
Cellular/Molecular

Upregulation of KCC2 Activity by Zinc-Mediated
Neurotransmission via the mZnR/GPR39 Receptor

Ehud Chorin,1* Ofir Vinograd,1* Ilya Fleidervish,2 David Gilad,1 Sharon Herrmann,2 Israel Sekler,2 Elias Aizenman,1,3

and Michal Hershfinkel1

Departments of 1Morphology and 2Physiology, Faculty of Health Sciences and The Zlotowski Center of Neuroscience, Ben-Gurion University, Beer-Sheva,
84015, Israel, and 3Department of Neurobiology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania 15261

Vesicular Zn 2� regulates postsynaptic neuronal excitability upon its corelease with glutamate. We previously demonstrated that synap-
tic Zn 2� acts via a distinct metabotropic zinc-sensing receptor (mZnR) in neurons to trigger Ca 2� responses in the hippocampus. Here,
we show that physiological activation of mZnR signaling induces enhanced K �/Cl � cotransporter 2 (KCC2) activity and surface expres-
sion. As KCC2 is the major Cl � outward transporter in neurons, Zn 2� also triggers a pronounced hyperpolarizing shift in the GABAA

reversal potential. Mossy fiber stimulation-dependent upregulation of KCC2 activity is eliminated in slices from Zn 2� transporter
3-deficient animals, which lack synaptic Zn 2�. Importantly, activity-dependent ZnR signaling and subsequent enhancement of KCC2
activity are also absent in slices from mice lacking the G-protein-coupled receptor GPR39, identifying this protein as the functional
neuronal mZnR. Our work elucidates a fundamentally important role for synaptically released Zn 2� acting as a neurotransmitter signal
via activation of a mZnR to increase Cl � transport, thereby enhancing inhibitory tone in postsynaptic cells.

Introduction
Neurons contain two major pools of Zn 2�. One pool is com-
posed of Zn 2� bound to intracellular proteins, such as enzymes,
transcription factors and metal-binding proteins. This bound
Zn 2� can be liberated into the cytoplasm during oxidative or
nitrosative neuronal injury, leading to cell death (Aizenman et al.,
2000; Zhang et al., 2004, 2006; Redman et al., 2009). The second
pool is synaptic Zn 2�, packaged into a subpopulation of
glutamate-containing synaptic vesicles by the Zn 2� transporter 3
(ZnT3), and released into the synaptic cleft during neuronal ac-
tivity in a Ca 2�-dependent manner (Qian and Noebels, 2005,
2006; Paoletti et al., 2009). Vesicular Zn 2� regulates neuronal
excitability and can strongly influence seizure activity (Vogt et al.,
2000; Smart et al., 2004; Sensi et al., 2009). Indeed, removal of
synaptic Zn 2� by dietary means, chemical chelation, or via ge-
netic deletion of ZnT3, leads to enhanced susceptibility to epilep-
tic seizures (Cole et al., 2000; Blasco-Ibáñez et al., 2004; Takeda et
al., 2005), a phenomenon that may be reflective of some forms of
human epilepsy (Goldberg and Sheehy, 1982; Ganesh and Jana-

kiraman, 2008). By comparison, elevation of Zn 2� levels either
by dietary means or by direct infusion into the brain can delay
seizures in kindled animals (Fukahori and Itoh, 1990; Elsas et al.,
2009).

Synaptic Zn 2� is known to allosterically modulate glutamate,
GABA and glycine ionotropic receptors (Smart et al., 2004;
Madry et al., 2008; Paoletti et al., 2009), and has heretofore been
classified as a neuromodulator (Laube et al., 1995; Vogt et al.,
2000; Hosie et al., 2003; Smart et al., 2004; Paoletti et al., 2009).
However, the recent identification of a metabotropic Zn 2�-
sensing receptor (mZnR) in hippocampal neurons suggests that
synaptically released Zn 2� can profoundly alter postsynaptic cell
function via a distinct Gq-linked pathway that triggers the release
of Ca 2� from intracellular stores (Besser et al., 2009). GPR39, a
previously considered orphan Gq-coupled receptor, was shown
to mediate Zn 2�-dependent signaling in a recombinant expres-
sion system (Yasuda et al., 2007), and we have recently suggested
that this receptor is linked to mZnR activity in the CA3 region of
the hippocampus based on its expression pattern (Besser et al.,
2009). Here, using pharmacological and genetic tools, we firmly
establish GPR39 as the molecular determinant behind neuronal
mZnR function. Importantly, we report that the physiological
activation of mZnR/GPR39 in CA3 neurons leads to an increase
in surface expression and activity of the K�/Cl� cotransporter 2
(KCC2), the principal Cl� outward transporter critical for the
maintenance of hyperpolarizing GABAA reversal potentials (Ri-
vera et al., 1999; Woo et al., 2002).

Materials and Methods
Slice preparation and stimulation. Experimental procedures were per-
formed in accordance with a protocol approved by the committee for the
Ethical Care and Use of Animal in Experiments at the Faculty of Health
Sciences at Ben-Gurion University. Hippocampal slices were obtained
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from postnatal day 12 (P12)–P15 mice of either sex, following protocols
aimed to preserve mossy fiber structure (Amaral and Witter, 1989;
Bischofberger et al., 2006; Amaral et al., 2007). In one series of control
experiments we used slices obtained from P6 mice (Fig. 1 A). Transverse
slices (400 �m) were kept in artificial CSF (ACSF) at room temperature.
To test the effect of extracellular Zn 2�, slices were transferred to
NaH2PO4-free ACSF to prevent precipitation of the metal (Besser et al.,
2009). Slices were then either pretreated with physiologically relevant

concentrations of Zn 2� (200 �M) for 2 min
(Vogt et al., 2000; Qian and Noebels, 2005), or
mossy fibers were subjected to electrical stim-
ulation (a train of 10 pulses at 66 Hz; Master-8
stimulator unit, A.M.P.I.) (Qian and Noebels,
2005; Frederickson et al., 2006; Besser et al.,
2009). Both stimuli were previously shown to
induce similar ZnR-dependent Ca 2� re-
sponses in the postsynaptic cells in CA3 (Besser
et al., 2009). Following exogenous Zn 2� treat-
ment, the solution was replaced with Zn 2�-
free ACSF solution, and slices were quickly
placed in the recording chamber. Imaging of
KCC2 activity always started within 2 min fol-
lowing the end of the Zn 2�-treatment. The
mossy fiber stimulated slices were kept in the
recording chamber and perfused with Zn 2�-
free ACSF solution for �2 min. Since KCC2
may undergo rapid recycling, this timing was
carefully maintained for all paradigms used.
Inhibitors of the Gq-coupled receptor, PLC
and MEK1/2 (YM-254890, U73122, U0126), a
signaling pathway activated by the ZnR, were
applied 30 min before application of Zn 2�.

