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(4) 751–764, 2000.—These studies were un-
dertaken to 1) determine whether repeated dosing with the peripheral benzodiazepine antagonist PK 11195 alters its ability
to precipitate withdrawal abstinence in diazepam-dependent rats; 2) whether the administration of PK 11195 and the central
benzodiazepine antagonist, flumazenil, 3 days apart to the same rat produces an ordering effect in the intensity of withdrawal
abstinence; 3) whether there are gender differences in these effects. Age-matched male and female Sprague Dawley rats had
capsules implanted weekly that contained approximately equal (mg/kg) doses of diazepam (120 and 90 mg, respectively) or
empty capsules (controls). After 5 implants, the maximum precipitated withdrawal score (PAS

 

MAX

 

) induced by PK 11195
and/or flumazenil (10 mg/kg/IV, respectively) was measured. Repeated administration of PK 11195 (1x/day for 5 days) in-
duced tolerance with regard to the intensity of the PAS

 

MAX

 

 and with gender-related differences. When PK 11195 was admin-
istered weekly (5 weeks), rather than daily, tolerance did not develop in either sex. The PK 11195- and flumazenil-induced
PAS

 

MAX

 

 was not changed by the order in which they were administered. There were gender differences in that females had a
higher PAS

 

MAX

 

 after flumazenil than after PK 11195 and vocalized more after all treatments than males. © 2000 Elsevier
Science Inc.

Gender Tolerance to PK 11195 Diazepam-dependent rats Peripheral benzodiazepine receptors

 

Pain Flumazenil  Precipitated withdrawal

 

APPROXIMATELY 12.5% of the world population (more
women than men) is prescribed a drug to reduce anxiety dur-
ing the course of a year, most of which are benzodiazepines
(BZs) (92). The BZs exert their effects through central
(CBR) and peripheral BZ receptors (PBR) heterogeneously
distributed throughout the body. The CBR were originally
designated as 2 distinct subtypes: Type I (now called CBR1
[BZ1 or 

 

w

 

1

 

]) and Type II (now called CBR2 [BZ2 or 

 

w

 

2

 

]). Al-
though the CBRl/CBR2 class;ification is somewhat of an
oversimplification, it does have a sound structural basis. The
CBR, an integral part of the GABA

 

A

 

/chroride ionophore
complex, are formed when 

 

a

 

- and 

 

b

 

-subunits are co-
expressed with the 

 

g

 

2-subunit. It is fairly well established that
the heterogeneity of the CBR binding sites arises mainly from
the existence of different GABA

 

A

 

 

 

a

 

-subunits (

 

a

 

1, 

 

a

 

2, 

 

a

 

3, or

 

a

 

5)(60,61). Although the CBR make up the major population
of binding sites in the brain, the PBR localization belies the
name and are also heterogeneously distributed in the brain,

as well as in the periphery, generally on the outside mem-
brane of the mitochondria. The brain PBR(s) have typically
been associated with glial cells (mainly) and ependymal cells,
although, more recently, they have been found to have a neu-
ral localization as well. The PBR is a small monomeric

 

protein composed of the 

 

z

 

18-kD binding site for the specific
antagonist, PK 11195 [1-(2-chlorophenyl)-N-methyl-(1-meth-
ylpropyl)-3-isoquinolinecarboxamide] and for the specific ag-
onist, Ro 5-4864 (4’chlordiazepam) (13,35). A 36-kD peptide
with structural and functional similarities to a voltage-depen-
dent anion channel (VDAC) has been cloned and sequenced
but has no homology to the 18-kD peptide suggesting the
PBR is not a subunit of a larger VDAC. This does not rule
out the possibility, however, that the PBR and the VDAC are
somehow structurally or functionally linked (13). The PBR
can alter the rate of steroidogenesis by altering the rate of
cholesterol transport to the mitochondrial cytochrome
P-450

 

SCC

 

 enzyme and may modulate the production of endo-
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geneous brain steroids by glial cells as well (24,40,62,66,86).
The P-450

 

SCC

 

 enzyme is responsible for catalyzing the conver-
sion of cholesterol to pregnenolone, the rate-controlling step
in sterodogenesis. Further, the finding that several steroid
metabolites such as 3

 

a

 

-hydroxy-5

 

a

 

-pregnan-20-one and 3

 

a

 

,21-
dihydroxy-5

 

a

 

-pregnane-20-one alter the GABA

 

A

 

 receptor
complex suggests a possible link between the CBR/GABA

 

A

 

complex and the PBR (13,53,62) although the details for such
an interaction are not elucidated. Others have suggested that
the intrinsic actions of PK 11195 in doses higher than neces-
sary to saturate the receptors may act on a low-affinity site on
the GABA-BZ receptor complex (17). The PBR may be dis-
tinguished from the CBR by the specificity of the binding
properties of several BZ ligands to these receptors. For exam-
ple, diazepam (DZ) binds with relatively high affinity to both
central (CBR1, CBR2) and peripheral (PBR) receptors. The
BZ antagonist, flumazenil, binds to CBR1 and CBR2 but not
to PBR, whereas PK 11195, the specific PBR antagonist,
binds with high affinity to the PBR but not to the CBR
(40,42,56,76 for review).

Flumazenil reverses all the CBR- but not the PBR-medi-
ated effects of an acute dose of a BZ agonist (45), but does
not precipitate withdrawal after an acute dose of DZ (44,90).
After prolonged exposure to BZs, flumazenil antagonizes the
central effects of BZs and can unmask all signs of withdrawal
that are mediated through the GABA

 

A

 

/CBR/ionophore com-
plex (93).

Little is known about the interaction of PK 11195 with an
acute dose of DZ. PK 11195 has a high affinity for the PBR,
and, in low doses, acts as an antagonist of the convulsant and
proconflict actions of the PBR agonist, Ro 5-4864, whereas in
high doses it may have agonistic actions (12,16,52). The binding
of [

 

3

 

H] PK 11195 to rat cerebral cortex is displaced by DZ (1)
with an order of potency of PK 11195

 

.

 

Ro 5-4864

 

.

 

DZ

 

.

 

clon-
azepam (3). Recently, it has been shown that PK 11195 in-
duces a withdrawal syndrome in DZ-dependent subjects after
either systemic or focal injections into different brain struc-
tures that reveals some of the same signs induced by flumaze-
nil, but with marked qualitative and quantitative differences
(50,69,70,78,81). Further evidence of the involvement of the
PBR in the dependence-producing properties of the BZs is
demonstrated by the attenuation of the withdrawal syndrome
in mice by chronic co-administration with lorazepam (51).

Although many functions have been attributed to the
PBR, it has only recently been found to have a physiologic
and pharmacologic role. In addition to the role in the regula-
tion of steroidogenesis, the PBR also play a role in mitochon-
drial respiration. This produces many cellular effects includ-
ing alterations in cell growth and differentiation and calcium
regulation. The PBR are also involved in the actions of BZs
in modulating the body’s immune reaction (39,40,57,66).

