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On the one hand, neuronal activity can cause changes in pH; on the other hand, changes in pH can modulate neuronal activity. Conse-
quently, the pH of the brain is regulated at various levels. Here we show that steady-state pH and acid extrusion were diminished in
cultured hippocampal neurons of mice with a targeted disruption of the Na *-driven Cl “/HCO; exchanger Slc4a8. Because Slc4a8 was
found to predominantlylocalize to presynaptic nerve endings, we hypothesize that Slc4a8 is a key regulator of presynaptic pH. Supporting
this hypothesis, spontaneous glutamate release in the CA1 pyramidal layer was reduced but could be rescued by increasing the intracel-
lular pH. The reduced excitability in vitro correlated with an increased seizure threshold in vivo. Together with the altered kinetics of
stimulated synaptic vesicle release, these data suggest that Slc4a8 modulates glutamate release in a pH-dependent manner.

Introduction
The regulation of intra- and extracellular pH is a vital homeo-
static function of all cell types. Given that numerous ion channels
can be influenced by pH, a role of pH transients in relation to
membrane potential and excitability has often been considered.
This is of particular relevance in the brain where, on the one
hand, changes in intra- and extracellular pH can influence neural
activity and, on the other hand, neural activity can elicit rapid
changes of pH. As a general rule, it appears that a rise in brain pH
is associated with increased neuronal excitability, whereas a fall in
pH has been shown to have the opposite effect (Chesler, 2003). In
this respect, the mechanisms that generate and regulate changes
in pH are of considerable neurobiological and clinical interest.
Because of its paramount importance, intra- and extracellular
pH is regulated at various levels. The first line of regulation is the
inherent buffering capacity of the intracellular and extracellular
space that helps to reduce rapid localized pH shifts (Casey et al.,
2010). The most important intracellular buffer is HCO;3 , which is
generated by hydration of CO, and subsequent deprotonation of
carbonic acid (Cordat and Casey, 2009). This process is sped up
by carbonic anhydrases, which thereby help to dissipate local pH
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gradients (Supuran, 2008). Because of the continuous generation
of acid equivalents, together with the transport of ions that alter
pH, more dynamic and sustained mechanisms are required to
ensure long-term pH homeostasis in neurons. The defense ma-
chinery in principle comprises Na */H ™ exchange (Luo and Sun,
2007), the Ca**/H "-ATPase (Schwiening et al., 1993), monocar-
boxylate transport (Hertz and Dienel, 2005), passive Cl /HCO;5
exchange (Alper, 2009), Na*-driven Cl~/HCO; exchange, and
Na "-HCOj cotransport (Boron etal., 2009). The acid regulation
machinery may differ among different types of neurons; how-
ever, the overlapping expression of pH-relevant transporters and
the lack of specific inhibitors have precluded a detailed analysis to
date. Indirect studies have suggested that Na*-driven Cl~/
HCOj exchange contributes to acid extrusion in hippocampal
neurons (Schwiening and Boron, 1994; Baxter and Church, 1996;
Bevensee et al., 1996; Bonnet et al., 2000), but the molecular
correlate and its physiological relevance are currently unclear.
Both NDCBE/Slc4a8 (encoded by Slc4a8) and NCBE/Slc4al0
(encoded by Slc4ai10) have been shown to mediate Na *-driven
Cl7/HCOj; exchange (Wang et al., 2000; Grichtchenko et al.,
2001; Dambkier et al., 2010).

Here, we show that Slc4a8 was enriched in presynaptic gluta-
matergic nerve endings and, indeed, played an essential role in
the regulation of intracellular pH (pH;). Glutamate release was
impaired in neurons with a targeted disruption of Slc4a8, but was
alleviated by increasing pH. On the systemic level, disruption of
Slc4a8 increased the seizure threshold in mice. These findings
indicate that pH regulation via Slc4a8 has important conse-
quences for synaptic transmission in both physiological and
pathophysiological conditions.

Materials and Methods

All experiments were approved by the responsible local institutions (Be-
horde fiir Soziales, Familie, Gesundheit und Verbraucherschutz, Hamburg,
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Germany, and Landesamt fiir Lebensmittelsicherheit und Verbrauch-
erschutz, Bad Langensalza, Germany) and complied with the regulations
of the National Institutes of Health and those of the Society of Neurosci-
ence (Washington, DC). Slc4a8 '~ (KO) mice were generated by tar-
geted disruption of Slc4a8. All studies were performed in a mixed 129Sv/
C57BL/6 background in the F7 generation. KO animals were born in the
expected Mendelian ratio, had a normal life span, and did not show any
obvious abnormality (Leviel et al., 2010). KO brains appeared to be un-
altered at the structural or histological level (data not shown). If not
indicated otherwise, littermates of both genders from heterozygous mat-
ings in F7 were used for experiments.

Immunohistochemistry. For immunohistochemistry, brains of 6- to
8-week-old wild-type (WT) and KO mice were removed after transcar-
dial perfusion and postfixed in 2% paraformaldehyde/0.25% glutaralde-
hyde in 0.1 M phosphate buffer (PB) for 2 h. The tissue was incubated in
30% sucrose overnight. Free-floating cryosections (50 wm) were stained
with our polyclonal rabbit Slc4a8 antibody (Leviel et al., 2010). For 3,3'-
diaminobenzidine (DAB) staining, coronal and sagittal brain sections
were incubated with a biotinylated anti-rabbit IgG secondary antibody
using the Vectastain ABCKkit (Vector Laboratories). The peroxidase stain
was visualized by 0.05% DAB, 0.04% nickel ammonium sulfate, and
0.03% H,0, dissolved in 0.01 M PB. For morphological analysis, a stan-
dard hematoxylin-eosin staining procedure was used. For immunofluo-
rescence studies on sagittal brain sections, the Slc4a8 signal was amplified
with a tyramide signal amplification kit (Invitrogen) (7 = 6 from at least
two independent experiments). For costainings, the following primary
antibodies were used: monoclonal mouse anti-neurofilament 68 (anti-
NF68) (1:500, Sigma-Aldrich), monoclonal mouse anti-glutamic acid
decarboxylase 67 (anti-GAD67) (1:500, Millipore), polyclonal guinea pig
anti-vesicular glutamate transporter 1 (anti-vGLUT1) (1:500, Synaptic
Systems), monoclonal mouse anti-vGLUT 2 (1:250, Millipore), mono-
clonal mouse anti-vGLUT3 (1:5000, Millipore), monoclonal mouse anti-
synaptophysin (1:500, Millipore), mouse anti-parvalbumin (1:2000, Swant),
monoclonal mouse anti-microtubule-associated protein 2 (anti-MAP2) (1:
500, Sigma-Aldrich), monoclonal mouse anti-presynaptic density protein
95 (PSD-95) (1:1000, Abcam), monoclonal mouse anti-glial fibrillary acidic
protein (anti-GFAP) (1:500, Millipore), and monoclonal mouse anti-2',3'-
cyclic nucleotide 3'-phosphodiesterase (anti-CNPase) (1:500, Sigma-Aldrich).
Alexa Fluor 488- and 555-coupled goat anti-rabbit, goat anti-guinea pig, and
goat anti-mouse antibodies (1:500 or 1:1000, Invitrogen) were used as secondary
antibodies. Cell nuclei were stained by 4’,6-diamidino-2-phenylindole (DAPI)
(1 pg/ml, Sigma-Aldrich). Analysis was performed by confocal microscopy
(LSM 510, Zeiss).

