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In the hippocampus, extracellular carbonic anhydrase (Car) speeds the buffering of an activity-generated rise in extracellular pH that
impacts H �-sensitive NMDA receptors (NMDARs). We studied the role of Car14 in this brain structure, in which it is expressed solely on
neurons. Current-clamp responses were recorded from CA1 pyramidal neurons in wild-type (WT) versus Car14 knock-out (KO) mice 2 s
before (control) and after (test) a 10 pulse, 100 Hz afferent train. In both WT and KO, the half-width (HW) of the test response, and its
number of spikes, were augmented relative to the control. An increase in presynaptic release was not involved, because AMPAR-mediated
EPSCs were depressed after a train. The increases in HW and spike number were both greater in the Car14 KO. In 0 Mg 2� saline with
picrotoxin (using a 20 Hz train), the HW measures were still greater in the KO. The Car inhibitor benzolamide (BZ) enhanced the test
response HW in the WT but had no effect on the already-prolonged HW in the KO. With intracellular MK-801 [(�)-5-methyl-10,11-
dihydro-5H-dibenzo [a,d]-cyclohepten-5,10-imine maleate], the curtailed WT and KO responses were indistinguishable, and BZ caused
no change. In contrast, the extracellular alkaline changes evoked by the train were not different between WT and KO, and BZ amplified
these alkalinizations similarly. These data suggest that Car14 regulates pH transients in the perisynaptic microenvironment and govern
their impact on NMDARs but plays little role in buffering pH shifts in the broader, macroscopic, extracellular space.

Introduction
A rapid increase in extracellular pH (pHe) often accompanies
synchronous neural activity (Chesler, 2003). This population al-
kaline transient (PAT) is generated by exchange of external H�

for cytosolic Ca 2� via the neuronal plasma membrane Ca 2�–
ATPase (PMCA) (Schwiening et al., 1993; Makani and Chesler,
2010). The extracellular carbonic anhydrase (Car) isoforms Car4
and Car14 govern the PAT magnitude (Shah et al., 2005), as H�

that leaves the extracellular space is replenished through the cat-
alyzed reaction:

Car
CO2 � H2O7HCO3

� � H � .

Benzolamide (BZ), a poorly-permeant Car inhibitor, decreases
the rate of H� replenishment, amplifying the PAT (Chen and

Chesler, 1992a), whereas addition of exogenous Car suppresses
this alkalosis (Huang et al., 1995; Tong et al., 2006). These means
of modulating buffering capacity were correlated with respective
enhancement or curtailment of postsynaptic responses mediated
by NMDA receptors (NMDARs) (Gottfried and Chesler, 1994;
Fedirko et al., 2007; Makani and Chesler, 2007), which are steeply
inhibited by protons near physiological pH (Tang et al., 1990;
Traynelis and Cull-Candy, 1990; Vyklick ý et al., 1990).

In the hippocampus, Car14 is confined to neurons (Parkkila et
al., 2001). In slices from Car14 knock-out (KO) mice, the PAT
elicited by antidromic activation of pyramidal neurons was not
different from that of wild type (WT), suggesting that the role of
Car14 in buffering the macroscopic compartment is minor (Shah
et al., 2005). However, in view of the high activity of this enzyme
(Whittington et al., 2004), it might catalyze buffering in neuronal
microdomains that would be inaccessible to a pH electrode. If
this occurred in the vicinity of NMDARs, then specific alterations
in postsynaptic responses might be exhibited in animals lacking
Car14. The regenerative afterdepolarization (ADP) of pyramidal
neurons has a large NMDAR-mediated component and is espe-
cially sensitive to changes in extracellular buffering capacity
(Fedirko et al., 2007; Makani and Chesler, 2007). We therefore
investigated whether the orthodromic response of CA1 pyrami-
dal neurons is altered by the absence of Car14.

We report that, when a brief, orthodromic train preceded a single
test pulse by 2 s, the ADP of the test response was prolonged and
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contained more action potentials in both WT and Car14 KO. This
effect lasted seconds, did not have a presynaptic origin, and was
greater in the Car14 KO. In 0 Mg2� saline, the post-train effect was
exaggerated, still greater in the KO, and this phenotypic difference
was abolished when NMDARs were blocked by intracellular MK-
801 [(�)-5-methyl-10,11-dihydro-5H-dibenzo [a,d]-cyclohepten-
5,10-imine maleate]. Additional differences were revealed by BZ,
which greatly broadened the test response in the WT but had no
effect on the already-prolonged ADP in the KO. Despite the dispar-
ities observed in the whole-cell responses, orthodromic trains elic-
ited an equivalent PAT in WT and KO, before and after
amplification by BZ. We suggest that Car14 curtails alkaline tran-
sients in the perisynaptic microenvironment, thereby limiting their
impact on postsynaptic excitability.

