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Cellular/Molecular

Hydrogen Peroxide Increases GABA , Receptor-Mediated
Tonic Current in Hippocampal Neurons
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Hydrogen peroxide (H,0,), a key reactive oxygen species, is produced at low levels during normal cellular metabolism and at higher
concentrations under pathological conditions such as ischemia-reperfusion injury. The mechanisms by which H,0, contributes to
physiological and pathological processes in the brain remain poorly understood. Inhibitory GABA type A (GABA,, ) receptors critically
regulate brain function by generating tonic and synaptic currents; however, it remains unknown whether H,0, directly modulates GABA ,
receptor function. Here, we performed patch-clamp recordings, together with pharmacological and genetic approaches, to investigate the
effects of H,0, on GABA, receptor-mediated tonic and synaptic currents recorded in cultured mouse hippocampal neurons and CAl
pyramidal neurons in hippocampal slices. We found that H,0, caused a dramatic increase in tonic current, whereas synaptic currents
were unaffected. This increase in tonic current resulted from an extracellular oxidative reaction, which increased the potency of GABA,
but only when GABA, receptors were activated by low concentrations of GABA. Oxygen-glucose deprivation, which produces high
endogenous levels of H,0,, similarly increased the tonic current. These results suggest that GABA, receptor-mediated tonic current,

which is potentiated by H,0,, might contribute to H,0,-induced brain dysfunction.
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Introduction

Reactive oxygen species (ROS) are by-products generated during
normal cellular oxidative metabolism in the brain and other or-
gans (Giorgio et al., 2007; Rice, 2011). Excessive production of
ROS occurs in a variety of neurological disorders including
ischemic-reperfusion injury, stroke, and neurodegenerative dis-
ease (Andersen, 2004; Allen and Bayraktutan, 2009; Uttara et al.,
2009). High levels of ROS can lead to oxidative stress, which in
turn causes cellular dysfunction and neuronal death (Giorgio et
al., 2007; Rice, 2011).
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One of the most important ROS is hydrogen peroxide (H,O,),
a relatively stable molecule that diffuses through the cell mem-
brane to interact with distant molecular targets (Giorgio et al.,
2007; Rice, 2011). Low concentrations of H,O, physiologically
regulate synaptic plasticity (Kamsler and Segal, 2003; Rice, 2011),
whereas higher concentrations are associated with neuronal dys-
function (Abramov et al., 2007; Giorgio et al., 2007). Concentra-
tions of H,O, as high as 200 uM occur during the early period of
postischemic reperfusion (Hyslop et al., 1995). Despite being in-
volved in a wide variety of physiological and pathological func-
tions, the molecular substrates underlying H,O, effects on
neuronal function remain poorly understood.

GABA type A (GABA,) receptors mediate the majority of
inhibition in the brain and perturbations in GABAergic inhibi-
tion contribute to a variety of neurological disorders (Brickley
and Mody, 2012). GABA, receptors generate two forms of inhi-
bition: synaptic and tonic, which play distinct roles in regulating
network synchrony and neuronal excitability (Farrant and
Nusser, 2005; Brickley and Mody, 2012). Synaptic inhibition is
generated by postsynaptic GABA , receptors that are activated by
transient, near-saturating concentrations of GABA. In contrast,
tonic inhibition is generated by extrasynaptic GABA, receptors
that are activated by persistent, low ambient concentrations of
GABA (Farrant and Nusser, 2005; Brickley and Mody, 2012).

H,0, modulation of GABA , receptor function is of consider-
able interest as alterations in inhibitory neurotransmission dra-
matically change network activity (Farrant and Nusser, 2005;
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Brickley and Mody, 2012). Previous studies that investigated the
effects of H,O, on GABAergic inhibition have produced conflict-
ing results. Application of H,O, (300 uM) to hippocampal slices
increases the intracellular concentrations of chloride (Sah and
Schwartz-Bloom, 1999). In contrast, very high concentrations of
H,0, (1.5-3.5 mm), reduce the amplitude of IPSPs recorded in
the hippocampus, cerebral cortex, and thalamus (Pellmar, 1995;
Frantseva et al., 1998). This reduction of IPSPs could result from
a decrease in the release of GABA from presynaptic terminals or
from direct inhibition of GABA, receptors. No previous studies
have examined the direct effects of H,O, on GABA, receptors
that generate tonic and synaptic currents.

Here we show that H,0, dramatically increases the amplitude
of the tonic current in hippocampal neurons, whereas synaptic
currents are unaffected. This increase in tonic current is due to an
increase in potency of GABA, which results from an extracellular
oxidative reaction. Oxygen-glucose deprivation, a pathological
condition that generates high levels of endogenous H,O, also
increases the tonic current. Collectively, the results suggest that
H,0, could cause neuronal dysfunction, at least in part, by in-
creasing GABA , receptor-mediated tonic current.

Materials and Methods

Experimental animals. All experimental procedures were approved by the
Animal Care Committee of the University of Toronto (Toronto, ON,
Canada). Three strains of mice of either sex were used to produce cul-
tures of hippocampal neurons. Swiss White mice were obtained from
Charles River Laboratories. GABA, receptor a5 subunit null-mutant
(Gabra5~’") mice and wild-type (WT) mice (C57BL/6 X SvEv129) were
obtained from Merck Sharp and Dohme Research Laboratories. GABA ,
receptor & subunit null-mutant (Gabrd™"~) mice and WT mice (C57BL/
6 X SvJ129) were obtained from Dr Gregg E. Homanics at the University
of Pittsburgh (Pittsburgh, PA). The generation, genotyping, and charac-
terization of Gabra5~’~ and Gabrd~’~ mice were previously described
(Mihalek et al., 1999; Collinson et al., 2002). Mice were housed in the
animal care facility of the University of Toronto.

