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Abstract

Rationale—Tolerance and dependence can develop during chronic benzodiazepine treatment;
however, cross tolerance and cross dependence to positive modulators acting at other sites on
GABA receptors might not occur.

Objectives—The current study evaluated changes in sensitivity to positive GABAa modulators
during chronic treatment with the benzodiazepine flunitrazepam to determine whether cross tolerance
and cross dependence varied as a function of site of action.

Methods—Eight rats responded under a fixed ratio 20 schedule of food presentation. Dose-effect
curves were determined before, during and after chronic treatment with 1 or 2 daily injections of 1
mg/kg of flunitrazepam.

Results—Prior to chronic treatment, benzodiazepines (flunitrazepam, midazolam), a barbiturate
(pentobarbital), a neuroactive steroid (pregnanolone), and drugs with primary mechanisms of action
at receptors other than GABA receptors (morphine, ketamine) dose dependently decreased
responding. Twice daily treatment with flunitrazepam produced 9.5- and 23-fold shifts to the right
in the flunitrazepam and midazolam dose-effect curves, respectively. In contrast, dose-effect curves
for other drugs either were not changed or were shifted <4-fold to the right.

Conclusions—Decreased sensitivity to benzodiazepines and not to a barbiturate or a neuroactive
steroid during chronic flunitrazepam treatment indicates that tolerance and cross tolerance developed
only to benzodiazepines. Despite similar acute behavioral effects among positive GABAA
modulators, the differential development of cross tolerance suggests that adaptations at GABAa
receptors produced by chronic benzodiazepine treatment differentially affect positive modulators
depending on their site of action; such differences might be exploited to benefit patients treated daily
with positive GABA modulators.

Keywords
flunitrazepam; pregnanolone; tolerance; rats; schedule-controlled behavior

Benzodiazepines have been used extensively to treat disorders such as anxiety, insomnia and
ethanol withdrawal. The effects of benzodiazepines are mediated by the y-aminobutyric
acida (GABA) receptor complex where they bind to distinct modulatory sites and facilitate
the actions of GABA (Obata et al. 1988). Repeated administration of benzodiazepines can alter
GABA receptors, which contributes to the development of tolerance and dependence and

Communicating author: Lisa R. Gerak, Phone: 210 567 0106, Fax: 210 567 4303, gerak@uthscsa.edu.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gerak

Page 2

often limits their clinical use, particularly for insomnia. These adaptations in GABAA, receptors
include a reduction in coupling between benzodiazepine modulatory sites and GABA sites
(Hu and Ticku 1994a; Friedman et al. 1996) and changes in subunit composition of GABAx
receptors (Holt et al. 1996), although the role of particular changes in the development of
tolerance and dependence has not been well established.

Tolerance and dependence often covary; however, benzodiazepine tolerance can be dissociated
from dependence under some conditions (1zzo et al. 2001). In diazepam-treated rats, tolerance
develops to its anticonvulsant effects; this decreased sensitivity is evident for 36 hr after the
last dose of diazepam and is gone by 72 hr. Dependence also develops under these conditions;
however, withdrawal, as measured by decreased open-arm entries in the elevated plus maze
and increased susceptibility to pentylenetetrazole-induced seizures, does not emerge until 72
hr after the last dose of diazepam. Thus, in contrast to drugs from other classes (e.g., opioids;
Gerak and France 1997a), the time course for the expression of benzodiazepine tolerance is
different from the time course for the expression of dependence.

In addition to benzodiazepine sites on GABAA receptors, there are other modulatory sites,
including the neuroactive steroid and barbiturate sites, that could be affected by changes in this
receptor complex during chronic benzodiazepine treatment. Like benzodiazepines, positive
modulators acting at other sites facilitate the actions of GABA (Allan and Harris 1986;
Majewska et al. 1986; Obata et al. 1988) and produce acute behavioral effects similar to those
of benzodiazepines, including anxiolytic, sedative, and anticonvulsant effects (e.g., Wieland
etal. 1997; Vanover et al. 1999; Gasior et al. 2000). Despite similarities in their acute effects,
actions of positive GABA 5 modulators at different modulatory sites seem to confer differences
during chronic benzodiazepine treatment. For example, chronic treatment with
chlordiazepoxide or diazepam results in the development of tolerance and cross tolerance to
the rate-increasing and rate-decreasing effects of benzodiazepines; under those treatment
conditions, cross tolerance develops to positive modulators acting at other sites in some studies
(McMillan and Leander 1978; McMillan 1992) and not in others (Cesare and McKearney
1980; Sannerud et al. 1993; McMahon and France 2002). In contrast, positive GABAa
modulators can reverse benzodiazepine withdrawal, regardless of their site of action
(McMahon et al. 2007); the phenomenon in which a drug other than the treatment drug reverses
withdrawal is called cross dependence. Thus, not only can benzodiazepine tolerance be
dissociated from benzodiazepine dependence, it might also be possible to distinguish between
cross tolerance and cross dependence, with cross dependence developing reliably to other
positive GABA modulators and cross tolerance developing only to positive modulators acting
at benzodiazepine sites.

