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Acid-sensitive ionic channels in midbrain dopamine
neurons are sensitive to ammonium, which may
contribute to hyperammonemia damage
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Acid-sensitive ion channels (ASICs) are proton-gated and belong to
the family of degenerin channels. In the mammalian nervous
system, ASICs are most well known in sensory neurons, where they
are involved in nociception, occurring when injury or inflammation
causes acidification. ASICs also are widely expressed in the CNS,
and some synaptic roles have been revealed. Because neuronal
activity can produce pH changes, ASICs may respond to local acidic
transients and alter the excitability of neuronal circuits more
widely than is presently appreciated. Furthermore, ASICs have
been found to underlie calcium transients that contribute to
neuronal death. Degeneration of midbrain dopamine neurons is
characteristic of advanced idiopathic Parkinson’s disease. There-
fore, we tested for functional ASICs in midbrain dopamine neurons
of the ventral tegmental area and substantia nigra compacta.
Patch-clamp electrophysiology applied to murine midbrain slices
revealed abundant acid-sensitive channels. The ASICs were gated
and desensitized by extracellular application of millimolar concen-
trations of NH4Cl. Although the NH4Cl solution contains micromo-
lar concentrations of NH3 at pH 7.4, our evidence indicates that NH;
gates the ASICs. The proton-gated and the ammonium-gated
currents were inhibited by tarantula venom (psalmotoxin), which
is specific for the ASIC1a subtype. The results show that acid-
sensitive channels are expressed in midbrain dopamine neurons
and suggest that ammonium sensitivity is a widely distributed ASIC
characteristic in the CNS, including the hippocampus. The ammo-
nium sensitivity suggests a role for ASIC1s in hepatic encephalop-
athy, cirrhosis, and other neuronal disorders that are associated
with hyperammonemia.

hepatic encephalopathy | mesolimbic dopamine | Parkinson’s disease
proton gating | cirrhosis

Proton-gated channels or acid-sensitive ion channels (ASICs)
are present in sensory neurons, where they have roles in
nociception, taste, and possibly other modalities (1-5). Recently,
six ASIC subunits were cloned (6, 7) and identified as belonging
to a broad family of degenerin (Deg) channels. ASICla (also
known as BNaC2) and ASIC1b (ASIC1p) are the splice variants
of the ASIC1 gene (6, 8, 9). ASIC2a (BNaCl, MDEG) and
ASIC2b (MDEG?2) are the spliced forms of the ASIC2 gene (10).
Other subunits are ASIC3 (DRASIC) (7, 11) and ASIC4 (SPA-
SIC) (12, 13). The ASIC subunits form a variety of heteromeric
channels in heterologous expression systems, and subunits other
than ASIC2b and ASIC4 also form functional homomeric chan-
nels in expression systems (14).

Although there has been much progress, there is still uncer-
tainty about the pharmacology, the endogenous subunit com-
position, and the functional significance of different CNS ASIC
subtypes (4, 5, 15, 16). ASICI is the subunit most abundantly
expressed in the mammalian brain and has been shown to be
involved in synaptic plasticity (17). ASICs in the CNS also have
been implicated in Ca?* toxicity arising from ischemia, and
inhibition or knockout of ASIC1 protected the mouse brain from
ischemic acidosis (18).
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Because midbrain dopamine neurons are prone to toxic
damage that leads to disorders such as Parkinson’s disease, we
investigated the presence and characteristics of ASICs in me-
solimbic dopamine neurons. In rodent midbrain slices, large
pH-sensitive conductances were observed. These ASICs also
were activated and desensitized by external NH4Cl at pH 7.4. To
help identify these conductances, we used a subunit-specific
blocker and compared ASICs from other tissue preparations and
concluded that the majority of the current arises from ASICI-
like channels. Our study demonstrates ASIC ammonium sensi-
tivity from CNS neurons in an intact preparation, and the results
are consistent with the NH,4Cl-gated currents observed in iso-
lated sensory neurons (19). The results suggest that the main
ASIC in murine dopamine neurons is an ASIC1-type ammoni-
um-sensitive channel. The ammonium sensitivity offers the
potential for ammonia and acidosis toxicity impacting dopamine
neurons and suggests a general route for neuronal damage
arising from hyperammonemia.

