thresh-
old. In addition, extracellular electrical stimulation elicited
inward synaptic GABA currents, which often triggered action
potential currents (Fig. 4 A). In current-clamp mode, VP neu-
rons held near spike threshold in the presence of ionotropic
glutamate receptor antagonists showed spontaneous GABA-
mediated depolarizing synaptic potentials that were often fol-
lowed by action potential firing (Fig. 4 B).

We next examined whether basal GABA levels have an excit-
atory effect on spontaneous spiking activity in VP cells. To record
spiking activity without influencing the EGABA, we performed
extracellular loose-seal cell-attached patch recordings, which al-
low the plasma membrane at the patch to remain intact and thus
the recorded cell to maintain its intracellular Cl� concentration.
This provides an accurate measurement of spontaneous firing
activity with minimal influence of the recording conditions
(Nunemaker et al., 2003; Perkins, 2006). The frequency of spon-
taneous spiking activity in VP neurons recorded in the loose-seal
mode was significantly reduced by bath application of the GABAA

receptor antagonist bicuculline methiodide (10 �M) (from
1.34 � 0.50 Hz to 0.64 � 0.32 Hz, n � 7, p � 0.05, Wilcoxon
signed-rank test) (Fig. 4C,D), suggesting that tonic GABA release
has an excitatory influence on spontaneous spike generation in
VP neurons. Blocking GABAA receptor activity had the opposite
effect on spiking activity in GFP-negative, putative OT neurons.
Thus, bicuculline (10 �M) caused a significant increase in the
firing frequency of GFP-negative cells (from 0.69 � 0.71 Hz to
1.60 � 0.63 Hz, n � 6, p � 0.05, Wilcoxon signed-rank test) (Fig.
4C,D), indicating that GABA acts basally to inhibit spiking in OT
neurons. Interestingly, the average basal spike frequency in VP
neurons was significantly greater than that of OT neurons
(1.55 � 0.36 in VP neurons, n � 25, vs 0.52 � 0.30 Hz in OT
neurons, n � 11, Mann–Whitney U test, p � 0.01) (Fig. 4E), and
decreased to below the spike frequency of OT neurons when
GABAA receptors in both cell types were blocked (0.64 � 0.32 Hz
in VP neurons vs 1.60 � 0.63 Hz in OT neurons).

Differential chloride transport in vasopressin and
oxytocin neurons
Previous immunohistochemical studies have shown a relative
paucity of expression of the KCC2 cotransporter in hypothalamic
VP neurons (Kanaka et al., 2001; Belenky et al., 2010). Our im-
munohistochemistry findings showed strong KCC2 immunola-
beling in the hypothalamic areas surrounding the SON and PVN,
but relatively weaker labeling in the SON and PVN (Fig. 5A).
Some labeling was seen in GFP-negative, putative OT neurons,
but no KCC2 immunolabeling was seen in GFP-positive VP neu-
rons (Fig. 5A), suggesting a relative lack of KCC2 expression in
GFP-positive VP neurons. The KCC2 labeling that was seen in
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GFP-negative, putative OT neurons appeared to reside mainly in
the plasma membranes of the labeled cells (Fig. 5A).

We next tested the effects of KCC2 and NKCC1 inhibitors on
EGABA using perforated-patch recordings in GFP-positive and

GFP-negative neurons to determine whether the differential
functional expression of Cl� cotransporters is responsible for the
difference in EGABA between VP and OT neurons. In putative OT
neurons, pharmacological inhibition of KCC2 by preincubation

Figure 3. EGABA in magnocellular neurons from wild-type rats. A, Scatter plot showing mean EGABA values measured in unidentified magnocellular neurons (n�16) from wild-type rats. The EGABA

