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Glutamatergic Transmission in Vasopressin Neurons

Valérie D. J. Bonfardin,1,2,3 Dionysia T. Theodosis,1,2 Arthur Konnerth,3 and Stéphane H. R. Oliet1,2
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Presynaptic kainate receptors (KARs) exert a modulatory action on transmitter release. We here report that applications of agonists of
GluK1-containing KARs in the rat supraoptic nucleus has an opposite action on glutamatergic transmission according to the phenotype
of the postsynaptic neuron. Whereas glutamate release was facilitated in oxytocin (OT) neurons, it was inhibited in vasopressin (VP) cells.
Interestingly, an antagonist of GluK1-containing KARs caused an inhibition of glutamate release in both OT and VP neurons, revealing
the existence of tonically activated presynaptic KARs that are positively coupled to transmitter release. We thus postulated that the
inhibition of glutamate release observed with exogenous applications of GluK1 agonists on VP neurons could be indirect. In agreement
with this hypothesis, we first showed that functional GluK1-containing KARs were present postsynaptically on VP neurons but not on OT
cells. We next showed that the inhibitory effect induced by exogenous GluK1 receptor agonist was compromised when BAPTA was added
in the recording pipette to buffer intracellular Ca 2� and block the release of a putative retrograde messenger. Under these conditions,
GluK1-containing KAR agonist facilitates glutamatergic transmission in VP neurons in a manner similar to that observed for OT neurons
and that resulted from the activation of presynaptic GluK1 receptors. GluK1-mediated inhibition of glutamate release in VP neurons was
also blocked by a �-opioid receptor antagonist. These findings suggest that activation of postsynaptic GluK1-containing KARs on VP
neurons leads to the release of dynorphin, which in turn acts on presynaptic �-opioid receptors to inhibit glutamate release.

Introduction
The hypothalamo-neurohypophysial system comprises the su-
praoptic (SON) and the paraventricular (PVN) nuclei. The SON
is composed of magnocellular neurons that project their axons
into the neurohypophysis in which they release oxytocin (OT)
and vasopressin (VP). Whereas OT is essential for reproductive
functions, VP is involved in body fluid homeostasis. In addition
to their secretion in the general circulation, OT and VP are also
released from the somato-dendritic compartment (Moos et al.,
1984; Pow and Morris, 1989) to enable magnocellular neurons to
control their own firing discharge and synaptic activity. Other
substances costored with OT and VP and coreleased from the
somato-dendritic compartment are also likely to play a role in
regulating SON neuron excitability. This is the case for dynor-
phin (Watson et al., 1982; Whitnall et al., 1983) whose action on
postsynaptic �-opioid receptors is an important feedback signal
for the autoregulation of phasic activity in VP neurons (Brown et
al., 1998; Brown and Bourque, 2004).

Glutamate is the major excitatory transmitter in this brain
region. It acts on different types of ionotropic and metabotropic
receptors located postsynaptically and presynaptically. Gluta-
mate mediates fast synaptic transmission through three classes of
ionotropic receptor: NMDA, AMPA, and kainate receptors
(KARs). The family of KARs is composed of five different genes
coding for the subunits GluK1, GluK2, GluK3, GluK4, and GluK5
(for review, see Bettler and Mulle, 1995; Chittajallu et al., 1999).
Activation of presynaptic KARs can regulate the release of gluta-
mate or GABA in a positive or negative manner, thereby playing
a key role in modulating the excitability of neuronal networks
(Pinheiro and Mulle, 2006). These receptors are also present
postsynaptically (Huettner, 2003; Lerma, 2003) in which they
were shown to participate to the synaptic response (Castillo et al.,
1997; Vignes and Collingridge, 1997). Evidences from in situ hy-
bridization studies in the SON indicate an absence of GluK2,
GluK3, and GluK4 mRNA, low levels of GluK1 mRNA in some
neurons, and high levels of GluK5 in all neurons (van den Pol et
al., 1994; Eyigor et al., 2001). In the magnocellular subdivision of
the PVN, GluK1 mRNA labeling matches the distribution of VP
neurons (Herman et al., 2000). Although the presence of functional
KARs in the SON has been established recently on GABAergic ter-
minals (Bonfardin et al., 2010), their presence on glutamatergic af-
ferents and on the magnocellular neurons themselves and their roles
remain to be determined.

In the present study, we established for the first time the presence
of functional GluK1-containing KARs on glutamatergic terminals in
the SON. We showed that activation of GluK1-containing
KAR agonist facilitated and inhibited transmission in OT and
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VP neurons, respectively. The inhibition of glutamate release
after GluK1 activation in VP neurons was compromised when
intracellular postsynaptic Ca2� was buffered with ethylenedioxybis
(o-phenylenenitrilo)tetraacetic acid, 2,2�-(ethylenedioxy)dianiline-
N,N,N�,N�-tetraacetic acid (BAPTA) or by antagonizing �-opioid
receptors. These data suggest that activation of postsynaptic GluK1
receptors on VP neurons causes the Ca2�-dependent somato-
dendritic release of dynorphin, which acts in a retrograde manner to
inhibit glutamate release.

