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The Acid-Activated Ion Channel ASIC Contributes
to Synaptic Plasticity, Learning, and Memory

responsible for H�-gated currents in the central nervous
system. Subunits of the DEG/ENaC protein family asso-
ciate as homomultimers and heteromultimers to form
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voltage-insensitive channels. Individual subunits shareBrian C. Nolan,4 Patrick G. Yoder,3

a common structure with two transmembrane domains,Ejvis Lamani,1 Toshinori Hoshi,2,8

intracellular carboxyl and amino termini, and a large,John H. Freeman, Jr.,4 and Michael J. Welsh2,3,5,9

cysteine-rich extracellular domain thought to serve as1Department of Psychiatry
a receptor for extracellular stimuli. Most DEG/ENaC2 Department of Physiology and Biophysics
channels are inhibited by the diuretic amiloride. The3 Department of Internal Medicine
three mammalian acid-activated DEG/ENaC channels4 Department of Psychology
are brain Na� channel 1 (BNC1, also called MDEG,5 Howard Hughes Medical Institute
BNaC1, ASIC2), acid sensing ion channel (ASIC, alsoUniversity of Iowa
called BNaC2, ASIC1), and dorsal root acid sensing ionIowa City, Iowa 52242
channel (DRASIC, also called ASIC3) (Price et al., 1996;6 Department of Veterans Affairs Medical Center
Waldmann et al., 1996, 1997a, 1997b; Garcı́a-AñoverosIowa City, Iowa 52242
et al., 1997; Waldmann and Lazdunski, 1998). BNC17 Department of Pharmacology
and ASIC each have alternatively spliced isoformsTongji Medical College, Huazhong
(BNC1a and 1b, and ASIC� and ASIC�) (Chen et al.,University of Science and Technology
1998; Lingueglia et al., 1997; Price et al., 2000). Heterolo-Wuhan
gous expression of most of these subunits generatesChina
Na� currents that activate at low extracellular pH and8 Department of Physiology
then desensitize in the continued presence of acid (Ben-University of Pennsylvania
son et al., 2002; Waldmann and Lazdunski, 1998). Ex-Philadelphia, Pennsylvania 19104
pression of individual subunits and coexpression of
more than one subunit generates currents that show
distinct kinetics and pH sensitivity.Summary

Based on the transient nature of H�-evoked currents
in primary cultures of cortical neurons and their inhibi-Many central neurons possess large acid-activated
tion by amiloride, Varming (Varming, 1999) suggestedcurrents, yet their molecular identity is unknown. We
that DEG/ENaC channels and ASIC in particular mightfound that eliminating the acid sensing ion channel
be responsible for the endogenous H�-gated currents.(ASIC) abolished H�-gated currents in hippocampal
The pattern of expression was consistent with this idea;neurons. Neuronal H�-gated currents and transient
ASIC�, BNC1a, and BNC1b have transcripts in the cen-acidification are proposed to play a role in synaptic
tral nervous system (Garcı́a-Añoveros et al., 1997; Pricetransmission. Investigating this possibility, we found
et al., 1996; Waldmann et al., 1997b), whereas DRASICASIC in hippocampus, in synaptosomes, and in den-
and ASIC� are expressed primarily in the peripheral ner-drites localized at synapses. Moreover, loss of ASIC
vous system (Chen et al., 1998; Waldmann et al., 1997a).impaired hippocampal long-term potentiation. ASIC
ASIC transcripts were most abundant in the cerebralnull mice had reduced excitatory postsynaptic poten-
cortex, hippocampus, cerebellum, and olfactory bulbtials and NMDA receptor activation during high-fre-
(Garcı́a-Añoveros et al., 1997; Waldmann et al., 1997b).quency stimulation. Consistent with these findings,
A recent study reported that a peptide toxin from South

null mice displayed defective spatial learning and eye-
American tarantula Psalmopoeus cambridgei inhibited

blink conditioning. These results identify ASIC as a key ASIC and acid-evoked currents in cultured cerebellar
component of acid-activated currents and implicate granule cells (Escoubas et al., 2000), further suggesting
these currents in processes underlying synaptic plas- that ASIC could be a component of pH-gated currents.
ticity, learning, and memory. There has been speculation about the physiologic and

pathophysiologic function of acid-gated currents in cen-
Introduction tral neurons. It has been hypothesized that interstitial

acidosis associated with seizures and ischemia could
Acid-activated cation currents have been detected in trigger their activity, thereby exacerbating the pathologi-
central and peripheral neurons for more than 20 years cal consequences of these conditions (Varming, 1999;
(Gruol et al., 1980; Krishtal and Pidoplichko, 1981). De- Waldmann et al., 1997b). Although macroscopic changes
spite the wide spread distribution of H�-gated currents in extracellular pH in the brain are tightly controlled by
in the brain (Escoubas et al., 2000; Vyklicky et al., 1990), homeostatic mechanisms (Chesler and Kaila, 1992), it is
neither their molecular identity nor their physiologic possible that pH fluctuations in specific micro-domains
functions are known. such as the synapse may be significant (Waldmann et

The ability of acid to activate three members of the al., 1997b). For example, the acid pH of synaptic vesicles
DEG/ENaC cation channel family suggest they might be has been suggested to transiently influence local extra-

cellular pH upon vesicle release (Krishtal et al., 1987;
Waldmann et al., 1997b). Consistent with this idea, tran-9Correspondence: mjwelsh@blue.weeg.uiowa.edu
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Figure 1. Generation of ASIC Knockout Mice

(A) The top bar illustrates the anticipated topology of the ASIC protein (N, amino terminus; C, carboxyl terminus; TM, transmembrane domain;
ECD, extracellular domain; stippled region is coded by targeted exon; arrowhead, splice junction). Also shown are wild-type genomic locus,
targeting vector, and targeted locus. (B) Southern blot analysis demonstrates disruption of the ASIC gene. Genomic DNA was SacI digested
and hybridized to a probe outside of the targeting vector (probe A) or to a probe corresponding to the deleted exon (probe B). (C) Total brain
RNA was subjected to Northern blot analysis and hybridized to a probe for ASIC� or BNC1. Equivalent loading of RNA was verified by ethidium
bromide (ETBr) staining of ribosomal RNA. (D and E) Nissl staining was performed on 5 �m coronal sections through the hippocampus and
cerebellar cortex, respectively. (F) Immunoprecipitation was performed on whole brain extracts with anti-ASIC�� anti-sera; this was then
Western blotted with the antibodies indicated on the left. Equivalent amounts of total protein from �/� and �/� mice were used as starting
material. As a positive control for ASIC� and ASIC�, protein extracts were used from COS cells transfected with the respective cDNAs.
Nontransfected COS cells yielded no signal when probed with anti-ASIC antibodies (not shown). (G) Immunoprecipitation and Western blotting
were performed on extracts from dissected hippocampus using anti-ASIC�� sera.
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Figure 2. Distribution of ASIC in Transfected Rat Hippocampal Neurons

