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Abstract

The effects of continuous administration of pentobarbital on the benzodiazepine receptor labeled by [*Hlflunitrazepam were
investigated. Animals were made tolerant to pentobarbital by intracerebroventricular (i.c.v.) infusion with pentobarbital (300
pg/10 ul/h) for 6 days through pre-implanted cannulae connected to osmotic mini-pumps. The dependent rats were assessed 24
h after cessation of pentobarbital infusion. Changes in [*H]flunitrazepam binding were examined in 37 brain regions at a
concentration of [*Hlflunitrazepam of 1 nM. In subsequent saturation studies, the binding parameters B, and K, were also
investigated in 17 brain regions, most of which showed significant changes in [*Hiflunitrazepam binding in experiments using a
fixed concentration of radioligand. The pentobarbital-tolerant rats showed a significant increase in B, with an increase in K
for [*HIflunitrazepam in the ventroposterior nucleus of thalamus. In the dependent rats, a significant increase in B, for
[*H]flunitrazepam binding, without a change in K, was observed in all layers of the frontal cortex, the caudate-putamen,
olfactory tubercle, and some nuclei in thalamus, compared to those in the control. Increased [*H)flunitrazepam binding in the
molecular layer of the olfactory bulb, the ventral pallidum, and the cerebellum of the pentobarbital dependent rats at a fixed
concentration of [*H]flunitrazepam was also observed. There was no significant change in [*Hlflunitrazepam binding in the
hippocampus and several nuclei of the brain stem. These findings suggest that benzodiazepine receptors are closely involved in
the development of tolerance to and dependence on pentobarbital. Further studies on changes in y-aminobutyric acid (GABA),
receptor subunit mRNA or the effects of pentobarbital on GABA , receptor phosphorylation would be necessary for an
explanation of the precise mechanisms underlying the development of tolerance to and dependence on pentobarbital.
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1. Introduction

Barbiturates have been widely used as anesthetics,
hypnotics, and anticonvulsant drugs. However, pro-
longed misuse of barbiturates in humans leads to the
development of physical dependence, characterized by
a severe, life-threatening abstinence syndrome follow-
ing their abrupt withdrawal (Morgan, 1990). In order to
study the pharmacological mechanisms in the brain
that underlie these phenomena, investigators have uti-
lized numerous experimental models to induce toler-
ance to and dependence on barbiturates (Ho and Har-
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ris, 1981). The indices used to assess the development
of barbiturate tolerance are different among previous
studies and depend on the species used. Loss of right-
ing reflex and degree of hypothermia are commonly
used for assessing tolerance in many species (Ho and
Harris, 1981). Physical dependence, in which barbitu-
rate withdrawal reactions are observed, is character-
ized by tremors, convulsions, and delirium in severe
cases (Ho and Harris, 1981). First twitch and
pentylenetetrazol-induced convulsions have been used
as indices of dependence on barbiturates (Flint and
Ho, 1980; Kimura et al., 1993; Tseng et al., 1993a). To
administer drug, we have implanted slow-release pel-
lets (Ito et al., 1989; Saunders et al., 1990; Kimura et
al., 1991) or used intracerebroventricular (i.c.v.) infu-
sion (Kimura et al., 1993; Tseng et al., 1993a,b, 1994;
Miyaoka et al., 1994) for inducing tolerance to and
dependence on pentobarbital. In particular, the model
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developed using i.c.v. infusion of pentobarbital has the
advantage that it avoids induction of drug metabolizing
enzymes by barbiturates (Kimura et al., 1993).

GABA and benzodiazepine binding sites are both
structurally and functionally coupled. Barbiturates have
specific actions on GABA-benzodiazepine receptor
complex. In particular, barbiturate tolerance and de-
pendence cause subtle changes in the properties of the
GABA-benzodiazepine receptor complexes. The
GABAergic neurons were shown to play an important
role in the development of barbiturate tolerance and
dependence (Saunders and Ho, 1990). In vitro, barbitu-
rates have been demonstrated to enhance benzodi-
azepine binding in brain homogenates (I.eeb-Lundberg
et al., 1980; Ticku, 1981; Skolnick et al., 1981; Corda et
al., 1988) and in whole brain (Carlson et al., 1992).
Changes in benzodiazepine receptors following chronic
administration of barbiturates were reported in mice
receiving intraperitoneal (i.p.) injections of phenobar-
bital (Sonawane et al., 1980), or taking foods with
phenobarbital added (Liljequist and Tabakoff, 1985),
and in rats injected with phenobarbital intraperi-
toneally (Mohler et al., 1978), with pentobarbital pellet
implantation (Saunders et al., 1990), or with intracere-
broventricular (i.c.v.) infusion with pentobarbital (Tseng
et al., 1993a,b, 1994; Miyaoka et al., 1994). Reported
effects of chronic administration of barbiturates on
benzodiazepine binding sites (Mohler et al., 1978; Son-
awane et al., 1980; Liljequist and Tabakoff, 1985) are
inconsistent. The inconsistency may be due to differ-
ences in species, assay conditions, and dosing regimens.
Regional changes in [*HJflunitrazepam binding have
not yet been investigated in detail in animals chroni-
cally treated with pentobarbital.

In the present study, we report our investigation of
the effects of pentobarbital tolerance and dependence
on [*H]flunitrazepam binding sites in various discrete
regions of the brain, including those undetectable in
our previous studies (Tseng et al., 1993a; Miyaoka et
al., 1994), using in vitro receptor autoradiography tech-
niques. Animals were rendered tolerant to and depen-
dent on pentobarbital by the method of i.c.v. infusion
of the drug. This experimental procedure has been
shown to be an appropriate experimental model for
inducing tolerance to and dependence on barbiturates
(Kimura et al., 1993; Tseng et al., 1993a).