Materials and Methods
Slice preparation. Experiments were performed on acute hypothalamic
slices obtained from Wistar male rats of 2–3 months old. Rats were
anesthetized with isoflurane and decapitated. All experiments were con-
ducted with respect to the European directives and the French Law on
animal experimentation (Authorization 33 0004). The brain was quickly
removed and placed in ice-cold artificial CSF (ACSF) saturated with 95%
O2 and 5% CO2. Coronal slices (300 �m) were cut with a vibratome
(Leica VT1000S) from a block of tissue containing the hypothalamus.
Slices at the level of the SON were then hemisected along the midline and
allowed to recover for at least 1 h at 33°C in a submerged chamber
containing ACSF before recording. After 30 min of recovery at room
temperature, a hemislice was then transferred and submerged in a re-
cording chamber in which it was continuously perfused (1–2 ml/min)
with ACSF at room temperature. The composition of the ACSF was as
follows (in mM): 123 NaCl; 2.5 KCl, 1 Na2HPO4, 26.2 NaHCO3, 1.3
MgCl2, 2.5 CaCl2, 10 glucose, and 0.1 picrotoxin, pH 7.4 (295–300
mOsm/kg).

Patch-clamp recording. Magnocellular neurons in the SON were iden-
tified visually using infrared differential interference contrast micros-
copy (Olympus BX50). The patch-clamp recording pipettes (3–5 M�)
were filled with a solution containing the following (in mM): 130 CsCl, 10
NaCl, 10 HEPES, 5 QX-314, 1 EGTA, 0.1 and CaCl2, adjusted to pH
7.1–7.3 with CsOH (292–296 mOsm/kg). In some experiments, BAPTA
(20 mM) was added in the intracellular solution. Biocytin (0.2%) was
included in the pipette solution for post hoc identification of the recorded
cells. Membrane currents were recorded using an Axopatch-1D amplifier
(Molecular Devices); signals were filtered at 2 kHz and digitized at 5 kHz
via a DigiData 1440A interface (Molecular Devices). Series resistance
(6 –15 M�) was monitored online, and cells were excluded from data
analysis if a �20% change occurred during the course of the experiment.
All cells were held at �70 mV in voltage-clamp mode. Spontaneous
unitary synaptic currents (miniatures) obtained in the presence of tetro-
dotoxin (TTX; 0.5 �M) were stored on videotape via a pulse-code mod-
ulator (Neurodata) and analyzed offline with Axograph (Molecular
Devices). Detection was achieved using a sliding template, and �200
events were analyzed for each cell in each condition. All drugs were
bath applied, except glutamate (3 mM) that was applied locally as a
puff (10 ms) (Castillo et al., 1997; Cossart et al., 1998) using a glass
electrode connected to a picospritzer and positioned within 100 �m
in the x–y-axis and �15 �m in the z-axis of the recorded neuron. For
the experiments performed in the presence of AMPA and NMDA
receptor antagonists, the pipette was brought closer (60 �m in the
x–y-axis) because the responses generated under these conditions
were of smaller amplitude.

The data, reported as means � SE, were compared statistically with the
paired or unpaired Student’s t test. Amplitude and frequency distribu-
tions of the miniatures were compared using the nonparametric Kolm-
ogorov–Smirnov test. Significance was assessed at p � 0.05.

Drugs. All drugs were bath applied. Appropriate stock solutions were
made and diluted with ACSF just before application. QX-314 chloride, a
voltage-gated sodium channel blocker (Alomone Labs), was diluted directly
in the patch solution. The drugs used were the following: biocytin, glutamic-
pyruvic transminase (GPT), philanthotoxin-433 tris (trifluoroacetate) salt
(PhTx), BAPTA, (S)-2-aminopentanedioic acid [L-glutamic acid (gluta-
mate)], picrotoxin, NBQX, 6,7-dinitroquinoxaline-2,3-dione (DNQX),
TTX, (RS)-2-amino-3-(3-hydroxy-5-tert-butylisoxazol-4-yl) propanoic
acid (ATPA), (S)-1-(2-amino-2-carboxyethyl)-3-(2-carboxybenzyl) py-

rimidine-2,4-dione (UBP302), D-(�)-2-amino-5-phosphonopentanoic
acid (D-AP-5), 4-(8-methyl-9H-1,3-dioxolo[4,5-h][2,3]benzodiazepin-5-
yl)-benzenamine hydrochloride (GYKI52466), GYKI53655, 17,17�-(dicy-
clopropylmethyl)-6,6�,7,7�-6,6�-imino-7,7�-binorphinan-3,4�,14,14�-tetrol
dihydrochloride (nor-BNI), 8-cyclopentyl-1,3-dipropylxanthine (DPCPX),
N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1
H-pyrazole-3-carboxamide (AM251), (2S)-1-[[(2 R,3S)-5-chloro-3-(2-
chlorophenyl)-1-[(3,4-di methoxyphenyl)sulfonyl]-2,3-dihydro-3-
hydroxy-1H-indol-2-yl]carbonyl]-2-pyrrolidinecarboxamide (SR49059),
and D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2, (disulfide bridge: 2–7)
(CTOP). Apart from biocytin, PhTx, GPT, BAPTA, glutamate, and CTOP,
which were obtained from Sigma, and GYKI53655, kindly provided by Dr.
Christophe Mulle (CNRS, UMR 5091, Bordeaux, France), all the drugs were
obtained from Tocris Bioscience. As described previously (Min et al., 1998)
GPT (from porcine heart, 115 kDa) was dialyzed for 3 h with a 10 kDa cutoff
membrane (Slide-A-Lyser; Pierce Chemical) before the experiments.

