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ABSTRACT
The potency and efficacy of selective y-aminobutyric a@ldA(GA
BAA)agonists (GABA, muscimol, isoguvacine and 4,5,6,7-tetrah
ydr@soxazoIo-[5,4-cJ-pyridin-3-ol),the GABAÃãgonist, baclofen,
and the benzodiazepineagonist, diazepam, were examined using
extracellular recording techniques in in vitro hippocampal slices
fromrats sacrificed 2 days after 1 week of flurazepam treatment.
Population spikes elicited by stimulation of Schaffer collaterals
were recorded in the CAl pyramidal cell region with NaCI
containing glass micropipettes. GABA agonists were superfused
in increasing concentrations for 5 mm. Drug responses, averaged
over the last 2 mm for each concentration,were comparedto
thepredrugbaseline.GABAAagonists,butnotbaclofen,showed

a significant,2-fold, decrease in potency, but not efficacy, to
reduce CAl-evoked responses in treated vs. control slices. The
benzodiazeplne effect was evaluated by the shift in the isogu
vaane dose-response curve in the absence, then presence, of
diazepam. A reduction in diazepam potency was demonstrated
in vitro by a significantlyreducedshift in the isoguvacinecurve
by 300 nM, but not 1 aiM,diazepamafter chronicbut not acute
in vWopretreatment.The results indicateda s@ectiveGABA,
agonist subsensitivfty and diazepam tolerance in hippocampus
after 1 week of flurazepam treatment and establish the hippo
campal slice preparation as a valuablesubstrate for investigating
synaptic mechanisms of benzodiazepine tolerance.

Prolonged administration of benzodiazepineS to animals re
sults in the development of functional tolerance, a reduction in
the sensitivityof the central nervoussystemto benzodiazepine
actions (ci. Rosenberg and Chiu, 1985). The pharmacological
actionsof benzodiazepines,which bind to an allostericsite on
the central GABAAreceptor,are mediatedby the enhancement
ofa GABA-activated C1 conductance (Haefely, 1985). Although
the precisecellularand molecularmechanismsunderlyingben
zodiazepine tolerance are not well understood, many changes
at the GABAA receptor have been detected after chronic ben
zodiazepine treatment. These include downregulation of ben
zodiazepine binding sites (Tietz et al., 1986, 1989;Miller et at.,
1988),upregulation of low-affinity GABAA receptors (Gallager
et at., 19Mb) and a reducedcoupling betweenGABA and
benzodiazepinebinding sites (Gallager et at.; 1984a;Tietz et al.,
1989).Decreasedexpressionofthe mRNAs for the a1(Heninger
et at., 1990; Kang and Miller, 1991) and @2(Heninger et al.,
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1990)subunits of the GABAA receptor have also been reported.
Changes in GABA function associated with these receptor
related modifications include a decreasein GABA agonist
mediated Cl influx (Miller et at., 1988; Marley and Gallager,
1989) and a reducedability of benzodiazepinesto enhance
GABA-stimulated Cl influx in brain microsacs (Yu et at., 1988).
Benzodiazepine tolerance and GABA agonist subsensitivity
have alsobeen observedin brains of chronicbenzodiazepine
treated rats using in vivo electrophysiological (Gailager et at.,
1985;Wilson and Gallager, 1988;Tyma et at., 1988)and behav
ioral methods (Tietz and Rosenberg, 1988; Ramsey et at., 1991).
Alterations in the GABAA receptor with chronic benzodiazepine
treatment and the accompanyingchangesin GABA function
show a regional heterogeneity and have been localized to,
amongother brain areas,cerebralcortex, dorsal raphÃ©,SNpr
and hippocampus (Gallager et at., 1985;Tietz et at., 1986;Miller
et at., 1988; Tyma et at., 1988; Wilson and Gallager, 1988).

The hippocampusis an important site of benzodiazepine
actions (Haefely, 1985), in particular anticonvulsant actions
(Rock and Taylor, 1986).Recently, by using an vitro hippocam
pal slice preparation, proven to be a useful substrate for the
study of GABA/benzodiazepinepharmacology(Kemp et at.,
1986;Kemp et at., 1987),we demonstrated a significant reduc
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tion in paired-pulse inhibition in CAl region of hippocampus
of rats sacrificed 2 days, but not 7 days, after 1 of week FZP
treatment. Moreover, there was a significant prolongationof
the field EPSP half-decay time 2 days after FZP treatment
without a change in its initial slope or maximal amplitude (Xie
and Tietz, 1991).Thesefindingsare consistentwith an impair
ment in endogenousGABA functionin hippocampusof chronic
benzodiazepine-treated rats which coincides with benzodiaze
pine anticonvulsant tolerance in the whole animal (Rosenberg
et at.,1985,1991).