Materials and Methods
All procedures were performed with the approval of the New York Uni-
versity School of Medicine Institutional Animal Care and Use
Committee.

Animals. Derivation and genotyping of the Car14 mouse have been
described previously (Shah et al. 2005). Colonies were backcrossed into a
C57BL/6 background, and WT and KO littermates obtained by hemizy-
gous pairing. Animals were genotyped before P7 and used for experi-
ments at P12–P18. Mice of either gender were used for experiments.

Experimental preparation and solutions. Hippocampal slices, 250 �m
thick, were prepared as described previously (Makani and Chesler, 2007).
Recordings were conducted in a submersion-style incubation chamber at
32°C. A small cut was made between the CA3 and CA1 regions to prevent
reverberating discharges from CA3 neurons. The slices were incubated
for at least 1 h at room temperature in standard ACSF that contained the
following (in mM): 124 NaCl, 3.0 KCl, 2.0 CaCl2, 1.5 MgCl2, 26 NaHCO3,
1.0 NaH2PO4, and 10 D-glucose, with pH 7.4 (equilibrated with 95% O2

and 5% CO2).
Drugs were added to either the external ACSF or the intracellular

pipette solution, as noted, in the following concentrations: BZ (10 �M),
MK-801 (1 mM), picrotoxin (100 �M), and nystatin (300 �g/ml). BZ was
a gift from Dr. Erik Swenson (University of Washington, Seattle, WA).
All other agents were obtained from Sigma-Aldrich.

Concentric pH-selective microelectrodes. pH-selective microelectrodes (tip
diameter, 4–6 �m) with response times on the order of 10–20 ms were
fabricated, calibrated, and used with separate reference microelectrodes as
detailed by Fedirko et al. (2006). pHe recordings were performed in the CA1
stratum radiatum. The pH and reference microelectrodes were mounted on
a dual micromanipulator with a tip separation of 5–10 �m. The dual array
was then advanced until the evoked orthodromic field potential was maxi-
mal, which was typically at a depth of 100–150 �m. The stimulating and
recording electrodes were 100–150 �m from the CA1 cell body layer and 200
�m from each other. Direct current potentials recorded on the reference
barrel were continuously subtracted from the pH recording, and the result-
ing pH signal was filtered at 2 kHz.

Evoked whole-cell responses. Recordings were performed from hip-
pocampal CA1 pyramidal cells visualized under an infrared differential
interference contrast microscope as described previously (Makani and
Chesler, 2007). In current clamp, whole-cell patch pipettes were filled
with the following (in mM): 120 K-gluconate, 20 KCl, 2.0 MgCl2, 25
Na-HEPES, and 2 Mg2-ATP. Pipettes in voltage-clamp experiments con-
tained the following (in mM): 130 Cs-gluconate, 20 KCl, 20 Na-HEPES, 2
MgATP, and 4 QX-314 [2(triethylamino)-N-(2,6-dimethylphenyl) acet-
amine]. After adjusting the pH of filling solutions to 7.3 with KOH or
CsOH, respectively, the final osmolarity was 280 –290 mOsm. Some ex-
periments were performed in the perforated-patch configuration, in
which nystatin (300 �g/ml) was added to the intracellular solution.
There was no difference in current-clamp results, whether obtained in
conventional whole-cell (breakthrough) mode or perforated patch, and
therefore data from these two approaches were combined. In current
clamp, data were accepted if cells had an initial resting membrane poten-
tial of at least �50 mV. Hyperpolarizing or depolarizing current was

injected as required to bring the membrane potential to nominal �65
mV before the start of the experiment. Traces were sampled at 5 kHz and
filtered at 2 kHz.

The Schaffer collateral fibers were activated by constant-current pulses
of 200 �s duration, delivered by a twisted pair of 50-�m-diameter
Teflon-insulated platinum–iridium wires. The majority of experiments
in normal ACSF used a single control stimulus, followed at 2 s by a 10
pulse, 100 Hz train, followed 2 s after the onset of the train by a single test
stimulus. In 0 Mg 2� experiments, a 10-pulse, 20 Hz train was followed by
a test response at 2 s. When using MK-801 in the patch pipette, these
periodic stimulation paradigms were performed while the cell was dia-
lyzed, permitting the open channel block of NMDARs to develop.

