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Abstract

The activity of many receptors and ion channels in the ner-
vous system can be regulated by redox-dependent mecha-
nisms. Native and recombinant GABA, receptors are
modulated by endogenous and pharmacological redox
agents. However, the sensitivity of GABA¢ receptors to redox
modulation has not been demonstrated. We studied the ac-
tions of different reducing and oxidizing agents on human
homomeric GABAp; receptors expressed in Xenopus laevis
oocytes. The reducing agents dithiothreitol (2 mM) and N-
acetyl-L-cysteine (1 mM) potentiated GABA-evoked CI™ cur-
rents recorded by two-electrode voltage-clamp, while the
oxidants 5-5’-dithiobis-2-nitrobenzoic acid (500 uM) and oxi-
dized dithiothreitol (2 mM) caused inhibition. The endogenous
antioxidant glutathione (5 mM) also enhanced GABAp;,

Multiple lines of evidences indicate an important role of
redox mechanisms and reactive oxygen species in the
regulation of cell function in the CNS (Lipton et al. 2002;
Safiulina et al. 2006; Kishida and Klann 2007; Sidlo et al.
2008). As redox status can significantly change during
normal and/or pathological conditions, the study of the
endogenous and pharmacological redox-dependent modula-
tion is fundamental for a genuine understanding of the
mechanisms controlling neuronal activity (Annunziato et al.
2002; Rice et al. 2002). Many neurotransmitter receptors,
including glutamate and GABA, receptors, as well as
diverse voltage-gated ion channels and transporters are
subject to redox modulation (Bouzat ef al. 1991; Ruiz-
Gomez et al. 1991; Ruppersberg et al. 1991; DiChiara and
Reinhart 1997; Trotti et al. 1997; Todorovic et al. 2001;
Lipton ef al. 2002; Chu et al. 2006). Thus, besides their
participation in metabolic pathways in neurons and glial
cells, redox mechanisms may regulate signaling processes
thus shaping membrane excitability and modulating synaptic
transmission.

Based on their pharmacology, GABA( receptors were
classified as a separate class of GABA receptors (Sivilotti
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receptor-mediated currents while its oxidized form GSSG
(83 mM) had inhibitory effects. All the effects were rapid and
easily reversible. Redox modulation of GABAp, receptors was
strongly dependent on the GABA concentration; dose—re-
sponse curves for GABA were shifted to the left in the pres-
ence of reducing agents, whereas oxidizing agents produced
the opposite effect, without changes in the maximal response
to GABA and in the Hill coefficient. Our results demonstrate
that, similarly to GABA, receptors and other members of the
cys-loop receptor superfamily, GABAc receptors are sub-
jected to redox modulation.
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tors, GABA receptors, redox modulation, retina.
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and Nistri 1991). GABA 4 and GABA( receptors are GABA-
gated pentameric chloride (CI7) channels members of the
cys-loop-containing neurotransmitter receptor superfamily
(Moss and Smart 2001; Connolly and Wafford 2004).
Remarkably, GABAc receptors are insensitive to the
GABA, competitive antagonist bicuculline (Sivilotti and
Nistri 1991) and appear to be exclusively composed of p
subunits (p;, p,, and p3) that yield homomeric and hetero-
meric receptors (Zhang et al. 2001). GABA( receptors are
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highly expressed in the retina and other visual areas, but p
subunits were found to be widely distributed in the CNS
(Strata and Cherubini 1994; Enz et al. 1995; Albrecht et al.
1997; Boue-Grabot et al. 1998; Wegelius et al. 1998; Enz
and Cutting 1999) and their expression is developmentally
regulated (Ogurusu et al. 1999; Didelon et al. 2002; Rozzo
et al. 2002; Liu et al. 2004; Alakuijala et al. 2005). Func-
tional GABA( receptors were localized at many different
neuronal subtypes (Feigenspan ef al. 1993; Strata and
Cherubini 1994; Martina et al. 1997; Pasternack et al.
1999; Alakuijala et al. 2006).

