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Abstract

The benzodiazepines were introduced into medical practice during the 1960s.
At the time, they represented a safer alternative to extant therapies used for
anxiety, such as the barbiturates. However, on September 23, 2020, the Unit-
ed States FDA indicated that more is needed to be known about the initiation,
continuation, and discontinuation of the use of these widely-used drugs with
publication of the announcement “to address the serious risks of abuse, ad-
diction, physical dependence, and withdrawal reactions, the U.S. Food and
Drug Administration (FDA) is requiring the Boxed Warning be updated for
all benzodiazepine medicines.” Because for many years, there has been a
sparsity of research on these drugs, relevant information is unfortunately
lacking at this critical time. It is therefore valuable to (re)establish animal
models and begin to collect relevant data. We here use a model of condi-
tioned place preference (CPP) which suggests that the representative benzo-
diazepine alprazolam induces positive place preference in female rats.
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1. Introduction

The history of the discovery [1], development [2], clinical use [3] and problems
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[4] related to the benzodiazepines has been extensively reviewed. The benzodia-
zepines (Figure 1) were introduced into medical practice during the 1960s. And
because of their actual, perceived, or hyped superior efficacy, tolerability, and
safety profile compared to existing drug classes such as barbiturates, they rapidly
became widely prescribed by physicians and requested by patients [5]. Multiple
benzodiazepines are currently approved for several indications, including anxie-
ty, insomnia, muscle relaxation, spasticity due to central nervous system pathol-
ogy, and epilepsy, as well as for intra-operative use due to amnesic and ant an-
xiety properties [6]. Options are provided by individual differences in ADME
(absorption, distribution, metabolism, and elimination). Their use increased ra-
pidly, and they continued to be among the most commonly prescribed drugs,
even more for women than for men (Figure 2) [7] [8] [9].

There was also the perception that benzodiazepines had little abuse and de-
pendence liability. Now after decades of experience, it is clear that although

benzodiazepines are safer than the barbiturates and other drugs that they largely
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Figure 1. Benzodiazepines are a chemical family of compounds comprised of the fusion
of a 6-carbon benzene ring and a 7-carbon diazepine ring. Substitutions at sites indicated
by R result in the large number and variety of analogs.
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Figure 2. Male vs female benzodiazepine prescription rates (Y-axis) as function of age.
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replaced, they still carry some substantial risks [6]. In fact, evidence of potential
abuse and dependence was reported at least as long ago as the 1980s [2] [10].
And a clear withdrawal phenomenon, sometimes extending for a prolonged pe-
riod, became apparent [11]. For these reasons, on 23 September 2020, the FDA
issued a required update to the boxed warning for all benzodiazepines to address
the risks of abuse, misuse, addiction, physical dependence, and withdrawal reac-
tions.

Drugs with a history of abuse potential (e.g., amphetamines, cocaine, opioids)
act in part by activating reward (positive-reinforcing) centers of the brain [12].
This gives rise to a positively-reinforcing state [13]. Animal models have been
developed to screen drugs for potential to induce such states in humans. These
models are predicated on the observation that the relevant drug-induced state is
indicated when the drug can influence, or reinforce, behavior when the behavior
is associated with a rewarding stimulus [14]. One of the more commonly used
animal models for the assessment of rewarding stimuli as a predictor of abuse
potential is conditioned place preference (CPP) [14]. In CPP, an animal learns
by exposure to associate a particular location with a rewarding stimulus. This is
then revealed during testing, when the animal will spend a significantly greater
amount of time in the chamber associated with the reward than in one that has
not previously been associated with the reward.

The use and misuse of benzodiazepines by women is greater than is the use by
men throughout the age range. [15] Whether this is due to physiological reasons
(e.g., difference in prevalence of the condition, differences in genetic, epigenetic,
or other differences) or to psychosocial or other reasons (e.g., healthcare access,
differential prescribing biases, etc.) is not known. Whatever the reason, it is
imperative that animal models reflect this difference. CPP has been used in the
past to examine sex differences in dug “liking” (albeit not often) [16] [17] [18].
We are unaware of any test of female rats in CPP. In the present investigation,
we demonstrate that the benzodiazepine alprazolam induces positive place pre-

ference in female rats.