To quantify the degree of colocalization, images (n = 12) were taken
from the hippocampal CA1 region (stratum radiatum, 225 X 225 wm) of
4 different WT brains. The relative area of colocalization was determined
by scatter plot analysis using the colocalization module of AxioVision
(Release 4.8.2, Zeiss).

Subcellular fractionation. Synaptic proteins were prepared as described
by Carlin et al. (1980) with minor modifications. Briefly, whole brains of
adult mice (WT or KO, 4-8 weeks of age) were homogenized with a
Teflon Dounce homogenizer and centrifuged twice (1000 X g, 10 min at
4°C). The crude membrane fraction was pelleted from the supernatants
(12,000 X g, 20 min). The cytosolic fraction was harvested by ethanol
precipitation of the resulting supernatant and ultracentrifugation
(100,000 X g, 1 h at 4°C). The synaptosome fraction was isolated by a
discontinuous sucrose gradient (0.85/1/1.2 m). The synaptosomal mem-
brane fraction was prepared by subsequent osmotic lysis and centrifuga-
tion (33,000 X g, 30 min at 4°C). Synaptic junction plasma membranes
were enriched by a subsequent second sucrose gradient. For the final
isolation of the postsynaptic density fraction, two Triton X-100 purifica-
tion steps were performed.

Immunoblotting. For immunoblotting, 10 ug of protein (if not other-
wise indicated) was separated by reducing SDS-8% polyacrylamide gel
and transferred to nylon membranes. Detection was achieved with an
enhanced chemiluminescence kit (GE Healthcare). The following pri-
mary antibodies were used: rabbit anti-Slc4a8 (1:500), mouse monoclonal
anti-PSD-95 (1:1000, Abcam), and mouse monoclonal anti-synaptophysin
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(1:1000, Millipore). B-Actin (1:40,000, Santa Cruz Biotechnology) served as
aloading control.

Freeze-fracture replica immunolabeling. For freeze-fracture replica im-
munogold labeling, aliquots of isolated synaptosomes were enclosed be-
tween two 0.1 mm copper sandwich profiles. The profiles were rapidly
frozen by plunge-freezing in liquid ethane/propane (1:1) cooled by liquid
nitrogen. Freeze-fracture was performed in a BAF400T (Leica Microsys-
tems) freeze-fracture unit at —150°C using a double-replica stage. The
fractured samples were replicated by perpendicular evaporation of car-
bon (15-25 nm) as first layer, followed by platinum/carbon (2 nm) shad-
owing at an angle of 35°. The SDS freeze-fracture replica labeling
technique was performed as described previously (Westermann et al.,
2005), using specific primary antibodies for Slc4a8 (1:100) and Syntaxin
(mouse monoclonal, 1:50, Sigma-Aldrich), followed by gold-conjugated
second antibodies goat anti-rabbit (10 nm) and goat anti-mouse (5 nm)
(British Biocell International). After immunolabeling, the replicas were fixed
with 0.5% glutaraldehyde, washed with distilled water, and finally picked
onto Formvar-coated grids. Images were taken as digital pictures in an EM
902 A electron microscope (Zeiss) using a 1 k FastScan CCD camera [Tietz
Video and Image Processing Systems (TVIPS) camera and software].

Hippocampal neuron culture. Mice from homozygous WT and KO
matings were killed at postnatal day 0.5-1.5. Brains were removed and
hippocampi dissected in ice-cold HBSS (Invitrogen) supplemented with
penicillin-streptavidin/HEPES (pH 7.25). Hippocampi were rinsed three
times with HBSS and trypsinized with 0.05% trypsin/EDTA (Invitrogen)
for 25 min at 37°C. The supernatant was removed and rinsed with HBSS.
The tissue was placed in 2 ml of HBSS containing 20 ul of DNase (1 ug/ul
in HBSS) and dissociated into single cells by trituration with folded Pas-
teur pipettes of decreasing diameter. Approximately 50,000 cells were
plated onto poly-L-lysine (Sigma-Aldrich)-coated coverslips (¢ 18 mm)
in plating medium (minimum essential medium, 10% horse serum,
0.6% glucose). Cells were allowed to settle for 10—20 min at 37°C and 5%
CO,. Finally, coverslips were transferred to 6 cm culture dishes containing
Neurobasal medium (Invitrogen) supplemented with 1 mm L-glutamine,
0.2% horse serum, and B27 supplement. Neurobasal medium supple-
mented with B27 was added once a week to maintain the initial volume. For
pure glial culture, astrocytes were cultured with DMEM (Invitrogen) sup-
plemented with 10% fetal calf serum and penicillin-streptavidin, and split at
least 3 times. pH measurements were performed after 21-28 d in culture and
FM measurements at day 14 in culture.

Intracellular pH recordings. The fluorescent indicator 2',7'-bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) (Rink et al.,
1982) was used for noninvasive measurement of pH; in cultured hip-
pocampal neurons. BCECF is a commonly used dual-excitation indica-
tor, which is pH sensitive when excited at 495 nm and nearly pH
insensitive at 440 nm (isosbestic point), and thereby allows ratiometric
monitoring of pH; independent of photobleaching and dye leakage (Boy-
arsky et al., 1988). Primary hippocampal cultures were loaded with ace-
toxymethyl ester of BCECF (Invitrogen) at a final concentration of 1 um
with 0.002% Pluronic F127 in bicarbonate-buffered solution (contain-
ing, in mM: 125 NaCl, 2 KCl, 1.2 CaCl,, 1.2 MgSO,, 1.25 NaH,PO,, 10
glucose, and 26 NaHCO; gassed with 95% O,/5% CO,, pH 7.3) for 5-10
min at 37°C. For recordings, coverslips were mounted onto a perfusion
chamber (350 ul volume, Chamlide EC, Live Cell Instrument) and su-
perfused with bicarbonate-buffered solution (32 % 0.2°C) at a linear flow
rate of 1.5-2.0 ml/s corresponding to ~4 bath changes per minute. A
subset of experiments was performed in the nominal absence of bicar-
bonate and the presence of 30 mm HEPES (pH adjusted to 7.3 with
NaOH). Light emission (510-535 nm) upon alternating excitation with
495 and 440 nm was recorded with a 10X objective every 10 s witha CCD
camera (AxioCam MRm, Zeiss). The Fy5/F,,, ratio was converted into
pH; values using the nigericin single-point calibration technique (Boyar-
sky et al., 1988) and nonlinear regression analysis. After defining the
region of interest (somata of pyramidal neurons) and 10 min of baseline
recording, ratio values were relatively stable, although we still observed a
slight alkaline drift in our recordings regardless of the genotype (drift,,
min KO, 0.030 £ 0.004 ApH/min; WT, 0.031 % 0.004 ApH/min; p =
0.87). Basal pH; was calculated as mean pH; >30 s, 10 min after the
beginning of the recording. Cells were acid loaded by the “rebound acid-
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ification” technique (Boron and De Weer, 1976) with a 20 mm NH,Cl
pulse (bicarbonate-buffered solution with equimolar substitution of
Na® by NH,™), and NH,Cl-induced alkalosis was quantified as
PHytaximum-PHpaselines The rate of pH; recovery (dpH,/d,) was deter-
mined over the first 2 min after peak acidification upon withdrawal of
NH,Cl and between pH; 6.7 and 6.8. Data from =30 neurons (2—7 cells/
experiment) cultured from at least three independent preparations per
genotype were averaged. For NH,Cl pulse experiments in the presence of
HEPES, =9 cells were analyzed from at least two independent prepara-
tions per genotype.