Cell culture. Cultures of embryonic hippocampal neurons were pre-
pared as previously described (Wang et al., 2012). Briefly, fetal pups
(embryonic day 18) were removed from mice killed by cervical disloca-
tion. The hippocampi were dissected from each fetus and placed in an
ice-cooled culture dish. Neurons were then dissociated by mechanical
titration using two Pasteur pipettes (tip diameter, 150-200 wm) and
plated on 35 mm culture dishes at a density of ~1 X 10 cells/ml. The
culture dishes were coated with collagen or poly-p-lysine (Sigma-
Aldrich). For the first 5 d in vitro, cells were maintained in minimal
essential media (MEM) supplemented with 10% fetal bovine serum and
10% horse serum (Life Technologies). The neurons were cultured at
37°C in a 5% CO,-95% air environment. After the cells had grown to
confluence, 0.1 ml of a mixture of 4 mg 5-fluorodeoxyuridine and 10 mg
uridine in 20 ml MEM was added to the extracellular solution to reduce
the number of dividing cells. Subsequently, the media was supplemented
with 10% horse serum and changed every 3 or 4 d. Cells were maintained
in culture for 14-20 d before use.

Whole-cell voltage-clamp recordings in cultured neurons. Before electro-
physiological recordings, cultured neurons were rinsed with extracellular
recording solution containing the following (in mwm): 140 NaCl, 1.3
CaCl,, 1 MgCl, 2 KCI, 25 N-2-hydroxy-ethylpiperazine-N'-2-
ethanesulphonic acid (HEPES), 20 glucose, pH 7.4, 320—-330 mOsm).
6-Cyano-7-nitroquinoxaline-2,3-dione (10 uMm), and (2R)-amino-5-
phosphonovaleric acid (20 um) were added to the extracellular solution
to block ionotropic glutamate receptors and tetrodotoxin (0.3 um) was
used to block voltage-dependent sodium channels. Patch pipettes (3—4
M(Q)) were fabricated from borosilicate glass capillary tubing and filled
with an intracellular solution containing the following (in mm): 140
CsCl, 10 HEPES, 11 EGTA, 4 MgATP, 2 MgCl,, 1 CaCl,, and 10 TEA (pH
7.3 with CsOH, 285-295 mOsm). All experiments were conducted at
room temperature and whole-cell currents were recorded using the Axo-
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patch 200B amplifier (Molecular Devices) controlled with pClamp 8.0
software via a Digidata 1322 interface (Molecular Devices). Membrane
capacitance was measured using the membrane test protocol in pClamp
8.0. Currents were sampled at 10 kHz and filtered at 2 kHz by using an
8-pole low-pass Bessel filter. The extracellular solution was applied to
neurons by a computer-controlled multibarreled perfusion system (SF-
77B; Warner Instruments).

To measure the amplitude of the tonic current, the GABA, receptor
competitive antagonist, bicuculline (100 um), was applied as described
previously (Caraiscos et al., 2004; Wang et al., 2012). All cells were re-
corded at a holding potential of —60 mV except for those used to study
the current—voltage (I-V) relationship. I-V plots were constructed using
a voltage step protocol, as previously described (Pavlov et al., 2009).
Voltage steps of 20 mV were applied from —80 to +20 mV for 4 s, in the
absence and presence of bicuculline (100 um). The difference between
current measured at the different membrane potentials, in the absence
and presence of bicuculline, was used to generate the I-V plot. For each
neuron, the voltage step protocol was repeated before and 5 min after the
application of H,0,.

Whole-cell voltage-clamp recordings in hippocampal slices. Three-week
old WT mice (C57BL/6 X SvEv129) of either sex were used for the
recordings. After live decapitation, brains were removed and placed in
ice-cold, oxygenated (95% O,, 5% CO,) artificial CSF (ACSF) that con-
tained the following (in mm): 124 NaCl, 3 KCI, 1.3 MgCl,, 2.6 CaCl,, 1.25
NaH,PO,, 26 NaHCO;, and 10 p-glucose with the solution osmolarity
adjusted to 300-310 mOsm. Coronal brain slices (350 wm) were pre-
pared with a VT1200S vibratome (Leica). The slices were allowed to
recover for at least 1 h at room temperature (23-25°C) before being
transferred to a submersion recording chamber where they were per-
fused with ACSF at 3—4 ml/min. All recordings were performed at room
temperature using a MultiClamp 700B amplifier (Molecular Devices)
that was controlled by pClamp 9.0 software via a Digidata 1322A inter-
face (Molecular Devices). For whole-cell voltage-clamp recordings, the
pipettes (2-3 M()) were filled with the same intracellular solution as
described above for cell culture. Currents were sampled at 10 kHz. All
cells were recorded at a holding potential of —60 mV. To measure the
tonic current, the GABA, receptor competitive antagonist, bicuculline
(20 M) was applied. The tonic current was quantified by measuring the
change in the holding current calculated from a Gaussian fitting of 30 s
segments. Exogenous GABA (5 um) was added to ACSF. The recorded
neurons were perfused with ACSF containing H,O, (1 mm) through a
square-shaped barrel (ID 0.7 mm; Warner Instruments) whose tip was
located in close proximity to the recorded neurons (= 100 um).

Oxygen-glucose deprivation. Ischemia-reperfusion injury was induced
using the in vitro model of oxygen-glucose deprivation as previously
described (Ohsawa et al., 2007). After establishing a stable baseline re-
sponse, neurons were perfused for 10 min with a glucose- and O,-
deficient extracellular solution, in which the glucose was replaced with
2-deoxy-p-glucose (20 mm) and N, was continuously bubbled to remove
O,. The recorded neuron was then re-perfused with regular oxygenated
extracellular solution for 5 min. The magnitude of the tonic current
during the reperfusion period was compared with the baseline current.
Only one neuron was used from each culture dish.

Statistical analyses. Data are represented as mean = SEM. A Student’s
t test (paired or unpaired) was used to compare groups, where appropri-
ate. For comparing three or more groups, one-way ANOVA followed by
Newman—Keuls post hoc test was used. Two-way ANOVA (treatment X
concentration) followed by Bonferroni post hoc test was also used, as
indicated. Cumulative distributions of the amplitude and frequency of
miniature IPSCs (mIPSCs) were compared using the Kolmogorov—Smir-
nov test. Statistical significance was set at p < 0.05.

