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ABSTRACT GABAergic synaptic responses were studied by direct, monosynaptic
activation of GABAergic interneurons in the CA1 region of in vitro hippocampal slices
from rats made tolerant to the benzodiazepine, flurazepam. Monosynaptic IPSPs were
elicited in CA1 pyramidal neurons, following 1 week oral flurazepam administration, by
electrical stimulation at the stratum oriens/stratum pyramidale or stratum radiatum/
stratum-lacanosum border # 0.5 mm from the recording electrode plane. Excitatory
input to pyramidal cells and interneurons was eliminated by prior superfusion of the
glutamate receptor antagonists, APV (50 µM) and DNQX (10 µM). GABAA receptor-
mediated early IPSPs were further isolated by perfusion of the GABAB antagonist, CGP
35348 (25 µM) or by diffusion of Cs1 from the recording electrode. GABAB receptor-
mediated late IPSPs were pharmacologically isolated by perfusion of the GABAA

antagonist, picrotoxin (50 µM). There was a significant decrease in the amplitude of
pharmacologically isolated early and late IPSPs in FZP-treated neurons without a
change in passive membrane properties. A shift of the early IPSP, but not the late IPSP,
reversal potential in FZP-treated neurons suggested that a change in the driving force for
anions, presumably Cl2, in CA1 neurons was one important factor related to the
decreased early IPSP amplitude after prolonged activation of GABAA receptors by
flurazepam. A decreased early IPSP amplitude accompanied by a decreased late IPSP
amplitude suggested that presynaptic GABA release onto FZP-treated pyramidal cells
may also be reduced. We conclude from these data that an impairment of GABAergic
transmission in CA1 pyramidal neurons associated with the development of tolerance
during chronic benzodiazepine treatment may be related to the regulation of both pre-
and postsynaptic mechanisms at the GABA synapse. Synapse 25:125–136,
1997. r 1997 Wiley-Liss, Inc.

INTRODUCTION

Benzodiazepines bind to the benzodiazepine recogni-
tion site on the GABAA receptor and selectively potenti-
ate fast inhibitory neurotransmission by increasing the
frequency of chloride channel opening in response to
GABA (Burt and Kamatchi, 1991; Macdonald and An-
gelotti, 1993). With repeated or prolonged administra-
tion, the anticonvulsant action of benzodiazepines and
their clinical benefit are diminished. This reduced sen-
sitivity to benzodiazepines actions, i.e., functional toler-
ance, has been well documented in several animal mod-

els and has been associated with decreased
benzodiazepine and GABA responses at the postsynap-
tic GABAA receptor. GABA agonist-stimulated Cl2 in-
flux into synaptosomes (Gallager et al., 1991; Miller et
al., 1988), as well as the ability of benzodiazepines to
potentiate
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GABA-mediated Cl2 influx (Yu et al., 1988), was re-
duced following different chronic benzodiazepine treat-
ments.Areduction in the ability of benzodiazepines and
GABA actions to decrease neuronal firing rates was
shown in several brain regions in in vivo electrophysi-
ological studies following chronic flurazepam (FZP) or
diazepam administration (Gallager et al., 1991; Tyma
et al., 1988; Waterhouse et al., 1984).
The native GABAA receptor is a multimeric protein

composed of five subunits (a1–6, b1–4, g1–3 and d) with an
integral Cl2 channel and numerous allosteric regula-
tory sites, including a benzodiazepine binding site (Burt
and Kamatchi, 1991; Macdonald and Angelotti, 1993).
Changes in benzodiazepine and GABAA receptor affin-
ity and number have been reported following those
chronic benzodiazepine treatments associated with the
development of functional tolerance (Gallager et al.,
1991; Marangos and Crawley, 1982; Miller et al., 1988;
Tietz et al., 1986, 1989), though a reduced allosteric
coupling between GABA and benzodiazepine binding
sites is a more consistent finding (Chen et al., 1995;
Gallager et al., 1991; Tietz et al., 1989; Wong et al.,
1994). Kinetic differences in GABAA receptor binding
and changes in GABA and benzodiazepine binding site
number have been related to modulation of GABAA

receptor subunit mRNA expression (Gallager et al.,
1991; Huang et al., 1994; Kang and Miller, 1991;
O’Donovan et al., 1992; Tietz et al., 1994; Zhao et al.,
1994). These findings suggested that chronic benzodiaz-
epine treatment may regulate the gene expression of
several GABAA receptor subunit proteins. Despite this
large body of evidence documenting benzodiazepine
tolerance and GABAergic subsensitivity in vivo and the
accompanying changes at multiple regulatory sites on
the postsynaptic GABAA receptor, no clear understand-
ing of the locus and the nature of changes at the GABA
synapse associated with prolonged benzodiazepine ad-
ministration has emerged.
The well documented GABAergic local circuit in the

CA1 region of the hippocampus has provided a useful
substrate for a systematic study of benzodiazepine toler-
ance mechanisms. The hippocampus is dissected from
rats sacrificed 2 days after the end of 1 week oral FZP
administrationwhen rats are tolerant to the antipentyl-
enetetrazole effects of benzodiazepines in vivo (Rosen-
berg, 1995; Rosenberg et al., 1985). The CA1 region of
the hippocampus has a high density of GABAA recep-
tors, and several populations of GABAergic interneu-
rons have been identified in this region using a combina-
tion of immunohistochemical and electrophysiological
approaches (Buhl et al., 1994; Lacaille et al., 1989). In
previous experiments in in vitro hippocampal slices
from FZP-treated rats, a reduction in paired-pulse inhi-
bition in the CA1 region, mediated by feedforward
(Zeng and Tietz, 1994) and feedback (Xie and Tietz,
1991) GABA inhibitory circuits, was demonstrated. As
with the decreased benzodiazepine and GABA sensitiv-

ity reported with other chronic benzodiazepine treat-
ments (Gallager et al., 1991; Tyma et al., 1988; Water-
house et al., 1984), a reduction in GABAA agonist and
diazepam potency, but not efficacy, was demonstrated
in the CA1 region of hippocampus following chronic
FZP treatment (Xie and Tietz, 1992). The amplitude
and duration of compound GABA-mediated inhibitory
synaptic potentials (IPSPs) in CA1 pyramidal neurons,
elicited by stimulation of the Schaffer collateral path-
way, were reduced following the same oral FZP treat-
ment (Zeng et al., 1995). These findings suggested that
endogenous GABA neurotransmission in the CA1 re-
gion was fundamentally impaired following prolonged
activation of theGABAA receptorwith FZP.
Both pyramidal neurons and GABAergic interneu-