2. Materials and methods

[*H]Flunitrazepam (85.8 Ci/mmol) was purchased
from New England Nuclear (Boston, MA, USA). All
other chemicals used in this study were obtained from
Sigma Chemical (St. Louis, MO, USA).

Male Harlan Sprague-Dawley rats (Indianapolis, IN,
USA) weighing 225-250 g were used. Animals were

maintained on a 12/12-h light-dark cycle at constant
temperature, with free access to standard laboratory
feed and tap water, for one week before treatment
commenced.

The surgery for intracerebroventricular (i.c.v.) infu-
sion of pentobarbital in the rat was performed as
described (Kimura et al., 1993; Tseng et al., 1993a,b,
1994; Miyaoka et al., 1994). Briefly, rats were anes-
thetized with Equithesin (4.25 g chloral hydrate, 2.23 g
MgSO, - TH,0, 0.972 g sodium pentobarbital, 44.4 ml
propylene glycol, 10 ml 95% ethanol, and distilled
water to a final volume of 100 ml), 3 mi/kg i.p. A
21-gauge stainless steel cannula was implanted in the
right lateral ventricle (L: 1.3 mm; A-P:— 0.5 mm, and
D-P: 4.5 mm) of the rat brain with bregma chosen as
the stereotaxic reference point (Paxinos and Watson,
1982). Rats were allowed one week recovery period
prior to the pentobarbital treatment. Following the
recovery period, animals were infused for 6 days by an
osmotic minipump (Alzet 2ML1, Alza, Palo Alto, CA,
USA) with pentobarbital (300 wg/10 xl/h) or saline
vehicle. The rats made tolerant to pentobarbital were
decapitated immediately following the termination of
pentobarbital infusion. The rats made dependent on
pentobarbital were killed 24 h after the disconnection
of osmotic pumps. The control groups with saline infu-
sion were treated in a similar fashion.

Autoradiograms were generated according to the
method of Ito et al. (1994). Rats were decapitated and
the brains were rapidly removed. After freezing the
brain in liquid nitrogen, coronal sections were cut at a
thickness of 12 um on a microtome cryostat and thaw-
mounted onto a gelatin-coated slide. Sections were
stored at —80°C until the assay.

In preliminary studies for assessing optimal condi-
tions for autoradiography, the characteristics of
[*H]flunitrazepam binding sites of the slide-mounted
sections were examined in order to obtain the best
ratio of total to non-specific binding, yet maintain the
highest possible specific binding. The preliminary ex-
periments were performed by the methods of Young
and Kuhar (1980) with a minor modification (Miyaoka
et al,, 1994). The coronal sections at the level of
hippocampus, at interaural 6.20 mm, bregma —2.80
mm in a stereotaxic atlas of rat brain (Paxinos and
Watson, 1984), containing the parietal cortex, hip-
pocampus, thalamus, and amygdala, were incubated
with 1 nM [*HJflunitrazepam in 50 mM Tris-citrate
buffer (pH 7.1) with 150 mM NaCl, in the presence or
absence of 1 uM flunitrazepam, at room temperature
and at 4°C. The slides were then rinsed for various
lengths of time in the same buffer, followed by one
dipping with distilled water, and rapidly dried. After
the wash, the tissues on the slides were quickly wiped
off with a Whatman GF /B filter and placed in scintil-
lation vials. The radioactivity was measured by liquid
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scintillation counter (Tri-Carb, 2200CA, Packard In-
strument Company, IL, USA).

The dissociation of [*Hlflunitrazepam from the
slide-mounted sections was examined after incubation
with 1 nM [PHlflunitrazepam for 60 min at 4°C. The
tissue sections were then transferred to the buffer for
various lengths of time for up to 60 min. [*H]-
Flunitrazepam dissociated from the receptors faster at
4°C than at 22°C. The experiments were repeated 3
times. The best ratio of specific to non-specific binding
was at about 10 min. Therefore, we routinely utilized a
rinse of 5 min twice for the kinetic and saturation
experiments (data not shown). The effect of preincuba-
tion on [*H]flunitrazepam binding to tissue sections
was studied for up to 30 min in the same buffer at 4°C
and 22°C. [*HJFlunitrazepam binding gradually de-
creased up to 30 min. In addition, we incubated tissue
sections of naive rats with those of pentobarbital-
treated rats. The results were compared to the data
from the tissue sections of naive rats incubated alone,
to determine if any residual pentobarbital in the brains
of the pentobarbital-treated rats would affect our bind-
ing data. We determined that there was no significant
difference between the two groups. The percentage of
[?Hflunitrazepam binding in tissue sections from naive
rats incubated together with tissue sections of pento-
barbital-treated rats, relative to that of tissue sections
from naive rats incubated alone, was 98% (average
from five experiments). The results using tissue sec-
tions of pentobarbital-treated rats instead of those
from naive rats were similar. Thus, no preincubation
was necessary, and preincubation was not used in sub-
sequent experiments. Specific binding of [*H]-
flunitrazepam was time-dependent. It reached steady-
state after about 90 min of incubation at 4°C in 1 nM
[*Hiflunitrazepam and after 40 min at 22°C. Although
the association rate of [*Hlflunitrazepam binding to
tissue sections was slower at 4°C than at 22°C, the
maximal level of [*Hlflunitrazepam binding was higher
at 4°C than at 22°C. Our assay conditions were there-
fore an incubation for 90 min and two rinses for 5 min
each, without preincubation.