Results

H,0, markedly increases the tonic but not synaptic currents
in hippocampal neurons

The tonic current was quantified by measuring the change in the
holding current that occurred following an application of the
competitive GABA, receptor antagonist bicuculline (BIC; 100



10626 - J. Neurosci., August 6, 2014 - 34(32):10624 —10634

I\ %:08 * %
. * Kk
‘2% 0.6
>0
204
[}
T
< H,0, Washout ‘g 0.2
| a £
b4 >
wn
10s o Con H,0, Washout
GABA 0.5 uM m ok
* Kk
HaO: Lo ]
BIC >
2
o 1
o
€
Q
< 50
|8 o Con 1 i 3 5 7
50s N min after H,0,

Fold increase

0
H,0, 5
min of wash-out

10 15 20

GABA
BIC 4 " Control Aok ok
— ° ] HzOz
= Control 23 =1
- H,0. o
2Y2 g 2 ’_‘
< )
m Jg 51
55
0 NSO S S
H,0, 10 uM 1000 uM NS S
Figure 1. H,0, increased tonic GABA currents in hippocampal neurons. 4, Representative

traces and summarized data showing that the tonic current revealed by BIC (100 pm) was
increased after 5 min of H,0, (200 m, n = 21) and this increase persisted for at least 5 min
after washout (n = 6). B, Representative trace and summarized data showing the time-
dependent effects of H,0, (200 1) on tonic current in the presence of a low concentration of
GABA (0.5 pum, n = 17-23). C, Representative traces and summarized data demonstrate that
tonic current was persistently increased even after 20 min of washout in the presence of GABA
(0.5 um,n = 5-7).One-way ANOVA: F, .y = 16.1,forA; F , 1, = 6.7for B, F , ,,y = 0.4;and
p = 0.4for C; Newman—Keuls post hoc test, **p << 0.01 and ***p < 0.001. D, Left, Represen-
tative traces showing the increase in tonic current induced by a low-concentration (10 wm) and
a high-concentration (1000 gm) of H,0, in the presence of GABA (0.5 ). Right: Quantified
data demonstrating the dose-dependent enhancing effects of H,0, on tonic current (n = 4 for
each concentration). Two-way ANOVA, effect of H,0,: F(; 30 = 32.0, p < 0.0007; effect of concen-
tration: F 3, = 9.2,p << 0.000T; effect of interaction: F 5, = 9.2,p << 0.0001; Bonferroni post hoc
test, **p << 0.01, ***p << 0.001. Con, Control (for here and in subsequent figures).

uM; Fig. 1A). For these initial experiments, no exogenous GABA
was added to the extracellular solution. Pretreating the neurons
with H,O, (200 uMm) for 5 min increased the amplitude of the
tonic current 3.4 = 0.5-fold (control: 0.18 *+ 0.03 pA/pF; H,O,:
0.62 = 0.08 pA/pF, n = 21-23, p < 0.001, one-way ANOVA
followed by Newman—Keuls post hoc test; Fig. 1A). This increase
persisted for at least 5 min after H,O, was washed out.
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The increase in tonic current by H,O, could result from an
increase in either the extracellular concentration of GABA or the
GABA , receptor function. To exclude the possibility that changes
in the extracellular concentration accounted for the increase, a
low concentration of exogenous GABA (0.5 uM) was added to the
extracellular perfusion solution. Under these conditions, neu-
rons were “concentration clamped” at a stable, known concen-
tration of agonist. GABA (0.5 M) was selected as this
concentration is similar to physiological levels of extracellular
GABA that occur in vivo (Farrant and Nusser, 2005; Bright and
Smart, 2013).

In the presence of exogenous GABA (0.5 um), H,O, (200 um)
gradually increased the holding current (control: —81.6 = 8.7
PA;H,0,: —189.8 = 21.8 pA, n = 21-23, p < 0.001, paired ¢ test).
Therefore, the amplitude of the tonic current revealed by BIC was
enhanced in a time-dependent manner and peaked at 5-7 min
(Fig. 1B). The enhancing effect of H,O, was not reversible and
was sustained for at least 20 min after washout (Fig. 1C). Notably,
a transient, inward “rebound” current was observed after termi-
nation of the BIC application in H,O,-treated neurons. This re-
bound current has been attributed to BIC protecting GABA,
receptors from entering an agonist-bound desensitized state
(Bianchi and Macdonald, 2001; Chang et al., 2002). H,O, dose-
dependently increased the current with a threshold concentra-
tion of 10 uM and maximum effective concentration at 1 mm
(3.5 = 0.3-fold increase; Fig. 1D). Concentrations of H,0, >1
mM were not studied because they caused instability of the re-
cordings and cell death as reported previously (Schraufstatter et
al., 1986; Kaneko et al., 2006).

To determine whether H,O, similarly potentiated postsynap-
tic GABA, receptor currents, spontaneous mIPSCs were re-
corded from the cultured neurons. Surprisingly, pretreatment
with H,O, (200 um) failed to change the amplitude or frequency
of mIPSCs (Fig. 2; Table 1). The time course and charge transfer
of the mIPSCs were also unaffected (Table 1).

We next investigated whether H,O, also increased the tonic
GABA current in CA1 pyramidal neurons of acutely isolated hip-
pocampal slices. H,O, (1 mM, 10 min) increased the amplitude of
the tonic current recorded in the presence of 5 um GABA (con-
trol: 0.05 = 0.02 pA/pF; H,O,: 0.28 £ 0.08 pA/pF; n = 6 for each
group, p = 0.02, unpaired ¢ test; Fig. 3) but did not change the
amplitude or time course of spontaneous synaptic GABA currents
(Table 1). Collectively, these results show that H,O, selectively in-
creases the tonic but not synaptic currents in hippocampal neurons.

H,0,-induced increase in tonic current does not require
a5GABA , receptors or 9GABA , receptors

Several factors could contribute to the differential sensitivity of
tonic and synaptic currents to H,O, including the subunit com-
position of the underlying GABA, receptors or the conditions
under which the receptors are activated. To further investigate
H,0, enhancement of the tonic current, additional experiments
were performed with cultured hippocampal neurons, as this
preparation is a relatively high-throughput assay. In addition,
cells can be effectively concentration-clamped and modulators
can be applied and washed out rapidly.