rons in the CA1 region of the hippocampus bear excita-
tory amino acid receptors which can be activated by
stimulation of the Schaffer collateral pathway. The glu-
tamate receptor-mediated excitatory postsynaptic poten-
tials (EPSPs) immediately precede and overlap the
early, GABAA receptor-mediated hyperpolarization. The
offset of the early IPSP and the onset of the late, GABAB

receptor-mediated IPSPalso overlap. Since EPSPampli-
tude was also shown to be increased following oral FZP
administration (Zeng et al., 1995), the measurement of
heterosynaptically-activated GABA-mediated hyperpo-
larizations were potentially confounded. Recent studies
have shown that both early and late IPSPs can be
evoked monosynaptically in the presence of glutamate
receptor antagonists with a stimulating electrode placed
near (#0.5 mm) the pyramidal cell soma or dendrites
(Davies et al., 1990; Lupica et al., 1992). These pure,
monosynaptic IPSPs were shown to be TTX sensitive
and to result from direct stimulation of GABAergic
interneurons and/or soma (Davies et al., 1990). The
mixed GABA-mediated hyperpolarizations can be fur-
ther distinguished using GABAA and GABAB receptor
antagonists. Themain objective of this study was to test
the hypothesis that the amplitude of pure monosynap-
tic, GABAA receptor-mediated early IPSPs is reduced in
the hippocampal CA1 region 2 days after the end of 1
week oral FZP treatment. A secondary goal was to
establish whether GABAB-mediated responses are de-
creased in the absence of an influence from GABAA-
mediated responses.

MATERIALS AND METHODS
Chronic benzodiazepine treatment

Rats administered oral FZP continuously for 1 week
develop tolerance to the benzodiazepines ability to sup-
press pentylenetetrazole seizures (Rosenberg, 1995;
Rosenberg et al., 1985). Tolerance can be measured up
to 4 days, but not 7 days after ending 1 week FZP
treatment (Rosenberg et al., 1985). During and follow-
ing this treatment regimen, rats show no signs of intoxi-
cation or other overt behavioral effects and no signs of
spontaneous withdrawal. Weight loss is not
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seen upon FZP withdrawal (Rosenberg, 1995) and mild
precipitated abstinence signs can only be elicited with
very high doses of the benzodiazepine antagonist, fluma-
zenil (25 mg/kg, iv). Thus, physical dependence is not
likely to be present following 1 week oral FZP adminis-
tration.
Male, Sprague-Dawley rats (185–225 g) were adapted

to a 0.02% saccharin water vehicle for 2 days. FZP in
0.02% saccharin was then offered as the sole source of
drinking water for 1 week. The concentration of FZP,
based on the volume consumed, was increased gradu-
ally (100 mg/Kg 3 3 days; 150 mg/Kg 3 4 days). Saccha-
rin water was offered after ending treatment until the
time of sacrifice. Only rats which reached the criterion
dose of an average of 100 mg/kg/week were included in
the study. Control rats were handled identically to
FZP-treated rats and received saccharin water through-
out the entire adaptation, treatment, and washout
periods. Benzodiazepine tolerant rats were sacrificed 2
days after the end of treatment at a time when levels of
FZP and its metabolites are no longer detectable in the
hippocampus as determined by radioreceptor assay
(Xie and Tietz, 1991). Electrophysiological data were
therefore not confounded by the presence of residual
drug. The experimenter was not informed of the rat’s
treatment history until after analysis of electrophysi-
ological data was completed.

Hippocampal slice preparation

The experiments were conducted in the in vitro
hippocampal slice preparation. The rats were killed by
decapitation, the brain was rapidly removed, and the
left hippocampus was carefully dissected from the
temporal lobe. Five hundred micrometer-thick trans-
verse slices were prepared from the dorsal hippocam-
pus using a vibratome (Ted Pella, Inc., Redding, CA).
The slices were transferred to a beaker containing
artificial cerebrospinal fluid (ACSF) (in mM): 126 NaCl,
3 KCl, 25.9 NaHCO3, 1.2 NaHPO4, 1.5 MgCl2, 2.4 CaCl2,
10 D-glucose (pH 7.4) saturated with 95% O2/5% CO2.
Slices were maintained at room temperature for at
least 1 h prior to electrophysiological recording. For
intracellular recording, a single slice was moved to the
recording chamber and held between two nylon nets.
Slices were submerged in continuously gassed (95%
O2/5% CO2) ACSF perfused at a constant flow rate of
1.5 ml/min. The temperature of the ACSF was main-
tained at 32°C.

Electrophysiological recording

Micropipettes for intracellular recordings from CA1
pyramidal cells were pulled on a Flaming-Brownmicro-
pipette puller (P97, Sutter Instruments Co., San Ra-
fael, CA) from fiber-filled borosilicate glass micropi-
pettes (1.2 mm O.D., thick wall, 60–90 MV, Sutter).
Micropipettes contained 3 M potassium acetate (KAc)

or 3 M cesium acetate (CsAc). In neurons studied with
CsAc, IPSPs were activated by stimulation at the
pyramidal cell/stratum oriens border (see below). There-
fore, 200 mM QX314, a Na1 channel blocker was also
included in the micropipette to block antidromic activa-
tion of CA1 pyramidal cells. QX-314, like Cs1, also
blocks the GABAB-activated postsynaptic K1 conduc-
tance (Nathan et al., 1990).
Stimulating and recording electrodes were positioned

visually. Placement was controlled using a microposi-
tioner and the overlying net as guides. A concentric
(75 µm O.D.), bipolar tungsten stimulating electrode
was used to activate pyramidal cells by distal stimula-
tion at the stratum radiatum/lacanosum border of the
CA1 region, 0.3–0.4 mm from the pyramidal cell
layer # 0.5 mm from the vertical plane of the recording
electrode or by proximal stimulation with an electrode
placed at the border of the stratum oriens/stratum
pyramidale layer in the CA1 region # 0.5 mm from the
recording electrode. Stratum oriens interneurons and
basket cells are activated by the former placement
whereas interneurons synapsing on distal dendrites, in
particular those in the stratum lanconosum-moleculare
are activated by the latter placement (Lupica et al.,
1992). Synaptic potentials were elicited at$1 min inter-
vals with a 0.1 ms, constant-current pulses using a
Master-8 Stimulator (A.M.P.I., Jerusalem, Israel)
coupled to an Iso-Flex constant current stimulus isola-
tion unit (A.M.P.I.).
Intracellular signals were displayed on a storage