The specific PBR antagonist, PK 11195, is the ligand of
choice in studies of the biochemical and physiologic proper-
ties of the PBR. It is used in studies of steroidogenesis in
which it has been found to affect the release of cortotropin-
releasing factor and ACTH in the rat as well as to directly ele-
vate plasma corticosterone levels and to stimulate testoster-
one secretion from crude testicular Leydig cell preparations
(40). PK 11195 significantly reduces Ro5-4864-induced con-
vulsions in mice (to which tolerance does not develop); has no
anticonvulsant action against picrotoxin; acts as a proconvul-
sant (to which tolerance develops) when combined with sub-
convulsant doses of picrotoxin and strychnine, but not when
combined with pentylenetetrazole (16). PK 11195 increases
the seizure threshold of Ro 5-4864 in El mice, an animal

model of epilepsy (55). Further, by the use of [

 

3

 

H]-PK 11195,
it has been shown that the PBR numbers are altered in a vari-
ety of disease states including neuropsychiatric disorders such
as schizophrenia in which platelet PBR are decreased by neu-
roleptic treatment; increased after acute and decreased after
chronic exposure to stress in humans; altered by the chronic
use of alcohol; cocaine; barbiturates, and BZs; increased in
post-mortem tissues from patients with several neurological
diseases such as Alzheimers; Huntingtons; multiple sclerosis;
and in the periphery of infarcted areas of the brains of stroke
victims; increased in brain tumors; in ovarian carcinomas; in
colonic and prostatic adenocarcinomas; after tissue injury
within the central nervous system (CNS) (cf 2,23,31,54). The
PBR concentration in these many disease states holds much
clinical interest.

Now that it is known that the PBR regulate steroidogene-
sis, greater consideration must be given to this function as it
relates to the pharmacologic actions of drugs, particularly
anxiolytics. The role of the PBR in steroid biosynthesis could
contribute to differences in pharmacologic profiles and toler-
ance of various BZs and provide a rationale for alternative
consideration in their therapeutic use as well as help to direct
the design of anxyiolytics with greater specificity (cf 40). Be-
cause PK 11195 is the most frequently used drug for assess-
ment of the effects of BZs at the PBR it is important to have
an understanding of its pharmacodynamic, pharmacokinetic,
and gender effects.

The therapeutic effects of the BZs are generally thought to
be mediated by the CBR; however, recent studies have clearly
shown that the PBR are also involved in many actions of the
BZs and may play a role in the emergence of many unwanted
side effects, including tolerance and dependence. The role of
the PBR in BZ dependence is an area that is poorly under-
stood and one that has not been extensively explored. Gen-
der-related differences in precipitated withdrawal in DZ-de-
pendent rats have been reported after IV infusion of
flumazenil in male (90) and female (49) rats; after IP flumaze-
nil in DZ-dependent male and female mice (59). Most chronic
studies of DZ have been conducted in males or in orchidecto-
mized male and ovariectomized female rats, whereas little at-
tention has been directed toward DZ’s dependence-produc-
ing effects in intact females. In view of the large body of
evidence that the PBR are the critical factor in the rate-limit-
ing step of steroidogenesis; that the PBR as well as the CBR
are tonically and physically regulated by neural and hormonal
mechanisms; that stress affects both the CBR and the PBR;
DZ can alleviate some of these stress-induced changes which,
in turn, are modified by gonad-related factors; and more
women than men use BZs, emphasizes the importance of
studying DZ dependence in both sexes (5,13,15,24,88,89).

It has been clearly demonstrated that tolerance does not
develop to flumazenil’s antagonistic effects when it is repeat-
edly administered in weekly intervals or longer to DZ-depen-
dent subjects (25,46,93), whereas some tolerance appears to
develop when it is administered at shorter intervals of 3 days
or less to DZ-dependent baboons and rhesus monkeys
(21,41). This important issue has not been extensively investi-
gated with regard to PK 11195. Further, because PK 11195
and flumazenil have specificity for different BZ receptor sub-
types, it was reasoned that these two antagonists could be ad-
ministered to the same rat without interacting with each other
when dosing is separated by intervals of 3 days. Therefore in
view of a lack of information on these important aspects of
the DZ precipitated withdrawal syndrome, the first objective
of these experiments was to determine whether tolerance de-



 

GENDER AND PK 11195-INDUCED WITHDRAWAL 753

velops to the ability of PK 11195 to precipitate a withdrawal
syndrome in DZ-dependent rats and whether there are gen-
der-related differences in this regard when PK 11195 is ad-
ministered in either daily or in weekly intervals. The second
objective was to determine if the order in which flumazenil
and PK 11195 are administered alters the precipitated with-
drawal effect in male and female DZ-dependent rats. The
third objective was to determine the consequences of the com-
bined administration of PK 11195 and flumazenil on the pre-
cipitated withdrawal syndrome and whether there are gender
differences.

 

METHOD

 

Animals

 

Experiments, approved by the Institutional Animal Care
and Use Committee of the University of Kentucky, were per-
formed in age-matched (

 

z

 

90 days old) male (

 

z

 

350 g) and fe-
male (

 

z

 

250g) Sprague Dawley rats. The rats were housed in-
dividually in accordance with the NIH Guide for the Care and
Use of Laboratory Animals in a climate-controlled facility
with a 12 L/12 D cycle (lights on 0600 h) and had free access to
standard laboratory chow and water.

 

Drugs and Chemicals

 

PK 11195 was purchased from Research Biochemical In-
ternational. Flumazenil and DZ were generous gifts from
Hoffman-LaRoche. PK 11195 and flumazenil were dissolved
in dimethylsulfoxide (DMSO) which, along with HPLC stan-
dards, was purchased from Sigma, St. Louis, MO, USA. Solu-
tions were freshly prepared on the day of experiments and
protected from light.

 

Chronic Administration of DZ

 

Male and female rats acclimated to their surroundings and
while under ketamine anesthesia (40 mg/kg) and sterile condi-
tions had silastic capsules containing diazepam or empty cap-
sules (control rats) implanted subcutaneously in the back.
Male and female rats were administered approximately equal
(mg/kg) doses of DZ (120 and 90 mg/kg, respectively) accord-
ing to previously described procedures (22) with minor modi-
fications (49). Initially, 2 silastic capsules were implanted in
the back of each rat. Thereafter, a single capsule was im-
planted at weekly intervals. Capsules were not removed dur-
ing the study to avoid complicated surgery. Body weight
(BW) was recorded prior to the first capsule implantation,
just prior to each subsequent implantation, then before, and
one day after each IV injection of antagonist.

 

Experimental Groups

 

Three groups of male and female rats were treated chroni-
cally with DZ or empty capsules for 5 weeks prior to experi-
mentation. New capsules were implanted throughout the ex-
periments at weekly intervals. 

 

Group I, daily injections of PK
11195 (10 mg/kg every 24 h) for 5 days:

 

 this group consisted of
6 male and 6 female rats treated with DZ and 4 males and 4
female rats implanted with empty capsules. 

 

Group II, weekly
injections of PK 11195 (10mg/kg each week) for 5 weeks: 

 

six
male and 6 female rats were treated with DZ. 

 

Group III; or-
dering effect:

 

 six male and 6 female DZ-treated rats were in-
jected with PK 11195, 10 mg/kg/IV, on Monday followed by
flumazenil, 10 mg/kg, on Thursday. The following Monday
each rat was injected IV with PK 11195 

 

1

 

 flumazenil (10 mg

of each) and with the vehicle, DMSO, on Thursday. This part
of the study was designated as PK (1). A different group of 6
male and 6 female DZ-treated rats had the order of PK 11195
and flumazenil reversed. Flumazenil was administered on
Monday, PK 11195 on Thursday, and the following Monday
each rat was injected IV with PK 11195 

 

1

 

 flumazenil on Mon-
day and with DMSO on Thursday. This group was designated
as PK (2).