(A) ASIC is distributed in a punctate pattern (ASIC-FLAG immunofluorescence, red; GFP fluorescence, green). The arrow indicates a process
that lacks ASIC immunofluorescence but is positive for GFP. Inset is enlargement of area marked by dashed rectangle. Arrowheads point to
ASIC signal at tips of dendritic spines. (B) ASIC and PSD-95 are colocalized (ASIC-FLAG immunofluorescence, red; PSD-95-GFP fluorescence,
green). Arrow indicates a process with little ASIC immunofluorescence but some PSD-95 staining which is less punctate than in other processes.
Images to right show areas enclosed by dashed rectangles. Arrowheads indicate examples of puncta where ASIC and PSD-95 are colocalized.
(C) ASIC-GFP fluorescence (green) and axonal dephospho-tau-1 immunostaining (red) do not overlap.

sient acidification of extracellular pH has been recorded ASIC�. This region includes the intracellular N terminus,
the first transmembrane domain, and a portion of thewith synaptic transmission in cultured hippocampal
extracellular domain of the ASIC� protein. The wild-typeneurons (Miesenbock et al., 1998) and in hippocampal
locus, targeting vector, and targeted locus are shownslices (Krishtal et al., 1987). Thus it has been proposed
schematically in Figure 1A. Southern hybridization ofthat H�-gated currents may provide a target for protons
Sac1 digested genomic DNA with the flanking probereleased during synaptic transmission and thus play a
demonstrated targeted integration (Figure 1B, probe A).role in the physiology of synaptic transmission (Krishtal
Southern and Northern hybridization confirmed targetedet al., 1987; Waldmann et al., 1997b).
integration, and disruption of ASIC but not BNC1 mRNATherefore, to understand the role of H�-gated currents
(Figures 1B and 1C). ASIC knockout mice showed nor-in central neurons in general, and the role of ASIC in
mal viability, size, appearance, fertility, life span, andparticular, we generated mice with a targeted disruption
motor and behavioral activity. Brain morphology andof the ASIC gene. We then tested the hypothesis that
neuron appearance and distribution in the hippocampusASIC contributes to neuronal acid-gated currents and
were also normal in �/� mice (Figures 1D and 1E).to synaptic function and behavior.

We tested for ASIC protein in brain using an antibody
against the intracellular carboxyl terminus (anti-ASIC��);

Results this antibody recognizes both ASIC� and ASIC� (Figure
1F). Immunoprecipitation and Western blotting detected

Targeted Disruption of the Mouse ASIC Gene ASIC in protein extracts of whole brain and hippocam-
ASIC knockout mice were generated by deleting a region pus of �/� but not �/� animals (Figures 1F and 1G).

We also detected protein when anti-ASIC�� immuno-of genomic DNA encoding the first 121 amino acids of
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precipitates were probed with an antibody specific for
ASIC� (anti-ASIC�), but not with an antibody specific for
ASIC� (anti-ASIC�). These data suggest that the ASIC�
isoform is much more abundant in mouse brain than
ASIC�, consistent with the previous finding that ASIC�
transcripts are not detected in rat brain (Chen et al.,
1998). These data also show the loss of ASIC protein in
�/� animals.

ASIC Colocalizes with PSD-95 in Hippocampal
Neurons and Synaptosome-Enriched
Subcellular Fractions
To investigate the location of ASIC, we transfected cul-
tured hippocampal neurons with an epitope-tagged
ASIC� and examined its distribution. ASIC-specific im-
munostaining was detected in the cell body and in a
punctate pattern in processes both proximally and dis-
tally (Figures 2A, 2B, and 2C). ASIC-containing puncta
were present on both dendritic shafts and the termini
of dendritic spines (Figure 2A). The localization of ASIC
coincided in large part with that of cotransfected PSD-
95 linked to GFP (Figure 2B); this fusion protein exhibits
a synaptic pattern of distribution (Craven et al., 1999).
To test whether ASIC distribution was dependent on
exogenous PSD-95 expression, we examined ASIC lo-
calization in cells cotransfected with GFP alone (Figure
2A); ASIC remained punctate while GFP distributed dif-
fusely throughout the neuron. Likewise, ASIC trans-
fected alone showed the same punctate distribution (not
shown). ASIC staining was much less pronounced in

Figure 3. ASIC Is Enriched in Synaptosome-Containing Brain Frac-processes with features of axons (Figures 2A and 2B,
tionsarrows); i.e., those processes tended to be longer, less
(A) Western blotting was performed on protein fractions from brainnumerous, and with right angle branching (Stowell and
of wild-type and ASIC knockout mice using antibodies to ASIC, PSD-

Craig, 1999). Likewise, PSD-95 which is normally distrib- 95, and GluR2/3 (indicated on left). (B) Shown is Western blotting for
uted to dendrites was more diffuse and less punctate PSD-95 and ASIC in the additional subcellular fractions from brain
when detected in these processes (Figure 2B). More- of wild-type mice (Homogenate, H; 1000 � g pellet, P1 and superna-

tant, S1; 12,000 � g pellet, P2; synaptosomal fraction, SF). Equiva-over, we did not observe colocalization of ASIC and the
lent amounts of protein were loaded in each lane.axonal marker dephospho tau-1 (Figure 2C) (Mandell

and Banker, 1996). These results suggest that in hippo-
campal neurons, ASIC is located at dendritic synapses,

neurons from �/� mice (n � 99). Currents activated byand thus is likely present in the postsynaptic membrane.
GABA, AMPA, and NMDA and the voltage and Mg2�

To explore whether endogenously expressed ASIC
dependence of NMDA receptor currents appeared nor-protein is distributed similarly to PSD-95, we prepared
mal in �/� neurons (Figures 4A, 4B, and 4C). Thesesynaptosome-enriched subcellular fractions of brain. As
data indicate that ASIC is a required component of thedescribed by others (Cho et al., 1992), these fractions
channels that respond to acid in hippocampal neurons.are enriched in both pre- and postsynaptic proteins.