oscilloscope (Tektronix, Beaverton, OR) amplified using
an Axoclamp 2A amplifier (Axon Instruments, Inc.,
Foster City, CA). Membrane potential was altered by
passing current through the recording electrode, bal-
anced with an active bridge circuit. Signals were simul-
taneously displayed and digitized using pClamp 5.5
software and a PC-Labmate AD converter. Digitized
records were stored on a PC computer hard disk and
tape (Colorado Memory Systems, Loveland, CO) for
later analysis.
Passive membrane characteristics of pyramidal neu-

rons (resting potential, input resistance, time constant,
andAP amplitude) were evaluated during ACSF super-
fusion. The input resistance of the cell membrane was
obtained by calculating the slope of the current-voltage
(I–V) relationship which resulted from applying a group
of current pulses (range from 13 nA to 28 nA, 150 ms
duration) to the cell membrane. The time constant was
defined as the time required to reach 63% of the plateau
value of the charge curve. Synaptic potentials were
elicited at several stimulus intensities. Just-subthresh-
old stimulation referred to a stimulus intensity just
below that intensity which elicited an action potential
(AP) in the pyramidal cell on 50% of four trials. The
threshold stimulating intensity was defined as the low-
est stimulus intensity required to fire the pyramidal
cell being recorded, although it may have been above or
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below the threshold for neighboring cells. Measure-
ments of all synaptic potentials were made at the peak
of the maximal response. Following the determination
of intrinsic characteristics, FZP-treated and control
CA1 neurons were current clamped at 260 mV. Maxi-
mal IPSPs, which represent the average of four re-
sponses, were obtained by gradually increasing stimu-
lus strength until no further increment in response was
attained in the presence of glutamate and GABA recep-
tor antagonists.
To isolate early and late IPSPs, slices were perfused

for 10 min with the selective glutamate antagonists,
50 µM D-2-amino-5-phosphonopentanoate (APV) and
10 µM 6,7-dinitroquinoxaline-2,3-dione (DNQX). The
early IPSP was isolated in the presence of 25 µM p-(3-
aminopropyl)-P-diethoxymethylphosphinic acid (CGP
35348) or using CsAc-filledmicropipettes. The late IPSP
was isolated in the presence of 50 µM picrotoxin. All
drugs were dissolved in distilled water and added to the
superfusate with a syringe pump (Razel, World Preci-
sion Instruments, Inc., Sarasota, FL).
To investigate the basis for the reduction in IPSP

amplitudes, the reversal potentials of early and late
IPSPs for each cell weremeasured under each condition
at the peak of the response with the membrane poten-
tial current clamped from 255 mV to 290 mV. The
relationship between the peak postsynaptic potential
andmembrane potential was determined from themean
of three trials at each membrane potential for each cell.
The data were fit to a linear function (early and late
IPSP) or a sigmoidal curve (early IPSP) using a four
parameter logistic function (Graphpad Prism Software,
San Diego, CA). The curve fitting algorithmsminimized
the sum of squares of the actual distance of the points
from the curve. Since the degrees of freedomwas invari-
ant between linear and sigmoidal curve fits, a compari-
son of the sum of squares was used to determine the
goodness of fit. The reversal potential for the early IPSP
in each cell was estimated from the equation for the
best-fit line. The reversal potential for the late IPSP
was extrapolated from the equation for the best-fit line
to a linear function.
FZP hydrochloride, APV, and DNQX were obtained

from Research Biochemicals. CGP 35348 was a gift of
Dr. M.F. Pozza (CIBA Geigy, Ltd., Basel, Switzerland).
QX-314 was from Alamone Labs (Jerusalem, Israel).
Picrotoxin was from Sigma Chemical Co. (St. Louis,
MO). All other buffer chemicals were from Sigma or
Fisher Scientific Co. (Pittsburgh, PA).
Data are presented as mean 6 S.E.M. Data collected

using each stimulus protocol were analyzed separately
by multivariate analysis of variance. Pairwise compari-
son were made by orthogonal contrasts. Given four or
fewer comparisons per cell, the P-value was set to
P # 0.05 according to the method of Bonferroni.

RESULTS
Passive membrane properties

The electrophysiological data were based on record-
ings from 32 FZP-treated neurons (n 5 15 rats) and 32
control CA1 pyramidal cells (n 5 22 rats). Of those cells
recorded in KAc (control 23/32; FZP-treated: 24/32),
cells had resting membrane potentials (RMP) greater
than 255 mV and action potential (AP) amplitudes
larger than 60 mV. Most cells were stable from 1 to 5 h.
As reported previously (Zeng et al., 1995), CA1 pyrami-
dal neurons from FZP-treated rats, sacrificed 2 days
after the end of 1 week oral FZP administration, showed
no differences in comparison to control cells in their
RMP, input resistance, time constant, or AP amplitude
(Table I). The additional CA1 neurons (control: 9/32;
FZP-treated: 8/32) were recorded with CsAc.

Isolation of inhibitory postsynaptic potentials
with glutamate antagonists

Postsynaptic potentials were activated in CA1 pyra-
midal neurons bathed in ACSF at stimulus intensities
just-subthreshold and at threshold for an AP by direct
activation of excitatory and inhibitory terminals in the
vicinity of the stimulating electrode positioned near the
soma or distal dendrites. Figure 1A shows a typical
response of a CA1 hippocampal neuron to just-sub-
threshold intensity stimulation. This stimulation re-
sulted in an EPSP and a biphasic hyperpolarization.
The first hyperpolarizing component represents the
GABAA receptor-mediated, early IPSP, whereas the sec-
ond component represents the GABAB receptor-medi-
ated, late IPSP. Exposure of the same cell to the selec-
tive excitatory amino acid (EAA) blockers APV (50 µM)
and DNQX (10 µM) for 10 min resulted in a complete
inhibition of the EPSP. Complete blockade of the EPSP
was seen in every cell tested. A pure IPSP which con-
sisted of early and late components was retained as
shown in the control cell in Figure 1A. In comparison,
responses from an FZP-treated cell are shown in Figure
1B. The amplitude of the early and the late IPSP was
significantly reduced in the FZP-treated neuron (Fig.
1B). Table II shows a summary of postsynaptic poten-
tial data recorded in neurons from FZP-treated and
control groups in response to just-subthreshold and
threshold stimulation during ACSF superfusion and to
maximal stimulation during superfusion of

TABLE I. Passive membrane properties of CA1 pyramidal neurons 2
days after oral flurazepam administration1

Membrane properties
Control
(n 5 23)

FZP-treated
(n 5 24)

Resting potential (mV) 266.9 6 0.7 267.4 6 0.6
Input resistance (MV) 51.3 6 1.9 49.5 6 2.3
Time constant (ms) 11.5 6 1.0 11.5 6 0.8
AP amplitude (mV) 69.5 6 1.5 72.2 6 1.9
1All values are means 6 S.E.M.
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glutamate antagonists. As reported following hetero-
synaptic activation of synaptic potentials (Zeng et al.,
1995), the amplitude of both early and late IPSPs
recorded in CA1 neurons from the FZP-treated group
(n 5 24) was significantly (P , .05) smaller than in the
control group (n 5 23) under all conditions. As reported
previously (Zeng et al., 1995), there was a significant
increase in EPSP amplitude in FZP-treated neurons
relative to control cells (P , .05) prior to APV and
DNQX superfusion.

