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Selective serotonin re-uptake inhibitors (SSRIs), which are used commonly to treat anxiety disorders, have
characteristic anxiogenic effects following acute administration. Treatment with anxiolytic benzodiazepines
(BZs) may reduce these effects, although little is known about potential drug interactions. Our study
evaluated acute anxiogenic-like effects of SSRIs, alone and combined with a BZ. Adult male BALB/c mice
received fluoxetine (3.0-30.0 mg/kg, i.p.) or citalopram (3.0-30.0 mg/kg, i.p.) alone or in combination with
Keywords: diazepam (0.3-10.0 mg/kg, i.p.), after which they were evaluated with the light/dark and open-field tests for
SSRI anxiogenesis/anxiolysis. In addition, release of the stress hormone corticosterone was assessed following
combined SSRI/BZ administration. In the light/dark and open-field tests, acute SSRIs produced a behavioral

Benzodiazepine

Anxiety profile consistent with anxiogenesis, while diazepam produced an anxiolytic-like profile. Pre-treatment with
Corticosterone diazepam (0.3-10 mg/kg) reversed the effects of an anxiogenic-like dose of an SSRI (18 mg/kg fluoxetine,
Mouse 30 mg/kg citalopram) in both light/dark and open-field tests. Diazepam, fluoxetine or citalopram, and their
gsgg%aeﬁ combination all significantly increased plasma corticosterone levels to the same degree. These findings

suggest that a BZ-type drug can attenuate acute anxiogenic-like effects of an SSRI via a mechanism

independent of corticosterone regulation.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

In patients with anxiety disorders, chronic treatment with selective
serotonin reuptake inhibitors (SSRIs) can induce anxiolytic effects
comparable to benzodiazepines (BZs), but lack the motor-impairing,
amnestic, and abuse-related side effects associated with BZ-type
anxiolytics (Baldwin et al., 2005; Bruce et al.,, 2003; Laux, 1992; Nutt,
2005). The anxiolytic effects of SSRIs emerge only after chronic
treatment, and upon acute administration, these drugs often paradox-
ically increase symptoms of anxiety for some individuals (Bagdy et al.,
2001; Nutt, 2005). The acute anxiogenic effect, combined with the
relatively long therapeutic lag, may contribute to lack of compliance
associated with SSRI treatment for anxiety disorders (cf. Nutt, 2005).

Consistent with the clinical literature, acute administration of SSRIs
induce anxiogenic-like effects in preclinical models. For example, the
SSRI fluoxetine decreases time spent in open arms of the elevated plus-
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maze in rats and mice (Kurt et al,, 2000; Silva et al, 1999; Silva and
Brandao, 2000), social interaction in rats (Bagdy et al., 2001), novel
exploration by mice (Belzung et al., 2001), and time spent in the lit
chamber of the light/dark test in mice (Artaiz et al., 1998). Acute
administration of the SSRI citalopram decreases time spent in the open
arms in the elevated plus-maze (Griebel et al., 1994); as well as spent in
the lit chamber during the light/dark test in rodents, and increases
fearful reactions in response to novel stimuli (Griebel et al, 1994;
Sanchez and Meier, 1997). These findings are consistent with observa-
tions of acute anxiogenic effects of SSRIs in human patients; however, it
is worth noting that in some pre clinical models, acute administration of
SSRIs is also associated with anxiolytic effects. For example, SSRIs have
shown effects consistent with anxiolysis after acute administration in
the four-plate test (e.g., Hascoét et al., 2000).