One purposeof this studywasto directly test the hypothesis
that GABAA 1@Ceptor function is impaired in in vitro hippocam

pal slicespreparedfrom chronicbenzodiazepine-treatedratsby
evaluating the ability of exogenous GABAA and GABAB ago
nists to inhibit CAl pyramidal cell-evoked responses.Because
behavioral studies from our laboratory had shown that the
regulation of benzodiazepine and GABAA agonist effects were
dissimilar in SNpr after chronic benzodiazepine treatment
(Tietz and Rosenberg,1988;Ramseyet at., 1991), experiments
werealsodesignedto investigatethepossibilityof differential
regulation in hippocampus by measuring the ability of several
GABA agonists to inhibit CAl-evoked responsesafter chronic
benzodiazepine treatment. The electrophysiological actions of
benzodiazepines can be measured in the hippocampal slice
preparation by their ability to potentiate the effect of GABA
agonists (Kemp et at., 1987).To establish whether benzodiaze
pine tolerance could be measured locally in hippocampus after
chronic benzodiazepine treatment, the effect of DZP was tested
in hippocampal slices prepared from chronic benzodiazepine
treated rats by its capacity to shift the dose-responsecurve of
the GABAAagonist,ISO.

Materials and Methods

Chronic and acute benzodiazepine treatment. The 1-weekFZP
treatmentusedin thisstudyhasbeenshownto reSultin toleranceto
the antipentylenetetrazol effects of the benzodiazepines (Rosenberg et
al., 1985, 1991), subsensitivity to the behavioral actions of benzodiaze
pine and GABA agomstsmicroinjectedinto SNpr (Tietz and Rosen
berg,1988),suppressionof spontaneousfiring of SNpr neurons(Tyma
et at., 1988)and downregulationof benzodiazepinereceptorsin several
brain regionsincluding SNpr and hippocampus(Tietz et al., 1986).
This chronictreatmentdoesnot produceanyovertbehavioraleffects,
e.g.,ataxia, or does it result in spontaneous or precipitated withdrawal
effects(Tietz and Rosenberg,1988).Detailsof the chronic treatment
regimen have been provided previously (Rosenberg et at., 1985, 1990;
Tietz et at.,1986;Tietz andRosenberg,1988).

After a 2-day adaptation period during which rats received a 0.02%
saccharin water vehicle, male Sprague-Dawley rats (initial weight, 175â€”
200 g) were offered FZP for 7 days (100 mg/kg x 3 days and 150 mgI
kg x 4 days) in their drinking water. Only rats that consumed an
average of 100 mg/kg/day for the 1-week treatment period were in
cluded in the study (Tietz and Rosenberg, 1988; Ramsey et a!., 1991;
Rosenberg et at., 1991). After the FZP treatment, rats received sac
charm vehicle for 2 days until sacrifice. Paired-handled controls re
ceived saccharin water for the entire treatment period.

In order to assure that the effects observed in hippocampal slices
were specific to chronic benzodiazepine treatment, an acute dose of the
FZP active metabolite, desalkyl-FZP, was given to another group of
rats. The acute desalkyl-FZP dose to be administered was determined
in preliminary radioreceptorassaystudiescarried out as described
previously (Xie and Tietz, 1991). Briefly, ethanol extracts of whole

brain from rats given several different doses ofdesalkyl-FZP (1-10 mgI
kg p.o.) or 1 week of chronic FZP treatment were compared for their
ability to displace2 nM [3HJFNPbinding.The levelof benzodiazepine

activity in the brain immediatelyafter the end of treatment was
estimatedfroma standardDZP displacementcurveandexpressedin
DZP equivalents,nanogramsof DZP per/gramof brain. A singledose
of desalkyl-FZP(2.5mg/kgp.o.) resultedin a levelof benzodiazepine
activity in brain (162.4 ng/g of DZP; 0.57 zM, n 2) equivalent to that
found in the brains of rats after 1 week of chronic FZP treatment
(161.1 Â±35.9 ng/g DZP; 0.57 @M,n = 6). Twelve hours before intuba
tion, the food was removed from the cage. Two days before sacrifice,
2.5 mg/kg of desalkyl-FZP was administered by gastric intubation in
an emulsion ofpeanut oil, water and acacia (4:2:1). Control rats received
the same volume of the emulsion vehicle by gastric intubation.

Hippocampal slice preparation. Hippocampal slices (400 tim)
from treated or control rats were cut on a tissue chopper (Stoelting,
Wood Dale, IL) from the left dorsal hippOCampUs. Slices were placed
in ice-cold pregassed (95% 02-5% C02) buffer [(mM): NaCl, 120; KC1,
5.0; MgSO4,1.3; NaH2PO4,1.2; CaCl2,2.4; NaHCO3,26.0;and D
glucose, 10.0; 288 mOsm, pH 7.6], then transferred to a recording
chambermaintainedat 33-34Â°C.After sliceswereallowedto equilibrate
for at least 1 hr at an interfacewith buffer and humidified gas,the
slicesweresuperfusedwith warm,gassedbuffer for 30mm.