Adjustment of stimulus intensity. The efficacy of a stimulus at any given
intensity can vary between cells and slices because of differences in elec-
trode placement, angle of trajectory of the Schaffer collaterals, or other
factors intrinsic to the individual animal or slice. In many protocols, one
would simply use a supramaximal stimulus to ensure comparable stim-
ulus efficacy. This was our approach in comparing the evoked PAT
among slices. In current-clamp experiments, however, a supramaximal
stimulus was not practical because of the nature of the stimulus para-
digm. In normal ACSF, we used a single control stimulus, followed at 2 s
by a 10-stimulus, 100 Hz conditioning train, followed after another 2 s by
a single test stimulus (see Results). This protocol was repeated three to
five times at a 50 s interval. The response to the train consisted of a burst
of spikes, followed by a prolonged, regenerative ADP that was highly
variable among neurons. To reasonably compare the control and test
responses, it was essential that the membrane potential recover to resting
potential after the ADP of the train response. Stimulus intensity was
therefore adjusted to a level at which the ADP would return to rest �1 s
before the test stimulus. The resulting half-width (HW) of the control
response and the train response was no different in WT versus Car 14 KO,
indicating parity of the stimulus among slices. In 0 Mg 2� experiments,
the stimulus protocol was abbreviated, consisting of just a 10-stimulus,
20 Hz conditioning train followed after 2 s by a test stimulus. Stimulus
intensity was again adjusted to ensure that the ADP had fully recovered to
resting potential before the test response, but the time at which this
recovery occurred could not be controlled with the same precision as in
normal ACSF because of the increased in excitability and longer duration
of the regenerative train response in 0 Mg 2� saline. Nonetheless, the
mean HWs of the train responses were not significantly different in WT
versus Car14 KO. To achieve additional parity in the analysis, test re-
sponse HWs and spike numbers were normalized to the HW of the
preceding train response, as described in Results.

Data analyses. Statistics were presented as means with SE. Values of n
refer to the number of neurons or slices, as indicated. Comparisons
between mean values were made with a two-tailed, Student’s paired or
unpaired t test or with multiple comparisons, as appropriate. The HW of
postsynaptic responses was based on half the difference between the
prestimulus resting potential and the peak of the ADP. Measurements
were made from three to five averaged traces. Single representative traces
were used for figures. Significance levels in the figures were designated as
*p � 0.05, **p � 0.01, and ***p � 0.001.

Results
Whole-cell responses in normal ACSF
To uncover a phenotypic difference in the absence of a Car iso-
form, we reasoned that the extracellular alkaline transient elicited
by a 100 Hz orthodromic stimulus train would persist for a few
seconds in the peri-neuronal space (Tong et al., 2006). In the
absence of catalyzed buffering via Car14, the magnitude and du-
ration of this post-train alkalosis might be larger in the vicinity of
postsynaptic NMDAR receptors. Accordingly, the postsynaptic
response to a stimulus that followed the train might be aug-
mented in the Car 14 KO relative to WT.

In initial experiments, a single control stimulus was given 2 s
before the onset of a 10-pulse, 100 Hz conditioning train. At 2 s
after the onset of the train, a single test stimulus was given (Fig. 1).
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For each cell, stimulus strength was adjusted to ensure that the
ADP of the train response fully recovered to baseline membrane
potential by �1 s before the test stimulus. Overall, return to
baseline membrane potential occurred at 1034 � 41 and 945 �
72 ms before the test stimulus in WT versus KO, respectively (p �
0.28). Thus, the control and test responses arose from the same
baseline membrane potential and were elicited with equivalent
temporal separation from the train response.

We observed no phenotypic difference in the pre-train control
response, in terms of the number of spikes (3.0 � 0.26 WT vs
2.9 � 0.20 KO; p � 0.76) or HW (51 � 3.3 WT vs 56 � 3.7 ms
KO; p � 0.31; n � 30 WT, 32 KO). The HW of the response to the
100 Hz stimulus train was also not different between WT and KO
(p � 0.75; see below).

Relative to the control response, however, there was an en-
hancement of the test response that was evident in both WT and
KO neurons. In the WT (Fig. 1A, top row), the HW of the test
response was longer than the pre-train control, with a ratio of
post-train/pre-train HW, or “enhancement ratio,” of 1.71 � 0.14
(p � 0.001). In addition, the control and test responses displayed
3.0 � 0.26 versus 3.78 � 0.45 spikes, respectively (p � 0.05), with
an average of 0.81 � 0.38 more spikes in the test response.