Although dissociation of the chronic effects of benzodiazepines might be due to differential
actions at GABA receptors, another possibility is that other receptor systems, particularly
glutamatergic receptors, could be involved in the expression of these effects. For example,
subunit composition of N-methyl-D-aspartate (NMDA\) receptors (Van Sickle et al. 2002;
Perez et al. 2003) as well as glutamate release, NMDA-stimulated efflux of cGMP, and affinity
of NMDA receptors for 3H-glutamate (Bonavita et al. 2002; Bonavita et al. 2003) are altered
during benzodiazepine treatment. One consequence of changes in NMDA receptors during
chronic benzodiazepine treatment might be differences in effects of benzodiazepines and those
of neuroactive steroids. For example, cross tolerance develops to the rate-decreasing effects
of benzodiazepines and not to neuroactive steroids in monkeys treated daily with diazepam
(McMahon and France 2002). Neuroactive steroids appear to have actions at NMDA receptors
in addition to their actions at GABAA receptors (Engel et al. 2001) and perhaps this additional
mechanism of action contributes to differences between neuroactive steroids and
benzodiazepines during chronic benzodiazepine treatment.
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Despite apparent differences in the expression of benzodiazepine tolerance and dependence,
and speculation that differences among positive GABAa modulators during benzodiazepine
treatment might be due to changes in glutamatergic receptor systems, few studies have
examined these issues concurrently. The present study examined benzodiazepine tolerance and
dependence in the same group of rats during the same period of chronic treatment. Schedule-
controlled behavior was used to investigate tolerance, cross tolerance, dependence and cross
dependence (e.g., Gerak and France 1997a; Gerak and France 1997b). Decreased potency of
drugs indicated the development of tolerance or cross tolerance. In addition, when chronic
treatment is abruptly terminated, food-maintained responding is often decreased, and these
disruptions appear to be related to withdrawal (Ator et al. 2000; Kaminski et al. 2003). Thus,
decreased responding following temporary suspension of chronic treatment indicated the
emergence of withdrawal, and the ability of drugs to reverse the disruptions was examined.

Two groups of eight male Sprague Dawley rats (275-295 g before training) were housed
individually in a temperature-controlled room. The room was illuminated from 0600 to 2000.
Rats received food pellets (Bio Serv, Inc, Frenchtown, NJ) during sessions and rodent chow
(Harlan Teklad, Madison, WI1) in the home cage to increase body weights to 320-330 g or to
maintain weights in this range. Water was available ad libitum in the home cage.

Experimental sessions were conducted in sound-attenuating chambers that contained 2
response levers, 2 stimulus lights, a pellet dispenser, a trough to which food pellets could be
delivered, and exhaust fans for ventilation. Each of the 8 chambers was connected to a computer
programmed in MED-PC/Medstate Notation software through a commercially available
interface (MED Associates, Inc., St. Albans, VT).

Rats responded under a fixed ratio 10 schedule of food presentation with sessions divided into
2-8, 15-min cycles. Each cycle began with a 10-min timeout period during which chambers
were dark and responding had no programmed consequence. The timeout was followed by a
5-min response period during which one stimulus light was illuminated and the 10t
consecutive response on the lever located below the illuminated light resulted in the delivery
of a food pellet. Lever designation was counterbalanced among rats. Lights were extinguished
and response periods ended after 5 min or the delivery of 10 pellets, whichever occurred first;
the next cycle did not begin until 15 min had elapsed since the start of the previous cycle.

Injections were administered during the first minute of cycles. Rats received vehicle or sham
injections during each cycle of training sessions with the number of cycles varying
nonsystematically. Test sessions were identical to training sessions except that drug was
administered. Dose-effect curves were determined using a cumulative dosing procedure.
During the first cycle, rats received vehicle; on subsequent cycles, rats received increasing
doses of drug with the cumulative dose increasing by 0.25 or 0.5 log units per cycle. Dosing
continued until fewer than 30 responses were emitted during a cycle. Sessions were conducted
6 days/week except during flunitrazepam treatment (see below and Table 1); test sessions were
conducted no more often than every third day.
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Acute studies

The time course for flunitrazepam was obtained in 8 rats by administering vehicle or a single
dose of flunitrazepam immediately before sessions comprising 8 cycles. On a separate
occasion, 1 mg/kg of flunitrazepam was also given 1 hr before sessions comprising 8 cycles;
consequently, data for some time points (75-120 min) were determined twice. Data from these
overlapping time points were averaged for individual rats before the mean for the 8 rats was
determined. Thus, the rate-decreasing effects of 1 mg/kg were monitored for a total of 3 hr.
The results of these time-course studies were used to select the dose of flunitrazepam (1 mg/
kg) to be administered chronically as well as the interval between flunitrazepam administration
and sessions (1 hr). Changes in sensitivity to flunitrazepam and pregnanolone following acute
administration of the treatment dose were evaluated in 6 rats that also participated in time-
course studies. On separate occasions, dose-effect curves for flunitrazepam and pregnanolone
were determined 1 hr after administration of either 1 mg/kg of flunitrazepam or its vehicle.