Results

Acid pH and Ammonium Gate Channels on Dopamine Neurons. Pres-
sure application of acidified solution (pH 5.4) directly onto
dopamine neurons from mouse midbrain slices elicited large
currents (680 = 110 pA, n = 12; mean *= SE) (Fig. 14). The
acid-gated currents were not inhibited by a mixture of antago-
nists to ionic channels gated by glutamate (20 uM 6-cyano-7-
nitroquinoxaline-2,3-dione/50 wM 2-amino-5-phosphopen-
tanoic acid), GABA (20 uM bicuculline), and acetylcholine (1
uM atropine/5 uM mecamylamine). In these experiments,
voltage-gated sodium current was inhibited by extracellular
tetrodotoxin (1 uM), and voltage-gated current activated by
hyperpolarization (I, current) was inhibited by intracellular
QX-314 (5 mM) or tetraecthylammonium (50 mM) (20, 21). The
dose-response relationship for activation by protons had an
apparent Hill coefficient of 1.0 and an apparent ECsy of pH 5.5
(Fig. 1C). These characteristics resemble those from homomeric
ASICla channels (14).

Similar currents (490 = 90 pA, n = 5) were also elicited by
pressure application of an extracellular solution containing
NH4CI (72 mM) at pH 7.4 (Fig. 1B). The gating by NH4Cl seen
in these dopamine neurons is like that previously observed from
ASICs located in peripheral neurons (19). Similar acid-gated and
NH,4Cl-gated currents were also observed from HEK 293 cells
and hippocampal interneurons (Fig. 6, which is published as
supporting information on the PNAS web site).
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Fig. 1. Proton-gated and ammonium-gated currents from mouse midbrain
dopamine neurons. (A) Proton-gated currents were elicited by a 300-ms
pressure application of acidified (pH 5.4) extracellular solution (open bar).
Acid-activated current was not inhibited by bath application of a mixture of
antagonists to glutamate, GABA, and acetylcholine ligand-gated ionic chan-
nels (gray bar). Tetrodotoxin was present in the extracellular solutions to
inhibit sodium currents, and 50 mM tetraethylammonium was in the internal
solution to inhibit /,, current. Hyperpolarizing pulses (—10 mV for 200 ms)
applied before, after, and during the agonist application indicated that the
proton-gated current arose from a 5.2 = 0.2 (mean = SE, n = 5) conductance
increase over baseline. The conductance increase was estimated as the ratio of
the conductance close to the maximum of the ligand-gated current to the
conductance at the baseline (indicated by the arrows). Calibration bars rep-
resent 1 s and 200 pA for all current traces, which were all measured at a
holding potential of —65 mV. (B) After 23 min to wash off the antagonists, the
current was evoked by pressure application of an extracellular solution con-
taining NH4Cl (72 mM) at pH 7.4 (black bars). The current again was not
inhibited by bath application of the non-ASIC antagonists (gray bar). The
NH4Cl-gated conductance increased 5.3 + 0.3 (n = 4) times over baseline. (C)
The dose-response dependence for the acid-gated current mediated by ASICs
is shown. Data points were collected at 23°C (n = 4) by pressure-applying the
pH-altered solutions with a puffer pipette. Thus, the exact pH hitting the cell
surface was not the same as the pH in the puffer pipette, because the
pressure-applied solution was diluted by the bath (see ref. 24).

Ammonium Gates ASICs from Dopamine Neurons. The venom of the
tarantula species Psalmopoeus cambridgei is an antagonist of
ASICla channels (22, 23). When applied at a 1:1,000 dilution,
the spider venom inhibited currents activated by low pH or
NH4CI. At 1:1,000 dilution, the venom inhibited acid-gated (pH
4.8) currents by 89 = 2% (n = 4) and inhibited NH4Cl-gated (16
mM at pH 7.4) currents by 92 £ 1% (n = 3) (Fig. 24).