A variety of GABA, receptor subtypes generate the tonic
current although, most tonic current is generated by a5 subunit-
containing GABA, (a5GABA,) receptors and & subunit-
containing GABA, (6GABA,) receptors (Caraiscos et al., 2004;
Farrant and Nusser, 2005; Mortensen and Smart, 2006; Brickley
and Mody, 2012; Lee and Maguire, 2014). To study the subtypes
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To determine whether §GABA , recep-
tors generated the H,0,-enhanced tonic
current, we applied the 6GABA,
receptor-preferring agonist THIP (Brown
etal., 2002). THIP-evoked inward current
was measured before and after H,O,. The
THIP (0.5 wMm)-evoked current increased
3.3 + 0.7-fold after H,O, (control: 0.09 =
0.04 pA/pF; H,0,:0.30 = 0.06 pA/pF;n =
6, p = 0.007, paired t test; Fig. 4C). The
tonic current revealed by BIC was also
greatly increased; but H,O, did not
change the THIP to BIC current ratio
(Control: 59.6 = 15.7%, H,0,: 34.6 =
3.4%,n = 5;p = 0.21, paired t test). These
results show that SGABA , receptors con-

- tribute to, but do not exclusively generate
27 the H,0,-enhanced tonic current. Next,
y to determine whether §GABA, receptors
were necessary for the H,O, effects, the
amplitude of the tonic current was mea-
sured in neurons harvested from Ga-
brd~’~ and WT mice. H,0, caused a
similar increase in current in the two ge-

— Control
H,0,

_Ji& 0 : 0
o 0 50

10 ms

Amplitude (pA)

Figure 2.

the frequency, Kolmogorov—Smirnov test.

of GABA , receptors that mediate the H,O, enhancement, a com-
bination of pharmacological and genetic approaches was used.
First, to investigate the role of t5GABA , receptors, the inhibitory
effects of L-655,708 (L6, 20 nM), a selective inverse agonist for
a5GABA, receptors (Quirk et al., 1996) were studied. The
change in holding current produced by an application of L6 was
measured before and after application of H,0,. BIC (100 um)
was applied after L6 to reveal the total tonic current generated by
all subtypes of GABA, receptors. Despite the expected large in-
crease in the BIC-sensitive current after H,O,, the amplitude of
the L6-sensitive current was not significantly increased (control:
0.08 = 0.02 pA/pF; H,0,: 0.10 = 0.03 pA/pF; n = 6, p = 0.36,
paired ¢ test; Fig. 4A) and the ratio of the L6-sensitive to BIC-
sensitive current was reduced from 47.1 = 13.7% for control to
15.4 * 3.9% for H,0, (n = 6, p = 0.03, paired ¢ test). These
results show that a5GABA , receptors are not a major contributor
to the H,0O,-enhanced tonic current. To confirm that «5GABA
receptors are not necessary for the H,O,-sensitive current, hip-
pocampal neurons were harvested from Gabra5~’~ mice and WT
mice (Fig. 4B). The relative magnitude of the tonic current re-
corded in these neurons was similarly increased by H,O, between
genotypes (Gabra5 '": 3.7 = 0.7-fold increase, WT: 4.1 *+ 0.6-
fold increase; n = 9 and 10, respectively; p = 0.70, unpaired t test;
Fig. 4B) confirming that «a5GABA , receptors are not required for
enhancement of tonic current. Note, the low amplitude tonic
current observed in both genotypes under control conditions,
may be attributed to a low ambient concentration of GABA
(Caraiscos et al., 2004; Glykys and Mody, 2007; Wang et al.,
2012).

100 150 0
Inter-event interval (ms)

H,0, had no effect on synaptic GABA currents. A, Representative recordings of GABA, receptor-mediated mIPSCs
recorded at —60 mV before (left) and after (right) 5 min of H,0, (200 M) treatment from the same neuron. B, Traces were
averaged from 475 (control) and 527 (H,0,) individual mIPSCs. €, Cumulative amplitude (left) and frequency (right) distributions
of mIPSCs showing that both the amplitude and the frequency were not affected by H,0,; p = 0.24 for the amplitude, p = 0.06 for

notypes (WT: 9.6 = 1.5-fold increase,
Gabrd™’~: 9.2 * 1.4-fold increase; n = 9
for each genotype, p = 0.85, unpaired ¢
test; Fig. 4D), indicating that GABA , re-
ceptors are not necessary for the H,0, ef-
fects. Thus, the subtypes of GABA,
receptors that typically generate the tonic
current in hippocampal neurons are not
required for H,O, enhancement of the
tonic current.

1000 2000

H,0, increases the potency of GABA at the GABA , receptors

Given that the unique population of GABA , receptors that typi-
cally generates tonic current does not confer sensitivity to H,O,,
we next studied whether the conditions of receptor activation
contributed to the increase in tonic but not synaptic currents.
The tonic current is generated by low concentrations of GABA
whereas synaptic currents are activated by near-saturating con-
centrations of GABA (Farrant and Nusser, 2005; Brickley and
Mody, 2012). Thus, we postulated that H,O, increased the po-
tency of GABA at the GABA , receptors and thereby enhanced the
tonic current. If this was true, then the potentiating effects of
H,0, should increase with decreasing concentrations of GABA,
and decrease with increasing GABA concentrations. Accordingly,
we studied the effects of H,O, on current evoked by a brief ap-
plication of several concentrations of GABA. H,O, (200 um)
increased the amplitude of GABA (0.5 uMm)-evoked current 3.4 =
0.5-fold (control: 1.6 = 0.3 pA/pF; H,0,: 5.4 = 0.7 pA/pF; n =13
for each group, p < 0.001, one-way ANOVA followed by
Newman—Keuls post hoc test). The increase in current developed
slowly over 5 min and was irreversible (Fig. 5A). Decreasing
GABA from 0.5 uM to 0.3 uM increased the potentiating effect of
H,0, (5.3 = 1.1-fold increase; n = 5, p < 0.001, two-way
ANOVA followed by Bonferroni post hoc test; Fig. 5B). Con-
versely, increasing GABA from 0.5 to 10 uM reduced the magni-
tude of the H,0, effect (1.3 = 0.2-fold increase; n = 6, p > 0.05,
two-way ANOVA followed by Bonferroni post hoc test). Impor-
tantly, H,O, caused no change in the current when a near-
saturating concentration of GABA (100 um) was applied. Thus,
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Table 1. H,0, did not modify mIPSCs recorded in cultured hippocampal neurons (200 pm, 5 min) or in CA1 pyramidal neurons from hippocampal slices (1 mm, 10 min)