Daily treatment with 1 injection of 1 mg/kg of flunitrazepam

Before chronic treatment began in a separate group of 8 rats, dose-effect curves were
determined for flunitrazepam, midazolam, pregnanolone, pentobarbital, ketamine and
morphine in a mixed order. For the first 7 weeks of chronic treatment, sessions were conducted
7 days/week and a single injection of 1 mg/kg of flunitrazepam was administered 1 hr before
sessions. Tolerance was monitored by examining effects of the treatment dose on rates for the
first 6 days of treatment; rats did not receive drug during those sessions. For 3 rats, marked
suppression of responding during the first 4 days of treatment resulted in a temporary decrease
in their treatment dose to 0.32 mg/kg. By day 8, all rats received 1 mg/kg of flunitrazepam,
and treatment conditions were identical for all rats for the remainder of the study. Tolerance
was also monitored by determining flunitrazepam dose-effect curves weekly beginning on day
7 and continuing through the 5™ week of treatment with cross tolerance to pregnanolone
examined 11 days after treatment began and weekly thereafter (Table 1). Because no further
shifts in flunitrazepam dose-effect curves were evident during week 5, as compared to curves
obtained during week 4, other tests were conducted over the next two weeks. First,
pregnanolone and flunitrazepam dose-effect curves were redetermined when chronic treatment
was temporarily suspended for 1 day and vehicle replaced the daily dose of flunitrazepam. In
addition, ketamine dose-effect curves were determined 1 hr after flunitrazepam and when
vehicle was given 1 hr before sessions instead of chronic flunitrazepam.

Daily treatment with 2 injections of 1 mg/kg of flunitrazepam

Because treatment with a single daily injection of 1 mg/kg of flunitrazepam did not significantly
alter the potency of flunitrazepam, a second injection of 1 mg/kg of flunitrazepam was added
to the treatment regimen for the last 14 weeks with one injection given 5 hr before sessions
and the other given 1 hr before sessions. For the first 3 weeks of treatment under these new
conditions, sessions were conducted 7 days/week and pregnanolone and flunitrazepam dose-
effect curves were determined each week (Table 1). Over the next 11 weeks, dose-effect curves
for each drug studied before chronic treatment were redetermined twice in a mixed order. On
one occasion, daily injections of flunitrazepam were given before sessions and the interval
between flunitrazepam administration and determination of dose-effect curves was 1 hr; on a
different occasion, vehicle replaced both injections of flunitrazepam prior to sessions and the
interval between flunitrazepam administration and determination of dose-effect curves was 25
hr. Dose-effect curves for each of the 6 drugs were also determined at least one month after
termination of flunitrazepam treatment.

Psychopharmacology (Berl). Author manuscript; available in PMC 2010 October 28.
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Flunitrazepam (Sigma-Aldrich Co., St. Louis, MO) was dissolved in a vehicle containing 20%
emulphor, 10% ethanol and 70% saline. Pregnanolone (Steraloids, Inc., Newport, RI) was
dissolved in 45% (w/v) hydroxypropyl-y-cyclodextrin. Pentobarbital sodium (Sigma-Aldrich
Co., St. Louis, MO) and morphine sulfate (Research Technology Branch, National Institute on
Drug Abuse, Rockville, MD) were dissolved in saline. Ketamine hydrochloride (Fort Dodge
Laboratories, Fort Dodge, 1A) and midazolam hydrochloride (Bedford Laboratories, Bedford,
OH) were purchased as commercially prepared solutions and were diluted with saline.
Solutions were generally used within 2 weeks of preparation. Doses are expressed in terms of
the forms listed above in mg/kg body weight. Drugs were administered i.p. typically in a
volume of 1 mi/kg body weight.

Data Analyses

Results

Rates are expressed as a percentage of control, averaged across 8 rats (£ 1 SEM) unless
otherwise noted, and plotted as a function of dose or time. Control response rates for individual
rats were determined by averaging rates across cycles to obtain a mean response rate for a
training session during which no drug was administered; the mean rates for 10 sessions were
then averaged to obtain control rates. Differences in rates obtained before and after acute studies
as well as differences in control rates between rats participating in acute and chronic studies
were determined using a paired t-test. Acute time course data were analyzed using two-way
repeated measure analysis of variance (ANOVA) with flunitrazepam dose and time since
flunitrazepam administration as factors; post hoc multiple comparisons were made with
Bonferroni's test. When flunitrazepam treatment began, differences in rates were determined
using one-way repeated measures ANOVA with days of treatment as the factor for time points
that included all 8 rats (before and days 1, 3, 4 and 8 during chronic treatment). By the eighth
day of treatment, all rats received the same treatment dose of flunitrazepam and rates were not
different from control; consequently, data from subsequent days were not included in figure
3. Differences in rates across different treatment conditions were determined using one-way
repeated measures ANOVA with treatment conditions as the factor and post hoc multiple
comparisons were made using Tukey's test. Significance was set at a level of p<0.05.

