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Stimulating presynaptic terminals can increase the proton concen-
tration in synapses. Potential receptors for protons are acid-
sensing ion channels (ASICs), Na*- and Ca2+-permeable channels
that are activated by extracellular acidosis. Those observations
suggest that protons might be a neurotransmitter. We found that
presynaptic stimulation transiently reduced extracellular pH in the
amygdala. The protons activated ASICs in lateral amygdala pyra-
midal neurons, generating excitatory postsynaptic currents. More-
over, both protons and ASICs were required for synaptic plasticity
in lateral amygdala neurons. The results identify protons as a neu-
rotransmitter, and they establish ASICs as the postsynaptic recep-
tor. They also indicate that protons and ASICs are a neurotransmitter/
receptor pair critical for amygdala-dependent learning and memory.
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Ithough homeostatic mechanisms generally maintain the

brain’s extracellular pH within narrow limits, neural activity
can induce transient and localized pH fluctuations. For example,
acidification may occur when synaptic vesicles, which have a pH
of ~5.2-5.7 (1-3), release their contents into the synapse. Studies
of mammalian cone photoreceptors showed that synaptic vesicle
exocytosis rapidly reduced synaptic cleft pH by an estimated
0.2-0.6 units (4-6). Transient synaptic cleft acidification also
occurred with GABAergic transmission (7). Some, but not all,
studies also reported that high-frequency stimulation (HFS)
transiently acidified hippocampal brain slices, likely as a result
of the release of synaptic vesicle contents (8, 9). Neurotransmis-
sion also induces a slower, more prolonged alkalinization (10, 11).
In addition to release of synaptic vesicle protons, neuronal and
glial H" and HCO;™ transporters, channels, H"-ATPases, and
metabolism might influence extracellular pH (10-12).

ASICs are potential targets of reduced extracellular pH.
ASICs are Na*-permeable and, to a lesser extent, Ca®*-perme-
able channels that are activated by extracellular acidosis (13-19).
In the brain, ASICs consist of homotrimeric and heterotrimeric
complexes of ASICla, ASIC2a, and ASIC2b. The ASICla sub-
unit is required for acid-activation in the physiological range
(>pH 5.0) (20, 21). Several observations indicate that ASIC are
located postsynaptically. ASICs are located on dendritic spines.
Although similar to glutamate receptors, they are also present on
dendrites and cell bodies (20, 22-24). ASIC subunits interact
with postsynaptic scaffolding proteins, including postsynaptic
density protein 95 and protein interacting with C-kinase-1 (20,
24-29). In addition, ASICs are enriched in synaptosome-con-
taining brain fractions (20, 24, 30).

Although these observations raised the possibility that protons
might be a neurotransmitter, postsynaptic ASIC currents have
not been detected in cultured hippocampal neurons (31, 32), and
whether localized pH transients might play a signaling role in
neuronal communication remains unclear. In previous studies of
hippocampal brain slices, extracellular field potential recordings
suggested impaired hippocampal long-term potentiation (LTP)
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in ASIC1a™'~ mice (20), although another study did not detect an
effect of ASICla (33). Another study using microisland cultures
of hippocampal neurons suggested that the probability of neu-
rotransmitter release increased in ASICIa™~ mice (32).

Here, we tested the hypothesis that protons are a neurotrans-
mitter and that ASICs are the receptor. Criteria to identify
substances as neurotransmitters have been proposed (34). Beg
and colleagues (35) used these criteria to conclude that protons
are a transmitter released from Caenorhabditis elegans intestine
to cause muscle contraction. Key questions about whether pro-
tons meet criteria for a neurotransmitter are: Does presynaptic
stimulation increase the extracellular proton concentration? Do
protons activate currents in postsynaptic cells? Can exogenously
applied protons reproduce effects of endogenous protons? What
is the postsynaptic proton receptor? We studied lateral amygdala
brain slices because amygdala-dependent fear-related behavior
depends on a pH reduction (36). In addition, ASICs are abun-
dantly expressed there, and ASIC1a~~ mice have impaired fear-
like behavior (36-38).

Results and Discussion

Presynaptic Stimulation Induces ASIC Excitatory Postsynaptic Currents.
We found that an acidic pH stimulated currents in lateral amygdala
pyramidal neurons, and 4SICla™"~ neurons lacked those currents
(Fig. 1 A-C). We also stimulated cortical inputs and recorded ex-
citatory postsynaptic currents (EPSCs). Under basal conditions,
wild-type (WT) and ASICIa~"~ EPSCs had similar amplitudes (Fig.
1 E-G), and previous studies showed similar NMDA and AMPA
receptor currents in cultured hippocampal neurons of both geno-
types (20). After glutamate receptor (GluR) blockade with AMPA
and NMDA receptor blockers, a small component of the EPSC
remained (Fig. 1 E-G). HES of cortical inputs also generated
postsynaptic currents after GluR blockade (Fig. S1).