Both PSD-95 and GluR2/3 were increased in synapto-
some-enriched fractions (Figure 3A) (Cho et al., 1992). Baseline Synaptic Transmission in the
Likewise, ASIC showed substantial enrichment in the Hippocampus Is Normal in ASIC
synaptosome-containing fractions (Figure 3A). ASIC and Knockout Mice
PSD-95 segregated similarly in each of the subcellular The absence of H�-gated currents in hippocampal neu-
fractions analyzed (Figure 3B). These data support the rons of �/� animals provided the opportunity to assess
results obtained by immunostaining (Figure 2) and sug- their physiologic significance in the hippocampus. To
gest that similar to PSD-95, ASIC is present at synapses. explore their potential function at hippocampal syn-

apses, we tested synaptic transmission at Schaffer col-
lateral-CA1 synapses in hippocampal slices. In the pres-ASIC Contributes to Acid-Evoked Currents

in Hippocampal Neurons ence of 1.3 mM Mg2�, field excitatory postsynaptic
potentials (fEPSPs) for the two genotypes were similarWe tested the hypothesis that ASIC contributes to the

acid-evoked currents previously reported in hippocam- in slope, amplitude, and response to increasing stimulus
intensity (Figures 5A, 5B, and 5D); under these condi-pal neurons (Varming, 1999; Vyklicky et al., 1990). Acid

application generated a transient current in 93% (n � tions, fEPSPs reflect primarily AMPA-mediated currents.
In the presence of a low Mg2� concentration, the slope76) of neurons from �/� mice (Figure 4A), but in striking

contrast, pH 5 failed to activate analogous currents in and amplitude of fEPSPs and the ratios of total fEPSP
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Figure 4. Transient Acid-Evoked Cation Currents Are Absent in Hippocampal Neurons from ASIC Knockout Mice

(A) Tracings are representative whole cell recordings of pyramidal neurons from �/� and �/� mice in response to application of 200 �M of
indicated agonist. (B) Bar graph illustrates average peak currents elicited by indicated agonist. Asterisk indicates p � 0.00001. Differences
in response of �/� and �/� neurons to GABA, AMPA, and NMDA were not statistically significant (�/�, n � 32; �/�, n � 41). (C) NMDA-
mediated currents were analyzed for voltage dependence in the presence and absence of Mg2� from �/� (n � 5) and �/� (n � 9) neurons.
Error bars represent SEM.

to the NMDA component were similar in �/� and �/� mice remained potentiated. By 55 min., the fEPSPs in
the ASIC null slices remained at pre-HFS baseline valuesanimals (Figures 5A and 5C). These results suggested
(not shown). This result indicates that ASIC and H�-that synaptic transmission at baseline was not affected
gated currents may play a specific role in the develop-by the loss of ASIC.
ment or maintenance of LTP.

A central feature of CA1 LTP is activation of the NMDA
Impairment of Long-Term Potentiation receptor due to binding of the neurotransmitter gluta-
in ASIC Knockout Mice mate and to depolarization of the postsynaptic mem-
LTP at Schaffer collateral-CA1 synapses represents one brane through the release of voltage-dependent Mg2�

form of synaptic plasticity and serves as a molecular block (Bliss and Collingridge, 1993; Malinow et al., 2000).
model for specific types of learning and memory (Bliss To determine whether the loss of ASIC might impact
and Collingridge, 1993; Malinow et al., 2000). Immedi- this process, we repeated the LTP experiments with a
ately following LTP induction with high-frequency stimu- low Mg2� concentration (0.1 mM) in the bathing solution.
lation (HFS), slices from both genotypes showed an in- Previous work has shown that low Mg2� concentrations
crease in fEPSP slope and amplitude. This result facilitate LTP by promoting activation of the NMDA re-
suggests that short-term potentiation (STP) occurs in ceptor (Huang et al., 1987). Following HFS in the pres-
both groups (Figure 5D), although the degree of STP ence of low Mg2�, both genotypes exhibited comparable
was slightly less in the �/� group. In contrast, long- LTP (Figure 5E). Thus the reduced Mg2� concentration
term potentiation was strikingly impaired in the �/� restored LTP in the �/� slices. This result suggests that
mice. By 40 min after HFS, the fEPSPs from �/� mice facilitating NMDA receptor function may be sufficient to

overcome the ASIC-dependent deficit in LTP.had decayed to baseline whereas fEPSPs from �/�



Neuron
468

Figure 5. Baseline Synaptic Transmission Is Normal and LTP Is Impaired in Hippocampal Slices from ASIC Knockout Mice

(A) Tracings represent the baseline components of the EPSP. Left column, the nonspecific ionotropic glutamate receptor antagonist kynurenic
acid (KA) (5 mM) abolished EPSPs in slices from �/� and �/� mice. Middle column, the NMDA receptor antagonist D-2-amino-5-phosphopenta-
noic acid (D-APV) (50–100 �M) did not significantly change the EPSPs from either �/� or �/�mice under the conditions used for the LTP
experiments (1.3 mM Mg2�). Right column, the AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and D-APV abrogate
the baseline EPSP. EPSPs from �/� and �/� mice were recorded in the presence of (1) 1.3 mM Mg2� , (2) 0.1 mM Mg2�, and 10 �M CNQX,
or (3) 0.1 mM Mg2�, 10 �M CNQX, and 50 �M D-APV. The non-CNQX-sensitive component of the EPSP was not different between groups
and in both groups the EPSP was blocked by CNQX plus D-APV. These experiments were repeated on three separate preparations, and
quantitative results for the various components are shown in panels (B) and (C). (B) EPSP amplitude plotted as a function of stimulus intensity
shows no significant difference between slices from �/� and �/� mice. Bathing medium contained 1.5 mM Mg2� (�/�, n � 15; �/�, n �

15). (C) Shown is the ratio of total fEPSP amplitude to fEPSP in the presence of CNQX (10 �M), both in 0.1 mM Mg2� (n � 6 �/� and 5 �/�
mice). Values were not significantly different. (D) LTP is impaired in �/� slices. Average normalized EPSP slope is plotted versus time. A1,
A2, B1, B2 are representative tracings at indicated times. HFS represents the application of 100 Hz. for 1 s (�/�, n � 8; �/�, n � 13). Forty
minutes after HFS, the average fEFSP slope was 99 	 5 % of pre-HFS values in �/� mice and 184 	 7 % of pre-HFS values in �/� mice,
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Another component of LTP generation is activation of Paired Pulse Facilitation Is Normal
in ASIC Null MicePKC (Ben-Ari et al., 1992). One effect of PKC activation

in the CA1 area of the hippocampus is on the Ca2�- Paired pulse facilitation serves as a commonly used
index of presynaptic activity and neurotransmitter re-dependent regulation of the NMDA receptor (Chen and

Huang, 1992). Previous studies demonstrated that phor- lease probability (Schulz et al., 1994). We found compa-
rable paired pulse facilitation in animals of both geno-bol esters enhanced field EPSPs, but at higher doses

blocked additional potentiation induced by HFS (Kle- types (Figures 6E and 6F). Moreover, as expected,
D-APV had no effect on paired pulse facilitation (notschevnikov and Routtenberg, 2001; Malenka et al.,

1986); this probably represents a form of occlusion. To shown). These experiments suggest that presynaptic
find a dose of phorbol ester that did not occlude LTP, neurotransmitter release is normal in the ASIC knockout
we examined a dose-response relationship between mice.
phorbol 12-myristate 13-acetate (PMA) concentration
and baseline transmission (not shown). At higher doses,

ASIC Null Mice Exhibit a Mild and ReversiblePMA potentiated baseline EPSP slope and amplitude.
Deficit in Spatial Learning and MemoryHowever, 10 �M PMA did not affect baseline transmis-
NMDA receptor-dependent synaptic plasticity in thesion in most slices; in a few cases where potentiation did
CA1 region of the hippocampus has a key role in theoccur with 10 �M PMA, reducing the stimulus intensity
acquisition and consolidation of spatial memory (Tsienpermitted a stable baseline transmission (Figure 5F).
et al., 1996). Impaired synaptic plasticity in ASIC knock-Following HFS in the presence of 10 �M PMA, LTP
out mice suggested they might show a defect in hippo-was restored in the �/� slices (Figure 5F). Like the
campus-dependent spatial learning. To test this, weexperiments using a low Mg2� concentration, this result
used the hidden platform version of the Morris watersuggests that in the absence of ASIC, LTP induction
maze (Morris, 1981). In this test, mice must learn themay require the enhancement of another component of
position of a submerged hidden platform relative to vi-the system.
sual cues outside the pool. Naive mice received a singleActivation of the NMDA receptor during HFS is critical
trial per day for 11 consecutive days. Escape latenciesfor LTP induction. For example, 50 �M D-APV blocked
of both �/� and �/� mice improved significantly duringinduction of both LTP and STP in �/� and �/� mice
the course of training (Figure 7A). However, beyond day(Figure 5G). Interestingly, others have shown that a par-
3, the �/� group was significantly faster at locating thetial blockade of the NMDA receptor with D-APV prevents
platform than the �/� group. These results indicate thatLTP but spares short-term potentiation (Malenka, 1991).
although the �/� mice could learn to find the locationThis situation resembles our results in which the loss of
of the platform, their memory was less stable, resultingASIC prevented LTP, but not short-term potentiation
in poorer retention from one training day to the next.(Figure 5D). Finding that LTP was rescued in ASIC �/�

At the end of the training protocol, a probe trial wasmice by augmenting NMDA receptor function (Figure
performed to examine whether mice had used spatial5E) suggested the hypothesis that ASIC may contribute
learning strategies to find the platform rather than otherto NMDA receptor activation during LTP induction.
nonspatial strategies. We found subtle differences inTherefore, we examined fEPSPs during high-frequency
the performance of null mice during the probe trial (Fig-stimulation. In wild-type slices, fEPSP amplitude was
ures 7B and 7C). Although there was not a statisticallyfacilitated during the initial period of HFS; relative to the
significant difference between the performance of �/�first EPSP, the amplitudes of the next seven EPSPs
and �/� mice in probe trial performance, the �/� micewere increased (Figures 6A–6C). In ASIC null mice, the
spent a significantly greater amount of time in the train-facilitation during HFS was markedly attenuated (Fig-
ing quadrant than in any of the other quadrants (Figureures 6A–6C). To investigate whether inadequate NMDA
7B). In contrast, the amount of time ASIC �/� animalsreceptor activation could account for the impaired facili-
spent in the training quadrant was not significantly dif-tation, we applied D-APV to wild-type slices prior to
ferent from that spent in the other quadrants (FigureHFS. The pattern of EPSP facilitation elicited by blocking
7B). An analysis of the number of platform crossingsthe NMDA receptor showed a remarkable resemblance
yielded similar results (Figure 7C). Following the probeto that obtained in ASIC null slices (Figures 6A, 6B, and
trial, a two trial platform reversal test was performed. In6D). Moreover, D-APV had no detectable effect on EPSP
the first trial, the platform was returned to the originalfacilitation in the ASIC null slices (Figures 6A and 6D.)
training quadrant. In the second trial, the platform wasThus ASIC-dependent facilitation of NMDA receptor
switched to the opposite quadrant. Wild-type mice lo-function could account for the impact of ASIC disruption