Fluorescence imaging. Slices were loaded with
either Fura-2 AM (25 �M, TefLabs) or BCECF
AM [2�,7�-bis-(2-carboxyethyl)-5-(and-6)-car-
boxyfluorescein AM] (25 �M, TefLabs) for 20
min or with MQAE [N-(ethoxycarbonylm-
ethyl)-6-methoxy-quinolinium bromide] (5
mM, TefLabs) or FluoZin-3 AM (25 �M, Invitro-
gen) for 30 min, all AM dyes were applied in the
presence of 0.02% pluronic acid. Slices were then
washed for at least 20 min in ACSF (Beierlein et
al., 2002; Besser et al., 2009). Fluorescent imaging
measurements, focusing on CA3, were acquired
every 3 s (Imaging Workbench 4, INDEC BioSys-
tems; and polychrome monochromator, TILL
Photonics) using a 10� objective (Olympus
BX51) with 4 � 4 binning of the image (Sensi-
Cam, PCO). Under these conditions, minimal
bleaching was observed and the fluorescence sig-
nal from a large number of CA3 neurons could be
acquired (Besser et al., 2009). In each slice 9–15
traces from individual regions of interest (ROIs)
were acquired in the pyramidal cell layer [stratum
pyramidale (SP)], established by a bright-field
image acquired before each measurement. All
ROIs were randomly selected within the somatic
SP region as observed in the bright-field image
(Fig. 1C). All selected ROIs in a slice were in-
cluded in subsequent analyses.

Synaptic Zn 2� release in the CA3 was de-
tected using the extracellular Zn 2�-sensitive
fluorescent dye Newport Green DCF (2 �M;
Invitrogen) (Frederickson et al., 2006), F being
the intensity of the fluorescent signal obtained
using 480 nm excitation and a 535 nm band-
pass emission filter (Chroma Technology).
Intracellular Zn 2� measurements were per-
formed using FluoZin-3-loaded slices; F is the
intensity of the fluorescent signal obtained us-

ing the same filters used for Newport Green. Intracellular Ca 2� signals
were monitored in slices loaded with Fura-2. The loading procedure used
in these experiments is similar to that used previously by our group,
shown to effectively label neuronal cells within the CA3 region (Besser et
al., 2009). Fluorescence signals are represented as a ratio, R, of the signal
obtained using excitation of 340 nm/380 nm wavelengths and a 510 nm
emission bandpass filter (Chroma Technology). Baseline fluorescent sig-

Figure 1. Extracellular Zn 2� upregulates NH4
�-dependent influx mediated by KCC2 activity. A, To assess KCC2 transport

activity, we monitored BCECF fluorescence in acute mouse hippocampal slices using the NH4
� transport paradigm. Application of

NH4Cl (5 mM) induces initial alkalinization (due to passive diffusion of NH3 through the cell membrane). Subsequent NH4
� influx

via KCC2, acting in reverse mode, induces acidification of the cells, and the initial rate of acidification represents KCC2 activity (see
Materials and Methods). This paradigm was applied to slices obtained from 6- or 14-d-old mice (n � 4 slices). Inset shows the
signal in the region marked by the box, where the linear regression curve was fitted to represent KCC2 activity. Note that for clarity
of the inset only every second measurement is shown. Averaged rates of NH4

� influx were 0.0006 � 0.0004 (R/R0/s) in P6 slices
and �0.0004 � 0.0003 (R/R0/s) in P14 slices (*p � 0.05). B, Intracellular Zn 2� concentration in slices loaded with FluoZin-3,
following (at indicated times) electrical stimulation (Besser et al., 2009), addition of Zn 2� (200 �M) and depolarization using ACSF
containing 50 mM KCl (replacing NaCl) in the presence of Zn 2� (200 �M). Only following depolarization, in the presence of Zn 2�,
a rise in fluorescence was observed (n � 3 slices). C, Averaged traces from BCECF-loaded slices (n � 8 slices), imaged with or
without application of NH4Cl (5 mM) in the presence or absence of DIOA (100 �M). Slices were pretreated with extracellular Zn 2�

(200 �M, 2 min) or maintained in ACSF (vehicle) and imaged within 2 min. In the box, the signal from the region marked in the
graph is depicted, and the linear regression curve that was fitted to represent KCC2 activity is shown. Note that for clarity only every
second measurement is shown. Inset shows bright-field (left) and BCECF fluorescence (right) images of the CA3 region that was
monitored; SO stratum oriens, SL stratum lucidum. D, Averaged rate of acidification due to steady-state NH4

� influx �SEM (n �
8 slices, *p � 0.05 compared with vehicle control). The rate of NH4

� influx is enhanced following pretreatment with extracellular
Zn 2�, and is blocked by DIOA (100 �M) or furosemide (100 �M) but not by the Na �/K �/Cl � cotransporter inhibitor bumetanide
(1 �M). E, Shown are representative traces from slices exposed to NH4Cl that were calibrated to pHi, using the calibration curve (see
Materials and Methods). Each trace is an average of 7–12 ROIs within the somatic CA3 region from a single slice. Slices were treated
with Zn 2� (200 �M, 2 min) or maintained in ACSF (vehicle) as marked.
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nals were obtained by averaging over the initial 10 s period (F0 for New-
port Green and R0 for Fura-2) and subsequent fluorescence levels were
normalized to this value (Hershfinkel et al., 2001), thus minimizing vari-
ations related to dye loading (Reynolds, 2001). Averaged traces of ROIs
from at least three independent experiments are presented as R/R0 or
F/F0 � SEM, the number of slices averaged is marked n in the figure
legend.

For measurements of KCC2 activity two independent paradigms were
used. In each of these paradigms slices were loaded with a specific fluo-
rescent indicator, then treated with extracellular Zn 2�, or maintained in
ACSF in control experiments, and imaged, within 2 min wash in ACSF, to
determine rates of KCC2 activity. In one paradigm, slices were loaded
with the H � indicator BCECF. R is the ratio of the emitted signal ob-
tained using excitation wavelength of 440 nm/480 nm and a bandpass
emission filter at 535 nm (Chroma Technology) and R0 is the initial
baseline as described above. Slices were perfused with ACSF to obtain a
baseline and then NH4Cl (5 mM) was added, replacing KCl in the ACSF.
Alkalinization of the cells following passive entry of NH3 into the cells
was initially observed, as reported earlier (Titz et al., 2006); the time
required to reach a steady concentration of NH3 within the cells varied,
likely due to different permeation times within the slice. Extracellular
NH4

� serves as a surrogate to K � and reversal of KCC2 activity induces
its transport into the cells leading to a pronounced decrease of cellular pH
following the alkalinization phase (Titz et al., 2006). This acidification in
the presence of NH4Cl, results from NH4