In order to reduce the impact of the acute anxiogenic effects in
clinical use, BZs are often co-prescribed with SSRIs, which some claim
also results in faster onset of anxiolytic efficacy of the SSRI (Nutt, 2005).
In fact, neurobiological studies suggest adaptations in both serotonergic
and GABAergic systems (the target system for BZs) in anxiety disorders
(for review, see Nikolaus et al., 2010). The concurrent use of BZs and
SSRIs in the treatment of anxiety disorders has shown an increasing
trend in recent years (Benitez et al., 2008; Bruce et al., 2003; Kaplan and
DuPont, 2005). Despite this trend, limited quantitative data exist
addressing the behavioral effects of acute treatment with SSRI/BZ
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combinations. Clinical studies have suggested that SSRI/BZ combina-
tions can result in improved efficacy measures for treating psychiatric
disorders (e.g., depression, Smith et al., 1998). In addition to the lack of
data on efficacy, relatively little research is available about the potential
side effects of SSRI/BZ combinations. Most studies report very few
adverse events resulting from combined SSRI/BZ treatments (e.g., Smith
et al,, 1998); however, a meta-analysis on driving performance found
that even anti-depressants considered to be non-sedating could result in
driving impairment when combined with a BZ (Ramaekers, 2003).

Hypothalamic-pituitary-adrenal (HPA) axis activation and stress
hormone release may play a role in SSRI-induced anxiogenesis. The
serotonergic system has a well-documented role in HPA axis regulation
(for review, see Cassasco and Van de Kar, 2003). Acute SSRI treatment
has been shown to increase corticosterone (CORT) levels in rodents
(Hesketh et al,, 2005; Moncek et al., 2003; Sanchez and Kreilgaard,
2004). When tested in the presence of a stressor, acute treatment with
citalopram resulted in enhanced CORT release in a rat restraint stressor
paradigm (Hesketh et al., 2005). In contrast, BZ-type drugs can
attenuate adrenocorticotropin hormone (ACTH), CORT or cortisol levels,
particularly following exposure to an anxiogenic stressor (Cassasco and
Van de Kar, 2003; Fries et al., 2006; Kalin et al., 1987; Kalman et al., 1997;
Pivac and Pericic, 1993; Pomara et al., 2005). Paradoxically, BZs can also
increase ACTH and CORT levels (e.g., McElroy et al., 1987; Mikkelsen et
al., 2005). Therefore, blunted or reversed HPA axis activation is one
potential mechanism by which BZs may attenuate acute SSRI-induced
anxiogenesis, although the interaction between these two drugs might
be complex, given the potential for BZs to enhance HPA activity.

This study evaluated the anxiogenic-like effects of acute SSRI
administration alone and in combination with the reference BZ,
diazepam, in BALB/c mice, a strain previously shown to be sensitive to
anxiogenic-like and anxiolytic-like effects of several classes of drugs
(Anisman et al., 2001; Belzung et al., 2001; Bouwknecht and Paylor,
2002; Dulawa et al., 2004; Griebel et al., 2000; Piappert and Pilz, 2002;
Roy et al., 2001). Two SSRIs, fluoxetine and citalopram, were chosen for
comparison in these studies due to their differing selectivity for the SERT
and interaction with cytochrome P450 enzyme metabolism. Fluoxetine
is approximately 100 times more selective for SERT vs. the norepineph-
rine transporter and the dopamine transporter (Nutt et al., 1999),
whereas citalopram is approximately 10,000 times more selective for
SERT compared to the norepinephrine transporter (Koch et al,, 2002). In
addition, SSRIs may have significant action at 5-hydroxytryptamine,c
(5-HT,¢) receptors, which has been shown particularly for fluoxetine
(Ni and Miledi, 1997; Salchner and Singewald, 2006). Metabolism of
both SSRIs and BZs involves isozymes of the cytochrome P450 (CYP450)
enzyme family. Fluoxetine binds to CYP2D6, an enzyme associated with
BZ metabolism (Tanaka, 1998; Tanaka and Hisawa, 1999). Citalopram
and its metabolites, however, do not interact with the enzymes
associated with BZ metabolism (Sproule et al, 1997). Finally, we
assessed changes in CORT following an SSRI/BZ combination in order to
evaluate HPA axis activity as a potential mechanism of action underlying
interactions between BZs and SSRIs.