Treatment Amplitude (pA) Frequency (Hz) Rise time (ms) Decay time (ms) Area (pA - ms)
Culture (n=9) Control 364 £ 15 23+ 06 48 +0.2 124+10 487.8 + 485
H,0, 36.1 1.6 1.8 +04 49 *+0.2 11.9*08 4545 * 36.3
Slice (n = 6) Control 345+29 29+04 31%02 105+ 0.7 360.5 * 34.1
H,0, 469 = 48 28 04 32%0.2 109 £ 0.7 490.3 = 52.8
Data are presented as mean == SEM for all the parameters; p > 0.05, Student’s paired  test.
A B 08y *x
GABA = , '% 0.1 ':\(5.
BIC 29. 0.4 < s s 0.4
] ] & © _‘j %
~N —
2 0 0
_______________________ g 0.2 H,0, Con H,0, Con H,0,
WW. < H‘ | s
a t B 1.5
10s8 g BIC wrt Gabra5 —/- =
5 0 S q
Control H,0, o Con H,0, 29_
0.5
Figure 3.  H,0, increased tonic GABA currents in hippocampal slices. Representative traces =2
(A) and summarized data (B) showing the increase in tonic current after 10 min of H,0, (1 mm) 0
treatment (n = 6); *p = 0.02, Student’s unpaired ¢ test.
H,0, modifies the GABA , receptors at low but not high concen-
0.4 _** 127 **

trations of GABA.

Next, GABA concentration-response plots were constructed
for currents evoked by GABA (0.3-1000 uMm) in the absence and
presence of H,O, (200 um). H,O, shifted the concentration-
response plot to the left, but only for the lower components of the
curve (Fig. 5C). The EC,, value was reduced from 5.5 * 0.4 um
for control to 3.5 + 0.4 uM for H,0, (n = 8 and 11, respectively;
p = 0.003, unpaired ¢ test), whereas the ECs, values (control:
15.6 = 1.3 um; H,0,: 12.6 £ 1.1 um; n = 8 and 11, respectively;
p = 0.11, unpaired ¢ test) and ECg, values (control: 44.5 * 4.8
uM; H,0,: 47.3 £ 3.9 uM; n = 8 and 11, respectively; p = 0.65,
unpaired ¢ test) were unchanged. H,O, also reduced the Hill
coefficient (control: 1.35 = 0.04; H,0,: 1.07 £ 0.05;n = 8and 11,
respectively; p = 0.0005, unpaired t test). Collectively, these re-
sults show that H,O, increases the potency of GABA at the
GABA,, receptors, but only at low GABA concentrations.

H,0, does not change the desensitization or voltage
sensitivity of GABA, receptors

We next asked whether H,0, modified the desensitization and
voltage sensitivity of GABA , receptors, two factors that can mod-
ify the magnitude of tonic current (Chang et al., 2002; Pavlov et
al., 2009). If H,O, simply increased the potency of GABA without
changing desensitization, then the extent of desensitization of the
increased current should be similar to that observed with a higher
concentration of GABA. Also, no change in current desensitiza-
tion should be observed at a saturating concentration of GABA
(Colquhoun, 1998; Chang et al., 2002). We quantified the extent
of desensitization by recording whole-cell currents evoked by
longer applications of GABA (20 s). The ratio of current at 20 s to
peak current was measured before and after application of H,0,
(200 uM). In these experiments, H,0O, increased the extent of
desensitization for current evoked by low concentrations of
GABA (Fig. 5D), but did not influence desensitization of currents
evoked by higher concentrations of GABA (e.g., 10 uMm). We next
plotted the relationship between the peak current and current at
20 s application of GABA (over a concentration range of 0.3—10
uM; Fig. 5E). A linear regression fit to data for the two conditions
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Figure 4. «5GABA, and 8GABA, receptors were not required for the H,0,-dependent
increase in current. A, Left, Representative traces showing the tonic current revealed by a
selective inverse agonist of a5GABA, receptors (L6, 20 nm) and BIC (100 ). The L6-
sensitive tonic current was unaffected, whereas BIC-sensitive current was greatly in-
creased by H,0,. Right, Quantification of L6- and BIC-sensitive tonic current, before and
after H,0, (n = 6); **p = 0.002, Student’s paired ¢ test. B, Left, Representative traces
showing the tonic current revealed by BIC (100 M) in neurons from WT and Gabra5~/~
mice. Right, Quantification of the tonic current before and after H,0, (n = 10 for WT, n =
9 for Gabra5~""). C, Left, Representative traces showing the current activated by
OGABA, receptor-preferring agonist THIP (0.5 wum) and the tonic current revealed by BIC
(100 wm). Right, Quantification of THIP-activated inward current (n = 6) and the tonic
current revealed by BIC (n = 5) before and after H,0,; **p = 0.007 for THIP, **p = 0.008
for BIC, Student’s paired t test. D, Left, Representative traces showing the tonic current
revealed by BICin neurons from WT and Gabrd /™ mice. Right, Quantification of the tonic
current before and after H,0, (n = 9 for each genotype).

showed that the slopes of the lines were similar (control: 1.2 =
0.05; H,0,: 1.2 = 0.06; n = 23 for each group, p = 0.87). Thus,
H,O, does not alter the intrinsic desensitization properties of
GABA, receptors.