ASICla™" neurons lacked the current that was revealed in the
presence of GluR blockers (Fig. 1 F and G and Fig. S1). Amiloride,
which blocks ASICs (albeit a nonselective blocker) (39), inhibited
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Fig. 1.

Stimulating presynaptic neurons elicits postsynaptic ASIC currents in lateral amygdala pyramidal neurons. (A) Schematic showing lateral amygdala,

acid injection micropipette, stimulating electrode, and whole-cell patch-clamp recording electrode. (B) Representative ASIC currents elicited by acid injections

in WT and ASIC1a™" neurons. Holding potential,

—70 mV. (C) pH-dependent activation of ASIC currents. Best-fit yielded ECso pH of 6.1 + 0.1 (n = 6-10 cells in

4 mice). (D) Left, representative traces of EPSCs in WT and ASIC2™'~ neurons. Right, mean + SEM of best-fit EPSC decay times. P < 0.05 (Student t test; n = 10
cells in 4 mice). (E and F) EPSC recordings in lateral amygdala brain slices from WT and ASIC1a~"~ mice. To induce EPSCs, test pulses (100 pS, 0.05 or 0.1 Hz) were
delivered through extracellular bipolar electrodes placed on cortical inputs. Slices were perfused with 25 pM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (an
AMPA receptor antagonist) plus 50 pM (2R)-amino-5-phosphonovaleric acid (D-APV) (an NMDA receptor antagonist) and with 200 pM amiloride during times
indicated. Data are from single slices. (Inset) EPSCs with expanded y axis. (G) EPSC amplitudes as recorded in D and E. **P < 0.01 (Student t test; n = 20 cells in

10 mice). Representative EPSC traces are shown at top.

the current (Fig. 1 E and G). The decay times of EPSCs were faster
after glutamate receptor (GluR) blockade (Fig. S2), indicating that
EPSCs observed in the presence of GluR blockers are likely not
GluR-mediated. As an additional test of whether the GluR-
independent EPSCs were caused by ASICs, we altered their
subunit composition by eliminating ASIC2. Earlier work showed
that ASIC current desensitization was slowed in cultured
ASIC27~ neurons (41). Consistent with that, we found pro-
longed GluR-independent EPSC decay times in ASICT/ " lateral
amygdala slices (Fig. 1D). Together, these results indicate that
presynaptic stimulation activates postsynaptic ASICs. Thus, they
suggested that protons were the neurotransmitter.

Presynaptic Stimulation Increases Extracellular Protons and Activates
ASICs. To test whether presynaptic stimulation increases extracel-
lular protons, we fused the pH-sensitive superecliptic pHluorin (3)
to the extracellular domain of syndecan 2, a postsynaptic mem-
brane protein, and found that it reported changes in extracellular
pH (Fig. 24 and Fig. S34). In transfected pyramidal neurons,
syndecan 2-pHluorin targeted spines, dendrites, and the cell
membrane of soma (Fig. 2B). Stimulating cortical inputs transiently
reduced pH at spines and the neighboring dendrites, followed by
a slower alkalinization (Fig. 2 C and D and Fig. S3B). The extent of
acidification and alkalinization depended on stimulus frequency.
The alkalinization that followed the transient acidification has been
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reported in other preparations (11). Because ASICs inactivate in
the continued presence of protons (39, 42-44), alkalinization be-
tween synaptic release stimulations might function to resensitize
the receptor.

To prevent synaptic vesicle fusion, we applied Ca** channel
blockers and found that they eliminated both GluR- dependent
and ASIC-dependent EPSCs (Fig. S4). Although Ca** channel
blockers could have multiple effects, these results are consistent
with proton release from synaptic vesicles as a source of the
reduced pH. However, it is possible that other transport pro-
cesses make important contributions to acidification (4-8).

If presynaptic stimulation increases extracellular protons that
activate postsynaptic ASICs, we reasoned that decreasing the pH
buffering capacity should augment ASIC EPSCs. Conversely,
increasing pH buffering should attenuate ASIC EPSCs. A similar
strategy has been used to attribute other responses to pH changes
(4-7). In the presence of GluR blockers, reducing pH buffer ca-
pacity (10 mM HCO5™, 2% CO, at pH 7.4) increased EPSC
amplitude compared with control (25 mM HCO;™, 5% CO, at pH
7.4) (Fig. 34). In contrast, increasing buffer capacity (90 mM
HCO;™, 15% CO, at pH 7.4) decreased EPSCs. We obtained
similar results with HFS (Fig. S5).