on LTP. cated the platform when it was in the training quadrant

p � 0.000005. Fifty-five minutes after HFS, the EPSPs in the knockout slices remained 102 	 3% (n � 3) of pre-HFS values (not shown). (E)
LTP is rescued in �/� slices in the presence of low Mg2� (0.1 mM, bar) (�/�, n � 6; �/�, n � 6). Mean EPSP values 40 min after HFS in �/�
and �/� mice were 152 	 5% and 156 	 8% baseline, respectively (p � 0.99). As expected, a reduction in Mg2� concentration caused a
slight increase in baseline EPSP slope in both groups of mice. To maintain comparable baseline transmission, the stimulus intensity was
reduced slightly in both groups 15 min prior to HFS (downward arrow). (F) Application of phorbol 12-myristate 13-acetate (10 �M PMA, bar)
restores LTP in �/� slices (�/�, n � 6; �/�, n � 5). Mean EPSP amplitudes at 40 min following HFS were not different (�/�, 158 	 11%;
�/�, 167 	 15%; p � 0.41). When we activated PKC in the brain slice by the addition of PMA, baseline EPSP amplitude increased slightly
in 2 of 6 slices from the �/� group and 1 of 5 slices from the �/� group. Increases in baseline EPSP were corrected by decreasing stimulus
intensity (downward arrow). A stable EPSP baseline was observed for 15 min before HFS. (G) D-APV blocked STP and LTP induction both
in �/� mice and �/� mice. Slices were incubated in the presence of 50 �M D-APV for at least 20 min prior to HFS (�/�, n � 5; �/�, n � 5).
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significantly faster than when it was in the opposite not lead to impaired performance on the rotating rod
(De Zeeuw et al., 1998; Shibuki et al., 1996). Similar toquadrant (Figure 7D). In contrast, the times required for

the knockout mice to locate the platform in the training these manipulations, the ASIC null mutation may affect
specific forms of learning and plasticity.and in the opposite quadrant were not statistically differ-

ent (Figure 7D). Taken together, these results suggest Because ASIC is also expressed in sensory neurons
(Chen et al., 1998; Waldmann et al., 1997a), a potentialthat the ASIC �/� mice have a subtle deficit in spatial

memory. confounding factor in our behavioral studies could be
a loss of peripheral sensory function (Price et al., 2000).Others have demonstrated that intensive training can

normalize subtle learning deficits (Abeliovich et al., However, we tested mechanical and thermal sensation
at the behavioral level and found no difference com-1993). Therefore we asked whether an intensified train-

ing protocol could reverse the spatial learning deficit in pared to littermate controls (not shown). This result
agrees with the normal unconditioned eyeblink re-the null mice. When the mice underwent three blocks

of four trials per day for three consecutive days, we sponse (UR). In addition, the rotating rod provides a
general test of coordination, strength, stamina, motiva-found that the performance of the �/� and �/� groups

were indistinguishable both in terms of escape latency tion, activity, and sensory function. The normal perfor-
mance of the mutant mice in this task suggests that(Figure 7E) and probe trials (not shown). Thus, more

intensive training reversed the ASIC-dependent spatial these characteristics are not grossly impaired. Together
these observations suggest that the observed differ-learning deficit in the null mice.
ences in learning in the �/� mice are not likely the result
of sensory or performance deficit.Loss of ASIC Impairs Eyeblink Conditioning

In addition to the hippocampus, ASIC transcripts are
Discussionalso expressed in granule and Purkinje cells in the cortex

of the cerebellum (Garcı́a-Añoveros et al., 1997; Wald-
These data provide, at least in part, a molecular identitymann et al., 1997b). Synapses between granule and Pur-
to the H�-gated currents that for many years have beenkinje cells are likely sites for associative learning in clas-
observed in central neurons (Escoubas et al., 2000;sical eyeblink conditioning (Thompson and Kim, 1996).
Varming, 1999; Vyklicky et al., 1990). Additionally, theseThus we asked whether loss of ASIC affected eyeblink
studies provide insight into the physiologic importanceconditioning. The basic procedure for eyeblink condi-
of these poorly understood channels.tioning involves the paired presentation of an innocuous

The absence of H�-gated currents in ASIC null neu-conditioned stimulus (CS) such as a tone, followed by
rons was surprising because BNC1 expression was nor-a noxious unconditioned stimulus (US) such as a perior-
mal (Figure 1C) and because previous studies in heterol-bital shock. With training, an association is made be-
ogous cells showed that ASIC and BNC1 subunits cantween the CS and the US so that a conditioned response
associate as either homo- or hetero-multimers to pro-(CR) is acquired. The coordinated motor response of
duce acid-evoked currents (Bassilana et al., 1997; Ben-the CR includes eyelid closure and is precisely timed to
son et al., 2002). Our data suggest either that ASIC is theoccur just prior to the delivery of the shock. Animals
only DEG/ENaC channel responsible for H�-activatedgiven unpaired presentations of CS and US do not devel-
currents in hippocampal neurons or that BNC1 is depen-op the eyeblink CR, and thus serve as a control for
dent on ASIC for some step in biosynthesis or function.nonassociative sources of behavioral responses.

Although mice of both genotypes developed associa-
tive conditioning, the �/� mice developed significantly Contribution of ASIC to Synaptic Plasticity

We found ASIC enriched in synaptosomes, immuno-stronger eyeblink conditioning than did the �/� mice
(Figure 8A). After five training sessions, the tone gener- staining detected ASIC at synapses in a pattern sug-

gesting primarily a dendritic localization, and pairedated a conditioned response approximately 80% of the
time in wild-type mice, whereas ASIC null mice showed pulse facilitation was normal in ASIC �/� hippocampal

slices. These results implicated a postsynaptic localiza-a conditioned response only about 50% of the time. The
response percentage in the unpaired condition was not tion for ASIC and suggested ASIC might play an impor-

tant role in synaptic function. Although disruption of thedifferent between genotypes (Figure 8A). Likewise, there
was no significant difference in the amplitude of the ASIC gene did not affect basal synaptic transmission,

it impaired hippocampal LTP and facilitation during HFS.unconditioned eyeblink response during the pre-training
session. These results indicate that the impaired condi- Thus, ASIC was required for normal synaptic plasticity.

