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LI, M., H. C. ROSENBERG AND T. H. CHIU. Zinc inhibition of GABA-stimulated CI~ influx in rat brain regions is
unaffected by acute or chronic benzodiazepine. PHARMACOL BIOCHEM BEHAV 49(3) 477-482, 1994. — Zinc modula-
tion of GABA,, receptor function was studied using GABA-stimulated **C1~ influx into microsacs prepared from rat cerebral
cortex, cerebellum and hippocampus. Zinc (10-100 uM) did not affect the basal influx, but significantly inhibited GABA-
stimulated **Cl1- influx. The inhibition appeared to be noncompetitive. Zinc produced differing degrees of inhibition of
GABA-stimulated *C1” influx in different brain regions. The order of sensitivity to zinc inhibition of GABA-stimulated **C1~
influx was hippocampus > cerebral cortex > cerebellum. These regional differences may reflect the structural heterogeneity
of GABA , receptors among brain areas. Zinc inhibition was not affected by the short-term addition of three benzodiazepines,
diazepam, bretazenil and triazolam. The effect of diazepam and bretazenil to potentiate GABA-stimulated **C1~ influx was
not affected by zinc, but the effect of triazolam was decreased by zinc. In brain tissue prepared from flurazepam-treated rats,
there was no difference compared with controls in zinc inhibition of GABA-stimulated **Cl~ influx. The results indicate that

the effects of zinc on the GABA, receptor are largely independent of drugs acting on the benzodiazepine binding site.

C1™ influx Zinc Benzodiazepines Tolerance

THE 4-AMINOBUTYRIC acid, (GABA,) receptor is a li-
gand-gated Cl~ channel possessing numerous binding sites for
several classes of drugs that interact allosterically to either
potentiate or inhibit receptor function (22,27). A specific zinc
interaction with the GABA, receptor has also been demon-
strated (28). The current interest in zinc results from the obser-
vation that Zn®" is concentrated in synaptic terminals and
released upon electrical activation in sufficient quantities to
possibly act as a neuromodulator (35,39). Zinc has been found
to inhibit specific binding of GABA to brain membranes (2).
Zinc also inhibited the GABA, receptor-mediated inhibitory
responses in cultured hippocampal neurons (12,35), cultured
spinal cord neurons (4), frog dorsal root ganglion neurons
(40), and lobster muscle (29). However, it also has been re-
ported that zinc had no effect on GABA inhibition of dorsal
horn interneurons (5), and potentiated the effect of GABA on
guinea pig prepyriform neurons (30). In primary cultures of
rat superior cervical ganglion cells, zinc antagonized the
GABA-stimulated currents in cells from embryonic and young
animals, whereas neurons cultured from adults were insensi-
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tive to zinc (28,31). Such heterogeneous actions of zinc could
reflect the structural heterogeneity of GABA, receptors in
different cell types and at differing developmental stages.
Molecular cloning studies have established that GABA,
receptors contain various combinations of several subunit pro-
teins (o, B, v, 8, p), most of which exist in multiple forms,
each determined by separate genes (3,22). Expression studies
showed that GABA currents mediated by GABA, receptor
channels containing the o and 8 subunits were blocked by
zine, whereas channels containing the v, subunit in combina-
tion with « and/or 3 subunits were almost insensitive to zinc
(7,32). However, only a limited number of the many GABA ,
receptor subunits were studied, and the results may have been
partly determined by the particular expression system. In com-
parison with these expression experiments, the subunit compo-
sition of GABA, receptors in the brain is more complex and
more varied, with differences among brain regions (22,36,37).
In the present study, we examined zinc action on GABA,
receptor function in brain microsacs freshly prepared from
different brain regions using the *Cl~ influx technique.
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Several studies, such as those showing that chronic expo-
sure to benzodiazepines produced changes in the benzodiaze-
pine binding site (1,17,24,38) and in levels of the mRNA en-
coding some of the subunits of the GABA, receptor (9,10,
21,42), suggested that changes in the GABA, receptor occur
during chronic benzodiazepine treatment. To determine
whether such changes in the GABA, receptor would affect
zinc inhibition of GABA, receptor function, we also evalu-
ated the zinc action on GABA, receptor function in brain
tissue from rats after treatment with flurazepam for 1 week
according to a method known to produce tolerance in this
assay (14,20).