Neuron identification. After recording, magnocellular neurons filled
with biocytin (0.2%) were identified further by immunocytochemistry.
At the end of the recording period, slices were fixed by immersion in 4%
paraformaldehyde and 0.15% picric acid (2 h, room temperature and
during 2 or 3 d at 4°C). The biocytin was visualized after incubation
(overnight at 4°C) with streptavidin-conjugated 7-amino-4-methyl-
coumarin-3-acetic acid (AbCys) diluted 1:200. Sections containing
biocytin-positive neurons were then incubated for 7 d (at 4°C) in a mix-
ture of a monoclonal mouse antibody raised against VP (diluted
1:20,000; gift from V. Geenen, University of Liege, Liege, Belgium; for
production and specificity, see Moll et al., 1988) and a polyclonal rabbit
serum raised against OT (diluted 1:4000; gift from T. Higuchi, University
of Fukui, Fukui, Japan; for production and specificity, see Higuchi et al.,
1983). Immunoreactivities were then revealed by incubation in a mixture
with goat anti-mouse Igs conjugated to fluorescein isothiocyanate (FITC;
AbCys) (diluted 1:1600) and goat anti-rabbit Igs conjugated to Texas Red
(AbCys) (diluted to 1:500, overnight at 4°C). All antibodies were diluted
in a solution of TBS containing 0.25% BSA and 2% Triton X-100. Con-
trols including omission of primary antibodies and incubation with in-
appropriate secondary antibodies yielded no specific immunolabeling.
Slices were mounted in Vectashield (AbCys) and examined with a con-
focal microscope (Leica DMR TCS SP2 AOBS on an upright stand, using
objective HCX Plan Apo CS 63	, numerical aperture 1.40). The lasers
used were argon (488 nm), green helium–neon (543 nm), and a diode
laser (405 nm). Images were acquired using Leica TCS software with a
sequential mode to avoid interference between each channel. All confocal
images are projections of 20 consecutive optical sections (0.5 �m). Con-
trast/brightness enhancement was done in parallel on obtained stacks
using Adobe Photoshop 8.0 (Adobe Systems).

Results
Target-cell specificity of KAR action on glutamate release in
the SON
Previous studies described the action of various presynaptic re-
ceptors on glutamate terminals in the SON (Kabashima et al.,
1997; Kombian et al., 1997; Schrader and Tasker, 1997; Liu et al.,
1999; Oliet and Poulain, 1999; Price and Pittman 2001; Hirasawa
et al., 2004), but no particular attention was paid to KARs. Except
when stated otherwise, we identified VP and OT cells by post hoc
immunostaining throughout the all study. To address this issue,
we recorded miniature EPSCs (mEPSCs) in the presence of TTX
and picrotoxin (100 �M) to block action potentials and GABAA

receptor-mediated currents, respectively. Activation of KARs
with kainate (KA; 300 nM) yielded two types of opposite effects on
glutamate transmission according to the cell phenotype (Fig. 1).
In immuno-identified VP neurons (n 
 8), KA decreased the
mean frequency from 1.4 � 0.2 to 0.9 � 0.1 Hz (�35.5 � 2.6%;
p � 0.05) but not the amplitude (�18.4 � 1.8 pA in control
conditions vs �17.7 � 1.6 pA in the presence of KA; �4.0 �
2.4%; p � 0.05) of mEPSCs. Conversely, KA had an opposite
action on OT neurons, increasing the frequency of mEPSCs from
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Figure 1. Presynaptic KAR action on glutamate release is different on VP and OT neurons. A, Example of a recording obtained from a VP neuron. A1, The recorded cell (white arrows) displayed fluorescence
for biocytin (blue) (first panel) and immunoreactivity for VP (green) (third panel) but not for OT (red) (second panel). The fourth panel shows superimposed fluorescence for biocytin, (Figure legend continues.)
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0.8 � 0.2 to 1.2 � 0.2 Hz (�41.2 � 2.4%; p � 0.05; n 
 7)
without affecting their amplitude (�2.0 � 4.6%; p � 0.05; n 
 7)
(Fig. 1C).

These results indicate that KA is acting presynaptically to de-
crease or increase the probability of glutamate release on VP and
OT neurons, respectively.

GluK1 receptors mediated the opposite action of KA on
glutamatergic transmission on VP and OT neurons
We tested whether such opposite actions of KA on OT and VP
cells were mediated through specific subtypes of receptors. To
this end, we used the GluK1-containing KAR selective agonist
ATPA (Clarke et al., 1997; Bortolotto et al., 1999). As expected,
we found that, in VP neurons, ATPA (1 �M) decreased the fre-
quency of mEPSC frequency from 0.8 � 0.3 to 0.5 � 0.2 Hz
(�40.1 � 5.4%; p � 0.05) but not their amplitude (�16.6 � 1.2
vs �16.4 � 1.4 pA; �1.9 � 3.8%; n 
 6; p � 0.05) of mEPSCs
(Fig. 2A,C). Conversely, in OT neurons, ATPA significantly and

reversibly increased mEPSC frequency from 1.8 � 0.5 to 2.2 �
0.6 Hz (�22. 7 � 1.9%; n 
 7; p � 0.05), without affecting the
amplitude of these events (�24.9 � 2.0 vs �26.2 � 2.5 pA;
�4.9 � 4.6%; p � 0.05) (Fig. 2A,C). Increasing ATPA concen-
trations to 3 �M yielded changes in mEPSC frequency similar in
magnitude to those obtained in response to KA (�38.4 � 3.0%;
p � 0.05; n 
 5 for VP neurons and �50.20 � 9.2%; p � 0.05; n 

8 for OT neurons) (Fig. 2C), without affecting the amplitude of
these events (�6.7 � 1.1 and �6.3 � 4.7%; p � 0.05 for VP and
OT respectively; p � 0.05).

