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The leucine rich repeat containing protein 8A (LRRC8A), or SWELL1, is an essential component of
the volume-regulated anion channel (VRAC) that is activated by cell swelling and ionic strength.
We report here for the first time to our knowledge its expression in a primary cell culture of nodose
ganglia neurons and its localization in the soma, neurites, and neuronal membrane. We show that
this neuronal VRAC/SWELL1 senses low external pH (pH ) in addition to hypoosmolarity. A robust
sustained chloride current is seen in 77% of isolated nodose neurons following brief exposures

to extracellular acid pH. Its activation involves proton efflux, intracellular alkalinity, and an
increase in NOX-derived H,0, The molecular identity of both the hypoosmolarity-induced and acid
pH,-conditioned VRAC as LRRC8A (SWELLT1) was confirmed by Cre-flox-mediated KO, shRNA-
mediated knockdown, and CRISPR/Cas9-mediated LRRC8A deletion in HEK cells and in primary
nodose neuronal cultures. Activation of VRAC by low pH, reduces neuronal injury during simulated
ischemia and N-methyl-D-aspartate-induced (NMDA-induced) apoptosis. These results identify
the VRAC (LRRC8A) as a dual sensor of hypoosmolarity and low pH_ in vagal afferent neurons and
define the mechanisms of its activation and its neuroprotective potential.

Introduction

The majority of neurosensory signals that trigger autonomic responses are mediated by sensory afferents of
the nodose ganglia (NG) and dorsal root ganglia (DRG). It is generally recognized that activation of vagal
sensory afferents of nodose neurons that innervate most visceral organs either mechanically or chemically
evokes sympatho-inhibitory and parasympathetic reflexes (1-7). Conversely, excitation of the DRG spinal
afferents induces excitatory sympathetic reflexes (8). Responses of DRG neurons to various mediators of
nociception and particularly to acidic pH have been extensively reported (9, 10). On the other hand, studies
of pH sensitivity of nodose ganglion neurons have been more limited (11, 12), and when contrasted with
DRG neurons, the nodose neurons were markedly less pH sensitive (13, 14).

In earlier work on acid sensing ion channels (ASICs), we found that ASIC2, the least pH sensitive ASIC
subunit, is relatively much more expressed in aortic baroreceptor neurons of the NG and is essential for
their mechanosensitivity (15), whereas the acid sensitive subunits ASIC1 and ASIC3 were relatively highly
expressed in the pH-sensitive glomus cells of the carotid chemoreceptors but poorly expressed in the NG.
However, the wide network of vagal afferents of nodose neurons in several organs is exposed to significant
reductions in tissue pH in pathological states and in ischemic conditions (9, 16, 17). Therefore, our initial goal
in this study was to characterize the proton-sensitive currents of nodose sensory neurons. The most prevalent
current was a large and prolonged inward current that was activated following brief exposures to low pH .
This pH -conditioned current was similar to the swelling-activated Cl current (SAC) induced by hypoosmo-
larity. We defined its identity as the volume-regulated anion channel (VRAC), for which the leucine-rich
repeat containing protein 8A (LRRC8A), or SWELL1, was reported to be an essential component (18, 19)
and more recently reported as a sensor of ionic strength gradients in the absence of osmotic gradient (20). We
confirmed for the first time to our knowledge in a primary culture the molecular identity of LRRC8A in the
soma and neurites of nodose neurons. We further described the mechanisms of its activation and its neuro-
protective effect during simulated ischemia and glutamate-induced apoptosis.
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Results

Using whole-cell patch-clamp on isolated nodose ganglion neurons, we first identified transient and sus-
tained cationic currents in response to low pH_, which were similar to those reported in DRG neurons (21,
22). These are described in the Supplemental Material (Supplemental Figure 1 and 2; supplemental materi-
al available online with this article; https://doi.org/10.1172/jci.insight.90632DS1).

Novel anionic current induced by low pH_ in nodose ganglion neurons
Our unexpected observation was a large inward current that followed 1-3 brief exposures to pH_ 6.0 and
occurred in a large majority (77%) of the neurons (Figure 1A). The kinetics of activation and inactivation
were extremely slow, with a duration of 10—15 minutes at room temperature. We therefore refer to this current
as prolonged pH -conditioned current. The rest of our studies focused on this unique acid-evoked current.
To standardize its activation, neurons were sequentially exposed to low pH_ 3 times for 10 seconds
each, with a 20-second interval between exposures at normal pH_ 7.4 (Figure 1A). After the 3 pulses of pH_
6.0 and the return to pH_ 7.4, the conditioned current was relatively large (904.3 + 159.9 pA, n = 17) with
a density of 21.2 £ 2.7 pA/pF. Smaller currents were also induced by more modest reductions in pH_ to
6.5 and 7.0 (Figure 1A).

The prolonged pH -conditioned inward current is the result of outward Cl” conductance

To define the ionic nature of this current, we first replaced extracellular Na* and Ca?* with N-methyl-
d-glucamine (NMDG) and found no significant reduction in the pH -conditioned current (Figure 1B).
Replacement of intracellular K* with Cs* also had no effect on the current (Figure 1B). In fact, when all
permeable cations were removed and replaced with extracellular NMDG and intracellular Cs*, the cur-
rent was maintained. By contrast, reducing intracellular Cl- to 4 mM substituting aspartate abolished the
current (0.6 + 0.2 pA/pF, Figure 1B), suggesting that the prolonged pH -conditioned current is the result
of an outward Cl” conductance.

Membrane depolarization. Under current clamp conditions and equimolar concentrations of intra- and
extracellular CI” (133 mM) making the equilibrium potential 0 mV, the 3 pulses of pH_ 6.0 were followed
by alarge and sustained depolarization that frequently triggered action potentials (Figure 1C). To test the
contribution of this pH -conditioned CI" conductance to the membrane potential at a physiologic intra-
cellular CI” concentration, we used gramicidin, a polypeptide antibiotic that forms monovalent cation
channels on the cell membrane that are impermeable to anions (23). Under current clamp conditions and
using gramicidin to form a perforated patch, the equilibrium potential was more negative and the extra-
cellular pH_ 6.0 exposures caused substantial but, as expected, lesser sustained depolarization averaging
12.7 £ 3.4 mV (Figure 1C).

Current-voltage relationship. We next tested the reversal potential during the peak activation of the current
following 3 brief exposures to pH_ 6.0 (Figure 2A). The peak current was stable for approximately 1-2 min-
utes; allowing sufficient time (< 20 sec) to obtain I-V curves (Figure 2A). To eliminate the confounding con-
tribution of voltage-gated cationic currents, we used NMDG to replace all permeable cations. Under such
conditions with equimolar intra- and extracellular concentrations of CI" (133 mM), the reversal potential
was very near 0 mV with a small degree of outward rectification (Figure 2A). Reducing extracellular [Cl]
from 133-68 mM and then to 4 mM shifted the reversal potential progressively to a more positive voltage
in a logarithmically linear fashion. Conversely a reduction in intracellular CI" to 4 mM shifted the reversal
potential to a negative value and essentially eliminated the inward current (Figure 2A).

Collectively, these data demonstrate that the prolonged pH -conditioned current is the result of
an outward CI- conductance that causes a significant depolarization even at physiologic intracellular
CI" concentrations reported to be ~40-60 mM in peripheral neurons (24, 25). Since Ca**-dependent CI-
channels (CaCC) have been reported in nodose ganglion neurons to be activated by bradykinin (3), we
tested the effect of the CaCC blocker niflumic acid (100 uM), and it did not inhibit the pH -conditioned
current (Figure 2B).

The prolonged pH -conditioned current resembles a SAC

We next wondered whether the pH -conditioned current is carried by the SAC channel known to be
activated by hypoosmolarity (26, 27). We found that nodose ganglion neurons did respond to a hypoos-
motic extracellular stimulus (210 mOsm) with a large and prolonged current that was reproducible with
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Figure 1. A prolonged pH -conditioned inward current and depolarizations. (A) A repre-
sentative inward current evoked from a nodose neuron after 3 brief sequential exposures to
extracellular pH_ 6.0, indicated by the vertical black arrows. The membrane potential was
held at -60 mV. The peak currents seen in 17 of 22 individual neurons are shown. The current
density is pH_dependent and averaged 8.5 + 2.1 pA/pF for pH_7.0 (n = 2 mice); 10.8 £ 2.9 pA/
pF for pH_ 6.5 (n = 2 mice); 21.2 + 2.7 pA/pF for pH_6.0 (n = 6 mice, P = 0.037 by ANOVA).