METHOD
Preparation of Brain Microsacs

Rats were decapitated and brains were quickly removed
and put into ice-cold buffer (145 mM NaCl, 2.5 mM K,SO,, 1
mM MgSO,, 2.5 mM CaCl,, 10 mM D-glucose, and 10 mM
HEPES adjusted to pH 7.4 with Tris base). Cerebral cortex,
hippocampus, and cerebellum were isolated, cleaned of super-
ficial blood vessels, and gently hand-homogenized in 30 ml of
ice-cold buffer (15 ml for hippocampus) in a glass homoge-
nizer fitted with a Teflon pestle (Thomas B, 15 up and down
strokes). The homogenate was centrifuged at 1000 x g for 15
min at 4°C. The resultant pellet was washed twice by resus-
pension in the same volume of buffer using high-speed vortex,
and centrifuged again. The final pellet was resuspended in
buffer to give a protein concentration of 6-7 mg/ml per assay.
Protein concentration was determined by the bicinchoninic
acid protein assay method (Pierce Chemical Company, Rock-
ford, IL) using bovine serum albumin as standard.

Measurement of **Cl™ Influx

Aliquots of microsacs (200 ul) were preincubated for 15
min at 30°C in a temperature-regulated water bath, then
mixed with the GABA mixture for 3 s. The GABA mixture,
also preincubated at 30°C, contained GABA (Sigma Chemical
Co., St. Louis, MO) and 0.4 xCi *Cl™ per assay as Na*Cl
in water (ICN Biomedicals, Irvine, CA). The reaction was
terminated by adding 5 ml of ice-cold buffer followed by rapid
filtration through a Schleicher and Schuell (No. 32) glass fiber
filter on a vacuum filtration unit (no. XX10-025-000; Milli-
pore Corp. Bedford, MA) modified as described previously
(14). The filter was washed twice more with 5§ ml ice-cold
buffer and the final radioactivity was counted with 5 ml of
Cytoscint (ICN Biomedicals) in a Beckman liquid scintillation
counter. All experiments were performed in triplicate.

Long-Term Treatment of Rats

Male Sprague-Dawley rats (initial weight 150-174 g, 250~
300 g at sacrifice) were treated as previously described (14,24).
Flurazepam was administered in 0.02% saccharin solution as
the only drinking water source. Based on the volume con-
sumed over the previous 24 h, the drug concentration was
adjusted to provide 100 mg/kg daily for the first 3 days and
150 mg/kg daily for the next 4 days. Rats were treated for 1
week and sacrificed without withdrawing flurazepam treat-
ment. Control rats were given 0.02% saccharin and handled
identically to the treated rats.

Data Analysis

Data were analyzed by analysis of variance (ANOVA), as
described subsequently. p < 0.05 was considered to be statis-
tically significant.
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RESULTS

Similar to earlier studies (14), both basal (GABA-indepen-
dent) and GABA-stimulated *Cl~ influx into brain microsacs
were stable, with no indication of a consistent increase or
decrease during the course of the experiment. Comparing the
values obtained at the beginning of the assay with those from
the end showed that 10 uM GABA-stimulated *Cl~ influx
changed no more than + 3%.