To confirm the involvement of GluK1 receptors in the effects
mediated by KA applications, we tested the effects of KA and
ATPA in the presence of UBP302, a selective antagonist of Gluk1-
containing receptors (More et al., 2004). Under these conditions,
KA (300 nM) no longer affected mEPSC frequency in both cell
types (�1.1 � 13.6%, n 
 9 and �12.5 � 6.2%, n 
 7 for VP and
OT respectively; p � 0.05; data not shown) Similarly, ATPA-
mediated inhibition and facilitation of mEPSC frequency in VP
and OT neurons at 1 and 3 �M was completely blocked by
UBP302 (�3.4 � 11.5%, n 
 7 and �9.9 � 10.3%, n 
 7 for VP
and OT, respectively; p � 0.05 for ATPA at 1 �M) (�8.1 � 7.9%,
n 
 6 and �5.7 � 8.3%, n 
 7 for VP and OT, respectively; p �
0.05 for ATPA at 3 �M) (data not shown).

Interestingly, application of UBP302 (10 �M) by itself induced
in both VP and OT neurons a reversible decrease in mEPSC
activity that was associated with a significant reduction in the
frequency of these unitary events from 0.8 � 0.2 to 0.5 � 0.2 Hz
(�41.0 � 2.0%, n 
 8) and from 1.1 � 0.3 to 0.5 � 0.2 Hz
(�42.1 � 7.4%, n 
 9) for VP and OT cells, respectively (p �
0.05). The amplitude of mEPSCs was not affected (�6.5 � 4.9
and �9.8 � 5.0% for VP and OT, respectively; p � 0.05) (Fig.
2B,C). These findings indicate that ambient glutamate exerts a
tonic action on presynaptic GluK1 receptors to facilitate gluta-
mate release. To confirm this finding, slices were incubated with
GPT (5 U/ml), an enzymatic glutamate scavenger, to reduce the
ambient level of the excitatory amino acid (Min et al., 1998). In

4

(Figure legend continued.) VP, and OT. All confocal images are projections of 20 consecutive
optical sections (0.5 �m). Scale bars, 20 �m. A2, Traces (top) obtained from the cell shown in
A1 showing mEPSC activity recorded before (control) and during bath application of KA. Corre-
sponding cumulative plots (bottom) of amplitude (left) and event-interval (right) distributions
before (control; thick line) and during (KA; thin line) KA applications. KA induced a rightward
shift of the event-interval distribution, in agreement with a decrease in mEPSC frequency. The
amplitude of these events was not affected. B, Example of a recording obtained from an OT
neuron. B1, The recorded cell (white arrows) displayed fluorescence for biocytin (blue) (first
panel) and immunoreactivity for VP (green) (third panel) but not for OT (red) (second panel).
The right panel shows superimposed fluorescence for biocytin, VP, and OT. Scale bars, 20 �m.
B2, Traces obtained from the cell shown in B1 showing mEPSC activity recorded before (control)
and during bath application of KA. Corresponding cumulative plots of amplitude (left) and
event-interval (right) distributions before (control; thick line) and during (KA; thin line). KA
induced a leftward shift of the event-interval distribution, in agreement with an increase in
mEPSC frequency. The amplitude of these events was not affected. C, Summary histogram
illustrating the percentage change in mean frequency (in hertz) and amplitude (q) of mEPSCs
induced by KA in VP (white bars) and in OT neurons (black bars). *p � 0.05, significant differ-
ence from control.

Figure 2. KAR action on VP and OT neurons involve GluK1-containing KARs. A, Traces showing mEPSC activity recorded before (control) and during bath application of ATPA, a selective agonist
of GluK1-containing KARs in VP and OT neurons. B, Traces showing mEPSC activity recorded before (control) and during bath application of UBP302, a selective antagonist of GluK1-containing KARs
in VP and OT neurons. C, Summary histograms illustrating the percentage change in mean frequency (in hertz) of mEPSCs induced by 1 and 3 �M ATPA (left part of the histogram) as well as by UBP302
(right part of the histogram) in VP (white bars) and OT (black bars) neurons. *p � 0.05, significant difference from control.
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the presence of GPT and 2 mM pyruvate, UBP302 no longer
induced a significant change in mEPSC frequency in VP (�2.4 �
1.0%; n 
 4) and OT (�1.1 � 3. 6%; n 
 4, p � 0.05) neurons
(Fig. 3). As expected, in slices incubated with GPT in the absence
of pyruvate, which is required for the enzymatic action of GPT,
UBP302 decreased mEPSC frequency in OT (n 
 3) and VP (n 

3) neurons to the same extent as observed without GPT (data not
shown).

That a GluK1 antagonist inhibits glutamate release makes
sense for OT magnocellular neurons because we showed that
activation of these receptors were facilitating glutamatergic trans-
mission. However, the finding that the same effect is observed in
VP neurons is in discrepancy with the inhibition of mEPSC ac-
tivity induced by the activation of GluK1 receptors with exoge-
nous agonists. One possibility to account for this discrepancy
could be that the inhibition observed in VP neurons with exoge-
nous agonists involves GluK1 receptors distinct from those acti-
vated by ambient glutamate that mediate the tonic facilitation of
glutamate release.