(B) The currents evoked in control solutions (21.2 + 2.7 pA/pF, n = 3 mice) are maintained in
extracellular Ca?* and Na* free solution (19.3 + 3.1 pA/pF, n = 3 mice), in intracellular K* free
solutions (174 + 4.2 pA/pF, n = 5 mice ), and in solutions free of all permeable cations (25.9 +
6.6 pA/pF, n = 3 mice ) but are absent in solutions of 4 mM intracellular CI- (0.6 + 0.2 pA/pF,
n =5 mice, **P < 0.001vs. control by ANOVA). (C) Under current clamp conditions, progres-
sive depolarizations and action potentials were evoked following the transient sequential
pH, 6.0 applications (black arrows). The tracing and panel to the left show the mean maxi-
mum depolarizations of 35.2 + 44 mV (n = 5 mice) at equimolar (133 mM) [CI'] and [CI] and
an equilibrium potential of ~0 mV. The tracing and panel to the right show the membrane
potential and maximum depolarizations recorded with the perforated patch clamp using
gramicidin to maintain physiologic intracellular [CI], and an equilibrium potential that is
more negative hence a lesser maximal depolarization (12.7 + 3.4 mV, n = 2 mice). All panels
include responses of individual neurons and the means + SE.
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a second exposure to 210 mOsm and with kinetics
that were very similar to the pH -conditioned cur-
rent (Figure 2C). The neurons fully recovered their
responses to hypoosmolarity.

Comparable I-V curve. The similarity between
the 2 currents was also evident when their I-V
curves were compared. When the neurons were
maintained in a solution free of permeable cat-
ions, the I-V curves during the peak response to
hypoosmolarity had a reversal potential close to 0
at equimolar intra- and extracellular [Cl7] (Figure
2C). Lowering the extracellular Cl- concentration
shifted the reversal potential to more positive volt-
ages, as seen with the low pH —conditioned current
(Figure 2, A and C).

Convergence of stimuli. Finally, we tested the
response of nodose neurons to the combined stimu-
lation with low pH_ and hypoosmolarity. As shown
in Supplemental Figure 3, A and B, the response
to the added stimuli together was not significantly
larger than the response to either stimulus alone,
suggesting a possible convergence of the mechanical
and the chemical stimuli on the same pathway lead-
ing to activation of SAC.

LRRC8A (SWELL1), a component of the
VRAUC, is expressed in nodose neurons and

is essential for induction of the CI- current
by hypoosmolarity and low pH_

The gene product LRRC8 (SWELLI) is an essen-
tial component of the SAC channel, which is also
identified as VRAC. The major subunit LRRC8A
forms a heteromeric hexamer that may include
one or more subunits (B-E), and its deletion great-
ly reduces the hypoosmolarity-induced current (18,
19). Here, we show that DCPIB (30 uM), a specific
blocker of VRAC (LRRCS), inhibits promptly both
the pH -conditioned and hypoosmolarity-induced
currents and reduces their current densities signifi-

cantly (Figure 3A). The currents are quickly restored after removal of DCPIB (Figure 3A).

LRRC8A mRNA and protein are expressed in several neuronal tissues including brain stem ganglia,

NG, and DRG ganglia, as well as in HEK293 cells and other tissues — namely heart, aorta, and small
intestine (Figure 3B). The HEK293 cell line with CRISPR/Cas9-mediated LRRC8A deletion did not show

any protein expression (Figure 3B).

We used lentivirus carrying 2 shRNAs to target different LRRC8A sequences in nodose neurons
in culture. The targeted sequences by both shRNA1 and shRNA2 were located at the conserved region
of LRRCS8A that showed 100% homology of human and mouse sequences (Figure 3C). We also used
nodose neurons from mice containing the floxed allele of LRRC8A and transduced them with lentivirus
carrying Cre-recombinase to knock out the LRRC8A protein in culture. In the nodose neurons trans-
duced with either Cre (for neurons from floxed mice) or shRNA1 or -2 (for neurons from WT mice), we
found that both the pH -conditioned and hypoosmolarity-induced currents were significantly reduced

compared with the corresponding control neurons transduced with GFP or empty vector, respectively
(Figure 3D). Evidently, LRRCS8A is equally essential for mediating the pH -conditioned current as the

hyposmolarity-induced current.
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Figure 2. The prolonged pH -conditioned current is CI- selective and similar to the hypoosmolari-
ty-induced current. (A) The current-voltage (I-V) relationship was obtained during the peak activation
of the pH -conditioned current (boxed area at the nadir of the curve). The voltage was changed from
-100 mV to +100 mV with 20 mV increments, each lasting 200 ms with an interval of 1second. The
holding potential was -60 mV. Overlay of currents recorded during the I-V protocol described above
were obtained in solutions free of intra- and extracellular cations under 3 different conditions: one
with equivalent intra- and extracellular [CI"] of 133 mM and the other 2 with intracellular [CI‘]i of133
mM and extracellular [EI’]D of 68 and 4 mM. The |-V curve obtained with equivalent concentrations

of [CI] (black) has a reversal potential of -3.32 + 0.63 mV; the reversal potential for 68 (blue) and 4
mM of [CI']u (red) are 6.34 + 0.55 mV and 34.33 + 2.57 mV. The curve relating the reversal potential to
the log of [CI7] concentration displays a linear relationship (n = 5 neurons from 3 mice). The |-V curve
recorded at 4 mM intracellular [CI], and normal 133 mM extracellular [CI]_ (green) shows a shift in the
reversal potential to a negative voltage (-26.4 + 3.8 mV, n = 3 neurons from1 mouse). Notice that the
inward current is nearly eliminated. (B) The tracings show pH -conditioned currents unaltered in the
presence of 100 uM niflumic acid (NFA), the Ca**-activated Cl- channel blocker. The panel shows mean
pH, 6.0 conditioned current densities in control neurons (22.5 + 4.7 pA/pF; n = 3 mice) vs. NFA-treated
neurons (17.9 + 5.0 pA/pF; n = 3 mice; P > 0.05; unpaired 2-tailed student’s t test). (C) Tracings show
that typical large inward currents evoked in nodose neurons by 2 consecutive exposures to hypoos-
molarity (210 mOsm) are reproducible, and the kinetics resemble the low pH_ conditioned current. The
panel shows that the mean current densities + SE are 21.5 + 5.6 for the first and 20.8 + 5.0 pA/pF for
the second exposure (n = 4 mice, P > 0.05; paired 2-tailed Student’s t test). They are also similar to
the pH -conditioned currents shown above in B. The |-V relationship obtained near the nadir of the
current induced by 210 mOsm is also similar to that induced by low pH_ and shows a reversal potential
near 0 at equimolar [CI], (-4.2 mV) with [CI] of 133 mM (black) and a progressive shift to more posi-
tive potentials with reduced [EI']Oto 68 (3.6 mV) and 4 mM (24.5 mV) (blue and red, respectively).
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‘We compared currents induced by hypoos-
molarity and pH  conditioning in NG and DRG
neurons and HEK293 cells and found that all 3
cell types respond to hypoosmolarity, whereas
the pH -conditioned response is seen predom-
inantly in nodose neurons and minimally in
DRG and HEK?293 cells (Figure 3E). The activa-
tion mechanisms of VRAC/LRRCS in its native
cellular environment are clearly more complex
and may differ in different cells.

LRRC8A expression in nodose neurons. The
mRNA and protein measurements using quan-
titative PCR (qPCR) and Western blots were
made on a sufficiently large number of neu-
rons isolated from NG of 5 mice for each mea-
surement. The neuronal cultures were treated
with lentivirus containing empty vector, shR-
NAZ2, or Cre and maintained for 6 days prior
to analysis.

The shRNA2-mediated knockdown and
Cre-flox-mediated KO of LRRC8A in nodose
neurons resulted in an 88% and 78% decrease
in mRNA levels, respectively. Protein measure-
ments showed a 67% reduction in neuronal cul-
tures transduced with shRNA2 (Figure 4A).