� influx at steady state and
represents KCC2 activity. Rates of steady-state NH4

� influx were deter-
mined by monitoring the initial 75 s period of the decrease in intracellu-
lar pH (Shin et al., 2004; Hershfinkel et al., 2009), thus minimizing the
exposure to NH4Cl (Bonnet and Wiemann, 1999) and the potential ef-
fects of pH regulatory mechanisms. BCECF fluorescence was calibrated
using 10 �M nigericin in oxygenated (100% O2) solution containing the
following (in mM): 118 KCl, 3 NaCl, 1 MgCl2, 1.5 CaCl2, 25 HEPES, and
10 glucose (Ritucci et al., 1996; Trapp et al., 1996; Ruusuvuori et al.,
2004). Values of pHi were plotted as a function of the fluorescence signal
and fitted to produce a calibration curve, which was used to calculate pHi

in some slices exposed to the NH4Cl paradigm (Fig. 1 F). In a second
paradigm, slices were loaded with the Cl � indicator MQAE. With this
technique, F is the intensity of the fluorescent signal obtained at 360 nm
excitation and 510 nm emission bandpass filter (Chroma Technology)
and F0 is the initial baseline as describe above. Following baseline acqui-
sition, ACSF containing a final concentration of 10 mM KCl was applied,
leading to reverse, Cl � influx through KCC2 and quenching of MQAE
fluorescence (Galeffi et al., 2004; Pond et al., 2004). Care was taken to
apply KCl after thorough washout of Zn 2�, thereby minimizing perme-
ation of this metal ion via voltage-activated ion channels (Sensi et al.,
2000). A 30 s period of perfusion with the KCl solution was allowed for
KCl equilibration within the slice, and rates of Cl � influx during the
subsequent 50 s period were determined. Calibration of MQAE fluores-
cence using the K �/H � ionophore nigericin (10 �M) and the Cl �/OH �

antiporter tributyltin chloride (10 �M) yielded a Stern–Volmer constant
(Verkman, 1990) of 23 � 1 M

�1 (or Kd of �44 mM Cl �), in agreement
with previous works (Marandi et al., 2002). Inhibitors of KCC2 or
NKCC1 [dihydroindenyl-oxy-alkanoic acid (DIOA), bumetanide, furo-
semide] were added as indicated to the perfusing ACSF solutions. Rep-
resentative traces from single slices as well as averaged traces of all ROIs
are presented as R/R0 or F/F0 � SEM (BCECF or MQAE, respectively),
the number of slices averaged is marked n in the figure legend. Averaged
initial rates of fluorescence change (fitted as described above) due to
KCC2 activity � SEM are presented in bar graphs. Statistical significance
was determined using t test or ANOVA with post hoc Tukey comparisons
where appropriate.

Surface expression and immunoblotting. Changes in KCC2 membrane
expression were monitored as previously described (Rivera et al., 2002;
Thomas-Crusells et al., 2003) using hippocampal slices. Acute slices were
biotinylated (100 �M sulfo-NHS-Biotin, Pierce) in ACSF (45 min, at
room temperature) and then unbound sulfo-NHS-biotin was scavenged
using 1 �M lysine in ACSF (2 times). Some slices were also loaded with
Fura-2 and the ZnR-dependent Ca 2� responses were monitored (see Fig.
5C). For surface expression analysis, biotinylated slices were incubated

with Zn 2� (200 �M, 2 min) at room temperature in the presence or
absence of the G�q inhibitor YM-254890. Slices maintained in Zn 2�-
free ACSF for the same time interval were used as control, detecting the
basal, time-dependent removal of biotinylated KCC2 from the surface
membrane (Rivera et al., 2004; Lee et al., 2007; Zhao et al., 2008). Slices
were washed in ACSF and �6 min following Zn 2� or control treatment,
slices were lysed (1% Triton X-100, 0.1% SDS, 1 mM EDTA, 50 mM, NaCl,
20 mM Tris-HCl, pH 7.5, and protease inhibitors, Sigma) and Neutravi-
din Gel (Pierce) was added (overnight at 4°C), as previously described
(Rivera et al., 2004). Samples were resolved on 7.5% SDS-PAGE followed
by immunoblot analysis of KCC2 (C2366, Sigma) and transferrin recep-
tor (13– 6800, Invitrogen), a nonrelated surface protein which was used
for normalization. Immunoblots were digitally imaged using ChemIm-
ager5 (Alpha-Innotech, Labtrade), and quantified using EZQuant-Gel
software.

Electrophysiological recordings. Whole-cell or cell-attached recordings
from CA3 neurons were either made blindly (Hamill et al., 1981; Blanton
et al., 1989) or under infrared-differential interference contrast micro-
scopic control (Stuart et al., 1993). For blind recording, the slices were
maintained in a small (300 �l) interface-type recording chamber (Haas et
al., 1979); for visually controlled recording, slices were held submerged in
a chamber on the fixed stage of an Axioskop FS microscope (Carl Zeiss).
All recordings were made at 32 � 1°C. Patch pipettes were manufactured
from thick-walled borosilicate glass capillaries (1.5 mm o.d., Hilgenberg,
Germany) and had resistances of 1.5–3.5 M	. For cell-attached record-
ings, pipettes containing 5 �M GABA in ACSF were coated to within
�100 �m of the tip with Sylgard (Dow Corning). The pipette solution for
whole-cell current-clamp experiments contained the following (in mM):
130 K-gluconate, 6 KCl, 2 MgCl2, 10 HEPES (potassium salt), pH 7.25.
Leak subtraction and channel openings detection was made using
pCLAMP 9.0 software (Molecular Devices).

Single GABAA channel openings were obtained in cell-attached
patches using an Axopatch 200B amplifier (Molecular Devices), and
whole-cell current-clamp voltage recordings from the soma were
obtained using an Axoclamp-2B amplifier in bridge mode. Command
voltage protocols were generated and single-channel data were acquired
on-line with a Digidata 1320A A/D interface. Data were low-pass filtered
at 2–5 kHz (�3 dB, 4-pole Bessel filter) and digitized at 10 –20 kHz.
Capacitive and leak currents were reduced before data acquisition using
the built-in circuits of the amplifier. For whole-cell current-clamp re-
cordings, data were low-pass filtered at 10 kHz (�3 dB, single-pole Bessel
filter) and digitized at 50 kHz. Data were fitted using Origin 6.0 (Origin-
Lab, Northampton, MA). Values are given as mean � SD. For statistical
analysis, a paired Student’s t test was performed.

Genotyping of mice. PCR was used to screen GPR39 genotypes from
mouse biopsy samples (Moechars et al., 2006). Primers 5�-ACCCTCAT
CTTGGTGTACCT-3� and 5�-ATGTAGCG CTCAAAGCTGAG-3� am-
plified a 311 bp band from the wild-type allele, whereas primers 5�-GG
AAvCTCTCACTCGACCTGGG-3� and 5�-GCAGCGCAT CGCCTTCT
ATC-3� amplified a 262 bp band from the knock-out allele.

Cell culture and GPR39 silencing. Human neuroblastoma SH-SY5Y
cells were cultured in DMEM as previously described (Kan et al., 2007).
For gene silencing experiments, cells were cotransfected with silencing
constructs, 3 �g of siGPR39 or siT1R3 using LipofectAMINE 2000 as
directed by the manufacturer (Invitrogen), and imaged 48 h following
transfection. The target sequence of the human GPR39 for siRNA was
CCATGGAGTTCTACAGCATtt and that of human T1R3 was CUUAG-
GAUGAAGGGGGACUtt. ZnR activity, using Fura-2 (Besser et al.,
2009), or KCC2 activity, using the BCECF and MQAE paradigms, were
measured in Ringer’s solution, using the same procedures described
above.

