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TEMPORAL AND REGIONAL REGULATION OFal, 32 AND 33,
BUT NOT a2, a4, o5, a6, B1 ORvy2 GABA, RECEPTOR SUBUNIT
MESSENGER RNAS FOLLOWING ONE-WEEK ORAL
FLURAZEPAM ADMINISTRATION
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Abstract—The effect of prolonged benzodiazepine administration on GAB#eptor subunito(1-6,
B1-3,y2) messenger RNAs was investigated in the rat hippocampus and cortex, among other brain areas.
Rats were orally administered flurazepam for one week, a protocol which results in benzodiazepine
anticonvulsant tolerande vivo, and in the hippocampus vitro, in the absence of behavioral signs of
withdrawal. Autoradiographs of brain sections, hybridized wifiSJoligoprobesn situ, were examined
immediately (day 0) or two days after drug treatment, when rats were tolerant, or seven days after
treatment, when tolerance had reversed, and were compared to sections from pair-handled, vehicle-treated
controls.al subunit messenger RNA level was significantly decreased in CA1 pyramidal cells and dentate
granule cells at day 0, an effect which persisted only in CA1 neurons. Decresbegpécific” silver grain

density over a subclass of interneurons at the pyramidal cell border suggested concomitant regulation of
interneuron GABA receptors. A reduction i3 subunit messenger RNA levels was more widespread
among hippocampal cell groups (CA1, CA2, CA3 and dentate gyrus), immediately and two days after
treatment, and was also detected in the frontal and parieto-occipital cortices. Chargesubunit
messenger RNA levels in CAl, CA3 and dentate gyrus cells two days after ending flurazepam treatment
suggested a concomitant up-regulatiofd@imessenger RNA. There was a trend toward an increased level

of a5, B3 andy2 subunit messenger RNAs in CA1, CA3 and dentate gyrus cells, which was significant for
the B3 andy2 subunit messenger RNAs in the frontal cortex seven days after ending flurazepam treatment.
There were no flurazepam treatment-induced changes in any other GAE8Aptor subunit messenger
RNAs.

The messenger RNA levels of threel( 32 andB3) of nine GABA, receptor subunits were discretely
regulated as a function of time after ending one-week flurazepam treatment related to the presence of
anticonvulsant tolerance, but not dependence. The findings suggested that a localized switch in the subunit
composition of GABA, receptor subtypes involving these specific subunits may represent a minimal
requirement for the changes in GARAeceptor-mediated function recorded previously at hippocampal
CA1 GABAergic synapses, associated with benzodiazepine anticonvulsant tole@t889 IBRO.
Published by Elsevier Science Ltd.
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Several classes of clinically effective anticonbeen identified¢1-6,B1-4,vy1—4,31, €1), which
vulsants exert their actions at different allosterienay confer different Cl channel properties and
modulatory sites on the GABAreceptor (cf. Ref. distinct GABA and benzodiazepine pharmaco-
62). Continual use of the benzodiazepine class lealtgjical propertieg31439.57.63.70,71
to a reduction in clinical effectiveness, i.e. tolerance. GABA, receptors have a dense, heterogeneous
It is well established that benzodiazepine tolerandadistribution throughout the CNS, particularly in the
is associated with a dysfunction of GABAergiccortex and hippocampug.At least five patterns of
neurotransmission (for reviews see Refs 3, 21 ar@ABA, receptor subunit association have been
30). GABA, receptors gate fast inhibitory synapticidentified in vivo®17:184144527%3nd certain subunit
transmission via an integral chloride ion channetombinations have been associated with specific
The native receptor is a pentamer with unknowneuronal population®*4 The heterogeneity and
stoichiometry, though it is probably composed ofubcellular compartmentalization of GARAecep-
2a, 2B and ay (or 8) subunit>%3°Multiple variants tor subunits suggest that multiple, functionally
of the five GABA, receptor subunit families havedistinct GABA, receptor subtypes may be
assembled on individual neuroffs.

A change in expression of the genes encoding

*To whom correspondence should be addressed. ; ; ;
Abbreviations DG, dentate gyrus; SO, stratum oriens; SP, strag:’ABAA receptor subunits, and thus a switch in the

tum pyramidale; SR, stratum radiatum; SSC, standard salimbunit composition of GA_BA receptor subtypgs,
citrate. has been proposed to contribute to the dysfunction at
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Ol; Subunit

Fig. 1. Representative dark-field photomicrographs of autoradiographs of sagittal brain sections hybridized with

an antisensée*{S]oligoprobe for thex1 subtype mRNA of the GABAreceptor. Sections (10m) were cut from

one-week flurazepam-treated (FZP) rats killed immediately (day 0), two or seven days after ending oral drug

administration and compared to sections from matched control rats (CON). Immediately after the end of treat-

ment, there was a significant decrease in the relative gray level on autoradiographs localized over CA1 pyramidal

cells and dentate granule cells. This difference only persisted in CA1 pyramidal cells two days after treatment and
was no longer present seven days after ending treatment, when rats are no longeritolévar(fTable 1).