Using immunostaining with LRRC8A
antibody, we found native LRRC8A protein
(red) expressed in nodose neurons including
their dendritic projections and is colocalized
with the blue neuronal marker NeuN (Figure
4B). The expression is not evident in nonneu-
ronal cells, but it is obvious on the membrane
of the magnified neuronal images (Figure 4B),
as well as on the membrane of HEK293 cells
as shown in the Supplement (Supplemental
Figure 4). The LRRC8A immunofluorescence
was substantially reduced in shRNA2-trans-
duced neurons (Figure 4C), as well as in the
Cre-transduced LRRC8A floxed neurons (Fig-
ure 4D). The quantitation of immunofluores-
cence when normalized to control neurons
transduced with GFP or control empty vec-
tor showed statistically significant reductions
of ~50% in a large number of Cre- as well as
shRNA2-transduced neurons (Figure 4E).

NADPH oxidase-derived (NOX-derived)
H,0,is required for pH -conditioned and
hypoosmolarity-induced activation of
LRRC8 current

Since ROS are implicated in the activation of
VRAC in response to stretch or swelling of the
plasma membrane (28, 29), we asked whether
ROS also mediate the pH -conditioned current.
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Figure 3. Leucine-rich repeat containing protein 8A
(LRRC8A) in nodose neurons is essential for activa-
tion of low pH -conditioned and hypoosmolarity-
induced CI- currents. (A) The tracings and panels show
that the pH -conditioned current densities (I ) induced
by pH, 6.0 is inhibited from 29.5 + 4.3 pA/pFto 3.5 +
0.2 pA/pF after application of 30 uM DCPIB, the block-
er of VRAC/LRRCS8 (n = 2 mice, *P < 0.05). Similarly,
the hypoosmolarity-induced current is inhibited from
374 + 4.7 pA/pF to 5.6 + 2.1 pA/pF by 30 uM DCPIB (n =
4 mice, **P < 0.001). Both currents quickly recover fol-
lowing the wash out of DCPIB. (B) RT PCR and Western
blots show relative mRNA (normalized to the expres-
sion level in spleen) and protein expression of LRRC8A
in a variety of tissues (n = 4 mice) and the absence of
LRRC8 protein in HEK293 KO cells. (C) The sequences
targeted by shRNA-1 (red) and shRNA2 (green) against
LRRC8A. The sequences of human (h) and mouse

(m) LRRC8A listed show 100% homology. (D) Cre
recombinase-mediated LRRC8A excision in nodose
neurons from floxed mice reduces the pH -conditioned
VRAC current density (I, pA/pF) from14.9 + 3.4 (GFP
transduced, n = 4 mice) to 2.4 + 1.0 (Cre transduced, n
= 6 mice, *P < 0.05) and the hypoosmolarity current
from 28.1+ 5.4 (GFP transduced, n = 2 mice) t0 9.3 +
4.4 pA/pF (Cre transduced, n = 3 mice, *P < 0.05). LRR-
C8A knock down (KD) in shRNA1-transduced neurons
reduces responses to the pH -conditioned currents
from 21.2 + 3.7 in WT control mice (Con,n=7)t09.2 +
3.1 (KD, n =7 mice; *P < 0.05), and those to hypoos-
molarity from 25.6 + 4.0 (Con, n = 5) to 13.9 + 3.5 (KD,
n =3 mice; *P < 0.05). Corresponding values in control
vs. ShRNA2 transduced neurons are 14.0 + 1.9 (Con,
n=3)vs. 14+ 0.6 (KD, n = 3 mice; **P < 0.001) with
pH,-conditioned current; and 23.4 £ 6.4 (Con, n=3) vs.
3.5 +1.2 (KD, n = 3 mice; *P < 0.05) with hypoosmolar-
ity. (E) The pH_-conditioned and hypoosmolarity-in-
duced VRAC current densities are compared in nodose
neurons vs. DRG neurons and HEK293 cells. Although
all 3 groups respond to hypoosmolarity (19.7 + 5.1 for
HEK293, n = 2;17.5 + 4.6 for DRG, n = 5 mice; and 251 +
5.8 pA/pF for nodose, n = 5 mice), the pHo-conditioned
current is seen predominantly in nodose neurons (18.8
+4.6, n =5 mice) and minimally (**P < 0.01) in DRG
(3.6 1.7, n = 5mice) and HEK293 cells (2.1 + 0.6 pA/pF,
n = 2mice). All symbols within bars indicate individual
neurons. Statistical comparisons of all means + SE
unpaired 2-tailed Student’s t test.

ROS generation as determined by dihydroethidine (DHE) fluorescence increases sharply in nodose
ganglion neurons following the brief exposures to low pH, 6.0 solutions (Figure 5, A-D). The rapid rate of
ROS accumulation seen in Figure 5D is temporally related to the peak activation of the pH -conditioned
current seen within minutes following the low pH_ exposures as shown in Figures 1-3.

The superoxide scavenger superoxide dismutase (PEG-SOD) does not reduce the pH -conditioned cur-
rent (Figure 6A). On the other hand, H,O, depletion with PEG-catalase attenuates the pH -conditioned

current (Figure 6B).

The current is also strongly attenuated by NOX inhibitors apocynin and diphenyleneiodonium (DPI)
(Figure 6C), indicating that NOX activation is required for induction of the current. The hypoosmolari-
ty-induced current is abrogated by PEG-catalase, as is the pH -conditioned one (Figure 6D).We also find
that exposure of nodose ganglion neurons to 1 mM H,O, induces a current with similar kinetics as the
pH -conditioned and the hypoosmolarity-induced currents (Figure 6E). Collectively, the results suggest that
H,0, mediates channel activation induced by both hypoosmolarity and low pH .
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Figure 4. Expression of LRRC8A is significantly reduced in neurons transfected with shRNA2 and in Cre-
floxed neurons. (A) The relative mMRNA of LRRC8A is reduced from 100% in control to 12% in shRNA2-trans-
duced neurons and from 100% in WT-Cre to 22% in flox-Cre neurons targeting the shRNA2 sequence used (5
mice were used in each group). The relative protein is reduced from 100% in control to 33% in shRNA2-trans-
duced neurons (5 mice in each group), and the Western blot result shown confirms the reduction in LRRC8A
relative to GAPDH. (B) The immunofluorescence of LRRC8A (red) is expressed in the soma of nodose ganglia
neurons and their neurites. The expression is colocalized with neuronal marker NeuN (blue) and is not appar-
ent in nonneuronal cells (DAPI panel). The boxed neuron in the left panel is magnified in the 2 panels on the
right to show the prominent membrane expression of LRRC8A (see also Supplemental Figure 4 for immu-
nofluorescence of LRRC8A in membranes of HEK293 cells). (C) The red fluorescence of LRRC8A is shown in
neurons transduced with control vector without shRNA (NeuN in blue, left panels). The signal of LRRC8A is
reduced in neurons transduced with shRNA2 (right panels) (horizontal bars in lower panels represent 20 pm).
(D) Nodose neurons from floxed mice show clear staining of LRRC8A (red) in GFP-transduced group (left pan-
els) and reduced staining in the Cre-transduced group (right panels). Red fluorescence of LRRC8A colocalizes
with the neuronal marker (blue) NeuN. (E) The normalized fluorescence intensity of LRRC8A in control neu-
rons (Con) is reduced significantly from 1.00 + 0.06 (n = 67 neurons from 3 mice) to 0.47 + 0.02 (n = 84 neurons
from 3 mice, **P < 0.001) in Cre-transduced neurons, and from 1.00 + 0.05 (n = 94 from 2 mice) to 0.50 + 0.03
(n =78, **P < 0.001from 2 mice) in neurons transduced with shRNA2.
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Mechanism of activation of
NOX by low pH,
NOX-dependent ROS genera-
tion requires the proton chan-
nel Hvl to mediate a proton
efflux mostly activated when
cells are acidified and depo-
larized (30, 31). The transfer
of positive charges out of the
cytoplasm  (i.e., alkalinity)
compensates for the NOX-me-
diated electron extrusion and
causes an intracellular shift in
intracellular pH (pH,) in the
alkaline direction that main-
tains ROS generation.