2. Methods

Female Sprague Dawley rats (250 - 350 g) were purchased from Envigo Labora-
tories (Indianapolis, IN) and were maintained in a climate-controlled room on a
12 hr light/dark cycle with food and water available ad libitum. All experiments
were performed in accordance with policies and recommendations of the Inter-
national Association for the Study of Pain (IASP) and the National Institutes of
Health (NIH) guidelines for the handling and use of laboratory animals. The
protocol and testing procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of Arizona. All efforts were
made to avoid or minimize animal suffering and to reduce the number of ani-
mals used.

The CPP protocol was conducted as previously described [19] over a
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three-day period using test a system (San Diego Instruments) consisting of two
“pairing” chambers and a smaller, well-lit “middle” chamber. The pairing
chambers were dimly lit, and consisted of solid-colored walls (white) with a tex-
tured floor. The second chamber was markedly different: it had striped walls
(black and white) and a smooth floor. The smaller, well-lit middle chamber was
used to introduce the animal to the system, and had no artificial odor associated
with it. On the first day, a rat was individually placed in the middle chamber,
and had free access to all chambers over a period of 15 minutes. Automated
infrared beams were used to quantify the time spent in each of the chambers.
During this period, the time spent in each chamber was recorded to ensure that
there were no inherent biases for one chamber over another. If a rat showed an
innate bias towards one chamber (defined as spending more than 80% of the
time there), it was removed from the study without further evaluation. On the
second day of testing, the rats proceeded to the conditioning protocol. They
were injected with alprazolam (0.3 mg/kg, i.p., twice a day for 14 days) or vehicle
(10:10:80 mixture of Tween80, DMSO, and saline) and were immediately placed
into one of the two pairing chambers for 30 min, without access to the other
chambers. This was the chamber in which the rats would receive the drug injec-
tion, so was designated the “paired chamber”; the chamber not associated with
drug injection was designated the “neutral chamber”. The pairing for each rat
was balanced, e, half of the group received drug (or vehicle) treatment in the
solid-colored chamber, and the other half received drug (or vehicle) in the
striped chamber.

Testing was performed on the following day (day 15 of the protocol), by plac-
ing each rat individually in the middle chamber and allowing it free access to
roam across all chambers. The time spent in each chamber was recorded, and a
difference score was derived by subtracting the time spent in the neutral cham-
ber from the time spent in the paired chamber. In this paradigm a significant
positive difference score is indicative of preference for the drug-pairing (CPP); a
significant negative difference score is indicative of aversion to the drug-pairing
CPA.

The mean time that the rats spent in the paired-chamber and the neu-
tral-chamber was calculated for each group (+SEM). Student’s t-test was used to
evaluate differences between the mean times for statistical significance (P >
0.05).

3. Results

The rats that received vehicle (10:10:80 of DMSO:Tween80:Saline) injection had
a non-significant (P > 0.05) mean difference score between chambers, indicating
a lack of pre-testing preference for a chamber. Likewise, the rats treated with al-
prazolam had a non-significant (P > 0.05) mean difference score between cham-
bers, indicating the lack of a pre-testing chamber preference (Figure 3). Moreo-

ver, the mean difference scores of vehicle-treated rats and alprazolam-treated
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rats were not significantly different from each other (P > 0.05). More rats in-
jected with vehicle showed a decrease in time spent in the paired chamber,
compared to rats injected with alprazolam (Figure 4).

For the analyses, CPP was defined as an increase in time spent in the paired
chamber of more than 50 sec, and CPA was correspondingly defined as a de-
crease in time spent in the paired chamber of more than 50 sec. Neutral behavior
was designated when the time spent in either chamber did not differ from base-
line time by more than 50 sec. Of the vehicle-treated rats, 30% displayed CPP,
10% displayed neutral behavior, and 60% showed CPA. In contrast, 56% of the
alprazolam-treated rats displayed CPP, 22% CPA, and 22% neutral behavior
(Figure 5). The percent of animals displaying CPP was significant (P < 0.05).
Likewise, the difference in percent of rats showing CPA in both treatments was
significant (P < 0.05).
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Figure 3. The mean (+SEM) difference score (sec) between time
spent in the paired and the neutral chamber for rats receiving ve-
hicle or alprazolam (3 mg/kg, s.c.). There was no significant differ-
ence (P > 0.05)) in difference score between the vehicle-treated (N =
10) and alprazolam-treated (N = 9) female rats.
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Figure 4. Time spent in the paired chamber at baseline and on test
day is shown for each rat receiving vehicle (N = 10) or alprazolam