Extracellular CAl-evoked responses. CAl population spikes
(fig. 1)elicitedby stimulationof the Schaffercollateralpathwaywere
recorded in the stratum pyramidale of CAl with 2 M NaC1-filled glass
microelectrodes (2â€”5megohms). A concentric, bipolar, tungsten-stun
ulating electrode was placed into the stratum radiatum near the CAll
CA2 border and a monophasic, O.1-msec square-wave pulse (3-15 V)
was delivered at 30-sec intervals with an S44 stimulator (Grass Instru
ment Co., Quincy, MA) connected to a stimulus isolation unit. The
amplified (1000-fold), filtered (10 Hz, 3 kHz) population spikes, mon
itored on an audio monitor, were digitized using a MacLAB analog-to
digital converterunit (World PrecisionInatruments,Inc., Sarasota,
FL) interfaced with a MAC II computer, and were displayed using
MacLAB software which emulated a digital oscilloscope. Evoked re
sponse data was stored on computer disk for subsequent analysis.

A stimulus-response curve [population spike (millivolts) us. stimulus
intensity (volts)] was constructed for each electrode placement by
increasingstimulusintensity manuallyin 0.5-to 1-V incrementsfrom
threshold (the stimulus intensity required to elicit a 1-mV potential)
until the maximum population spike amplitude was achieved. Half
maximum (1/2 Max), the stimulus intensity required to elicit a popu
lation spike 50% of maximum,was usedas the standardstimulus
intensity. Healthy responses were selected for analysis based on the
magnitudeof themaximumevokedresponse(>2.7mV)andtheabsence
of multiple population spikes before and after drug application. After
a stable response was obtained, the last four responses were averaged
to serve as the predrug base line. Only one slice was used from each

treated or control rat.
GABA agonist effects. GABA agonistsweredissolvedin distilled

water, at a concentration 100 to 1000 times the desired final concen
tration and weredeliveredto the perfusatewith a calibratedsyringe
pump (Raze!, Stamford, CT) at a rate of 10 to 100 @tl/min.Each
concentration was perfused for 5 mm to ensure that a maximal response
was achieved and the last four responses at each concentration averaged
to minimize inter-response variability. Drug doses were added cumu

latively and the dose-response curve was constructed by plotting drug
concentration against the percentage reduction of the baseline popu
lation spike amplitude. Drugs were washed out with buffer for 20 to 25
mm until the postdrug response returned to 95 to 99% of the predrug
response.

In preliminary studies in slices from control rats, the effect of
superfusion time on the magnitude of the evoked response was evalu
ated in the presence of buffer alone or 2.5 gzM ISO. There was a small
increasein the sizeof the populationspikeover 60 mm during both
buffer and ISO perfusion (7.5% vs. 6.6%). The doses of each GABA
agonistto be testedwerechosenin other preliminary studies(MIJS,
0.5â€”20zM; ISO,2.5â€”50tiM; THIP, 25-500tiM; GABA,60 @iM-1mM;
and BAC, 1-12 tiM). The effects of GABA in treated and control slices
were determined in the presence of the GABA uptake inhibitor, nipe
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cotic acid (200 tiM). The IC@for nipecotic acid blockade of GABA
uptake in rat brain slices was reported to be 9 Â±1 @M(Krogsgaard
Larsen and Johnston, 1975). Nipecotic acid alone (200 tiM) had no
effect on the population spike whereas 500 @tMdepressed baseline
evoked responses. MUS, ISO, THIP (Brehm et a!., 1979) and BAC
(Boweryet al., 1983)arenot substratesfor GABAuptakesites.

Benzodiazepineagonisteffects.Becausethebenzodiazepinesact
by potentiationof GABA function,benzodiazepineswouldbeexpected
to potentiate the inhibitory effects of GABA on the CAl population
spike in a dose-dependent manner as shown by Kemp et at. (1986). The
action of DZP was tested in slices from saccharin-treated control rats
by its ability to shift the GABAA agonist, ISO, dose-response curve (fig.
4). After superfusion with ISO (2.5-20 NM), DZP (100 nM-i MM,
dissolved in 1% ethanol) was added to the superfusate for 20 mm (20
Mi/mm) before a 2nd ISO dose-effect curve was determined in the
presence of DZP. A single slice was used for each DZP concentration
tested. The experiment was repeated 3 to 8 times per DZP concentra
tion. The results of these studies served as the basis for the DZP
concentrationschosenfor studyin FZP-treatedandcontrolslices.