Postsynaptic KARs in OT and VP neurons
The inhibitory effect of KAR on transmitter release could reflect
an indirect action such as already reported in the striatum (Cher-
gui et al., 2000). In that study, activation of postsynaptic KAR
triggered the release of a retrograde signal from the somato-
dendritic compartment and the subsequent activation of presyn-
aptic receptors. To explore this possibility in VP neurons, we first
tested whether we could detect postsynaptic GluK1 receptor-
mediated responses in VP neurons. To this end, we recorded
currents evoked by local puff applications of 3 mM glutamate in
both OT and VP neurons. These recordings were obtained in the
presence of TTX and picrotoxin (100 �M) to block action poten-
tials and GABAA receptor-mediated currents, respectively. These
evoked currents of very large amplitude were primarily reduced
when blocking NMDA and AMPA receptors (Fig. 4). In magno-
cellular neurons that were not identified, glutamate-evoked cur-
rents were inhibited by 90.1 � 1.5% (n 
 8; p � 0.05) with
GYKI52466 (100 �M) and D-AP-5 (50 �M), by 85.9 � 2.2% (n 

7; p � 0.05) with NBQX (1 �M) and D-AP-5 and by 81.8 � 3.3%
(n 
 12; p � 0.05) with GYKI53655 (50 �M) and D-AP-5 (50 �M).
The reductions observed in these three different conditions were
not statistically different from each other (p � 0.05), and none of
these mixtures of antagonists were able to completely inhibit the
glutamate-evoked responses in all the recorded cells. The remain-
ing current (9.9 � 1.5% for GYKI52466; 14.1 � 2.2% for NBQX

at 1 �M and 19.7 � 3.3% for GYKI53655
at 50 �M; percentage of control values)
(Fig. 4A,B) was abolished by DNQX at 20
�M, in agreement with the contribution of
postsynaptic KARs to these responses.

To assess the involvement of GluK1 re-
ceptors in these responses, we next inves-
tigated the action of UBP302 (10 �M) in
the presence of D-AP-5 (50 �M) and
NBQX (1 �M). Whereas the currents me-
diated by KARs in OT neurons were not
significantly affected by the GluK1 antag-
onist (101.3 � 4.2%; n 
 7; p � 0.05),
those elicited in VP cells were reduced by
52.6 � 4.5% (n 
 8; p � 0.05) (Fig. 4C,D).
We next assessed whether the GluK1 re-
ceptors located on VP neurons were per-
meable to Ca 2� (Lauri et al., 2003;

Pinheiro et al., 2007; Mathew and Hablitz., 2008; Sun et al., 2009).
In agreement with this hypothesis, we observed that a blocker of
Ca 2�-permeable AMPA/KAR, PhTx (3 �M) (Fletcher and Lodge,
1996), inhibited glutamate-evoked response obtained in the pres-
ence of D-AP-5 (50 �M) and NBQX (1 �M) to the same extent as
UBP302 (43.1 � 5.4%; n 
 7; p � 0.05), whereas it has no effect
in OT neurons (98.1 � 3.1%; n 
 11; p � 0.05) (Fig. 5). We also
found that, in VP neurons, the presence of PhTx prevented the
inhibitory action of UBP302 on these puff responses (94.6 �
0.7%; n 
 7; p � 0.05), as expected if the receptors blocked by
PhTx were GluK1-containing KARs. These data demonstrate
that VP neurons, but not OT cells, express functional postsynap-
tic GluK1-containing KARs that are permeable to Ca 2�.

KAR-mediated inhibition of glutamate release depends on
postsynaptic intracellular Ca 2�

The presence of GluK1-containing KARs on VP neurons agrees
with a model in which KAR-mediated inhibition of glutamate
release is indirect, involving the postsynaptic production of a
retrograde messenger. Because the GluK1 receptors on VP neurons
are Ca2� permeable, their activation could cause an elevation of
intracellular Ca 2� under voltage-clamp conditions sufficient to
trigger the release of a retrograde signal. If true, buffering intra-
cellular Ca 2� in VP neurons should prevent KAR-mediated in-
hibition of glutamate release. To this end, we included in our
recording pipette 20 mM BAPTA and tested the action of ATPA (1
�M) on mEPSCs. Under these conditions, ATPA increased
mEPSC activity in both VP and OT neurons (Fig. 6A,B). In VP
neurons, mEPSC frequency was augmented by �22.5 � 2.9%
(n 
 4; p � 0.05), whereas the amplitude of those events was
unaffected (�4.7 � 10.0%; p � 0.05). In OT neurons, ATPA
facilitated mEPSC frequency by �29.8 � 3.8% (n 
 7; p � 0.05)
without modifying quantal size (�3.3 � 3.3%; p � 0.05). These
results indicated that preventing postsynaptic Ca 2� elevation
blocked the inhibiting effect of GluK1-containing KARs on glu-
tamate release in VP neurons without affecting their facilitating
action on glutamatergic terminals in OT and VP cells.