GABAergic synapses associated with benzodiazenanifested as behavioral hyperexcitability follow-
pine tolerance. Variable expression of receptang drug withdrawal or precipitated, i.e. by antago-
subunits could alter GABA receptor function anchist administration. Another difficulty in interpreting
GABA or benzodiazepine pharmacology, andhe results of a variety of previous studies is the
could be manifested behaviorally as a decreasédkentification of a common anatomical locus or
CNS sensitivity to the drug following repeated ofoci mediating functional tolerance. Moreover,
prolonged administration. Studies aimed atvhereas studies of tolerance mechanisms in hetero-
establishing such a role for changes in GABAlogous expression systems following prolonged
receptor subunit composition associated with benzagonist exposure may yield important insights into
diazepine tolerance have yielded conflicting findthe possible relationship between biochemical and
ings20:313342730ne potential difficulty may be that molecular mechanisms underlying pharmacological
some benzodiazepine treatments produce not ordy functional changes at GABAreceptors, these
tolerance, but also physical dependence. It couldechanisms cannot be directly ascribed to tolerance
then become difficult to differentiate molecularin vivo.

mechanisms underlying reduced neuronal respon-One-week oral flurazepam treatment produces
siveness to benzodiazepines, i.e. functional toletelerance to benzodiazepine actions to suppress
ance, from similar or additional changes irpentylenetetrazole-induced seizuiessivo,>*° but
GABA, receptors occurring in response to repeatawbt dependenc®. Tolerance was also demonstrated
or continued receptor activation, but associated with vitro in a model system established in the hippo-
physical dependence. Dependence may lampus of flurazepam-treated rats, by a reduced
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sensitivity of GABA-mediated responses in CAln2, 341-357° o3, 361-375° a4, 15-30 of the signal

ramidal cells to benzodiazepine receptopeptidel® a5, 355-369° a4 according to Khrestchatisky
(E:)l)g;onists78’81v83 GABA, receptor ach))nist potenré et al;* b, 3423567 B1, 382-3967 B2, 382-3967 3,
: A Y 380-394%° v2, 338-35%") were synthesized by Oligos Etc.

was also reduced in CA1 pyramidal ceffsMore- (willsonville, OR) according to Wisdest al”® Probes were
over, among the principal hippocampal cell types' end-labeled with $S]dATP (12.56 mCi/ml; E. I. Dupont,
studied following chronic benzodiazepine treatBoston, MA) with terminal deoxytransferase (Boehringer
ments with a range of electrophysiologicaf"'a””he'm* Indianapolis, IN)3S-Labeled oligoprobe was

. . separated from unincorporate#¥§]dATP by centrifugation
approaches, GABAergic function was shown to b n a Bio-Spin chromatography column (BioRad, Richmond,

selectively impaired in CA1 pyramidal cefi3>*79-82  ca). Labeling efiiciency ranged from 67% to 90% for all
Furthermore, the temporal pattern of the changes atigoprobes, except the3 probe (~ 50%). Coupled with
GABA function detected in CA1 pyramidal cellsthe low Ievelgsﬂc%f thex3 subunit mRNA, particularly in the

. ) a1.82384 hippocampus?’™ preliminary experiments indicated that the
following one-week flurazepam_ treatm@fft very weaka3 antisense®S]oligoprobe hybridization signal
paralleled the appearance and dlgappegrance _Of aBH-autoradiographs could not be reliably quantified. There-
convulsant tolerancia vivo.>*®°Usingin situhybri-  fore, between-group comparisons with th8 probe were
dization methods, we had previously demonstratet carried out.
localized decreases ial, but nota5 and y2,
MRNA levels in the cortex and CAL region of the Tissue preparation. Brains were dissected and rapidly
hippocampus two days after ending flurazepaifozen in isopentane in an acetone—dry ice bath. Sagittal

administration. In order to establish whether thg€rial sections (1am) were cut through the hippocampal
ormation, 2.4—-2.9 mm lateral to the midline, according to

expression of specific GABA receptor S_Ubur?'ts Paxinos and Watso¥. Sections were thaw-mounted on to
may be discretely regulated with a similar timepoly-L-lysine-coated slides and stored at70°C until
course as the temporal pattern of tolerance detectecessed foin situ hybridization histochemistry. Prior to
in vivo andin vitro, the relative expression of ninenybridization, sections were rapidly brought to room

: temperature under vacuum and fixed for 5 min in 4% para-
GABA, receptor subunitdl, a2, a4, a5, a6, B1,  t;maidehyde in 0.1 M sodium phosphate buffer (pH 7.4).

B2, B3 andy2) mRNAs was investigated in the ror each oligoprobe, parallel serial sections were selected

hippocampus, among other brain areas. from flurazepam-treated and control groups based on their
lateral level of sectiofi Sections were rinsed 8 5 min in
sodium phosphate buffer. Sections were immersed for

EXPERIMENTAL PROCEDURES 10 min in 0.1 M triethanolamine containing 0.25% acetic
) ) ) anhydride then rinsed for 10 min in R standard saline
Chronic benzodiazepine treatment citrate (SSC; 1x SSC= 0.15M NaCl, 0.15M sodium

After a two-day adaptation period, male Spraguecitrate, pH 7.0), dehydrated through an ethanol series
Dawley rats (180200 g initial weight; Harlan, Indianapo{70%. 80%, 95%), defatted in chloroform and stored
lis, IN) were offered flurazepam hydrochloride in 0.020nder 95% ethanol at-20°C until used. For each

saccharin water for one week (100 mg/kg for three day: 35S]oligoprobe, one section per rat from both experimental