To further test whether the acid-gated and NH,Cl-gated
currents were the same entity, we examined whether acid and
NH4Cl caused cross-desensitization. Currents activated by acid
(pH 4.8) were desensitized (90 * 1% inhibition, n = 5) by
bath-applied NH4Cl (8 mM) (Fig. 2B Left). Likewise, currents
activated by solution containing NH4Cl (16 mM) were desensi-
tized (93 £ 2% inhibition, n = 4) by reducing the bath pH from
7.4 to 6.8 (Fig. 2B Right). Similar cross-desensitization was also
observed for acid-gated and NH4Cl-gated currents from hip-
pocampal interneurons (Fig. 6).

Maximal activation of the ASICs provided further evidence
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Fig.2. Proton-gated and ammonium-gated currents are mediated by chan-
nels with common properties. (A) Proton-gated (pH 4.8, open bar) and NH4Cl-

gated (16 mM at pH 7.4, filled bar) currents were inhibited by P. cambridgei

venom (1:1,000 dilution), an ASIC1a antagonist. (B) To test for cross-
desensitization, currents activated by pressure-applied acidified solution (pH
4.8, open bar) were desensitized by bath-applied 8 mM NH4Cl-containing
solution. Likewise, currents elicited by 16 mM NHsCl-containing solution
(filled bar) were desensitized by bath-applied solution with a pH of 6.8.
Holding current was set to zero for comparison of the current traces. In A and
B, the calibration bars represent 1s and 200 pA for all current traces, and the
holding potential was —65 mV. (C) To test for nonadditivity, pressure appli-
cation of a solution at pH 4.8 (open bar, Left) activated a maximal current.
Pressure application of 16 mM NH,4Cl to the same neuron at pH 7.4 evoked a
smaller inward current (filled bar, Center). The current induced by the appli-
cation of 16 mM NH4Cl at pH 4.8 (open and filled bars) to the same neuron
demonstrated no gain in amplitude (Right). Each trace is the average of three
records. The calibration bars represent 1 s and 500 pA, and the holding
potential was —65 mV.

that the channels activated by acid and NH4CI were the same
population. The ASICs were maximally activated by pressure
application of an extracellular solution at pH 4.8 (Fig. 2C Left).
Then, from the same dopamine neuron, currents were activated
by a solution containing 16 mM NH4Cl (Fig. 2C Center).
Demonstrating nonadditivity, coapplication of a solution con-
taining 16 mM NH4Cl at pH 4.8 did not activate a larger current.
Rather, the current activated by coapplication (Fig. 2C Right)
was statistically the same as the maximal current activated by pH
4.8 alone (P > 0.05, ¢ test for different populations; n = 5).

Finally, another characteristic of ASIC1 channels is that the
amplitude of their acid-gating currents increases as the calcium
concentration in the external solution decreases below biological
levels (15). We found the same characteristic for these ammo-
nium-gated currents. Currents activated by pressure-applied
extracellular ammonium chloride demonstrated a >2-fold in-
crease in amplitude when 2 mM Ca?* was replaced by using a
nominally Ca”*-free solution to bathe the slice. The increase in
amplitude was 2.4 = 0.2 (n = 6) for pressure application of 16
or 32 mM NH4CI (Fig. 7, which is published as supporting
information on the PNAS web site).

Ammonium, Not Ammonia, Gates the ASICs. The ASIC currents
were activated by solutions containing NH4Cl. At biological pH,
ammonium (NHj) is the main species, but there is a minor
ammonia (NH;3) component. In a solution containing 16 mM
NH,4CI, there is 278 uM ammonia at pH 7.5 and 111 uM
ammonia at pH 7.1. If ammonia (NH3) were the primary
component activating the ASICs, then the current would be
larger at pH 7.5, but it is not (Fig. 3). We activated currents with
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Fig. 3.  Ammonium, not ammonia, gates the ASICs. Pressure application of
NH4Cl (16 mM) to a dopamine neuron at pH 7.5 (filled bar, Left) activated
inward current. Pressure application of acidified solution (pH 7.1, open bar,
Center) alone activated a very small current. Pressure application of 16 mM
NH4Cl at pH 7.1 (open and filled bars, Right), which increases the concentra-
tion of ammonium while decreasing the concentration of ammonia, to the
same neuron activated a current with significantly larger amplitude. The
holding potential was —65 mV. Each current trace is the average of three
recordings.

a solution containing 16 mM NH,4CI at pH 7.5 (Fig. 3 Left). We
then demonstrated that pH 7.1 activates a barely detectable
ASIC current (Fig. 3 Center) because this proton concentration
is at the beginning of the activation dose-response curve for
these currents (see Fig. 1C). The currents elicited in the same
dopamine neurons by 16 mM NH4CI at pH 7.1 were 1.9 * 0.2
(n = 5) times larger than at pH 7.5. Because pH does not activate
an appreciable current at pH 7.1, the result indicates that the
currents are gated by NH; and not by NHj.