 

Plasma and Brain Levels of DZ and its Metabolites

 

Three days after the 5th DZ capsule implant, blood was
collected IV via a tail vein into EDTA tubes and weekly
thereafter (or before the last precipitation) during the time
spanned by the precipitated withdrawal studies for determin-
ing steady state plasma levels of DZ and its metabolites by
HPLC as previously described (49). At the end of the study,
the rats were euthanatized by decapitation, trunk blood was
collected, and the brains were rapidly removed, frozen and
stored at 

 

2

 

70

 

8

 

 until analyzed by HPLC (49). The pharmaco-
kinetics of PK 11195 is reported elsewhere (82).

 

Plasma and Brain Levels of PK 11195 in DZ-Dependent Rats

 

Plasma and brain tissue were collected from different
groups of age-matched DZ-dependent rats for 5 weeks (90
and 120 mg/capsule/week) female (

 

n

 

 

 

5

 

 6) and male (

 

n

 

 

 

5

 

 7)
rats, respectively, than those used to test precipitated with-
drawal (below). Trunk blood was collected and brains rapidly
removed 5 min after the IV administration (tail vein) of PK
11195, 10 mg/kg, to rats that were euthanitized by decapita-
tion. Plasma and brain tissue were harvested and stored at

 

2

 

70

 

8 

 

centrigrade until removed for analysis (49) by HPLC as
previously described (82).

 

 Precipitated Withdrawal

 

The experiments started at approximately the same time
each day (0900 h) and in repeated experiments, the rats were
tested in the same order. The rat was placed in an observation
arena and allowed to acclimate to its surroundings prior to ob-
taining baseline data. Without handling the rat, the antago-
nists and the vehicle were administered IV through a catheter
(Jelco, 24 gauge) placed in the tail vein approximately 10 min
before the start of baseline observations. The frequency of oc-
currence of each sign of precipitated withdrawal (PA) (respi-
ratory rate was counted one time for each epoch) was identi-
fied by the same observer (frequently confirmed by a second
observer) and recorded by a third observer in 5-min epochs
for 10 min before and for 30 min after the injection of antago-
nists or vehicle. Both an average precipitated withdrawal
score (PAS) and a maximum score (PAS

 

MAX

 

) was calculated.
The scored withdrawal signs included 

 

convulsive phenomena

 

:
clonic and tonic-clonic convulsions and twitches and jerks
(isolated spasms of head, body or limbs); 

 

motor signs

 

: head
and body tremors, jumping, backing, turning; 

 

motor dyskine-
sia

 

: writhing; some 

 

aberrant behaviors

 

 such as: a severely
arched back, and vocalization; 

 

autonomic sign

 

: respiratory
rate (breaths/min counted with a stopwatch). The number of
episodes of the above signs was summed (except respiration,
which was counted once/epoch), weighted, added together for
each epoch in order to generate the PAS as previously de-
scribed (49,79). The PAS served as an indication of the inten-
sity of the withdrawal syndrome. Several other withdrawal
signs were also recorded but were not included in the PAS
score. These withdrawal signs included chewing, digging, ear
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twitches, blinking, head bobbing, hotfoot behavior, rigid tail,
rigid walking, scratching, rearing, stretching of the body, wet
dog shakes; and some postural and general activity signs such
as flaccid, loss of righting reflex, curled posture, walking,
standing, preening, and exploring. In order to normalize the
data for between-subjects differences in baseline values, the
mean preinjection values were subtracted from the postinjec-
tion values for each epoch for each rat prior to calculating the
PAS. The average PAS (PAS

 

AVG

 

) was calculated from the
normalized area under the time action curves (AUC

 

0-30min

 

).

 

Data Analysis

 

Statistical analyses included linear regression; paired and
unpaired 

 

t

 

-tests; one and two-way repeated measures analyses
of variance (RM ANOVA); two-way ANOVAs with the ap-
propriate post hoc comparisons. Sigma Stat software for Win-
dows was used for these calculations, and a probability level
of 0.05 or less was required for significance.

 

RESULTS

 

Body Weight

 

Age-matched male and female rats treated chronically for
5 weeks with silastic capsules containing DZ (

 

n

 

 

 

5

 

 6) or empty
capsules (controls, 

 

n

 

 

 

5

 

 4) showed a gender difference in
weight gain (males 

 

.

 

 females), 

 

F

 

(1, 16) 229.5, 

 

p

 

 

 

,

 

 0.001; a sig-
nificant between treatments effect, 

 

F

 

(1, 16) 42.3, 

 

p

 

 

 

,

 

 0.001,
and the interaction, gender x treatments was significant, 

 

F

 

(1,
16) 23.2, 

 

p

 

 

 

,

 

 0.002 (2 way ANOVA of the average change in
BW with gender and treatments taken as variables). Post-hoc
multiple comparisons (Student-Newman-Keuls) revealed that
male controls gained more BW (54.30 

 

6

 

 2.7 g than female
controls (10.36 

 

6

 

 0.86g) 

 

p

 

 

 

,

 

 0.05. Further, male control rats
gained more BW than either DZ-treated male (29.40 

 

6

 

2,34g), 

 

p

 

 

 

,

 

 0.05 or DZ-dependent female rats (6.65 

 

6

 

 2.21g),

 

p

 

 

 

,

 

 0.05. Whereas both male and female controls tended to
gain more BW than DZ-dependent rats, this comparison was
significant for male controls vs. male DZ-treated rats only
(data not shown). Fig. 1 shows that just prior to PK 11195 ad-
ministration, male DZ-treated and control rats had a greater
increase in body weight than female DZ-treated and controls.
The daily administration of PK 11195 abolished gender differ-
ences in BW gain in DZ-treated rats (Fig.1A) as well as in
controls (Fig. 1B) after the first PK 11195 precipitation. The
first PK 11195 precipitation produced the most dramatic de-
crease in BW gain in both DZ-treated and controls. There
was a highly significant gender difference (males

 

.

 

females) in
control rats, 

 

F

 

(1,12) 30.4, 

 

p

 

 

 

,

 

 0.018 (2-way RM ANOVA of
BW gain (gender and days of PK 11195 treatment taken as
variables). In both DZ-treated and control rats, the effects of
PK 11195 were significantly related to the day of treatment,

 

F

 

(4, 36) 16.10, 

 

p

 

 

 

,

 

 0.0001 (DZ treated); 

 

F

 

(4, 12) 44.2, 

 

p

 

 

 

,

 

0.001(controls) and there was a gender x days interaction,

 

F

 

(4,36) 14.53, 

 

p

 

 

 

,

 

 0.0001(DZ-treated); 

 

F

 

(4, 12) 22.4, 

 

p

 

 

 

,

 

0.001 (controls). DZ-dependent male rats gained significantly
less BW than male controls, 

 

F

 

(1, 32) 52.95, 

 

p

 

 

 

,

 

 0.0001,
whereas PK 11195 induced a time-related decrease in BW
gain in both controls and DZ-dependent male rats, 

 

F

 

(4,32)
96.24, 

 

p

 

 

 

,

 

 0.001 (2-way RM ANOVA with treatment and
days taken as variables). The daily administration of PK
11195 to male and female DZ-dependent and control rats sig-
nificantly decreased BW gain in all groups relative to the

prePK 11195 weights (

 

p

 

 

 

,

 

 0.05, Student-Newman-Keuls
Method) (Fig. 1A and B).