Results
Extracellular Zn 2� upregulates KCC2 activity
We explored whether mZnR affected the activity of KCC2, a
transporter strongly regulated by alterations in [Ca 2�]i (Fiumelli
et al., 2005). To monitor KCC2 activity we measured influx rates
of NH4

�, a surrogate ion for K�, using the pH-sensitive dye
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BCECF (Hershfinkel et al., 2009). In agreement with the previ-
ously described developmental expression of KCC2 (Rivera et al.,
1999), NH4

� transport, measured as the rate of BCECF fluores-
cence quenching, was observed in slices from P14 mice, but not in
slices from postnatal day 6 mice (Fig. 1A). To study the effect of
mZnR, slices were treated with 200 �M Zn 2� for 2 min, a para-
digm that activates mZnR signaling (Besser et al., 2009) without
increasing [Zn 2�]i (Fig. 1B). We then measured NH4

� transport
rate, mediated by KCC2, in P12–P15 slices following ZnR activa-
tion or in controls that were maintained in nominally Zn 2�-
free ACSF (vehicle). We observed that extracellular Zn2� treatment
induced a pronounced increase the rate of NH4

� transport in CA3
neurons compared with vehicle control (Fig. 1C). Importantly,
NH4

� transport following Zn2� application was inhibited by the

KCC2 inhibitors DIOA (100 �M) and furo-
semide (100 �M), but not by the Na�/K�/
Cl� cotransporter inhibitor bumetanide (1
�M; Fig. 1D) suggesting that this transport is
predominantly mediated by KCC2 activity.
In a small subset of slices, we calibrated the
decrease in BCECF fluorescence to changes
intracellular pH using nigericin (Fig. 1E), as
previously described (Trapp et al., 1996;
Ruusuvuori et al., 2004). Following calibra-
tion, the rate of pH change in the Zn2�-
treated slices was 0.002 � 0.0003 pHi/s,
while in control slices rates were only
0.0006 � 0.0002 pHi/s (n � 3 for each
group). Thus, in these experiments, the ef-
fects of Zn2� on KCC2 were essentially
identical to those described above.

We next studied the effect of mZnR
activation on KCC2 by directly monitor-
ing the rate of [Cl�] transport (Hershfin-
kel et al., 2009), using the fluorescent dye
MQAE following application of 10 mM

KCl, which reverses KCC2 transport and
results in Cl� influx. Similar to what we
observed using the BCECF-based method,
extracellular Zn 2� application (200 �M, 2
min) significantly enhanced the Cl� in-
flux rates in CA3 neurons compared with
the influx rate monitored in controls (Fig.
2A–C). The KCC2 inhibitor DIOA (100
�M) completely blocked Cl� influx in the
Zn 2�-treated slices, suggesting that both
the basal and Zn 2�-enhanced Cl� trans-
port was mediated by KCC2 (Fig. 2B,C).
These results, combined with those
described earlier, strongly suggest that
extracellular Zn 2�, under conditions as-
sociated with ZnR activation (Hershfinkel
et al., 2001; Besser et al., 2009), can pro-
duce pronounced enhancement of KCC2
activity. It is noteworthy that in a recent
study we demonstrated that a rise in intra-
cellular Zn 2� can strongly attenuate
KCC2-mediated activity, both in a recom-
binant expression system and in dissoci-
ated cortical neurons (Hershfinkel et al.,
2009). We therefore confirmed that this
phenomenon could also be discerned in
brain slices. To raise intracellular Zn 2� in

hippocampal slices (P12–P15), before imaging KCC2 activity, we
applied Zn 2� (100 �M) together with the Zn 2� ionophore pyri-
thione (ZnPyr; 5 �M). Slices were washed in Zn 2�-free ACSF and
then imaged for KCC2 activity using the MQAE paradigm as in
Figure 2, A and B. In contrast to the actions of extracellular Zn 2�,
and in agreement with our prior work (Hershfinkel et al., 2009),
the ZnPyr treatment induced a significant attenuation of the rate
of Cl� transport in CA3 neurons (Fig. 2D).

Extracellular Zn 2� induces alterations in EGABA

By modulating the Cl� gradient, KCC2 strongly influences the
reversal potential of GABAA receptor-mediated ionic currents
(EGABA) (Rivera et al., 2004; Lee et al., 2005; Blaesse et al., 2009).
We tested whether the increased KCC2 activity induced by extra-

Figure 2. Extracellular Zn 2� upregulates Cl �-dependent influx mediated by KCC2 activity. A, Representative traces from slices
loaded with the Cl �-sensitive dye MQAE (Hershfinkel et al., 2009), each trace is an average of 7–12 ROIs within the somatic CA3
region of one slice. Slices were treated with Zn 2� (200 �M, 2 min) or maintained in ACSF (vehicle). Within 2 min of the Zn 2�

treatment slices were imaged and 10 mM KCl was added as indicated. B, Averaged traces from slices treated with or without 10 mM

KCl. Shown are traces from control slices (vehicle, n � 7 slices), slices pretreated with extracellular Zn 2� (200 �M, 2 min, n � 7
slices), slices treated with Zn 2� in the presence of the KCC2 inhibitor DIOA (100 �M, n � 10 slices) or control slices, without KCl
(n � 9 slices). Inset shows the CA3 region that was imaged (left, bright-field; right, fluorescent images); SO stratum oriens, SL
stratum lucidum. In the box, the signal from the region marked in the graph is depicted, and the linear regression curve that was
fitted to represent KCC2 activity is shown. Note that for clarity every second measurement is shown. C, Averaged rates � SEM (n �
7 slices for vehicle or Zn 2�-treated, and 10 slices for Zn 2� � DIOA) of Cl � influx as monitored in B (*p � 0.05, **p � 0.01
compared with vehicle control). D, The effect of intracellular Zn 2� rise on KCC2 activity was determined in MQAE-loaded slices, as
in A. Shown are averaged traces from control slices (vehicle) or slices pretreated with Zn 2� (100 �M) in the presence of its
ionophore pyrithione (5 �M), marked as ZnPyr (n � 5 slices). Averaged rates of Cl � influx were 0.033 � 0.004 (�%F/F0/s) in
vehicle control slices and 0.017 � 0.002 (�%F/F0/s) in the ZnPyR-treated slices (*p � 0.05).
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cellular Zn 2� altered EGABA in cell-attached patch recordings
from the somata of CA3 neurons (Chudotvorova et al., 2005; Lee
et al., 2005; Tyzio et al., 2006). With 5 �M GABA in the pipette
solution, single or multiple GABAA channel openings were ob-
served in all patches tested (n � 4), while no such openings were
seen in the absence of GABA (n � 4), or with GABA in the
presence of picrotoxin (100 �M, n � 3). EGABA values were ini-
tially extrapolated by monitoring channel opening while apply-
ing slow (40 mV/s) depolarizing voltage ramps (Fig. 3A). In
control conditions, currents through the GABAA channels
reversed very near the resting membrane potential Vr (EGABA�
�2.3 � 0.5 mV relative to Vr), in agreement with previous ob-
servations (Tyzio et al., 2006). However, following treatment
with 200 �M Zn 2� (2 min) EGABA in the same patches shifted to