EM recordings. For analysis of presynaptic vesicle release in WT and
KO hippocampal neurons, synaptic vesicles were labeled with a fluores-
cent FM dye. Vesicle exocytosis was investigated upon electrical field
stimulation by quantification of fluorescence intensity decline (Gaffield
and Betz, 2006).

Coverslips with mixed hippocampal cultures were mounted onto an
optical recording chamber supplied with a pair of platinum electrodes for
field stimulation (Chamlide EC) at day 14 in culture. During the record-
ing, cells were continuously superfused with bicarbonate-buffered solu-
tion (pH 7.3, flow rate 1.1 ml/min at room temperature) supplemented
with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 um, Tocris
Bioscience) and (2 R)-amino-5-phosphonovaleric acid (pL-APV) (50
M, Sigma-Aldrich) in an optical recording chamber supplied with a pair
of platinum electrodes for field stimulation. After 5 min, the cells were
exposed to high potassium solution (containing, in mm: 68 NaCl, 60 KCI,
1.2 CaCl,, 1.2 MgSO,, 1.25 NaH,PO,, 10 glucose, and 26 NaHCO5;)
supplemented with 10 um FM1-43 (Invitrogen) for 1 min, followed by 1
min of bicarbonate-buffered solution supplemented with 5 um FM1-43,
and washed with bicarbonate-buffered solution for 10 min. Fluorescence
was recorded with a 63X water-immersion objective at a frequency of 1
Hz (excitation 480 nm, emission 445 * 25 nm). Following the baseline
recording, 1 ms current pulses were applied for 150 s at a frequency of 10
Hz (corresponding to ~1500 action potentials). Regions of interest cor-
responding to nerve terminals (=25, ¢ 1.5 um) were analyzed (6 record-
ings from three independent preparations per genotype). Bleaching
effects were corrected by negative slope analysis. Puncta that did not
show a reduction of the corrected fluorescence intensity of >30% after
stimulation or that could not be fitted by a monoexponential fit were
excluded from analysis of the destaining time constant 7.

Slice preparation for electrophysiological recordings. Immediately after
decapitation, brains from adult mice (WT or KO, 4—8 weeks of age) were
removed from the skull and chilled (at ~4°C) in artificial CSF (aCSF)
containing (in mm): 120 NaCl, 3 KCL5, 1.3 MgSO,, 1.25 NaH,PO,, 2.5
CaCl,, 10 p-glucose, and 25.0 NaHCO;, gassed with 95% O,/5% CO,,
pH 7.3. Frontal lobes and cerebellum were removed. Coronal slices were
prepared with a vibroslicer (VT 10008, Leica Instruments) as described
previously (Liebmann et al., 2009). Slices (350 wm) were stored at room
temperature in aCSF for at least 1 h until use.

Hippocampal field potential recordings. After a 1 h equilibration period,
slices were transferred to an interface recording chamber and perfused
with oxygenated aCSF (2-3 ml/min) at 32°C. Bipolar stimulating elec-
trodes with a tip diameter of 100 um (SNE-200X, Science Products
GmbH) were placed onto the Schaffer collateral fibers in the CA1 region.
Data of field EPSP (fEPSP) recordings were collected with an extracellu-
lar amplifier (EXT-02, NPI Electronic), low-pass filtered at 4 kHz, and
digitally stored with a sample frequency of 10 kHz. Data acquisition and
analysis of population spike amplitudes were performed using the soft-
ware, Signal (Cambridge Electronic Design). Upon stimulation (pulse
duration 50 us), fEPSPs were recorded using glass microelectrodes (2-5
M(Q, filled with aCSF) impaled into the pyramidal layer or the stratum
radiatum of CAl. The maximal population spike amplitude was deter-
mined by gradually increasing the stimulus intensity (0—70 V) for each
experiment (interstimulus interval 30 s) until the responses saturated.
The relationship between stimulus intensity and the evoked response was
fitted by a sigmoid function: R(;y = R,,,,/1+exp(i — i;,), where R ;) is the
response at intensity (i), R,,,, is the maximal response, and i, is the
intensity at which half-maximal response was observed.

Following determination of the half-maximal stimulation intensity,
paired-pulse stimuli were applied with interstimulus intervals of 15, 20,
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30, 50, 80, 120, 180, 280, 430, 650, and 1000 ms to investigate paired-
pulse facilitation. Changes of paired-pulse facilitation rather support a
presynaptic alteration, because this kind of short-term plasticity depends
on a sustained increase in intracellular calcium after a preconditioning
pulse (fEPSP1) (Katz and Miledi, 1968; Wu and Saggau, 1994).

Patch-clamp recordings. Hippocampal slices were placed in a sub-
merged recording chamber mounted on an upright microscope
(BX51WI, Olympus). Slices were continuously superfused with gassed
aCSF (5% CO,/95% O,, 2-3 ml/min, 32°C, pH 7.2). Patch-clamp re-
cordings were performed under visual control with differential interfer-
ence contrast and a 40X water-immersion objective. CA1 neurons with a
pyramidal-shaped cell body were selected for recordings. The membrane
patch under the electrode was ruptured by gentle suction after seal for-
mation (resistance >1 G(2). Only recordings with an access resistance of
<15 M() and a resting membrane potential more negative than —55 mV
were included in this study. Signals were recorded using a patch-clamp
amplifier (Multiclamp 700B, Molecular Devices). Responses were low-
pass filtered at 4 kHz and digitized at 20 kHz (Digidata 1440, Molecular
Devices). All data were acquired, stored, and analyzed on a PC using
pClamp 10.2 and Clampfit 10.2 (Molecular Devices). Patch pipettes with
an impedance of 3—4 M() were pulled from borosilicate glass (outer
diameter 1.5 mm, Science Products GmbH) on a Sutter Instrument mi-
cropipette puller (P-97). Miniature EPSCs (mEPSCs) and miniature IP-
SCs (mIPSCs) were recorded at a holding potential of —70 mV for at least
5 min. Data analysis was performed off-line with the detection threshold
levels set to 5 pA for mEPSCs and mIPSCs. mEPSCs were isolated by
adding tetrodotoxin (0.5 uM, Tocris Bioscience) and bicuculline methio-
dide (20 um, Biomol) to block action potential-induced glutamate re-
lease and GABA, receptor-mediated mIPSCs, respectively. bL-APV (30
uM) was added to suppress NMDA currents. The pipette solution con-
tained the following (in mwm): 120 CsMeSO,, 17.5 CsCl, 10 HEPES, 5
BAPTA, 2 Mg-ATP, 0.5 Na-GTP, 10 QX-314 [N-(2,6-dimethyl-
phenylcarbamoylmethyl)triethylammonium bromide], pH 7.3, adjusted
with CsOH.