To test further whether changing pH buffer capacity alters the
ASIC component of EPSCs, we applied the ASIC-specific
blocker Psalmotoxin-1 (PcTX1) (40). PcTX1 inhibits ASICla
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Fig. 2. Presynaptic stimulation reduces extracellular pH. (A) Schematic of
pHluorin linked to syndecan 2 to assay changes in extracellular pH. (B)
Biolistic transfection of pyramidal neurons. (Left) Syndecan 2-pHluorin.
(Middle) mCherry as a control fluorescent indicator. (Right) Merged image.
(Bottom) Enlarged image of selected area from upper image. Note syndecan
2-pHlourin expression in spines. (C) Representative traces of fluorescence
with stimulation at indicated frequencies for 1 s. (D) Ratio of change in
fluorescence (acidic AF1, alkaline AF2) to basal fluorescence (Fy) at indicated
stimulation frequencies (n = 7).

homomultimers, but not ASIC1/2 heteromultimers. In pre-
liminary studies, PcTX1 had little effect on GluR-independent
EPSCs in WT amygdala slices, consistent with the majority of
ASIC currents arising from ASIC1/2 heteromultimers. However,
in ASIC27'~ brain slices, reducing pH buffer capacity increased
GluR-independent EPSC amplitude, and PcTX1 inhibited the
current (Fig. 3B). These data indicate that reducing pH buffer
capacity increased the ASIC component of EPSCs.

Protons and ASICs Are Required for Synaptic Plasticity. Activation of
postsynaptic ASICs by presynaptic stimulation suggested that
this process might influence synaptic plasticity. To assess synaptic
plasticity in lateral amygdala brain slices, we measured LTP. LTP
is a prolonged increase in the strength of synaptic transmission
after intense presynaptic stimulation and may be a correlate of
the synaptic plasticity. We applied HFS to cortical inputs and
assayed excitatory postsynaptic potentials (EPSPs), the depola-
rizations induced by test pulses delivered to cortical inputs. Im-
mediately after HFS, EPSPs increased in slices from WT and
ASICla™"~ mlce (Fig. 44). However, LTP was strlklngly reduced
in ASICIa™"" slices, decaying to baseline 15 min after HFS.
Finding that ASICs were required for induction of amygdala
LTP suggested that an increase in protons was involved. If that is
the case, then reducing or increasing pH buffering capacity
should enhance or minimize, respectively, a stimulus-induced fall
in pH, and thereby increase or attenuate LTP. Although main-
taining solution pH at 7.4, reducing pH buffer capacity strikingly
enhanced LTP, and increasing buffer capacity diminished LTP
(Fig. 4B). Attenuation of LTP by increased pH buffering was not
a result of inhibition of EPSPs or irreversible changes in brain
slices (Fig. S6). Together, these results suggest that increased
protons and ASICs are required for normal synaptic plasticity.

Exogenous Application of Protons Induces LTP and Requires Glutamate.
To further test the hypothesis that protons are a neurotransmitter,
we examined the effect of applying exogenous protons. Similar to
in cultured neurons (45, 46), we found that a puff of acid (pH 7.0-
6.0) elicited action potentials in lateral amygdala neurons, and pH
6.8 generated the greatest number of action potentials (Fig. 54).

Du et al.

Therefore, we gave three short puffs of pH 6.8 artificial cerebro-
spinal fluid (ACSF) and recorded EPSPs (Fig. 5B and Fig. S7).
Acidic puffs induced LTP in WT, but not ASICla™"", neurons.

To learn whether an acidic solution is sufficient to induce LTP
or whether glutamate signaling is also required, we applied an
NMDA receptor blocker. Inhibiting NMDA receptors sub-
stantially attenuated acid-induced LTP (Fig. 5C). Eliminating
the presynaptic test pulses to decrease glutamate release also
prevented acid-evoked LTP (Fig. 5D). Thus, both proton-ASIC
and glutamate-GluR activities were required for LTP.

Protons Fulfill the Criteria for a Neurotransmitter. Criteria for iden-
tifying substances as neurotransmitters have been proposed (34).
We used the following criteria to gauge whether protons are
neurotransmitters.