In the Car14 KO (Fig. 1B, top row), the enhancement ratio
was 1.90 � 0.16 (p � 0.001), and the control and test responses
displayed 2.9 � 0.20 versus 5.14 � 0.48 spikes, respectively (p �
0.001), with an average of 2.3 � 0.41 more spikes in the test
response. Thus, the brief conditioning train led to increased ex-
citability in both WT and KO preparations after a delay of 2 s.
This effect was not observed if the frequency of the 10-pulse
conditioning train was reduced to 20 or 50 Hz (data not shown).

Detailed comparison of this enhancement in WT versus KO is
provided further below.

To gain insight into the lifetime of the post-train enhance-
ment, we compared the HW of a control response with a subse-
quent test responses 2, 10, or 48 s after onset of the conditioning
train. At a delay of 10 s, there was a variable persistence of the
enhancement, which was not significantly different in eight WT
versus nine KO cells, with mean enhancement ratios of 1.30 �
0.08 versus 1.25 � 0.06, respectively (p � 0.60). In some cells, the
enhancement noted at 2 s persisted at 10 s, whereas in other cells,
the effect had disappeared completely. Pooling all data, the en-
hancement observed at 2 s was reduced by 47 � 7.3% at 10 s. By
48 s, however, there was no residual effect in either WT or KO
neurons, with a pooled HW ratio close to unity (0.97 � 0.02; n �
17 cells). These results indicated that the enhancement was a
short-lived phenomenon with a variable decay over a few sec-
onds. In Figure 2, we show examples of the HWs at 2, 10, and 48 s
for WT and KO.

Enhancement was not presynaptic in origin
To address whether the effect of the stimulus train on the test
responses had a presynaptic basis, we recorded single EPSCs in
whole-cell voltage clamp (holding potential of �70 mV) and
compared the amplitude of responses in an analogous stimula-
tion paradigm (Fig. 3A). As judged by their fast rise time (10 –
90%) of 2–3 ms, the evoked EPSCs were principally mediated by
AMPARs, as expected at this negative holding potential (Hestrin
et al., 1990). In contrast to the results in current clamp, a consis-
tent depression of the test EPSCs was apparent in both prepara-
tions (Fig. 3B), with post-train/pre-train amplitude ratios of

Figure 1. Post-train enhancement in both WT and Car14 KO. A single control stimulus to the Schaffer collaterals was followed after 2 s by a 10-pulse, 100 Hz train. At 2 s after the start of the train,
a single test stimulus was applied. A, WT responses to control stimulus, conditioning train, and test stimulus at 2 s. Overlay of test response at 2 s (black) and control response (gray) is shown at far
right. B, KO responses to control stimulus, conditioning train, and test stimulus at 2 s. Overlay of test response at 2 s (red) and control response (gray) is shown at far right. Calibration: single-stimulus
responses, 20 mV, 40 ms; train responses, 20 mV, 200 ms.
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0.77 � 0.04 versus 0.61 � 0.09 for WT and KO, respectively (n �
5 WT, n � 6 KO; p � 0.25). Similar depression of Schaffer
collateral-evoked EPSCs was reported previously (Gipson and
Yeckel, 2007). These results indicated that the enhanced test re-
sponses observed in current clamp could not be attributed to an
increase in transmitter release. The effect was therefore unrelated
to classical mechanisms of presynaptic plasticity, such as aug-
mentation or post-tetanic potentiation (Zucker and Regehr,
2002). In addition, the enhancement could not have arisen from
a less pronounced synaptic depression in the KO because there
was no difference in this metric.

Post-train enhancement was greater in
the Car14 KO
An immediate phenotypic difference was
evident in the average number of additional
spikes during the test response, which was
nearly threefold greater for the Car14 KO, as
noted above (0.81 � 0.38 vs 2.3 � 0.41
spikes in WT and KO, respectively; p�0.01;
Fig. 4A). Compared with WT, there was also
a greater absolute HW of the test response in
the KO (80 � 5.6 vs 100 � 6.6 ms, respec-
tively; p � 0.01). Despite the differences in
spike number and absolute HW, the en-
hancement ratios noted above were not sig-
nificantly different (1.71 � 0.14 vs 1.90 �
0.16, respectively; p � 0.38).

To properly compare the enhancement
ratio of WT versus KO, the current-clamp
response to the conditioning train should be
uniform across all experiments. This was
not the case, however, because the regener-
ative response to the 100 Hz stimulus train
could not be controlled with precision. The
ADP resulting from the train had a similar
average HW in WT and KO (p � 0.75), but
its variability was considerable. Respective
means were 560 � 30 ms (ranging from 279
to 790 ms) versus 546 � 34 ms (ranging
from 197 to 936 ms). We noted that there
was an overall positive correlation between
the HWs of the train and test response (r �
0.73; n � 62). Thus, a more prolonged train
response appeared to cause greater en-
hancement. To further explore this notion,
we accounted for the variability of the train
response by normalizing the enhancement
ratio to the train response HW for each cell.
This metric was significantly greater in the
KO (Fig. 4B, left). Thus, for a given train
HW, the enhancement ratio tended to be
greater in the Car14 KO. When the number
of additional spikes in the test response was
similarly normalized to the train response
HW, the resulting metric remained signifi-
cant, with an even lower p value (Fig. 4A,
right vs left).