This raises the question of
how lowering extracellular pH_
leads to activation of NOX.
One potential mechanism is
that lowering of extracellular
pH, generates a transient par-
allel drop in pH, (32), which
would in turn activate the Na*/
H* exchanger and the proton
channel (Hvl) causing pro-
ton efflux (33). As mentioned
above, proton efflux is necessary
for NOX to effectively transport
electrons and generate ROS
(31). Under resting conditions,
Na*-dependent mechanisms
(such as the Na*/H* exchanger)
mediate acid extrusion (alkalin-
ity) during intracellular acidifi-
cation, whereas Hvl1 is engaged
effectively in rapid acid extru-
sion when cells are depolarized
(30). The latter response would
lead to an increase in pH, neces-
sary to sustain the activation of
NOX (34-40).

In support of this possibil-
ity, we find that clamping the
normal pH, at 7.25 by increas-
ing HEPES in the pipette to
a high concentration of 40
mM significantly inhibits the
pH -conditioned current, while
the response to hypoosmolarity
is preserved (Figure 7A). Thus,
a change in pH, in the alkaline
range is essential to induce the
pH -conditioned current.
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Figure 5. ROS generation during the pH -conditioned current. The images in A and B represent
the bright fields and dihydroethidium (DHE) fluorescence images of 2 different cultures of nodose
neurons. (A) The cells were observed for up to 30 minutes after DHE loading in a bath solution

at pH_ 7.4, without exposing them to low pH_ 6.0 (control). (B) The cells were loaded with DHE
and then exposed transiently to pH_ 6.0. The middle image shows minimal fluorescence before
exposure to pH_ 6.0, and the right image shows pronounced fluorescence approximately 10 min-
utes after exposure to pH_ 6.0. The corresponding graphs (C and D) show that after loading with
DHE (large black arrows); the slope of spontaneous fluorescence seen over 30 minutes without
exposure to low pH_ is minimalin C (control cells) as reflected in the third fluorescence image in
A. (D) The slope is dramatically increased following the 3 transient exposures to pH_6.0 (small
red arrows) as reflected in fluorescence image in B. The dot plot shows the slopes of fluorescence
of individual neurons averaging 0.04 + 0.01 units/min before and 0.12 + 0.02 units/min after
exposure to low pH_ (n =31 neurons from 2 mice, **P < 0.01 compared with before exposure).
Statistical comparison is a paired 2-tailed Student’s t test.
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Direct measurements confirm an increase in
PH, during activation of the pH -conditioned cur-
rent. To determine whether intracellular alka-
linity is associated with the pH -conditioned
current, we measured the change in pH, direct-
ly with the pH-sensitive fluorescent dye 2’-7’-
bis(carboxyethyl)-5(6)-carboxyfluorescein
(BCECF) in several neurons simultaneously
(Figure 7, B and C). The average baseline pH,
is 7.24 + 0.04 (n = 20) before low pH_ expo-
sure. We find initial transient drops in pH, with
each brief extracellular exposure to solutions
of low pH_ of 6.0. These are not seen when
the pH_ of the solution is 7.4, thus excluding
mechanically induced artifacts. Following
these transient drops in pH,, there are sustained
and prolonged increases in pH, that coincide
with the duration of the pH -conditioned CI”
current (Figure 7, C and D). This intracellular
alkalinity is reversed rapidly when amiloride
and Zn?* are added (Figure 7, C and E).

Proton efflux. We next tested the depen-
dence of the pH -conditioned CI" current
on proton efflux. Inhibiting the Na*/H*
exchanger with amiloride and the proton
channel with Zn*" abrogates the pH -condi-
tioned current, whereas the hypoosmolari-
ty-induced current is preserved (Figure 7F).

The preservation of the hyposmolarity-in-
duced current is a positive control confirming
the specificity of the effect of amiloride and
Zn?* on proton efflux and on the reversal of
intracellular alkalinity. It rules out other pos-
sible direct effects of amiloride and Zn** on
the CI' channel that would have also sup-
pressed the hypoosmolarity-induced current.
It is important to point out that, except for the
kHv1 proton channel in dinoflagellate (41), all
Hvl channels in vertebrates mediate proton
efflux rather than proton influx and favor intra-
cellular alkalinity, which is blocked by Zn**.

Thus, in contrast to the pH -conditioned mechanism, which requires intracellular alkalinity and
is abrogated when proton efflux is blocked, the hypoosmolar activation of NOX, which is most likely
mechanically induced, does not require proton efflux or intracellular alkalinity. In experiments described
in the Supplemental Material, we report that losartan, the angiotensin IT AT1 receptor blocker, reduces the
hypoosmolar current significantly (Supplemental Figure 5B).

PH dependence of CI channel activation. We then found that decreases in pH, from 7.25-7.0 or 6.0 do not
activate the current, whereas increases in pH, to 7.5, 7.6, or 7.8 induce significant dose-dependent activation
of the current (Figure 7G. The current increases from 0.4 = 0.1 pA/pF at pH, 7.0 (z = 6) to a maximum level
of 27.5 + 8.5 pA/pF at pH, 7.8 (n = 5). These data indicate that chemical activation of the CI" channel with
low extracellular pH_ requires an increase in pH,, which is not required during the mechanical hypoosmolar
activation. In fact, the latter is pronounced at the normal acidic pH, (7.25) and is abrogated only when NOX
is suppressed either by inhibition of its mechanical activation by AT1 receptor blockade or by a sustained
intracellular acidity at pH, 6.0 (Supplemental Figure 5, A and B).
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[ \'-\ / 3; 20 the membrane permeable superoxide dismutase-polyethylene

glycol (PEG-SOD) (20 + 5 in control neurons, n = 3 mice, vs. 23 +
0 Control PEG-SOD 5 pA/pF in neurons treated with SOD, n = 3 mice); (B) the current
PEG-catalase pH 6.0 is blocked by 1,000 U/ml of the membrane permeable PEG-cata-
o = lase (25.7 + 6.9 in control neurons vs. 6.5 + 1.5 pA/pF in neurons

— 60
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= 20 _—f? s oxidase apocynin (300 uM) and DPI (30 pM) (11.5 £ 1.9, n = 3 mice,
* vy in control vs. 3.7 £0.19, n = 3 mice, with apocynin,**P < 0.01, and
Control PEG-cat  vs.5.0+1.0 pA/pF, n = 3 mice, with DPI,*P < 0.05). (D) The current
Apocynin — 20 pH, 6.0 induced by hypoosmolarity (210 mOsm) is also blocked after
L . exposure to PEG catalase (1,000 U/ml) (23.3 +6.3vs. 0.6 £ 0.4
}(’\,—"“ i 10 —;E_I pA/pF before and after catalase, n = 2 mice,*P < 0.05). (E) H,0, (1
m = mM) induces a current (19.2 + 2.5 pA/pF, n = 3 mice) that is similar

to both the pH -conditioned (22.4 + 4.0 pA/pF, n = 4 mice) and
hypoosmolarity-induced currents, as in D. The panels represent
responses of individual neurons and the means + SE of each
group. Unpaired 2-tailed Student’s t test, except for D, where the
analysis was paired.

PEG-catalase

The low pH_-conditioned current provides
protective ischemic preconditioning and reduces
neuronal apoptosis

It has been shown that enhanced cell volume regulation is
a key protective mechanism of ischemic preconditioning
(42) and that CI" channel inhibition blocks the protection
of ischemic preconditioning and hypoosmotic stress in ven-
tricular myocardium (43). Therefore, we tested the hypoth-

0
Control PEG-cat

esis that the acid pH -conditioned CI” current is similarly

pH, 6.0 H,0,

protective in nodose neurons. The cultured neurons were
bathed in an oxygen-deprived solution at pH_ 5.0, with and
without glucose in the medium, for 1-3 hours to simulate
an ischemic environment. There is a significant increase in lactate dehydrogenase (LDH) in the supernatant
at 1 hour and a further increase at 3 hours (Figure 8A). LDH release is more pronounced in the absence of
glucose, indicating more severe cell damage (Figure 8A). When the low pH ~conditioned current is acti-
vated 10 minutes prior to the exposure to the simulated ischemia, the increases in LDH concentration in
the supernatant is significantly reduced at 1 and 3 hours. The protective effect of the low pH —conditioned
current is not seen when the current was inhibited by tamoxifen (10-20 pM) (Figure 8A and Supplemental
Figure 7, A and B). After tamoxifen, the enhanced LDH release after 1 and 3 hours of simulated ischemia
increases to levels that are similar to those seen in the absence of low pH —conditioning (Figure 8A).