Native and recombinant GABA, receptors can be regu-
lated by redox mechanisms (Pan ez al. 1995, 2000; Amato
et al. 1999; Leszkiewicz and Aizenman 2003). The sulfhy-
dryl reducing agents GSH and dithiothreitol (DTT) potentiate
GABA, responses, while the oxidizing agents GSSG and 5-
5’-dithiobis-2-nitrobenzoic acid (DTNB) inhibit them and the
degree of redox modulation depends on the subunit compo-
sition (Amato et al. 1999; Pan et al. 2000; Wilkins and Smart
2002). Meanwhile, the modulation of GABA( receptors by
redox mechanisms has not been revealed. Similarly to all the
GABA, receptor subunits, p subunits forming GABAc
receptors contain a number of aminoacidic residues capable to
undergo redox modulation, including the two characteristic
cysteine residues located on the N-terminus which are thought
to participate in forming a disulphide bridge. Previous data
suggested an apparent lack of sensitivity of GABAp,
receptors to sulthydryl reagents (Pan et al. 2000). However,
Pan et al. (2000) did not assess the effects of redox agents on
GABAp, receptors at different GABA concentrations. Thus,
a more detailed characterization of the effects of redox agents
on these receptors was lacking. We analyzed the effects of
different reducing [DTT, GSH, and N-acetyl-L-cysteine
(NacC)] and oxidizing [DTNB, GSSG, and oxidized DTT
(0xDTT)] compounds on human homomeric GABAp,
receptors expressed in Xenopus laevis oocytes by using
two-electrode voltage-clamp recordings of GABA-evoked
CI™ currents. Our results demonstrate that, as are the GABA 4
receptors and other members of the cys-loop receptor group,
GABAC receptors are susceptible to redox modulation.

Materials and methods

RNA preparation, oocyte isolation and cell injection

A human cDNA encoding the p; GABA( receptor subunit cloned in
the in vitro transcription-suitable vector pGEM was used as a
template to synthesize cRNAS in vitro. cRNA solutions (0.1-0.3 ng/
nL) were prepared in Rnase-free H,O and stored at —70°C. X. laevis
(Nasco, Modesto, CA, USA) oocytes at stages V and VI were used
for expression of exogenous cRNAs. Isolation and maintenance of
cells were carried out as previously described (Miledi et al., 1989).
Briefly, frogs were anesthetized with 3-aminobenzoic-acid ethylester
(~1 mg/mL) and ovaries surgically removed. Ovaries were incu-
bated with 200 U/mL collagenase for 30 min at 23-24°C,

© 2008 The Authors

and isolated oocytes were maintained in an incubator at 17°C in
Barth’s medium (in mM: 88 NaCl; 0.33 Ca(NOs),; 0.41 CaCl,; 1
KCI; 0.82 MgSO,; 2.4 NaHCO;; 10 HEPES and 0.1 mg/mL
gentamycin; pH adjusted to 7.4 with NaOH). After 1 day, each
oocyte was manually microinjected (microinjector Drummond Sci.
Co., Broomall, PA, USA) with 50 nL of a solution containing
5-50 ng of cRNA.

Electrophysiological recordings

Two-electrode voltage-clamp recordings were performed 3—7 days
after oocyte injection with an Axoclamp 2B amplifier (Axon
Instruments, Union City, CA, USA). Standard glass recording
electrodes were made in a puller Narishige PB-7 (Narishige
Scientific Instrument Lab., Tokyo, Japan) and filled with 3 M
KCI. Pipette resistance values were approximately 1 MQ. The
holding potential was set to —70 mV and current traces acquired in a
PC through a Labmaster TL-1 DMA interface (Scientific solutions
Inc., Solon, OH, USA) using AXOTAPE software (Axon Instruments).
Cells were placed in a chamber (volume 100 pL) continuously
superfused (12 mL/min) with frog Ringer’s solution (in mM: 115
NaCl; 2 KCI; 1.8 CaCl,; 5 HEPES; pH 7.0). The agonist and other
drugs were applied through the perfusion system (Goutman et al.
2005). DTT, DTNB, GSH, GSSG, NacC, and N-tris[hydroxymeth-
yl]methylglycine (tricine) solutions were prepared freshly each day
in normal Ringer’s. The pH was always adjusted to 7.0 with NaOH
(1 M). All the experiments were carried out at room temperature
(23-24°C).