2. Methods
2.1. Animals

All experiments and housing were approved by the University of
Massachusetts-Amherst Institutional Animal Care and Use Committee
and adhered to NIH guidelines for the care and use of animals. Adult (2-
3 months of age) male, BALB/c mice, weighing ~20-30 g, were used in
all experiments (Charles River Laboratories, Wilmington, MA). Mice
were housed four per cage in Plexiglas cages under a 14-hour light/10-
hour dark schedule. Food and water were freely available throughout
the studies. In an effort to minimize the number of animals used,
individual animals were tested in both open field and light/dark tests.
Animals received a total of two sets of injections (one before each

behavioral test) and were allowed to recover for at least 48 h between
experiments. All experiments were conducted during the light phase of
the light-dark cycle.

For CORT measures, a separate cohort of adult male, BALB/c mice,
weighing ~20-30 g, was used (Charles River Laboratories). Mice were
socially housed (4-5 per cage) in Plexiglas cages under a 14-hour light/
10-hour dark schedule. Food and water were freely available through-
out the studies. To mimic the experience of the animals used in
behavioral testing, mice in the CORT study were handling- and
injection-naive prior to removal from the colony room for testing. It
should be noted that while this approach controlled for potential
handling and injection effects on the behavioral findings, it also resulted
in moderately elevated CORT values due to the animals' responses to
those same handling and injection procedures. Therefore, while these
effects may play a part in the behavioral and physiological effects seen,
they were controlled across all treatment conditions.

2.2. Drugs

All drugs were administered via intraperitoneal (i.p.) injection,
30 min prior to behavioral testing at 1.0 ml/kg injection volume. For
experimental procedures requiring two injections, injections were
administered bilaterally to minimize local injection volume. Fluoxetine
(3.0-30.0 mg/kg; Tocris Biosciences, USA) and citalopram (3.0-
30.0 mg/kg; Tocris Biosciences, USA) were dissolved in sterile saline.
Diazepam (0.3-10.0 mg/kg; Sigma Biochemicals and Reagents, USA)
was dissolved in 50% propylene glycol, 50% sterile water.

2.3. Behavioral testing

All behavioral measures were collected following a 30-min drug pre-
treatment period in a behavior testing room adjacent to the animal
colony rooms.

Light/dark testing was conducted using Med Associates activity
arenas (St. Albans, VT; 27.3x27.3x20.3 cm, ENV 515) equipped with
infrared sources and sensors. Each arena was divided into two equally
illuminated and darkened halves. A dark, opaque Plexiglas insert with
lid was placed in the left half of each arena to create the darkened half.
Testing arenas were placed inside sound-attenuating chambers,
equipped with lights for constant illumination (~15-201x, 2-5W
incandescent light bulb positioned 30.5 cm above the testing area to
light the open half) and fans to provide ventilation and white noise. At
the start of the test, animals were placed in the lit half of the arena,
oriented randomly and allowed to move freely during the 10-min test
session. Animals had access to the dark half of the arena through a small
opening at floor level in the middle of the dark insert. Analysis of time
spent in the light and dark areas was performed using Med Associates
Activity Monitor software. Dependent measures included the percent of
time spent in the lit half of the arena and distance traveled (cm).

Open field behavioral testing was conducted using the apparatus
described above, with the dark Plexiglas insert removed. The open field
test consisted of a 60-min test session in which an individual mouse was
placed in the center of the testing arena inside the sound-attenuating
chambers and allowed to move freely. After each session, activity
analysis was conducted using Med Associates Behavior Monitor
software to calculate the time spent in the center of the arena
(~18.25x18.25 cm?, manufacturer specifications), the periphery of
the arena (27 x27 cm? around the central area), and distance traveled
(cm).