A similarly protective effect of the low pH —conditioned CI" current is confirmed using NMDA-induced
neuronal apoptosis (Figure 8B). After exposure of the cultures to 50 uM of NMDA (plus 10 uM glycine as a
receptor coactivator) for periods of 20, 40, or 60 minutes, there are progressive increases in the number of apop-
totic neurons expressed as a percentage of viable neurons over the 60 minutes. After low pH, conditioning, the
corresponding number of apoptotic neurons was significantly decreased. This protective effect of the CI- cur-
rent was partially abrogated by 10 M tamoxifen as the number of apoptotic neurons increased significantly.
The physiologic relevance of this neuroprotective effect against NMDA cytotoxicity is discussed below.

Discussion

We identified a large anion current induced by brief low pH_ exposures in nodose neurons. We show that
this current is similar to the prominent VRAC recently found to be encoded by the gene family LRRC8
(VRAC/LRRCS8 or SWELL) that is induced also by hypoosmolarity (18, 19). Several recent studies have
addressed the biophysical and physiological characterization of the VRAC (LRRCS) and its possible func-
tion beyond the regulation of cell volume (44—46). Of great interest is the recent demonstration that LRRC8
proteins that form VRAC may also sense low ionic strength in the absence of osmotic gradients (20).
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Figure 7. The pH -conditioned CI- current is dependent on
intracellular alkalinity. (A) The pH -conditioned current

is significantly reduced when changes in pH, are buffered
effectively with 40 mM HEPES (3.0 + 0.6 pA/pF, n = 4 mice)
compared with 10 mM HEPES (11.8 + 2.0 pA/pF, n = 4 mice,
**P < 0.01). However, the effect of hypoosmolarity is still
preserved (23.7 £ 5.1, n = 2 mice in 40mM HEPES, vs. 31.0

+ 4.4 pA/pF, n = 4 mice in 10 mM HEPES, P > 0.05). (B)

The pH-sensitive fluorescence of BCECF is changed from
“blue” at pH_ 7.4 (first image) to purple during exposures to
pH, 6.0 (middle image) and to green, yellow, and red after
the exposure (right image), reflecting variable increases in
pH,. Horizontal bar in the right panel represent 20 um. (C)
Tracings represent changes in fluorescence recorded from

5 different neurons simultaneously first during their tran-
sient exposures to pH_ 6.0 and then following the increases
in pH to a variable degree in each neuron. Those increases
are rapidly reduced when Zn?* and amiloride are added

(see arrow). (D) Normal pH, of 7.2 + 0.04 (n = 40 neurons
from 3 mice at pH, =7.4) drops to 711 + 0.01 (n = 40 neurons
from 3 mice, **P < 0.01) during the transient exposures to
pH, 6.0 and then increases to pH, 7.54 + 0.05 during the
peak conditioned current (n = 40 neurons from 3 mice, **P
< 0.001). (E) pH, drops (ApH) by 0.13 + 0.01 units (n = 40
neurons from 3mice, **P < 0.01) during exposures to pH,
6.0, increases by 0.29 + 0.05 units (n = 40 from 3 mice, 2
data points not shown, **P < 0.01) after exposure and then
rapidly declines by 0.13 + 0.02 units (n = 39 from 3 mice, one
point not shown, **P < 0.01) with the addition of Zn* and
amiloride. (F) The pH -conditioned current (black arrow)

is inhibited from 23.4 + 6.5 (n = 5 mice) to 3.6 + 1.1 pA/pF

(n = 4 mice, *P < 0.05) with amiloride and Zn?, but the
hypoosmolar-induced current remains intact (25.9 + 6.3, n
=4 mice, vs. 28.6 + 4.5 pA/pF, n = 4 mice, P > 0.05). (G) A
drop in pH, from 7.25 down to 7.0 and 6.0 does not induce a
significant pH-conditioned current, with values of 1.4 + 0.6
(n =2 mice), 0.4 +0.1(n =2 mice), and 1.8 + 0.8 (n = 2 mice)
pA/pF, respectively. In contrast, increases in pH, to 7.5, 7.6,
and 7.8 cause progressively larger and prolonged inward cur-
rents, averaging 9.2 + 1.8 (n = 3 mice), 16.3 + 4.1 (n = 4 mice),
and 27.5 + 8.5 pA/pF (n = 3 mice), respectively (P = 0.021 by
ANOQVA). All panels include responses of individual neurons
with means + SE. Statistical comparisons are unpaired
2-tailed Student’s t test, except G.

The low pH —conditioned activation of the VRAC
that we report here requires intracellular alkalinity and
an increase in intracellular H,O,, but whether it leads
to drop in intracellular ionic strength is unknown.
The pronounced and sustained low pH —induced acti-
vation of the VRAC/LRRCS8 CI current causes sig-
nificant depolarization of nodose neurons. Thus, the
range of sensitivity of the LRRC8 complex in nodose
neurons is expanded to include proton sensing in addi-

tion to sensing volume changes. The distribution of this pH -conditioned VRAC/LRRC8 — not just in the

majority of large and small nodose neurons but more importantly its localization by immunofluorescence in

the neuronal membranes and neurites — supports its mediation of sensory signaling possibly in both C and

AS fibers. The expression of both the message and protein in the brain stem, as well as peripherally in the

heart and small intestine, suggest its role in central mediation of vagal afferent activity. We speculate that this

robust responsiveness seen in 77% of nodose neurons, which include the soma of vagal sensory terminals

of most splanchnic and parenchymal organs, makes VRAC/LRRCS8 a dominant peripheral low pH sensor

when compared, for example, with proton-gated sensory cationic channels as ASICs and K* channels.
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A LDH release during simulated ischemia Figure 8. Protective effect of pH_-conditioned CI-

current during simulated ischemia and NMDA-induced
151 3 10mg/ml glucose :poptosw. (A).Lactlite dehydrogerladse ﬁlaDH)drglre;ase
v rom neurons in culture over a period of 1an ours
5 4a No glucose T, exposure to “simulated ischemia” with acidic bathing
5' ,5 1.0 % solutions (pH,_ 5.0) that were oxygen deprived with
a E vowe . -} glucose (open bars) or without glucose (striped bars). All
I § . . responses are normalized to the mean value obtained
E < 05 % . {_ after 3 hours of ischemia in each group (n = number of
Z0 @ . ° coverslips in each group). In each panel, control (Con)
0----& r-l - m —5— values were obtained over a period of 3 hours without
Con 1h 3h Con 1h 3h Con 1h 3h ischemia and with or without glucose. The increase
n=3 5 3 5 5 5§ 3 53 5 5 5§ 5 55 5 in LDH is negligible. The left panel shows progressive
[I——' [ | I— increases in LDH from 0.02 + 0.01t0 0.22 + 0.01and
Ischemia Ischemia Ischemia 1.00 # 0.19 at 1and 3 hours of ischemia with glucose
pH,-conditioned Tamoxifen and from 0.08 + 0.02 to 0.46  0.03 and 1.00 + 0.10 at 1

pH,-conditioned and 3 hours of ischemia without %Iucose. Activ;tion of
. . the low pH -conditioned current (middle panel) reduces
B Fluorescence of apoptotic neurons (NMDA - 60 min) T ifen+ LDH release to corresponding values of 0.16 + 0.03 and
paHT-%)gn%rl—NMDA 0.48 + 010 with glucose, and 0.29 + 0.03 and 0.69 +
N qt} o 0.06 without glucose, at 1and 3 hours of ischemia,

3 i respectively; P < 0.05. When tamoxifen was added to
prevent pH_conditioning (right panel), the protective
effect is totally abrogated, and LDH release during
“ischemia” was restored to 0.90 + 0.13 at 3 hours with
glucose and to 0.59 + 0.08 and 0.89 + 0.17 at 1and 3
hour without glucose. (B) Neuronal apoptosis following
NMDA exposure. The images show bright fields of all
neurons on individual cover slips and the corresponding
green fluorescent images of the apoptotic cells labeled
with annexin V. In the absence of NMDA, there was
essentially no detectable apoptosis over a period of
60 minutes (control). The percentile of apoptotic cells
increased progressively to 15.9% + 1.3% (n = 12), 32.6%
+1.7% (n = 8), and 46.0% + 4.3% (n = 8) after exposures
to NMDA for 20, 40, and 60 minutes (left panel).
Following activation of the CI- current (middle panel),
the % apoptotic cells is reduced dramatically to 6.2% +
1.5% (n =11),10.3% * 3.2% (n = 11), and 15.6% * 3.1%

v (n =12), respectively (P < 0.01). Tamoxifen (10 uM)
partially reversed the protective effect of low pH, condi-
tioning (right panel), and apoptosis increased to 11.9% +
3.1% (n = 4), 21.6% + 4.9% (n = 4), and 26.5% * 1.5%

(n = 4) for 20, 40, and 60 minutes NMDA exposure

(P < 0.01). Bars include responses of individual covers-
lips with means + SE; all statistical comparisons used
2-way ANOVA.

p .