more negative values (�17 � 2 mV relative to Vr, n � 4) for the
duration of the recordings (�5 min following Zn 2� application).
The negative Zn 2�-induced shift of EGABA was also calculated by
measuring individual channel amplitudes in each cell-attached
patch before and after Zn 2� exposure (Fig. 3B). The same results
were obtained when EGABA values were averaged from binned
amplitudes across all patches (Fig. 3C, n � 4). In all, Zn 2� expo-
sure induced a shift in EGABA of ��15 mV without changing the
channel slope conductance, as determined from linear fits to the
I–V curves of the single open channels. Importantly, Zn 2� did
not affect the resting membrane potential measured under
whole-cell recording conditions in a separate group of neurons
(Vr � �79.0 � 5.3 mV, control; �78.6 � 5.0 mV, Zn 2�; n � 4).
Using the Stern-Volmer equation (see Materials and Methods),
we estimated that Zn 2� exposure led to a 10 � 1 mM decrease in
[Cl�]i. Alterations in the Cl� gradient of this magnitude would
be expected to induce �a �20 mV change in EGABA, in very close
agreement to our experimental findings.

Synaptically released Zn 2� upregulates KCC2 activity
We then asked whether the synaptically released Zn 2� could also
regulate KCC2 activity. Electrical stimulation of mossy fibers (a
train of 10 pulses at 66 Hz), previously shown to trigger Zn 2�

release (Qian and Noebels, 2005) and mZnR activation (Besser et
al., 2009), significantly enhanced NH4

� influx rates in BCECF-
loaded hippocampal slices compared with the influx rates in non-
stimulated, control, slices (Fig. 4A,B). While the mossy fiber
stimulation triggers local release of synaptic-Zn 2� we observe a
significant, albeit probably underestimated, metabotropic Ca 2�

Figure 3. Extracellular Zn 2� induces a hyperpolarizing shift in GABAA reversal potential. A,
In cell-attached recordings with 5 �M GABA in a patch pipette, GABAA channel reversal potential
was measured by delivering slow depolarizing voltage ramps from 10 to 73 mV relative to the
membrane resting potential (Vr �10 to Vr �73 mV) every 15 s (n � 4 cells). Shown are two
consecutive ramp current sweeps from a patch which contained GABAA channels, under control
conditions (top) and the same patch 5 min after addition of Zn 2� (200 �M, 2 min) to the bath
(bottom), with the respective extrapolated EGABA values for each ramp to the left. Sweeps are
leak-subtracted and digitized at 20 kHz through a low-pass filter of 2 kHz (�3 dB). Dashed lines
(red) are drawn through the closed and single-channel open state. B, Effect of Zn 2� application
on I–V relationships of the current through a single GABAA channel-containing patch. Ampli-
tudes of channel opening plotted against voltage in control (vehicle treated, black) and follow-
ing Zn 2� application (red), from a representative cell. The straight lines are linear fits of the
data. Notice that the channel slope conductance remains unchanged (19 pS), the extrapolated
EGABA, however, shifted from the membrane resting potential from �2 to �16 mV following
Zn 2� application. C, Mean unitary current amplitudes binned with a step of 2 mV and averaged
over all patches. Note that the x-axis intercepts of the two fitted lines (indicated by arrows) give
the reversal potential values of Vr �2.3 � 0.5 mV in control and Vr �17 � 2 mV following
Zn 2� application.

Figure 4. KCC2 activity is upregulated by synaptic Zn 2� released from mossy fibers. A, KCC2
activity measured in BCECF-loaded slices, as in Figure 1. Slices from ZnT3 KO mice lacking
synaptic Zn 2� (open symbols) or WT mice (filled symbols) were monitored under control non-
stimulated conditions or 2 min following electrical stimulation of the mossy fibers (a train of 10
pulses at 66 Hz) that induces release of synaptic Zn 2� (n �6), or following application of Zn 2�

(200 �M, 2 min, n � 6 slices). B, Averaged rates of NH4
� influx � SEM as monitored in A (n �

6 slices, **p � 0.01 compared with WT control). C, KCC2-dependent Cl � transport monitored
in MQAE-loaded slices, as in Figure 2, using 10 mM KCl to reverse KCC2 activity. Slices from ZnT3
KO mice (open symbols) or WT mice (filled symbols) were monitored following stimulation of
the mossy fibers (a train of 10 pulses at 66 Hz) or following application of Zn 2� (200 �M, 2 min)
(n � 5 slices). D, Averaged rates � SEM of Cl � influx as monitored in C (n � 5 slices, **p �
0.01 compared with the stimulated ZnT3 KO). The rate of ion influx, using the NH4

� or Cl �

transport, is enhanced following mossy fiber stimulation in slices from WT mice compared with
ZnT3 KO mice, indicating that KCC2 activity is upregulated by the release of synaptic Zn 2�.
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response in the postsynaptic region where the ROIs are selected
(Besser et al., 2009) and in accordance, a significant change in
KCC2 activity is monitored. In fact, mossy fiber stimulation en-
hanced KCC2 transport in CA3 neurons to a degree similar to
that obtained following exogenous Zn 2� exposure (Fig. 1). To
determine the role of the synaptic Zn 2� we studied KCC2 activity
in slices from ZnT3 KO mice. These mice lack synaptic Zn 2�, but
otherwise exhibit little alterations in glutamatergic synaptic
transmission in this hippocampal region (Lopantsev et al., 2003).
Control slices from ZnT3 KO and wild-type mice showed similar
basal KCC2 activity rates (Fig. 4A,B), suggesting that the lack of
ZnT3 does not affect intracellular Zn 2� levels, which could affect
KCC2 activity (Hershfinkel et al., 2009). In slices obtained from
ZnT3 KO mice, mossy fiber stimulation had no effect on NH4

�

influx rates. Our previous work suggests that ZnR activity can be
triggered in slices from ZnT3 KO mice with exogenous Zn 2�

(Besser et al., 2009). We therefore asked whether KCC2 activity
could be upregulated in slices from ZnT3 KO mice upon addition
of Zn 2�. Slices from ZnT3 KO mice were treated with Zn 2� (200
�M, 2 min) and KCC2 activity was measured using BCECF. Ap-
plication of Zn 2� did induce an increase in NH4

� transport rate
in this preparation (Fig. 4A,B), indicating that the signaling cas-
cade linking ZnR activation to increased KCC2 activity remains
intact in the absence of vesicular Zn 2�. Finally, additional exper-
iments were performed using MQAE. Stimulation of slices ob-
tained from ZnT3 KO animals induced a lower Cl� influx rate
compared with that of stimulated or Zn 2�-treated slices from
WT mice (Fig. 4C,D). Together, these results demonstrate that
KCC2 activity in CA3 neurons is increased by stimulus-
dependent release of synaptic Zn 2� from mossy fibers.