Recordings of mIPSCs were performed using a CsCl-based intracellu-
lar solution (in mm): 122 CsCl, 8 NaCl, 0.2 MgCl,, 10 HEPES, 2 EGTA, 2
Mg-ATP, 0.5 Na-GTP, pH adjusted to 7.3 with CsOH. pL-APV (30 um),
CNQX (10 um), and tetrodotoxin (0.5 um) were added to the perfusate.
The currents were identified as events when the rise time was faster than
the decay time. The following parameters were determined: interevent
interval, frequency, rise time, peak amplitude, and 7 of decay. The decay
of each event was fitted with a monoexponential curve in pClamp. Only
residual SDs <<0.3 were accepted as a criterion for the quality of the fit. In
asubset of MEPSC recordings, the extracellular pH was adjusted to 6.9 or
7.5 using aCSF gassed with carbogen containing 10 or 2.5% CO,, respec-
tively. Alterations of pH; upon application of different CO, concentra-
tions were confirmed by recordings of pH; in cultured neurons (ApH; at
2.5% CO,, +0.26 * 0.04; at 10% CO,, —0.19 = 0.05; one-way ANOVA:
F = 27.48, p < 0.00001; n = 22/39/17). In a subset of experiments, pH;
was alkalinized by substitution of 20 mm NaCl by trimethylamine chlo-
ride (TriMA) (Sigma-Aldrich).

To study the regulation of presynaptic release, the open-channel blocker
of the NMDA receptor MK-801 maleate (5H-dibenzo[a,d]cyclohepten-
5,10-imine maleate) (40 um, Tocris Bioscience) was used. CNQX (10 um)
was added to block a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor responses. NMDA receptor-mediated evoked EPSCs were
evoked in CAl pyramidal neurons by electrical stimulation (stimulator
model 2100, A-M Systems) of Schaffer collaterals with a frequency of 0.1 Hz.
Evoked EPSCs were recorded in response to stimulation with half-
maximal stimulus intensity at +40 mV holding potential. MK-801 was
added after establishment of a stable baseline. Stimulation was resumed
and evoked EPSCs were recorded for an additional 100 stimuli. Pulses
were normalized to the first pulse given in the presence of MK-801. Time
constants of NMDA receptor blockade were estimated by monoexpo-
nential fit and defined as the time point at which amplitudes dropped to
37% of baseline. Furthermore, action potential properties and spike fre-
quency accommodation were recorded under current-clamp conditions.
Prolonged current steps (600 ms) were applied from the resting mem-
brane potential in the range of 0-560 pA with a 40 pA increment. Patch
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pipettes were filled with the following (in mm): 140 K-methane sulfonate,
10 HEPES, 0.1 EGTA, 4 Mg-ATP, and 0.3 Na-GTP, pH 7.3.

Seizure susceptibility. Seizure threshold was determined as described pre-
viously (Jacobs et al., 2008). In adult mice (WT or KO, male, 3—4 months of
age), seizures were evoked by administration of the chemical proconvulsants
pentylenetetrazol (60 mg/kg body weight, Sigma-Aldrich) or pilocarpine
(350 mg/kg body weight, Sigma-Aldrich,) intraperitoneally (dissolved in a
total volume of 300 ul of PB). Peripheral cholinergic actions of pilocarpine
were blocked by injection of 1 mg/kg body weight methylscopolamine (Sig-
ma-Aldrich) 30 min before the pilocarpine injection. Animals were moni-
tored for 10 min after administration of the proconvulsants. The latency
until the first myoclonic jerk (focal seizure), clonic seizure (clamping of the
forefeet), or generalized (tonic-clonic) seizures was measured. For hyper-
thermia-induced epileptic activity, 10-d-old pups of both genotypes of com-
parable body weight were placed into a chamber with an ambient
temperature of 48.0 = 1.0°C (Schuchmann et al., 2006). The body temper-
ature was monitored with a rectal probe. The latency until loss of postural
control due to sustained tonic-clonic generalized epileptic activity (>20 s)
was recorded. Experimenters were blinded for the genotypes of mice.

Data analysis. Data are presented as mean = SEM. Statistical analysis
of two experimental groups was performed using the parametric two-
tailed Student’s ¢ test. If more than two groups were compared, one-way
ANOVA was performed, and differences between subjects were analyzed
by a subsequent Newman—Keuls test. In experiments that included re-
peated measurements, differences between groups were tested by
repeated-measures ANOVA. If necessary, two-way ANOVA was applied.
Cumulative distributions were tested using the Kolmogorov—Smirnov
test. Significance was considered at p values < 0.05.

Results

Slc4a8 localizes to presynaptic glutamatergic nerve endings
DAB staining of brain sections demonstrated that Slc4a8 was
broadly expressed in the CNS (Fig. 1A, B). Signals were most
prominent in cortical and midbrain structures, whereas large

§

Neuronal expression of Slc4a8 in mouse brain. 4, DAB staining of a coronal WT brain section with an antibody raised
against Slc4a8. Scale bar, 1000 wm. B, Slc4a8 staining of a sagittal WT brain section. Scale bar, 1000 pem. €, All hippocampal layers
stained positive for Slc4a8. Scale bar, 500 pm. SO, Stratum oriens; SPyr, stratum pyramidale; SRad, stratum radiatum; SL-M,
stratum lacunosum-moleculare. D, The specificity of the antibody was verified by the absence of signals in brain sections of KO
mice. Scale bar, 1000 wm. E, The ~120 kDa band for Slc4a8 was absent in KO brain lysate. Slc4a8 was detected in mixed
hippocampal cultures from WT mice, but was not detectable in lysates from pure glia cell cultures.
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fiber tracts like the corpus callosum
were almost spared. In the hippocam-
pus, all layers stained positive, including
the stratum lacunosum-moleculare of
the CAl region (Fig. 1C). The specificity
of our antibody and the staining proce-
dure was confirmed by the absence
of signals on tissue of KO mice
(Fig. 1 D).

Slc4a8 was detected in protein lysates
of mixed neuron/glia cell cultures, but not
of cultured glia cells (Fig. 1E). Accord-
ingly, no overlap of Slc4a8 was noted with
the astrocyte marker GFAP or the oligo-
dendrocyte marker CNPase in immunos-
tainings of brain sections (data not
shown). The somata of Slc4a8-stained
neurons were labeled variably, some dis-
playing a clear plasma membrane-bound
signal and some a more intracellular ve-
sicular staining (see also close-up from
pyramidal cell layer, Fig. 2 H). Slc4a8 did
not colocalize with the dendritic marker
MAP?2 (Fig. 2 F). Costaining with the ax-
onal marker NF68 revealed that Slc4a8 lo-
calized to axons rather than dendrites
(data not shown). Rather, Slc4a8 over-
lapped more with the presynaptic marker
synaptophysin (Fig. 2 A, B; relative area of
colocalization, 64.1 * 4.4%) than with the
postsynaptic marker PSD-95 (Fig. 2 E; rel-
ative area of colocalization, 18.9 * 3.6%;
n = 12/12; Student’s t test: p = 0.00001). More specifically, Slc4a8
colocalized with glutamate transporters vGLUT1 (Fig. 2C),
vGLUT?2 (Fig. 2D), and vGLUT3 (data not shown). Overlap be-
tween Slc4a8 and GADG67 as a marker of GABAergic presynapses
was marginal (Fig. 2G), and Slc4a8 was absent from most
parvalbumin-positive inhibitory interneurons in the hippocam-
pus (Fig. 2 H). The presynaptic localization of Slc4a8 was further
confirmed by fractionation studies from mouse brain lysates.
Slc4a8 was increasingly enriched in synaptosomes, synaptosomal
membranes, and synaptic junction plasma membranes, but ab-
sent from the postsynaptic density (Fig. 2I). Immunogold label-
ing of freeze-fractured WT and KO synaptosome preparations
proved that the Slc4a8 signal was specific (Fig. 2/,K) and that
Slc4a8 and Syntaxin—a well established presynaptic protein
(Okada et al., 1995)—TIocalized to the same compartment in WT
preparations (Fig. 2L).