Fig. 2 illustrates the weekly change in BW in DZ-depen-
dent rats prior to PK 11195 and after the weekly administra-
tion of PK 11195. Gender differences in BW gain were seen
(M

 

.

 

F) for weeks 1, 3, 4, and 5 pre-PK and weeks 4 and 5
post-PK. The greatest inhibition of BW gain occurred after
the first dose of PK 11195 (week 1) in either female or male
rats. Thereafter no significant effect of PK 11195 was ob-
served on BW gain in either sex with the exception of week 4
in male rats.

 

Plasma and Brain Levels of DZ and its Metabolites

 

The mean stabilization plasma levels of DZ and its metab-
olites showed no significant gender difference in rats treated
chronically with DZ for 5 weeks. Daily injections of PK 11195
did not significantly affect plasma levels of BZs as can be seen
in Table 1. Table 2 shows plasma and brain levels of DZ and
its metabolites in rats (different rats from those in Table 1)
subjected to the weekly administration of PK 11195 as well as
in rats administered PK 11195 and flumazenil in reversed or-
der (each order in different groups of rats). As can be seen in
Tables 1 and 2, the parent compound, DZ, is the major drug
detected in plasma or brain. Although there was a trend to-

FIG. 1. Change in BW induced by the daily administration of PK
11195 (10 mg/kg/IV) to male and female rats chronically exposed to
DZ, 120 and 90 mg/capsule/week, male and female respectively, (A)
and in male and female controls (1 empty capsule/week) (B). Each
value, normalized for the preimplant baseline, represents the mean
change in BW weight 1 SE for the number of rats indicated.
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ward higher levels of DZ in female than in male rats in each
treatment group shown in Table 2, no significant gender dif-
ferences were observed. On the other hand, brain levels of
ND were significantly higher in female than in male rats chal-
lenged with PK 11195 and flumazenil administered in differ-
ent order, 

 

F

 

(1, 23) 14.5; 

 

p

 

 

 

,

 

 0.0025; 2-way ANOVA.

 

Plasma and Brain Levels of PK 11195 in DZ-Dependent Rats

 

Plasma and brain levels of PK 11195 could not be done in
the same group of rats in which precipitated withdrawal was
measured. However, in separate groups of age-matched male
and female DZ-dependent rats subjected to identical PK
11195-induced withdrawal as in the present study, PK 11195
levels were measured in plasma and brain tissue harvested at
the time of peak withdrawal (5 min post-PK 11195). The data
showed no statistically significant gender difference in either
brain or plasma levels of PK 11195, although the levels
tended to be higher in males in both plasma and brain tissue
and both sexes showed higher levels in brain than in plasma
(Table 3).

 

Effect of the Daily Administration of PK 11195 on the PAS in 
DZ-Dependent Rats

 

During the repeated daily administration of PK 11195
study, female DZ-dependent rats had fewer clonic convul-
sions on days 2 through 5 than on day 1 as did males on days 3
and 4. No trend was seen with regard to tonic-clonic convul-
sions. Twitches and jerks declined steadily in both males and
females through day 3, a tendency that was partially reversed
by days 4 and 5. These trends were not significant, however
(Table 4). No convulsive activity was observed in the controls.

The PK 11195-induced PAS in these DZ-dependent rats
usually reached a maximum effect within 5 min (PAS

 

MAX

 

).
Rapid tolerance to PK 11195 developed by day 2 in either sex
with regard to the PAS

 

MAX

 

 (Fig.3A). Interestingly, female
DZ-dependent rats began to lose tolerance by day 3, whereas
the PAS

 

MAX induced in male rats remained depressed
through day 5. This was a significant gender difference, (two-
way RM ANOVA with gender and days taken as factors) F(1,
40) 6.2, p , 0.05, with no significant between days or gender x
days interaction. No effect of PK 11195 on the PASMAX was
seen in control rats of either sex, nor were gender differences
observed across the 5-day test. The PASMAX induced by PK
11195 in male DZ-treated rats was significantly greater than
in control rats, F(1, 32) 78.09, p , 0.0001, as was the between
days, F(4, 32) 3.67, p , 0.01, and the interaction, treatment x
days, F(4, 32) 4.45, p , 0.01, two-way RM ANOVA). Post-
hoc multiple comparison procedures (Student-Newman-
Keuls) showed that the PASMAX induced on days 2, 3, 4, and 5
in DZ-treated male rats was significantly less than on day 1.
Similarly, the PASMAX induced in female DZ-dependent rats
was significantly greater than in female control rats F(1, 32)
16.74, p , 0.005. There was no significant between days dif-

FIG. 2. Change in BW induced by the weekly administration of PK
11195 to DZ- dependent (see legend to Fig. 1) female (A) and male
rats (B). Open bars represent the prePK BW change from preimplan-
tation baseline and solid bars represent the post-PK change from pre-
implantation baseline. Each value represents the mean 1 SE for 6 rats.

TABLE 1
PLASMA LEVELS* OF DZ AND ITS METABOLITES IN MALE AND FEMALE

DZ-DEPENDENT RATS ON DAY 1 PRIOR TO THE DAILY INJECTION OF
PK 11195 (10 mg/kg) FOR 5 DAYS AND ON DAY 5 AFTER THE

LAST INJECTION OF PK11195

Drug

Males Females

Day 1 Day 5 Day 1 Day 5

DZ 2.05 6 0.37 1.87 6 0.57 1.44 6 0.41 1.50 6 0.12
ND 0.46 6 0.22 0.04 6 0.04 0.18 6 0.07 0.13 6 0.06
TM 0.47 6 0.21 0 0.07 6 0.05 0
OX 0.59 6 0.45 0.59 6 0.51 0.05 6 0.03 0.19 6 0.13

*Values are the mean (mg/ml of plasma) 6 SEM (n 5 rats/sex).
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ference in naive vs. DZ-treated female rats nor was there a
significant days x treatment interaction.

Tolerance also developed to the effect of the daily admin-
istration of PK 11195 on respiration, one of the signs compris-
ing the PASMAX. The maximum effect on respiratory rate
(RRMAX) declined markedly in both male and female DZ-
dependent rats by day 2. Tolerance persisted through day 5 in
both sexes. A two-way RM ANOVA of the RRMAX in DZ-
dependent rats with gender and days taken as factors showed
no gender difference nor was there a significant gender x day
interaction. There was, however, a highly significant between-
days decrease in RRMAX, F(4, 40) 6.01, p , 0.01. The RRMAX
was significantly less on days 2, 3, 4, and 5 than on day 1 in
DZ-dependent rats (Student-Newman-Keuls, p , 0.05). No
tolerance developed to PK 11195 in male and female controls

nor were there gender differences except on day 4 when fe-
male controls showed a higher RRMAX than males (unpaired
t-test). (Fig. 3B).