Because the enhancement was the result
of the conditioning train, a more direct
measure of its effect is provided by the sim-
pler ratio of test response HW to the train
response HW, without reference to the pre-
train control. This normalized HW (NHW)

was also significantly greater in the Car14 KO (Fig. 4B, right). Thus,
in subsequent comparisons of WT versus KO, in which Mg2� was
omitted from the ACSF, we focused exclusively on the test response
HW or its NHW to assess the effect of the conditioning train.

Post-train responses in 0 Mg 2�/picrotoxin ACSF
If the greater NHW of the Car14 KO were attributable to the
influence of a train-evoked alkaline transient, one would expect
an even more exaggerated effect on NHW in 0 Mg 2� ACSF,
because the additional Ca 2� entry via NMDARs should increase
a PMCA-mediated alkalosis (Chen and Chesler, 1992b; Makani

Figure 2. Post-train enhancement was short lived in both WT and Car14 KO. A, WT test responses at 2, 10, and 48 s (black)
overlaid with their respective control responses in gray. B, KO test responses at 2, 10, and 48 s (red) overlaid with their respective
control responses in gray. Calibration: 20 mV, 40 ms for all traces.

Figure 3. Short-term potentiation was not attributable to an increase in presynaptic transmitter release. A, Schematic of
stimulus paradigm. Control responses were evoked by a single stimulus, 2 s before a 10-pulse (100 Hz) train. Two seconds after
onset of the train, a test response was evoked by another single stimulus. B, Test EPSCs (t), shown in gray, were depressed after the
brief stimulus train of 10 pulses at 100 Hz. Control EPSCs (c) in WT and KO shown in black and red, respectively. Post- to pre-train
amplitude ratios in these examples were 0.79 and 0.59 for WT and KO, respectively. All traces are single, non-averaged responses
with holding potential of �70 mV. Calibration: WT, 140 pA, 20 ms; KO, 160 pA, 20 ms
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and Chesler, 2010). Additional experiments were therefore con-
ducted in the absence of external Mg 2�. To eliminate effects of
GABAA receptor activation, which can elicit a different form of
alkalosis attributable to HCO3

� efflux (Kaila and Voipio, 1987;
Kaila et al., 1992), picrotoxin (100 �M) was added to the 0 Mg 2�

ACSF.
For these experiments a 10-pulse, 20 Hz train was imple-

mented, followed by a single test pulse at 2 s. Stimulus intensity
was adjusted such that the train response recovered to baseline
before the test stimulus. This resulted in mean train response
HWs of 928 � 32 ms (n � 24) and 993 � 48 ms (n � 21) in WT
versus KO, respectively (p � 0.25). Examples of approximately
equivalent train and subsequent test responses for WT and KO
are shown in Figure 5A. As noted for experiments in standard
ACSF, control of the regenerative train response was difficult,
and these responses varied considerably (ranges of 713–1393 and
686 –1420 ms for WT and KO, respectively). Consequently, test
response HWs were again normalized to the HW of the respec-

tive, preceding train response. As in normal saline, the NHW was
larger in the Car14 KO (Fig. 5B). Moreover, in both WT and KO,
the NHW was increased approximately twofold compared with
the respective values in normal ACSF (Fig. 5B). Given the greatly
pronounced effect of the train on NHW in 0 Mg 2� ACSF, we
performed more extensive studies of the phenotypic difference
using this saline.

Evoked pHe shifts in 0 Mg 2�/picrotoxin ACSF
If the greater NHW in the Car14 KO were attributable to a larger
peri-neuronal alkaline transient, this increased pH change might
be evident in the amplitude of the macroscopic PAT, detected
with fast-responding concentric pH electrodes (Fedirko et al.,
2006). The PAT was recorded with 0 Mg 2� saline/picrotoxin

Figure 4. Increased effect of the conditioning train in the Car14 KO. A, The KO displayed more
additional spikes in the test response (left). Normalizing the number of additional spikes to the
HW of the train response (right) increased the level of significance. B, The enhancement ratio
(post-train HW/pre-train HW) was normalized to the HW of the train response. The resulting
normalized enhancement ratio (NE Ratio, left), revealed greater duration of the test response
per given duration of train response in the KO. The NHW of the test response (right) was also
greater in the KO with a higher level of significance.