Slc4a8 is important for the regulation of pH; in

hippocampal neurons

Because Slc4a8 appeared to be broadly expressed in neurons, and
sodium-dependent chloride-bicarbonate exchangers had repeat-
edly been proposed to be key regulators of neuronal pH; (Russell
and Boron, 1976; Schwiening and Boron, 1994; Bevensee et al.,
1996; Romero et al., 2000), we investigated the role of Slc4a8 in
neuronal pH homeostasis by BCECF fluorescence imaging of
cultured hippocampal neurons from KO and WT mice. In
bicarbonate-buffered solutions, the resting pH; of KO neurons
was significantly lower compared with WT (Fig. 3A, B; pH; KO,
6.88 = 0.02; WT, 6.97 * 0.03; one-way ANOVA, F = 7.65,p =
0.0001; Newman—Keuls test, p << 0.05; n = 35/35), whereas it was
unchanged in HEPES-buffered and nominally bicarbonate-free
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Figure2. Presynapticlocalization of Slc4a8 in the hippocampus. A, Costaining for Slc4a8 (green) and the presynaptic marker synaptophysin (Syn) (red) revealed a significant overlay.
Scale bar, 200 wm. SOr, Stratum oriens; SPyr, stratum pyramidale; SRad, stratum radiatum; SL-M, stratum lacunosum-moleculare. B’~B", Higher magnification of SRad. Scale bar, 5
um. C'=C", Slc4a8 (green) overlapped with the vesicular glutamate transporter vGLUTT (red, SRad). Scale bar, 5 wm. D"=D", Similar results were obtained for vGLUT2 as shown ina
close-up from the SRad. Scale bar, 5 wm. E'—E", Slc4a8 and the postsynaptic protein PSD-95 (red, SL-M) (scale bar, 5 um) did not colocalize. F’~F", In agreement, costainings of Slc4a8
(green) and the dendritic marker MAP2 (red, SRad) (scale bar, 5 pm) did not support a dendritic expression. 6" ~G", Costaining of Slc4a8 (green) and GAD (red) revealed that Slc4a8 was
not detected in most GABAergic nerve endings (SRad). Scale bar, 5 wm. H, Parvalbumin-positive interneurons (red) in the SPyr of the hippocampus did not express Slc4a8 (green). Scale
bar, 50 wm. Nuclei were labeled with DAPI (blue). /, Inmunoblot analysis of a density fractionation of WT mouse brain lysates. SIc4a8 was enriched in synaptosomes, synaptosomal
membranes, and the synaptic junction plasma membrane fraction, but was not detectable in the postsynaptic density fraction. The postsynaptic protein PSD-95 and the presynaptic
marker synaptophysin served as positive controls and 3-actin as a loading control. J, Transmission electron microscopy of a freeze-fractured WT synaptosome immunogold labeled for
Slc4a8 (large grains, 10 nm). K, The KO control confirmed the specificity of the Sic4a8 antibody. L, Colabeling of Slc4a8 (10 nm, white arrow) and the presynaptic marker syntaxin (small
grains, 5 nm, black arrow) of freeze-fractured WT synaptosomes confirmed presynaptic localization of Slc4a8. Inset, Higher magnification. Allimages show the protoplasmic fracture face
of a synaptosome membrane. Scale bars: J-L, 100 nm.
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Figure3. Impaired pH regulation in cultured hippocampal neurons of KO mice. A, Mean pH,
of KO and WT neurons challenged with NH,Cl (WTygpes 1 = 95 WTgiaponater 7 = 35;
KOgicarbonater M = 35). B, Steady-state pH; was only reduced in KO neurons in the presence of
bicarbonate (bicarbonate, p << 0.05; n = 35/35; HEPES, p > 0.05; n = 9/16). C, Peak alkalosis
by NH,Cl was increased in KO neurons (ApHyyayimum-gasar P << 0.001; m = 35/35), but net acid
load upon withdrawal of NH,Cl did not differ between genotypes (ApHg,car-inimum 2 = 0.97;
n = 35/35). %p < 0.05; ***p < 0.0005.

solution (pH; KO, 6.75 = 0.05; WT, 6.78 = 0.03; Newman—Keuls
test, p > 0.05; n = 9/16). To challenge neuronal pH; regulation,
cells were alkali loaded with an extracellular NH,Cl pulse. In the
presence of bicarbonate, NH,Cl-induced peak alkalosis, com-
pared with baseline (ApH . imum-Basal)> Was significantly raised
in KO neurons compared with WT (Fig. 3C; ApHyaximum-Basal
KO, 0.50 = 0.03; WT, 0.33 = 0.02; one-way ANOVA, F = 30.88,
p < 0.0001; Newman—Keuls test, p < 0.001; n = 35/35), whereas
rebound acidosis upon withdrawal of NH,Cl compared with
baseline (ApHg a1 Minimum) Was unaltered (Fig. 3C; ApHpg,qu.
Minimum KO, 0.22 £ 0.03; WT, 0.17 £ 0.03; one-way ANOVA,
F=10.08, p = 0.97; n = 35/35), although the absolute minimum
PH: (PHptinimum) Was slightly more acidic in KO neurons
(PHMinimum KO, 6.67 = 0.03; WT, 6.79 =+ 0.03; Student’s ¢ test,
p = 0.005; n = 35/35).
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Figure 4.  Reduction of network excitability in hippocampal slices from KO mice. 4, CA1

population spike amplitudes upon stimulation of Schaffer collaterals were decreased in KO slices
(p=10.04;n=22/19).Inset, Sample traces of somatic field recordings. Stimulus artifacts were
omitted for clarity. B, Paired-pulse facilitation was significantly increased in slices of KO mice at
30-1000 ms interstimulus intervals ( p = 0.03; n = 22/19). *p << 0.05.

Table 1. Passive and active membrane properties in principal neurons of the CA1

KO(n=12) WT (n=13) pvalue
Capacity (pF) 191 %17 171 £11 0.45
Resting membrane potential (mV) —66.5+ 13 —644 =10 0.26
Input resistance (M(2) 62.6 = 6.1 735+78 0.28
Action potential threshold (mV) —447 £ 1.0 —422 %20 0.28
Action potential height (mV) 97.0 £29 971+£29 0.98
Action potential half-width (ms) 0.7 0.1 0.7+ 0.0 0.61
Action potential rise time (ms) 0.5*=0.1 0.5+ 0.1 0.95

Acid extrusion within the first 2 min after the maximal acid
load was diminished in the absence of Slc4a8 (ApH/min, ,,,;, KO,
0.10 = 0.01; WT, 0.13 = 0.01; Student’s ¢ test, p = 0.019; n =
35/35). To evaluate the net proton fluxes independently of the
pH;, we additionally calculated the mean slope for both geno-
types between pH; 6.7 and 6.8, which was decreased as well (ApH/
Mmin,ye,6s KO, 0.11 * 0.01; WT, 0.15 * 0.01; one-way
ANOVA, F = 4.24, p = 0.007; Newman—Keuls test, p < 0.01). In
the nominal absence of bicarbonate, no significant differences
were observed between genotypes in any of the parameters ana-
lyzed (NH,Cl-induced alkalosis ApHy,yimum-pasal: KO> 0.83 =
0.08; WT, 0.74 = 0.07; Newman—Keuls test, p > 0.05; acid load
ApHgp, ot Minimum: KO, 0.24 = 0.06; WT, 0.38 £ 0.07; Newman—
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Keuls test, p > 0.05; recovery from acid
load ApH/min,; ¢7_65: KO, 0.09 = 0.01;
WT, 0.10 = 0.01; Newman—Keuls test,
p > 0.05;n = 9/16).