The dose of drug needed to decrease response rates to 50% of control rates (EDsg) was
estimated for individual rats using linear regression when at least 3 appropriate data points
were available, otherwise by interpolation. EDsq values could not be determined under all
conditions. During chronic treatment, rates for some rats were not decreased to <50% of control
up to the largest dose studied; when that occurred, EDsgq values were set to the largest dose.
Also, because morphine and ketamine did not reverse decreases in rates that occurred when
treatment was temporarily suspended, rates for some rats did not exceed 50% at any dose; when
that occurred, EDsq values were set to the smallest dose that was studied. The 95% confidence
limits (CL) were calculated from EDsgq values averaged among rats. To evaluate changes in
potency as a result of chronic treatment, a potency ratio was calculated for each rat by dividing
EDs( values obtained during or after treatment by EDsq values obtained before treatment.
When the 95% CL of the dose ratio did not include 1, treatments were considered to
significantly change the potency of the drug relative to its potency before treatment.

For the 8 rats that participated in acute studies, the mean control response rate was 0.63 + 0.07
responses/sec; these rates did not change significantly over the course of these studies
(t(7y=-0.686; p>0.05). Prior to chronic treatment, the mean control response rate in the other 8
rats was 0.66 + 0.05 response/sec. Control rates were not significantly different between the
two groups (t(7=0.518; p>0.05).
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Acute studies

Flunitrazepam significantly decreased responding in a dose- and time-dependent manner (dose:
F(2,147y=13.86, p<0.05; time: F(7, 147y=3.57, p<0.05; interaction: F(14, 147)=2.35, p<0.05; figure
1). A dose of 0.32 mg/kg of flunitrazepam did not significantly decrease rates for 2 hr after
administration. In contrast, a dose of 1 mg/kg of flunitrazepam significantly decreased
responding 30-60 min after administration.

In the absence of other treatment, flunitrazepam and pregnanolone dose-dependently decreased
responding (circles, figure 2). Small doses increased rates to 125-129% of control. Larger doses
had rate-decreasing effects with a dose of 3.2 mg/kg of flunitrazepam or 17.8 mg/kg of
pregnanolone reducing rates to <30% of control. A single dose of 1 mg/kg of flunitrazepam
administered acutely 1 hr before sessions decreased rates (squares above V, figure 2); in the
presence of this dose of flunitrazepam, a 3- to 6-fold smaller dose of flunitrazepam or
pregnanolone was needed to decrease rates to <30% of control, as compared to the dose needed
to decrease rates following an injection of vehicle (figure 2).

Daily treatment with 1 injection of 1 mg/kg of flunitrazepam

Control rates were first decreased and then increased during chronic flunitrazepam treatment
in a separate group of rats (F4, 28)=7.97, p<0.05). For example, on the first day of treatment,
rates were significantly decreased (figure 3). By the third day of treatment and continuing
through day 8, rates were not different from those obtained before chronic treatment (figure
3). Thereafter, rate-increasing effects of the daily treatment dose of flunitrazepam were
observed (Fg, 42=22.09, p<0.05; Table 2). By the end of the 7-week treatment period with 1
injection of 1 mg/kg of flunitrazepam daily, the mean rate (0.82 responses/sec) was
significantly increased, as compared to the mean rate obtained immediately before chronic
treatment. Rates increased further to 0.97 responses/sec after a second injection was added
before sessions. Tolerance developed to the rate-increasing effects of flunitrazepam; the mean
rate of 0.77 responses/sec obtained over the last 3 weeks of flunitrazepam treatment was not
significantly different from that obtained prior to chronic treatment. Termination of
flunitrazepam treatment significantly decreased rates.

Tolerance was also assessed by comparing flunitrazepam dose-effect curves before, during and
after chronic treatment. After 5 weeks of treatment with a single daily injection, the
flunitrazepam dose-effect curve was shifted 6.9-fold to the right of the curve determined before
chronic treatment (upper panel, figure 4). When vehicle was given 1 hr before sessions instead
of flunitrazepam, rates were slightly, but not significantly, reduced, as compared to those
obtained before chronic treatment (t(7)=1.265; p>0.05; triangles, upper panel, figure 4).
Although the flunitrazepam dose-effect curve obtained 25 hr after the last injection of
flunitrazepam was shifted to the right of the curve determined before treatment, the magnitude
of shift determined 25 hr after flunitrazepam was smaller than that obtained 1 hr after
flunitrazepam (Table 3). Adding a second daily injection of flunitrazepam further decreased
its potency, as evidenced by a 9.5-fold shift to the right in the flunitrazepam dose-effect curve
(squares, upper and lower panels, figure 4). When vehicle replaced both flunitrazepam
injections, such that the last flunitrazepam injection occurred 25 hr before sessions, rates were
significantly decreased as compared to rates obtained before chronic treatment (t7)=2.611;
p<0.05) and this effect was reversed by flunitrazepam; however, EDsgq values were not different
from those obtained before chronic treatment (triangles, figure 4; Table 3). The potency of
flunitrazepam after termination of treatment was not significantly different from its potency
before treatment (Table 3).