Dose—Response Relationship for Ammonium-Gated Currents. It is
biologically important to know at what concentration ammo-
nium evokes meaningful currents. To estimate the lower limit of
the concentration dependence, we bath-applied NH4CI while
monitoring the whole-cell currents (Fig. 4). For these experi-
ments, we doubled the speed of bath application (8 ml/min in a
0.8-ml chamber) to synchronize the ammonium-gated currents
to increase our ability to measure small currents. There were
detectable currents at the lowest ammonium concentration
studied, which was 1 mM, but an ammonium concentration of 4
mM produced consistently measurable currents (Fig. 44). At
concentrations much higher than 16 mM in the bath solution,
however, the neuron being studied expressed unusual charac-
teristics, suggesting that the cell was being damaged or that
unusually large currents were developing. Therefore, after es-
tablishing the low concentration profile of the dose-response
curve with bath application of NH4Cl (Fig. 4C), we then used a
puffer pipette to apply ammonium by pressure to the cell (24).

These puffer-pipette exposures to ammonium are brief, and
the cell can survive. However, the exact concentration arriving
at the cell surface is lower than in the puffer pipette and cannot
be known exactly because the pressure-applied solution mixes
with and is diluted by the bath solution. However, 16 mM NH4Cl
in the puffer pipette produces a consistently measurable current
(Fig. 4B, trace 1), which suggests the result obtained with 4-8
mM NH4CI applied to the bath (compare Fig. 44). Therefore,
the concentration applied at the cell surface may be estimated by
using the lowest concentrations of bath-applied NH4Cl that
activated consistently measurable currents. The puffer-pipette
method gives only the approximate shape of the concentration
dependence for current activation (Fig. 4D). Although not exact,
the two methods together indicate the biologically important
case accurately at the low concentrations and indicate the
general shape of the dose-response relationship.

Long-Term Activation by Ammonium. Extracellular hyperammone-
mia leading to hepatic encephalopathy depolarizes cells by
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Fig.4. Estimated minimum concentration for activation of ASICs by ammo-
nium. (A) Example current traces are shown from the same cell for bath
application (filled bar) of 4, 8, and 16 mM NH,4CI. Calibration bars represent 5
min and 100 pA. (B) Example current traces are shown from the same cell upon
pressure application by a puffer pipette containing NH4Cl (filled bar) at the
following concentrations: 16 mM (trace 1), 32 mM (trace 2), 64 mM (trace 3),
128 mM (trace 4), and 256 mM (trace 5). The actual concentration reaching the
cell surface is lower than the puffer-pipette concentration. Calibration bars
represent 1sand 200 pA. (C) The initial part of the dose-response relationship
is shown for bath-applied NH4Cl. These currents give an accurate estimate of
the lowest concentrations that activate detectable currents from dopamine
neuronsin this midbrainslice. Data points were averaged from 3to 10 cellsand
represent the mean = SE. (D) Dose-response dependence for ASIC activation
by pressure-applied external NH4Cl. The abscissa represents the concentration
of NH4Cl in the puffer pipette, but a lower concentration is reaching the cell
surface. Data points were averaged from 3 to 11 cells and represent the
mean * SE. The curve (sigmoid logistic) indicates an apparent ECsg value of 68
mM NH4Cl (in the puffer pipette, not on the cell surface) and the apparent Hill
coefficient of 1.6. Based on the currents evoked by bath-applied NH4Cl, we
may estimate that the actual ECsg is closer to 20-40 mM ammonium.