These results did not suggest a major
compensatory regulation of other acid ex-
truders in KO mice. In accordance, tran-
script abundance of Slc9al, Slc4a3,
Slc4a4, Slc4a7, and Slc4al0 quantified by
real-time PCR did not differ between
genotypes (data not shown). In conclu-
sion, acid extrusion via Slc4a8 appears
to play an important role for the steady-
state pH; and for the control of pH; to an
acute acid load.

Altered excitability of CA1 pyramidal
cells in the absence of Slc4a8

Because of the localization of Slc4a8 to glu-
tamatergic boutons and its impact on neu-
ronal pH regulation, we measured field
potentials in the CA1 region of acute WT
and KO slice preparations upon stimulation
of Schaffer collaterals. Fiber volley ampli-
tudes analyzed at half-maximal stimulus in-
tensities (WT, 33.6 = 2.1 V; KO, 35.5 + 3.3
V; Student’s t test, p = 0.65; n = 22/19) did
not differ between the genotypes (KO,
0.68 = 0.06 mV; WT, 0.72 = 0.08 mV; Stu-
dent’s t test, p = 0.63; n = 22/19). Popula-
tion spike amplitudes in the pyramidal
layer were decreased in KO mice (Fig. 4 A;
input/output: repeated-measures ANOVA,
F = 4.56; p = 0.040; and at half-maximal
stimulus intensity: KO, 4.27 = 0.62 mV;
WT, 6.81 £ 0.67 mV; Student’s t test, p =
0.008; n = 22/19). In support of a presyn-
aptic defect, paired-pulse facilitation was
increased in fEPSP recordings of KO slices
(Fig. 4B; repeated-measures ANOVA,
F =5.04, p = 0.03, n = 22/19). Field po-
tential recordings in the stratum radiatum
also revealed increased paired-pulse ratios
upon stimulation with half-maximal
stimulus intensity in KO slices (repeated-
measures ANOVA, F = 4.44, p = 0.04;
n = 37/41). Passive (input resistance, ca-
pacity, resting membrane potential) and
active (e.g., action potential height, spike
frequency accommodation) membrane
properties were unaltered in CA1 pyrami-
dal neurons patched in the current-clamp
mode (Table 1; n = 12/12).

The altered paired-pulse ratio of hip-
pocampal field recordings and the presyn-
aptic localization of Slc4a8 prompted us
to examine synaptic transmission more
closely. Spontaneous synaptic vesicle re-
lease was assessed by recording mEPSCs

(Fig. 5A-F) and mIPSCs (Fig. 5G-J) in acute slice prepara-
tions from KO and WT mice. While the amplitudes of the
mEPSCs did not differ between genotypes (Fig. 5C; KO,
19.493 = 1.63 pA; WT, 20.49 * 1.61 pA; one-way ANOVA,
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Figure5.  The frequency of mEPSCs but not of mIPSCs is decreased in KO mice in a pH-dependent manner. 4, B, Representative traces

of mEPSC recordings of WT and KO CA1 pyramidal cells at pH, 7.2. €, Cumulative plots of mEPSC amplitudes at varying pH; did not differ.
Inset, Means of mEPSCamplitudes ( p = 0.21;n = 32/15/38/14/7). D, Cumulative plots of interevent intervals revealed a shift to longer
intervals in KO compared with WT (pH, 7.2, p << 0.001; n = 38/32). E, Shifting the pH, t0 6.9 in WT diminished mEPSC frequencies ( p <
0.0001;n = 32/15). F, Increasing pH; by decreasing pC0, (pH, 7.5) or by application of the weak base TriMA raised the mEPSCfrequency of
KO cells (pH, 7.5, p = 0.03; n = 38/14; TriMA, p = 0.003; n = 38/7) toward WT. Inset, Means of mEPSC frequencies of WT and KO at
different pH.. G, H, Representative traces of mIPSC recordings of WT and KO CAT pyramidal neurons. /, J, Cumulative plots and means of
mIPSCamplitude and frequencies did not differ between the genotypes (pH, 7.2, p = 0.78 and p = 0.27;n = 15/16). *p << 0.05.

F=1.51,p =0.21, n = 38/32), the mean frequency was more
than halved in pyramidal CA1 neurons of KO mice (Fig. 5D;
KO, 0.31 £ 0.03 Hz; WT, 1.11 £ 0.25 Hz; one-way ANOVA,
F =3.71, p = 0.007; Newman—Keuls test, p < 0.01).
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Figure 6.

vesicles appears to be unchanged.

pH-dependent modulation of mEPSC frequency in WT and
KO neurons

To assess whether the electrophysiological changes could be ex-
plained by a compromised neuronal pH regulation, we manipulated
the pH; by varying pCO, at a constant extracellular bicarbonate con-
centration. Under these conditions, altering the pCO, changed ex-
tra- and intracellular pH in the same direction, with a decrease of
pCO, resulting in an increase of pH; and an increase of pCO, in a
decrease of pH;, as demonstrated by previous studies (Lee et al.,
1996; Dulla et al., 2005) and confirmed by our pH recordings on
cultured neurons. Lowering pH decreased the frequency of mEPSCs
in WT to values obtained from KO slices (Fig. 5E; WT pH,, 7.2,
1.11 £ 0.25Hz; WT pH,, 6.9, 0.36 = 0.05 Hz; Kolmogorov—Smirnov
test, p = 0.0001; n = 32/15), whereas raising the pH increased the
frequency of mEPSCs in KO slices (Fig. 5F; KO pH, 7.2,0.31 = 0.03
Hz; KO pH,, 7.5, 0.91 = 0.33 Hz; Kolmogorov—Smirnov test, p =
0.028; n = 38/14). The amplitude was not altered by changing pCO,
(Fig. 5C; KO pH,, 7.5, 15.72 % 0.51 pA; WT pH,, 6.9, 18.87 = 0.84
PA; one-way ANOVA, F = 1.51, p = 0.21, n = 14/15). We addition-
ally recorded mEPSC:s in slices from KO mice upon substitution of
20 mMm NaCl by TriMA, a membrane-permeant weak base, which
raises the pH; without altering the extracellular pH, (Eisner et al.,
1989). Again, no significant differences in mEPSC amplitudes were
observed (Fig. 5C; KO, 19.49 * 1.63 pA; KOrpyiva> 25.23 = 5.61 pA;