Changes in the potency of pregnanolone during flunitrazepam treatment were qualitatively
different from those obtained with flunitrazepam. When the treatment dose of flunitrazepam
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was administered 1 hr before sessions, the pregnanolone dose-effect curve was shifted 4.1-fold
to the left of the curve determined before chronic treatment (squares, upper panel, figure 5;
Table 3). In contrast, when vehicle was administered before sessions and flunitrazepam was
last administered 25 hr earlier, dramatic rate-increasing effects were observed and there was a
1.7-fold shift to the right in the pregnanolone dose-effect curve (triangles, upper panel, figure
5; Table 3). When flunitrazepam treatment was increased to 2 injections per day, decreased
rates produced by temporary discontinuation of flunitrazepam treatment were reversed by
pregnanolone (triangles, lower panel, figure 5). ED5q values for pregnanolone obtained 1 hr
after flunitrazepam administration were not different from those determined before chronic
treatment; however, EDsq values obtained 25 hr after the last injection of flunitrazepam were
significantly different from those obtained prior to chronic treatment (Table 3). When chronic
treatment was discontinued, EDsg values for pregnanolone were not different from those
determined before chronic treatment.

Ketamine was also studied under both treatment conditions (figure 6). In the presence of the
daily dose of flunitrazepam, the potency of ketamine was decreased, with a 3.5-fold shift to
the right in the ketamine dose-effect curve 1 hr after the second daily injection of flunitrazepam
(squares, lower panel, figure 6). Ketamine did not reverse the decrease in rates that was evident
25 hr after the last injection of flunitrazepam, and dose-effect curves determined under these
conditions (triangles, both panels, figure 6) and those determined following termination of
treatment were not shifted as compared to curves obtained before chronic treatment (Table 3).

Three other drugs were studied before, during and after chronic flunitrazepam treatment. The
potency of midazolam decreased during chronic treatment, as evidenced by a 23-fold shift to
the right in its dose-effect curve (left panel, figure 7; Table 4). Midazolam reversed the decrease
in rates that occurred when vehicle replaced flunitrazepam before sessions; however, the dose
of midazolam needed to markedly decrease responding 25 hr after the last dose of flunitrazepam
was smaller than the dose needed 1 hr after flunitrazepam (left panel, figure 7; Table 4). In
contrast, EDsgq values for pentobarbital were not significantly changed either 1 hr or 25 hr after
administration of the last treatment dose of flunitrazepam, as compared to EDs values obtained
before treatment (middle panel, figure 7; Table 4). Pentobarbital reversed the decrease in rates
produced by temporary suspension of flunitrazepam treatment in 6 of the 8 rats. Finally, there
was a <2-fold change in sensitivity to the rate-decreasing effects of morphine during chronic
treatment with a slightly larger dose needed to reduce responding to <10% of control 1 hr after
flunitrazepam administration and a smaller dose needed 25 hr after flunitrazepam
administration (right panel, figure 7). Morphine did not reverse the decrease in rates that
occurred 25 hr after flunitrazepam administration. When flunitrazepam treatment was
terminated, dose-effect curves for midazolam and morphine were not different from those
determined before chronic treatment, although there was a small (1.5-fold) but significant shift
to the right in the pentobarbital dose-effect curve (Table 4).

Discussion

Benzodiazepine tolerance and dependence can develop during chronic treatment; however, the
time course for the expression of tolerance appears to differ from the time course for the
expression of dependence. In one study, these differences were determined in different groups
of rats under different periods of chronic diazepam treatment (1zzo et al. 2001). In the current
study, flunitrazepam tolerance and dependence were monitored in the same group of rats during
a single period of chronic treatment. Tolerance to the rate-decreasing effects of flunitrazepam
was evident both by the decreased effectiveness of the treatment dose over the first days of
treatment as well as shifts to the right in flunitrazepam dose-effect curves. When chronic
benzodiazepine treatment is abruptly terminated, food-maintained responding is often
decreased, and these disruptions in rates appear to be related to withdrawal (Ator et al. 2000;
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Kaminski et al. 2003). In the current study, rates were decreased 25 hr after the last injection
of flunitrazepam, and this decrease was reversed by subsequent administration of
flunitrazepam, indicating the emergence of withdrawal; however, at this time point, decreased
sensitivity to flunitrazepam was no longer apparent. Thus, tolerance declines rapidly when
treatment is discontinued, whereas dependence does not dissipate as quickly.