Postsynaptic GluK1-containing receptor activation induces a
�-opioid receptor-mediated presynaptic inhibition
Our data suggest that GluK1-containing KAR activation in VP
neurons induced the Ca 2�-dependent release of a retrograde
messenger that inhibits glutamate release. In SON neurons, ele-

Figure 3. Reducing ambient glutamate levels impairs the tonic activation of KARs. A, Example of recording obtained in slices
treated with GTP (5 U/ml) and pyruvate (2 mM) to reduce the concentration of extracellular glutamate. Traces show mEPSC activity
recorded before (control) and during bath application of UBP302 in a VP neuron (top traces) and an OT neuron (bottom traces). B,
Summary histograms illustrating the percentage change in mean frequency (in hertz) of mEPSCs induced by UBP302 in VP (white
bars) and OT (black bars) neurons under conditions in which ambient glutamate was degraded with GPT.
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vations of Ca 2� trigger the somato-dendritic exocytosis of gran-
ules of secretion (Moos et al., 1984; Shibuya et al., 1998; Ludwig et
al., 2002; de Kock et al., 2003). In VP neurons, granules of secre-
tion contain various neuromodulators, such as VP and dynor-
phin. VP acts postsynaptically on V1a receptors to inhibit AMPA
receptor-mediated current amplitude (Hirasawa et al., 2003). Be-
cause we never detected changes in mEPSC size, we can rule out
the possibility that VP is the retrograde signal acting on glutama-
tergic terminals. We thus tested the possibility that the retrograde
messenger was dynorphin. ATPA was applied in the presence of
nor-BNI, a selective �-opioid receptor antagonist (Portoghese et
al., 1987). Surprisingly, ATPA no longer inhibited mEPSC activ-
ity of VP neurons in its presence because the frequency of these
events was increased by 37.1 � 3.8% (n 
 8; p � 0.05). The action
of ATPA on mEPSCs in OT neurons was unaffected by nor-BNI
(�35.3 � 9.2%; n 
 5; p � 0.05) (Fig. 6C,D). This finding estab-
lishes that activation of GluK1-containing KARs on VP neurons
triggers the release of dynorphin that acts retrogradely on
�-opioid receptors to inhibit glutamate release.

To ensure that the indirect action of KARs on glutamatergic
transmission in VP cells did not involve other signaling molecules
like endocannabinoids, VP, adenosine, or an action of dynorphin
on �-opioid receptors, we assessed the action of ATPA in the
presence of a mixture of antagonists, including AM251 (5 �M),
SR49059 (10 �M), DPCPX (100 nM), and CTOP (1 �M). Under
such conditions in which CB1, V1a, A1, and �-opioid receptors

Figure 4. Postsynaptic KARs on VP and OT neurons. A, Puff applications of glutamate (3 mM, 10 ms) (arrow) in the presence of TTX (0.5 �M) yielded large inward currents that were primarily
inhibited with D[SCAP]-AP-5 (50 �M) and GYKI52466 (100 �M; left), NBQX (1 �M; middle), or GYKI53655 (50 �M; right). The remaining responses were completely abolished with DNQX (20 �M). B,
Summary histogram illustrating the percentage of inhibition of the glutamate-evoked currents induced by the different antagonists used in A. *p � 0.05, significant difference from control. C,
Examples of glutamate-evoked responses obtained in a OT (left) and a VP (right) neuron in the presence of TTX (0.5 �M), D[SCAP]-AP-5 (50 �M), and NBQX (1 �M). Whereas a subsequent application
of UBP302 (10 �M) (red trace) did not further inhibit the response obtained in the OT neuron, it significantly reduced that induced in the VP cells. In both cases, the remaining currents were abolished
with DNQX (50 �M). D, Summary histogram illustrating the differential effect of UBP302 (percentage of control values) on glutamate-evoked currents obtained in OT (white bars) and VP (black bars)
neurons in the presence of TTX, D[SCAP]-AP-5, and NBQX. *p � 0.05, significant difference from control.

Figure 5. Postsynaptic Ca 2�-permeable KARs on VP neurons. A, Puff applications of gluta-
mate (3 mM, 10 ms) (arrow) in the presence of TTX (0.5 �M), D[SCAP]-AP-5 (50 �M), and NBQX (1
�M) yielded large inward current in both VP (left) and OT (right) neurons. Application of PhTx
(red traces) to block Ca 2�-permeable KARs primarily inhibited the current in VP but not in OT
cells. Subsequent application of UBP302 did not further inhibit the response in VP neurons and
had no effect in OT cells. B, Summary histogram illustrating the percentage of control values of
the glutamate-evoked currents in the presence of PhTx (left) and in the presence of UBP302 and
PhTx (right). *p � 0.05, significant difference from control.
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were antagonized, ATPA still had an inhibitory action on mEPSC
frequency in VP neurons (�30.3 � 4.0%; n 
 9; p � 0.05) and a
facilitatory effect on OT cells (�29.8 � 6.3; n 
 6; p � 0.05) (data
not shown).

The presence of presynaptic �-opioid receptors on glutamatergic
terminals was next determined by investigating the action of a
selective �-opioid agonist, U69593 (N-methyl-2-phenyl-N-
[(6R,8S,9S)-9-pyrrolidin-1-yl-1-oxaspiro[4.5]decan-8-yl]acet-
amide) (1 �M), on mEPSCs (Iremonger and Bains, 2009). Activating
�-opioid receptors inhibited mEPSC frequency by 36.8�5.7% (n

7; p � 0.05) and by 28.2 � 3.1% (n 
 5; p � 0.05) for VP and OT
neurons, respectively (Fig. 7A,B). These changes in mEPSC activity
were not accompanied by variations in quantal size (�5.0 � 5.1%,
p � 0.05 for VP neurons; �7.6 � 6.8, p � 0.05 for OT cells), indic-
ative of a presynaptic site of action. To rule out the possibility that the
�-opioid receptor agonist acted indirectly, we repeated these exper-
iments in the presence of BAPTA (20 mM) within the recording
pipette. This manipulations did not affect the inhibitory action of 1
�M U69593 on mEPSC frequency in VP (�47.2 � 6.8%; n 
 5; p �
0.05) and in OT neurons (�25.6 � 4.1%; n 
 5; p � 0.05) (Fig.
7C,D).