values distribute into two distinct groups, one with values of EGABA more negative than the resting membrane potential (Negative EGABA, n � 6) and the other with values of EGABA more positive than
the resting membrane potential (Positive EGABA, n � 11). B, Evoked synaptic GABA current amplitudes plotted against holding potentials in the cells shown in A divided into two groups,
negative-EGABA and positive-EGABA. C, Average rectification index from the negative-EGABA (Neg-E) and positive-EGABA groups (Pos-E) of unidentified magnocellular neurons recorded in slices from
wild-type rats (negative-EGABA, n � 8; positive-EGABA, n � 20, p � 0.01) (left). Average rectification index from the GFP-negative and GFP-positive magnocellular neurons recorded in slices from
VP-GFP rats (GFP-negative, n � 5; GFP-positive n � 9, p � 0.01) (right). A1: Rectification measured between voltage steps of �45 mV and �85 mV; A2: rectification measured between voltage
steps of �125 mV and �85 mV (shown in D and E); **p � 0.01. D, Cells with outward currents at resting membrane potential showed a nonlinear I–V relationship (n � 8). Membrane currents
were elicited by a series of voltage steps from a holding potential of �45 mV (inset). The current measurements in the I–V plot were obtained from values averaged over 10 ms at the end of the
voltage steps (dashed red line). E, Cells with inward currents at resting membrane potential showed a linear I–V relationship generated with a series of voltage steps from a holding potential of �45
mV (n � 20) (inset). F, Representative biocytin-labeled, immunohistochemically identified magnocellular neurons from wild-type rats that generated inward synaptic GABA currents (top) and
outward synaptic GABA currents (bottom) at resting membrane potential. The magnocellular neuron that generated inward synaptic currents (blue, top) at resting potential was immunopositive
for vasopressin (green, top) and negative for OT (red, top), identifying it as a VP-expressing neuron. The magnocellular neuron that generated outward synaptic currents at resting potential (blue,
bottom) was immunonegative for VP (green, bottom) and positive for OT (red, bottom), identifying it as an OT-expressing neuron. Scale bars: 50 �m.
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of slices in VU0240551 (75 �M) for � 30 min caused a positive
shift in EGABA, from �75.1 � 2.4 mV in control (n � 9) to
�61.0 � 2.8 mV in VU0240551 (n � 6) (p � 0.01, Student’s t
test) (Fig. 5B,C), indicating that KCC2 contributes to lowering
the intracellular Cl� concentration in these cells. In whole-cell
recordings, EGABA in putative OT neurons was not affected by
VU0240551 (control � �55.0 � 3.1 mV, n � 8; in VU0240551 �
�52.8 � 3.5 mV, n � 4; n.s., Student’s t test) (data not shown),
which is likely due to the fact that the intracellular Cl� concen-
tration is mainly determined by the patch solution because of the
relatively large volume of the pipette. To examine whether
NKCC1 also contributes to the intracellular Cl� concentration
and EGABA in putative OT neurons, we tested the effect of the
NKCC1 inhibitor bumetanide. The blockade of NKCC1 by bu-
metanide (40 �M) had no significant effect on EGABA in putative
OT neurons (control: � 75.1 � 2.4 mV, n � 9; in bumetanide: �
77.0 � 3.8 mV, n � 6, p � 0.67, Student’s t test), suggesting that
NKCC1 does not contribute significantly to the EGABA in OT cells
from adult hypothalamus.

Unlike in OT neurons, the KCC2 inhibitor VU0240551 (75
�M) did not cause a significant change in EGABA in VP neurons
(control: � 33.1 � 3.4 mV, n � 15; in VU0240551: � 28.2 � 2.5
mV, n � 9, p � 0.311, Student’s t test) (Fig. 5D,E), suggesting
that KCC2 does not contribute significantly to intracellular Cl�

buffering and to the EGABA in VP neurons. Previous studies have
shown that bumetanide is a specific inhibitor of NKCC1 at a low
concentration (�10 �M), but it can also inhibit the KCC family of
transporters at higher concentrations (Russell, 2000; Kahle et al.,
2008). In our experiments, bath application of 20 �M bumetanide
caused a negative shift in EGABA in VP cells, but it did not reach
significance (control: � 33.1 � 3.4 mV, n � 15; bumetanide: �
44.7 � 5.3 mV, n � 9; p � 0.066, Student’s t test) (data not
shown); however, 40 �M bumetanide caused a significant nega-
tive shift in EGABA (control: � 33.1 � 3.4 mV, n � 15; bumet-
anide: � 55.7 � 2.2 mV, n � 8, p � 0.05, Student’s t test) (Fig.
5D,E). The change in EGABA in VP cells by bumetanide is unlikely
to be due to a nonselective inhibition of KCC2 since we found no

change in EGABA with the selective KCC2 inhibitor VU0240551.
These findings together indicate that the presence of NKCC1 and
the absence of KCC2 in VP neurons combine to establish the
depolarized EGABA, and that the hyperpolarized EGABA in OT neu-
rons is established by KCC2.