Differences in the time course of expression of benzodiazepine tolerance and dependence
indicate that these phenomena can be dissociated; it might also be possible to distinguish
between benzodiazepine cross tolerance and cross dependence. For example, changes in
sensitivity to midazolam were qualitatively similar to those of flunitrazepam, indicating the
development of cross tolerance and cross dependence. In contrast, treatment conditions that
produced the largest decrease in potency to benzodiazepines did not alter the potency of
pregnanolone or pentobarbital, as compared to their potency before chronic treatment.
Although the development of cross tolerance appears to be selective for drugs acting at
benzodiazepine sites, reversal of withdrawal appears to have a broader selectivity which
includes all positive GABAA modulators. Thus, cross tolerance can be dissociated from cross
dependence by examining the effects of drugs acting at other modulatory sites on GABAA
receptors.

Acute administration of 1 mg/kg of flunitrazepam 1 hr before sessions enhanced the rate-
decreasing effects of flunitrazepam; this effect was not evident when the same dose of
flunitrazepam was administered daily. Instead, larger doses of flunitrazepam were required to
eliminate responding during chronic flunitrazepam treatment due to the development of
tolerance. In contrast, the rate-decreasing effects of pregnanolone were enhanced following
acute or chronic administration of 1 daily injection of 1 mg/kg of flunitrazepam, although this
additive effect was no longer evident when a second injection of flunitrazepam was also
administered before sessions. The enhancement of the effects of preghanolone by the treatment
dose of flunitrazepam suggests that this treatment dose could also impact the potency of
flunitrazepam. Shifts to the left in pregnanolone dose-effect curves during chronic treatment
indicate that some flunitrazepam from the daily treatment dose administered 1 hr before
sessions is still present during sessions, suggesting that when flunitrazepam dose-effect curves
are determined during chronic treatment, the actual dose of flunitrazepam acting at
benzodiazepine sites includes the amount remaining from the daily dose and the amount
administered during the cumulative dose-effect curve. Thus, although the shifts to the right in
the flunitrazepam dose-effect curve indicate decreased sensitivity due to tolerance, this change
in sensitivity is likely underestimated because of the additional amount of flunitrazepam from
the daily injection that is still present when the dose-effect curve was determined.

Cross tolerance to benzodiazepines is not accompanied by cross tolerance to drugs acting at
other sites, suggesting that chronic flunitrazepam treatment produces changes in GABAa
receptor function that differentially impact positive modulators depending on their site of
action. Differences in cross tolerance among positive GABA modulators might be due to
changes in GABA receptors and their function as a consequence of chronic benzodiazepine
treatment (Hu and Ticku 1994a; Hu and Ticku 1994b); however, another possibility that might
account for differences between benzodiazepines and neuroactive steroids are actions of
neuroactive steroids at other receptor systems, such as NMDA receptors (Engel et al. 2001).
Changes in glutamate receptors have been demonstrated during chronic benzodiazepine
treatment (Bonavita et al. 2002; Van Sickle et al. 2002; Perez et al. 2003; Bonavita et al.
2003). In the current study, decreased sensitivity to ketamine 1 hr after flunitrazepam
administration suggests that changes in glutamatergic neurotransmission and NMDA receptors
with repeated benzodiazepine administration might contribute to differences between
benzodiazepines and neuroactive steroids. Changes in glutamate receptor systems are probably
not involved in cross dependence both because ketamine did not reverse disruptions in
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responding and because all positive GABA modulators reverse these disruptions, regardless
of their site of action.

Although chronic benzodiazepine treatment changes GABA, receptor structure and function,
other receptor systems, particularly glutamate receptors, are also altered. The current studies
demonstrated that, during chronic benzodiazepine treatment, cross tolerance to
benzodiazepines does not extend to drugs acting at other modulatory sites, although all positive
GABA modulators can reverse benzodiazepine withdrawal. The demonstration of the
dissociation of benzodiazepine tolerance and dependence in a single group of rats over the
same course of treatment suggests that different mechanisms are involved in these phenomena.
In addition, drugs with actions at both GABA and glutamate receptors, possibly including
neuroactive steroids, might be useful for the treatment of benzodiazepine dependence.
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Figure 1.
Time course for the rate-decreasing effects of flunitrazepam in 8 rats. Abscissa: minutes after
flunitrazepam administration. Two-way repeated measures ANOVA was followed by
Bonferroni's test to determine which points were significantly different from vehicle (*,
p<0.05). Ordinate: average response rates expressed as a percentage of control rates (+ 1 SEM).
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Figure 2.

Rate-decreasing effects of flunitrazepam (left panel) or pregnanolone (right panel) following
acute administration of either flunitrazepam vehicle (circles) or 1 mg/kg of flunitrazepam
(squares) 1 hr before sessions (n=6). Abscissae: cumulative dose in mg/kg body weight. Points
above V indicate the effects of either flunitrazepam vehicle (left panel) or pregnanolone vehicle
(right panel) determined on the first cycle. Ordinates: average response rates expressed as a

percentage of control rates (x 1 SEM).
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Figure 3.