Chemical is present in the presynaptic cell. Synaptic vesicles have a pH
of 5.2-5.7 (3), and the presynaptic cell cytoplasm contains
protons.

Stimulation of the cell releases the chemical. Our data indicate that
presynaptic stimulation causes transient extracellular acidification,
and the greater the stimulation, the greater the increase in pro-
tons. Synaptic acidification, which has been estimated at 0.2-0.6
pH units at cone photoreceptor synapses (4, 5), might arise when
synaptic vesicle exocytosis releases protons. Although calculations
suggest that the number of free protons in a synaptic vesicle might
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Fig. 3. Changing pH buffer capacity alters ASIC-dependent EPSCs. (A, Left)
Example of ASIC-dependent EPSCs in lateral amygdala neuron sequentially
perfused with 25 mM HCO5™/5% CO, ACSF, 10 mM HCO37/2% CO, ACSF, and 90
mM HCO37/15% CO, ACSF, all at pH 7.4. In addition, 25 pM CNQX and 50 pM
D-APV were present throughout. Representative traces are shown at top. (Right)
EPSC amplitude in indicated buffers, as described for left. Each set of connected
points is from a different cell: 25 mM HCOs™ group, —7.0 + 0.6 pA; 10 mM
HCO5™, —13.5 + 1.5 pA; 90 mM HCO5™, —4.0 + 0.4 pA (n = 10 cells in 4 mice); one-
way ANOVA with Tukey’s post hoc multiple comparison test. *P < 0.05. (B, Left)
ASIC-dependent EPSCs in lateral amygdala neuron in ASIC27~ brain slice per-
fused with 25 mM HCO57/5% CO, ACSF and then 10 mM HCO37/2% CO, ACSF,
both at pH 7.4. PcTX1 (100 nM) was present during time indicated. (Right) ASIC-
dependent EPSC amplitude in buffers described for left (n = 8); one-way
ANOVA with Tukey’s post hoc multiple comparison test. *P < 0.001.
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Fig. 5. Extracellular application of an acidic solution to lateral amygdala pyramidal neurons induces LTP. (A, Left) Representative traces of acid-generated
action potentials. (Right) average number of action potentials generated at indicated pH (n = 10 for each pH; 4 mice). pH 6.8 induced the greatest number of
action potentials. (B) EPSPs before and after three puffs of pH 6.8 ACSF were delivered to the target neuron in slices from WT (blue, 145 + 6% of baseline; P <
0.001; n = 6 cells in 4 mice) and ASIC1a~—~ (red, 101 + 2% of baseline; no significant difference; n = 8 cells in 4 mice) mice. A test pulse was delivered 50 ms
before the end of each puff of pH 6.8 ACSF. Representative EPSP traces from each group are at the top. WT differed from ASIC1a~~ (P < 0.01). Control data
with test pulses are the same in B-D. Statistical analysis was one-way ANOVA; Tukey’s post hoc multiple comparison for B-D. (C) pH 6.8 application in slices
treated with 50 uM D-APV (green, 116 + 5% of baseline; P < 0.05; n = 6 cells in 4 mice) or vehicle control (blue). Control differed from 50 pM D-APV (P < 0.01).
(D) Application of pH 6.8 ACSF to lateral amygdala pyramidal neurons in absence (gray, 99 + 3% of baseline; no significant difference; n =9 cells in 5 mice) or
presence (blue) of test pulses during application of pH 6.8 solution. Control differed from slices without test pulses (P < 0.01).
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after vesicle fusion, and/or Na*/H* exchange (4, 6, 7). Irrespective
of the mechanism, our results are consistent with earlier studies
indicating that presynaptic stimulation acutely increases the pro-
ton concentration (4-7).

There is a postsynaptic receptor. We conclude that ASIC channels
are the postsynaptic proton receptors because eliminating ASICla
eliminated ASIC-dependent EPSCs, GluR EPSCs and ASIC
EPSCs manifested different decay times, the biophysical prop-
erties of ASIC-dependent EPSCs changed as predicted when
ASIC channel subunit composition was altered, PcTX1 and
amiloride inhibited ASIC-dependent EPSCs, and ASICs localize
to the postsynaptic membrane (20, 23, 24, 26).

Exogenous application of the chemical mimics the endogenous response.
We found that applying exogenous protons induced action poten-
tials, as well as LTP.