means of an unknown mechanism (25). To simulate a near lethal
hyperammonemic blood concentration, we tested NH4Cl (16
mM) applied to the bath of midbrain slices while voltage-
clamping (Fig. 54) or current-clamping (Fig. 5 B and C) dopa-
mine neurons. In voltage-clamp mode, bath-applied NH4ClI (16
mM at pH 7.4) induced inward current (70 * 20 pA, n = 7)
measured after 15 min in ammonium chloride. The brief inward
currents (downward deflections) observed on the trace are
ASICs activated by brief pressure applications of acidified
solution (pH 5.4 for 300 ms) delivered every 60 s. The pressure
applications only apply acid to a small area of the whole cell, but
the bath-applied NH4CI activates channels along the whole cell
surface. Therefore, the bath-applied NH4Cl desensitizes much of
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Fig.5. Long-lasting depolarizations of dopamine neurons caused by hyper-
ammonemia. (A) In voltage-clamp mode, bath-applied NH4Cl (16 mM at pH
7.4, filled bar) induced transient and sustained inward holding current. Pres-
sure application of extracellular acidified solution (pH 5.4; 300 ms every 60 s)
induced transient currents, shown as brief downward deflections (inward
current). These acid-induced currents are strongly desensitized by the bath-
applied NH4Cl. The holding potential was —65 mV. (B) In current-clamp mode,
bath-applied NH4Cl (16 mM at pH 7.4, filled bar) caused depolarization and
evoked action potentials. (C) When P. cambridgei venom (1:1,000 dilution,
gray bar), an ASIC1a antagonist, was applied during the current-clamp exper-
iment, the depolarization was suppressed, and the spiking stopped. After
wash-out of the venom, the depolarization and spiking resumed. During all of
these experiments, glutamate receptors were inhibited by kynurenic acid (1
mM), GABAa receptors were inhibited by bicuculline (20 M), and muscarinic
receptors were inhibited by atropine (1 uM) in the extracellular solution.
(Scale bars: 10 min.)

the transient acid-gated current, but a portion of the ASICs
continue to mediate current during the entire time that NH4Cl
is present.

In current-clamp mode, bath-applied NH4Cl (16 mM at pH 7.4
for 40 min) induced a slowly developing depolarization (22 = 2
mV, n = 4) that caused the dopamine neurons to fire action
potentials that continued while the NH4Cl was present (Fig. 5B).
To verify that the depolarization and the firing of action poten-
tials were mediated by ASICs, we applied spider venom (n = 2)
during the bath application of NH4CI (16 mM). Application of
the venom inhibited the sustained depolarization and stopped
the ongoing action potentials (Fig. 5C).

Discussion

We demonstrated large acid-gated currents in midbrain dopa-
mine neurons and in hippocampal interneurons (Fig. 6) and
revealed the ammonium sensitivity of these ASICs. The acid-
gated currents were desensitized by ammonium, and, likewise,
the ammonium-gated currents were desensitized by acidified
solutions. Although desensitizing currents gated by external
NH4Cl have been previously observed in sensory neurons (26)
and Xenopus oocytes (27), acid activation and ammonium acti-
vation have only previously been linked in rat trigeminal gan-
glion neurons (19), not in the CNS.

Inhibition by the specific ASIC1a antagonist psalmotoxin (23),
the pH dependence for activation (14), and the calcium modu-
lation of current amplitudes (15) suggest that the acid-gated and
ammonium-gated currents from midbrain dopamine neurons are
mediated by the ASIC1 subtype. This conclusion is supported by
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the acid-gated and ammonium-gated currents found in HEK 293
cells, which endogenously express only the ASIC1 subunit (28)
(see Fig. 6). Immunohistochemical methods also have shown that
the ASIC1 subtype is the predominant subtype in the hippocam-
pus and the midbrain (29). These cumulative data support that
ASICls are also ammonium-gated channels.

CNS cellular mechanisms of ammonia (ammonium) toxicity
remain largely unknown, and the potential importance of am-
monium-sensitive ASICs is presently unappreciated in the liter-
ature. ASIC1 is calcium permeable (30) and can produce calci-
um-dependent neuronal death (18). As we demonstrated in Fig.
5, ammonium is capable of inducing long-lasting currents. Thus,
even small, long-lasting currents could significantly alter the
ionic composition of the cytoplasm and influence the cell’s
electrical and enzymatic properties. In addition, we observed in
our patch-clamp experiments that higher concentrations of
ammonium caused large currents with unusual characteristics
that suggested that the cell was being damaged. Thus, ammo-
nium-sensitive ASICs may participate in the pathological con-
ditions of the brain caused by elevated blood ammonium content
arising from cirrhosis or hepatic failure (31-35).