Figure 5. Post-train responses in 0 Mg 2�/picrotoxin ACSF. A, Examples of responses from
WT and Car14 KO. Test responses (arrows) followed a 10-pulse (20 Hz) stimulus train. ADPs of
the test responses were more prolonged in Car14 KO compared with WT neurons. Calibration:
test responses, 40 mV, 50 ms; train responses, 40 mV, 250. B, Summary of NHW in WT and Car14
KO cells, in normal and 0 Mg 2�/picrotoxin saline. Note that, in addition to greater NHW in
Car14 KO, the NHW for both WT and KO was greater than the respective values in normal ACSF.
Comparison of NHW for KO versus WT is shown in Figure 4 and omitted here for clarity. One-way
ANOVA with Student–Newman–Keuls test.
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ACSF in stratum radiatum, in response to a 10-pulse, 20 Hz
orthodromic train. Amplitude was measured at 200 ms, the peak,
and 2 s after the onset of stimulation (Fig. 6A). Examples of
alkaline transients from WT and KO are presented in Figure 6B.
As shown in Figure 6C, there was no significant difference be-
tween WT and KO at any of the three time points (p � 0.2 for all;
n � 12 slices WT, 14 slices KO). Thus, within the extracellular
volume sampled by a concentric pH electrode, absence of Car14
had no significant effect on the alkaline transient, as reported

previously when antidromic PATs were
measured in the CA1 cell body layer (Shah
et al., 2005).

The effect of BZ on orthodromic
responses in 0 Mg 2�/picrotoxin ACSF
BZ is a poorly permeable Car inhibitor that
slows the rate of extracellular buffering and
thereby amplifies stimulus-evoked alkaline
shifts (Chen and Chesler, 1992a). We com-
pared its effect on the alkalinizations in WT
versus Car14 KO (same slices as above). BZ
(10 �M) enlarged the pH shifts similarly in
WT and KO (Fig. 7A). This indicated that
the amplification was principally attribut-
able to the inhibition of extracellular Car
isoform 4. BZ had little or no effect during
the early rise of the PAT, as reported previ-
ously (Tong et al., 2006). As shown in Figure
7B, amplification was evident at the peak
and was especially pronounced at 2 s after
onset of the stimulus train, corresponding
to the relaxation phase of the alkalosis.

In a parallel set of whole-cell record-
ings, we tested the effects of BZ on the
response to a 10-pulse, 20 Hz train and on
the test responses that followed after 2 s.
In 24 WT neurons, BZ modestly increased
the HW of the train response (by 10 �
3.6%; p � 0.01) and caused a pronounced
increase of both the test response HW
(52 � 13%; p � 0.01) and its NHW (35 �
7.9%; p � 0.001) (Fig. 8A,B). In contrast,
when BZ was added to the Car14 KO
preparation, it had no effect on the HW
of the train response, and there was no
change in the HW or the NHW of the
test response (n � 21 cells; Fig. 8C,D). It
was notable that, in the WT, BZ in-
creased the HW of the test response to a
mean value identical to that of the KO in

the absence of BZ (323 � 37 vs 323 � 47 ms, respectively; p �
0.99).

Similar experiments were conducted with the NMDAR antag-
onist MK-801 (1 mM) included in the patch pipette. After 15 min
of dialysis, the HW of the test response was greatly curtailed, as
would be expected after blockade of NMDARs. In five WT and
five KO neurons, there was no difference between the test re-
sponse HW or its NHW (Fig. 9A), and the subsequent addition of
BZ had no effect on these parameters in either WT or KO neurons

Figure 7. BZ caused a similar amplification of PATs in WT versus Car14 KO slices. A, Representative PATs evoked in 0 Mg 2�/
picrotoxin saline, before and after BZ. B, Summary of BZ effect on PAT amplitude at 200 ms, peak, and 2 s. Ctl, Control.

Figure 8. Effect of BZ on duration of test responses. A, Representative traces of WT test response before (black) and after (gray)
BZ. Train response not shown. Recordings conducted in 0 Mg 2�/picrotoxin saline. B, Summary of BZ effect on HW and NHW of test
response in WT cells. C, Representative traces of Car14 KO test response before (red) and after (gray) BZ. Note lack of BZ effect.
Recordings conducted in 0 Mg 2�/picrotoxin saline. Preceding train response not shown. D, Summary of BZ effect on HW and NHW
of test response from WT versus Car14 KO neurons. Calibration: A, C, 40 mV, 50 ms.