150 mg/kg for four days). Rats treated using this protoccﬂrgg dIC:dntirdoén%rcoath/Sa\::vr%rses 2?8&5_?&?;539‘1 in parallel and
it )

are toleran®®%° but show no signs of spontaneous or preci
pitated withdrawaf’ Though rats are offered what are
apparently relatively “high” doses of flurazepam, benzodia- yprigization. Sections were air-dried and prehybri-
zepine levels in the brain achieved during one-week orgfized with 80pulislide of hybridization buffer [50% (v/v)
flurazepam administration, expressed in diazepam equivermamide, 4x SSC, 1x Denhardt's reagent, 500 mg/
lents (161.1+ 35.9 ng diazepam/g brain; 0.5iM), """ oo qanatired Herring sperm DNA, 250 ml yeast tRNA and
are similar to or less than those achieved with other chronigyo, dextran sulfate containing 10 mM dithiothreitol] under
benzodiazepine treatments (200-275 ng diazepam/g bragyrafiim in a humidified (& SSC) chamber. Slides treated
0.7-1.0uM). 422 At the end of the drug administration yith RNase for 30 min at 3T prior to prehybridization
period, rats were killed for brain section preparation. Ratgere used as negative contréfsSections were hybridized

were killed immediately (day 0) after ending flurazepamy 42C in a humidified chamber with 50 mi/slide hybridi-
administration or offered saccharin water for two or seveation puffer containing 10 mM dithiothreitol and %

days until they were killed. Control rats received the sacchariys 4 p.m. 3S-labeled antisense oligoprobe/section under
solution for the same lengths of time. Changes in MRNAass coverslips with parafilm bridges. Additional slides
levels were anticipated to be at or near maximal immediate{jere incubated with sensel and B3 [*S]oligoprobes.
after drug removal, or still decreased two days after druggyersiips were removed in2SSC. Sections were washed
removal, when impaired GABA receptor inhibition was 1 5 final stringency of 0.5 SSC at 52— according to
detected in the hippocampus in the absence of residual benggs calculated oligoprob,. Sections were dehydrated for
diazepine metabolite¥.Seven days after the end of treat-5 min in 70% and 95% ethanol containing 300 mM ammo-
ment, when tolerance has reversed, the electrophysiologi¢am acetate (pH 5.5), followed by 100% ethanol. Slides
correlates of tolerance have also disappeafétf’*2%* | e dried in a vacuum desiccator and apposed to Biomax
In accordance with the Public Health Service Policy ofR fiim (Eastman Kodak Co., Rochester, NY). The devel-
Human Care and Use of Laboratory Animals and thgpment of the image on the film was tracked with sections
Animal Welfare Act, all efforts were made to minimize v hrigized with increasing ratios of oligoprobe labeled with
animal suffering, to reduce the numbers of animals usqds|gATP to “cold” dATP (40%, 80% and 100%) to help
and to utilize alternatives tm vivo techniques. insure that the signal was adequate, but not saturated. Coro-
nal sections, hybridized with th&S-labeleda1 antisense
probe, were dipped in NTB-2 emulsion (Eastman Kodak
Co., Rochester, NY) as described previo8slfor grain
Oligonucleotide probes. Oligoprobes (45-mers) compli- counting over presumptive interneurons in the hippocampal
mentary to rat cDNA amino acid residuasl( 342—-356"* CAL region. Autoradiographic film and emulsion were

In situ hybridization histochemistry
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B3 Subunit

Fig. 2. Representative dark-field photomicrographs of autoradiographs of sagittal brain sections hybridized with
an antisensée*{S]oligoprobe for theg3 subunit mRNA of the GABA receptor. Sections (4@m) were cut from
one-week flurazepam-treated (FZP) rats killed immediately (day 0), two or seven days after ending oral drug
administration and compared to sections from matched control rats (CON). Immediately after the end of treat-
ment, there was a significant decrease in the relative gray level on autoradiographs localized over all principal
cells in the hippocampus [CA1-CA3 pyramidal cells, polymorph (CA4) cells and granule cells], as well as the
frontal cortex and caudate—putamen. The decreases in refgigabunit mMRNA levels persisted in all regions
two days after treatment. Seven days after stopping drug administration, there was an increase in mRNA levels in
the CA3 region and in the frontal cortex (see Table 1).

developed as described previou&hSections were stained define the region or subregion. For example, to measure
with Cresyl Echt Violet (Fluka, Switzerland) for comparisonthe density on the image over the CAl pyramidal cell
with the hybridization signal. layer, a perpendicular line was drawn from the outermost
edge of the dentate gyrus (DG) at the hilus and from
the lateral edge of the dorsal blati&Vithin this defined
Image analysis. Images on film were acquired usingarea, the area delineated was limited to the innermost
NIH Image Software (version 1.59) with a high-resolutior®0% of the total area to reduce the possible contribution
CCD camera (Sierra Scientific, Sunnyvale, CA) mounte@f a signal from neighboring areas. Similar criteria were
over a light box (Northern Light, Imaging Research, Sglerived for each area measured. If necessary, e.g., to define
Catherines, Ontario, Canada), which provided constag@rtical layers, the image was compared to an image of
illumination. The overall illumination was adjusted so thathe Cresyl Echt Violet-stained section from the same
the distribution of relative grey values, i.e. the number ofat. Background gray level was determined over the
pixels in the image as a function of grey value (0—256), fegorpus collosum, a white matter area. All data are
within the limits of the system, typically within 30—220 grayexpressed as meah S.E.M. of the raw grey level values.
value units. Once established, the settings remained const&@mparison of regional mMRNA levels was made by
for all images acquired within a particular experimentaBNOVA. Individual comparisons were made with ortho-
protocol. Images, acquired as described, were digitize@Pnal contrasts. . ) .
and stored on an external Bernoulli disk (lomega, Roy, Dark-field images of silver grains detected over inter-
UT) for later analysis using a Macintosh Quadra 95@euron subclasses, defined by their location within the
computer. CAL region [stratum oriens (SO), SO/stratum pyramidale
Gray level measurements (per Mmwhich reflected (SP) border, SP or stratum radiatum (SR)], were used to
mMRNA levels, were made on digitized images by delimitingfletect theal mRNA level in coronal sections exposed to
an area of interest, freehand, using predetermined criterialgB-2 emulsion. Images were captured with a DAGE
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Oy -Y> Subunits