We analyzed autoradiograms by a densitometer to
examine changes in [*H]flunitrazepam binding. Coro-
nal sections were incubated with 1 nM [*HIflunitraze-
pam for 90 min at 4°C using the assay conditions
described above. Non-specific binding observed in the
presence of 1 uM flunitrazepam was less than 5% of
the corresponding total binding in 1 nM [*H]-
flunitrazepam and was negligible for analyzing the au-
toradiograms. The total binding density in the individ-
ual region was considered to be that of specific bind-
ing. In the drug titration experiments, the subsequent
sections were incubated with concentrations of
[*H]flunitrazepam ranging from 0.15 nM to 6.0 nM.
Non-specific binding observed in the presence of 1 uM

flunitrazepam was approximately 10% of the total
binding at a concentration of 6.0 nM [*Hlflunitraze-
pam and specific binding was therefore calculated as
the difference between the total binding and the non-
specific binding. The tissue sections used for titration
studies of [*H]flunitrazepam binding were taken from
the frontal level, approximately at interaural 10.00 mm
and bregma 1.00 mm, and from the hippocampus level,
at interaural 5.40 mm and bregma —3.60 mm in a
stereotaxic atlas of rat brain (Paxinos and Watson,
1984). Both sections contained the 17 brain regions
studied, e.g. layers I-111, IV, and V-VI of the frontal
cortex, the cingulate cortex, anterior part of the cau-
date-putamen, nucleus accumbens, olfactory tubercle,
septum, layers I-III, IV, and V-VI of the parietal
cortex, piriform cortex, dentate gyrus and stratum
oriens of CA1 field of the hippocampus, globus pal-
lidus, and central medial and ventroposterior nuclei of
thalamus.

Dried sections were juxtaposed to tritium-sensitive
film (Hyperfilm-*H, Amersham International, Buck-
inghamshire, UK), together with a commercial tritium
standard (ART 123, American Radiolabeled Chemi-
cals, St. Louis, MO, USA), in an exposure holder. The
films were exposed at —80°C for 2 weeks. After expo-
sure, the film was developed in Kodak D-19 at a room
temperature for 5 min and fixed for 10 min. Autoradio-
grams were analyzed by a digital scanning densitometer
(Molecular Dynamics, Sunnyvale, CA, USA), operating
on the image acquisition and analysis program Image-
Quant 3.3. (Molecular Dynamics, Sunnyvale, CA,
USA). The density in each region was recorded by
positioning a circle cursor among 4-18 areas over each
region, or by outlining the border of regions on bilat-
eral sides of the brain images, depending on the shape
and size of the region examined. Each value was the
mean of duplicate determinations. The mean values
were determined from 5-8 rats and expressed as the
mean + S.E.M,, in fmol /mg wet weight of brain tissue.
Anatomical structures of the rat brain were identified
from the tissue sections stained with cresyl violet, with
reference to the brain atlas defined by Paxinos and
Watson (1984).

Scatchard transformation of the data from each
region showed a single linear plot. Linear regression
analyses were used to obtain values of maximal num-
bers of binding sites (B,,,,) and dissociation constants
(Kp). Analysis of variance (one-way ANOVA) was
used to test statistical significance among the four
groups. The Newman-Keuls multiple range test was
applied for the degree of significance.

3. Results

[*H]Flunitrazepam binding was unevenly distributed
throughout the rat brain (Table 1a and 1b). Among 37
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Table 1a
The changes in [*Hflunitrazepam binding sites of the discrete brain regions of rats made tolerant to and dependent on pentobarbital
Control 1 Tolerance Control 2 Dependence

Olfactory buib 185.7+ 8.2 2166+ 89?2 180.7 £ 10.9 2237+60°
Cerebral cortices
Frontal cortex

layer I-1II 846+ 59 957+ 4.7 89.6 + 3.0 1039+4.3°

layer IV 969+ 6.5 116.5+ 4.0°2 108.3 + 3.0 123.2+472

layer V-VI 663+ 5.1 764+ 5.2 70.1+2.7 879+31°
Cingulate cortex 974+ 6.2 103.8 + 5.6 1025+ 3.6 1150+ 59
Piriform cortex 771+ 3.7 76.1+ 2.0 873+56 86.2 + 3.9
Parietal cortex

layer I-111 923+ 59 956+ 5.4 1072+ 7.1 1099 +5.3

layer IV 109.6 + 7.7 109.2+ 6.1 1282+ 175 1285+4.8

layer V-VI 797+ 59 78.6 + 3.7 863 +5.6 925435
Entorhinal cortex 760+ 6.6 80.0+ 43 82.0+55 90.1 +3.2
Retrosplenial 725+ 70 784+ 6.2 700+ 3.6 82.0+3.0
Caudate-putamen

anterior parts 356+ 26 426 + 4.1 40.8 + 3.0 509+18°2

posterior parts 357+ 4.4 366+ 23 345+14 444 +42
Globus pallidus 36.1+ 2.7 398+ 3.5 393+1.3 513+4.7°%
Ventral pallidum 116.3+ 4.5 1156 + 7.7 1135+ 5.0 1339448 °
Accumbens nucleus 430+ 29 499 + 4.0 45.7+ 4.3 53.0+1.0
Olfactory tubercle 67.1+ 33 653+ 3.3 64.8 +4.0 76.1+33%
Medial septal nucleus 99.4+ 104 1073+ 11.0 110.7 + 8.8 111.3 £ 6.0
Lateral septal nucleus 348+ 6.8 448+ 44 422+3.0 45.1+3.4
Bed nucleus of stria terminalis  42.1 + 3.4 397+ 4.2 419+ 2.6 504+23

Animals were rendered tolerant to and dependent on pentobarbital as described in Materials and methods. The tissue sections were incubated
with 1.0 nM [*H}flunitrazepam. Binding capacity is expressed as fmol/mg wet weight of tissue. Each value is the mean of duplicate
determinations and represents the mean + S.E.M. of 5-8 rats. > P < 0.05 and ° P < 0.01.