Effect of the Weekly Administration of PK 11195 on the PAS 
in DZ-Dependent Rats

Although there was a trend in DZ-dependent male rats
administered PK 11195, 10 mg/kg, at weekly intervals for 5
weeks for twitches and jerks to increase with time, no signifi-
cant between weeks difference was observed in any convul-
sive sign. Female DZ-dependent rats did, however, show a
between weeks difference in twitches and jerks, RM
ANOVA on ranks, x2 5 12 with 4 df p , 0.02, and a signifi-
cant positive regression of twitches & jerks with increasing

TABLE 2
PLASMA AND BRAIN LEVELS OF DZ AND ITS METABOLITES IN *RATS MADE

DEPENDENT ON DZ RELEASED FROM SILASTIC CAPSULES AND
SUBJECTED TO BZ ANTAGONIST-INDUCED

WITHDRAWAL AS INDICATED

Females Males

Drug
Plasma 
(mg/ml) Brain (mg/g)

Plasma
(mg/ml)

Brain 
(mg/g)

†WEEKLY PK PRECIPTIATED WITHDRAWAL
DZ 2.02 6 0.43 4.90 6 2.39 1.32 6 0.60 1.64 6 0.08
ND 0.12 6 0.06 0.12 6 0.06 0.44 6 0.32 0.17 6 0.11
TM 0.05 6 0.05 0.32 6 0.26 0.00 6 0.00 0.24 6 0.15
OX 0.08 6 0.08 0.20 6 0.07 0.00 6 0.00 0.23 6 0.08
‡PK → FLU
DZ 2.12 6 0.75 2.20 6 0.53 0.63 6 0.04 1.33 6 0.22
ND 0.16 6 0.06 0.57 6 0.14 0.24 6 0.07 0.02 6 0.02
TM 0.04 6 0.04 0.37 6 0.17 0.05 6 0.05 0.92 6 0.35
OX 0.08 6 0.08 0.12 6 0.08 0.05 6 0.05 0.20 6 0.11
§FLU → PΚ
DZ 3.29 6 1.74 1.19 6 0.11 0.73 6 0.12 1.26 6 0.08
ND 0.12 6 0.06 0.32 6 0.10 0.05 6 0.05 0.14 6 0.09
TM 0.14 6 0.09 1.22 6 0.10 0.00 6 0.00 0.56 6 0.36
OX 0.13 6 0.09 0.34 6 0.09 0.11 6 0.11 0.08 6 0.05

*All rats (n 5 6/sex/group) were treated with weekly implantation of DZ (90 and 120 mg
for females and males, respectively). The precipitation studies were initiated after the 5th im-
plantation. After completion of the precipitated withdrawal, rats were decapitated and trunk
blood and brain tissue were obtained for determination of plasma and brain levels of DZ and
its metabolites. Values are the mean 6 SEM of 6 rats in each group.

†Rats were subjected to PK-precipitated withdrawal at weekly intervals for 5 weeks.
‡Rats were administered PK on Monday followed by FLU on Thursday of same week and

then mixture of FLU and PK on Monday followed by DMSO on Thursday of the following
week.

§Rats were administered FLU on Monday followed by PK on Thursday of same week and
then mixture of FLU and PK on Monday followed by DMSO on Thursday of the folllowing
week.

 
TABLE 3

LEVELS OF *PK 11195 IN †DIAZEPAM DEPENDENT RATS (mg/ml or mg/g)

Gender ‡Plasma ‡Brain Brain/Plasma

Females (n 5 6) 3.31 6 1.38 15.5 6 12.42 2.12 6 1.25
Males (n 5 7) 4.56 6 1.04 22.4 6 8.12 4.52 6 0.89

*PK 11195 Dose: 10 mg/kg/IV
†Diazepam-dependent rats, Dose: (Females 5 90 mg/cap/week: Males 5 120 

mg/cap/week
‡Plasma and brain tissue were collected at 5 min post PK 11195.
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weeks, F (1, 28) 4.76, p , 0.05, but no change in clonic or
tonic-clonic seizures. There was also a tendency for the num-
ber of rats showing twitches and & jerks to increase with
weeks in both male and female rats (Table 5). In contrast to
its daily administration (5 days), the weekly (5 weeks) admin-
istration of PK 11195, 10 mg/kg/IV, to male and female DZ-
dependent rats did not produce tolerance to its effects on the
PASMAX in either sex (Fig. 4A). Further, tolerance did not de-
velop to the ability of PK 11195 to induce tachypnea (shown
as RRMAX a sign included in the PAS) (Fig. 4B).

Effect of the Order of Administration of PK 11195 and 
Flumazenil on the PAS in DZ-Dependent Rats

No significant ordering effect was observed for any of the
PK 11195-induced convulsive signs (clonic convulsions, tonic-
clonic convulsions, and twitches and jerks) when PK 11195
(10 mg/kg) was administered on Monday and flumazenil on
Thursday to groups of 6 female and 6 male rats [designated as
PK(1)] and the effects compared with different groups of 6 fe-
male and 6 male rats that had the order of PK 11195 and flu-
mazenil administration reversed [designated as PK(2)] (see
Table 6). An interesting previously observed phenomenon is
the fact that the rats that had convulsions after PK 11195 were
different rats from those that had convulsions after flumaze-
nil. PK 11195 1 flumazenil produced a less than additive ef-
fect for cc in both male and females (Table 5).

No significant ordering effect was observed in the PASMAX
induced by PK 11195, flumazenil, or the combination of PK
11195 1 flumazenil in either female or male rats (Fig. 5).
DMSO did not produce a significant PASMAX in DZ-depen-
dent rats; and PK 11195 did not produce a significant PAS in
the empty capsule control rats. Similarly, flumazenil has been
repeatedly shown to produce no significant PAS in male and
female control rats (data not shown). Flumazenil induced a
significantly greater PASMAX in female than in male rats in
the PK (1 ) group, a tendency which was also seen in females
in the PK(2) group. In contrast to flumazenil, PK 11195
tended to induce a higher PASMAXin both the PK(1) and
PK(2) groups in male than females in these groups. Note that
with regard to the PASMAX, PK 11195 1 flumazenil produced
a less-than-additive effect in both sexes. No ordering effect
was seen for the sequence of flumazenil and PK 11195 admin-
istration on any of the signs comprising the PAS. Two of

these signs (respiratory rate and vocalization) that showed
gender differences, but no ordering effect, are shown in Figs.
6 and 7] respectively. A greater degree of tachypnea was in-
duced by PK 11195 in female than in male rats in the PK (1)
group, p , 0.05 (unpaired t-test) and there was a tendency in
this direction for the PK (2) group. In contrast, flumazenil
tended to produce more tachypnea in male than in female
rats regardless of the sequence of administration. Gender-
related differences were also seen with regard to vocalization.
Female rats vocalized significantly more than male rats after
flumazenil in the PK(2) group (p , 0.05, unpaired t-test) and
tended to vocalize more after any IV injection than male rats
in either the PK(1) or the PK(2) groups (Fig. 7).