(N =9). More rats receiving alprazolam had increased time spent in
the paired chamber compared to the vehicle-treated cohort.
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Figure 5. In vehicle-treated rats, CPP occurred in 30%
of rats and CPA in 60%. In the alprazolam-treated
group, CPP was shown in 56% of the rats and CPA in
22%. The percentage of animals showing CPP was sta-
tistically significant (P < 0.05). Likewise, the difference
in percentage of animals showing CPA in both treat-
ments was also statistically significant (P < 0.05).
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Figure 6. There were no significant differences (P >
0.05) in scores between the vehicle-treated and alpra-
zolam-treated groups for CPP, neutral behavior, or for

CPA.

The obtained difference scores were stratified by individual outcomes (i.e;

CPP, neutral behavior, and CPA) and compared to each other for both treat-

ments by two-way ANOVA followed by Bonferroni post-hoc test for an outcome

X treatment interaction (Figure 6). The analysis indicated that there were no

significant differences between the two treatment groups in magnitude of mean

difference scores for CPP, neutral behavior, or CPA (Bonferroni F, 13 = 1.682;

P =0.22).

4. Discussion

Short acting benzodiazepines are highly abused medications due to their rapid
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onset of action and short duration of action, which causes rapid alternations of
dopamine release in the nucleus accumbens (NA) via disinhibition of dopami-
nergic neurons in the VTA that project to the NA; a similar method to how
opioids, GHB and cannabinoids can modulate dopamine release and reward
[20]. Recent clinical study has demonstrated that the administration of alprazo-
lam to human subjects increases blood flow to the NA when analyzed by fMRI
[21].

In our current study, we investigated the ability for alprazolam to induce a
positive conditioned placed preference in adult female rats. In a previous study
performed by our lab, Moffett et a/ demonstrated that repeated dosing of alpra-
zolam, a short-acting benzodiazepine could induce strong positive conditioned
place preference in male rats [19]. In contrast to our male model, we failed to
demonstrate a statistically significant positive CPP in the female rats (p = 0.08,
Figure 4). Despite not achieving significance, the alprazolam group was trend-
ing toward a positive CPP effect and had a greater percentage of animals de-
monstrating positive CPP compared to vehicle. This could be due to a lower
number of animals in the female groups compared to the male study (9 vs. 20),
and it is likely with a higher group number, statistical significance would be
achieved. This needs to be investigated further as well in order to determine if
there is a sex difference in rats that influences benzodiazepine-induced reward.
There have been some small human studies utilizing fMRI and radiotracing stu-
dies that have demonstrated there are increased GABA, receptors in females
compared to males, but the strength of this evidence is small and requires fur-
ther studies [22].

There remains a paucity of studies on mechanisms that may regulate benzo-
diazepine reward in both humans and animals. It is known that GABA, recep-
tors on interneurons that regulate dopamine release in the VT A are modulated
via benzodiazepines through disinhibition in electrophysiological models. Addi-
tionally, it has been demonstrated by Spence et a/ that utilizing the GABA, benzo-
diazepine binding site antagonist flumazenil reverses fully the self-administration
behaviors of rats for both methamphetamine by rats [23]. Additionally, both
flumazenil and the translocator protein (TSPO) antagonist, PK11195, partially
reversed the rewarding effects of oxazepam (a structurally and pharmacokineti-
cally similar benzodiazepine to alprazolam); when concurrently administered,
these completely abolished the benzodiazepine reward. This suggests a role for
both the GABA, and TSPO receptors in benzodiazepine-induced reward. Future
studies will incorporate the utilization of the GABA, and TSPO antagonists in
the modulation of the reward response for both male and female rats as well as
the roles of these receptors in modulating withdrawal behaviors following

chronic administration of benzodiazepines.
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