Fig. 3. Representative dark-field photomicrographs of autoradiographs of control rat sagittal brain sections
hybridized with antisense®jS]oligoprobes for thex2, a4, o5, a6, B1, B2 andy2 subunit mRNAs of the
GABA, receptor. All temporal groups for eacfP$]oligoprobe were processed identically as described in the
Experimental Procedures. With the exceptiofg@fsubunit mRNA levels, none of these GABeceptor subunit
mRNAs were regulated by one-week flurazepam treatment as indicated by a comparison of relative gray level
values; therefore, additional representative autoradiographs of flurazepam-treated rat brains are not shown. There
was a significant increase in the relative levels of B2ZemRNA two, but not seven, days after the end of drug
administration localized to CA1 and CA3 pyramidal cells and dentate granule cells (see Table 1). A control
section hybridized with the sens&$]oligoprobe for thex1 subunit mRNA, used as the negative (NEG)ddr

subunit mRNA levels, is also shown.

camera mounted on a Nikon Optiphot microscogé25). sum was subtracted from the total grain density to determine
Results obtained using the density threshold option of tHex1 subunit-specific” grain density.

image software were empirically determined to be equiva-

lent to silver grain counting over bright-field imag&Rela-

tive grain density was defined as the “pixel” area covered by RESULTS

grains as a fraction of total pixel area of the interneuron

soma of interest. Background density over the corpus collo- As illustrated in Figs 1-3, the relative distributions
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Fig. 4. Percentage change in relative density (gray level) on autoradiographs over principal hippocampal cell
layers [CA1-CA3 pyramidal cells, polymorph cells (PC; formerly CA4 pyramidal cells) and DG cells]. Sections
from rats killed immediately (day 0), two or seven days after ending oral flurazepam administration or their
matched controls were handled identically and were batch processed accordingitiosthehybridization
procedures decribed in the Experimental Procedures. Flurazepam-treated and their matched control sections
from each temporal group were exposed to the same film. Digitized images over autoradiographs were acquired
with NIH image software, maintaining the same illumination intensity across all sections on each film. Statistical
analyses were performed on raw gray level measurements (see Table 1). A significant deaxdasebimnit
mRNA levels, reflected in the percentage change in relative density immediately (day O) after treatment, was
localized to CA1 pyramidal cells and DG cells. The decrease only persisted in CA1 neurons two days after ending
flurazepam treatment. A reduction @8 subunit mRNA level, reflected in the change in relative density, was
present in all principal hippocampal cells, immediately and two days after treatment. In contrast to the decreased
B3 mRNA level, a significant increase g2 subunit mMRNA level was found in CA1, CA3 and granule cells two
days after treatment. This trend persisted seven days after treatment. Whergastthenit mMRNA level was not
significantly down-regulated immediately after stopping treatment, a similar trend toward an increase was seen
two and seven days after flurazepam treatment. This biphasic trend was noted across all subunitsBdith the
subunit being the most notable exception.
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Table 2.a1 Subunit messenger RNA level in interneurons in the CA1l region

CAL1 layer
SO SO/SP border SP SR
Control 100.6+ 3.1 (17) 115.5+ 2.9 (15) 109.2+ 2.2 (44) 94.4+ 7.8 (5)
FZP treated 100.¢ 3.2 (17) 101.0= 3.4 (7) 108.7+ 2.0 (49) 95.7+ 3.7 (7)
P value 0.94 0.01* 0.87 0.87

Mean (* S.E.M.) relative silver grain density. Number of cells/group is given in parentheses. FZP, flurazepam.
*Significant difference between control and flurazepam-treated gréugs0.05.