Postsynapse

Impaired release of glutamate vesicles in KO mice. 4, Time course of fluorescence destaining following field
stimulation of cultured hippocampal WT and KO neurons upon vesicle labeling with FM1-43 (n = 54/50). B, Cumulative
plot of the time constants revealed a shift toward a higher 7 in KO neurons ( p = 0.002; n = 54/50) equivalent with an
increased mean time constant. C, Time course of the amplitude decrease of normalized NMDA currents in the presence of
MK-801 (n = 8/6). Inset, Sample traces of NMDA receptor-mediated EPSCs recorded from CA1 pyramidal neurons in the
presence of MK-801 upon repetitive stimulation of Schaffer collaterals. Mean time constant was increased in CA1 neurons
of KO mice in the presence of MK-801. D, Model illustrating the consequences of S/c4a8 disruption on glutamate release.
Slc4a8 is involved in presynaptic pH homeostasis. Upon disruption of S/c4a8, the intracellular pH is diminished and
glutamate release impaired. Accordingly, fewer postsynaptic glutamate receptors are activated, but the pool of releasable

by measuring bouton destaining in FM1-
43-labeled cultured hippocampal neu-
rons (Fig. 6A,B). No difference was
observed in baseline punctual intensity
(KO, 476.34 = 18.02 arbitrary units; WT,
466.25 * 18.09 arbitrary units; Student’s ¢
test, p = 0.69; n = 116/134). However,
destaining, and hence synaptic vesicle re-
lease, upon repetitive stimulation was sig-
nificantly diminished in KO cultures after
~900 action potentials ((Fy—Fog0)/Fy);
KO, 0.183 £ 0.01; WT, 0.206 £ 0.01; Stu-
dent’s t test, p = 0.04; n = 116/134). Fol-
lowing extensive stimulation with >1500 action potentials, this
difference disappeared ((Fy—F,s00)/Fo); KO, 0.307 = 0.01; WT,
0.320 = 0.01; Student’s ¢ test, p = 0.31). Fitting single bouton
destaining over time monoexponentially allowed the calculation
of destaining time constants. Analysis of the cumulative proba-
bility of time constants (Fig. 6 B) revealed a significantly different
distribution between the two groups (Kolmogorov—Smirnov test,
p = 0.002), with an increase of mean 7in KO (144.59 = 9.04 s;
n = 54) compared with WT (112.43 = 7.53 s; Student’s t test, p =
0.0079; n = 50) neurons. These findings could be corroborated
electrophysiologically: normalized evoked EPSC amplitudes de-
creased more rapidly per stimulus upon application of the open-
channel NMDA receptor blocker MK-801 in WT compared with
KO slices (Fig. 6C). The blocking rate of NMDA receptor-
mediated EPSCs was significantly delayed in KO slices (54.59 =
6.32 stimuli; n = 8) compared with WT (27.56 * 3.64 stimuli;
Student’s t test, p = 0.005; n = 6), whereas the input/output
relationship of evoked NMDA current density did not differ be-
tween genotypes at all stimulus intensities tested (repeated-
measures ANOVA, F = 1.01, p = 0.32; n = 16/11).

Together, these experiments show that deletion of Slc4a8 re-
sults in a reduction of the number of released glutamatergic ves-
icles, although the pool of releasable vesicles appears to be
unchanged (Fig. 6 D).
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Figure7. Slc4a8 deletion increases seizure threshold in different in vivo models of epilepsy.

A, The latency until onset of pentylenetetrazol-induced myoclonic, tonic, and tonic-clonic sei-
zures was significantly prolonged in KO mice ( p << 0.0001; n = 22/22). B, Latency of ictal
activity upon pilocarpine injection ( p = 0.01; n = 13/13) was prolonged, as was seizure onset
in a mouse pup model of hyperthermia-related epileptic activity (n = 11/10). *p << 0.05.

In vivo characterization of KO mice

Given the importance of pH for neuronal excitability, we tested
the susceptibility of KO mice to proconvulsant substances. Laten-
cies of myoclonic, tonic, and tonic-clonic seizures in response to
the intraperitoneal application of pentylenetetrazol (Fig. 7A; KO:
109.23 * 25.90, 169.2 * 19.3, and 315.8 = 29.9 s; WT: 90.73 =
37.89, 123.2 £ 9.5, and 150.8 * 14.5 s; repeated-measures
ANOVA, F = 21.31, p > 0.0001; n = 22/22) were significantly
prolonged in KO mice. Seizure latency after administration of
pilocarpine (Fig. 7B; KO, 2709.2 * 406.8 s; WT, 1530.5 = 102.4 s;
n = 13/13) and ictal activity upon hyperthermia-induced hyper-
ventilation at postnatal day 10 were delayed also (Fig. 7B; KO,
526.3 = 27.7 s; WT, 431.4 = 35; n = 11/10; two-way ANOVA:
genotype F = 7.53, p = 0.009; interaction F = 5.74, p = 0.02).

Discussion

Slc4a8 localizes to presynaptic nerve endings

With our Slc4a8 antibody (Leviel et al., 2010), neurons in various
regions of the CNS including cerebellum, spinal cord, brainstem,
hippocampus, and cortex were stained. This confirms previous
data that antibodies generated to detect Slc4a8 labeled hippocam-
pal pyramidal neurons (Dambkier et al., 2007; Chen et al., 2008)
but not astrocytes (Chen et al., 2008). Our costainings with pre-
synaptic (vGLUT1, -2, -3; synaptophysin; NF68) and postsynap-
tic (PSD-95; MAP2) markers were in accordance with a mainly
presynaptic localization of Slc4a8. This was corroborated by im-
munoblot analysis of subcellular fractions of mouse brain lysates,
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Slc4a8 being enriched in synaptic junction membranes compared
with synaptosomes and crude membrane preparations, but ab-
sent from the postsynaptic density, and by ultrastructural analy-
sis. The closely related Na*-coupled anion exchanger Slc4al0
(Wangetal., 2000; Damkier et al., 2010) has mainly been detected
in dendrites, dendritic spines, and postsynaptic membranes in-
cluding parvalbumin-positive interneurons (Jacobs et al., 2008),
whereas Slc4a8 was absent from parvalbumin-positive interneu-
rons, and overlap with GAD was only partial. It has been shown
that complex-spike activity in some auditory interneurons results
in a pH-dependent negative shift of the glycine reversal potential,
and it was suggested that Na " -coupled anion exchange via Slc4a8
may account for the reduction of intracellular chloride (Kim and
Trussell, 2009). However, in view of our localization data (Jacobs
et al., 2008) and unpublished data from our laboratory, Slc4al0
appears to be the more likely candidate. Similar to Slc4al0, the
Na*-HCOj5 cotransporter Slc4a7, which also mediates acid ex-
trusion, has been found to be localized to the postsynaptic side
(Park et al., 2010), whereas it has been suggested that the
Na/H™ exchanger Slc9al is present in presynaptic nerve end-
ings (Jang et al., 2006; Dietrich and Morad, 2010).

Role of Slc4a8 in neuronal pH; regulation

The transport direction of electroneutral transporters like Slc4a8
does not depend on the transmembrane potential. Because of the
large Na™ gradient between the extracellular and intracellular
compartment, Slc4a8 mediates an inward transport of HCOy5,
which is equivalent to acid extrusion from the cells and an in-
crease of the intracellular buffering capacity. In accordance with a
reduction of the buffering capacity, NH,Cl-induced peak alkalo-
sis was increased in KO neurons. Because the steady-state pH; was
decreased and the recovery from an acid load impaired in the
somata of cultured hippocampal neurons of KO mice, Slc4a8
clearly plays an important role in pH; regulation in these neurons.
This confirms previous data that rat CA1 hippocampal neurons
displayed DIDS-sensitive HCO; -dependent acid extrusion that
required external Na* as well as internal CI ~ (Schwiening and
Boron, 1994). Since acid extrusion did not differ between geno-
types in HEPES-buffered solutions, a compensatory upregula-
tion of Na®/H™ exchange or other HCO; -independent
mechanisms in KO mice appears unlikely. In addition, Slc9al,
Slc4a3, Slc4a4, Slcda7, and Slc4al0 transcript abundance was not
altered between genotypes (data not shown).