Effects of daily flunitrazepam treatment on response rates during the first 8 days of treatment.
Rates, expressed as a percentage of control, were obtained during the first cycle of 9 consecutive
sessions. The leftmost data point (point above -1) was obtained on the day before chronic
treatment began and the other data points were obtained during the first 8 days of treatment
with 1 mg/kg of flunitrazepam administered 1 hr before sessions. On day 7, a flunitrazepam
dose-effect curve was determined on subsequent cycles. A computer malfunction resulted in
the loss of data on day 2. Data from 8 rats are shown before chronic treatment, and on days 1,
3, 4 and 8 of daily flunitrazepam administration. One-way repeated measures ANOVA was
followed by Tukey's test to determine which points were significantly different from rates
obtained before chronic treatment (*, p<0.05). Data from 5 rats are shown for days 5 and 6 and
data from 7 rats are shown on day 7; rats not included in these data points received a smaller
treatment dose of flunitrazepam on those days. Abscissa: days of treatment with a single dose
of 1 mg/kg of flunitrazepam. Ordinate: average response rates expressed as a percentage of
control rates (+ 1 SEM).
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Figure 4.

Effects of flunitrazepam on response rates before (pre-chronic; circles) and during chronic
flunitrazepam treatment with either one (upper panel) or two (lower panel) injections
administered daily prior to sessions. Cumulative dose-effect curves for flunitrazepam were
determined under two different conditions. Before determination of one of these dose-effect
curves, 1 mg/kg of flunitrazepam was administered 1 hr before sessions (squares); before
determination of the other dose-effect curve, flunitrazepam was last administered 25 hr before
sessions (triangles). Abscissae: cumulative dose of flunitrazepam in mg/kg body weight. Points
above V were determined following administration of flunitrazepam vehicle on the first cycle
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of sessions. Ordinates: average response rates expressed as a percentage of control rates
determined immediately before chronic treatment (+ 1 SEM).
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Figure 5.

Effects of pregnanolone on response rates before (pre-chronic; circles) and during chronic
flunitrazepam treatment with either one (upper panel) or two (lower panel) injections
administered daily prior to sessions. Cumulative dose-effect curves for pregnanolone were
determined under two different conditions. Before determination of one of these dose-effect
curves, 1 mg/kg of flunitrazepam was administered 1 hr before sessions (squares); before
determination of the other dose-effect curve, flunitrazepam was last administered 25 hr before
sessions (triangles). Abscissae: cumulative dose of pregnanolone in mg/kg body weight. Points
above V were determined following administration of pregnanolone vehicle on the first cycle.
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Ordinates: average response rates expressed as a percentage of control rates determined
immediately before chronic treatment (£ 1 SEM).
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Figure 6.

Effects of ketamine on response rates before (pre-chronic; circles) and during chronic
flunitrazepam treatment with either one (upper panel) or two (lower panel) injections
administered daily prior to sessions. Cumulative dose-effect curves for ketamine were
determined under two different conditions. Before determination of one of these dose-effect
curves, 1 mg/kg of flunitrazepam was administered 1 hr before sessions (squares); before
determination of the other dose-effect curve, flunitrazepam was last administered 25 hr before
sessions (triangles). Abscissae: cumulative dose of ketamine in mg/kg body weight. Points
above V were determined following administration of saline on the first cycle. Ordinates:

Psychopharmacology (Berl). Author manuscript; available in PMC 2010 October 28.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gerak

Page 19

average response rates expressed as a percentage of control rates determined immediately
before chronic treatment (x 1 SEM).
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Effects of midazolam (left panel), pentobarbital (middle panel) or morphine (right panel) on
response rates before and during chronic flunitrazepam treatment in which two injections were
administered daily. Cumulative dose-effect curves were determined before chronic treatment
(pre-chronic; circles) and either 1 hr (squares) or 25 hr (triangles) after the last injection of
flunitrazepam. Abscissae: cumulative dose in mg/kg body weight. Points above V were
determined following administration of saline on the first cycle. Ordinates: average response
rates expressed as a percentage of control rates determined immediately before chronic

treatment (£ 1 SEM).
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Table 1

The schedule of training and test sessions that was used for the first 5 weeks of treatment with 1 daily injection
of 1 mg/kg of flunitrazepam and for the first 3 weeks of treatment with 2 daily injections of 1 mg/kg of
flunitrazepam when sessions were conducted 7 days/week. For the remaining weeks in the study, sessions were
conducted 6 days/week and dose-effect curves for other drugs were determined when chronic flunitrazepam was
administered or when vehicle was given instead of flunitrazepam before sessions.

Day | Daily Treatment | Session
1 Flunitrazepam Training
2 Flunitrazepam Training
3 Flunitrazepam Training
4 Flunitrazepam@ Pregnanolone dose-effect curve?
5 Flunitrazepam Training
Flunitrazepam Training
7 Flunitrazepam? Flunitrazepam dose-effect curve

a . S . . . Lo .
For weeks 6 and 7 of treatment with 1 daily injection, this schedule was used except rats received flunitrazepam vehicle instead of the daily dose of
flunitrazepam 1 hr before sessions.

b . . ] . .
Pregnanolone dose-effect curves were not determined during the first week of chronic flunitrazepam treatment.
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Table 2

Control response rates (+ SEM) in 8 rats before, during and after chronic flunitrazepam treatment. Each value
represents the mean rate obtained during 10 training sessions under the same treatment condition; no drug was
administered during training sessions. Weeks of treatment indicate the time since the beginning of treatment with
a single injection of 1 mg/kg of flunitrazepam or the time since termination of treatment.