of the nine GABA\ receptor subunit mMRNAs eval- level only in interneurons located at the SO/SP
uated were similar to those described byorder (Table 2).
others#527 The antisense *S]oligoprobe signal
was specific to neurons and was very low to absen .
over white matter regions. Background labeling Wa%t2 Subunit messenger RNA level
uniform over RNase-treated sections and low over The a2 subunit mMRNA signal was moderate over
sections treated with sense strands forthéFig. 3) CA1 pyramidal cells in comparison to CA3 pyrami-
or B3 oligoprobes, as reported previously for each afal cells, polymorph cells and DG cells, the latter
the same oligoprobe&8 All statistical analyses were being of a relatively high density (Fig. 3). The level
made using raw gray level values (see Table 1). Fof «2 mRNA was relatively low in cortical areas and
comparison of the changes in the mRNA levelé the caudate—putamen, and negligible or absent in
among the nine GABAreceptor subunits, the dataother brain areas in the parasagittal plane, i.e. the
in the text are expressed as percentages of therebellum, thalamus and collicular regions. The
control mMRNA level. relatively large significant decrease in the?
mRNA level in the caudate—putamen immediately
after ending flurazepam treatment— 32%) was
reversed both two (- 1.3%) and seven days-
Dark-field photomicrographs ofal subunit 17.4%) after ending treatment. No significant
mRNA distribution in parasagittal brain sectionchanges ina2 mRNA levels were found in any
are shown in Fig. 1. As described previously, thether brain areas at any time-point (Fig. 5).
relative distribution of thex1 subunit mRNA signal
in rat hippocampal neurons was CA% DG =
CA3 > polymorph cells (formerly CA4). Thexl
MRNA level was similar in the frontal, striatal and The pattern of the4 mRNA signal in the hippo-
parietal cortices, and the thalamus. Tdie MRNA campus was relatively lower and more uniform in all
signal over the cerebellar granule cell layer was twgyramidal cell layers (Fig. 3) in comparison to that
fold greater than that over hippocampal granulen DG cells, where it was twofold greaten4
cells. mMRNA levels were relatively low in the cortex, cere-
The a1l subunit mRNA level was significantly bellar granule cells and thalamus. Chronic fluraze-
decreased in the CA1 pyramidal cells-(14.4%) pam treatment did not alter levels @f mRNA in
and DG cells (— 19.5%) immediately (day 0) after any brain region at any of the time-points measured
the end of treatment (Table 1, Fig. 4). The significan(Figs 4, 5).
decrease il MRNA level persisted only in CA1
pyramidal cells two days after ending flurazepam .
treatment (— 11%) and was reversed seven day§5 Subunit messenger RNA level
after ending treatment ¢ 5.8%). The decreased Atthe brain level examined, the5 mRNA signal
MRNA level in cortical areas did not reach signifiwas relatively exclusive to the hippocampus and
cance at any time-point. There were no significardortex (Fig. 3). The patterns of tlees mMRNA signal
changes detected il mMRNA levels in other brain generated over hippocampal cells were similar to
areas, i.e. the cerebellum and thalamus (Table 1)those described previously in emulsion-coated
In emulsion-coated sections, very densely labeldatain sections: CA3> polymorph (CA4) cells>
al-positive interneurons were scattered througho@A2 = CA1 >> DG.5® The relative density in the
the neuropil and within and bordering the pyramidatortex was similar to that in the dentate. As with the
cell layer?234%|nterneurons were classified accorde4 subunit mRNA, there were no significant differ-
ing to their location within the hippocampal forma-ence ina5 subunit mRNA levels post-flurazepam
tion, i.e. SO, SO/SP border, SP and SR. Dark-fieldeatment (Figs 4, 5). However, there was a non-
image analysis of silver grains over individual intersignificant trend toward increased levels in DG
neurons indicated a selective decreaseirRNA cells (Fig. 4) and the frontal cortex (Fig. 5).

a1 Subunit messenger RNA level

a4 Subunit messenger RNA level
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a6 Subunit messenger RNA level flurazepam was withdrawn, the reductions 8
As anticipated, the:6 subunit mRNA signal was MRNA level p_erS|sted in the hlpp_opampus. Seven
géays after ending flurazepam administration, several

intense and present exclusively in cerebellar granu £ oin areas showed sianificant increase8a1sub-
cells (Fig. 3). Chronic flurazepam treatment had nB 9 B

: unit mRNA levels, notably CA3 pyramidal cells
effect on the level ot6 mRNA (Figs 4, 5). (+17.8%) and frontal cortical cells+(34.2%). A

_ similar trend was seen in other hippocampal cell
B1 Subunit messenger RNA level groups and in the caudate—putamen, which did not

The level of 1 subunit mMRNA was high in the réach significance (Fig. 5, Table 1).
hippocampus, with lower levels measurable in the
cortex and in cerebellar granule cells (Fig. 3). Th§2 Subunit messenger RNA level
CA2 and the dentate region had very high levels of
g y g The level of y2 subunit mMRNA was relatively

B1 subunit mMRNA, CA2 pyramidal cells slightly | ) :
higher than granule cells. Relatively high levels o _n|form across the hippocampus, being somewhat

B1 mMRNA were also detected in CAL and CA igher in DG cells (Fig. 3). The level of2 subunit

neurons, as well as polymorph cells. Chronic quramRNAir,' cerebellar granule cells was compara_bleto
zepam treatment had no effect in regulatipg that in hippocampal granule cells. The Ievels_ in the
subunit mRNA levels (Figs 4, 5). cortex were approximately 50% of those in the

hippocampus. One-week flurazepam treatment had
no measurable effect oy2 mMRNA expression in any

B2 Subunit messenger RNA level brain area evaluated. None the less, as with@Be
B2 Subunit mRNA levels were relatively low in MRNA expression, there was a trend toward
the hippocampus (CAL> CA2 = DG = CA3 = increased expression seven days after flurazepam