Discussion
Here, we demonstrate that GABA is excitatory in vasopressiner-
gic magnocellular neurons of the adult SON and PVN. This find-
ing is of critical importance for the control of VP release and the
regulation of fluid homeostasis, given that GABA synapses con-
stitute �60% of all synapses on the magnocellular neurons
(Theodosis et al., 1986; Decavel and Van den Pol, 1990), and
GABA is, therefore, a predominant neurotransmitter in the SON
and magnocellular PVN. The sources of the GABAergic inputs to
VP neurons are likely to be the hypothalamic area dorsal to the
optic chiasm, the dorsomedial hypothalamic nucleus, and/or the
perinuclear areas surrounding the PVN and SON (Decavel and
Van den Pol, 1990; Thellier et al., 1994; Vrang et al., 1995;
Boudaba et al., 1996; Boudaba et al., 1997). Most of the non-
GABAergic synaptic profiles on magnocellular neurons in the
PVN and SON are glutamatergic and noradrenergic (El Maj-
doubi et al., 1997; Michaloudi et al., 1997), both of which are
predominantly excitatory (Randle et al., 1986a; Wuarin and
Dudek, 1993; Boudaba et al., 2003), which challenges the long-
held concept of an inhibitory-excitatory synaptic balance that
controls excitability in VP neurons. Either VP neurons are not
under a counterbalanced excitatory-inhibitory synaptic regula-
tion, or another inhibitory mechanism compensates for the ab-
sence of GABAergic inhibition.

How can GABA be excitatory in VP neurons?
This finding runs contrary to those of previous in vitro and in
vivo studies that defined GABA as an inhibitory neurotrans-
mitter in the magnocellular neuroendocrine system, a discrep-
ancy that may have several sources. First, previous in vitro
electrophysiological studies used intracellular recordings, ei-

Figure 4. Synaptic GABA signals cause action potential generation in VP cells. A, Two superimposed synaptic responses to electrical stimulation (filled arrowhead) that straddled threshold,
producing a subthreshold inward synaptic current to the first stimulus and an action potential current to the second stimulus. Evoked synaptic GABA currents often induced action potential currents.
B, In current-clamp recordings, spontaneous depolarizing GABA synaptic potentials (black arrows) were observed and were often followed by action potentials. C, Effect of blocking GABA currents
on spontaneous firing activity recorded with the loose-patch technique. Bath application of bicuculline (10 �M) caused an increase in spike frequency in a GFP-negative cell and a decrease in spike
frequency in a GFP-positive cell. D, Average change in spike frequency caused by bicuculline (10 �M) in GFP-negative cells (n � 6) and GFP-positive cells (n � 7; *p � 0.05). E, Basal spike frequency
(in Hz) in GFP-negative (n � 11) and GFP-positive cells (n � 25); **p � 0.01.
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ther sharp-electrode or whole-cell patch-clamp recordings, to
study GABAergic synaptic inputs to VP cells (Randle et al., 1986b;
Tasker and Dudek, 1993; Wuarin and Dudek, 1993; Boudaba et
al., 1996; Stern and Ludwig, 2001). Both sharp electrodes and