DISCUSSION

The gender differences observed in BW gain during the
5-week stabilization period (males.females) is consistent
with the observation that the estrous cycle influences feeding
patterns in female rats (43) and with the finding that BW is in-
creased by castration in females, whereas it is decreased in

TABLE 4
THE EFFECT OF THE REPEATED ADMINISTRATION OF PK

(10MG/KG/IV)  FOR 5 DAYS ON CONVULSIVE SIGNS IN
DZ-DEPENDENT MALE AND FEMALE RATS

Male Rats Female Rats

Day T&J CC T-CC T&J CC T-CC

1 15* (4/6)† 3 (2/6) 0 (0/6) 9 (3/6) 6 (3/6) 1 (1/6)
2 3 (3/6) 3 (2/6) 1 (1/6) 7 (3/6) 0 (0/6) 0 (0/6)
3 1 (1/6) 1 (1/6) 0 (0/6) 3 (2/6) 5 (1/6) 1 (1/6)
4 3 (3/6) 0 (0/6) 0 (0/6) 10 (3/6) 1 (1/6) 1 (1/6)
5 10 (4/6) 4 (1/6) 0 (0/6) 5 (3/6) 5 (2/6) 0 (0/6)

*Sum of convulsive signs observed in the animals in the group
†Number of rats that exhibited convulsive signs/number of rats in 

group
T&J 5 Twitches and Jerks
CC 5 Clonic Convulsions
T-CC 5 Tonic-Clonic Convulsions

FIG. 3. Time course of the development of tolerance to the daily
administration of PK 11195 (10 mg/kg/IV) for 5 days in rats treated
chronically with DZ, 90 mg/kg/week (females); 120 mg/kg/week
(males), or with empty capsules (controls) (A). (B) Shows the time
course of the development of tolerance to PK 111955-induced
increase in RRMAX when the antagonist is administered daily. Each
point represents the mean for the number of DZ-dependent and con-
trol rats indicated. 1 SE.
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male rats (67). Evidence suggests that the paraventricular nu-
cleus of the hypothalamus mediates the estrogen-induced en-
hancement of the satiety effect of cholecystokinin (6,7,19).
The CBR within the brainstem have been implicated in BZ-
enhanced food consumption (30,58), an effect antagonized by
flumazenil (46). Not all data are in agreement concerning the
effects of BZs on feeding behavior (See 11,28, for review). It
has been argued (28) that most of the studies showing BZ hy-
perphagia measured food intake after acute treatment and
that rats treated chronically with BZs eat less in the long run
and gain less weight than vehicle-treated controls. The
present study and previous reports (33,34,63) show that rats
treated chronically with DZ gain less weight than controls
and that in either DZ-treated or controls, male rats gain more
BW than females. A similar observation was also made in
mice (44) in which castration as well as the administration of
testosterone or estrogen abolished the effect of chronic DZ
treatment on BW in males but not in females. Further, there
is considerable evidence that many actions of BZs are medi-
ated through the PBR resulting in a variety of gender-related
effects although little is known about the effect of PK 11195
on feeding behavior or the pharmacodynamics of PK 11195-
induced weight loss. In this regard, chronic exposure to DZ

caused a down-regulation of the testicular PBR and a signifi-
cant fall in plasma levels of testosterone (9), whereas ovarian
PBR were upregulated with no accompanying change in se-
rum levels of progesterone and estradiol (85). The PBR ago-
nist, 4’ chlordiazepam, produced dose-related hyperphagia,
an effect prevented by PK 11195 and picrotoxin but not by
the CBR antagonist flumazenil (64). In the present study, the
administration of PK 11195 (10 mg/kg) to either control or
DZ-treated rats at daily intervals induced a linear decrease in
BW in males but not in females. When PK 11195 was admin-
istered at weekly intervals to DZ-treated rats, the greatest de-
crease in BW was seen with the first injection of PK 11195
and thereafter the inhibition in BW gain decreased with time
until at week 5, PK 11195 produced little effect on BW gain.
The fact that PK 11195 diminished BW gain in both controls
and DZ-treated rats during daily PK 11195 administration
suggests that BW gain is not mediated through the PBR.
There is, however, another possible explanation. The PBR
could be indirectly responsible for these BW effects in DZ-
treated as well as in control rats through changes induced in
steriodogenesis and subsequent modulation of GABAA re-
ceptors that may preferentially recognize either neurosteroids
or BZs (64). These data taken together are consistent with the
concept that the hormonal milieu modifies BW gain through
poorly understood mechanisms.

The present study clearly demonstrates that the daily ad-
ministration of PK 11195 (10 mg/kg IV) to DZ-dependent
rats reduces its ability to induce a precipitated withdrawal
syndrome by day 2 in both male and female rats. There is,
however, a marked gender difference in this effect. By day 3,
PK 11195 produced a higher PASMAX in female rats than on
day 2, a pattern that continued until the PASMAX was 80% of
day 1 by day 5. In contrast, the PASMAX in males on day 3 was
markedly reduced to a point where almost complete toler-
ance to the antagonistic actions of PK 11195 persisted
through day 5. Whereas some tolerance appeared to develop
to the ability of PK 11195 to induce twitches and jerks in both
sexes, no pattern of tolerance was seen with regard to clonic
and tonic-clonic convulsions. Further, PK 11195 (10 mg/kg)
had little or no intrinsic effect on the PAS in controls.

These findings emphasize the fact that dose-response
curves for PK 11195 cannot be reliably generated for some
precipitated withdrawal responses in either male or female
DZ-dependent rats when the drug is administered on a daily

FIG. 4. The weekly PASMAX induced by PK 11195 in DZ-treated
rats (5 weeks prior to precipitated withdrawal) (A) and the weekly
RRMAX (B). Each point represents the mean 1 or 2 SE for the num-
ber of rats indicated.

TABLE 5
THE EFFECT OF THE REPEATED ADMINISTRATION OF PK

(10MG/KG/IV)  FOR 5 WEEKS ON CONVULSIVE SIGNS IN
DZ-DEPENDENT MALE AND FEMALE RATS

Male Rats Female Rats

Week T&J CC T-CC T&J CC T-CC

1 8* (3/6)† 5 (2/6) 1 (1/6) 6 (3/6) 5 (2/6) 0 (0/6)
2 19 (3/6) 0 (0/6) 0 (0/6) 17 (4/6) 2 (1/6) 2 (1/6)
3 20 (4/6) 3 (1/6) 1 (1/6) 18 (5/6) 0 (0/6) 0 (0/6)
4 19 (5/6) 2 (1/6) 0 (0/6) 90 (6/6) 2 (1/6) 0 (0/6)
5 30 (6/6) 0 (0/6) 0 (0/6) 33 (6/6) 0 (0/6) 0 (0/6)

*Sum of convulsive signs observed in the animals in the group
†Number of rats that exhibited convulsive signs/number of rats in 

group
T& J 5 Twitches and Jerks
CC 5 Clonic Convulsions
T-CC 5 Tonic-Clonic Convulsions
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basis. Because PK 11195 is administered at repeated intervals
to the same subject to assess the role the PBR play in a vari-
ety of physiologic processes such as: BZ dependence
(50,51,70,80); steroidogenesis (40); immunomodulatory ac-

tions of BZs (57); ammonia toxicity in hepatic encephalopa-
thy (32), this is an important issue to consider in experimental
design. The finding that, in contrast to daily dosing, tolerance
did not develop to the antagonistic effects of PK 11195 when
it was administered at weekly intervals to either male or fe-
male rats is reminiscent of previous findings with the CBR an-
tagonist, flumazenil, in the diazepam-dependent dog, rat, and