Materials

The transcription kit mMessage mMachine was purchased from
Ambion (Austin, TX, USA) and type I or type II collagenase from
Worthington (Freehold, NJ, USA). The agonist and all the drug and
salts, HEPES, 3-aminobenzoic-acid ethylester and Rnase-free H,O
were purchased from Sigma-Aldrich (St Louis, MO, USA).

Data analysis

Data were analyzed with Prism v. 4.0 (GrarHPAD Software, Inc. San
Diego, CA, USA). Dose-response curves (D-R) for GABA were
fit with a logistic equation of the following form: [, =
B{l — 1/[1 + (A/ECs0)"]}, where 4 is the agonist concentration,
B the maximal response, ECsy the concentration of agonist that
elicits half-maximal responses, and n the Hill coefficient. Percent-
age of potentiation was calculated as [(Igaapi redox X 100/
IgaBAp1 control) = 100], where IGapapi redox indicates the current
amplitude evoked at each particular GABA concentration in the
presence of the different redox modulators and Igagapi control
the corresponding responses in the absence of modulators. Paired-
sample #-tests (two tailed) were employed to evaluate significant
differences between parameters.

Results

Modulation of GABAp, receptors by reducing and oxidizing
agents

In oocytes expressing homomeric GABAp; receptors GABA
applications induced large bicuculline-insensitive inward
currents which showed very little desensitization; the
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Fig. 1 Redox modulation of homomeric p4
GABAC receptors expressed in Xenopus
oocytes. Effects of reducing and oxidizing
agents on GABAp, receptor mediated CI™
currents. Representative traces of the GA-
BAp4 responses elicited by 0.3 uM GABA
(indicated as bars) in the absence (control)
or presence of redox agents. Reducing
agents DTT (2 mM), GSH (5 mM), and
NacC (1 mM) potentiated the GABA-
evoked currents (left panel), while oxidizing
agents oxDTT (2 mM), GSSG (3 mM), and
DTNB (500 uM) produced inhibitory effects
(right panel). For this and the subsequent
figures, oocytes were voltage-clamped at
—-70 mV. Scale bars indicate current
amplitude (y-axis) and time (x-axis).

currents showed a reversal potential about —20 mV as
expected for Cl™ selective GABA channels expressed in
oocytes. Figure 1 illustrates representative responses elicited
by 0.3 uM GABA in voltage-clamped oocytes (=70 mV) in
the absence or presence of different redox agents. Bath
application of DTT (2 mM) significantly potentiated GA-
BAp; responses while oxDTT (2 mM) produced inhibition
(Fig. 1). Similar results were obtained by using the reduced
and oxidized forms of glutathione (GSH =5 mM and
GSSG = 3 mM, respectively) (Fig 1). The reducing agent
NacC (1 mM) also enhanced GABAp,-receptor activity,
whereas DTNB (500 uM), a potent oxidizing agent,
decreased GABAp, responses (Fig. 1). The concentrations
selected for testing the effects of all these compounds were
equivalent to those previously used to study the redox
modulation of different GABA receptor subtypes. Figure 2
summarizes the effects of redox agents on GABAp,
responses. The effects elicited by the redox modulators were
rapid, stable, and fully reversible after washout and this is
illustrated in Fig. 2 (inset), as a rapid deflection of the current
trace during drug application. The effects induced on
GABAp;-currents by on-top applications of the redox
modulators (inset Fig. 2) were equivalent to those observed
during the simultaneous applications of GABA and the redox
agents (as shown in Fig. 1). No appreciable effects on the
oocyte properties, such as membrane potential, membrane
resistance or current baseline under voltage-clamp, were
observed during applications of the redox agents. The
exposure of mRNA injected or sham oocytes to the redox
agents for 2 min in the absence of GABA produced no
significant changes in the current baseline: DTT 2 mM
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+ oxDTT