A mechanism to terminate neurotransmitter action exists. After acidi-
fication, we found that extracellular pH rapidly recovered and
alkalinized. Several processes may restore and increase pH, in-
cluding proton diffusion, pH buffering, and activity of membrane
transporters (11). Increased interstitial pH after neurostimulation
has also been reported in other preparations (11, 42, 47). Previous
studies showed that raising extracellular pH before an acid stim-
ulus reduced steady-state inactivation and increased the amplitude
of ASIC currents (43, 44, 48). Thus, alkalinization might prepare
postsynaptic ASICs for subsequent stimuli, and thereby maximize
their current.

Blocking the receptor blocks the activity of the neurotransmitter. Dis-
rupting the ASICI gene eliminated the effect of exogenously
applied protons, ASIC-dependent EPSCs, and acid-evoked LTP.
Amiloride and PcTX1 also blocked ASIC EPSCs.

Additional Implications. First, the results raise the question of
whether protons function as a neurotransmitter entirely on their
own. Although exogenous acid can activate action potentials,
protons might not transmit information in isolation of other trans-
mitters. We say that because when we puffed pH 6.8 solution into
amygdala brain slices, LTP induction required delivery of a test
pulse to the presynaptic neuron. In addition, compared with
glutamate-dependent EPSCs, ASIC EPSCs are small.

Second, every time glutamate is released into a synapse, pro-
tons may be coreleased. Co-release has a parallel with other
neurotransmitters (49): Co-release implies that proton exocytosis
need not have a unique regulatory mechanism; acidification
would be initiated by the same Ca”"-dependent exocytotic re-
lease mechanisms that regulate glutamate release.

Third, both the presence of ASICs in many brain areas (14-17,
22, 38) and a source for proton release at other sites position
protons to function as a neurotransmitter in combination with
other neurotransmitters and in many brain regions.

Fourth, an acidic pH and ASICs are associated with neuronal
injury in models of cerebral ischemia (21, 50), multiple sclerosis (51),
and traumatic brain injury (52). Function of protons as a neuro-
transmitter suggests involvement of excitotoxicity-like mechanisms.

Fifth, what is the physiological role of proton—ASIC signaling
in neurotransmission? Compared with GIluR currents, ASIC
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currents make a very small contribution to EPSCs induced by
a single test pulse. Thus, we suspect that proton—-ASIC signaling
has little effect on neurotransmission under basal conditions.
That conclusion is consistent with studies of ASICIa™~ mice,
which show little behavioral difference from WT mice in the
absence of stress. However, we speculate that proton—-ASIC sig-
naling may be particularly important during intense presynaptic
stimulation. Extracellular pH reductions are the greatest during
HFS and could have at least two effects: The lower pH would
generate larger ASIC currents, and in addition, the reduced pH
may inhibit NMDA receptors (53), and thus concurrent activation
of ASICs could sustain and enhance synaptic transmission. These
effects could explain the involvement of protons and the re-
quirement of ASICs for LTP induced by HFS. Consistent with
these conclusions, both ASICs and GluRs are required for normal
behavioral responses to stresses such as amygdala-dependent fear-
related learning and memory.

Materials and Methods
Also see SI Materials and Methods.

Mice. ASICTa~'~, ASIC27"~, and WT mice were maintained on a congenic
C57BL/6 background. The University of lowa Animal Care and Use Commit-
tee approved all procedures.

Brain Slices. We used standard procedures to generate brain slices from 4-6-wk-
old mice. For experiments with a varying HCO3;~ concentration, changes in
HCO3~ were balanced with gluconate, and CI~ concentration was maintained
constant. Acidic solutions were delivered by direct injection into slices, using
a microinjection system, or to the entire slice through the perfusion system.

Patch-Clamp Recording. Standard procedures were used to patch-clamp lat-
eral amygdala pyramidal neurons.

Measurement of Extracellular pH in Brain Slice Cultures. Amygdala slice cul-
tures were prepared from 3-4-d-old mice with procedures modified from our
earlier work (23). A syndecan 2-pHluorin fusion was generated by inserting
pHIuorin sequence into mouse syndecan 2 cDNA immediately after the sig-
nal peptide sequence to generate a fusion with extracellular pHluorin. Biolistic
transfection of slices was after 1-3 wk in culture, and slices were studied 48 h
later. pHluorin signal was detected with a high-speed confocal microscope.
Fluorescence of Hela cells was measured 24-48 h after transfection.

Analysis. Data are presented as means + SEM. To statistically assess LTP, we
analyzed the last 5 min of EPSPs of each LTP recording (total 30 EPSP points),
averaged those 30 points, and then compared those data with average data
before HFS. Statistical comparison of groups used one-way ANOVA and
Tukey’s post hoc multiple comparison test. A Student t test was used to
compare two groups.
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