Normally, free ammonia levels in blood are <40 uM, which
corresponds to 3 mM NH4Cl at pH 7.4 (36, 37). Our results
indicate that this concentration of ammonium begins to induce
detectable current by means of ASICI. During pathological
conditions, ammonium levels can be substantially higher, and
persistent blood content equivalent to 16 mM NH4Cl (220 uM
NHj; at pH 7.4) may lead to death (36). Free ammonia levels in
blood correlate with the severity of hepatic encephalopathy
symptoms (38). It has been reported, however, that transient free
ammonia blood levels between 100 and 300 uM (22 mM NH;)
were not lethal in children with hyperammonemia (37). Our
evidence showing that elevated ammonium can produce pro-
longed depolarization and neuronal firing suggests it is reason-
able to hypothesize that ammonium-gated ASICs could contrib-
ute to toxicity during pathologies that elevate ammonium.

Hyperammonemia ensues during hepatic encephalopathy,
which is characterized by a progressive and diffuse impairment
in brain function. In some patients, parkinsonian symptoms arise
in association with basal ganglia alterations, including altered
dopamine neurotransmission (39, 40). Because dopamine neu-
rons of the midbrain are particularly sensitive to toxic cell death,
they might be vulnerable to elevated ammonium concentrations
by means of ammonium-sensitive ASICIs.

There also are other examples where the ammonium sensi-
tivity of the ASICs may have a contributing role. We demon-
strated ammonium-gated ASIC current in the hippocampus, and
those currents may contribute to the hepatic encephalopathy-
related impairment reported in hippocampal circuits (41, 42).
ASIC1 mRNA also has been identified in normal human astro-
cytes (43), making these channels potential sites of action for the
gliosis observed during hyperammonemic conditions (44).

Elevated concentrations of ammonium arising during pathol-
ogy will affect all cells expressing ammonium-sensitive ASICs
and will likely influence circuit activity in many neuronal net-
works if sufficiently high ammonium concentrations are
achieved. It is important to recall, however, that widely distrib-
uted ASICs are likely to serve normally in a neuromodulatory
role as they respond to activity-dependent local pH (and am-
monium) changes.

Materials and Methods

The experiments were conducted by using horizontal brain slices
cut from C57 mice to contain the hippocampus and the ventral
tegmental area and substantia nigra compacta of the midbrain.
The slice preparation, solutions, and pressure application of
solutions are described in refs. 24, 45, and 46. The bath solution
was as follows (in mM): 128 NaCl/2.5 KCI/1.25 NaH,PO,/21
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NaHCO;5/2-2.5 CaCl,/1 MgCl,/25 p-glucose, pH 7.4. Patch
electrodes had resistances of 3-5 megaohms and were filled with
the following internal solution (in mM): 60 CsCH3SO3/60
KCH3S03/10 KCI/10 EGTA/10 Hepes/5 Mg-ATP/0.3
Na;GTP, pH 7.2

The external solutions for pressure application had an ionic
composition similar to the bath solution but were buffered by 20
mM Hepes. To obtain NH4Cl-containing solutions (e.g., for the
dose-response relationship), the sodium-based solution was
mixed with one containing 128 mM NH4CI instead of NaCl.
NH4CI replaced NaCl on an equimolar basis by mixing the two
solutions. Hypertonic 256 mM NH4CI solution was also used in
some pressure-application experiments. In the experiments in
which bath application of ammonium-containing solutions was
used, the conventional flow rate of the bath (4 ml/min) was
doubled. The experimental chamber volume was ~0.8 ml. The
osmolarity of conventional solutions was adjusted by D-glucose.
As a control, pressure application of the external solution
without agonists elicited no measurable artifacts.

To ensure that the currents were mediated by ASICs, we
inhibited many other ion channels with the following compounds in
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