Table 1b
The changes in [*H]flunitrazepam binding sites of the discrete brain regions of rats made tolerant to and dependent on pentobarbital
Control 1 Tolerance Control 2 Dependence

Hypothalamus

anterior area 445+ 39 503 +48 508+ 7.1 455+ 3.0

ventromedial nucleus 794+ 59 78.6 +4.2 89.7+ 44 87.1 + 3.8
Zona incerta 487+ 5.5 52.6+5.0 552+ 14 555+3.4
Thalamus

laterodorsal 286+ 4.8 284+ 2.6 332+ 51 341+55

ventroposterior (lateral, medial) 211+ 5.7 255+3.5 242+ 4.0 344442 %

paraventricular 595+ 5.0 655+2.4 742+ 4.1 64.1 +5.2
Amygdala

medial basolateral nucleus 747+ 59 775+36 895+ 7.0 824439
Hippocampal complex

stratum oriens of CA1 781+ 3.6 83.9+6.4 908+ 6.2 882453

dentate gyrus 919+ 3.1 979 +6.2 1073+ 7.0 107.7 1+ 5.7
Superior colliculus

superficial gray layer 108.3 + 8.9 116.7+ 6.4 120.4 £ 13.0 124.1 + 4.6
Substantia nigra 62.1 +10.2 494+ 45 488+ 6.9 63.4 + 6.1
Central gray 674+ 6.6 745+ 4.1 704 + 8.5 77.8+5.8
Sibiculum 64.4 + 10.0 60.9 + 3.7 569+ 54 66.1 + 6.2
Presubiculum 859+ 45 82.1+4.0 835+ 79 90.4 +5.2
Inferior colliculus 1264+ 6.5 1247+ 2.5 116.6 + 13.4 12524175
Cerebellum

molecular layer 541+ 32 58.7+ 3.6 546+ 4.7 658+26°2

granular layer 209+ 6.8 227+173 282+ 6.8 238+5.5

Animals were rendered tolerant to and dependent on pentobarbital as described in Materials and methods. The tissue sections were incubated
with 1.0 nM [*Hflunitrazepam. Binding capacity is expressed as fmol/mg wet weight of tissue. Each value is the mean of duplicate
determinations and represents the mean + S.E.M. of 5-8 rats. ®* P <0.05 and ® P < 0.01.
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Fig. 1. Autoradiographic images of [*H]flunitrazepam binding sites in rat brains of control (left) and pentobarbital dependence (right).

brain regions studied, the greatest density of specific
binding was found in the in the olfactory bulb. Moder-
ately high levels of binding were observed in layer IV
of the frontal and parietal cortices, the cingulate cor-
tex, ventral pallidum, medial septum nucleus, dentate
gyrus in the hippocampus, and superior and inferior
colliculi. The entorhinal cortex and piriform cortex,
olfactory tubercle, ventromedial nucleus in the hy-
pothalamus, stratum oriens of CA1 field, and basolat-
eral nucleus of the amygdala displayed moderate levels
of [’Hlflunitrazepam binding. The caudate-putamen,
several nuclei of the thalamus, and the granular layer
of the cerebellum showed relatively low densities of
[*H]flunitrazepam binding.

Changes in [*HIflunitrazepam binding in the brains
of rats made tolerant to and dependent upon pento-
barbital were examined in these 37 discrete brain re-
gions. Fig. 1 shows representative autoradiograms of
brain sections obtained. from the control and depen-
dent rats. As shown in Table 1a and 1b, a significant
increase in [*H]flunitrazepam binding was found in
layer IV of the frontal cortex (+20%) and in the
molecular layer of the olfactory bulb (4 17%) in pento-
barbital-tolerant rats, as compared with that of the
control group. There was, however, no significant
change in the other brain regions studied. In the pen-
tobarbital-dependent rats, [*Hlflunitrazepam binding
was significantly increased in layers I-1II (+16%), IV
(+14%), and V-VI (+25%) of the frontal cortex, the
molecular layer of the olfactory bulb (+24%), and
olfactory tubercles (+ 17%) in the olfactory system, the
anterior part of caudate-putamen (+25%), globus pal-

lidus (+31%), ventral pallidum (+18%), the ventro-
posterior nucleus of the thalamus (41%), and the
molecular layer of the cerebellum (21%), as compared
with that of the control group. However, no significant
changes were found in the brain regions with relatively
higher levels of [*Hlflunitrazepam binding, e.g., the
dentate gyrus and stratum oriens of field CAl of the
hippocampus, cingulate cortex, nucleus accumbens, and
superior and inferior colliculi.

In studies of receptor characteristics, the values of
the binding parameters B, and K in 17 selected
discrete brain regions were investigated (Table 2a and
2b). The B,,,, values ranged from 229.8 + 11.3 fmol /mg
tissue weight in the cingulate cortex to 67.0 +2.6
fmol /mg tissue weight in the ventroposterior nucleus
of the thalamus in the control 1 group. The K, values
ranged from 0.55 + 0.04 nM in the globus pallidus to
0.92 + 0.07 nM in the central medial nucleus of the
thalamus in the control 1 group. The K, values in the
frontal cortex (layer IV) and hippocampus (CA1) were
0.77 + 0.05 nM and 0.70 + 0.07 nM, respectively.

In the pentobarbital-tolerant rats, the B,,, values
of [*H]Jflunitrazepam binding in ventroposterior nu-
cleus of thalamus were significantly increased (24%),
with a significant increase in K (49%), as compared
with those in the control 1 group. No significant changes
in the binding parameters were demonstrated in other
brain regions.