Figure 6. PATs in WT versus Car14 KO slices were not different. A, In 0 Mg 2�/picrotoxin saline, PATs were evoked by a 10-pulse (20 Hz) train, and amplitudes were measured at 200 ms, the peak,
and at 2 s after stimulus onset. B, Representative PAT traces in WT versus Car14 KO slices. C, Summary of PAT amplitudes in WT and Car14 KO slices.
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(Fig. 9B). Thus, postsynaptic NMDARs were necessary to observe
the effects of the Car14 KO.

Discussion
Our results demonstrated that the response of a CA1 pyramidal
neuron to a single, orthodromic stimulus was augmented when
elicited 2 s after a brief train in both WT and Car14 KO. This
short-term potentiation did not result from an increase in pre-
synaptic glutamate release because AMPAR-mediated EPSCs
were depressed in an analogous paradigm. Although the mecha-
nism of the post-train enhancement was not addressed in this
study, the more pronounced effect in the Car14 KO, evident
using a variety of metrics, suggested that a pHe shift played a role.

However, KO of Car14 did not alter PAT amplitude here or in
a previous report (Shah et al., 2005). It should be stressed that, in
such studies, H� activity is sampled from an extracellular com-
partment that encompasses several cellular elements (Nicholson
and Phillips, 1981; Makani and Chesler, 2010) and thus com-
prises a volume orders of magnitude larger than the microdo-
mains near the postsynaptic membrane. Because the amplitude
of a local alkaline transient will fall off drastically with distance
from its source (Makani and Chesler, 2010), it stands to reason
that, in the microenvironment around the PMCA, the pH rise
could be far greater than that discerned by a pH electrode. In fact,
because hippocampal neurons express PMCA-2 splice variants at

the postsynaptic density (DeMarco and Strehler, 2001; Burette et
al., 2010), local alkaline shifts generated by the transporter are
likely to occur in the immediate vicinity of postsynaptic
NMDARs, fostering increased inward current and additional
Ca 2� entry via these channels. Car14, by speeding the replenish-
ment of protons in the microdomains around synapses, may
therefore serve as a brake that limits this positive feedback onto
NMDARs.

Interplay between Car14, the PMCA, and NMDARs may have
additional implications for the physiology of excitatory synapses.
Local decreases in extracellular Ca 2� arising from NMDAR ac-
tivity may be mitigated as a result of the close proximity of the
PMCA, which would replenish Ca 2� in the extracellular mi-
crodomain. Conversely, Ca 2� extrusion via the PMCA may be
self-limiting because of the reduced availability of external pro-
tons in the vicinity of the transporter (leading to a more pro-
nounced elevation of cytosolic Ca 2�; Fedirko et al., 2007). Thus,
the rate at which protons can be delivered to the PMCA may be an
important parameter governing Ca 2� dynamics. The limited
ability of the solvent to supply protons at sufficient rates (Barros
and Martínez, 2007) is likely compensated by the catalyzed hy-
dration of CO2 via Car14. In addition, non-catalytic delivery of
protons via this enzyme could be relevant, as was described re-
cently for Car2, in which the enzyme behaved as a proton har-
vesting “antenna” (Becker et al., 2011).

Especially stark differences between WT and KO were evident
in 0 Mg 2� saline, in which NMDAR-mediated Ca 2� entry, and
related evoked alkalosis, would be more pronounced. Because
these experiments were conducted in the presence of picrotoxin,
the phenotypic difference could not be attributed to pH shifts
arising from HCO3

� efflux across GABAA receptors (Kaila and
Voipio, 1987; Kaila et al., 1992). Use of BZ in this media provided
additional insight. Although amplification of the PAT was similar
in WT and KO, this Car inhibitor produced a striking difference
in the whole-cell responses. In WT, both the HW and NHW of
the test response were greatly increased, but the drug had no
effect on these parameters in the KO. In fact, the prolonged HW
of the WT in the presence of BZ was indistinguishable from that
of the KO without the inhibitor. Thus, in the absence of Car14,
the effects of BZ on the ADP appeared occluded.

These data argue that Car14 is important in governing peri-
synaptic pH and ADP duration but plays little role in catalysis of
buffering in the broader, macroscopic, extracellular domain. In
contrast, Car4 appeared to have little impact on ADP duration,
because BZ had no effect on response HW in the Car14 KO. Thus,
from the standpoint of buffering and the regulation of alkaline
transients, Car4 clearly controls the macroscopic extracellular
domain but may have little role in the microdomain near post-
synaptic NMDARs.