If H,O, simply increases the potency of GABA, then no
change in the voltage sensitivity of GABA, receptors should be
observed (Colquhoun, 1998; Legendre et al., 2000; Pavlov et al.,
2009). To test this prediction, I-V plots were constructed for
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H,0, increased the potency of low concentrations of GABA without modifying the desensitization properties. 4, Left, Representative traces showing the time-dependent effects of H,0,

(200 pum) on currents evoked by a low concentration of GABA (0.5 wum). Right, Summarized data (n = 4-13). One-way ANOVA: F, ,;) = 11.8; Newman—Keuls post hoc test; **p << 0.01, ***p <
0.001. B, Left, Representative traces showing the effects of H,0, (200 1) on the currents evoked by 0.3 and 10 um GABA. Right, Summarized data showing the fold increase in currents evoked by
different concentrations of GABA by H,0, (200 um; n = 5-13). Two-way ANOVA, effect of H,0,: F; 56, = 33.2,p < 0.0001; effect of concentration: F, g, = 7.6, p << 0.0001; effect of interaction:
Fia 53 = 7.6,p < 0.0001; Bonferroni post hoc test, ***p < 0.001. €, Concentration-response plots in the absence and presence of H,0, fitted with Hill equation (n = 8 -11). D, Left, Representative
traces showing currents evoked by GABA (0.5 wm) before and after H,0, (200 wm). Right, Summarized data showing the effects of H,0, on desensitization of currents evoked by increasing
concentrations of GABA. H,0, decreased the ratio of current at 20 s to peak current only at low GABA concentrations but not at 10 wm (n = 4-9). Two-way ANOVA, effect of H,0,: F; 55 = 33.5,
p <<0.00071; effect of concentration: F; 34 = 18.0,p << 0.0001; effect of interaction: F 54, = 1.8, p = 0.16; Bonferroni post hoc test, *p << 0.05, **p << 0.01,***p < 0.001. E, Correlation between
the current at 20 s and peak current, before and after H,0, (200 wm). The linear regression fit generated similar slopes between control and H,0, treatment (n = 23 for each condition).

tonic current recorded before and after application of H,O, (200
uM). Specifically, GABA (0.5 uM) was added to the extracellular
solution and currents were recorded using a voltage step protocol
(—80 to +20 mV; Fig. 6A). BIC (100 M) was then applied, and
currents were recorded using the same voltage step protocol. The
magnitude of the tonic current at the various potentials was cal-
culated as the difference in current measured in the absence and
presence of BIC. The control I-V plot exhibited a slight outward
rectification (Fig. 6A), as previously described (Pavlov et al.,
2009). H,0, increased the slope of the I-V plot but did not
change the outward rectifying properties or reversal potential
(control: =1.9 £3.2mV; H,0,: —6.3 = 1.7mV,n = 6,p = 0.44,
paired t test) of the tonic current. The H,O,-induced increase in
current was equivalent at all potentials between —80 mV and
+20 mV (2.3 = 0.1-fold; Fig. 6B), suggesting that H,0O, does not
alter the voltage sensitivity of GABA , receptors.

H,O0, effects are independent of Zn>*, Ca>*, and GABA,
receptors

The divalent cation Zn>" inhibits subpopulations of high-
affinity GABA, receptors that generate a tonic current in hip-
pocampal neurons (Saxena and Macdonald, 1994; Mortensen
and Smart, 2006), and trace levels of Zn>" are present in the
extracellular solution (Smartetal., 1994). Thus, it is plausible that
H,0, increased the current by relieving Zn**-induced inhibition
of GABA , receptors. We tested this hypothesis in two ways. First,
if Zn** inhibited the tonic current, then reducing the extracellu-
lar concentration of Zn*" should mimic the effect of H,O,. The
Zn** chelator TPEN (10 uM) was added to the extracellular so-
lution to markedly reduce the concentration of Zn**. TPEN pro-
duced no change in the amplitude of the tonic current (control:
1.3 = 0.3 pA/pF; TPEN: 1.3 = 0.2 pA/pF; n = 4, p = 0.55, paired
t test; Fig. 7A). Next, we studied whether increasing the extracel-
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lular concentration of Zn?" decreased the H,O, effects on cur-
rent. The addition of Zn?" (10 um) to the extracellular solution
had no effect on H,O, (200 uMm) enhancement of the current
(H,0,: 2.6 = 0.5 pA/pF; Zn*": 2.4 * 0.6 pA/pF; n = 4,p = 0.3,
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paired ¢ test; Fig. 7B). Thus, H,O, relief of Zn>" blockade does
not account for the increase in tonic current.

H,0, is known to alter the intracellular concentration of Ca*"
(Smith et al., 2003) and the cytosolic concentration of Ca*™ alters
the potency of GABA at GABA, receptors (Inoue et al., 1986;
Martina et al., 1994). To determine whether H,0O,-dependent
changes in Ca?" contributed to the increased current, extracel-
lular and intracellular Ca** concentrations were modified. First,
we reduced the extracellular concentration of Ca>* and observed
no change in the ability of H,O, to increase the current (Fig.
7C,D,F). Depleting intracellular Ca 2* stores by treating the neu-
rons with thapsigargin (TG; 1 um; Fig. 7E, F) also had no effect.
Similarly, chelating Ca** by perfusing the neurons with
BAPTA-AM (100 uM; Fig. 7F) failed to change the H,O,-
enhanced current. Thus, the H,O, effects are independent of the
extracellular and intracellular concentrations of Ca*".

It is plausible that the effects of H,0, are secondary to its
modulatory effects on other receptors or proteins. Upregulation
of GABAj, receptors increases tonic GABA current (Connelly et
al., 2013; Tao et al., 2013) and H,0, could increase the tonic
current indirectly by increasing GABAj receptor function. How-
ever, when a GABAj, receptor blocker CGP 55845 (1 uM) was
added to the bath, H,O, increased tonic GABA current 2.0 *
0.2-fold (CGP: 1.2 = 0.2 pA/pF; H,0, and CPG: 2.4 * 0.3 pA/pF;
n = 5;p = 0.002, paired t test) suggesting that H,0, does not act
on GABAj, receptors. Collectively, these results suggest that the
increase in GABA potency by H,O, does not result from relief of
Zn**-induced inhibition and is independent of Ca** concentra-
tions, as well as GABA}, receptors.