Isolation of early IPSPwith CGP 35348

Since GABAA-mediated early IPSPs and GABAB-
mediated late IPSPs appear in close temporal sequence
(Davies et al., 1990), a separate analysis of isolated
IPSPs was necessary to compare the relative peak
amplitudes between FZP-treated and control groups.
CGP 35348, a GABAB receptor antagonist (Olpe et al.,
1990), was used to pharmacologically isolate theGABAA-
mediated component following direct stimulation of
interneurons in the proximity of the stimulating elec-
trode placed near the distal apical dendrite. The re-
sponse of the control cell is shown in the presence of
EAA antagonists and after 10 min perfusion of 25 µM
CGP 35348 (Fig. 1A, lower trace). The late IPSP disap-
peared in the presence of the GABAB antagonist. Both
the compound IPSP and the isolated early IPSP were
reduced in amplitude in FZP-treated neurons (Fig. 1B,
lower trace). There was a significant decrease in the
amplitude of early IPSPs recorded in the FZP-treated
group (n 5 13) when compared to the control group
(n 5 13) (Table III).

Isolation of the early IPSPwith
intracellular Cs1

At least three populations of GABAergic interneu-
rons have been identified in CA1 region of hippocampus
based on their anatomical location and physiological
characterization (Buhl et al., 1994; Lacaille et al., 1989).
IPSPs elicited by stimulation of stratum pyramidale in
the presence of EAA antagonists are probably due to
the direct activation of basket cells and stratum oriens
interneurons or their axons in or near the cell layer
(Lupica et al., 1992). Recordings following stimulation
at the pyramidal cell layer border were obtained with
electrodes filled with 3M CsAc instead of 3M KAc. Cs1

diffuses from the recording electrode into the pyramidal
cell cytoplasm and blocks the GABAB receptor-acti-
vated postsynaptic K1 conductance (Alger, 1984). The
use of cesium offers the advantage over perfusion of
GABAB receptor antagonists in that presynaptic
GABAB-mediated actions remain intact. QX-314
(200 mM), a sodium channel blocker (Nathan et al.,
1990), was also included in the recording electrode to
block antidromic activation of CA1 pyramidal neurons.
The rate at which QX-314 blockedAPs appeared depen-

Fig. 1. Isolation of monosynaptic, GABAA receptor-mediated early
IPSPs. A stimulating electrode was placed at the stratum radiatum/
stratum lacanosum border # 0.5 mm from the recording electrode to
evoke IPSPs in (A) a control and (B) a FZP-treated CA1 neuron in the
absence and presence of glutamate antagonists. The just-subthreshold
stimulating intensity evoked an EPSP followed by an early and a late
IPSP (upper traces). Peak EPSP amplitude was greater in the
FZP-treated cell (control; 4.0 mV; FZP-trated 6.8 mV) whereas the
peak amplitude of the early (control: 6.5 mV; FZP-treated: 3.4 mV) and
late (control: 6.6 mV; FZP-treated: 3.3 mV) IPSP was reduced in the
FZP-treated neuron when compared to the control cell. Following 10
min superfusion of 50 µM APV and 10 µM DNQX, the EPSP and AP
were eliminated (middle traces). The peak early (control: 8.5 mV;
FZP-treated: 4.3 mV) and late (control: 10.0 mV; FZP-treated: 2.6 mV)
monosynaptic IPSP amplitudes attained with maximal stimulation
were reduced in the FZP-treated cell vs. the control neuron. While
maximal responses were triggered in the presence of excitatory amino
acid antagonists, the late IPSPwas eliminated as GCP 35348 (25 µM),
a GABAB antagonist, was added to the ASCF for 5 min (lower traces).
In the FZP-treated neuron, the peak early IPSP amplitude (4.3 mV)
was reduced in comparison to the control cell (10 mV). Stimulus
artifacts were truncated. (RMP: control, 272 mV; FZP-treated, 270
mV; membrane potential was held at 260 mV, average of four
responses/cell).
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dent upon the size of the electrode tip through this
relationship was not systematically studied. QX-314
typically required 30 min to reach its maximum effect,
but at times required up to 2 h. During recording, some
cells gradually depolarized probably due to the depolar-
izing effect of both cesium and QX-314 (Nathan et al.,
1990) requiring further injection of hyperpolarizing

current tomaintain themembrane potential at260 mV.
AP blockade by QX-314 was followed by APV and
DNQX perfusion until only the early IPSP remained
(Fig. 2A). The amplitude of early IPSP in the FZP-
treated cell was smaller than in control neurons (Fig.
2B). The mean amplitude of early IPSPs isolated using
CsAc-filled electrodes was significantly reduced in FZP-
treated neurons as compared to control cells (Table III).

Isolation of the late IPSPwith picrotoxin

GABAreleased from the presynaptic terminal can act
at two main subtypes of postsynaptic receptors, the
GABAA and GABAB receptor. Previous studies had
shown that the amplitude of the late GABAB-mediated
IPSP amplitude was decreased in FZP-treated relative
to control cells (Zeng et al., 1995). However since the
offset of the early IPSP and the onset of the late IPSP
overlap, the amplitude of the late IPSP may have been
underestimated in FZP-treated neurons. We directly
tested the possibility that the GABAB-mediated re-
sponse was decreased by isolating the late IPSP with
the non-competitive GABAA receptor antagonist, picro-
toxin. Blockade of the early IPSP component is shown
in a control cell after 10 min addition of 50 µM picro-
toxin to the medium in presence of APV and DNQX
(Fig. 3A). The maximal amplitude of the late IPSP in
the FZP-treated cell was decreased in comparison to the
control response (Fig. 3B). In comparison to the group
of control cells tested in the presence of picrotoxin
(n 5 11), FZP-treated cells (n 5 10) showed a signifi-
cant reduction in their late IPSP amplitude (Table III).