Apoptosis

Tamoxifen+pHo-cond
+NMDA

Apoptotic cells

We report that the pathways of hypoosmolarity and low pH —induced activation of VRAC in the
same neuron are dependent on LRRC8. The induction of both currents involves NOX-derived H,O, and
is blocked by PEG catalase but not by PEG-SOD, which dismutes superoxide. Pathways of activation of
VRAC/LRRC8 by low pH_ and hypoosmolarity in nodose neurons appear to converge (Figure 9).

Diverse mechanisms of NOX activation with low pH_and hypoosmolarity

An unexpected result was the similarity between these two currents. Although both currents are activated
by NOX-derived H,O,, the mechanism of oxidase activation is likely different. Based on studies in ventric-
ular cardiomyocytes, the volume-sensitive Cl- current is regulated by EGFR tyrosine kinase and involves
integrin stretch via PI-3K and angiotensin II/ AT, receptor signaling, resulting in the assembly of an active
NOX complex (26, 47, 48). Our results in cultured neurons suggest that hypoosmolarity may mechanical-
ly activate NOX through AT1 receptors that are blocked by losartan in the absence of angiotensin II. In a
recent opinion article in Pharmacology, the ligand-independent mechanosensitivity of AT1R is extensively
reviewed (49). The conformation of a mechanically activated receptor is significantly distinct from the

agonist-induced conformation. The former involves mechanically induced GPCR activation via DAG and
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Figure 9. Schematic summary of activation mechanisms of vol-
ume-regulated anion channel (VRAC/LRRC8) by pH, conditioning
and hypoosmolarity. In nodose neuron, extracellular low pH activates
transient acid-sensing ion channels (ASICs), inhibits a K* current,

and activates a large and prolonged pH-conditioned CI- conductance
similar to the VRAC/LRRCS8, causing depolarization. Extracellular low
pH induces the pH-conditioned VRAC current by causing intracellular
alkalinity. Proton leak through the plasma membrane during acidic pH
exposures, causing a transient drop in pH,, which in turn activates Na*/
H* exchangers (NHE) and proton channels to increase pH,. Alkalinity
sustains NOX activation. The released H,0, opens a pH-conditioned
VRAC/LRRC8 channel (efflux of CI- ions produces large inward currents

=
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Na*/Ca?* g
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that cause depolarization). The same VRAC is induced by hypoosmo-
larity believed to cause a swelling-mediated mechanical stimulation
of angiotensin Il AT, receptors (AT,R), which also activate NOX to
produce H,0,. The dual NOX activation by intracellular alkalinity or by
stimulation of AT R mediates a prolonged and pronounced Cl" efflux
and membrane depolarization of nodose neurons. Activation of

this pH -conditioned current reduces neuronal ishemic damage and
NMDA-induced apoptosis. Thus, VRAC/LRRC8 provides dual sensory
neuroprotective effect for vagal afferents against low pH and cell
swelling. CaCC, Ca**-dependent CI- channels.

Hc- H+*
H* H* @

CI

L i
pH6.0

VRAC

PKC and the assembly of NOX and ROS generation (50), which in turn activates VRAC. Moreover, we
find that a sustained increase in intracellular acidification also abrogates the mechanically induced NOX
activation during hypoosmolarity believed to be initiated by AT, receptors (Supplemental Figure 5, A
and B). The mechanisms involved in this inhibition of the hypoosmolar mechanical stimulus in nodose
neurons are unclear.

Effect of intracellular pH. In contrast to the hypoosmolar response, the low pH -induced activation of
NOX in nodose neurons required a paradoxical increase in pH,. The latter appears to result from activa-
tion of Na*/H"* exchangers and proton channels induced by a transient initial drop in pH, (Figure 7C).
These data are consistent with reports that sustained activation of NOX requires proton efflux and intra-
cellular alkalinity. Prevention of that efflux with amiloride and Zn’* abrogates the pH -induced current
by reversing the alkalinity.

Although the pH, measurements were in intact neurons and the currents were measured in patch-
clamped neurons, we believe that directional changes in pH, were similar for 3 reasons: (i) when intracel-
lular buffering of changes in pH, was maximal (40 mM HEPES), the acid-induced current was inhibited,
but the hypoosmolarity response was fully preserved as a “positive control,” meaning low pH_ activation
requires a change in pH, (see Figure 7A); (i) when pH, was changed in Figure 7G to cover the range of
changes seen in the intact cell (Figure 7C), the current was activated in the alkaline range of 7.5-7.8 and
inhibited at 7.25 and below, meaning the current activation in the patch-clamped neurons occurs in an
alkaline range that paralleled the measured alkaline pH, seen in the intact cells (see Figure 7, C and G); and
(iii) the inhibitors of proton efflux (amiloride and Zn**) lowered the pH, in the intact cells to a range that
inhibited the induction of the current as anticipated.

The possibility exists that the nonspecific effects of amiloride and/or Zn?* on other channels and trans-
porters may have contributed to the abrogation of the pH -induced current seen in their presence in Figure
7F. However, the selective inhibition of the pH -induced current and not the hypoosmolarity current sug-
gests a more specific effect.

Intracellular Cl concentration in central vs. peripheral neurons

The peak current in nodose neurons represented a large Cl efflux that was maintained in the absence of
Na*, Ca?*, and K*. To consider its functional significance, an important caveat needs to be addressed. The
magnitude of the pH -conditioned CI" efflux would be dependent on a high intracellular Cl" concentration,
yet the majority of CNS neurons possess a uniformly low intracellular Cl- concentration (~3 mM), which
facilitates CI” influx as the basis for GABAergic and glycinergic inhibition. This low [Cl],, which is referred
to as the CI” switch, occurs postnatally and primarily in CNS neurons, while peripheral sensory neurons
retain a higher though heterogeneous level of [CI]; (for example, olfactory neurons have a [Cl], of 40-50
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mM, and somatosensory DRG neurons have a [Cl], of 50-60 mM; ref. 25). The activity of Na*/K*/2Cl-
and KCC cotransporters maintains the high [Cl'], and supports an important excitatory contribution of
CI" efflux, as reported in spinal afferents (24, 25) and as we have identified in nodose neurons.

In preliminary experiments aimed at contrasting responses to low pH_ conditioning in DRG to those
in NG neurons, we found that, in DRG neurons, the CI current was not induced during low pH_ but
was induced with hypoosmolarity (Figure 3E). Gilbert et al. have described extensively Cl homeostasis in
somatosensory DRG neurons (25). They suggest that the measured CI equilibrium potential (E,) values
(around —40 mV) limit the excitatory effect of CIl- current and may even oppose strong depolarization
and excitation. Secondly, they indicate that NKCCI (the transporter critical for intracellular [CI'],) can be
detected in 84% of DRG somatosensory neurons. This expression pattern may indicate that excitatory Cl-
currents may be restricted to certain modalities of the sensory system. The excitatory or inhibitory nature
of CI current varies between distinct populations of neurons based on the E_, range, which varies from
~70 to —20 mV and on [CI']; near 40, 60, or 80 mM. Even in the same population of neurons (i.e., nodose
neurons), the magnitude of depolarization with pH_conditioning was based on the equilibrium potential
of [CI] as we report in Figure 1C.