Data analysis. The population spike was measured from the mid
point ofthe tangent to the field EPSP onset and offset to the maximum
negative point of the population spike (fig. 1) (Adamec et at., 1981;
Tuff et al., 1983; Xie and Tietz, 1991). GABA agonist potency was
measured by the concentration of agonist which produced 50% inhibi
tion of the population spike (EC@).Because the concentrations of ISO
and DZP chosen for studies in hippocampal slices derived from treated
and control rats did not always result in 50% inhibition, the shift of
ISO response by DZP was measured as the dose of ISO to produce 40%
inhibition of the population spike (EC@o)in the absence, then presence,
of DZP. The ability of the benzodiazepineto potentiate the ISO
response was plotted as the â€”¿�logdose ratio [ECho (ISO + benzodiaze

pine)/EC@@,(ISOalone)Jvs.benzodiazepineconcentration(nanomolar)
(fig.4) (Kemp et a!., 1987). The differences in the concentration
response curves among groups were analyzed by a two-way repeated
measures analysis of variance. Post-hoc comparisons were made by
Bonferronit testbetweencontrolandcorrespondingtreatmentgroups.
Changes were deemed significant if P < .05.

Drugs. Drugswereobtainedfromthe followingsources:DZP and
desalkyl-FZP (Hoffmann-La Roche Inc., Nutley, NJ); GABA, nipecotic
acid and BAC (Sigma Chemical Co., St. Louis, MO); MUS (Research
Organics, Cleveland); ISO hydrochloride and THIP hydrochloride (Re
search Biochemicals, Inc., Wayland, MA).

Results

Effect of GABA and benzodiazepine agonists on the
CAl-evoked response. Electrical stimulation of Schaffer
collaterals elicited a synchronous firing of the CAl pyramidal
cells that could be measuredextracellularly. An example of
extracellular recordingsand the effect of the selectiveGABAA
agonist, ISO, to inhibit the population spike in slices from
control and FZP-treated rats is shown in figure 1. GABA
agonists inhibited the CAl population spike in in vitro rat
hippocampus in a dose-related manner with relative potencies
(MUS > BAC > ISO > THIP > GABA) similar to that reported
by Kemp et al. (1986) (figs. 2 and 3). The specific GABA uptake
blocker, nipecotic acid (200 MM),increased GABApotency 2.5-
fold (fig. 2). Consistent with previous findings (Kemp et at.,
1986), BAC, a selective GABAB agonist, produced 100% inhi
bition of the CAl population spike.

As shown in figure 4, DZP dose-dependently potentiated the
inhibitory effect of ISO on the CAl population spike. Higher
concentrations of DZP (>1 MM) had direct, presumably non

specific, inhibitory effects on the amplitude of the CAl popu
lation spike (data not shown) (Kemp et at., 1987). The 1%
ethanol vehicle alone had no effect on the base-line response.

During perfusion of slices with 1% ethanol over 60 min, the
size of the population spike increased by 6.9%, similar to the
change in the evoked responseover time during perfusion with
buffer alone. Based on the results of DZP dose-response studies
(fig. 4), DZP at concentrations of 300 nM (ECro) and 1 @iM
(EC1Â®)were chosen for studies in slices from FZP-treated and
control rats. Choosing concentrations on the linear (ECro) and
maximal (EC1@) portions of the DZP concentration-response
curveallowedfor detectionof changesin DZP potencyand/or
efficacy.

Effects of chronic FZP treatment on GABA agonist
actions. GABA (fig. 2, P = .047) and the selective GABAA
agonists,MUS, ISO and THIP (fig. 3), showedsignificant (P
< .001) decreases in potency in hippocampal slices derived from
rats sacrificed 2 days after ending 1 week of FZP treatment.
This was indicatedby a rightward shift in the dose-response
curves for their ability to inhibit the CAl population spike in
treated compared to control slices (ECse in micromolar: GABA,
186.4 vs. 112.8;MUS, 6.1 vs. 2.4; ISO, 23.6 vs. 5.2; and THIP,
238.3vs.106.7;n = 6/group).However,therewasnosignificant
difference(P = .56) in the CAl responseto the selectiveGABAB
agonist, BAC, between treated (ECro, 7.2 MM) and control slices
(EC@,6.5 MM) (fig. 2).

Effect of chronic FZP treatment on benzodiazepine
agonist actions. DZP was used to evaluate the development
of tolerance in vitro inasmuch as it is a full agonist at the
benzodiazepine receptor in this preparation (Kemp et at., 1987)
and because anticonvulsant tolerance could be measured to
DZP in vivo after chronic FZP treatment (Rosenberg et at.,
1991). Two days after 1 week of FZP treatment, there was a
significant decreasein the ability of DZP to shift the ISO dose
response curve (2.5â€”20 MM) in treated (1.3-fold shift) vs. control

(1.8-fold shift) slices (fig. 5). The decreasedability of DZP to
shift the ISO responsewas observed at 300 nM DZP (n = 8/
group, P = .02), but not 1 @MDZP (n = 6/group, P = .49;
treated. 2.5-fold shift; control: 2.4-fold shift), indicating a de
crease in DZP potency, but not efficacy in CAl region after
chronic FZP treatment.