Reversal potential of the early and late IPSP

GABAA receptors activate a Cl2 conductance, whereas
GABAB receptors activate a postsynaptic K1 conduc-
tance. To indirectly evaluate Cl2 and K1 distribution
across the membrane, the reversal potentials for the
early and late IPSPs were recorded atmembrane poten-
tials ranging from 255 mV to 290 mV, both during
EAA superfusion and GABA antagonist superfusion.
The voltage-dependence of the early IPSP amplitude
recorded using a CsAc-filled electrode is shown in Fig-
ure 4. Figure 4A,B shows examples of early IPSPs
recorded in a control and a FZP-treated neuron at
different membrane potentials. These data and the
early IPSP reversal potential data from individual fits
of all control and FZP-treated cells under each condi-
tion were best-fit to a sigmoidal curve as shown in
Figure 4C. This fit is consistent with the report of
Lupica (1995) who demonstrated a similar non-linear
I–V relationship for GABAA-mediated IPSCs as a func-
tion of membrane potential, i.e., IPSP amplitude ap-
peared to plateau with larger amplitude responses at
more positive and more negative membrane potentials.
This deviation of the I–V curve from a linear fit is
probably due to the interaction of several factors which

TABLE II. Postsynaptic potentials recorded 6 glutamate antagonists
2 days after oral flurazepam administration1

ACSF

EPSP (mV) Early IPSP (mV) Late IPSP (mV)

Subthreshold intensity
Control (n 5 23) 4.5 6 0.3 6.3 6 0.6 6.0 6 0.6
FZP-treated
(n 5 24) 5.7 6 0.5* 2.3 6 0.4* 2.6 6 0.4*

Threshold intensity
Control (n 5 23) — 6.4 6 0.6 6.1 6 0.5
FZP-treated
(n 5 24) — 3.0 6 0.5* 3.5 6 0.4*

50 µMAPV 1 10 µMDNQX

Early IPSP (mV) Late IPSP (mV)

Maximal intensity
Control (n 5 23) 7.5 6 0.5 6.7 6 0.5
FZP-treated (n 5 24) 3.3 6 0.5* 3.8 6 0.3*
1All values are means 6 S.E.M.
*Denotes significance at P # .05.

Fig. 2. Isolation of an early IPSPwith a CsAc-filled micropipette. A
stimulating electrode was placed at the pyramidal cell layer/stratum
oriens border # 0.5 mm from the recording electrode in (A) a control
and (B) a FZP-treated neuron. APV (50 µM) and DNQX (10 µM) were
superfused to block the EPSP. Late IPSPs were suppressed by
intracellular diffusion of Cs1. QX-314 (200 mM), an intracellular
sodium channel blocker, was included in the micropipette to block
action potentials generated by antidromic activation of the pyramidal
cell. There was a reduction in the peak early IPSP amplitude to
maximal stimulation in the FZP-treated cell (4.6 mV) when compared
to the control neuron (9.9 mV). Stimulus artifacts were truncated.
(RMP: control, 252 mV; FZP-treated, 254 mV; membrane potential
was held at 260 mV, average of four responses/cell.)
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have been described in hippocampal pyramidal cells
(Fatima-Shad and Barry, 1992; Gray and Johnston,
1985). Outward rectification was more pronounced at
hyperpolarized membrane potentials, consistent with
reports in cultured hippocampal cells (Fatima-Shad
and Barry, 1992) and adult hippocampal CA1 neurons
(Gray and Johnston, 1985). In addition, less GABAA

receptor desensitization was reported at depolarized vs.
hyperpolarized membrane potentials in hippocampal
cells (Yoon, 1994). The decreased IPSP amplitude at the
extremes of the curve may represent an increase in the
inability to resolve the rapid rise to peak of larger
amplitude responses. The equation for the best-fit line
was used to derive the reversal potential for each cell.
As shown in Figure 4C, there was a depolarizing shift in
the reversal potential of the early IPSP in the FZP-
treated cell relative to the control neuron. Based on
estimates derived from each cell under all isolation
conditions, there was a significant shift in the mean
reversal potential for the early IPSP (Table IV). A
similar shift in the IPSP reversal potential was found
when the EIPSP was estimated from the linear regres-
sion of the I–V curve (data not shown). The late IPSP
reversal was extrapolated from the best-fit of the data
to a linear function. As reported previously (Zeng et al.,
1995), there was no change in the mean reversal
potential for the late IPSP (Table IV).

DISCUSSION

Several populations of interneuronsmediating GABA
inhibition have been localized to the CA1 region of
hippocampus (Buhl et al., 1994; Lacaille et al., 1989).
Excitation of these local circuit GABAergic interneu-
rons mediates feedforward and feedback inhibition in
the CA1 region by activation of GABAA and GABAB

receptors located on CA1 pyramidal cells. GABA acti-
vates early and late IPSPs, respectively, which hyperpo-
larize the neuron. Findings of extracellular electrophysi-
ological studies had demonstrated that both recurrent
and feedforward inhibition were reduced in the CA1
region of hippocampal slices from rats sacrificed after 1
week of oral FZP administration (Xie and Tietz, 1991;
Zeng and Tietz, 1994). In studies designed to character-
ize the intracellular electrophysiological characteristics
of CA1 pyramidal cells from chronic FZP-treated rats, a
decrease in the amplitude of heterosynaptically-acti-
vated, compound early and late IPSPs was noted in the
absence of a change in intrinsic membrane characteris-
tics (Zeng et al., 1995). These findings suggested that
endogenous GABAergic transmission was impaired in
the CA1 region of hippocampus after chronic benzodiaz-
epine treatment. A decrease in potency, but not efficacy,
of exogenously applied GABAA and benzodiazepine ago-
nists to inhibit CA1 evoked responses was also detected
(Xie and Tietz, 1992). Further, the transient reduction
in GABA function was temporally correlated with the
presence of benzodiazepine anticonvulsant tolerance in
the whole animal (Rosenberg, 1995; Rosenberg et al.,
1985).
In the present study, GABA-mediated inhibition in

the CA1 region of the hippocampus was investigated
following monosynaptic stimulation of proximal and
distal inhibitory synaptic inputs, i.e., in the absence of
an influence from excitatory afferents onto pyramidal
neurons or interneurons. Pharmacologically isolated
GABAA and GABAB receptor-mediated IPSPs, acti-
vated by distal stimulation, were significantly reduced
in amplitude in CA1 neurons recorded in in vitro hippo-
campal slices from rats sacrificed 2 days after 1 week
oral FZP administration. In recordings with Cs1

TABLE III. Isolation of inhibitory postsynaptic potentials 2 days after oral flurazepam administration1