TABLE 6
ORDERING EFFECT OF PK-FLU ADMINISTRATION ON CONVULSIVE SIGNS

Pk → FLU* FLU → PK†

Sign PK FLU PK 1 FLU PK FLU PK 1 FLU

Females
CC 4‡ (3/6)¶ 2 (1/6)** 3 (2/6)** 2 (1/6) 4 (3/6)** 2 (1/6)**
TCC 0 (0/6) 0 (0/6) 1 (1/6)** 0 (0/6) 0 (0/6) 0 (0/6)
T & J 4 (3/6) 13 (5/6) 17 (5/6) 14 (4/6) 10 (2/6) 16 (6/6)

Males
CC 3 (1/6) 0 (0/6) 2 (1/6)** 2 (1/6) 2 (2/6)** 2 (2/6)
TCC 0 (0/6) 0 (0/6) 0 (0/6) 0 (0/6) 0 (0/6) 0 (0/6)
T & J 8 (4/6) 5 (5/6) 8 (3/6) 8 (4/6) 2 (2/6) 8 (3/6)

*PK administered 3 days before FLU.
†PK administered 3 days after FLU.
‡number of convulsive episodes
¶number of rats that had convulsive episodes/number of rats in group
**different rats from those that had CC with PK (rats that convulsed with FLU did not convulse with PK)

FIG. 5. The PASMAX induced by PK 11195 (PK), flumazenil (FLU),
PK 1 FLU and DMSO in DZ-dependent rats (5 weeks) when PK
was administered on Monday and FLU on Thursday. The following
Monday, PK 1 FLU was administered followed by DMSO on Thurs-
day. This sequence is indicated as PK(1). The order of PK and FLU
administration was reversed in the second group of rats and is desig-
nated as PK(2). Control rats were injected with PK 11195 only.
DMSO was the solvent for PK 1195 and flumazenil. Only DZ-depen-
dent rats were injected with DMSO. Each bar represents the mean 1
SE for the number of rats indicated.

FIG. 6. The RRMAX (one of the signs included in the PASMAX)
induced by PK 11195 (PK), flumazenil (FLU), FLU 1 PK, and
DMSO. Refer to Fig. 5 for the order of PK, FLU, PK 1 FLU and
DMSO administration. Each value represents the mean 1 S.E. for
the number of rats indicated.
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squirrel monkey (46,47–49,68,70). Further, as the time course
of diazepam treatment lengthened, the level of dependence
increased with regard to some (convulsive) but not all, signs
of the PK 11195-induced PAS. This is similar to the observa-
tions showing that DZ dependence, as measured by the flu-
mazenil-induced precipitated withdrawal response, increases
with time (44,48,93). The involvement of PBR in seizure ac-
tivity is supported by previous studies (55) showing that the
PBR are involved in the pathogenesis of epileptic seizures in
seizure prone El mice.

The underlying neurochemical basis for the observed gen-
der differences in the development of tolerance to the antago-
nist effects of PK 11195 in DZ-dependent rats is not clear. Tol-
erance can be classified as either pharmacodynamic (functional)
or pharmacokinetic (dispositional). Pharmacodynamic toler-
ance results from a decreased sensitivity to the effects of a
drug (receptor down-regulation or desensitization). Pharma-
codynamic tolerance can also arise by homeostatic changes
downstream that counteract the initial effects of the drug.
Pharmacokinetic tolerance arises from changes in absorption,
distribution, metabolism or excretion of the drug resulting in
lowered concentrations of the drug at the receptor sites
(10,14).

Evidence for Pharmacodynamic Tolerance. There is some
evidence that in DZ-dependent male rats the PBR are upreg-
ulated in the heart and cerebral cortex (84), whereas others
find no change in receptor numbers (20). To the best of our
knowledge, it is not known whether the density of the PBR is
altered in the brain of the DZ-dependent female rat. It is

known that gonadal hormones can influence PBR density.
There is a large body of evidence indicating that the PBR are
the critical factor in the rate-limiting step of steroidogenesis;
that the PBR as well as the CBR are tonically and physically
regulated by neural and hormonal mechanisms, both in the
periphery and within the brain of either sex. Stress can mod-
ify both CBR and PBR and DZ can alleviate some of these
stress-induced changes (5,13,15,24,29). All rats in the current
experiments were subjected to repeated handling for 5 weeks
prior to precipitation studies at which time they showed no
obvious signs of stress when handled. Antagonists were in-
jected remotely via an indwelling tail vein catheter, a proce-
dure that did not appear to be stressful except for the with-
drawal effects of the drugs. It has been demonstrated that
precipitated DZ withdrawal did not increase anxiety levels
(plus-maze) in either male or female rats (71). On the other
hand, it has been shown repeatedly in humans and in animals
by assessing the overall signs of either precipitated or non-
precipitated withdrawal in BZ-dependent subjects that the
condition is stressful (18,48,50,93). It is not known what influ-
ence gender and brain region exert on neurosteroid modula-
tion of the PBR in DZ-dependent rats. Within the CBR/
GABAA complex, on the other hand, it has been reported
that GABAA receptors do not vary over the rat estrous cycle
in either drug naive rats, or in rats acutely and chronically
treated with DZ. Further, significant correlations are not seen
between circulating levels of estradiol or progesterone and
CBR binding parameters in cycling female rats. Within this
system, there are, however, marked variations in brain region
and gender response to the hormonal milieu with regard to
the potentiation of GABA responses by the neuroactive ste-
riod derivatives of progesterone, testosterone and glucocorti-
coids (67,87,89). It also seems likely that there are regional
gender variations in the hormonal milieu that in turn regulate
PBR density in the DZ-dependent rat brain that could be
modulated rapidly and differently by the repeated adminis-
tration of PK 11195 (4,8,13) and contribute to differences in
the degree of tolerance development to PK 11195. Steroids
secreted by the gonads and adrenals are involved in regulat-
ing the interplay between the brain and these organs in ways
other than as feedback messengers. These actions at the cellu-
lar level, possibly through specific cytosolic receptors, lead to
such actions as regulation of neurotransmitter or second mes-
senger systems, and alterations in nuclear gene expression
(39). In this regard the GLUTAMATergic system has been
shown to modulate BZ tolerance and discontinuation (38).

To summarize, although no measures of receptor density,
affinity, desensitization, or of neurosteroid and neurotrans-
mitter release were made, it seems highly likely that the hor-
monal milieu played a major role in the tolerance observed in
the daily PK 11195 precipitated withdrawal experiments.

Evidence for Pharmacokinetic Tolerance. Another factor
which should be discussed is the possible influence of phar-
macokinetics. These studies were conducted when the levels
of DZ and its metabolites were at steady state. Therefore, it
seems likely that the critical drug to examine with regard to
the tolerance that developed to the PK 11195-induced PAS-
MAX is the pharmacokinetics of PK 11195 itself. This does not
rule out the possibility that an interaction between PK 11195
and DZ and/or its metabolites may also play a role in the gen-
der differences observed. It is fairly well-established that in
BZ-naive subjects, BZs are metabolized faster in males than
in female rats (65,72,83). The plasma clearance of DZ is
greater in male Wistar (7) than in female Fisher rats (73),
which agrees with observations in BZ-naïve humans (26,27).