Zn 2� upregulates KCC2 activity via ZnR signaling and
increase in KCC2 surface expression
Synaptically released Zn 2� acts via a Gq-protein-coupled recep-
tor mZnR to trigger intracellular Ca 2� release followed by acti-
vation of ERK1/2 (Besser et al., 2009). We tested whether
activation of this pathway is linked to the upregulation of KCC2
activity following synaptic Zn 2� release. Application of either the
G�q inhibitor YM-254890 (1 �M) or the PLC inhibitor U73122
(1 �M), both of which block mZnR-mediated intracellular Ca 2�

rises (Besser et al., 2009), prevented mossy fiber stimulation-
dependent increases in KCC2 activity (Fig. 5A,B). This suggests
that mZnR-dependent rise in intracellular Ca 2� is essential for
upregulation of KCC2 activity. mZnR-dependent Ca 2� rises also
trigger intracellular signaling leading to activation of mitogen-
activated protein kinase (MAPK) pathways (Hershfinkel et al.,
2007). Phosphorylation has been also implicated in regulation of
KCC2 activity (Rinehart et al., 2009). Inhibition of ERK1/2
MAPK activation by U0126 (1 �M) completely reversed the
Zn 2�-dependent upregulation of KCC2 activity (Fig. 5A,B).
These results indicate that increased KCC2 activity, triggered by
synaptic Zn 2�, is mediated by a MAPK pathway previously
shown to be activated by a mZnR in neurons (Besser et al., 2009).

Rapid endocytosis followed by degradation, or recycling of
KCC2 protein to the plasma membrane is an important regula-
tory mechanism for the activity of the cotransporter (Rivera et al.,
2002, 2004; Wake et al., 2007). We therefore asked whether
mZnR activation affects these processes by assaying KCC2 resid-
ual surface expression level using a biotinylation assay (see Ma-
terials and Methods). Following biotin labeling of surface
proteins, mZnR activity was triggered (200 �M Zn 2�, 2 min) and
slices were maintained in ACSF for �6 min until lysed and mixed
with Neutravidin. It is important to note here that the Zn 2�-

dependent Ca 2� responses, monitored using Fura-2, were essen-
tially intact following treatment of slices with the biotinylation
reagent (Fig. 5C, inset), indicating that this procedure did not
appear to compromise ZnR signaling. Since biotinylated surface
KCC2 (BT-KCC2) can undergo rapid endocytosis, even under
baseline conditions (Rivera et al., 2004; Zhao et al., 2008), control
slices were maintained in ACSF for the same time period as
Zn 2�-treated slices. Comparison of control and Zn 2�-treated
slices showed that residual levels of BT-KCC2 were significantly
enhanced in Zn 2�-treated slices (Fig. 5C). This suggests that
Zn 2� reduces the rate of endocytosis and degradation of KCC2
and/or promotes the rapid recycling of this protein to the cell
membrane. Either way, there is a net increase in surface expres-
sion of KCC2 following Zn 2� stimulation, a process that can
account for the observed increases in cotransporter activity ob-
served in this study. Importantly, the effects of Zn 2� on the sur-
face expression of KCC2 were prevented by YM-254890 (1 �M;
Fig. 5C), which blocks the ZnR-dependent intracellular Ca 2� rise
(Besser et al., 2009). This strongly suggests that Zn 2�-dependent
overall increase in KCC2 surface expression is induced by the
activation of a Gq-coupled mZnR.

Figure 5. Upregulation of KCC2 activity is mediated by mZnR signaling pathway and
enhanced KCC2 surface expression. A, KCC2 activity was monitored in slices from WT mice
loaded with BCECF, following stimulation of the mossy fibers in control slices (vehicle) or
in slices pretreated with a G�q inhibitor (YM-254890, 1 �M), a PLC inhibitor (U73122, 1
�M) or an ERK1/2 inhibitor (U0126, 1 �M); n � 7 slices. B, Averaged rate of NH4

� influx
as monitored in A. Dashed line indicates the rate of transport in nonstimulated control
slices taken from Figure 4 A (n � 7 slices, **p � 0.01 compared with vehicle control
without stimulation). C, Top, Slices were biotinylated, control slices were maintained in
ACSF, and loaded with the intracellular Ca 2�-sensitive dye, Fura-2. Then Zn 2� (200 �M)
was applied and the Ca 2� response is shown in control and biotinylated slices. Bottom,
Surface expression level of KCC2, monitored using surface biotinylation followed by im-
munoblotting of KCC2 or transferrin receptor (TrfR), which is a nonrelated membrane
transporter used as control. Surface expression in vehicle-control slices or in slices treated
with Zn 2� in the presence or absence of YM-254890 (1 �M). Densitometry analysis of
KCC2 surface expression is shown to the right, normalized to TrfR expression (n � 4 slices,
*p � 0.05 compared with vehicle control).
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GPR39 mediates ZnR signaling in
CA3 neurons
Our previous work suggested that the Gq-
coupled receptor GPR39 may mediate
mZnR activity, and demonstrated that
this protein is strongly expressed in CA3
neurons (Besser et al., 2009). Here, we
used hippocampal slices from GPR39 KO
mice (Moechars et al., 2006) (Fig. 6A) to
evaluate whether this receptor is, in fact,
the mZnR. First, we determined whether
synaptic Zn 2� release was similar in
GPR39 KO and WT mice using the non-
permeant form of the Zn 2�-sensitive dye
Newport Green (Frederickson et al.,
2006). Following mossy fiber stimulation
(a train of 10 pulses at 66 Hz), changes of
Newport Green fluorescence (2 �M, Fig.
6B,C) in the CA3 were nearly identical in
slices from WT and GPR39 KO mice, but,
as expected, were absent in slices from
ZnT3 KO mice (Cole et al., 1999; Carter et
al., 2011). As such, the lack of GPR39 does
not influence synaptic Zn 2� release.

We then evaluated mossy-fiber sti-
mulation-dependent activation of the
metabotropic pathway, leading to release
of Ca 2�, using slices loaded with Fura-2.
While mossy fiber stimulation triggered
pronounced intracellular Ca 2� responses
in CA3 neurons in slices from WT mice
(Besser et al., 2009), these responses were
attenuated by �50% in GPR39-defficient
slices (Fig. 6D,E). The residual response is
most likely induced by group I metabo-
tropic glutamate receptor activation (Bi-
anchi et al., 1999; Kapur et al., 2001).
Moreover, any residual Ca 2� responses
observed in GPR39 KO slices were unaf-
fected by extracellular Zn 2� chelation
with CaEDTA (150 �M; Fig. 6D,E). This
chelator, however, reduced mossy fiber
stimulus-evoked Ca 2� responses in WT
slices to levels nearly identical to those ob-
served in the GPR39 KO slices. These re-
sults are very similar to those previously
observed in ZnT3 KO mice (Besser et al.,
2009), and reinforce the notion that syn-
aptically released Zn 2� via activation of a mZnR is responsible for
a substantial component of metabotropic Ca 2� responses in CA3
neurons. Importantly, we demonstrate here that GPR39 is critical
for Zn 2�-dependent Ca 2� responses as no responses were ob-
served in slices obtained from animals lacking this receptor, in-
dicating, for the first time, that endogenous GPR39 mediates
mZnR signaling in the hippocampus. In fact, this strongly implies
that the mZnR and GPR39 are one and the same molecule.