H,0, enhancement is mediated by an extracellular

oxidative reaction

H,O, regulates the function of several ion channels that span the
cell membrane including TRPM4, TRPC6, and purinergic (P2X2
and P2X4) receptors via an oxidative reaction (Coddou et al.,
2009; Graham et al., 2010; Simon et al., 2010). To determine
whether H,O, similarly regulated GABA , receptors via an oxida-
tive reaction, the antioxidant glutathione (GSH, 1 mwm) was
added to the pipette solution and current was recorded before
and after treatment with H,O, (200 um). Under these conditions,
H,0, increased the tonic current as reported above (control:
1.4 = 0.2 pA/pF; H,0,: 3.6 = 0.7 pA/pF; n = 6 for each group,
p = 0.008, paired ¢ test; Fig. 8A). In contrast, the effects of H,0,
were completely abolished when GSH was added to the extracel-
lular solution (Fig. 8B). Similarly, when the antioxidant dithio-
threitol (DTT, 1 mm) was added to the extracellular solution,
H,0, had no effect on the current (Fig. 8C). Collectively, the
results show that the potentiating effects of H,O, result from an
extracellular oxidative reaction.

The oxidative reaction could be mediated either directly by
H,O, or indirectly through the production of hydroxyl radical
(+ OH). H,0, generates - OH by interacting with ferrous irons
(Fe®") via the Fenton reaction (Haber and Weiss, 1934). We
tested whether inhibiting the Fenton reaction by adding the iron
chelator deferoxamine (DFO; 100 uMm) to the extracellular solu-
tion modified the effect of H,O,. DFO completely abolished the
effect of H,O, (Fig. 8D) confirming that the increase in current
was dependent on the Fenton reaction.

Endogenous ROS increase tonic current

Finally, we investigated whether endogenous H,O, increased the
tonic current. Ischemia-reperfusion, which produces high levels
of H,0, and other ROS (Hyslop et al., 1995) can be mimicked in



Penna, Wang et al. e H,0, EnhancesTonic GABA Current

A GABA
BIC

Current density
(PA/pF)
o N S
*
*
e

Current density
(PA/pF)
o -

;o
%

e
S

GSH H,0,+ GSH

(&)
Q,
® x

%o

o

I

I
Current density
o (pA_I\pF) o

< DTT H,0,+DTT S AA
o FLL
5-!.?, SR
Y
K

=]

M

(o]

=

9

+ 1

o

M

= 3
Current density

(PA/pF)

o - N

L
25 pA
o
“
o
“©

o
"
<0
© x

Figure 8.  Extracellular oxidative reaction mediated the effects of H,0,. A, Addition of the
antioxidant GSH (1 mm) to the pipette solution did not modify the increase in tonic current by
H,0, (200 wum). n = 6 for each group, **p = 0.008, Student’s unpaired t test. B, €, Addition of
the antioxidants GSH (1 mm) and DTT (1 mw) to the extracellular solution abolished the increase
in tonic current by H,0, (200 um); n = 4. D, DFO (100 M) prevented the increase in tonic
current by H,0, (200 m); n = 6.

vitro using an oxygen-glucose deprivation (OGD) protocol
(Abramov et al., 2007). Following 10 min of OGD, cultures were
re-perfused with the normal, oxygenated extracellular solution.
OGD increased the amplitude of the current by 49 = 13% (n =9,
p = 0.006, paired t test; Fig. 9A). Next, to confirm that this in-
crease in current after OGD resulted from an oxidative reaction,
the antioxidant GSH (1 mMm) was added to the extracellular solu-
tion during period of ischemia. GSH completely abolished the
increase in current following OGD (Fig. 9B). The current was also
slightly reduced by GSH (15 % 5%, n = 7, p = 0.04, paired t test).
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We next sought to identify the source of the endogenous H,O,
produced during OGD and reperfusion. NADPH oxidase is the
principal source of ROS during reperfusion and inhibition of this
enzyme prevents the production of ROS in hippocampal neurons
(Abramov et al., 2004; Riquelme et al.,, 2011). To examine
whether NADPH oxidase generated H,O,, which increased the
tonic current after OGD, cultured neurons were incubated with
the NADPH oxidase inhibitor diphenyleneiodonium (DPI; 10
M) for 30 min before being treated with OGD. DPI completely
abolished the increase in tonic current after OGD and indeed,
reduced tonic GABA current by 41 = 1% (n = 7, p < 0.0001,
paired t test; Fig. 9C). These results suggest that endogenous
H,O, produced by NADPH oxidase during ischemia-reperfusion
might increase the tonic current via an oxidative reaction. The
decrease in tonic current after GSH and DPI suggests that OGD
may also have an inhibitory effect on tonic current that is masked
by the potentiating effects of H,O,.
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Discussion

The results show that H,O, causes a robust increase in GABA ,
receptor-mediated tonic current whereas synaptic currents are
unaffected. This selective increase in tonic current does not re-
quire the expression of typical extrasynaptic GABA, receptors
and is due to an extracellular oxidative reaction that increases the
potency of GABA. In addition, ischemia-reperfusion injury,
which produces high endogenous levels of H,O,, similarly in-
creases the tonic current.

H,0, increases the potency of GABA, but only when GABA
receptors are activated by low concentrations of GABA. The
GABA concentration-response plot is shifted to the left; however,
only the EC,, value but not the ECs, or ECg, value is reduced.
Several additional lines of evidence further support the conclu-
sion that H,O, increases the potency of GABA. First, a transient,
inward “rebound” current is observed in H,O,-treated neurons
(Fig. 1B). A similar rebound current can occur when currents are
activated by high concentrations of GABA (Bianchi and Macdon-
ald, 2001). Second, H,0, did not modify the desensitization or
voltage sensitivity, two intrinsic properties of the GABA , recep-
tors that alter the current amplitude. Thirdly, the peak amplitude
for current evoked by saturating concentration of GABA and
mIPSCs was unaffected, which is consistent with the increased
potency of GABA by H,0, at only low concentrations of GABA.
Two possible mechanisms might underlie the increased potency
at low GABA concentrations. H,0, can increase the open prob-
ability of GABA , receptors that reside in a monoliganded state, as
occurs at low GABA concentrations (Petrini et al., 2011). H,O,
may stabilize such an open state and thereby increase the tonic
current. Also, H,O, may enhance the spontaneous opening prob-
ability of GABA, receptors that only activates the tonic current
(McCartney et al., 2007; Wlodarczyk et al., 2013). Future studies,
such as single channel recording, may provide insights into the
underlying mechanisms responsible for the selective increase in
potency of GABA at low concentrations.