Several observations suggest that ASIC may contrib-tioning in the ASIC �/� mice was not due to a perfor-
mance deficit. Thus, as with spatial memory, the ute to LTP induction by facilitating activation of the

NMDA receptor, particularly during high-frequency stim-strength of eyeblink conditioning was impaired in the
ASIC null mice. ulation. For example, the absence of ASIC and blockade

of NMDA receptors generated similar effects on EPSPTo determine whether other cerebellum-dependent
tasks were affected, we compared ASIC �/� and �/� facilitation during HFS. The reduced effect of D-APV

on HFS in the knockout mice is also consistent withmice on the accelerating rotarod (Figure 8B). The perfor-
mance of the two groups was indistinguishable. Pre- hypoactive NMDA receptor function. Yet, clearly NMDA

receptors were present and exhibited normal voltageviously it has been shown that manipulations such as
disrupting the glial fibrillary acidic protein (GFAP) or inhi- dependence in cultured hippocampal neurons from

ASIC �/� mice. NMDA receptor function was also re-bition of PKC can affect cerebellar plasticity and eye-
blink conditioning or the vestibulo-ocular reflex but do vealed in ASIC null slices by the findings that D-APV
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Figure 6. EPSP Facilitation during HFS Is Impaired but Paired Pulse Facilitation (PPF) Is Intact in ASIC �/� Mice

(A) Shown are the averaged responses of the first 10 EPSPs during HFS in �/� mice (n � 8) and �/� mice (n � 8). (B) The normalized
responses to HFS are superimposed; �/� (thin tracing) and �/� mice (thick tracing). All the amplitudes of EPSP during HFS were normalized
to the amplitude of the first EPSP in each slice. (C) Amplitude of 2nd, 5th, 10th, 20th EPSPs were normalized to the amplitude of the first EPSP.
The 2nd, 5th, 10th EPSPs are significantly different between �/� and �/� mice (***: p � 0.001, **: p � 0.05). (D) D-APV (50 �M) exhibits a greater
effect on the high-frequency train in �/� (n � 5) than �/� (n � 5) slices. Both tracings are similar to ASIC �/� slices without D-APV. (E)
Paired pulse facilitation was similar in �/� and �/� mice at both 20 and 50 ms intervals. (F) The averaged PPF ratio of �/� (n � 21) and
�/� mice (n � 22) was plotted for both the 20 and 50 ms intervals. There was no significant difference between �/� and �/� mice; 20 ms
(p � 0.81), 50 ms (p � 0.93).

blocked short-term potentiation and a low Mg2� concen- likely, it is possible that ASIC could influence one of the
second messenger systems that affects NMDA receptortration or PKC activation rescued LTP. In addition, the

NMDA receptor-mediated component of the EPSP at composition, activity, or trafficking. Further studies will
be necessary to clarify the relationship between ASICbaseline was similar in �/� and �/� slices in a low

Mg2� buffer. and NMDA receptor function and the impact on synaptic
plasticity.By generating postsynaptic Na� channels, ASIC might

promote membrane depolarization thereby facilitating Accumulating evidence suggests a model in which
release of vesicular protons modulates synaptic trans-release of the Mg2� block of the NMDA receptor. It is also

possible that an ASIC-mediated increase in intracellular mission (DeVries, 2001; Krishtal et al., 1987; Traynelis
and Chesler, 2001; Varming, 1999; Waldmann et al.,Na� may increase NMDA receptor activity (Yu and

Salter, 1998). Although less direct and perhaps less 1997b). Synaptic vesicles are acidic (pH �5.7) (Miesen-
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Figure 7. A Mild Deficit in Spatial Memory in ASIC Null Mice Can Be Overcome by Intensive Training

(A) Escape latency in the Morris water maze was plotted versus day of training. Mice underwent 1 trial per day for 11 days. Regression
analysis of learning curves of two groups revealed a significant difference in slope (t(131) � 2.93; p � 0.004; �/�, n � 10; �/�, n � 9).
Repeated measures analysis of variance with all 11 trials revealed a difference that was not within the standard confidence interval ((F1,17) �

3.20; p � 0.095), although analysis of variance of last five trials revealed a significant effect of group factor (F(1,17) � 5.43; p � 0.035). Due
to the difference in learning curve slope, the difference in learning proficiency is more apparent with later trials. (B) The percentage of time
spent in the indicated quadrant during the probe trial was analyzed; training, T; adjacent left, L; adjacent right, R; opposite, O. Within the �/�
group, analysis of differences of least squares means revealed a significant difference between training quadrant and the other three quadrants
(t(36) 
 2.9, p � 0.006; indicated by asterisk). Within the �/� group, the differences between training quadrant and the other three quadrants
were not statistically significant (t(32) � 1.6, p 
 0.11). (C) The number of platform crossings during probe trial was examined. Within the �/�
group, analysis of differences of least squares means revealed a significant difference between training quadrant and quadrants L and O
(t(36) 
 2.1, p � 0.04, indicated by asterisk). The difference between T and R was not as pronounced (t(36) � 1.98, p � .055). Within the �/�
group, the differences between training quadrant and the other three quadrants were not statistically significant (t(32) � 0.73, p 
 0.47). No
significant difference was observed between groups. (D) Shown is the escape latency during platform reversal test when platform was placed
in training quadrant, T, or opposite quadrant, O. Analysis by paired t test revealed a significant difference between quadrant T and O for the
�/� mice (t(9) � 5.4; p � 0.0001, indicated by asterisk), but not for the �/� mice (t(8) � 1.45; p � 0.19.) The difference between groups was
not statistically significant. (E) The performance of �/� and �/� mice was the same during more intensive training, 3 blocks of 4 trials per
day for 3 days. Repeated measures analysis of variance revealed no statistical difference between groups (F(1,12) � 0.045; p � 0.83; �/�,
n � 7; �/�, n � 7). All error bars represent SEM.

bock et al., 1998), and release of neurotransmitter likely brief (few ms) extracellular acidification accompanying
EPSPs. Although the measured acid transients were rel-ejects protons into the synaptic cleft (DeVries, 2001;

Krishtal et al., 1987; Traynelis and Chesler, 2001). In atively small (�0.2 pH units), localized changes in the
microdomain of the synaptic cleft might be more pro-hippocampal slices, Krishtal et al. (1987) measured a
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technically challenging, our studies heighten the need
for such experiments.

In contrast to ASIC, protons inhibit the NMDA receptor
(Tang et al., 1990; Traynelis and Cull-Candy, 1990).
Therefore, the rapid acid transient noted by Kristal
(Krishtal et al., 1987) might be expected to inhibit NMDA
receptor function (Saybasili, 1998). In addition, the
slower alkaline wave that presumably follows the initial
acid transient may facilitate NMDA receptor activation
(Gottfried and Chesler, 1994). Interestingly, the H�-
dependent inhibition of the NMDA receptor occurs at
pH values (i.e., pH 6.5) that are known to activate ASIC
(Traynelis and Cull-Candy, 1990). Thus we speculate
that ASIC might serve to counterbalance the inhibitory
effects of protons on synaptic transmission during the
rapid acid transient.