Isolation of GABAA-mediated IPSP—distal stimulation

50 µMAPV 1 10 µM DNQX 125 µM CGP 35348

Early IPSP (mV) Late IPSP (mV) Early IPSP (mV)

Control (n 5 13) 6.8 6 0.7 5.8 6 0.6 7.1 6 0.9
FZP-treated (n 5 13) 4.1 6 0.8* 3.1 6 0.5* 3.6 6 0.8*

Isolation of GABAB-mediated IPSP—proximal stimulation

3M CsAc; 200 µM QX314

Early IPSP (mV)

Control (n 5 9) 6.9 6 0.6
FZP-treated (n 5 8) 3.8 6 0.5*

Isolation of GABAB-mediated IPSP—distal stimulation

50 µMAPV 1 10 µM DNQX 150 µM picrotoxin

Early IPSP (mV) Late IPSP (mV) Late IPSP (mV)

Control (n 5 10) 7.9 6 0.7 8.0 6 0.6 7.8 6 0.8
FZP-treated (n 5 11) 3.3 6 0.8* 4.2 6 0.5* 4.5 6 .05*
1All values are means 6 S.E.M.
*Denotes significance at P # .05.
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in the micropipette, which blocks only the postsynaptic
GABAB receptor-mediated late IPSP, the early IPSP
amplitude was also significantly depressed (50%) in
FZP-treated neurons following direct stimulation of
interneurons in the vicinity of the pyramidal cell soma.
The reduction in amplitude of the GABAA receptor-
mediated early IPSP was accompanied by a somewhat
smaller decrease (40%) in the GABAB receptor-medi-
ated late IPSP in FZP-treated neurons. A reduction in
IPSP amplitude in the hippocampus following chronic
benzodiazepine treatment could arise from a decrease
in presynaptic GABA release or a postsynaptic change
in Cl2 conductance. With respect to the GABAA recep-
tor, the latter could arise from a shift in the Cl2

equilibrium potential or more fundamental changes in

Fig. 4. I–V curve generated with a CsAc-filled micropipette. Early
IPSPs recorded at membrane potentials from 255 mV and 290 mV in
representative (A) control and (B) FZP-treated neurons. C: The
amplitude of the control and FZP-treated responses, measured at
peak, were plotted against membrane potential. A sigmoidal curve
best-fit the data points generated in both the control and FZP-treated
cell. There was a positive shift of the early IPSP reversed potential
direction in the FZP-treated cell (268 mV), whereas the early IPSP in
the control cell (272 mV) reversed at the Cl2 reversal potential.
Stimulus artifacts were truncated.

TABLE IV. Reversal potentials of isolated inhibitory potentials 2 days
after oral flurazepam administration1

50 µMAPV 1 10 µM DNQX

ACSF CGP 35348 CsAc;QX314 Picrotoxin

Early IPSP
Control 271.5 6 1.1 272.7 6 2.1 275.2 6 1.7 —

(n 5 23) (n 5 13) (n 5 9)
FZP-treated 267.9 6 0.9* 265.4 6 2.1* 270.3 6 2.5* —

(n 5 24) (n 5 13) (n 5 8)
Late IPSP
Control 290.8 6 1.2 — — 296.7 6 1.7

(n 5 23) (n 5 11)
FZP-treated 293.2 6 2.1 — — 296.5 6 1.9

(n 5 23) (n 5 10)
1All values are means 6 S.E.M.
*Denotes significance at P #.05.

Fig. 3. GABAB receptor-mediated late IPSPs. Maximal, late IPSPs
were elicited in (A) a control and (B) a FZP-treated neuron in the
presence of excitatory amino acid antagonists (50 µMAPV and 10 µM
DNQX) and the non-competitive, GABAA receptor antagonist, picro-
toxin (50 µM). The stimulating electrode was placed at the stratum
radiatum/stratum lacanosum, #0.5 mm from the recording pipette.
Prior to picrotoxin superfusion, both early (control: 10.5 mV; FZP-
treated: 4.0 mV) and late (control: 9.3 mV; FZP-treated: 34 mV) IPSPs
were significantly reduced in the FZP-treated cell in comparison to the
control cell. After exposure to 50 µM picrotoxin, the early IPSP was
absent. The late IPSP amplitude was reduced in the FZP-treated cell
(3.6 mV) when compared to the control neuron (7.3 mV). Stimulus
artifacts were truncated. (RMP: control, 264 mV; FZP-treated, 262
mV; membrane potential was held at 260 mV; average of four
responses/cell).
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the function of the Cl2 channel in response to GABA,
related to an alteration in the postsynaptic GABAA

receptor. In conjunction with the findings of previous
electrophysiological, biochemical, and molecular stud-
ies in rats treated for 1 week with FZP, the findings of
the present study suggest that changes in presynaptic
and postsynaptic mechanisms may each contribute to
the reduction in IPSP amplitude in CA1 neurons and
thus the reduction in GABA-mediated inhibition in the
benzodiazepine tolerant rat hippocampus.
A large amount of experimental evidence suggests

that modifications of the postsynaptic GABAA receptor
are likely to contribute to the reduction of the early
IPSP amplitude following prolonged benzodiazepine
administration. Changes in GABAA receptors in the
hippocampus among other brain regions, have been
reported following various chronic benzodiazepine treat-
ments (Chen et al., 1995; Gallager et al., 1991; Miller et
al., 1988; Tietz et al., 1986). Consistent with these
findings, changes in the affinity, the number, and the
allosteric coupling of benzodiazepine and GABA bind-
ing sites have been reported following several chronic
benzodiazepine treatments (Gallager et al., 1991; Ma-
rangos and Crawley, 1982; Miller et al., 1988) including
chronic FZP treatment (Chen et al., 1995; Tietz et al.,
1986, 1989; Wong et al., 1994). However, 2 days follow-
ing 1 week FZP treatment, only changes in the func-
tional coupling between GABA and benzodiazepine
binding sites persists in the CA1 region of the hippocam-
pus (Chen et al., 1995). Further, using Northern blot
techniques, the expression of mRNAs encoding various-
GABAA receptor subunits (a1,5, b2,3, and g2) was shown
to vary with brain region following different chronic
benzodiazepine treatments (Gallager et al., 1991; Kang
and Miller, 1991; O’Donovan et al., 1992; Zhao et al.,
1994). Using in situ hybridization techniques, the a1

and b3 subunit mRNA expression was decreased,
whereas b2 subunit mRNAexpression was increased, in
the hippocampal CA1 region immediately and 2 days,
but not 7 days, after ending 1 week oral FZP treatment
(Huang et al., 1994; Tietz et al., 1994). Preliminary
findings suggest that these changes in GABAA receptor
subunit mRNAs are accompanied by a decrease in a1

and b3 subunit proteins in apical and basal dendritic
layers of the CA1 pyramidal cell region (Huang et al.,
1995). Studies of recombinant GABAA receptors sug-
gest that GABAaffinity is influenced by subunit compo-
sition. For example, point mutations of the a1 subunit of
the GABAA receptor can decrease GABA agonist and
antagonist affinity (Smith and Olsen, 1995). Recombi-
nant GABAA receptors expressed in Xenopus oocytes
from a1–3 subunits showed differential GABA sensitiv-
ity (Levitan et al., 1988). Further, HEK 293 cells
expressing a1 subunits combined with b3 subunits
showed a three-fold greater GABA sensitivity than
those combined with b1 or b2 subunits (Ducić et al.,
1995; Hadingham et al., 1993). Therefore, regulation of