-0.7+£2.1 nA; oxDTT 2mM -6.3+42nA; DTNB
500 pM 6.9 + 6.2 nA; GSH 5 mM -0.7 + 0.4 nA; GSSG
3mM —1.4 + 1.9 nA, and NacC —1.1 £ 0.1 nA (n = 3-4).
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Fig. 2 Effects of reducing and oxidizing agents on the GABAp;,
receptor. Bar graph summarizing the data obtained for redox modu-
lation induced by the different redox agents. Responses were nor-
malized to control current (0.3 uM GABA) (dashed line). Potentiation
induced by reducing compounds was as follows: DTT 2 mM =
138.0 £ 27.8% (p<0.003, n=9); GSH 5mM=108.7 + 25.2%
(p<0.01, n=5) and NacC 1 mM = 197.2 + 73.8% (p < 0.03, n = 4).
Percentages of inhibition induced by oxidizing compounds were as
follows: oxDTT 2 mM = 31.7 + 9.3% (p < 0.03, n = 4); GSSG 3 mM =
31.6 £8.1% (p<0.03, n=4) and DTNB 500 uM = 25.3 + 6.1%
(p < 0.003, n = 5). The effects of redox agents on GABAp4 receptors
were easily reversible. Inset: representative experiment illustrating the
fast onset and offset showed by DTT acting on top of a GABA-evoked
response.
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The modulatory effects of redox agents on the GABAp;
receptor currents were dependent on the GABA concentra-
tion. For example, the potentiation of the GABAp; responses
exerted by DTT (2 mM) was minimized at GABA concen-
trations above 1 pM. The maximal increase was obtained at
GABA 0.01 uM (183.3 + 61.7%; n = 3), while potentiation
was non-significant at GABA concentrations higher than
1 M (for GABA 1 pM =2.4 £ 1.7%, n = 3; for GABA
3uM =34+ 1.3%, n=4 and for GABA 10 pM = 0.6 £
1.0%, n =3). A similar situation was observed for GSH
(5§ mM) that increased GABAp, responses a 29.5 + 7.1%
(n=15) at 1 uM GABA, but GSH applications were
ineffective in modulating GABAp,; responses evoked by
higher GABA concentrations (0.0 + 0.1% at GABA 10 uM;
n = 3). The effects produced by oxidizing agents were also
prevented by increasing GABA concentration and the results
were as follows: at GABA 1 uM the percentage of inhibition
was: for oxDTT (2 mM) = 7.1 + 1.9% (n = 4), for GSSG
(B3 mM) =334+ 1.7% (n = 3); and for DTNB (500 pM) =
22.6 £43% (n=15). Meanwhile, at GABA 10 uM the
percentage of inhibition was: for oxDTT (2 mM) = 0.2 +
0.5% (n = 3); for GSSG (3 mM) = 0.9 £ 0.3% (n = 3); and
for DTNB (500 pM) = 2.7 + 1.3% (n = 3).

To further study the dependence of GABAp, receptor
redox modulation on GABA concentration, D-R curves for
GABA cither in the absence (control) or the presence of
different redox compounds (Fig. 3) were performed. DTT
(2 mM) and GSH (5 mM) shifted the D-R curves to the left
and significantly decreased the GABA ECs, (*p < 0.001)
without considerable changes in the Hill coefficients (rHill).