The fundamental design of this study invoked a role for a
perisynaptic alkalosis that would relieve the proton block on
NMDARs. The implication of an extracellular Car and the prox-
imity of the PMCA to postsynaptic NMDARs (DeMarco and
Strehler, 2001; Burette et al., 2010) lend credence to these con-
cepts. It should be noted, however, that neither the amplitude nor
the time course of the perisynaptic alkalosis has been directly
measured. Additional caveats should also be raised when consid-
ering the basis for post-train enhancement per se. There are sev-
eral inter-related ionic shifts that accompany a brief 100 Hz
stimulus train that might augment postsynaptic excitability. In
addition to an extracellular alkaline transient, these may include a
rise in extracellular K� and a fall in extracellular Ca 2� at distal
dendritic sites (Nicholson et al., 1978), as well as alkaline shifts

Figure 9. Differences between WT and Car14 KO were abolished by NMDAR antagonist. A,
Summary HW and NHW of test responses with the noncompetitive NMDAR antagonist MK-801
(1 mM) in the patch pipette. B, Representative traces of WT and Car14 KO test responses in the
presence of MK-801, before and after BZ. WT and KO ADPs shown in black and red, respectively.
BZ traces in gray. Note lack of BZ effect. Recordings conducted in 0 Mg 2�/picrotoxin ACSF.
Preceding train response not shown. Calibration: 40 mV, 25 ms.
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that can arise from HCO3
� efflux across GABAA receptors (Kaila

and Voipio, 1987; Kaila et al., 1992). Although the basis for the
post-train enhancement is not yet clear, a role for a PMCA-
mediated extracellular alkalosis in this effect represents the most
parsimonious explanation for the robust phenotypic differences
observed.

Finally, roles for Car14 other than buffering per se should be
considered. The facilitation of HCO3

� transport is a function
commonly associated with extracellular Car (McMurtrie et al.,
2004), and hippocampal neurons express an inward, electrogenic
Na�– HCO3

� cotransporter (Bevensee et al., 2000; Schmitt et al.,
2000) that is activated during depolarization (Svichar et al.,
2011). During a prolonged ADP, this transporter might bias local
pHe in a relative acid direction. Other mechanisms, including an
electroneutral Na�–HCO3

� cotransporter (Cooper et al., 2005)
and Na�–H� exchange (Dietrich and Morad, 2010), could also
contribute to acidification of the perisynaptic fluid. If Car14 nor-
mally facilitated these processes, then its absence might engender
a relative extracellular alkalosis that would boost an ADP. How-
ever, a facilitative role in transport of HCO3

� or protons would
not exclude a role for Car14 in buffering the PMCA-mediated
alkalosis.

In summary, the present results have demonstrated a short-
lasting increase in the orthodromic response of pyramidal neu-
rons when activated 2 s after a brief stimulus train. One factor in
this potentiation may be the generation of an alkalosis by the
train, which boosts the post-train response. More extensive
studies will be required to elucidate the mechanism of this
enhancement. Our data, however, indicate that the enhance-
ment is normally mitigated by Car14, in keeping with a role for
an alkaline pH transient. The potentiation had a marked effect
on excitability, especially in view of the concomitant presyn-
aptic depression. The enhancement was observed after a 100
Hz, but not a 50 or 20 Hz, conditioning train. This may be an
indication of a Car14-sensitive, postsynaptic tuning, in which
particular frequencies or patterns of afferent input maximally
engender an alkalosis that boosts the ADP and promotes re-
petitive firing. Modulation of Car 14 activity could be a means
of affecting this tuning.

A compelling question is whether this enzyme functions sim-
ilarly in vivo. The brain slice preparation does not fully mimic the
normal microenvironment in vivo and shifts in excitability aris-
ing from elevated oxygen (Garcia et al., 2010) or carbon dioxide
levels (Voipio and Kaila, 1993) warrant consideration. However,
altered flash electroretinograms in the Car14 KO mouse have
been reported, suggesting that this enzyme does play a role in a
rapid electrophysiological context in vivo (Ogilvie et al., 2007). In
hippocampus, normal excitatory responses of CA1 neurons typ-
ically consist of high-frequency bursts on the order of 100 –200
Hz (Fox and Ranck, 1975; Harris et al., 2001). Given that the
activity of a single pyramidal cell can generate a measurable alka-
losis on the surface of its dendrites (Makani and Chesler, 2010), it
appears likely that in vivo activity gives rise to local increases in
pHe that would be subject to regulation by Car14. Thus, the ab-
sence of Car14 might impact hippocampal-dependent learning
and memory, but more targeted deletions of this enzyme would
be required to better address this issue.
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