GABAA receptors in pyramidal cell dendrites could
represent a shift in GABAA receptor subunit composi-
tion and relate to the decreased GABA agonist potency
(Xie and Tietz, 1992) and early IPSP amplitude follow-
ing FZP treatment.
A significant new finding of the present study was a

positive shift in the EIPSP of FZP-treated neurons, de-
tected under all recording conditions, in the presence of
glutamate antagonists (Table IV). In the former study,
there was no shift in the IPSP reversal potential in
FZP-treated neurons recorded in the absence of EAA
antagonists (Zeng et al., 1995). Since fast inhibitory
and excitatory conductances overlap (Dingledine et al.,
1987), these conflicting findings in FZP-treated neu-
rons can likely be explained by the presence of the
EPSP in the previous study (Zeng et al., 1995) which
was significantly increased in amplitude relative to
control cells, as in the present study prior to EAA
superfusion (Table II). Repeated low frequency activa-
tion of inhibitory synapses has been reported to reduce
early IPSP amplitude and to shift EIPSP as a result of a
accumulation of intracellular Cl2 (Thompson and
Gähwiler, 1989). Due to the relatively low concentra-
tion of Cl2 in the cytoplasm, a small increase in [Cl2]i
could significantly decrease the early IPSP amplitude.
Using the Nernst equation, the 5 mV change in the
reversal potential in a FZP-treated neuron due to Cl2

flux alone (though other anions also permeate the
GABAA receptor channel; Fatima-Shad andBarry, 1993;
see below) would be expected to result in a ,25%
increment in [Cl2]i relative to a control cell. Therefore,
the shift in EIPSP in FZP-treated neurons is probably
related to a change in the driving force for Cl2, perhaps
as a result of sustained potentiation of GABAA receptor-
activated Cl2 conductance with prolonged benzodiaz-
epine administration.
If intracellular Cl2 accumulation plays a significant

role in the reduction of GABAinhibition after prolonged
benzodiazepine treatment, then certain predictions can
be made regarding the electrophysiological response of
chronic FZP-treated neurons. For example, repeated or
intense activation of the GABAA receptor in the CA1
region also results inGABAA receptor-mediated depolar-
izing potentials in distal dendrites (Grover et al., 1993;
Huguenard and Alger, 1986; Lambert et al., 1991; Sta-
ley et al., 1995; Thompson and Gähwiler, 1989). Several
hypotheses have been proposed to account for this phe-
nomenon including the existence of “extrasynaptic”
GABAA receptors (Alger and Nicoll, 1982) and regional
differences in Cl2/cation co-transportmechanisms (Mis-
geld et al., 1986). Since GABAA receptor channels carry
a mixed Cl2/HCO3

2 current, Staley et al. (1995) pro-
posed that GABAA receptor-mediated depolarizations
are the result of differential localized shifts in anion
gradients and a net positive shift in EGABA. Consistent
with the latter model, the shift in EIPSP found in the
present experiment would underlie
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the appearance of the depolarizing event detected
previously in FZP-treated, but not control, neurons
(Zeng et al., 1995). The appearance of depolarizing
GABA responses is also one factor which might have
contributed to the increased EPSP amplitude in FZP-
treated neurons (Grover et al., 1993). Thus, as with the
barbiturates (Alger and Nicoll, 1982), experimental
manipulations which increase mean Cl2 channel open
time can induce GABAA receptor-mediated depolariza-
tions (cf. Staley et al., 1995). However, it is important to
note that the benzodiazepine effect described, i.e., the
positive shift in EIPSP (Fig. 4), is the functional conse-
quence of a sustained, not acute, increase in the fre-
quency of Cl2 channel openings since residual FZP or
other benzodiazepine metabolites are not detected in
the hippocampus at the time of the recording (Xie and
Tietz, 1991).
Nonetheless, the concept of a subpopulation of post-

synaptic GABAA receptors, perhaps extrasynaptic (Al-
ger and Nicoll, 1982), mediating shifts in anion gradi-
ents in pyramidal cell dendrites cannot be excluded by
the model of Staley et al. (1995). The heterogeneity of
native GABAA receptors (Burt and Kamatchi, 1991;
Macdonald andAngelotti, 1993) is supported by studies
in the hippocampal CA1 region. For example, GABA
and allosteric modulators of native GABAA receptors in
the hippocampus, including diazepam and Zn21, have
multiphasic effects to modulate GABA whole-cell cur-
rents in acutely dissociatedCA1 pyramidal cells suggest-
ing that multiple GABAA receptor isoforms may exist
on different CA1 pyramidal neurons (Tietz et al., 1995).
In addition, Grover et al. (1993) noted that GABAA-
mediated hyperpolarizing responses were less sensitive
to perfusion with HCO3

2 free medium than depolariz-
ing responses and suggested that these biphasic GABA-
mediated responses might show differential sensitivity
to changes in pH. Interestingly, a preliminary report by
Kaila and colleagues suggests the co-existence of GABAA

receptors populations in acutely dissociated CA1 pyra-
midal cells, recorded inHCO3