Effect of acute desalkyl-FZP treatment on GABA and
benzod.iazepine agonist actions. Two days after a single
doseof desalkyl-FZP (2.5 mg/kg p.o.), slicesfrom both acutely
treated and control rats were tested. There was no significant
difference(P = .73) in the ability of ISO to decreasethe CAl
evoked responsein slices from acute desalkyl-FZP vs.emulsion
intubated rats (fig. 6). There was also no significant difference
(P = .40) betweengroupsin the ability of 300 nM DZP to shift
the ISO dose-responsecurve(fig. 6; 2.0-foldvs.1.7 fold-shift;n
= 4/group). There was no change in the effect of ISO or of
DZP in hippocampal slices from rats sacrificed 2 days after
pretreatment with a single dose of DZP (10 mg/kg p.o. in 0.5%
TWEEN 80, n = 3/group) vs. control slices (data not shown).
This acutetreatment alsoresultsin benzodiazepinebrain levels
equivalent to that found after 1 week of FZP treatment (Tietz
et at.,1986).

Discussion

The principal findingsof this studywerea reductionin both
GABAAand benzodiazepineagonisteffectsin CAl regionof in
vitro hippocampal slices from rats 2 days after cessation of 1
weekof FZPtreatment. There wasa significantdecreasein the
actions of superfused GABAA agonists (GABA, ISO, MUS and
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Fig.1. Representative extracellular
evoked potentials(populationspikes) re

RECOVERY corded in CAl pyramidal celllayer in control
andtreatedhippocampalslicesduringsu
perfusionof ISO (2.5â€”50MM).Horizontal
distancebetweendots = 5 msec;vertical
distancebetweendots = 2 mV.

Fig. 3. MUS (A, is), ISO (U, 0) and THIP (S. 0) concentration-response
curves in hippocampalslices from control rats (A, R, â€¢¿�)and rats
sacrificed48 hr after 1 week of FZP treatment (& 0, 0). Drugs (10â€”i00
MI)were added to the superfusate (2 mI/mm), incrementing the concen
trationevery5 mm.Drugresponses,averagedoverthe last2 mm,were
calculatedas a fractionof the predrugbaseline.Eachpoint represents
the meanÂ±S.E.M.for eachconcentration.Eachcurvewas generated
fromsixslicestakenfromsix rats/groupper drugtested. Therewas a
significant decrease in potency between treated and control sl@esfor
eachdrug(ECsein micromolar:MUS,6.1vs.2.4; ISO,23.6vs.5.2;and
THIP,238.3vs. 106.7).

BASELINE__ @M@MIL*MI@aM
1 WEEK FZP TREATED

BASELINE 2.@.5.sM i_sM 1.@M LtaM LIaM
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Fig.2. CumulativeBAC(â€¢,0) andGABA(A, @;plus200MMnipecotic
acid)concentration-responsecurvesin hippocampalslicesfromcontrol
rats(A,â€¢¿�)andratssacrificed48 hrafter1 weekof FZPtreatment(&
0). Drugs (10â€”100MI)were added to the superfusate (2 mI/mm), incre
mentingthe concentrationevery5 mm.Drugresponses,averagedover
the last 2 mm,were calculatedas a fractionof the predrugbaseline.
GABAshoweda significantdecreaseinpotencyintreated(ECse,186.4
MM)vs. controlslices(ECsc,112.8MM).Therewas no significantdiffer
enceintheresponseto BACbetweentreated(ECse,7.2MM)&id COfltI'OI
slices(ECse,6.5MM).EachpointrepresentsthemeanÂ±S.E.M.for each
concentration.Eachcurvewasgeneratedfromsix slicestakenfromsix
rats/group.Theresponseto GABAalone(ECse,294.7MM;intheabsence
of nipecoticacid)is alsoshown(â€”â€”¿�@,threeslices/threerats).