patch electrodes alter the intracellular
[Cl�] and artificially shift EGABA, even
without high [Cl�] in the electrode, as we
show here with transition of the patch-
clamp configuration from perforated-patch
to whole-cell. Similar shifts in EGABA have
been seen with sharp electrodes containing
high [Cl�] (Randle et al., 1986b; Boudaba et
al., 1996), which indicates that sharp micro-
electrodes also clamp the intracellular
[Cl�]. Second, previous in vivo studies de-
termined GABAergic afferent inputs to
magnocellular VP neurons to be inhibitory
largely based on local microinjection of
GABAA analogs into the SON and PVN
(Jhamandas and Renaud, 1986; Nissen and
Renaud, 1994). Even highly localized intra-
cranial injections in vivo are subject to diffu-
sion to local presynaptic interneurons, since
these neurons can be in close proximity to
the target neurons. The SON and PVN re-
ceive inputs from local glutamatergic in-
terneurons located within the PVN (Daftary
et al., 2000) and from glutamatergic and
GABAergic interneurons in perinuclear re-
gions (Boudaba et al., 1997; Wuarin, 1997),
all of which may have a negative EGABA. In-
deed, anatomical and electrophysiological
studies suggest that afferent projections
from the diagonal band of Broca and the
median preoptic nucleus, structures that in-
hibit vasopressin release (Jhamandas and
Renaud, 1986; Nissen and Renaud, 1994),
relay through inhibitory interneurons prox-
imal to the SON (Hatton et al., 1983; Tribol-
let et al., 1985; Jhamandas et al., 1989;
Nissen et al., 1993). Finally, previous studies
with GABA agonists often used relatively
high concentrations of exogenous agonist
(Ludwig and Leng, 2000), which, based on
our findings, should cause a robust mem-
brane depolarization and could lead to the
suppression of firing due to sodium channel
inactivation. A high concentration of exog-
enous GABA agonist, therefore, may have
the opposite effect to that of synaptically re-
leased GABA.

Excitatory actions of GABA
Despite the general rule that GABA ac-
tions at GABAA receptors are inhibitory,
GABA also has been shown to be excit-
atory in some neurons under different
conditions. For example, the excitatory
nature of GABA in developing neural cir-
cuits, though not without controversy
(Rheims et al., 2009; Holmgren et al.,
2010), is well documented, and a physio-
logical role of excitatory GABA actions

during neuronal development has been proposed (Chen et al.,
1996; Ben-Ari, 2001; Gao and van den Pol, 2001; Represa and
Ben-Ari, 2005; Sipilä et al., 2009). GABA has also been shown to
be excitatory in more mature animals, for example, in the hip-

Figure 5. Differential expression of Cl � cotransporters determines EGABA. A, Confocal images showing the expression of VP-eGFP (left)
and KCC2 (middle) in a section of the PVN and surrounding area. At low magnification (top), the medial PVN and the area surrounding the
PVN display relatively strong immunostaining, whereas the lateral magnocellular region of the PVN shows a relative paucity of immuno-
staining for KCC2. At higher magnification (bottom), the GFP-positive, VP neurons are immunonegative for KCC2 (asterisks), while there is
strong KCC2 expression in GFP-negative cells (diamonds). B, I–V plot showing a positive shift in EGABA in GFP-negative, putative OT cells
(n � 6) caused by the KCC2 antagonist VU 0240551 (75 �M). The NKCC1 inhibitor bumetanide (40 �M) had no significant effect on EGABA

in GFP-negative cells (n � 6). C, A scatter plot showing changes in EGABA in GFP-negative, putative OT cells caused by VU 0240551 and
bumetanide; **p�0.01. D, I–V plot showing a negative shift in EGABA in VP cells caused by the NKKC1 inhibitor bumetanide (40 mM, n�
8). The KCC2 inhibitor VU 0240551 (75 �M) had no effect on EGABA (n�9) in GFP-positive cells. E, A scatter plot showing changes in EGABA

in VP cells caused by VU 0240551 and bumetanide. Scale bars: A, top, 100 �m; A, bottom, 20 �m; *p � 0.05, #p � 0.01.
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pocampus, cortex, amygdala, and basal ganglia (Golding and
Oertel, 1996; Martina et al., 2001; Chavas and Marty, 2003;
Gulledge and Stuart, 2003; Woodruff et al., 2006; Viitanen et al.,
2010), although these findings were from immature neurons
since the studies were conducted in rodents aged 5 weeks or
younger, which leaves open the question of whether the
excitatory-to-inhibitory switch in these neurons may occur with
puberty. GABA has also been shown to be excitatory in mature
animals under specific conditions, such as during phases of the
circadian cycle (Wagner et al., 1997; De Jeu and Pennartz, 2002;
Choi et al., 2008), in areas where neurogenesis occurs (Tozuka et
al., 2005), and during stress (Hewitt et al., 2009; Kim et al., 2011).
GABA’s excitatory actions are important in the adult brain not
only for the regulation of excitability, but also for synapse forma-
tion and synaptic integration (Albus et al., 2005; Tozuka et al.,
2005; Ge et al., 2006), and depend on a number of factors, includ-
ing GABA channel conductance, cellular compartment, cell type,
and basal neuronal activity (DeFazio et al., 2002; Han et al., 2002;
Moenter and DeFazio, 2005; Fu and van den Pol, 2007; Herbison
and Moenter, 2011; Song et al., 2011).