To examine the zinc action on GABA-stimulated *Cl1~ in-
flux, ZnCl, was added 1 min before the addition of the GABA
mixture. The final GABA concentration used for this experi-
ment was 30 uM, which produces a half-maximal response.
Zinc (10-100 uM) had no effect on the basal influx (results not
shown), but significantly inhibited, as a function of concentra-
tion, the 30 uM GABA-stimulated *Cl~ influx in cerebral
cortical membrane vesicles (Fig. 1). The 30-uM concentration
of zinc inhibited 30-uM GABA-stimulated *Cl~ influx ap-
proximately 50%, and this concentration was used to examine
the effect of zinc on the GABA concentration-response rela-
tion. It was found that 30 uM zinc inhibited GABA-stimulated
3%Cl1™ influx over a wide range of GABA concentrations (Fig.
2). However, the fractional inhibition was similar over the
entire range of GABA concentrations used (5-500 pM), and
the interaction appeared to be noncompetitive (inset, Fig. 2).
The inhibition by zinc could not be reversed by increasing
the GABA concentration to 500 gM, which is S times the
concentration required for maximum *Cl~ influx. Essentially
identical results were found in cerebral cortical microsacs pre-
pared from control rats (Fig. 2A) and flurazepam treated rats
(Fig. 2B). The GABA concentration-response curves shown
in Fig. 2 were analyzed by ANOVA with GABA concentration
used as a repeated measure. There was a significant effect of
GABA concentration [F(5, 110) = 319, p < 0.0001}, and a
significant effect of zinc [F(1, 22) = 52, p < 0.0001]. There
was no significant effect of flurazepam treatment [F(1, 22) =
1.44, p = 0.24], and no significant interaction between flu-
razepam treatment and the other grouping factors.

The inhibitory effect of zinc on 30 uM GABA-stimulated
%C1™ influx was compared in membranes from three brain
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FIG. 1. Zinc inhibition of 30 xM GABA-stimulated *Cl"~ flux into
microsacs prepared from cerebral cortex. Values are means + SEM
of four experiments.
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FIG. 2. GABA-stimulated **Cl~ flux in cerebral cortical microsacs in
the absence (open circles) and in the presence (closed circles) of 30 uM
ZnCl,. Insets show double reciprocal plots of the data using the data
points for the four lowest GABA concentrations, with calculated lin-
ear regression lines. (A) Results from six vehicle-treated rats. (B).
Results from seven flurazepam-treated rats.

regions (Fig. 3). In the absence of zinc, it was noted that 30
M GABA-stimulated *C1~ influx in rat brain vesicles varied
regionally. The relative order of magnitude of *Cl~ influx
(cortex = hippocampus > cerebellum) was similar to results
reported by Tietz and Chiu (33) in the same preparation, and
by Luu et al. (16) in synaptoneurosomes. Inhibition of GABA-
stimulated *Cl~ influx also varied regionally, being greatest
in hippocampus and least in cerebellum. In each brain region
studied, essentially identical results were found in microsacs
prepared from control rats (Fig. 3A) and flurazepam treated
rats (Fig. 3B). The results in Fig. 3 were analyzed by ANOVA.
There was a significant effect of zinc [F(1, 32) = 298, p <
0.0001] and among brain regions [F(2, 32) = 9.5, p < 0.001],
but no significant effect of flurazepam treatment [F(1, 32) =
0.006, p = 0.9]. A significant interaction between zinc and
brain region [F(2, 32) = 18, p < 0.0001] demonstrated the
regional difference in susceptibility to zinc.

The acute interactions of zinc with three benzodiazepines
(triazolam, diazepam, and bretazenil) were also examined. As
shown in Table 1, all three benzodiazepines enhanced GABA-
stimulated **Cl~ influx. Triazolam and diazepam produced a
greater maximum effect than the partial agonist, bretazenil.
In the presence of these benzodiazepines, zinc still produced
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FIG. 3. 30 xM GABA-stimulated **Cl~ flux in microsacs prepared
from cerebral cortex (CORTEX), hippocampus (HIPPO), and cere-
bellum (CEREB) in the absence (open bars) or in the presence of
30 uM ZnCl, (cross-hatched bars). Values indicate the mean percent
inhibition caused by zinc. (A) Results from six vehicle-treated rats.
(B) Results from seven flurazepam-treated rats.

the same relative inhibition of *Cl~ influx, as shown in the
far right column of Table 1. The effects of benzodiazepines,
expressed as the percent increase over the corresponding base-
line GABA-stimulated *Cl~ influx (i.e., at 0 or 30 uM zinc)
produced by the 1.0 uM concentration of each drug (means
shown in parentheses in Table 1) was used to analyze the

TABLE 1

BENZODIAZEPINE POTENTIATION OF 10 yM GABA-STIMULATED
¥CL~ INFLUX INTO CEREBRAL CORTICAL MICROSACS (n = 6)