[@tM] (pM]

and was only observedafter superfusionwith a DZP concen
tration of 300 nM (ECsc), not 1 MM (ECioo), indicating a

decreasein DZP potency, not efficacy (fig. 5).
This is the first report of a reduction in both GABAA and

benzodiazepine agonist potency, rather than efficacy, after a 1-
weekchronicbenzodiazepinetreatment. The presenceof resid
ual FZP or its active metabolites in the slice, which would result
in an apparent increase in GABA and benzodiazepine agonist
potency, could not have affected these observationsbecause
residual benzodiazepines were not detectable in hippocampus

2 days after withdrawal from 1-week FZP treatment (Xie and
Tietz, 1991). These data suggestthat there is an alteration in
the affinity of both GABA and benzodiazepinebinding sites
during chronic benzodiazepine treatment. This conclusion is
supported by the finding that the rank order of potency of

THIP) to inhibit population spikes recordedextracellularly
from CAl pyramidal cells (figs. 2 and 3). GABAAagonist
concentration-responsecurveswere shifted 2-fold to the right
without a changein maximal effect, indicating a decreasein
GABAA agonist potency, but not efficacy. The reduction in the
postsynaptic actions of GABA in hippocampal slices was selec
tive for the GABAA receptor because there was no change in
the action of the GABABagonist,BAC, to inhibit CAl-evoked
potentials after chronic FZP treatment (fig. 2). In addition, the
ability of the benzodiazepineagonist,DZP, to shift the ISO
dose-response curve was reduced in chronically treated as com
pared to control slices. The tolerance to DZP measured in
hippocampal slices was produced by chronic FZP adininistra
tion, but not by a single desalkyl-FZP pretreatment (fig. 6),
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the finding that the allosteric interaction between GABA and
benzodiazepinereceptorsiteswas not altered in hippocampal
membranes after chronic FZP administration (Tietz et at.,
1989).

The current results extend our previous findings of a reduc
tion in paired-pulseinhibition and a prolongationof the EPSP
half-decay time in CAl region of hippocampus 2 days after the
end of 1-week chronic FZP treatment (Xie and Tietz, 1991).
The subsensitivityto exogenousGABAA and benzodiazepine
agonists in the CAl region supports the hypothesis that the
reduction in paired-pulse inhibition in the hippocampus was
due to a decreasein endogenousGABA-mediated inhibition
and suggeststhat the decreasedinhibition is due, at least in
part, to a decreasedpostsynaptic responseto GABA, although
a change in GABAA presynaptic receptors cannot be ruled out
(Waldmeir and Baumann, 1990). The significant correlation
between GABAA agonist potency and the average duration of
Cl channel opening in spinal cord cultures (Barker and Math
ers, 1981) would suggestthat the reduction in GABAA agonist
actionsin the CAl pyramidal cell regionof the hippocampus
after chronic FZP treatment may be the result of an alteration
in Cl channel kinetics rather than a decrease in conductance.
With respect to benzodiazepine actions, lowering benzodiaze
pine binding affinity by photoinactivation of the benzodiaze
pinereceptorreducedthe ability ofchlordiazepoxideto increase
GABA-induced C1 conductance (Gibbs et at., 1985). Chronic
treatment of spinal cord and cortical cell cultures with clona

zepam resulted in a decreasein benzodiazepine affinity for the
receptor (Sher et at., 1983; Sher, 1986) and was associated with

a reduced ability of DZP to facilitate GABA-induced conduct
ance (Sher et at., 1983). The reducedpotencyof DZP in hip
pocampalslicesfrom FZP-treated rats might resultin a similar
change.Intracellular current and voltage clamp recordings from
CAl pyramidal cellsin slicesfrom benzodiazepine-treatedrats
should further elucidate the synaptic mechanisms underlying
the impairmentin GABA-mediatedinhibition in the hippocam
pus of benzodiazepine-tolerant rats.
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Dlazepam[nM]
Fig.4. Concentration-responsecurvefortheabilityof DZPto increase
thepotencyof ISOinhippocampalslicesfromcontrolrats.DZPconcen
trationwasplottedagainstthe â€”¿�log[DoseRatiol.[DoseRatio]= EC@
(ISO+ DZP)/EC@(ISO).Eachpointis themeanÂ±S.E.M.of threeto
eightdeterminations.

GABA (Kemp et al., 1986) and benzodiazepine(Kemp et al.,
1987) actions in hippocampal slices was highly correlated with
their ability to displace [3H]GABA and [3H]R015â€”l788bind
ing, respectively, to hippocampal membranes. The lack of
change in DZP efficacy is consistent with the reversal of
benzodiazepine receptor downregulation in hippocampal py
ramidal cell regions within 2 days after the end of chronic FZP
treatment (Tietz et at., 1986) and suggest that benzodiazepine
receptor downregulation (Rosenberg and Chiu, 1981; Tietz et