2.4. Corticosterone measures

Time- and drug combination- response functions for the glucocor-
ticoid hormone corticosterone were determined following drug
administration. For all experiments; following injection (i.p.), animals
were returned to home cages for the duration of the pre-treatment time.
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After the pre-treatment interval, animals were rapidly decapitated and
trunk blood collected. Blood was centrifuged (1000 rpm, 15 min) and
separated, and plasma was stored at — 70 °C until assay.

To determine the time of peak corticosterone response following
SSRI administration in the time-response experiment, trunk blood
samples were collected from groups of animals that received i.p.
injections of 30 mg/kg CIT and were sacrificed at 0, 15, 30, 45, 60 min
post-injection. To determine drug combination-response, vehicle,
diazepam (10.0 mg/kg), citalopram (30.0 mg/kg) and a diazepam/
citalopram combination were administered (i.p) to groups of animals
(n=5/group) and trunk blood collected at the optimal time point
established in the time-response experiment.

CORT levels were determined using commercial radioimmunoassay
kits (MP Biomedicals, Orangeburg, NY) designed for direct assay of
samples without the need for prior extraction or purification (for
additional methods, see Massoco and Palermo-Neto, 1999). CORT levels
were obtained by averaging samples in triplicate and interpolating
concentrations (ng/ml) from the standard curve. Average intra-assay
and inter-assay coefficients were 5.2% and 4.0%, respectively. To control
for the circadian rhythm of CORT release, all samples were collected
between 10 and 11 am, approximately 5-6 h after light onset in the
colony room. This time point was chosen based on the previous finding
that the nadir of CORT release in BALB/c mice occurs 4-6 h after lights on
(Oishi etal., 2006). Thus, the relatively low levels of CORT at this point in
the circadian cycle minimized the possibility of a ceiling effect of
elevated CORT following SSRI administration.

2.5. Statistical analysis

Behavioral data were analyzed by a one-way analysis of variance
(ANOVA) using SigmaPlot v. 11.0 software. Subsequent comparisons
between control and treatment groups were conducted using the
Holm-Sidak test. Alpha levels were constrained to p<0.05 for all
tests. CORT concentrations were interpolated from the standard curve
using nonlinear regression analysis (Prism v.4). Data were then
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analyzed by a one-way ANOVA. Subsequent comparisons between
control and treatment groups were conducted using the Holm-Sidak
test.

3. Results
3.1. Tests with fluoxetine alone

Fluoxetine (Fig. 1A) dose-dependently decreased time spent in the
lit compartment of the light/dark test [F(3, 39) =3.603 p<0.05], and
multiple comparison tests revealed that the 30 mg/kg dose resulted in
significantly less time spent in the lit compartment relative to control. A
similar behavioral pattern was evident in the open field test (Fig. 1B).
Fluoxetine significantly decreased time spent in the center of the testing
arena [F(3, 39)=5.46, p<0.05], with multiple comparison tests
showing that the 10 and 30 mg/kg groups were significantly different
from control. Together, these data are consistent with an acute
anxiogenic-like effect for these doses of fluoxetine in both the light/
dark and open field tests.

Fluoxetine dose-dependently decreased distance traveled in the
light/dark [Fig. 1C; F(3,39) =7.59, p<0.05] and open field tests [Fig. 1D,
F(3,39) =5.43, p<0.05], with significant reductions associated the
highest dose in both tests (30 mg/kg; p<.05).