Agent 0Zn** 30 uM Zn** % Inhibition
None 18.2 + 0.6 10.4 + 0.9 43%
Diazepam, 0.1 uM 24.1 £ 2.4 142+ 19 41%
Diazepam, 1 uM 30.0 £ 2.1 153+ 1.4 49%
(% Control)* (164 + 6) (147 + 4)

Bretazenil, 0.1 uM 207 £ 1.3 13.1 + 1.3 37%
Bretazenil, 1 uM 24.1 £ 1.8 13.4 + 2.1 44%
(% Control) (132 + 8) (129 + 14)
Triazolam, 0.1 uM 259 + 1.5 12.6 + 1.9 51%
Triazolam, 1 uM 28.9 + 2.1 12.5 =+ 1.4 57%
(% Control) (153 = 10) (128 = 3t

*Potentiation of GABA-stimulated **Cl~ flux by 1 uM benzodiaz-
epine, expressed as a percent of the corresponding control.
+Significantly less than the triazolam effect in the absence of Zn?*.
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zinc-benzodiazepine interaction. These data were analyzed by
ANOVA with specific planned comparisons for each drug.
For diazepam and bretazenil, the enhancement of GABA-
stimulated **C1~ influx, expressed as a percent of the appro-
priate baseline, was similar in the presence or absence of zinc.
However, zinc significantly reduced the effect of triazolam
[F(1, 15) = 5.5, p < 0.05].

DISCUSSION

The GABA,, receptor is a multisubunit complex containing
a number of allosteric binding sites that can modulate recep-
tor-ion channel function (22,27). Zinc has been shown to in-
hibit GABA, receptor function (2,4,26,31,35). Previous re-
ports were obtained mainly from cultured neurons using
electrophysiologic techniques. The present results have pro-
vided further evidence of zinc antagonism of GABA, receptor
function in brain membrane vesicles using the **Cl™ influx
technique. Our data were consistent with the report of Leg-
endre and Westbrook (12) from cultured hippocampal neu-
rons, which indicated that zinc is a noncompetitive inhibitor
of GABA, receptor function, but differed from other data
that showed competitive inhibition by zinc of GABA action
on frog dorsal root ganglion neurons (40).

The noncompetitive nature of zinc inhibition suggests that
zinc does not compete with GABA for the recognition site.
Previous electrophysiologic studies revealed that the effect of
zinc was apparently independent of the binding and effects of
other agents acting at the GABA, receptor, including benzodi-
azepines, barbiturates, steroids, and convulsant antagonists
(4,28). This is further supported by the present experiments.
Assays of the acute interaction between zinc and benzodiaze-
pines revealed that although diazepam, triazolam, and breta-
zenil increased the potency of GABA, they had no effect on
the action of zinc. In addition, zinc had no significant effect
on the ability of diazepam or bretazenil to enhance GABA-
stimulated *C1~ influx. These findings point to a lack of inter-
action between zinc and benzodiazepine sites on the GABA
receptor. Unlike the other two benzodiazepines, triazolam po-
tentiation of GABA-stimulated **Cl1~ influx was inhibited by
zinc. This may indicate some difference in the interaction of
triazolam, as compared with other benzodiazepines, with GA-
BA, receptors, or may suggest some other unexpected interac-
tion between zinc and triazolam in the assay.

The effect of long-term benzodiazepine administration was
also studied. It has been reported that long-term treatment
with benzodiazepines can reduce their binding (17,24,34), and
tolerance can be shown by a reduced ability to enhance
GABA-stimulated Cl™ influx (1,14,20,41), suggesting struc-
tural and functional changes of GABA,/benzodiazepine re-
ceptors after long-term treatment with benzodiazepines. Even
if zinc and benzodiazepines do not share a common recogni-
tion site on the GABA, receptor, there could still be alter-
ations in the receptor during long-term treatment that might
affect zinc inhibition of GABA, receptor function. Although
the flurazepam treatment used is known to produce tolerance
in this CI~ influx assay (14,20), there was no difference in zinc
effect between control and flurazepam-tolerant rats in any of
the three brain areas studied. Like the short-term interaction,
long-term benzodiazepine administration also indicated inde-
pendence of zinc and benzodiazepine effects on the GABA,
receptor.