Although protons are the only known activators of
ASIC, it is possible that other ligands may activate or
modulate currents from these channels. For example,
the neurotransmitter FMRFamide (Phe-Met-Arg-Phe-
NH2) activates the closely related FaNaCh channel (Lin-
gueglia et al., 1995), which plays a role in invertebrate
synaptic transmission (Cottrell et al., 1992). Interestingly,
FMRFamide and the mammalian neuropeptide FF
(NPFF) also modulate the response of ASIC channels to
acid, generating a sustained component of current that
follows the initial transient current (Askwith et al., 2000).
In rodents, central administration of FMRFamide,
FMRFamide-related peptides, or antisera to these pep-
tides alters behaviors such as learning and memory (Ka-
valiers and Colwell, 1993). We speculate that the effects
of these peptides on learning could be mediated in part
through ASIC activation. Recent data suggest that Zn2�

may also increase acid-evoked currents in channels
composed of ASIC and BNC1� (Baron et al., 2001). The
presence of high Zn2� concentrations in presynapticFigure 8. Eyeblink Conditioning Is Substantially Impaired and Ro-
vesicles of hippocampal glutamatergic neurons (Slomi-tarod Performance Is Normal in ASIC Knockout Mice
anka, 1992) suggests that Zn2� might enhance the syn-(A) The percentage of conditioned responses was determined for

each 100 trial session. An analysis of variance revealed a significant aptic function of these channels. Interestingly, like pro-
interaction of the group (�/� versus �/�) and condition (Paired tons, Zn2� also blocks the NMDA receptor (Westbrook
versus Unpaired) factors, F (1, 19) � 4.657, p � 0.05. Post-hoc tests and Mayer, 1987).
(Tukey HSD) revealed a significantly greater difference between
paired and unpaired groups in the �/� mice (p � 0.05), but not in

Contribution of H�-Gated Currents to Learningthe �/� mice. The results indicate that the �/� mice developed
greater associative eyeblink conditioning relative to the �/� mice. and Memory
(B) The performance of �/� and �/� mice is similar on the acceler- Our findings in the hippocampus led us to test the hy-
ating rotarod 0.3 rpm/s. Mice received three trials per day. Initial pothesis that H�-gated channels influence learning and
speed was 3 rpm. Averaged maximum rpm achieved before falling

memory. We found that ASIC null mice exhibited a mildis plotted versus the day of the trials (�/�, n � 17; �/�, n � 19).
deficit in spatial memory and a severe deficit in classical
eyeblink conditioning. These two tasks depend on the
hippocampus and cerebellum where ASIC is normallynounced. Moreover, a pair of sequential stimuli reduced

pH further (Krishtal et al., 1987), suggesting that acidifi- expressed (Garcı́a-Añoveros et al., 1997; Waldmann et
al., 1997b; and Figure 1) and where H�-gated currentscation might be more prominent when multiple vesicles

are released within a short time, for example during HFS. have been identified (Escoubas et al., 2000; Vyklicky
et al., 1990; and Figure 4). The relationship betweenConsistent with this proposal, DeVries recently found

that exocytosed protons could suppress presynaptic hippocampal LTP and behavioral tests of learning and
memory remains uncertain (Martin et al., 2000). How-Ca2� currents in retinal cone receptors (DeVries, 2001).

Our results identify ASIC as a key component of the ever, in �/� animals, the deficit in hippocampal LTP was
accompanied by a hippocampus-dependent behavioralhippocampal channels that open in response to extra-

cellular acid. The data also place ASIC in the synapse. deficit.
The degree of impairment in cerebellum-dependentThus, ASIC may be a postsynaptic target for protons

released during synaptic transmission. Measurement of eyeblink conditioning was particularly pronounced in
ASIC �/� animals and comparable to that observed inrapid pH changes in the synaptic cleft could provide a

direct test for this model. Although this goal will be Purkinje cell degeneration (pcd) mutant mice (Chen et
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Farm & Laboratory, Inc.). The anti-ASIC�, (Ab MELK) and anti-ASIC�al., 1996). Those mice exhibit a selective loss of Purkinje
(Ab MELD) antibodies were generated by injecting sheep with thecells, the sole output from the cerebellar cortex, and
synthesized peptides MELKTEEEEVGGVQPVSIQAFA or MELDEGDthey are functionally equivalent to animals with complete
SPRDLVAFANSCTLH, which correspond to the first 22 amino acids

cerebellar cortical lesions. Interestingly, pcd mice are of mASIC� and mASIC�, respectively (Elmira Biologicals). Affinity-
ataxic (Chen et al., 1996), as is often the case with im- purified antibodies were generated by absorbing sera to the specific

immunogen coupled to Affi-Gel 10 or Affi-Gel 15 (Bio-Rad), washingpaired cerebellar function. In contrast, ASIC null mice
with PBS, eluting with 50 mM glycine-HCl pH 2.5, neutralizing withambulated normally and demonstrated normal motor
Tris buffer pH 10.4, and stored in 1% BSA/PBS at 4�C or �20�C.learning on the accelerating rotarod. Therefore, the ASIC
Anti-PSD-95 monoclonal and anti-GluR2/3 antibodies were usedmutation may affect only specific types of learning.
according to the recommendations of the manufacturer (Sigma).

The most plausible mechanism of learning-related
plasticity in the cerebellar cortex is long-term depres-

Immunoblotting and Immunoprecipitationsion (LTD) between granule and Purkinje cells (Mauk et
Synaptosomal fractionation and analysis were performed as de-al., 1998). These cells represent a key point of conver-
scribed previously (Hruska-Hageman et al., 2001). For additionalgence between the neural pathways that carry the con-
studies, Cos-7 cells transfected by electroporation (mASIC� or

ditioned and unconditioned stimuli. Interestingly, ma- mASIC� subcloned as Cla I-Kpn I fragments into pMT3), whole
ture Purkinje cells do not express functional NMDA mouse brains, or dissected hippocampi were homogenized in phos-
receptors (Llano et al., 1991). However, LTD does require phate-buffered saline (PBS) with 1% Triton X-100 plus protease

inhibitors and centrifuged (10 min 700 � g) to remove particulatepostsynaptic membrane depolarization and increased
debris. The supernatant was Western blotted with the indicatedpostsynaptic Ca2� concentrations (Linden, 1994), fea-
antibodies or used for immunoprecipitation. For immunoprecipita-tures shared between cerebellar LTD and hippocam-
tion, 1 �l of undiluted affinity-purified Ab 6.4 was added to 750 �l