at., 1986; Miller et al., 1988) may not be necessaryfor the
maintenance ofbenzodiazepine tolerance in hippocampus. Fur
thermore,the absenceof a decreasein benzodiazepineefficacy,
which hasbeenshownto be related to the ability of GABA to
alter the affinity ofbenzodiazepines for their receptor (â€œGABA
shiftâ€•)in hippocampus (Kemp et at., 1987) is consistent with
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Fig.5. DZPwas tested in slices2 days
after1weekofFZPtreatmentbyitsability
to shifttheISOdose-responsecurve.After
superfusionof ISO (2.5-20 MM),DZP (300
nM or 1 MM)wassuperfusedfor20 mm
beforea secondISOconcentration-effect
curvewas determinedin the presenceof
DZP.Incontrolslices(A andC),300 nM
DZP(A;n = 8 slices/8rats)and1MMDZP
(C;n = 6 slices/6rats)significantlyShifted
the ISOcurve(ISOalone,â€¢¿�;ISO+ DZP,
0). In treated slices (B and D), the ability
of DZPto shift the ISOconcentration-re
sponse curve (ISOalone,A; ISO + DZP =
L@)was significantlydecreasedwith 300
nMDZP(B;n=8shces/8rats)butnotl
MMDZP(D;n= 6 slices/6rats).Eachpoint
representsthe meanÂ±S.E.M.for each
concentration.
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ment. These studies had demonstrated the differential regula
tion of the circling responseto several GABAA agonistsand
FZP microinjectedinto SNpr (Tietz and Rosenberg,1988;
Ramsey et at., 1991).The time course for the development and
the reversal of tolerance to FZP and subsensitivityto MUS
weredissimilar(TietzandRosenberg,1988)andsubsensitivity
was demonstrated to GABA, but not to THIP (Ramsey et al.,
1991). A possible basis for this hypothesis may be found in
other studies in the hippocampus (Alger and Nicoll, 1982;
Woodson et at., 1989).A recent quantitative immunocytochem
ical study showed a heterogeneous population of GABAergic

cells in the rat hippocampal formation. Two different types of
GABA irnmunoreactive neurons were identified in the CA1/
CA2 interface region (Woodsonet at., 1989). The existenceof
two distinct, i.e., synapticand extrasynaptic,GABAAreceptors
have been proposed to mediate GABA-induced hyperpolariza
tion and depolarization,respectively(Alger and Nicoll, 1982).
THIP preferentially inducedhyperpolarization(Alger and Ni
coll, 1982) and has been found to label a subset of GABA
receptors (Falch and Krogsgaard-Larsen, 1982). In hippocam
pal slicesfrom chronicFZP-treated rats, the potencyof each
GABAA agonist was reduced to a similar extent (2-fold) 2 days
after chronic benzodiazepine treatment. Although the shift in
ISO potencywasinitially 4-fold (fig. 3), this wasreducedto 2-
fold when the number of test dosesused was decreasedfrom 8
to 4 (figs. 5 and 6). This was due to the increase in potency of

ISO in control sliceswhen the greater number of doseswas
used,perhaps due to a cumulative drug effect. The shift in the
ISO curvein treated sliceswasmaximal (EC@@ 20 MM) using
both paradigms. Both subsensitivity to GABAA agonists and
tolerance to DZP were detected concurrently in the hippocam
pus, suggesting that regulation of their actions may not follow
different time coursesasthey did in SNpr. Studiesat different
time pointsafter chronictreatment wouldbenecessaryto reject
the hypothesisthat responsesto GABAA agonistsand benzo
diazepines are regulated differentially in the hippocampus.
Intracellular recordingmethodsand localizedpressureejection
techniques would be a logical approach to further investigate
the possibility of differential regulation in the hippocampus
after chronic benzodiazepine treatment.

Numerous experiments have demonstrated regional varia
tions in the function of the GABAA receptor complex after
chronic benzodiazepine treatment. For example, subsensitivity

to iontophoretically applied GABA was demonstrated in dorsal
raphÃ©(Gallager et at., 1984;Wilson and Gallager, 1988)but not
in SNpr neurons (Wilson and Gallager, 1987). Furthermore, no
changes were found in the GABA iontophoretic currents re
quired to inhibit CA3 pyramidal cell firing in the hippocampus
of chronic DZP-treated rats (Lista et at., 1990). The exact

mechanisms mediating benzodiazepine tolerance still remain
unknown. Regional variation in benzodiazepine and GABA
receptor binding and changes in their allosteric interaction
have also been associated with chronic benzodiazepine treat
ment (Gallager et at., l984a, 1985;Tietz et al., 1986;Miller et
at., 1988;Tyma et at., 1988;Wilson and Gallager, 1988;Tietz
et at., 1989). The regionalvariations in changesin the GABA
complex during chronic benzodiazepine treatment may reflect
the differential distribution of GABAA receptorsubunit (aie,
$1â€”3, Y2 and 6) mRNAs in the brain, specifically in hippocampal