The regional variation of GABA-stimulated C1~ influx and
zinc antagonism of GABA response could be due to regional
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differences in GABA, receptors. There is ample evidence for
such GABA , receptor heterogeneity. The existence of multiple
GABA,, receptor protein subunits provides a theoretical basis
for multiplicity of GABA, receptors (3,15). Regional differ-
ences in GABA, receptors have been found by comparing
immunohistochemical localization of receptors with a mono-
clonal antibody and autoradiographic distribution of [*H)-
muscimol and [PHJRO15-1788 binding sites (25). Several stud-
ies have provided evidence for varying regional distribution of
receptor subunits using cDNA or cRNA hybridization (11,
13,19,26,37). Further investigation might address the possible
role of differences in GABA , receptor subunit composition in
determining regional variability in GABA-stimulated C1~ flux
and its sensitivity to zinc.

Expression studies showed that hetero-oligomeric GABA ,
receptor channels composed of only « plus 8 subunits were
sensitive to zinc inhibition but were not affected by benzodiaz-
epines, whereas channels that contained the v subunit in com-
bination with o and 8 subunits were sensitive to typical benzo-
diazepine potentiation (23), but rather insensitive to zinc (7).
In addition, Smart et al. (32) also demonstrated that the re-
combinant GABA, channels expressed in kidney cells could
be differentiated in terms of sensitivity to zinc: receptors con-
taining the v, subunit were relatively less sensitive to zinc inhi-
bition. From these observations, it might be surmised that
GABA,, receptors exist in forms that are sensitive to benzodi-
azepine but not zinc, and others sensitive to zinc but not ben-
zodiazepine. Thus, in a system containing a heterogeneous
population of GABA, receptors (such as intact neurons in the
brain or the microsac preparation), the zinc sensitivity would
depend on the complement of v, subunit-containing GABA,
receptors. The greater the fraction of receptors with the «,
subunit, the greater the benzodiazepine effect, and the greater
the resistance to zinc. If this hypothesis were correct, inhibit-
ing GABA, receptors that did not include v, subunits would
leave only those at which benzodiazepines could act, and the
relative effect of benzodiazepines would be magnified. Recent
work by Davies et al. (6), who investigated the potentiation of
Cl™ influx by flunitrazepam in rat brain microsacs, found that
100 uM zinc inhibited a constant amount of 10 uM GABA-
stimulated *Cl™ influx over a range of flunitrazepam concen-
trations, which supports the hypothesis. However, our data
did not support the hypothesis. We found that a constant
fraction of C1~ flux was inhibited by zinc, and that the percent
enhancement of 10 uM GABA-stimulated Cl~ influx pro-
duced by diazepam or bretazenil was not affected by zinc,
whereas the percent enhancement by triazolam was actually
decreased in the presence of zinc. The regional sensitivity to
zinc inhibition of GABA response also did not support the
idea that only receptors devoid of the y subunit would be
sensitive to zinc. We found that zinc¢ had the greatest effect in
hippocampus and least in cerebellum. However, the relative
abundance of the v, subunit mRNA is no less in hippocampus
than in cerebellum (18,26,36). The hypothesis that sensitivity
to zinc inhibition and benzodiazepine responsiveness are in-
versely correlated was also not supported by experiments on
cultured hippocampal (12) and superior cervical ganglion neu-
rons (32), in which benzodiazepines potentiated and Zn** in-
hibited GABA-mediated currents in the same neurons. It
should be noted that these experiments differ from those in
which recombinant receptors are expressed, in that heteroge-
nous populations of receptors likely contributed to the re-
sponse. In the microsac preparation used in the present Cl™
flux experiments, an even greater degree of receptor heteroge-
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neity is likely. Recently, Gurley et al. (8) reported that block-
ing vy expression in the presence of cortical mRNA does not
alter sensitivity to zinc. These findings, as well as those pre-
sented here, suggest that the zinc sensitivity of neurons is de-
termined by factors other than, or in addition to, the presence
or absence of a y subunit in the GABA , receptors.
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17.
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