prominent in cerebellar granule cells (Fig. 3). Th&ortex (+34.2%; Fig. 5).
levels in the thalamus were somewhat higher than
those in the CA1l region (Table 1). Though there was DISCUSSION
no effect of chronic flurazepam treatment immedi-
ately after the end of flurazepam treatmepg The hypothesis that a switch in subunit composi-
mRNA level was significantly up-regulated in CA1tion of the GABA, receptor may underlie benzo-
( + 31.2%) and CA3 ¢ 37.2%) pyramidal cells and diazepine tolerance has received support from
in DG cells (+ 29.2%) two days after ending treat-numerous studies. Nevertheless, reports have been
ment (Fig. 4). In the cortex, on the other hand, thereontradictory, and with the exception of th and
was a non-significant trend toward a decrease il MRNAs, changes in the levels of expression of
mRNA level immediately and two days after ending@ach of the knowm, 8 andy subunit mRNAs have
flurazepam treatment in the frontal and parieto-occheen detected following various vivo benzodia-
pital cortices, respectively (Fig. 5, Table 1). Ther@epine treatment regimens which result in anticon-
was no evidence g2 subunit mRNA regulation in Vulsant tolerance in rodents. For examplel
the other brain areas. subunit mMRNA expression was decreased in the
cerebral corte3é27:2931.3386.78nd hippocampi33166:76
. following protracted benzodiazepine administration
A3 Subunit messenger RNA level in sor?]ep studies, and wag unchanged in
The relative levels o33 subunit mRNA in the others?63346858q evels ofy2 or 33 subunit mMRNA
hippocampus were as follows: D& polymorph expression  were  down-regulafé&®®  or
cells> CA1 = CA3 > CA2 (Table 1, Fig. 2). The unchanged® In contrast, other investigators
B3 mRNA level was relatively low in cortical areasreported up-regulation of subunit mRNAS4
and slightly lower in the caudate—putamen. Chroni®©ne factor complicating the interpretation of find-
flurazepam treatment induced time-dependeirigs is the inability to separate the molecular
decreases i3 subunit MRNA expression in severalchanges related to benzodiazepine tolerance from
brain areas. Immediately after oral flurazeparthose associated with dependence. This divergence
administration was stopped, there were significamf findings may also be due to the benzodiazepine
reductions in all pyramidal cell types (CA1,selected for chronic treatment, the dose, frequency
—24.0%; CA2, —14.8%; CAS3, —18.4%) and in and method of drug administration, and the time of
DG cells (—21.2%) (Fig. 4, Table 1). There was aanalysis post-treatment. Moreover, changes in
large, significant reduction iB3 mRNA level inthe mRNA and protein expression following long-term
frontal cortex (-37.3%), which did not reach signif- benzodiazepine administration have been discretely
icance in the parieto-occipital cortex-22.8%). A localized'%® and may have gone undetected in
significant reduction i3 mMRNA level (—29.2%) previous northern blot or solution hybridization
was also detected in the caudate—putamen, but notsitudies?®-28:31.33.46,475556.7688y focusing studies in
the cerebellum (Fig. 5, Table 1). Two days aftethe hippocampus, some of these problems can be
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Fig. 5. Percentage change in relative density (gray level) on autoradiographs over brain areas with significant
GABA, receptor subunit mRNA level (frontal cortex, parieto-occipital cortex, cerebellar granule cells, thalamus
and caudate—putamen). Sections from rats killed immediately (day 0), two or seven days after ending oral
flurazepam administration or their matched controls were handled identically and were batch processed according
to thein situ hybridization procedures described in Experimental Procedures. Flurazepam-treated and their
matching control sections from each temporal group were exposed to the same film. Digitized images over
autoradiographs were acquired with NIH Image software, maintaining the same illumination intensity across
all sections on each film. Statistical analyses were performed on raw gray level measurements (see Table 1). A
significant decrease i3 subunit mRNA level, reflected in the percentage change in relative gray level imme-
diately after treatment, was localized to the frontal cortex. This decrease did not persist two days after ending
treatment. There was a rebound increagg3subunit mRNA level seven days after ending flurazepam treatment.
B3 Subunit MRNA level was also regulated biphasically in the caudate—putamen, but the rebound seven days
after ending drug administration was not significant. Thogghsubunit mRNA level was not significantly
decreased immediately or two days after ending treatment, a significant increg®esibunit mRNA level
paralleled that of thd3 subunit mRNA in the frontal cortex. No other subunit mRNAs showed significant
changes in their levels in any brain area measured.
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circumvented, and there is an opportunity to relate Studies of benzodiazepine site ligands which do
changes in subunit mMRNA expression to changes itot induce toleranc&®' may help clarify the