laminae (MÃ¶hleret at., 1990). Variable expression of the genes
encodingfor GABAA receptorsubunitscould lead to the syn
thesis of a GABAA receptor with an altered affmity for GABA
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Fig. 6. The ability of DZP (300 nM) to shift the ISO concentration
responsecurve(2.5â€”20MM)was testedin vitro 2 daysafter a single,
acutepretreatmentwith deSaIkyI-FZP(2.5 mg/kg p.0.).Therewas no
significantdifferencebetweenthe ISOconcentration-responsecurve
generatedin treated(A; EC@= 13.7MM)vs. controlslices(â€¢;EC@=
10.2 MM)or inthe actionof 300 nMDZPto shiftthe ISOcurve(ISO+
DZP:treated, @,EC@= 7.0 MMvs. control;0, EC@= 6.1 MM).Each
pointrepresentsthemeanÂ±S.E.M.for eachconcentration.Eachcurve
was generatedfrom four sl@estaken from four rats/groupper drug
tested.

The lack of changein the actionsof BAC in treated slices
suggests that the impairment in GABA-mediated inhibition in
the hippocampusis a selectivedysfunctionmediatedby GA
BAA, rather than GABAB receptors.GABAB receptorswhich
havebeenlocalizedtotheCAl areaoftheratbrain(Chuetat.,
1990)mediate both pre- and postsynaptic GABA actions (Blax
ter and Carmen,1985).

Activation of postsynaptic GABAB receptors results in the
hyperpolarization of hippocampal CAl pyramidal cells (New
berry and Nicoll, 1984; Reynolds et at., 1990) through an
increase in K' conductance (Newberry and Nicoll, 1984; An
drade et at., 1986).Thus, the primary action of superfusedBAC,
as found in this study (fig. 2), was inhibition of CAl-evoked
responses (Kemp et at., 1986). GABAB receptors are not, like
GABAA receptors, coupled to the benzodiazepine receptor
linked Cl channel (Haefely, 1985). Therefore, chronicbenzo
diazepine treatment would not be predicted to modulate post
synaptic GABAB receptor function. To our knowledge, this is
thefirstdemonstrationofthepresumedselectivityoftheeffect
of chronic benzodiazepine treatment on postsynaptic GABAA
receptor function. Nonetheless, changes in the presynaptic
actions of BAC as the result of chronic benzodiazepine treat
ment cannotbe ruled out. BAC has been reportedto decrease
endogenousGABA release(Waldineier et al., 1988),possibly as
a result of presynaptic calcium channel blockade (Blaxter and
Carlen, 1985). Changes in the presynaptic actions ofBAC might
be predicted from the report that chronic DZP treatment can
modify [3H]GABA release (Hitchcott et at., 1990). However,
recentdata fromour laboratoryhasshownthat KC1-evoked
[3H]GABA release is unchanged in in vitro hippocampal slices
2 days after withdrawal from chronic FZP treatment (Tietz and
Xie, 1991).

Behavioral studies from our laboratory in chronic FZP
treated rats led us to test the hypothesis that differential
subsensitivityto the actions of GABAA and benzodiazepine
agonists may be exhibited after chronic benzodiazepine treat
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and benzodiazepineagonists. Chronic benzodiazepinetreat
ment has been reported to decreasethe expression a1 (Hen
ingeret at., 1990;Kang and Miller, 1991)and -y2mRNAs (Kang
andMiller, 1991) in cerebralcortexalthoughnot in cerebellum,
or interestingly, in the hippocampus. The latter findings may
suggestthe lack of involvement of an alteration in geneexpres
sion in the induction and maintenance of benzodiazepine tol
erance in the hippocampus or that localized changes in the
hippocampus, a very heterogeneousbrain region, may be diffi
cult to detect using molecular techniques in homogenizedtissue.
Because most GABAA subunit mRNAs are expressed in the
hippocampus, including the CAl region (MÃ¶hleret at., 1990),
it is also possible that the various subunit mRNAs which have
beenanalyzedthus far in the hippocampusare not thosewhose
variable expressionare associatedwith benzodiazepinetoler
ance phenomenon.

The current findings,i.e.,the reducedpotencyof GABAAand
benzodiazepineagonists in the CAl region of in vitro hippocam
pus from chronic FZP-treated rats, establish the hippocampal
slice preparation as a valuable substrate for investigating ben
zodiazepine tolerance mechanisms. The functional tolerance
measured in the hippocampus correlates with the time course
of the tolerancemeasuredto the antipentylenetetrazolactions
of the benzodiazepinesin vivo (Rosenberget at., 1985, 1991).
By usingintracellular electrophysiologicaltechniquesin com
bination with biochemical methods, i.e.,autoradiographic bind
ing and in situ hybridization techniques, this preparation will
allow us to further investigate the changes in the GABAA
receptorand its functions which are associatedwith chronic
benzodiazepinetreatment to gain a better understanding of the
synaptic mechanisms underlying benzodiazepine tolerance.
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