pal LTP. of protein extract, incubated overnight with agitation at 4�C, precipi-
tated with Protein A sepharose 50 �l (Pierce, 15 mg/ml) for 1 hr,
resuspended in sample buffer (0.125 mM Tris, pH 7.5, 3.4% SDS,ASIC May Provide a Target for Pharmacological
17% glycerol, 67 mM dithiothreitol, 0.008% bromphenol blue), boiledModulation of Excitatory Neurotransmission
5 min, and Western blotted with the indicated antibodies. For West-Agents that enhance synaptic activity, such as NMDA
ern blots or immunoprecipitation, equivalent amounts of protein

receptor agonists, have been explored as treatments to extract were used.
improve memory function (Muller et al., 1994). Involve-
ment of ASIC in synaptic plasticity suggests that its

Immunofluorescent Stainingactivity might be manipulated for pharmacological pur-
Rat E18 hippocampal neurons (Gregory Brewer, Southern Illinoisposes. In addition, ASIC might be inhibited to minimize
University School of Medicine, Springfield, IL) in primary culture forthe adverse consequences of acidosis. Both acidosis
4–8 days were transfected as described (Hruska-Hageman et al.,

and high extracellular glutamate levels have been impli- 2001) with 1.6 �g hASIC (tagged with the FLAG epitope at the ex-
cated in the pathology of seizures and stroke and the treme N terminus and subcloned into pcDNA3.1 [Invitrogen]), in

combination with an equal amount of pGreen Lantern-1 (Gibco BRL)NMDA receptor may play a key role in the associated
or PSD-95-GFP (kind gift of D. Bredt) (Craven et al., 1999) or withexcitotoxicity (Choi, 1987; Obrenovitch et al., 1988).
N-terminal GFP-tagged ASIC in pEGFP (Clontech). At days 8–14,NMDA receptor antagonists have been explored as
neurons were fixed at room temperature for 10–15 min in PBS plustreatments for these conditions, but side effects have
4% formaldehyde, 4% sucrose, permeabilized with 0.25% Triton

proven intolerable (During et al., 2000; Schehr, 1996). X-100 in PBS for 5 min at room temperature, washed twice for 5
However, ASIC antagonists might provide a way to min in PBS, and incubated at room temperature for 2 hr with the

M2 anti-FLAG antibody (International Biotechnologies, 1:600 in 3%dampen excitatory transmission without inhibiting other
BSA/PBS). Cells were washed in PBS, incubated for 1 hr at 37�C withkey components of the system; thus ASIC antagonists
Cy3-conjugated anti-mouse antibody (Jackson ImmunoResearch,might have less adverse effects than NMDA receptor
Inc., 1:300), washed again, mounted with Vectashield (Vector Labs),antagonists. Supporting this speculation, ASIC disrup-
and visualized by scanning confocal microscopy.

tion had no drastic consequences on animal develop-
ment, viability, or baseline synaptic transmission. In con-

Whole-Cell Voltage-Clamp Experimentstrast, targeted disruptions or hypomorphic alleles of the
Mouse hippocampal cultures were generated from postnatal dayNMDA receptor are lethal or lead to severe behavioral
1–2 pups (Mennerick et al., 1995) with the addition of insulin-trans-abnormalities (Mohn et al., 1999). We speculate that
ferrin-sodium selenite to the culture media (Sigma I-1884, resus-

ASIC may offer a novel pharmacological target for mod- pended in 50 ml H2O, 2.5 �l was added per ml of media). Whole-cell
ulating excitatory neurotransmission. patch-clamp was performed on large pyramidal neurons cultured for

1 to 2 weeks. Electrodes (4–7 M�) were filled with the intracellular
Experimental Procedures solution containing (in mM): 120 KCl, 10 NaCl, 2 MgCl2, 5 EGTA, 10

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 2
Generation of ASIC Knockout Mice ATP. The pH was adjusted to 7.2 with tetramethylammonium hydrox-
ASIC knockout mice were generated by homologous recombination ide (TMA-OH) and osmolarity with tetramethylammonium chloride
in embryonic stem cells using a standard approach similar to that (TMA-Cl). Extracellular solutions contained (in mM): 128 NaCl, 1.8
previously reported (Price et al., 2001). In the knockout allele, a CaCl2, 5.4 KCl, 5.55 glucose, 10 HEPES, and 10 2-(4-morpholino)-
PGK-neo cassette replaces the first exon of the ASIC gene and ethanesulfonic acid (MES), and 1 �M tetrodotoxin. pH was adjusted
approximately 400 bp of upstream sequence. to 7.4 or 5 with TMA-OH and osmolarity normalized with TMA-Cl.

Neurons were held at �80 mV during recording. For experiments
involving Mg2� block of the NMDA receptor, pipette solutions con-Antibodies

The anti-ASIC�� antibody (Ab 6.4) was generated by injecting rab- tained (in mM): 140 CsCl2, 4 NaCl, 10 HEPES, 0.5 CaCl2, 5 EGTA,
and extracellular solutions contained 140 NaCl, 2.8 KCl, 2 CaCl2,bits with a bacterially expressed thioredoxin fusion protein from

pET32b (Novagen) containing the amino acids 459–528 of human and 10 HEPES. MgCl2 (1 mM) and NMDA (200 �M) plus glycine (1
�M) were added as indicated.ASIC (numbering as in Garcı́a-Añoveros et al., 1997) (Pocono Rabbit
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Hippocampal Slice Recordings and A.M.H.-H. are Associates and M.J.W. is an Investigator of the
HHMI.Transverse hippocampal slices (350–400 �m) were prepared from 2-

to 4-month-old mice. The slices were sectioned in ice-cold artificial
cerebrospinal fluid (ACSF) containing (in mM): 119 NaCl, 2.5 KCl, Received: July 26, 2001
2.5 CaCl2, 1.0 NaH2PO4, 1.3 MgSO4, 26.2 NaHCO3, 11 glucose, pH Revised: March 7, 2002
7.4, bubbled with 95% O2/5% CO2, and incubated at 31�C for 2–5
hr before recording. Standard extracellular field potential recording
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