The excitatory influence of GABA and the capacity of GABA
to drive spike firing in VP cells is quite robust compared with that
reported in most other brain areas (Golding and Oertel, 1996;
Bracci and Panzeri, 2006; Woodruff et al., 2009), where often the
depolarizing GABA signals maintain their inhibitory influence
due to shunting (Randle and Renaud, 1987; Zhang and Jackson,
1993; Hewitt et al., 2009). The physiological significance of the
excitatory GABA input to VP neurons in the PVN and SON is not
yet clear, although the robust suppression of spiking activity in
VP neurons by blocking GABAA receptors suggests that the ex-
citatory GABAergic input contributes to the higher firing fre-
quency of VP neurons relative to OT neurons (Armstrong et al.,
1994). Oxytocin neurons increased their firing frequency signif-
icantly under GABAA receptor blockade, which indicates a robust
tonic inhibitory GABAergic input to OT cells (Li et al., 2007;
Popescu et al., 2010) and suggests that the tonic synaptic GABA
input to the two cell types largely determines their spontaneous
spiking activity under these recording conditions.

A recent study showed that chronic osmotic stress induces a
positive shift in EGABA in unidentified magnocellular neurons,
making synaptic GABA inputs excitatory (Kim et al., 2011). In
that study, GABA was inhibitory in 75% and excitatory in 25% of
unidentified magnocellular neurons from control animals. Our
findings suggest that the excitatory GABA inputs in that study
were in VP neurons, and that the shift in EGABA with salt-loading
was specific, therefore, to the OT neurons. Another study also
reported depolarizing GABA responses in magnocellular neu-
rons, also in a subset of recorded cells that may have been VP
neurons (Randle and Renaud, 1987).

Differential expression of chloride cotransporters
Consistent with our immunohistochemical confirmation of a
lack of KCC2 expression in VP neurons (Kanaka et al., 2001;
Belenky et al., 2008), inhibition of KCC2 activity had no effect on
EGABA in VP neurons, but shifted EGABA positive in OT neurons.
Blockade of NKCC1, on the other hand, caused a significant neg-
ative shift of EGABA in VP neurons, but had no effect in OT neu-
rons, suggesting that NKCC1 accumulates intracellular chloride
in VP cells, but not in OT cells. The lack of KCC2 expression
found in VP neurons in perfused brain tissue suggests that the
shift in chloride gradient that we observed in vitro is present in
vivo, and that it was not, therefore, the result of disrupted chlo-

ride transport induced selectively in VP neurons by the slicing
procedure.

Mechanisms that control the excitability of
vasopressin neurons
Our demonstration that GABA is excitatory in VP neurons raises
the question of how the excitability of VP neurons is controlled, if
neither of the two main neurotransmitters, glutamate and GABA,
is inhibitory. A complete loss of synaptic inhibition would be
expected to render the cells hyperexcitable, and implies that other
inhibitory inputs may take the place of GABA synapses on VP
neurons to maintain appropriate levels of excitability. Further
studies are required to determine whether other neurotransmit-
ters or gliotransmitters are responsible for providing an inhibi-
tory input to VP neurons to counter the glutamate and GABA
excitatory synaptic inputs.

Thus, GABAergic synaptic inputs to VP neurons, and to OT
neurons under some conditions, contribute to the excitatory syn-
aptic control of the hypothalamic-neurohypophysial system. It
remains to be determined how this control integrates into a
broader regulation of the excitability and activation of the hypo-
thalamic magnocellular neurons, how plastic this control is un-
der different physiological conditions, and what the molecular
mechanisms are that are responsible for causing the positive shift
in EGABA in vasopressinergic neuroendocrine cells.
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