Discussion
We here report for the first time the presence of functional GluK1-
containing KARs on glutamatergic inputs impinging on OT and VP
neurons of the SON. These presynaptic KARs are activated by
ambient glutamate, thereby maintaining a tonic facilitation of glu-
tamate release. We also established for the first time the presence of
postsynaptic KARs on both OT and VP neurons. Interestingly,
only VP neurons express functional GluK1-containing KARs per-
meable to Ca 2� whose activation induces the Ca 2�-dependent

release of dynorphin that diffuses retro-
gradely to inhibit glutamate release.
This inhibition overcomes the facilita-
tion of glutamatergic transmission me-
diated by the tonic activation of
presynaptic GluK1 receptors and could
thus serve as a negative feedback mech-
anism, enabling VP neurons to control
their own excitability.

Presynaptic GluK1 receptors are
positively coupled to glutamate
release in the SON
As reported in other brain structures (for
review, see Pinheiro and Mulle, 2006),
presynaptic KARs present on glutamater-
gic inputs impinging on OT and VP neu-
rons are positively coupled to transmitter
release. These receptors contain GluK1 as
revealed by the use of ATPA and UBP302
that are selective agonist and antagonist
for this subunit, respectively. In OT neu-
rons, ATPA and KA increased mEPSC
frequency without affecting quantal am-
plitude, an effect that was entirely blocked
by UBP302. For VP neurons, ATPA and
KA caused an inhibition of glutamatergic
transmission. This inhibitory action,
which results from the activation of post-
synaptic GluK1 receptors, was prevented
by including BAPTA in the patch pipette
or by blocking �-opioid receptors. Under
these conditions, ATPA now induces a fa-

cilitation of glutamatergic transmission in VP neurons similar to
that observed in OT cells and in agreement with the presence of
presynaptic GluK1 receptors positively coupled to glutamate re-
lease. In VP neurons, ATPA increased mEPSC frequency by
37.1 � 3.8% (n 
 8) in the presence of nor-BNI and by 22.5 �
2.9% (n 
 4) with BAPTA in the patch pipette. We propose that
these two manipulations affect the activation of �-opioid presyn-
aptic receptors, through a direct action for nor-BNI and by pre-
venting retrograde release of dynorphin for BAPTA, thereby
revealing the KAR-mediated presynaptic facilitation of glutamater-
gic transmission. The difference between the actions of nor-BNI
and BAPTA can be explained by many mechanisms. Whereas
nor-BNI blocks all �-opioid receptors, BAPTA will inhibit
dynorphin release only from the recorded neuron VP neuron,
leaving open the possibility that dynorphin originating and
diffusing from neighboring VP cells still impacts glutamater-
gic transmission. This could explain a reduced facilitation in
BAPTA compared with nor-BNI. Another possibility is that
BAPTA does not completely prevent dynorphin release in the
entire dendritic tree of the recorded VP neurons because of an
incomplete intracellular diffusion. Interestingly, UBP302 by
itself caused a similar inhibitory effect in miniature activity in
both OT and VP neurons, indicating that these presynaptic
receptors are activated by ambient glutamate, thereby main-
taining a positive tone on glutamate release. In agreement with
this result, degrading extracellular glutamate with GPT
blocked the inhibitory effect of UBP302 on mEPSCs. The
more likely explanation for this positive coupling between
GluK1 receptors and glutamate release is the permeation of
Ca 2� ions through these receptors or the membrane depolar-

Figure 6. KAR-mediated inhibition of glutamate release on VP neurons involves �-opioid receptors. A, Examples of mEPSC activities
recorded from a VP (top races) and an OT (bottom traces) neuron before (control) and during bath application of ATPA in the presence of
BAPTA (20 mM) in the patch pipette. B, Summary histogram illustrating the effect of ATPA on mEPSC frequency in VP (white bars) and OT
(black bars) neurons under conditions in which BAPTA was present in the recording patch pipette. *p � 0.05, significant difference from
control. C, Traces showing mEPSC activity in a VP and an OT neuron recorded before (control) and during bath application of ATPA in the
presence of nor-BNI, a selective antagonist of �-opioid receptors, in the bath. D, Summary histogram illustrating the effect of ATPA on
mEPSC frequency in VP (white bars) and OT (black bars) neurons under conditions in which nor-BNI was present in the bath. *p � 0.05,
significant difference from control.
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ization that would be associated with
their activation. In both cases, it would
lead to Ca 2� entry and an increased re-
lease probability.

Indirect inhibitory action of KARs on
glutamatergic inputs to VP neurons
As mentioned above, application of ATPA
inhibited rather than facilitated mEPSC fre-
quency in VP neurons. Buffering intracellu-
lar Ca2� in the postsynaptic compartment
prevented this effect and unmasked the fa-
cilitating action of presynaptic GluK1 recep-
tors on glutamate release. That a
postsynaptic manipulation prevented the
presynaptic inhibition of transmitter release
induced by ATPA argues in favor of an indi-
rect mechanism. Such a process was re-
ported previously in the striatum (Chergui
et al., 2000) in which it involved the acti-
vation of postsynaptic KARs and the
subsequent somato-dendritic release of
adenosine acting retrogradely on presynap-
tic A2A receptors to inhibit GABAergic
transmission. A similar mechanism thus ap-
pears to be triggered in VP neurons when
postsynaptic Ca2�-permeable Gluk1-
containing KARs are activated, leading to
the Ca2�-dependent release of a retrograde
signal. Our data, however, do not allow us to assess whether the entry
of Ca2� through GluK1-containing KARs is sufficient by itself to
induce the release of dynorphin or whether other mechanisms, such
as Ca2� release from intracellular stores, also contribute to this pro-
cess (Lauri et al., 2003; Mathew and Hablitz, 2008; Scott et al., 2008).