3.2. Tests with citalopram alone

Citalopram decreased time spent in the lit compartment of the
light/dark test [Fig. 2A; F(3,65) =4.337 p<0.05]. Multiple comparison
tests revealed that this effect was not consistent with respect to dose.
Time spent in the lit compartment with 3.0 and 30 mg/kg doses was
below control level, and with the 10 mg/kg, not different from control
level (all p<0.05). In the open field test, however, citalopram did not
produce any significant effects at the doses tested. These findings
suggest that although citalopram induced acute axiogenic-like effects
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Fig. 1. Effects of acute fluoxetine treatments on measures of anxiogenic-like behavior (light/dark test, panel A; open field test, panel B) and locomotor activity in male BALB/c mice.
Data are mean + SEM of behavioral measures following acute fluoxetine treatment (3-30 mg/kg i.p.) to separate groups of mice (N=10 per group). For the light/dark test,
anxiogenic-like behavior was concluded if mice showed a significant decrease in time spent in the “aversive” lit side of the apparatus. For the open field test, anxiogenic-like behavior
was concluded if mice spent significantly less time exploring the center of the apparatus. Locomotor activity was measured as distance traveled during a 10-min session (light/dark
test, panel C) or a 60-min session (open field test, panel D). Note that *p<.05 vs. control, Holm-Sidak test.
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Fig. 2. Effects of acute citalopram treatments on measures of anxiogenic-like behavior (light/dark test, panel A; open field test, panel B) and locomotor activity in male BALB/c mice.

Sample sizes were n=16 (control), n=38 (3 mg/kg dose),

similar to fluoxetine, the magnitude of effect for citalopram may be
less than that of fluoxetine.

In both the light/dark and open field tests, citalopram had little effect
on distance traveled. An intermediate dose of citalopram (10 mg/kg)
increased distance traveled in the light/dark test (Fig. 2C; 10 mg/kg vs.
control, p<0.05). No significant effect was observed for any dose tested
in the open field test (Fig. 2D).

3.3. Tests with diazepam alone

In the light/dark test, diazepam significantly increased time in light
[Fig.3A,F(3,47)=3.394, p<0.05] at 1.0 and 3.0 mg/kg doses (p<.05).In
the open field test, 10 mg/kg diazepam produced a non-significant
increase in time spent in the center of the open field arena (Fig. 3B;
p=0.07).

In the light/dark tests, diazepam had no effect on locomotor activity
over the dose range tested (Fig. 3C, ANOVA and multiple comparison
tests, ps>0.05). In the open field test, diazepam significantly decreased
distance traveled [Fig. 3D; F(3,47) =6.77, p<0.05] at the highest dose
tested (10 mg/kg; p<.05).

3.4. Effects of diazepam-fluoxetine combinations

The results of combined fluoxetine and diazepam treatment are
shown in Fig. 4. For this experiment, a representative 18 mg/kg dose
of fluoxetine was selected to minimize severe locomotor activity
suppression that was anticipated with a combination of diazepam and
the highest fluoxetine dose (30 mg/kg). The 18 mg/kg dose of
fluoxetine significantly decreased time in light in the light/dark test
(Fig. 4A, compare bars above “control” and “FLUOX").

As can be seen in Fig. 4A, treatment with diazepam significantly
altered fluoxetine's effects in the light/dark test [F(5,38)=4.89,
p<0.05]. Specifically, the addition of diazepam attenuated (Fig. 4A,
compare 0.3 and 1.0 mg/kg diazepam combined with fluoxetine vs.
fluoxetine alone), and then reversed (3 and 10 mg/kg diazepam plus
fluoxetine) the decrease in time in light induced by 18 mg/kg fluoxetine.
Stated another way, the 3.0 and 10 mg/kg doses of diazepam combined

n=10 (10 mg/kg), and n=16 (30 mg/kg). Other details as in Fig. 1.

with an anxiogenic-like dose of fluoxetine still engendered effects
consistent with anxiolysis.

Fluoxetine induced a strong trend toward decreasing time in center
in the open-field test (Fig. 4B, p=0.06). Interestingly, the addition of
diazepam dose-dependently increased time in center [F(5,38)=5.11,
p<0.05]. As with the light/dark test, anxiolytic-like effects of fluoxetine-
diazepam combined were revealed when fluoxetine was combined with
the highest dose of diazepam tested (10 mg/kg, p<0.05).