The pentobarbital-dependent rats showed a signifi-
cant increase in B, values with no changes in K,
values in all layers (I-III (14%), 1V (14%), V-VI
(13%)) of the frontal cortex (Fig. 2a), caudate-putamen
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Table 2a ) )
Comparison of the B, values (fmol/mg wet weight of tissue) of [*Hlflunitrazepam binding sites in discrete brain regions among tolerant,
dependent, and control rats

Ceontrol 1 Tolerant Control 2 Dependent

Cerebral cortex
Frontal ,

layer I-HI ) 1878+ 9.9 1970+ 48 1814+ 89 2073+ 41°?

layer IV : 2248+ 8.8 2299+ 6.0 2172+ 6.8 2480+ 40°

layer V-VI 160.4 + 5.9 1692+ 2.9 163.1+ 9.8 1839+ 467
Cingulate 2298 + 11.3 236.6 + 6.9 233.0 + 121 2519+ 93
Parietal

layer I-I11 1859+ 3.6 1813+ 68 169.0+ 6.3 178.0+ 5.9

layer IV 2194+ 54 2181+ 55 205.1+ 4.3 2065+ 3.1

layer V-VI 1632+ 3.8 1645+ 2.1 1532+ 4.3 157.6 + 3.5
Piriform 166.8 + 6.4 1654 + 34 1523+ 7.9 162.7+ 8.3
Caudate-putamen 8344+ 3.8 81.7+ 14 854+ 6.1 968+ 382
Globus pallidus 1165+ 3.5 107.1+ 53 1085+ 3.8 1233+ 7.4
Nucleus accumbens 1214+ 7.2 1271 + 4.1 1252+ 83 1303+ 6.7
Septum 1343 + 45 1541 + 11.8 150.9 + 13.3 143.7 4+ 14.8
Olfactory tubercle 1267+ 4.4 139.1+ 3.9 129.1 + 4.7 1527+ 5.7°
Hippocampus = “

stratum oriens (CA1) 1527+ 82 1583+ 5.7 145.0+ 4.6 1525+ 5.2

dentate gyrus 1853+ 8.7 192.1+ 55 ‘ 1674 + 9.1 185.7.+ 6.8
Thalamus ‘ o : '

ventroposterior 67.0+ 2.6 833+ 422 572+ 32 731+ 32°

central medial 1369+ 1.9 1524+ 74 1253+ 6.8 1422+ 4072

Animal were rendered tolerant to and dependent on pentobarbital as described in Materials and methods. Each region of tissue section used in
these experiments corresponds to the frontal level approximately at interaural 10.00 mm and bregma 1.00 mm, and to the hippocampal level
approximately at interaural 5.40 mm and bregma —3.60 mm from the stereotaxic atlas of Paxinos and Watson. Binding capacity is expressed as
fmol /mg wet weight of tissue. Each value is the mean of duplicate determinations and represents the mean + S.E.M. of 5-8 rats. ® P < 0.05.

Table 2b
Comparison of the K, values (nM) of [?Hlflunitrazepam binding sites in discrete brain regions among tolerant, dependent, and control rats
Control 1 Tolerant Control 2 Dependent
Cerebral cortex
Frontal
layer I-1I1 0.75 + 0.08 0.80 + 0.10 0.67 + 0.05 0.79 + 0.07
layer IV 0.77 +£ 0.05 0.80 + 0.09 0.71+0.10 0.77 £ 0.04
layer V-VI 0.7 + 0.08 0.75 £ 0.06 0.68 + 0.03 0.81 + 0.06
Cingulate 0.74 + 0.05 0.83 £ 0.08 0.76 + 0.05 0.82 + 0.06
Parietal
layer I-111 0.79 + 0.10 0.68 + 0.05 0.71 + 0.09 0.63 + 0.04
layer IV 0.82+0.11 0.76 + 0.05 0.62 £+ 0.06 0.67 +0.04
layer V-VI 0.77 + 0.09 0.75 + 0.05 0.66 + 0.07 0.67 + 0.05
Piriform 0.75 + 0.12 0.75 + 0.05 0.64 + 0.07 0.71 + 0.06
Caudate-putamen 0.58 + 0.07 0.84 + 0.06 0.71 + 0.08 0.93 +0.10
Globus pallidus 0.55+0.04 0.63 + 0.07 0.56 + 0.04 0.59 + 0.03
Nucleus accumbens 0.72 + 0.07 0.73 + 0.07 0.76 + 0.06 0.72 + 0.06
Septum 0.88 + 0.08 097 +0.19 0.89 + 0.15 0.84 + 0.07
Olfactory tubercle 0.64 + 0.05 0.77 + 0.07 0.64 + 0.05 0.74 + 0.07
Hippocampus
stratum oriens (CA1) 0.70 + 0.07 0.69 + 0.04 0.68 + 0.06 0.65 + 0.04
dentate gyrus 0.73+0.08 0.76 + 0.06 0.61 + 0.06 0.70 + 0.04
Thalamus
ventroposterior 0.90 + 0.18 134+0.14 2 0.97 +£0.13 1.09 + 0.09
central medial 0.92 + 0.07 0.98 + 0.06 092 +0.07 0.90 + 0.08

Animals were rendered tolerant to and dependent on pentobarbital as described in Materials and methods. Each region of tissue section used in
these experiments corresponds to the frontal level approximately at interaural 10.00 mm and bregma 1.00 mm, and to the hippocampal level
approximately at interaural 5.40 mm and bregma —3.60 mm from the stereotaxic atlas of Paxinos and Watson. Binding capacity is expressed as
fmol /mg wet weight of tissue. Each value is the mean of duplicate determinations and represents the mean + S.E.M. of 5-8 rats. ® P < 0.05.
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(13%) (Fig. 2b), olfactory tubercle (18%) (Fig. 2c), and
ventroposterior nucleus (28%) and central medial nu-
cleus (13%) in thalamus, as compared to those in the
control 2 group. No significant changes in B, and
K, values were demonstrated in the other brain re-
gions.