In VP neurons, postsynaptic Ca 2� elevation could cause
the possible release of several retrograde messengers, includ-
ing endocannabinoids, adenosine, dynorphin, and VP (Kom-
bian et al., 1997; Oliet and Poulain 1999; Di et al., 2003; Brown
and Bourque, 2004). In VP neurons, blocking adenosine A1,
CB1, V1a, and �-opioid receptors did not affect the inhibitory
action of ATPA on mEPSC, ruling out a role for these recep-
tors. Conversely, the selective �-opioid receptor antagonist
nor-BNI prevented the ATPA-induced inhibition of mEPSCs.
These data demonstrate that the retrograde signal originating
from VP neurons is a �-opioid receptor agonist that is very
likely to be dynorphin. Directly activating �-opioid receptors
with the selective agonist U69593 mimicked the inhibitory
effect of ATPA on glutamatergic transmission observed in VP
neurons. Interestingly, this effect was observed on VP and OT
cells, indicating that glutamatergic inputs impinging on both
cell types express �-opioid receptors. That the inhibition of
glutamate release mediated by U69593 was unaffected when
BAPTA was present in the patch pipette rules out an indirect
action of this agonist and strongly suggest that the �-opioid
receptors are located presynaptically. The conditions under
which the �-opioid receptors located on excitatory synapses
impinging on OT neurons are endogenously activated and
their functions are presently unknown.

The Ca 2�-dependent exocytosis of dynorphin from VP
neuron dendrites has been documented previously (Brown
and Bourque, 2004). It was shown that dynorphin was acting
postsynaptically to modulate ionic conductance, thereby fine-
tuning the phasic activity of these neuroendocrine cells

(Brown and Bourque, 2004). Our data thus suggest that
dynorphin also acts presynaptically to inhibit glutamate re-
lease. The mechanism by which �-opioid receptor activation
leads to a reduction in glutamate release probability is pres-
ently unknown. Stimulation of these receptors, which belong
to the family of the G-protein-coupled receptor, could lead to
the activation of K � conductance and consequently to an hy-
perpolarization of the nerve terminals.

Blocking the indirect inhibitory effect of KARs on glutama-
tergic transmission with intracellular BAPTA or nor-BNI in
the bathing medium revealed a positive coupling of presynaptic
Gluk1-containing KARs with glutamate release in VP neu-
rons. This finding suggests that the direct presynaptic facilita-
tion attributable to GluK1 receptor activation and the
inhibition attributable to activation of presynaptic �-opioid
receptors coexist. It is very likely that the inhibitory effect
mediated by �-opioid receptor activation overcome that
caused by the presynaptic KARs.

Physiological relevance
The release of OT and VP from nerve terminals in the neuro-
hypophysis depends on the electrical activity of magnocellular
neurons located in the SON and PVN. This activity is itself
primarily influenced by excitatory inputs originating from hy-
pothalamic and extrahypothalamic regions. Modulation of
glutamatergic transmission to VP and OT neurons will greatly
impact the firing rate of these neurons, and, consequently,
their secretory activities. The activation by ambient glutamate
of GluK1-containing KARs on glutamatergic terminals would
facilitate the release of the excitatory amino acid, thereby pro-
moting the occurrence of EPSPs and the firing of action poten-
tials in both OT and VP neurons. This positive glutamatergic
tone on magnocellular neurons could contribute to the secretion

Figure 7. Functional presynaptic �-opioid receptors on glutamatergic afferents contacting VP and OT neurons. A, Traces showing
mEPSC activity in VP and OT neurons recorded before (control) and during bath application of U69593, a selective agonist of �-opioid
receptors. B, Summary histogram illustrating the effect of U69593 on the mean frequency (in hertz) and amplitude (q) of mEPSCs in VP
(white bars) and OT (black bars) neurons. C, Same experiments as in A with BAPTA in the patch pipette. D, Histogram summarizing the
effects of U69593 on mEPSC activity in OT and VP neurons under conditions in which BAPTA was included in the patch pipette. *p �0.05,
significant difference from control.
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of OT and VP in the bloodstream occurring under basal condi-
tions of neurosecretion.

The physiological conditions under which the postsynaptic
KARs are activated remain to be determined. It is likely that basal
release of glutamate is not sufficient to activate these receptors as
revealed by the absence of tonic stimulation by ambient gluta-
mate. A more massive release of glutamate, such as occurring
during strong and persistent activation of excitatory inputs, is a
condition that is more likely to cause stimulation of these post-
synaptic KARs. In OT neurons, this activation will lead to mem-
brane depolarization and would thus favor action potential
firing. In VP neurons, activation would lead to membrane depo-
larization as well. In addition, stimulation of GluK1-containing
KARs would indirectly inhibit glutamate release, thereby reduc-
ing the glutamatergic drive onto these cells. This process could
thus serve to reduce the impact of excitatory inputs on VP neuron
firing, enabling these cells to develop a more autonomous activ-
ity. This could be important for the rhythmic phasic activity dis-
played by VP neurons in response to physiological stimulation,
such as dehydration or hemorrhage, which is believed to depend
on both intrinsic membrane properties and extrinsic synaptic
influence (Israel et al., 2010).
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