A similarly complex pattern of effects was observed with locomotor
activity in the light/dark test [Fig. 4C, F(5,38) =8.34, p<0.05]. Thus,
18 mg/kg of fluoxetine significantly decreased mean distance traveled,
but this effect was reversed by the two lowest doses of diazepam (0.3
and 1.0 mg/kg). Interestingly, both 3.0 and 10 mg/kg of diazepam
combined with fluoxetine suppressed mean distance traveled com-
pared with control—the dose of 3.0 mg/kg of diazepam did not alter
distance traveled with tested alone (compare Fig. 4C with Fig. 2C).

In the open field test, a similar pattern of locomotor activity was
observed [Fig. 4D, F(5,38) =4.97, p<0.05]. That is, fluoxetine alone
significantly decreased locomotor activity, and doses of diazepam first
attenuated fluoxetine-induced decreases in locomotor activity, and
then resulted in attenuation of locomotor activity compared with
control for the two highest doses of diazepam (3 and 10 mg/kg).

3.5. Effects of diazepam-citalopram combinations

Similar to fluoxetine-diazepam combinations, the addition of
diazepam attenuated the decrease in time in light induced by 30 mg/
kg citalopram [Fig. 5A, F(5,38)=5.54, p<0.05]. In contrast to fluox-
etine-diazepam combinations, diazepam reversed the effects of
citalopram but did not induce anxiolytic-like effects at the higher
doses. A very similar pattern of results was obtained with the open field
test [Fig. 5B, F(5,38) = 5.01, p<0.05], although for this test, the effects of
citalopram alone approached, but did not achieve statistical significance.

In the light/dark test, locomotor activity changes as a result of
citalopram-diazepam combinations were strikingly different from
those observed with fluoxetine-diazepam combinations [Fig. 5C, F
(5,38) =7.44, p<0.05]. As shown in Fig. 2C, citalopram did not alter
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locomotor activity when tested alone. However, the addition of 0.3, 1, 3.6. Effects on corticosterone levels
3 mg/kg diazepam to 30 mg/kg citalopram in the light/dark test
significantly increased distance traveled (Fig. 5C, ps<0.05). No As shown in Fig. 6A, administration of 18 mg/kg fluoxetine, 10 mg/
significant changes in locomotor activity were seen at the doses kg diazepam, and the combination of these doses resulted in
tested in the open field test (Fig. 5D). significantly increased levels of CORT compared with the saline control
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acute fluoxetine treatment (18 mg/kg, i.p.), alone and combined with several doses of diazepam (0.3-10 mg/kg, i.p.) to separate groups of mice. Sample sizes were n=8 (control), n=38
(fluoxetine alone), n=6 (0.3 mg/kg diazepam + fluoxetine), n =38 (1.0 mg/kg diazepam + fluoxetine; 3.0 mg/kg diazepam + fluoxetine; 10 mg/kg diazepam + fluoxetine). Note that
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Note that *p<.05 vs. control and #p<0.05 vs. citalopram alone, Holm-Sidak test.

[F(3,20) =13.51, p<0.05]. The combination of fluoxetine and diazepam
was not significantly different from either drug alone. Similarly,
administration of 30 mg/kg citalopram, 10 mg/kg diazepam, and the
combination of these doses resulted in significantly increased levels of
CORT compared with the saline control [Fig. 6B, F(3,16)=20.350,
p<0.05], and the combination of citalopram and diazepam was not
significantly different from either drug alone. These results suggest that
both SSRIs and BZs may activate the HPA axis in our model, regardless of
the behavioral response characterized as anxiogenic vs. anxiolytic, and
no interaction between diazepam and citalopram was evident.