Scatchard plots of [’H]FNZ binding in layer I-1H of frontal cortex
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4. Discussion

In order to increase the specific binding of
[*Hiflunitrazepam, 150 mM NaCl was added to the
incubation buffer (Carlson et al., 1992; Miyaoka et al.,
1994). Under the assay conditions, binding reached
steady-state after 90 min at 4°C; binding capacity ap-
peared to be higher than at 22°C. Preincubation for up
to 30 min at 4°C did not significantly increase
[*Hlflunitrazepam binding. These results were consis-
tent with those reported previously (Young and Kuhar,
1980). The previous kinetic studies of [*H]flunitraze-
pam binding in rat brains using quantitative autoradio-
graphic techniques (Young and Kuhar, 1980; Carlson
et al., 1992) showed approximately 2- or 3-fold higher
K values than we obtained in our study. The K,
values of [*Hflunitrazepam binding in rat brain ho-
mogenates (Tseng et al., 1993a; Miyaoka et al., 1994)
are also greater than those we reported. Cuatrecasas
and Hollenberg (1976) pointed out that apparent K
values are dependent on the total receptor concentra-
tion used in the binding study. Apparent K, values
for [*Hlquinuclidinyl benzilate were found to be in-
creased as the thickness of the tissue section was
increased (Nonaka and Moroji, 1984). Furthermore,
K, values depended on the duration of incubation
time in autoradiographic studies and were decreased as
incubation time was increased (Nonaka and Moroji,
1985). In a kinetic study of [*Hlcholecystokinin (CCK)-8
binding sites, K values obtained in brain ho-
mogenates were also greater than those in brain tissue
sections (Sekiguchi and Moroji, 1986). We used thinner
sections, 12 pm, and our studies employed longer
incubation times, in comparison to conditions used in
previous experiments (Young and Kuhar, 1980; Carl-
son et al., 1992). The differences in apparent K
values may be due to these differences in assay condi-
tions. The pattern of [*Hlflunitrazepam distribution in
the brain that we observed was consistent with those of

Fig. 2. Representative Scatchard plots of [*H]flunitrazepam
([*H]JFNZ) binding to the frontal cortex (Fig. 2a), caudate-putamen
(Fig. 2b), olfactory tubercle (Fig. 2c). The titration experiments were
carried out with [*Hlflunitrazepam concentrations ranging from 0.15
nM to 6.0 nM. Open and solid circles indicate [*H]flunitrazepam
binding in control and pentobarbital-dependent rats, respectively.
Barbiturate tolerance and dependence cause subtle changes in the
properties of the GABA-benzodiazepine receptor complexes. The
GABAergic neurons play an important role in the mechanisms
involved in barbiturate tolerance and dependence (Saunders and Ho,
1990). These brain regions have mainly functional roles for regulat-
ing behavior and emotional state rather than physiological functions
(Koob, 1992). The region-specific changes in our study are of interest
since the regional distributions are different from that with great
changes in [*Hlflunitrazepam binding in the presence of pentobarbi-
tal in vitro (Carlson et al., 1992).
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previous reports (Young and Kuhar, 1980; Daval et al.,
1991; Carlson et al., 1992; Sola et al., 1993).

In pentobarbital-tolerant rats, no significant differ-
ences in the densities of [3H]flunitrazepam binding
sites incubated at a fixed concentration (1 nM) of
[*Hlflunitrazepam were observed in most regions, ex-
cept for layer IV of the frontal cortex and the molecu-
lar layer of the olfactory bulb. Scatchard analysis of the
data revealed no changes in B,,, and K values in
any regions, even in layer IV of the frontal cortex.
Thus changes in binding characteristics in the present
study were not necessarily reflected in experiments
done using a fixed concentration of radioligand. In
addition, the B, value for [*Hlflunitrazepam was
significantly increased in the ventroposterior nucleus of
the thalamus, while there was no change in the density
of [*Hlflunitrazepam binding in a single point mea-
surement (InM [3*HIflunitrazepam) in this area. This
apparent discrepancy seems, at least in part, to be due
to an increased K, value (i.e. lower affinity) for
[*Hlftunitrazepam binding. Other experiments, for ex-
ample kinetic studies, might be more useful in assess-
ing changes in binding sites. Contradictory results re-
garding the effects of chronic administration of barbi-
turates on benzodiazepine receptors have been re-
ported (Mohler et al., 1978; Sonawane et al., 1980;
Liljequist and Tabakoff, 1985; Saunders et al., 1990;
Tseng et al., 1993a; Miyaoka et al., 1994). No changes
in [*H]diazepam binding were reported after chronic
phenobarbital treatment in SPF rats (Mohler et al.,
1978). Our recent studies in brain homogenates also
revealed no significant changes in either B,,, or K
values of [*Hlflunitrazepam binding sites in SD rats
(Tseng et al., 1993a; Miyaoka et al., 1994). Liljequist
and Tabakoff (1985) reported, however, that chronic
phenobarbital treatment decreased B, values with
no change in K, value for [*Hlflunitrazepam in the
cortex and cerebellum of C57B1 mice in brain ho-
mogenates. Sonawane et al. (1980) demonstrated a
decrease in B,,, and K, values for [*H]diazepam in
whole brains of CD-1 mice treated with phenobarbital.
The discrepancies among these studies may be at-
tributed to many factors, including varied barbiturate
concentrations in brain tissues, the experimental proce-
dures for making animals tolerant to barbiturates, the
species used, and assay conditions.