1001 ¢ control 1001 e control

Values obtained were as follows: ECsy = 0.74 £ 0.01 puM,
nHill = 1.74 £+ 0.03 (control); ECso prr = 0.58 £ 0.01 uM*,
nHillprr = 1.30 £ 0.07;  ECs¢p  gsu = 0.52 £ 0.01 uM¥*,
nHillgsy = 1.95 £ 0.01. In contrast, oxidizing compounds
shifted the D-R curves to the right, increasing the GABA
ECsy. Values obtained were: ECsg oxprr = 1.13 £ 0.01 pM*
(*p <0.001) and nHillsxprr = 1.81 £ 0.05; ECso gssg =
1.25 £ 0.03 uM and nHillggsg = 1.56 + 0.08; ECs0 ptng =
1.03 £ 0.01 uM* and nHillprng = 1.88 + 0.03. No changes
in the maximal responses to GABA were found in the entire
set of experiments.

Current—voltage relationships (I-V curves) for the
GABAp, receptors were carried out in the presence or
absence of redox agents. The effects of redox agents were
independent of the membrane potential. A significant change
in the slope without alteration in the linearity of the -V
relationship or the reversal potential, in the range between
—120 and +40 mV, was observed in the presence of the redox
agents. Figure 3 illustrates representative experiments
performed with GSH and GSSG.

Chelation of Zn?* traces present in frog Ringer’s did not
affect GABAp, currents

It is known that the redox modulation of some GABA4
receptor variants can be obscured by complexation with basal
contaminating levels of Zn®*, causing a partial persistent
inhibition of the response to GABA (Wilkins and Smart
2002). Thus, at low concentrations of DTT, a substantial
component of the potentiation induced by reducing agents
occurs via Zn®" chelation. In contrast, at higher concentra-

S |obDTT2mm < o GSH5mM
3 75{0 oxDTT2mM S 75] 0 GSSG3mM
° °
-g 504 .g 50+
< ©
E 25 E 25 Fig. 3 Analysis of the effects of redox
§ § agents on the GABAp4 receptor. Dose—re-
04 0 sponse curves for GABA in the absence
1'0-8 1'0-7 1'0-6 1'0-5 1'0_8 1'0_-, 1' 0 1'0_5 (control @) or presence of: (a) DTT (2 mM)
[GABA] (M) [GABA] (M) (O) or oxDTT (IJ) (2 mM); (b) GSH (5 mM)
(O) or GSSG (3 mM) (L) and (c) DTNB
_ 1001 e control —e— control (500 pM) (O). Response amplitudes were
5 © DTNB 500 uM —— GSH5mM 200 expressed as fraction of 30 uM GABA-
o 757 -7 GSSG3mM /./o/'/. evoked currents (maximal response). Each
; ; 40 point represents the mean and SEM of the
_&’ 501 ' Ga— responses obtained from 3 to 9 oocytes,
© V(mV) notice that some of the standard error bars
g 251 are hidden by the symbols. (d) Represen-
4 tative traces of the |-V relationships ob-
0 . . . . i tained for GABAp; responses evoked by
10® 107 10" 105 I(nA) 0.3 uM GABA in the presence or absence
[GABA] (M) -400- of GSH or GSSG.
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Fig. 4 GABAp; receptor-mediated responses are not affected by
contaminating Zn?* traces. Dose-response curves for GABA in the
absence (control) or presence of the heavy metal chelator tricine
(10 mM). Response amplitudes were expressed as fraction of 30 uM
GABA-evoked currents (maximal response). Each point represents
the mean and SEM of the responses obtained from five oocytes.