GABA, receptor function in a well-defined neuronakonflicting findings of studies of mMRNA expression
population. following various chronic benzodiazepine treat-
ments, since drugs which have limited tolerance-
inducing potential, such as abercafhénd imidaze-
nil,3! did not induce similar changes in mMRNA
expression. Chronic treatment with thé&-selective
The presentin situ hybridization study was imidazopyridine, zolpidem, which also has a low
carried out on rats made tolerant to benzodiazepingderance liability, predictably down-regulatedl
in vivo, but not dependent. In our hippocampasubunit mMRNA expression. However, since
model system, this treatment was also found to resublpidem has a negligible affinity for thed subunit,
in tolerancein vitro”83 and to significantly impair the up-regulation ofx4 and1 mRNA expression
CA1 pyramidal cell GABAergic functiod”788-8% was unanticipateé® Holt et al.?”?8 proposed that
Changes in the levels akl, 32 and 33 subunit some GABA, receptor subunit changes found
mRNAs were evident when tolerance was presefallowing allosteric modulator treatments are the
(day 0 and two days), but had reversed when toleresult of direct drug—receptor interactions and that
ance was absent (seven days). The discrete reduct@ranges in GABA tone may also affect steady-state
in the level ofal subunit MRNA in CA1 pyramidal levels of mMRNA as the result of coordinated trans-
cells two days after ending flurazepam treatmemation of GABA, subunit genes, found to be orga-
replicated our previous findings using silver graimized in clusters on human chromosomes (4p13—
analysis®® However, the time-course of the changelqll: a2, a4, B1 andvyl; 59432-5033nl, ab, B2
in al subunit MRNA expression does not paralleéhndy2; 15q11-15q13a5, B3, v3).
that of benzodiazepine receptor down-regulation. In
autoradiographic binding studies, significant, loc
lized reductions in JH]flunitrazepam?®s7:68 and
[3H]zolpidem binding (unpublished observation) i
the CA1 region of the hippocampus were transient, The lack of a significant change in the expression
i.e. had reversed by two days after drug removatf the a5 subunit mRNA in the hippocampus and
though rats were still tolerarih vivo andin vitro. cortex® at a time when rats are tolerant, replicates
Conversely, GABA/benzodiazepine binding sites imur previous findings. Expression o5 mRNA,
the CA1 region remained “uncoupled” until toler-among other GABA receptor subunit mRNAs,
ance was reverséd.Regulation of thex1 subunit e.g.,a3 and a4, was increased in whole brain or
has been implicated in mediating both receptarortex following various chronic benzodiazepine
down-regulation and decreased allosteric couplingeatment$’:3247 Conversely, a decrease in2
between GABA and benzodiazepine binding sitesnRNA expression was reported following the
yet its role is unresolved3®37%665The benzodia- same or other protocofd:3> Nevertheless, such
zepine binding pocket is probably located at theubunit mMRNA changes were not a prerequisite for
interface of thea and vy subunits?* and recent invivoorin vitro tolerance development during one-
studies usinga/y chimeras have also implicatedweek flurazepam administration. Alternatively, the
two different domains on thg subunit in regulating increase iB3 andy2 mRNA in the frontal cortex
high-affinity benzodiazepine binding and allosteri@and the trend toward the increase8, B3 andvy2
coupling, respectivel§.Other subunit MRNAso3, mMRNA expression in CA1, CA3 and DG cells, at a
a4, o5, B1), including they2 subunit, have been time when tolerance is no longer preseéntvivo
shown to be regulated with acute, more protracteg@even days), suggests that @bB3y2 receptor, a
or more intense flurazepam treatmetft&,88or preferred hippocampal GABAreceptor subtype,
following diazepam’®! or lorazepar® administra- (cf. Refs 41 and 44) might subsequently be over-
tion. Changes in2 subunit mMRNA expression haveexpressed. Moreover, since dependence does not
been more closely linked with changes in benzodiaccur following one-week flurazepam treatment,
zepine binding densit§? None the less, changes inthe up-regulation of th@3 andy2 subunit MRNAs
the mRNA expression of these subunits was ndan the frontal cortex likely represents a rebound,
required to demonstrate anticonvulsant tolerance mther than a withdrawal phenomenon. A similar
in viva®® or in in vitro hippocampu®"88follow- trend, increased expression seven days after ending
ing flurazepam administration. In addition, unlikeflurazepam treatment, was shown for the majority of
one-week oral flurazepam administration, otheBABA, receptor subunit mMRNAs examined. A role
benzodiazepine treatment protocols which result ifor biphasic switches in mMRNA expression has not
benzodiazepine tolerance and in a broader rangelmden established. Switches in the expression of
changes in GABA receptor subunit mMRNA expres- certain subunit combinations occur during develop-
sion may also be associated with benzodiazepimeent?® perhaps reflecting both GABA's early
dependencél’® neurotrophic rol€ and its subsequent role as an