In the pentobarbital-dependent rats, the binding
sites labeled by [*Hlflunitrazepam were increased in a
relatively large number of brain regions, e.g. in layers
I-111, IV, and V-VI of the frontal cortex, the olfactory
systems (olfactory bulb, olfactory tubercles), the cau-
date-putamen, the ventral pallidum, the globus pal-
lidus, the ventroposterior nucleus in the thalamus, and
the molecular layer of the cerebellum, in the tissue
sections incubated with 1 nM [*H]flunitrazepam. No
significant changes were noted in the other brain re-

gions that are rich in [*Hlflunitrazepam binding sites,
e.g. the stratum oriens of CAl field and the dentate
gyrus in the hippocampus, the cingulate cortex, and the
superior and inferior colliculi. Scatchard analysis of the
drug titration data also revealed an increase in
[*Hlflunitrazepam binding in all these brain regions
except in the globus pallidus. This suggests that an
increase in [*HIflunitrazepam binding resulted from an
increase in B, values with no change in K. The
discrepancy in the results for globus pallidus may be
due to a difference in the level of coronal brain sec-
tions, which were used at an anterior level (interaural
8.60 mm, bregma —0.40 mm) for analysis at a fixed
concentration, and at a posterior level (interaural 6.70
mm, bregma —2.30 mm) for titration with drug and
Scatchard analysis, respectively. Increased binding ca-
pacity of [*Hlflunitrazepam with no change in affinity
in membrane preparations from frontal cortex, stria-
tum, and cerebellum in pentobarbital-dependent rats
has been reported (Tseng et al., 1993a; Miyaoka et al.,
1994). Our results suggest that the changes in
[*Hlflunitrazepam binding occur in more brain regions
than previously reported in pentobarbital-dependent
rats. Miyaoka et al. (1994) demonstrated that the B,
values for binding of [*HJR015-1788 (flumazenil), an
antagonist at benzodiazepine receptors, was unchanged
24 h after pentobarbital withdrawal, and that 3-{(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), which affects the lipid constituents of bio-
logical membranes, caused a decrease in B,,, and K
values in membranes isolated after withdrawal, indicat-
ing that pentobarbital withdrawal induces some confor-
mational changes in benzodiazepine receptors, result-
ing in an increase in B, for [*Hlflunitrazepam bind-
ing. For a high affinity [*Hlmuscimol site, Tseng et al.
(1993a) showed an increase in the maximum binding
capacity (B,,,,) in the frontal cortex and an increased
Ky, value in the cerebellum in pentobarbital-depen-
dent rats. GABA ; binding sites labeled by [*H]baclo-
fen also increased, with an elevation of Kp,, in frontal
cortex, while no significant change was observed in the
cerebellum (Kimura et al., 1991). Considering the in-
hibitory effect of GABAjy receptors at presynaptic
neurons on GABA release, it appears that changes in
the GABA receptor may in part be related to up-reg-
ulation of presynaptic GABA , receptors. It was pro-
posed that the ability of GTP binding proteins to
interact with GABA ; receptors was altered by pento-
barbital treatment, causing changes in the GABA,
receptor (Kimura et al.,, 1991). Chronic pentobarbital
treatment also caused an increase in 7-[>*S]butylbicy-
clophosphorothionate (TBPS) binding, which occurs at
a site on the chloride channel of GABA ,-benzodi-
azepine receptor complex, in the frontal cortex, the
substantia nigra, and the cerebellum of pentobarbital-
dependent rats (Ito et al., 1989; Tseng et al., 1993a).
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The changes in [3*S]JTBPS binding in the substantia
nigra are probably related to the increased susceptibil-
ity to seizures induced by pentylenetetrazol. In the
present study, an increase of [*Hlflunitrazepam bind-
ing was seen in the centromedial nucleus in the thala-
mus in pentobarbital-dependent rats. The central me-
dial nucleus in thalamus has been reported to play an
important role in regulating seizures induced by
pentylenetetrazol (Miller et al., 1990; Miller and Fer-
rendelli, 1990). Taken together with the evidence of
inhibition of GABAergic afferent in the thalamus from
the substantia nigra (Gale, 1983), these data may ex-
plain in part the mechanisms through which increased
sensitivity to pentylenetetrazol-induced seizure devel-
ops in pentobarbital-dependent rats. Other work indi-
cates that some differences in region-specific changes
among GABA ,, GABAj, and benzodiazepine recep-
tors are observed in pentobarbital-dependent rats (Ito
et al., 1989; Saunders et al., 1990; Tseng et al., 1993a;
Miyaoka et al., 1994). This suggests that each of the
binding sites on the GABA ,-benzodiazepine receptor
complex changes in a different manner in both toler-
ance and dependence.

Our data support the idea that the changes in ben-
zodiazepine receptor are associated with the patho-
physiology of pentobarbital dependence in various brain
regions, €.g., the frontal cortex, limbic system, striatum,
and cerebellum, mediated directly and /or indirectly by
GABAergic neural transmission. Previous work from
our laboratory has shown that there are changes in
[*H]flunitrazepam binding sites in the frontal cortex,
cerebellum, and striatum in pentobarbital dependence.
These data show that changes in B,,,, occur, particu-
larly in all layers of the frontal cortex, the molecular
layer of cerebellum, and the anterior part of the stria-
tum. Also, the cerebral cortices, other than frontal
cortex, showed no significant changes in binding pa-
rameters in pentobarbital dependence in our study.
This raises the possibility that the involvement of
GABA ,-benzodiazepine receptors is different in the
development of pentobarbital dependence. Based on
the affinity for different benzodiazepines, two types of
benzodiazepine receptors have been identified in the
brain, type I, with a high affinity for triazolopyridazine
or B-carboline-3-carboxylate, and type II, with a low
affinity for these compounds (Klepner et al., 1979;
Squires et al., 1979). Most brain regions contain both
type I and type 11 sites to varying degrees. Preferential
enrichment in type I sites has been demonstrated in
the cerebral cortex, globus pallidus, thalamus, substan-
tia nigra, and cerebellum. Type II sites are predomi-
nantly in the cortex, hippocampus (particularly the
dentate gyrus), caudate-putamen, nucleus accumbens,
and amygdala (Niddam et al., 1987; Langer et al., 1990;
Doble and Martin, 1992). However, it is still difficult to
correlate benzodiazepine subtype selectivity with a dis-