The repeated association and dissociation of intracellular pro-
tons with intracellular macromolecules results in a surprisingly
low diffusion rate in the cytosol (al-Baldawi and Abercrombie,
1992). Consequently, pH gradients have been described in cells
with a polarized expression of pH-relevant transporters (Stewart
et al., 1999; Schwiening and Willoughby, 2002). Because of the
enrichment of Slc4a8 in presynaptic nerve endings, one may infer
that the impact of the disruption of Slc4a8 on pH; regulation may
be more pronounced in synaptic boutons compared with the
soma. However, to our knowledge, a direct analysis of pH; regu-
lation in central presynaptic boutons has not been possible to
date, and the numerous studies dealing with pH regulation in
synaptosomes are difficult to interpret as these preparations in-
clude both presynaptic and postsynaptic compartments (Bai and
Witzmann, 2007). Focal injections of BCECF-AM in combina-
tion with slice imaging, as used for measuring calcium transients
in small synaptic compartments with the calcium-sensitive dye
Fura-2 (Saggau et al., 1999), may pave the way toward adequate
pH imaging in small compartments like central presynaptic and
postsynaptic terminals. Quite recently, the pH-sensitive proper-
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ties of YFP were successfully used to analyze the presynaptic pH
in large motor endplates (Zhang et al., 2010).

Glutamatergic vesicle release is modulated by Slc4a8

Field recordings in hippocampal slices provided the first indica-
tion that Slc4a8 may be relevant for neuronal excitability, as syn-
chronous firing of CA1 pyramidal neurons was strongly reduced
upon stimulation of Schaffer collaterals. The increased facilita-
tion by a second pulse, together with the localization of Slc4a8,
pointed to a presynaptic defect of the projection of Schaffer col-
laterals onto pyramidal neurons. Because glutamate uptake into
synaptic vesicles is driven by the electrochemical proton gradient
across the synaptic vesicle membrane (Maycox et al., 1988), we
analyzed the amplitudes of spontaneous mEPSCs as an indirect
measure for the quantum of transmitter released per synaptic
vesicle. Whereas the normal amplitude distribution indicated
that the loading of glutamatergic synaptic vesicles in KO mice was
not affected, the drastic decrease of mEPSC frequency revealed
that synaptic vesicle release was impaired in the absence of Slc4a8.
It has been shown that effects of varying pCO, on excitatory
transmission are apparently caused by changes in pH; (Lee et al.,
1996). Thus, supporting our hypothesis that the decrease of fre-
quency could be attributed to a decrease of pH; in presynaptic
nerve endings, lowering the pH; by increasing pCO, in WT slices
decreased mEPSC frequency to values as observed in KO mice,
whereas the frequency of spontaneous mEPSCs increased with
increased pH; in KO slices. Although the optical analysis of syn-
aptic vesicle release could not distinguish between glutamatergic
and GABAergic presynapses, which are thought to account for a
minor fraction in cultured hippocampal neurons (Walker and
Peacock, 1981; Feng et al., 2002), induced synaptic vesicle
release upon repetitive field stimulation of cultured hip-
pocampal neurons was significantly decreased over a wide
range of the stimulation period. However, the overall synaptic
vesicle pool appeared to be unaffected by disruption of Slc4as8,
as the difference disappeared after >1500 pulses. The differ-
ence between genotypes was more pronounced in the electro-
physiological analysis, which was specific for glutamatergic
synaptic activity.

How can disruption of Slc4a8 affect neurotransmitter release?
The machinery for the release of synaptic vesicles is initiated by a
rise in [Ca**]; (Schneggenburger and Neher, 2000). However,
other ions including Na* and H™ have also been proposed to
play a critical role. As Slc4a8 mediates Na ™ -coupled anion ex-
change, its activity increases the [Na *]; concentration, which in
turn may increase the [Ca®"]; via the Na*/Ca®" exchanger
(Mulkey and Zucker, 1992; Reuter and Porzig, 1995), whereas
Ca*" extrusion via the ATP-driven Ca**/H " exchanger is prob-
ably not severely impaired by the reduction in baseline pH;
(Schwiening et al., 1993; Trapp et al., 1996). Following this sce-
nario, disruption of Slc4a8 may result in a lower [Ca®"]; and
hence a reduction of spontaneous synaptic vesicle release. How-
ever, in view of the partial reversibility of the decreased synaptic
vesicle release by increasing the pH, a direct pH-related effect
may be more likely. Since virtually all proteins depend on pH to
maintain their structure and function, multiple effects may add
up. For example, the opening and the conductivity of presynaptic
voltage-gated calcium channels, which mediate the presynaptic
Ca’" influx, are strongly dependent on both extracellular and
intracellular pH (Tombaugh and Somjen, 1997). Neurotransmit-
ter release and synaptic short-term plasticity, as well as spontane-
ous vesicle release, also depend on calcium release from
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intracellular stores (Emptage et al., 2001), which is mediated via
inositol 1,4,5-trisphosphate and ryanodine receptors, both of
which show strong pH dependence (Ma et al., 1988; Tsukioka et
al., 1994).

In vivo relevance

Because neuronal activity can result in sustained decreases of pH;
(Chesler and Kaila, 1992), the pH-dependent impairment of syn-
aptic vesicle release may be even more relevant in situations with
increased neuronal activity (Zhan et al., 1998; Tong and Chesler,
1999), including seizures (Xiong et al., 2000). Whereas a decrease
of pH generally reduces neuronal excitability, it is increased by a
rise of pH (Aram and Lodge, 1987). Hyperthermia-induced re-
spiratory alkalosis is also considered as a key event in the patho-
genesis of febrile seizures. In a rat pup model for febrile seizures,
ictal activity was induced by respiratory alkalosis with a threshold
of 0.2-0.3 pH units (Schuchmann et al., 2006), and could be
stopped by suppressing alkalosis by increasing ambient pCO,.
The impaired acid extrusion in neurons of KO mice may thus
explain why KO mice have reduced seizure susceptibilities in
various paradigms, including the hyperthermia model. Likewise,
mice with a targeted disruption of Slc4al0 were protected from
seizure-related mortality (Jacobs et al., 2008), whereas the sensi-
tivity to seizure-inducing agents was increased in mice with a
disruption of the Na *-independent Cl “/HCO3 exchanger Slc4a3,
which imposes an intracellular acid load (Hentschke et al., 2006).
Some anticonvulsants, such as acetazolamide, reduce extracellu-
lar pH in the brain (Chen and Chesler, 1992), suggesting that
acidosis may contribute to their anti-epileptic effects. The in-
creased seizure threshold in KO mice suggests that inhibition of
Slc4a8 may be a target for anti-epileptic therapy.

In conclusion, we show that the broadly expressed neuro-
nal Na "-coupled anion exchanger Slc4a8 is enriched in pre-
synaptic glutamatergic nerve terminals. As a key regulator of
intracellular pH, Slc4a8 affects glutamatergic synaptic vesicle
release in a pH-dependent way. Since consensus phosphory-
lation sites have been predicted for different members of the
gene family (Boron et al., 2009), including Slc4a8 (Grichtch-
enko et al., 2001), it is tempting to speculate that synaptic
strength may be regulated via Slc4a8 in response to various
signals. Thereby, Slc4a8 could have important consequences
for synaptic transmission in both physiological and patho-
physiological conditions.
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