tions, DTT is acting as a redox agent (Wilkins and Smart
2002). p; subunits are also inhibited by Zn>" (Calvo et al.
1994; Chang et al. 1995; Wang et al. 1995), but they are
considerably less sensitive compared with their aff GABAA
receptor counterparts (Draguhn et al. 1990; Pan et al. 2000).
Therefore, traces of Zn>" would have little or not effect on
GABAp, receptor function. Nevertheless, as DTT is a Zn>"
chelating agent, we studied whether or not the potentiation of
GABAC( receptor currents by DTT could be due, at least in
part, to chelation of Zn®* present in the recording solutions
(as traces of around 100 nM) (Choi ef al. 2001). To address
this question, we performed D-R curves for GABA in the
presence or absence of the heavy metal chelating agent
tricine (10 mM) that complexes with free Zn>* (Wilkins and
Smart 2002). As shown in Fig. 4, D-R curves before and
after the application of tricine were not significantly different.
The ECsy for GABA was, in control conditions: 0.79 +
0.02 uM with a rHill of 1.95 +0.08, (n =5), and in the
presence of tricine ECsq was 0.88 + 0.05 uM, with a nHill of
1.8 £ 0.06 (n = 5; p <0.001). These results suggest that, in
our in vitro recording conditions, GABAp, receptors are not
subject to basal inhibition by Zn*" or other heavy metals, and
that redox modulation is not obscured by Zn** traces as in
the case of a3, GABA,4 receptors.

Discussion

Our results demonstrate that GABA( receptors formed by p;
subunits were susceptible to redox modulation. The reducing
reagents DTT, GSH, and NacC potentiated GABAp;
responses and the oxidizing reagents oxDTT, GSSG, and
DTNB caused inhibition. The susceptibility of the GABAp;
receptors to both reducing and oxidizing agents suggests that
the p; subunits are in equilibrium between fully oxidized and
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fully reduced forms. The overall effect induced by reducing
agents on GABAp, responses (an average potentiation of
150%) was greater than the effects observed for oxidizing
compounds (an average inhibition of 30%). This asymmetry
suggests that a large fraction of the GABAp; receptors
expressed in oocytes are in a relatively oxidized form.

The rate of onset and reversibility of the actions of redox
agents on GABAp, receptors suggest an extracellular redox
modulatory site. This interpretation is supported by several
observations. First, the membrane-impermeant agent GSH
and the permeant agent DTT were equally effective and
second, their actions were voltage independent. Moreover,
the modulation of GABAp, receptors by redox agents was
dependent on GABA concentration. Reducing agents signif-
icantly decreased the GABA ECs, whereas oxidizing agents
exerted the opposite effect, both without changing the
cooperativity for ligand interaction (nHill). As redox mod-
ulation did not affect the maximal values in the D-R curves,
a change induced by redox agents in the number of receptors
in the membrane surface seems unlikely. Similar to other
members of the cys-loop receptor superfamily, p; GABAc
receptor subunits contain two conserved cysteine residues
which are separated by 13 amino acids and presumably form
a disulphide bridge. This cys-loop is located in the N-
terminal domain (Zhang et al. 2001; Connolly and Wafford
2004), but is not part of the agonist/antagonist binding
pocket (Amin et al. 1994; Sedelnikova et al. 2005). Given
the possibility of an external site of action for redox agents
and the proposed membrane topology of the GABAp,
receptor (Zhang et al. 2001), these cysteine residues are good
candidates to be the redox modulatory sites. This is in
agreement with the ability of DTT to reduce disulphide
bridges to sulfhydryl groups. Although p; subunits do not
have additional cysteines facing the extracellular side, other
aminoacidic residues such as methionine, tyrosine, phenyl-
alanine, histidine, or lysine, could suffer redox-dependent
side chain modification (Chu ef al. 2006). In fact, the
proposed agonist binding pocket of the GABAp, receptor
contains four residues of this type (Sedelnikova et al. 2005).
Consequently actions in other sites of the receptor cannot be
ruled out. Future site-directed mutagenesis studies could help
to gain insight into these issues. However, such studies were
complicated by the fact that mutagenesis of the cysteines
forming the characteristic loop in this class of receptors
commonly produces failure of subunit assembly (Amin et al.
1994).