sociated behavioral profile (Doble and Martin, 1992).
Considering the characteristic distributions of benzodi-
azepine type 1 and II sites, significant changes in
[*H]flunitrazepam binding observed in the present
study occur in both benzodiazepine type I and II sites.
Niehoff et al. (1983) showed that pentobarbital prefer-
entially stimulated benzodiazepine type 1 receptors in
both cerebral cortex and cerebellum. It was subse-
quently demonstrated that chronic phenobarbital ad-
ministration caused a decrease of benzodiazepine type
I in cerebellum and of benzodiazepine type II in cere-
bral cortex in mice (Liljequist and Tabakoff, 1985).
Although our results showed a change in [*HJ-
flunitrazepam binding in only the pentobarbital-depen-
dent state, both benzodiazepine type I and II sites are
involved in the pharmacological changes induced by
chronic treatment with barbiturates. These brain re-
gions are primarily involved in regulating behavior and
emotional state rather than physiological functions
(Koob, 1992). The region-specific changes that we ob-
served here are of interest, since the regions that show
changes differ from those that showed substantial
changes in [*Hlflunitrazepam binding in the presence
of in vitro pentobarbital (Carlson et al., 1992).

In view of the characteristic functions and regional
distribution of GABA , receptor subunit mRNA, ben-
zodiazepine type II sites probably represent a hetero-
geneous population of sites containing «,, as, and as
subunits of GABA , receptors, while type I sites closely
correspond to receptors containing the «, subunit
(Pritchett et al., 1989b; Pritchett and Seeburg, 1990;
Luddens and Wisden, 1991; Doble and Martin, 1992).
The regional distribution of y, subunit mRNA is re-
ported to correspond to that obtained from autroradio-
graphic studies for benzodiazepine receptors (Olsen et
al., 1990). In particular, y, subunit mRNA is closely
involved in the pharmacological functions of benzodi-
azepine (Pritchett et al., 1989a). Pentobarbital can fully
activate a GABA , receptor channel of the subunit
combination «a,B,y, (Malherbe et al., 1990). Support-
ing evidence is an increase in «,- and y,-subunit mRNA
of GABA, receptor in all layers of neocortex and
piriform cortices, and in granule and Purkinje cell
layers of the cerebellum in pentobarbital-dependent
rats (Tseng et al, 1993b, 1994). GABA, receptor
B;-subunit mRNA levels also are altered in neocortex
(Tseng et al., 1994). These findings suggest the changes
in [*H]flunitrazepam binding in rats made dependent
upon pentobarbital may be responsible for certain
physiological dysfunctions of dependence, and may re-
sult from alterations in the GABA , molecular sub-
units rather than subtype selectivity of benzodiazepine.
There are, however, some discrepancies between re-
gional alterations in the receptor binding and changes
in subunit mRNA levels in pentobarbital dependence.
Recently, Sanna et al. (1995) reported that direct ac-
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tion of pentobarbital is observed with homomeric S,
GABA , receptor subunit. It suggests a specific subunit
of GABA , receptor contains sites for the direct acti-
vating effect of pentobarbital. Thus, additional studies
of changes in other subunit mRNAs of GABA , recep-
tors are necessary to elucidate the mechanisms under-
lying the development of pentobarbital tolerance and
dependence.

Evidence that GABA, receptors are phosphory-
lated by several protein kinases has accumulated
(Browning et al., 1990; Leidenheimer et al., 1991, 1993).
Second messenger system modulators also regulate the
functions of GABA , receptors ([*HJSR 95531) and a
site on chloride channel ([**S]TBPS) in a phosphoryla-
tion-dependent manner (Leidenheimer et al., 1990;
Lanius et al., 1993). Although the exact mechanism
underlying the effect of pentobarbital remains un-
known, an inhibitory effect of barbiturates on modula-
tors of second messenger systems, e.g., protein kinase
C and forskolin-stimulated adenylate cyclase activity,
has been reported (Mikawa et al., 1990; Deshmukh et
al., 1989, 1991). Moreover, recent studies suggested
that chronic pentobarbital administration produced a
decrease in the maximal responses in Cl~ uptake by
pentobarbital (Morrow et al., 1990; Allan et al., 1992).
Thus, an alteration in second messenger systems fol-
lowing continuous administration of pentobarbital may
be involved in the changes in GABA ,-benzodiazepine
receptor complexes and in Cl~ flux in pentobarbital
tolerance and dependence. Further studies of phos-
phorylation of GABA , receptors are needed before a
definitive statement can be made concerning its role in
pentobarbital dependence and tolerance.

In conclusion, we examined the regional changes in
benzodiazepine receptors labeled by [*Hlflunitrazepam
throughout the brains of rats rendered tolerant to and
dependent on pentobarbital. Our results suggested that
an increase in [*H]flunitrazepam binding with no alter-
ation in the binding affinity occurs in various brain
regions and is involved in the development of pento-
barbital dependence.
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