Finally, we compared the rates of NH4
� transport under

control conditions and following either Zn 2� exposure or mossy
fiber stimulation in slices from GPR39 KO mice and WT litter-
mates. Electrical stimulation of the mossy fibers (a train of 10
pulses at 66 Hz) or application of exogenous Zn 2� (200 �M, 2
min) resulted in robust increase in KCC2 activity in slices ob-
tained from WT controls (Fig. 7A,B). Strikingly however, neither

stimulus could alter KCC2 activity in slices from GPR39 KO mice
(Fig. 7A–C). In agreement, a similar stimulatory effect of extra-
cellular Zn 2� on KCC2 activity was observed in the SHSY-5Y
neuronal cell line, which exhibits GPR39-mediated mZnR activ-
ity (Fig. 7D, inset) (Besser et al., 2009). Finally, siRNA-mediated
silencing of GPR39 effectively abolished Zn 2�-dependent Ca 2�

release (Fig. 7D, inset) and the upregulation of KCC2 activity in
the SHSY-5Y cells (Fig. 7D). These data also argues for the iden-
tity of GPR39 as the zinc receptor.

Discussion
GPR39, a previously orphan G-protein-coupled receptor, was
first proposed to mediate obestatin signaling and regulate food
intake (Zhang et al., 2005). However, the absence of GPR39 ex-
pression in the hypothalamus (Jackson et al., 2006) and the iden-

Figure 6. GPR39 mediates mZnR-dependent Ca 2� response in CA3 hippocampal neurons. A, Analysis of GPR39 transcripts was
determined using PCR. The WT allele gives a 311 bp and the targeted GPR39 KO allele gives a 262 bp PCR product. This identifies
GPR39 �/� (KO) or GPR39 �/� (WT) mice. B, Synaptic Zn 2� release was determined using the nonpermeant form of Newport
Green (Frederickson et al., 2006). Extracellular Zn 2�-dependent changes in Newport Green (2 �M) fluorescence were monitored
in the CA3 region following stimulation of the mossy fibers in slices from WT mice, GPR39 KO mice or ZnT3 KO mice, lacking synaptic
Zn 2�. Inset is a schematic model of the experimental setup. C, Averaged stimulation-dependent rise of Newport Green fluores-
cence, normalized to the initial fluorescence, monitored in slices from WT, GPR39 KO mice (n � 6 slices) or ZnT3 KO mice (n � 4
slices, **p � 0.01 compared with the GPR39 WT). D, Slices from WT or GPR39 KO mice were loaded with Fura-2, an intracellular
Ca 2�-sensitive dye. Intracellular Ca 2� rise was monitored following stimulation of the mossy fibers (a train of 10 pulses at 66 Hz,
at the indicated time) in the presence of ACSF solution (vehicle) or ACSF containing the extracellular Zn 2� chelator CaEDTA (100
�M) (n � 7 slices). E, Averaged change of Ca 2� rises as monitored in D (n � 7 slices, **p � 0.01 compared with stimulated WT
in ACSF). Note that the residual Ca 2� response in the slices from GPR39 KO mice is not attenuated further by CaEDTA and is similar
to the response observed in the presence of CaEDTA in slices from WT mice.
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tification of Zn 2�, rather than obestatin, as its putative
endogenous ligand (Yasuda et al., 2007), left this receptor with-
out known physiological roles. The localization of GPR39 to CA3
neurons (Besser et al., 2009), as well as the results presented here
using a genetic model (Moechars et al., 2006), indicate that
GPR39 is responsible for endogenous mZnR-dependent metabo-
tropic responses in the hippocampus. We propose that a funda-
mental role for mZnR/GPR39 in CA3 is to initiate signaling
affecting the excitability of postsynaptic neurons following
activity-dependent release of vesicular Zn 2� from mossy fiber
terminals. Interestingly, synaptic Zn 2�-dependent activation of
ERK1/2 was recently implicated in hippocampal-dependent con-
textual discrimination (Sindreu et al., 2011). Our previous results
suggest that mZnR-dependent signaling induced activation of
ERK1/2 in the postsynaptic cells in the hippocampus (Besser et
al., 2009), hence the identification of GPR39 as the receptor me-
diating Zn 2�-dependent ERK1/2 activation may, in future work,

implicate GPR39 as a novel signaling component for memory
formation.

The present study and our pervious results (Hershfinkel et al.,
2009) demonstrate that synaptic and intracellular Zn 2� have op-
posite effects on KCC2 activity. Synaptically released, extracellu-
lar Zn 2�, acting via a mZnR, enhances KCC2 activity and surface
expression, thereby inducing a hyperpolarizing shift in GABAA

reversal potential. Activation of ERK1/2 by extracellular Zn 2� is
essential for the upregulation of KCC2 activity, suggesting that
phosphorylation of KCC2 may be required to enhance its activity.
Previous studies have shown that direct phosphorylation of
KCC2 regulates its activity (Strange et al., 2000; Rinehart et al.,
2009; Kahle et al., 2010) and may also lead to enhanced KCC2
surface expression (Lee et al., 2007, 2010; Wake et al., 2007; Wa-
tanabe et al., 2009). In contrast to the effects of extracellular
Zn 2�, increases in intracellular Zn 2�, triggered either by a Zn 2�

ionophore or by injurious stimuli such as oxygen-glucose depri-
vation, inhibit KCC2 activity (Hershfinkel et al., 2009), possibly
by directly interacting with the cotransporter. This leads to a
depolarizing shift in the GABAA reversal potential, which may
contribute to the injurious process (Buzsàki et al., 1989; Dietz et
al., 2008; Papp et al., 2008). Seemingly consistent with such a
mechanism, Zip-deficient mice, which lack Zn 2� influx mediat-
ing transporters, were shown to have reduced sensitivity to
kainate-induced neuronal death (Qian et al., 2011). Because cy-
toplasmic free Zn 2� ions will interact equally well with existing or
newly inserted plasma membrane KCC2, the rise in intracellular
Zn 2� would be expected to induce an overall attenuation of
KCC2 activity, overriding the upregulation of this transporter by
extracellular Zn 2�, which is, in fact what we observe.