The lateral shifts produced by redox agents on the GABA
activation curve of GABAp; receptors can be explained
assuming that redox modulation can decrease (by reducing
agents) or increase (by oxidizing agents) the energy barrier
for GABA activation. This might be achieved by altering
GABA binding sites in the GABAp; receptors. For example,
redox agents could directly modify one or more of these sites
producing changes in the agonist binding affinity (Colqu-
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houn 1998). Alternatively, they could allosterically influ-
ence GABA binding by changing the conformation of the
binding pocket from a distant location. In addition, redox
agents could induce conformational rearrangements that
impact on the single-channel properties, for instance by
changing the energetic of channel opening after agonist
binding through an allosteric mechanism (Colquhoun
1998). However, based on a kinetic model of the p;
homomeric GABA receptor, it was proposed that large
changes in gating efficiency induced by site-directed
mutations result in small changes in the EC5o (Amin and
Weiss 1994; Chang and Weiss 1999). Redox modulation
could as well simultaneously alter affinity and gating. At
present, binding studies using thiol reducing and oxidizing
agents were only performed at GABA, receptors and
yielded conflicting results (Marangos and Martino 1981;
Allan and Baier 1992). On the other hand, the small single
channel conductance of GABAp; receptor channels makes
the analysis of unitary GABAp; currents technically
difficult (Martina et al. 1995; Wotring et al. 1999). Thus,
further studies and different approaches will be required to
get a more accurate description of the action mechanisms
underlying redox modulation of the GABAp, receptors.

The fact that redox modulation of GABAp; receptors
was strongly dependent on the GABA concentration is in
contrast with the non-competitive mechanism shown by
the same agents acting on GABA, receptors comprising
of subunits (Amato et al. 1999; Pan et al. 2000). How-
ever, redox modulation of GABA, receptors was shown to
be dependent on subunit composition, for example recep-
tors composed of aff subunits (e.g. o;B;, o1P2, and orf;)
are significantly more sensitive to redox modulation than
receptors containing ofyy subunits, particularly the v,g
subunit (e.g. o;PBiy2s, 91P2Y2s, and oy Bsyas) (Pan ef al
2000). In fact, the effects observed on GABA D-R curves
for GABAp; receptors in the presence of reducing
compounds are very similar to that previously reported
for GABA, receptors from rat retinal ganglion cells after
DTT treatment (Pan ef al. 1995), and the potency shown
by DTT is comparable. It was shown that retinal ganglion
cells can express o3, Pr3, and 7, GABA, receptor
subunits (Greferath et al. 1993; Koulen et al 1996).
Interestingly, even though recombinant GABA, receptors
carrying Y,s subunits are considerable less sensitive to
redox agents than those lacking this subunit, the degree of
DTT potentiation can be restored by using lower GABA
concentrations (Pan et al. 2000).

In addition, our results suggest that GABAp; receptors are
not subjected to basal inhibition by Zn®>" or other heavy
metals, and that redox modulation is not obscured by Zn*"
traces as in the case of o3, GABA, receptors (Wilkins and
Smart 2002). Therefore, concerning redox modulation,
homomeric GABA¢ receptors formed by wild-type p;
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subunits appear to show some parallels with GABA,
receptor subtypes containing y,g subunits.

The functional regulation of neuronal GABA( receptors
by redox mechanisms might be physiologically relevant
considering the generation and release of endogenous redox
agents in the CNS. It was shown that GSH and ascorbic acid
can reach millimolar concentrations in specific areas of the
CNS (Kosower and Kosower 1978; Organisciak et al. 1984;
Slivka et al. 1987a,b; Yudkoff et al. 1990; Rice 2000), that
includes the retina, hippocampus, and cerebral cortex, where
GABA( receptors are selectively expressed. In addition,
Ca**-dependent release of GSH from neuronal tissue
(Zangerle et al. 1992) and glutamate—ascorbate heteroex-
change at excitatory synapses (Rice 2000) were demon-
strated. Redox modulation of ion channel activity was
proposed as an endogenous mechanism to prevent neurotox-
icity induced by oxidative stress, for example after a free
radical-mediated modification of channel function (Dirksen
2002). In addition to its role in controlling the oxidative
damage, redox modulation can be involved in diverse
signaling pathways that regulate the normal activity of
receptors that mediate excitatory and inhibitory neurotrans-
mission, including GABA( receptors.
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