2 freemedium, with differ-
ent GABAaffinities which are differentially sensitive to
extracellular pH and Zn21 (Pasternack et al., 1995).
Further, since hydration forces can significantly alter
ion entry into the GABAA receptor channel and anions
can interact within the channel (Fatima-Shad and
Barry, 1993) differences in channel properties related to
regional differences in GABAA receptor isoforms could
modulate anionic fluxes in different portions of the
neuron. Thus, changes in GABAA receptor subunit com-
position during chronic benzodiazepine treatment could
consequently modulate shifts in anion gradients.
Sustained activation of GABA activity during pro-

longed FZP administration could also result in a de-
creased early IPSP amplitude related to changes in Cl2

channel conductance. Though results are somewhat
indeterminate, subunit composition can influence the

main conductance state and kinetics of the GABAA

receptor (Macdonald and Angelotti, 1993). GABA ago-
nist potency has also been correlated with the duration
of Cl2 channel opening (Segal andBarker, 1984) suggest-
ing that a change in channel kinetics could also under-
lie the decreased early IPSP amplitude. This point will
require further analysis in benzodiazepine tolerant
hippocampal neurons under conditions in which the
concentration and speed of GABA application can be
carefully controlled. Single-channel studies in FZP-
treated cells will also be necessary to address these
hypotheses. Changes in post-transductional mecha-
nisms associated with chronic benzodiazepine treat-
ment, e.g., phosphorylation state of the GABAA recep-
tor (Macdonald andAngelotti, 1993) or the regulation of
other Ca21-dependent processes, can also not be ruled
out. These possibilities are intriguing since the GABAA

receptor-mediated depolarization can activate NMDA-
receptor mediated Ca21 influx (Staley et al., 1995).
Ca21-dependent protein kinases and phosphatases have
been shown to regulate native and recombinant GABAA

receptors (for reviews, see Macdonald and Angelotti,
1993; Stelzer, 1992). Accordingly, increasing [Ca21]i
causes run-down of GABA-mediated currents in hippo-
campal CA1 neurons whereas buffering [Ca21]i stabi-
lizes GABA responses (however, see Soltesz and Mody,
1995). Modulation of [Ca21]i was also shown to modify
GABAand diazepam affinity (Akaike et al., 1989).
As reported previously for the compound IPSP (Zeng

et al., 1995), the size of the pharmacologically isolated
GABAB receptor-mediated late IPSP was significantly
decreased in FZP-treated neurons (Table III). Since
benzodiazepine binding sites are not coupled to GABAB

receptors, they would not be expected to be directly
influenced by chronic benzodiazepine treatment. This
was shown in previous extracellular concentration-
response studies in in vitro hippocampal slices in which
neither the potency nor efficacy of superfused baclofen
was altered following chronic FZP treatment (Xie and
Tietz, 1992). The late IPSP results from a GABAB

receptor-mediated postsynaptic K1 conductance in re-
sponse to synaptically released GABA (Alger, 1984). An
alteration in intracellular K1 concentration seems un-
likely to be involved in the decreased late IPSP ampli-
tude in FZP-treated cells since the reversal potential of
isolated late IPSPs was not changed as the result of
chronic FZP treatment (Table IV). Ling and Bernardo
(1994) have demonstrated a decrease in the amplitude,
but not the decay kinetics, of the late GABAB-mediated
IPSC in CA1 pyramidal cells following repetitive, low-
frequency monosynaptic stimulation suggesting that a
decrease in GABA release, not an increase in GABA
uptake, may lead to use-dependent GABAergic depres-
sion. In addition, the finding that picrotoxin could
suppress late IPSCs, led these investigators to propose
that GABAA-mediated interneurons may also mediate
a feedforward recruitment of GABAB-mediated activity.
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These findings suggest that at least two presynaptic
factors, a decrease in GABA release or a reduction in
GABAA-mediated responses in interneurons, may have
contributed to the decrease in the GABAB-mediated
IPSP following prolonged FZP treatment.
Presynaptic regulation of GABA release following 1

week FZP treatment could occur on at least three
different levels: 1) a decrease in the number of GABAer-
gic interneurons; 2) a change in the function of the
autoreceptor on GABAergic terminals; or 3) a change in
the excitability of GABAergic interneurons. A decrease
in the number of GABAergic interneurons is an un-
likely possibility in view of previous findings, i.e., the
restoration of GABA-mediated inhibition, 7 days after
the end of 1 week FZP treatment (Xie and Tietz, 1991;
Zeng and Tietz, 1994) when tolerance to anticonvulsant
actions of benzodiazepines has reversed (Rosenberg et
al., 1985). Although GABA release in some brain areas
can be modulated by GABAA autoreceptors (Ennis and
Minchin, 1988), use-dependent depression of GABA-
mediated inhibition in the hippocampus has been dem-
onstrated to be dependent on GABA release via GABAB

autoreceptor activation (Dutar and Nicoll, 1988). Since
GABAB receptor function is not modified by benzodiaz-
epines, a direct effect of the benzodiazepines to alter
GABAB autoreceptor function seems unlikely, however,
a secondary effect on GABAB autoreceptor remains a
possibility and will require further study. To evaluate
the third possibility, recordings from different interneu-
ron populations mediating both GABAA and GABAB

IPSCs (Lacaille et al., 1989) are necessary to directly
assess whether differences in interneuron excitability
or activity between experimental groups exist. Never-
theless, evaluating spontaneous IPSPs, elicited by the
spontaneous action potential firing of presynaptic inter-
neurons offers an indirect method for assessing the
excitability of GABAergic interneurons in the CA1
region (Alger and Nicoll, 1980; Lupica, 1995). Prelimi-
nary findings of whole-cell recordings made in the CA1
region of the hippocampus have indicated a reduction
in the frequency and the amplitude of GABAA receptor-
mediated spontaneous IPSCs in FZP-treated neurons
recorded in symmetrical Cl2 solutions (Zeng and Tietz,
1995). A decrease in the frequency of spontaneous
IPSPs suggests a depression of spontaneous GABAer-
gic interneuron activity following oral FZP administra-
tion. On the other hand, only the amplitude of minia-
ture IPSPs recorded in the presence APV, DNQX, and
TTX was suppressed (Zeng and Tietz, 1995), which
suggests that only action-potential dependent GABA
release was affected by chronic benzodiazepine treat-
ment.
In conclusion, these experiments demonstrated a

significant reduction in the isolated GABAA receptor-
mediated early IPSP amplitude in the CA1 region of
hippocampus 2 days after 1 week FZP treatment when
rats are tolerant to benzodiazepine anticonvulsant ac-

tions. Although a large body of evidence supports the
possibility that a change in the postsynaptic GABAA

receptor is partly responsible for the decreasedGABAer-
gic inhibition in the hippocampus, an increase in intra-
cellular Cl2 concentration in the pyramidal neuron,
thus a shift in Cl2 equilibrium potential is also likely to
play a major role in the impaired GABA response
following chronic FZP treatment. The concomitant de-
crease in the isolated late IPSP suggested that the
decrease in early IPSP amplitude might also have
resulted froma decreasedGABArelease. Further experi-
ments will be required to understand the bases for the
presynaptic and postsynaptic changes occurring during
chronic FZP treatment which are responsible for the
decreased GABAergic inhibition in the hippocampus of
rats made tolerant to benzodiazepines.
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