Treatment Response rate
(responses/sec)

Before chronic flunitrazepam

Last 10 training sessions 0.66 + 0.05

1 mg/kg flunitrazepam
Weeks 2-3 0.75+0.02
Weeks 5-7 0.82+0.03

2 x 1 mg/kg flunitrazepam
Weeks 9-10 0.97 + 0.03*

Weeks 18-21 0.77£0.04

Discontinuation of treatment

First 10 training sessions 0.45 + 0.06™

12 weeks after treatment 0.55+0.03

*
indicates that rate is significantly different from rate determined before chronic treatment.
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Mean EDsq values, dose ratios and respective 95% CL for rate-decreasing effects of flunitrazepam, pregnanolone
and ketamine determined before, during and after daily flunitrazepam treatment. During daily treatment with
either one or two injections of 1 mg/kg of flunitrazepam, dose-effect curves were determined under two different
conditions: when the treatment dose of flunitrazepam was last administered 1 hr before sessions and when the
treatment dose flunitrazepam was last administered 25 hr before sessions with flunitrazepam vehicle administered

before sessions.

Table 3

| EDs (mg/kg) | Dose ratio?

| Value | 950 CL |Value | 95% CL

Flunitrazepam

Before

During 1 x 1 mg/kg flunitrazepam
1lhr
25 hr

During 2 x 1 mg/kg flunitrazepam
1lhr

25 hr
After

1.60 0.96-2.23 -

7.59 2.81-12.4 6.88 | -1.09-14.84
5.09 1.82-8.37 431 -0.05-8.67

11.27* | 6.10-16.43 9.53 1.17-17.89

3.84 -0.92-8.59 5.08 -4.17-14.32
3.55 1.56-5.53 2.89 0.69-5.08

Pregnanolone

Before

During 1 x 1 mg/kg flunitrazepam,
1hr

25 hr

During 2 x 1 mg/kg flunitrazepam
1hr

8.52 6.73-10.30 -

210 | 104316 [ 027 | 0.09-0.45

12.97* | 10.65-15.29 1.65 1.12-2.19

7.60 4.16-11.04 0.90 0.53-1.28

During 1 x 1 mg/kg flunitrazepam,
1lhr
25 hr

During 2 x 1 mg/kg flunitrazepam
lhr
25 hr

After

25 hr 13.73* | 10.84-16.62 1.70 1.18-2.22
After 9.75 7.83-11.66 1.22 0.82-1.63
Ketamine
Before 1.63 0.99-2.27 --

s7g* | 208348 | 212 | 1.01-323

2.13 1.25-3.01 1.65 0.60-2.71

409" | 288710 | 353 | 1.825.24

1.52 0.75-2.30 1.03 0.45-1.61
1.32 0.84-1.79 0.89 0.56-1.22

a . . .
Dose ratios are relative to ED5( values determined before treatment.

*

indicates a significant difference from ED5( determined before daily flunitrazepam treatment
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Mean EDsgq values, dose ratios and respective 95% CL for rate-decreasing effects of midazolam, pentobarbital
and morphine before, during and after daily flunitrazepam treatment. During daily treatment with two injections
of 1 mg/kg of flunitrazepam, dose-effect curves were determined under two different conditions: when the
treatment dose of flunitrazepam was last administered 1 hr before sessions and when the treatment dose
flunitrazepam was last administered 25 hr before sessions with flunitrazepam vehicle administered before

Table 4

sessions.
| EDso (mg/kg) | Dose ratio?
| Value | 95% CL | Value | 95% CL
Midazolam
Before 0.58 0.34-0.81 -
During 2 x 1 mg/kg flunitrazepam
1hr 11.64% | 548-17.80 | 22.95 | 8.01-37.8
25 hr 6.65° | 0.27-13.02 | 10.53 | 1.52-19.54
After 191 0.14-3.69 3.89 -0.48-8.27
Pentobarbital
Before 6.50 5.49-7.50 --
During 2 x 1 mg/kg flunitrazepam
1hr 8.47 4.66-12.27 | 1.33 0.70-1.95
25 hr 8.71 3.20-14.22 | 137 0.48-2.25
After 9.38* | 6.71-12.04 | 1.47 1.04-1.91
Morphine
Before 4.05 2.37-5.72 -
During 2 x 1 mg/kg flunitrazepam
1hr 5.00 0.11-9.88 1.35 0.02-2.67
25 hr 1.10* | -003-223 [ 027 | 0.08-0.46
After 1.76 0.60-2.92 0.60 0.15-1.04

a . . .
Dose ratios are relative to ED5( values determined before treatment.

*
indicates a significant difference from ED5(Q determined before daily flunitrazepam treatment
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