Synaptic Zn 2� accumulation is developmentally regulated,
this ion is observed in synaptic vesicles only after the first post-
natal week (Frederickson et al., 1981; Nitzan et al., 2002), some-
what resembling developmental KCC2 expression (Lu et al.,
1999; Rivera et al., 1999; Lee et al., 2005). While in the mouse
hippocampus some vesicular Zn 2� is observed at postnatal day 6,
the levels of this metal are substantially increased during the 2–3
postnatal weeks (Nitzan et al., 2002; Liguz-Lecznar et al., 2005).
Thus, the results obtained in this study using the mossy fiber
stimulation of mice on postnatal days 12–15 may be enhanced in
adult mice. Interestingly, under pathophysiological conditions,
changes in both synaptic Zn 2� levels (Doering et al., 2007; Carter
et al., 2011) and KCC2 expression (Huberfeld et al., 2007; Khirug
et al., 2010) are also observed. BDNF, interictal-like activity and
stress induce a positive shift in EGABA mediated by reduction of
KCC2 surface expression (Rivera et al., 2002, 2004; Wake et al.,
2007). Moreover, certain forms of intracellular Ca 2� signaling
can also induce a depolarizing shift in EGABA that is dependent on
KCC2 activity or surface expression, including coincident pre-
synaptic and postsynaptic activity, repetitive postsynaptic firing
(Woodin et al., 2003; Fiumelli et al., 2005), and release of Ca 2�

via the ryanodine receptor (Fiumelli et al., 2005). In contrast,
activation of a different intracellular Ca 2� signaling pathway,
triggered by group I mGluRs, induces a pronounced hyperpolar-
izing shift in GABAA reversal potential, which is sensitive to
KCC2 inhibitors (Banke and Gegelashvili, 2008). As shown here,
a neuronal mZnR, which triggers Ca 2� release via the same path-
way as group I mGluRs, similarly enhances KCC2 activity and
renders the inhibitory drive for GABA more effective. We show
that the metabotropic Ca 2� response and its downstream
ERK1/2 activation are essential for mZnR-dependent upregula-
tion of KCC2 activity. Furthermore, our results using the G�q
inhibitor indicate that metabotropic Ca 2� responses triggered by

Figure 7. GPR39 mediates Zn 2�-dependent upregulation of KCC2 activity. A, KCC2 activity
was studied using the BCECF paradigm. NH4

� influx rate was monitored in slices from WT
(filled symbols) or GPR39 KO (open symbols) mice loaded with BCECF. BCECF fluorescence
changes were monitored in slices following mossy fiber stimulation (a train of 10 pulses at 66
Hz) or in control nonstimulated slices (n � 6 slices). B, Slices from WT (filled symbols) or GPR39
KO (open symbols) mice (as in A) were pretreated with extracellular Zn 2� (200 �M, 2 min) or
controls (n � 6 slices) and NH4

� influx rate was monitored. C, Averaged rates of NH4
� influx

as monitored in A-B (n � 6 slices, *p � 0.05 compared with WT control). In slices from GPR39
KO mice, application of exogenous Zn 2� or synaptic Zn 2� release by mossy fiber stimulation
did not affect KCC2 activity, which was similar to the level of the transporter activity in control
slices obtained from WT mice. D, SHSY-5Y cells were transfected with siRNA constructs for
silencing GPR39 (Besser et al., 2009) or a nonrelated G-protein-coupled receptor (siT1R3, con-
trol) and subjected to the MQAE paradigm to monitor KCC2 activity. Cells were treated with or
without Zn 2� (200 �M, 2 min) and KCC2 activity was monitored in the presence or absence of
DIOA (n � 5, *p � 0.05 compared with vehicle siT1R3, control). Zn 2�-dependent Ca 2� rise
was monitored using Fura-2 (see inset) and was attenuated in the siGPR39 transfected cells.
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mZnR are required for enhancing KCC2 surface expression.
While mZnR activation may regulate KCC2 endocytosis, degra-
dation, or its recycling back to the membrane our, data clearly
indicate that this results in upregulation of KCC2 activity. Impor-
tantly, we show that a brief change in extracellular Zn 2� activates
metabotropic signaling that is sufficient to rapidly upregulate
KCC2 activity in the hippocampus. Such robust effects on CA3
pyramidal cells signaling was previously shown to result from
similar stimulation protocols in the mossy fibers, also dependent
on the IP3 pathway (Scott et al., 2008). Thus, synaptically released
Zn 2�, acting via mZnR signaling, may be a significant compo-
nent of the dynamic regulation of KCC2 in neurons.

As KCC2 transport activity is a major determinant of the neu-
ronal GABAA-inhibitory drive, this transporter is closely associ-
ated with seizure activity (Woo et al., 2002; Huberfeld et al.,
2007). mZnR-mediated upregulation of KCC2 activity may thus
partly account for the reported anticonvulsive actions of Zn 2�

(Elsas et al., 2009). Indeed, the fact that synaptic Zn 2� can pro-
foundly influence inhibitory drive is concordant with the en-
hanced susceptibility to kainate-triggered seizures present in
ZnT3 KO mice (Cole et al., 2000). The release of vesicular Zn 2�

could serve to limit kainate-triggered epileptic activity by render-
ing GABAA receptor inhibitory drive more effective through
mZnR signaling via upregulation of KCC2 activity. The enhanced
kainate-triggered seizure activity observed in ZnT3 KO animals
could then be explained by the lack of mZnR-mediated regula-
tion of KCC2. If synaptic Zn 2� acts via regulation of the Cl�

gradient, the presence or absence of vesicular Zn 2� may not be
critical for regulating epileptic activity when GABAA receptor
function is pharmacologically restricted. Interestingly, ZnT3 KO
or WT mice exhibit similar susceptibility to seizures when these
are generated by GABAA receptor blockers (Cole et al., 2000). The
link between synaptic release of Zn 2� and modulation of GABA
function described by our work may seem inconsistent with the
known, subunit-dependent direct inhibitory actions of Zn 2� on
GABAA receptors (Ben-Ari and Cherubini, 1991; Smart et al.,
1991, 2004). Yet, Zn 2� released from excitatory synapses may
have more pronounced effects on the overall function of mature
inhibitory connections by altering KCC2 activity, as evidenced by
the reported anticonvulsive properties of the metal.

Zinc is selectively sequestered into a subset of glutamate-
containing synaptic vesicles by ZnT3 (Palmiter et al., 1996; Wen-
zel et al., 1997; Cole et al., 1999; Sindreu et al., 2003) and is
released in an activity and Ca 2�-dependent manner from hip-
pocampal mossy fiber terminals (Qian and Noebels, 2005, 2006).
Our previous study demonstrated that Zn 2� activates mZnR
function in CA3 neurons and that GPR39 is localized to these
cells (Besser et al., 2009). Here, we show that mZnR activity is
mediated by GPR39, and is absent following GPR39 knockdown.
This mZnR activation subsequently affects the neuronal Cl� gra-
dient. The fact that both the endogenous transmitter, released
from mossy fibers, and its exogenous application produce similar
physiological effects, both of which are blocked by drugs that
inhibit mZnR function, satisfies the “identity of action” and the
“pharmacological identity” neurotransmitter identification cri-
teria (Werman, 1966). Moreover, Zn 2� reuptake via specific
transporters (Belloni-Olivi et al., 2009), or the previously re-
ported rapid desensitization of mZnR induced by Zn 2� itself
(Besser et al., 2009), may provide the mechanisms required for
the inactivation of this pathway. Thus, the mZnR-dependent up-
regulation of KCC2 activity provides compelling physiological
evidence establishing Zn 2� as a neurotransmitter in the mamma-
lian brain. The results presented here elucidate a physiological

function for GPR39, a neuronal receptor for synaptically released
Zn 2�. By increasing membrane expression and activity of KCC2,
thereby reshaping the Cl� gradient, mZnR renders GABAA

receptor-mediated inhibitory drive more effective.
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