Relationship between GARAreceptor subunit
messenger RNA expression andiivo tolerance

"T?ebound overexpression of GAB&ceptor subunit
pmessenger RNAs
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inhibitory neurotransmitter in the hippocampus.expressioff-3":%665 or additionally contribute to
For example, in specific brain areas3, o5, B3 changes in postsynaptic GABA function also
and y2 subunit mRNAs peak during embryonicrequires further investigation.

and early postnatal development, then rapidly

decline. Thus, some of the switches in subunj

subtypes detected following chronic benzodiazepir%elat'c.mshIIO between changes in GABrAceptor
treatment may represent a coordinated control of tl'?(l}‘bun'.t messenger RNA - expression and 1CA
translation of specific GABA receptor subtypes, pyramidal cell function
analogous to the proposal of Hadtt al,?”® and The role of a switch in GABA receptor subunits
may not be directly related to tolerance developmerit mediating changes in GABAergic function is still
uncertain. Decreasedl subunit mMRNA and protein
Relationship between changes in subunit messen ex{)ressio_n in CAL pyramidal ceffowas associate_d
RNA and protein levels With functional chapges in these neurons following
long-term benzodiazepine treatmént®-8 The
The localized decreases in the steady-state levelescreased potency of zolpidem to potentiate
of a1l and B3 subunit mMRNAs in the cortex and GABA currents in dissociated CA1 pyramidal cells
hippocampus of flurazepam-treated rats immediatebf chronic diazepam-treated rétsnd the reduced
after the drug was withdrawn was reflected irability of zolpidem to potentiate the decay of CA1
discrete, parallel changes ml and B3, but not pyramidal cell miniature inhibitory postsynaptic
a2, Bl or y2, subunit protein in the same braincurrent$® suggests that the function efL-contain-
regionst!  Quantitative  immunohistochemicaling GABA, receptor subtypes may be selectively
studies indicated a significant reductionad sub- impaired in the hippocampus of flurazepam-tolerant
unit antibody staining density in the dendritic areagats. The increased levels 82 subunit mMRNA in
of CAl, CA3 and DG cells at the same time-pointCA1 pyramidal cells two days after flurazepam
B3 subunit antibody staining density was similarhadministration was stopped, together with the
decreased, but was more widespread in dentalecreased levels @3 subunit mMRNA and protein
areas. A comparison of the time-course of GABA expressiort} could account for the 2.5-fold decrease
receptor subunit protein expression relative t;hn GABA, agonist potency in the CA1 region of the
mRNA expression will be needed to establisthippocampus of flurazepam-tolerant r&tsOne
whether changes in protein expression persist atstudy indicated a similar 2.5-fold increase in
time when tolerance is still detected in the hippo&ABA affinity in B3 vsB1 or 32 subunit-containing
campusin vitro.”®8 Preliminary experiments have recombinant receptor$though another report indi-
suggested that the significant decreaselirsubunit cated no effect of3 subunit substitutiod? Con-
protein persists in the SO of the CAl region, e.gyersely, a switch in the level @§2 and3 mRNA
two days after ending flurazepam treatment (unpukubunits was also found in DG cells after chronic
lished observations). Establishing a correlatioflurazepam treatment, yet in comparison to CAl
between mMRNA and protein levels is particularlypyramidal neurons, this hippocampal cell group
important, since it is unknown whether changes idoes not show a similar impairment in GABAergic
MRNA expression signal subsequent changes fanction, i.e. a profound decrease in miniature inhi-
protein translation or were regulated in a feedbadtitory postsynaptic current amplitude or a reduction
manner. For example, exposure of chick corticah unitary CI~ channel conductancé®! Reports
neurons to GABA resulted in a delayed decline imave suggested that thge subunit of the GABA
al subunit mRNA and ol subunit translatio® receptor may have an important function to target
Whether a similar repression of mRNA expressioneceptors to the subsynaptic membrane and may
occurs following benzodiazepine exposure is not ygiday a role in regulating receptor localization or
known 5 The strong correlation between changes inlustering during development or associated with
the levels of specific subunit mRNAs and subuniplastic changes at GABAergic synap$ég The
proteins in CA1 pyramidal cells suggests that thpossible functional role of a switch i subunits
decreased levels of MRNA expression may represdntbenzodiazepine-tolerant rats remains uncertain.
a switch in GABA, receptor subunit composition
and may be an important mechanism contributin
to functional changes at the GABAergic postsynap
on CAl pyramidal cells associated with benzodia-
zepine tolerance. Nevertheless, though the findingsWhole-cell electrophysiological studies in CAl
suggest that thB2 subunit could switch with th@3  pyramidal cells in flurazepam-treated hippocampus
subunit, no concomitant increases én subunit also showed that spontaneous, but not miniature
MRNAs or proteins have been identified to suggesthibitory postsynaptic current, frequency was
which a subunit might substitute for a decreasedd reduced two days after the drug was withdrawn.
subunit expression. Whether post-translationdlhese findings suggest that a presynaptic mechanism,
mechanisms may also relate to the decreased protairthange in interneuron excitability, rather than a

egulation of GABA receptor subunit messenger
NA in hippocampal interneurons



Benzodiazepine regulation of GABAeceptor subunit mMRNAs 339

change in GABA release mediated at GABAergiin physical dependence. The same chronic benzodia-
terminals, may be involved in the alteration inzepine treatment was shown in previous electrophy-
GABA function in tolerant rat§! The prominent siological studies to have profound consequences on
localization of theal subunit protein on certain hippocampal function and to induce benzodiazepine
GABAergic interneuron populatiofs* and its tolerance in the hippocampis vitro. The findings
regulation in other principal hippocampal cell popuef in situ hybridization studies suggested that
lations (Fig. 1, Table £ prompted the limited changes in the levels of GABAreceptor mRNAs
evaluation of al subunit mRNA levels over are discretely regulated in specific cortical regions,
anatomically-defined interneuron subgroups. Thend in particular in hippocampal CA1 pyramidal
reduction in a1l subunit mRNA levels in cells neurons, with a pattern consistent with the appear-
located at the SO/SP border (Table 2) is the firstnce and disappearance of benzodiazepine anti-
demonstration of the regulation of GABAeceptor convulsant tolerancein vivo and in vitro.
mRNAs on presumptive interneurons, and warrantxploratory studies suggested that postsynaptic
the further study of electrophysiologically, immuno-GABA, receptors on selected interneuron popula-
cytochemically and morphologically identifiedtions were also regulated. Additional evidence has
interneuron subpopulatioHs2?545 in the hippo- suggested that changes in the expression of specific
campal CA1 region of chronic benzodiazepineGABA, receptor subunit mRNAs may mirror
treated rats. Study of the regulation of other subunithanges in the translation of their respective subunit
MRNAs, e.g., thgd2 subunit, on hippocampal inter- proteins. Taken together, these findings suggest that
neurons and of the functional consequences of tmegulation ofal, 2 andB3 subunits on GABA
regulation of mMRNA expression on interneurons wilfeceptors, in particular in the CAl region of the
also be important. hippocampus, may be a minimal requirement for

initiating benzodiazepine anticonvulsant tolerance.

CONCLUSIONS

The levels of three o1, B2 and B3) of nine AcknowledgementsPertions of this work have appeared in
GABA, receptor subunits were regulated as a fun@bstract form $oc. Neurosci. Abst(1994)20, 499). This

tion of time after ending one-week flurazepam treaggrl‘fé"ﬁg 4%”7p5p°;tr?§ bgog?gxg%'l'ggt't%? ‘:L :nelf'tgl?éggf

ment, a chronic benzodiazepine treatment whicHyiowski for technical assistance, and Drs X. J. Zeng and
induces anticonvulsant tolerance but does not resit C. Rosenberg for helpful comments.
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