Moreover, the neuronal site at which NKCC1 localizes may define the responsiveness. Price et al. (51)
found that the NKCCI displays ~50% colocalization with markers of unmyelinated nociceptors (15-35
um). Only 10%-20% colocalize with markers for myelinated low-threshold sensory neurons of larger size
(25-55 um). Thus, different [Cl'], may determine the responsiveness to different signals (e.g., mechanical,
low pH, nociception, temperature, and hypoxia).

In several conditions, including hypoxic ischemic injury and prolonged seizures, neuronal swelling is
associated with an increase in neuronal [CI'],. For example, a 10% seizure-induced increase in neuronal vol-
ume causes an increase in [Cl]; from 25.4-40.8 mM (52). Our results with the Cl-impermeable ionophore
gramicidin confirm a substantial pH -conditioned sustained Cl-dependent depolarization of 12.7 * 3.4
mV in NG neurons at physiologic [Cl], (Figure 1C).

Another aspect of the results is the prolonged duration of the Cl response lasting over 10-15 minutes
following exposure to low pH_ for a total period of 30 seconds. This suggests a degree of neuronal plasticity
that may be involved in processes like ischemic preconditioning. The fact that the pH -conditioned current
is regulated by ROS, in particular H,O,, supports the emerging evidence that H,O, is a molecular determi-

272
nant in these same processes (53-55)

Neuroprotective role of the volume-regulated Cl- current and its pH_-conditioned
activation in nodose sensory neurons

A constant cell volume is essential for cellular homeostasis during changes in osmolarity. The ubiquitous
swell-activated VRAC plays a key role in maintaining cellular integrity. Studies in rabbit ventricular myo-
cyte demonstrated that a CI- channel that enhances cell volume regulation provides a key protective mech-
anism of ischemic preconditioning (42). Conversely, the same authors showed that Cl- channel inhibition
blocks the protection of ischemic preconditioning and hypoosmotic stress in rabbit ventricular myocardium
(43). It is also known that ROS generation is required for ischemic cardiac preconditioning (56). Our find-
ings that exposure of nodose neurons to low pH , as well as to hypoosmolarity, activates a CI current and
that low pH_ generates ROS suggest that this current may also mediate ischemic preconditioning in nodose
neurons. Also of interest is our finding that the initial exposure to low pH_ that induced the CI” current
abrogated responses to subsequent low pH_ exposures (Supplemental Figure 3C), whereas the response to
hypoosmolarity could be reproduced with several subsequent exposures. This suggests that the pH_ pre-
conditioning prevents further low pH_ response selectively and may protect against ischemic damage in the
absence of cell swelling and without altering the hypoosmotic response.

This functional neuroprotective role was evident following the brief period of activation of the low
pH —conditioned CI current that was very effective in reducing LDH release from nodose neurons during
their exposure to simulated ischemia and the absence of aerobic glycolysis for 3 hours. The protective effect
against NMDA-induced apoptosis was even more pronounced. The increase in apoptotic cells, which was
linearly related to increased durations of exposures to NMDA for up to 60 minutes, was reduced by 2/3
over a 20-hour period following the activation of the CI” current. Such a putative preconditioning of vagal
sensory neurons would reduce neuronal apoptosis and maintain protective vagal afferent activity during
myocardial ischemia and heart failure (57-59).
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Glutamate is a major neurotransmitter released from the axonal connections of nodose neurons in the
nucleus of the solitary tract (NTS). NMDA receptors are also expressed in sensory endings of nodose neu-
rons that may be activated by glutamate released from innervated organs. For example, glutamate release
has been reported from the ischemic myocardium (60) and may activate cardiac vagal afferents. In a recent
article by Gaitan-Pefias et al., (61) the authors demonstrated that LRRC8 heteromers mediate both gluta-
mate and ATP flux. It is tempting to speculate that the neuroprotective effect of the pH, -induced current
during exposure to NMDA or simulated ischemia, as well as the ischemic preconditioning of ventricular
myocardium reported during hypoosmolar swelling by Diaz et al. (42, 43), may be in part related to the flux
of glutamate and ATP through the activated LRRC8/VRAC channel. This flux may function as a protec-
tive reuptake mechanism reducing glutamate levels and glutamate-induced toxicity.

Caveats regarding the interpretation of our results
LRRC8/SWELLI has thus far been confirmed as an essential component of the hypoosmolar response of
the VRAC channel in HEK293, HEK29T, HCT116, HeLa cell lines, and primary human CD4* T lympho-
cytes (18, 19). It remains open whether the dual activation of VRAC that we report with hyposmolarity and
low pH _—conditioning is specific for NG. Our results in HEK293 and DRG neurons indicate that the VRAC
in these cell types responds to hypoosmolarity but not to pH_ conditioning. Direct delivery of intracellular
alkaline pH activated the VRAC current in nodose neurons but not in the DRG neurons or the HEK293
cells (Supplemental Figure 6). The lack of response to alkalization excludes a possible lack of the Na*/H*
exchanger or proton channel in DRG or HEK cells as the reason for their failure to respond to low pH.
The reason for the lack of pH -conditioned activation is unclear. The fact that intracellular alkalinity does
not induce the current in DRG as in NG neurons suggests a possible differential effect on NOX activation.
Of interest is that, in the minimalistic bilayer system, a complex of the LRRC8 family is sufficient to
form the VRAC pore that senses both hyposmolarity and ionic gradient (20). It is possible that different
heteromeric expression of the several subunits of LRRCS8 proteins besides 8A that form the hexamer might
account for a differential response of the channel to either hypoosmolarity or pH_ in different cells or neu-
rons from different ganglia. It is also possible that the formation of a heteromeric VRAC channel in the
native environment may require additional components than the LRRCS8 family to enable the pH sensing
in addition to hypoosmolarity sensing. These additional components may vary in different cell systems,
allowing the VRAC to sense additional signals.

Methods

More detailed methods can be found online in Supplemental Methods.

Dissociation and Acute Culture of Neurons and HEK293 Cells
NG and DRG were dissociated as described previously (5). In brief, the ganglia were dissected from 6- to
8-week-old C57BL/6 mice (The Jackson Laboratory). They were incubated in enzyme cocktail containing
trypsin and collagenase for 50-60 minutes at 37° C and then triturated. The digestion was then stopped with
enzyme inhibitor, and neurons were then collected and transferred to glass cover slips coated with poly-L-
lysine. Euthanasia was performed following the guidelines of NIH/American Physiologic Society (APS).
HEK293 cell line was obtained from American Type Culture Collection (ATCC CRL-1573). Cells
were maintained between 10%-90% confluence in a tissue culture incubator with 37° C and 5% CO,.

Electrophysiology

Whole-cell patch clamp technique was employed as described previously in reports from our laboratory
(62) and others (3). Patch pipettes with resistance of 3—5 MQ were filled with intracellular solutions. Rapid
exchanges in bath solutions allowed the extracellular changes in ionic concentrations, pH, and osmolarity
and the delivery of pharmacologic blockers. Electrophysiologic voltage and current measurements were
recorded with Clampex 8.2 and analyzed with Clamfit 9.2 (Axon Instruments).

Activation of the low pH -conditioned current

Neurons in culture were first washed with normal solution at pH 7.4; then, the solution was changed
to pH_ 6.0 for 10 seconds, followed by a return to the pH_ 7.4 solution for 20 seconds. In our standard-
ized protocol, the exchange to pH_ 6.0 (10 sec) and to pH_ 7.4 (20 sec) was repeated 2 more times. The
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neurons were then maintained at pH_ 7.4 while the inward current was recorded over the subsequent
10-15 minutes (Figure 1, A and B).

The rationale for the 3 pulses for low pH_ is as follows. In several of the earliest experiments, the
large and prolonged CI” current was seen in neurons after only one brief (10 sec) exposure to a low pH
pulse followed by restoration of the neutral pH. Other neurons did not evoke the current after only one
10s-second low pH exposure but did so after a second or third low pH pulse. In order to standardize the
stimulus and determine the maximal number of putative neurons that might evoke the current, we opted
for 3 consecutive brief low pH pulses. Following the 3 pulses and restoration of neutral extracellular pH
(7.4), the prolonged CI" current that we referred to as the pH-conditioned current was seen in nearly 80%
of NG neurons.