FIG. 7. VocalizationMAX (one of the signs included in the PASMAX)
induced by PK 11195 (PK), flumazenil (FLU), FLU 1 PK, and
DMSO in DZ-dependent rats. Refer to Fig. 5 for the order of PK,
FLU, PK 1 FLU and DMSO administration. Each value represents
the mean 1 S.E. for the number of rats indicated.
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In comparison to females, male rats have been reported to
have lower brain levels of DZ after continuous exposure to si-
lastic implants containing 90 mg of DZ/capsule (88). Plasma
and brain levels of PK 11195 could not be determined in the
same animals that were precipitated repeatedly with PK
11195 on either a daily or weekly basis. However, in parallel
studies (82), the pharmacokinetics of acutely administered
PK 11195 (5, 10, and 20 mg/kg IV) to DZ-naive male and fe-
male rats showed no relationship to dose or gender for either
the half-life for distribution (z0.14 h) or for elimination
(z5.4 h). On the other hand, the total plasma clearance in-
creased with increasing dose (23 to 42 ml/min/kg). Gender
differences were seen for the 10 mg/kg dose of PK 11195 (the
dose used in the present studies) in the total clearance which
was significantly faster for males than for females. The vol-
ume of distribution was large (9 to 24 L/kg) suggesting an ex-
tensive distribution outside plasma and tended to be higher
for all doses in males than in female rats. The limited data col-
lected in these studies indicates that PK 11195 accumulates in
the brain with a brain/plasma ratio of z3 without relation to
dose or gender. Although a complete pharmacokinetic profile
of PK 11195 has not been done in DZ-dependent male and fe-
male rats, plasma and brain levels were measured at 5 min
post-PK11195 in different groups of rats with identical DZ
and PK 11195 dosing to that used in the current study for day
1 of either the daily or weekly PK 11195 precipitated with-
drawal. Significant gender differences were not seen in either
brain or plasma levels of PK 11195 (82). Further, in the
present studies, gender differences were not seen in the PAS-
MAX (5 min) after a single dose of PK 11195. A different pic-
ture emerged, however, when the rats were challenged with
multiple doses of PK 11195 given in daily intervals where the
PAS was higher in female than in male rats at days 3 to 5.
There is a lack of data on brain levels of PK 11195 after multi-
ple dose treatment. It is possible that accumulation of PK
11195 in the brain is different in male and female DZ-depen-
dent rats.

In summary, although it seems likely that gender differ-
ence in the pharmacokinetics of PK 11195 could have contrib-
uted to the gender differences in the degree of tolerance to its
effect on the PAS, the lack of pharmacokinetic data for PK
11195 during its repeated administration (each day) to DZ-
dependent rats does not allow us to determinate to what ex-
tent pharmacokinetics influenced the observed tolerance.

Changes in Convulsive Signs During Weekly PK 11195 
Precipitated Withdrawal

Both flumazenil and PK 11195 induced convulsive signs in
male and female rats that had been administered DZ chroni-
cally. Twitches and jerks tended to increase across time with
the weekly but not with the daily administration of PK 11195
in both sexes. This is in line with previous observations in fe-
male DZ-dependent dogs and male rats and baboons precipi-
tated with flumazenil (33,44,90,93). This increase in convul-
sive activity with time may be related to a flumazenil-induced
increase in the firing rate of substantia nigra pars reticulata
neurons of diazepam-treated rats which, in turn, may help
propagate a flumazenil-induced seizure from another brain
structure (90,91). In the present study, only females showed a
significant positive regression of twitches and jerks with
weeks. Others have shown that in DZ-dependent mice, males
had a lower incidence of flumazenil-induced seizures than fe-
males. Castration significantly increased seizure activity in
male but not female mice, an effect reduced by testosterone

or estrogen in male but not in females. This suggests that gen-
der differences in DZ dependence is modulated by the action
of hormones, that testosterone plays a relevant role (59) and
confirms previous findings that both CBR and PBR are in-
volved in the dependence producing properties of DZ
(50,51,70,78,81).

Effect of the Order of Flumazenil and PK 11195 Adminis-
tration(Group III Rats). The order of flumazenil and PK
11195 administration did not alter the PASMAX. The two an-
tagonists may be administered to the same rat of either sex
without altering the PAS if the doses are separated by as
much as 3 days, the shortest time period tested. Further, no
ordering effect was observed in plasma levels of either DZ or
its metabolites in either sex. Interestingly, male or female rats
in either the PK(1) or the PK(2) groups that had clonic or
tonic-clonic convulsions with flumazeninl or with PK 11195 1
flumazenil were different rats from those that had convulsions
with PK 11195. This agrees with previous observations in our
laboratory and supports the concept that flumazenil- and PK
11195-induced convulsions are mediated through different re-
ceptors. It should be pointed out that this observation did not
hold for twitches and jerks.

Although no ordering effect was produced in this study,
gender differences were observed in some measures: 1) flu-
mazenil induced a higher PASMAX in female than in male rats
in the PK (1) group, and a tendency in this direction was also
observed in the PK (2) group. 2) Female rats had a higher
RRMAX after PK 11195 than male rats in the PK (1) group
with a tendency in this direction for the PK (2) group. 3) Fe-
male DZ-dependent rats tended to vocalize more than male
rats after flumazenil, PK 11195 or their combination in either
the PK(1) or the PK(2) group and significantly so after fluma-
zenil in the PK(2) group. Vocalization is probably a response
to perceived pain. In this regard, central morphine analgesia is
reported to be greater in male than in female rats (36) and
women are reported to have lower pain thresholds and lower
pain tolerance than men (77).

The combination of PK 11195 1 flumazenil produced a
less-than-additive effect on the PASMAX and on most signs
comprising it. This could be partially explained by the fact
that PK 11195 produces a less robust PAS than flumazenil.
This suggests that when the 2 drugs are combined, they inter-
act with each other in some way. One possibility is through
different effects on the GLUTAMergic and GABAergic sys-
tems. Striatal neuronal activity has been shown to be in-
creased by glutamate and GABA can modulate both basal
and glumate-evoked effects (37). Further, NMDA receptor
subunit proteins are upregulated in the cerebral cortex of
male rats during DZ withdrawal (74) and NMDA receptor
antagonists have been shown to suppress withdrawal signs in-
duced by discontinuation of long-term DZ treatment in male
rats (75).

Taken together, these data provide further evidence that
both central and peripheral receptors are involved in the de-
pendence-producing properties of DZ; that PK 11195 can be
repeatedly administered at weekly (but not at daily intervals)
to the same DZ-dependent rats without altering the precipi-
tated withdrawal response; that there is no significant order-
ing effect on the PASMAX that results from the administration
of PK 11195 and flumazenil to the same rat when the dosing
interval is separated by 3 days; and there are marked gender
differences in the rate at which tolerance develops to the daily
administration of PK 11195 as well as gender differences in
several PK-11195- and/or flumazenil-induced withdrawal signs
in DZ-dependent rats. These data suggest that both pharma-



762 SLOAN ET AL.

codynamic factors such as the hormonal milieu, changes in
homeostatic relationships of neurostransmitter systems, and
modulation of receptors and pharmacokinetic factors are
probably involved in these observed effects although the ex-
act mechanisms through which these changes occur have not
been elucidated.
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