The increase in GABA potency is attributed to an extracellular
oxidative reaction as the addition of extracellular antioxidants
(GSH and DTT) to the perfusion solution completely abolishes
H,0, effects, whereas intracellular application of GSH has no
effect. Such oxidation by H,0, may result from the production of
+ OH by the Fenton reaction (Haber and Weiss, 1934) as inhibit-
ing the Fenton reaction abolishes the effect. This result is consis-
tent with previous reports that show H,O,, via the Fenton
reaction, modulates the intracellular concentration of Cl~ (Sah
and Schwartz-Bloom, 1999) and synaptic potentials (Pellmar,
1995) in hippocampal slices.

The onset of H,0, enhancement of tonic current is slow and
irreversible and occurs within the time frame of minutes. Most
positive allosteric modulators of GABA, receptors, including
benzodiazepines, barbiturates, and general anesthetics, increase
current within the time frame of milliseconds to seconds and are
fully reversible (Twyman et al., 1989; Orser et al., 1994; Walters et
al., 2000). The slow time course of H,O, increase in GABA,
receptor activity is similar to H,O, effects on P2X2 and TRPM4
channels, which results from oxidation of cysteine residues in the
ion channels themselves (Coddou et al., 2009; Simon et al., 2010).
For example, H,0, oxidation of Cys**° in P2X2 channels in-
creases receptor activity by increasing agonist potency (Coddou
et al., 2009), whereas oxidation of Cys'%’ in TRPM4 channels
abolishes receptor desensitization (Simon et al., 2010).

It is plausible that the slow onset and irreversibility of H,O,
effects in our study are due to oxidation of cysteine residues of
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GABA, receptors. H,O, predominantly oxidizes cysteine resi-
dues, but can also modify methionine, tyrosine, phenylalanine,
histidine, and lysine residues (Chu et al., 2006; Calero and Calvo,
2008). H,O, may oxidize amino acids that are located either in
the binding pocket for GABA, or in a region close to the binding
domain (Boileau et al., 1999). Alternatively, H,O, may oxidize
GABA , receptor-associated proteins, such as the transmembrane
cell adhesion molecules dystroglycan (Pribiag et al., 2014) and
neuroligin 2 (Hines et al., 2012), which regulate GABA , receptor
function. It is of future interest to determine whether H,O, via
oxidation, acts directly on GABA, receptors or indirectly on
receptor-associated proteins.

Extrasynaptic a5GABA, receptors and SGABA , receptors are
not necessary for the H,0, effects. However, tonic current in
neurons is not generated by a single population of GABA , recep-
tors but rather by multiple subtypes including those containing
af3, a1 B6, a3Bvy2, a4d, a6, and afe subunits (Mortensen and
Smart, 2006; Lee and Maguire, 2014). These different receptor
subtypes could contribute to the increased current produced by
H,O0,. Therefore, the major factor that confers sensitivity to H,0,
is unlikely the subunit composition of the receptor per se, but
rather receptor occupancy by the agonist. When these multiple
GABA, receptors are activated by low concentrations of GABA,
oxidation by H,O, increases the potency of GABA, which en-
hances the tonic current. H,O, may also selectively potentiate
yet-to-be-identified subpopulations of high affinity GABA, re-
ceptors. In support of this hypothesis, the increase in tonic cur-
rent by H,0, varied from 3.4-fold to 9.6-fold in cultured neurons
from Swiss White mice and C57BL/6 X SvJ129 mice, respectively,
studied in the absence of exogenous GABA (Figs. 1B, Fig. 4D).
Different strains of mice may express different combinations of
GABA, receptor subtypes (Caldji et al., 2004; Schlussman et al.,
2013) that exhibit different sensitivities to H,O,. Future studies
of combination of recombinant GABA, receptors might offer
insights into possible mechanisms that account for the variable
effects of H,0,.

Interestingly, several studies have suggested that H,O, de-
creases GABA , receptor function. High concentrations of H,0,
(1.5-3.5 mm) reduce the amplitude of IPSPs in hippocampal,
cerebral, cortical and thalamic neurons possibly due to a reduc-
tion in transmitter increase (Pellmar, 1995; Frantseva et al.,
1998). In contrast, H,O, (300 um) induces an increase in intra-
cellular C1™ (Sah and Schwartz-Bloom, 1999), possibly by in-
creasing the tonic current. We found that H,O, has no effect on
mIPSCs recorded in hippocampal neurons. This result is consis-
tent with a study showing that H,O, (100 uM) does not modify
mIPSCs in spinal cord neurons, although, higher concentration
of H,0, (1 mm) increases both the amplitude and the frequency
of mIPSCs possibly by increasing release of GABA (Takahashi et
al., 2007).

H,O, upregulation of tonic current may be particularly im-
portant under conditions where the concentration of H,O, and
other ROS increase dramatically (Andersen, 2004; Allen and Bay-
raktutan, 2009; Uttara et al., 2009). During ischemia-reperfusion
injury, H,O, levels in the brain can reach as high as 200 um
(Hyslop et al., 1995). OGD, which produces high endogenous
levels of H,O, as well as ROS, also increases the tonic current.
Notably, the relative increase in current after OGD is similar to that
produced by concentrations of H,O, of 50—200 um (Fig. 1C).

In summary, to the best of our knowledge, this study provides
the first evidence that H,O, dramatically increases the amplitude
of tonic current generated by native GABA, receptors in neu-
rons. This novel regulatory effect may have important clinical
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implications, given that perturbations in tonic inhibition has
been implicated in multiple neurological disorders and age-
associated cognitive deficits (Brickley and Mody, 2012; Wang et
al., 2012). Suppressing the H,0,-enhanced tonic GABA current
might represent a novel strategy for preventing and/or treating
such neurological disorders.
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