Detection of ROS

Coverslips of cultured NG neurons were mounted in a closed perfusion chamber on the inverted fluores-
cence microscope and then loaded with 10 uM DHE at room temperature (Invitrogen). Fluorescence of
DHE was excited at wavelengths of 535 + 50 nm and monitored at 610 = 75 nm.

pH, measurement

The pH, of nodose ganglion neurons was monitored with cytoplasmic pH-sensitive fluorochrome BCE-
CF-AM (Molecular Probes) as reported previously (63). Neurons cultured on coverslips were loaded with 2
uM BCECF in HBSS for 5 minutes. Fluorescence of BCECF was excited at wavelengths of 495 nm and 440
nm and monitored at a wavelength of 530 nm. The calibration of pH, was obtained using nigericin (30 uM)

and high K* buffer. The ratiometric fluorescence was calculated as ¥, = (F,, — F, ,,.)/(F,,, — F, ), Where

ratio 0495 0440

F, refers to fluorescence intensity at baseline.

Although amiloride is intrinsically fluorescent, it did not influence the measurement of intracellular
alkalinity with BCECEF, since it was added to the neurons in culture after the peak increase in pH,. More-
over, the excitation and emission wavelengths for amiloride are 362 and 415 nm and differ significantly
from those of BCECF (64).

Neuroprotective effect of the pH _-conditioned CI- current
Two approaches were utilized to inflict neuronal damage: simulated ischemia and the induction of apop-
tosis with NMDA and glycine.

LDH during simulated ischemia. Oxygen deprivation and acidosis are hallmarks of ischemia. Cultured
neurons were incubated for 1-3 hours in acidic bathing solutions (pH, 5.0) that were oxygen deprived (in a
chamber filled with 95% N and 5% CO, at 36°C) to simulate ischemia and were either without glucose or
with glucose (20 mM). LDH release was measured in 100 pl aliquots of the supernatant fluid after 1 and 3
hours of incubation. The responses to simulated ischemia were measured under 3 conditions: (i) without
activation of the pH -conditioned CI” current; (ii) following activation of the CI" current; and (iii) with
tamoxifen in the bath solution during activation of the low pH — conditioned current. Tamoxifen (20 uM)
was added 10 minutes before pH_ conditioning and retained for another 10 minutes before exchanging the
normal bathing solution with the ischemic solution without tamoxifen.

Apoptotic effect of NMDA. Exposure of nodose neurons in culture to 50 pM NMDA for 20, 40, and 60
minutes caused a progressive increase in the number of apoptotic cells identified by using Alexa Fluor 488
Annexin V labeled with a fluorophore that binds to phosphatidyl serine. The phosphatidyl serine is translo-
cated to the outer surface of the plasma membrane during apoptosis. Within 20 hours following the exposure
to NMDA, a significant percentage of cells became apoptotic. The degree of NMDA-induced apoptosis was
tested under 3 different conditions: (i) without activation of the acid pH -conditioned CI" current; (ii) after
the activation of the Cl- current; and (iii) after tamoxifen was added to the culture to block the CI- current.

Lentiviral ShRNA to knockdown LRRC8A

Two lentiviral shRNAs targeting different sequence regions of LRRC8A mRNA (GenBank ReSeq:
NM_001127245.1) were used in this study. These are referred to as sShRNA1 and shRNA2. These lenti-
viruses also confer puromycin resistance to the transduced cells. The details of lentivirus production are
provided in Supplemental Materials. Nodose neurons were challenged with shRNA lentivirus particles in
cultures. Virus transduced neurons were selected for puromycin resistance and channel activities record-
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ed. These methods are detailed in the Supplemental Materials. The knockdown efficiencies of lentiviral
shRNAs and LRRC8A mRNA and proteins were assessed using qPCR and Western blotting (please refer
to the Supplemental Methods for details).

CRISPR-Cas9 mediated KO of LRRC8A in HEK cells

A double-guide KO approach was used to generate LRRC8A-null gene in HEK 293 cells. Guide sequences
designed based on previously published work, as well as Web-based CRISPR design tool (http://crispr.mit.
edu/) were cloned in a bicistronic vector expressing cas9 (pSpCas9(BB)-2A-Puro). The guides were trans-
fected into HEK 293 cells using Lipofectamine 2000 as per manufacturer’s instructions.

gPCR

Total RNA was extracted from the mouse tissues by using Trizol reagent (Invitrogen). Obtained RNAs
were treated with DNase Treatment Kit (Qiagen) and further purified. The RNAs were reverse transcribed
into cDNA by using AffinityScriptTM QPCR cDNA Synthesis Kit (Invitrogen) according to the manufac-
turer. The quantitative analysis of the mRNA expression was carried out by using Model 7000 real-time
PCR system (Applied Biosystems, model 7000). Brilliant SYBR Green QPCR Master Mix (Invitrogen)
and primers were used according to the protocol provided by the manufacturer. The expression of 18S
ribosomal RNA was used to normalize the measurements. gPCR was performed using the following spe-
cific primers for LRRC8A gene that were designed in our laboratory (Forward: 5'-GGC CGT CAC AGC
CAA TAG GA-3', Reverse: 5-TCG ATC TGC GTC AGG TTG GT-3'). The AACT method was applied
for the data analysis.

Western blots

Six NG from 3 mice were homogenized, vortexed, and sonicated; 60 ug protein was denatured and run on
a 10% Ready Gel Tris-HCI gel (Bio-Rad). The proteins in gel were then transferred to nitrocellulose mem-
brane (ThermoFisher Scientific). Membrane was blocked with 5% nonfat milk and then incubated with
the primary rabbit anti-LRRC8A polyclonal antibodies against peptide sequence QRTKSRIEQGIVDRSE
(from Rajan Sah’s lab) 1:2,500 overnight, washed, and incubated with the secondary antibody of horserad-
ish peroxidase—conjugated goat anti-rabbit IgG (1:5,000, Santa Cruz Biotech, catalog sc-2004) for 1.5 hours
at room temperature. The antibody activities were detected by enhanced chemiluminescence detection sys-
tem (Pierce Chemical) and exposure to X-ray film (Bioexpress Genemate). After this step, the membrane
was stripped and reprobed with anti-GAPDH antibody (Cell Signaling Technology, clone D16H11).

IHC

Nodose neurons cultured on cover slips were fixed with 100% acetone at —20°C permeabilized with 0.1%
triton X-100 (Fisher Biotech) in PBS (Gibco), and blocked in 4% goat serum. Three primary antibodies
were applied and incubated in 4°C overnight. The dilution rates were: rabbit polyclonal antibodies against
LRRCS8A (from Rajan Sah’s lab) 1:2,000 and mouse anti-NeuN antibody from Millipore 1:1,000 (MAB377),
chicken anti-GFP from Aves (GFP-1020) 1:1,000. After 3 washes with PBS, cover slips were then incubated
in secondary antibody in PBS with 4% goat serum at room temperature for 45 minutes. The dilution rate for
secondary antibodies is 1:500 for goat anti—rabbit Alexa Fluor 568 (Invitrogen, catalog A21069), 1:500 for
goat anti—chicken Alexa Fluor 488 (Invitrogen, catalog A11039), and 1:500 for goat anti-mouse Alexa Fluor
647 (Invitrogen, catalog A21235). The cover slips were washed with PBS 4 times and mounted with mount-
ing medium (Vectashield HardSet antifade mounting medium with DAPI H-1500). Pictures were taken with
Zeiss 1sm 710 inverted confocal microscopy in the Central Microscopy Facility of the University of Iowa.
The color for Figure 4, B-D, was pseudo-colored.

Chemicals/solutions

The niflumic acid, tamoxifen, apocynin, amiloride, and DPI (all from Sigma-Aldrich) were dissolved in
DMSO, and DCPIB was dissolved in ethanol to make a stock solution. The PEG-catalase and PEG-SOD
(Sigma-Aldrich) were dissolved in bath solution directly, and ZnCl, was dissolved in double-distilled water.
DHE (Invitrogen) and BCECF-AM (Molecular Probes) were dissolved in DMSO. Stock solutions were
diluted in bathing solutions to obtain the desired drug concentration.
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Statistics

Data are presented as mean + SE. Differences in means were tested using ANOVA when time and dose
effects and more than 2 treatments were compared or using the paired or unpaired student ¢ test with Excel
and Sigma Plot software. P <0.05 were accepted as significant.
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The study was approved by the University of Iowa Institutional Animal Care and Use Committee (ACURF
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