4. Discussion

The results of the present study indicate that acute treatment with
the SSRIs fluoxetine and citalopram produced primarily anxiogenic-like
effects in the light/dark and open field tests in BALB/c mice. In contrast,
acute treatment with diazepam, a standard BZ, resulted in anxiolytic-
like effects (i.e., an increase in time spent in the lit compartment). The
combination of the SSRIs with diazepam resulted in an attenuation of
the anxiogenic-like behavior induced by acute SSRI treatment, and in
the case of fluoxetine combined with diazepam, the highest dose of the
latter resulted in anxiolytic-like effects in both light/dark and open-field
tests. The effects of these drug combinations on locomotor activity were
complex, with low but not higher doses of diazepam attenuating the
locomotor activity-impairing effects of fluoxetine, whereas stimulation
of locomotor activity was observed with diazepam-citalopram combi-
nations. A cautionary note about these studies is that the same mice
were used in both tests of anxiogenic/anxiolytic-like effects. Initial tests
might influence the results of a second test (Holmes et al., 2001);
however, the overall pattern of results was similar between tests,
suggesting that repeated testing had minimal influence on the results of
our studies.

With acute administration, both SSRIs alone induced anxiogenic-like
behavior in the light/dark tests, whereas only fluoxetine induced
anxiogenic-like effects in the open field test. While it is unclear why

fluoxetine and citalopram differed in these two procedures, the
preponderance of data was consistent with the observation of acute
anxiogenic effects associated with SSRI treatments in humans (Bagdy et
al., 2001; Nutt, 2005). Interestingly, the locomotor activity data differed
between the two SSRIs, with fluoxetine engendering decreases and
citalopram generally without effect except for a significant increase in
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Fig. 6. Effects of fluoxetine (FLUOX, panel A) and citalopram (CIT, panel B), alone and
combined with diazepam (DZ), on plasma corticosterone levels in male BALB/c mice. Data
are mean 4- SEM of plasma corticosterone (ng/ml) response following i.p. injection forn=>5
per group (panel A) or n =6 per group (panel B). Note that *p<.05 vs. control, Holm-Sidak
test.
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activity at one dose (10 mg/kg). Both SSRIs are generally considered to
be non-sedating (e.g., Ramaekers, 2003), thus, our findings were
somewhat surprising. Although we do not know the mechanism
responsible for suppression of locomotor activity by SSRIs, one
intriguing possibility is raised by reports that some SSRIs increase levels
of endogenous neuroactive steroids, some of which bind to GABA,
receptors and act as positive allosteric modulators of GABA (Serra et al.,
2001) which, in turn, would have profound suppressive effects on
locomotor behavior. Regardless, our findings suggest that both light/
dark and open field tests in BALB/c mice represent a useful technique for
assessing anxiogenic-like effects of serotonergic drugs.

In contrast to SSRIs, the BZs act as positive allosteric modulators of
the GABA, receptor, producing anxiolytic and sedative effects via
positive modulation of GABA-mediated chloride conductance (see
Rudolph and Méhler, 2004 for review). In the present study, diazepam
significantly increased time spent in the lit compartment in the light/
dark test, but was ineffective in the open field test. Anxiolytic-like
behavior (in the light/dark and open field tests) in response to BZ
treatment has been well-established in the literature (e.g., Bourin and
Hascoet, 2003; Cyran and Holmes, 2005; Prut and Belzung, 2003). Thus,
the finding that diazepam was ineffective in the open field test might
indicate a difference in sensitivity between the light/dark and open field
tests, as suggested previously by Prut and Belzung (2003).

When doses of the SSRIs that induced anxiogenic-like effects were
combined with diazepam, a dose-dependent reversal of anxiogenic-
like behavior was observed. Moreover, when combined with
fluoxetine, higher doses of diazepam induced anxiolytic-like effects
in both light/dark and open field tests. Altogether, our findings from
two preclinical animal models suggest that diazepam can reverse
acute anxiogenic effects of SSRIs. Our results lend support to the
practice of using anxiolytic BZs to reduce anxiogenesis associated with
the early period of SSRI treatment.

Of particular interest were the interactions between diazepam and
the SSRIs in tests for locomotor activity. As noted above, fluoxetine
alone attenuated locomotor activity, and the combination with
diazepam appeared to enhance this effect (i.e., the dose-response
function appeared to be shifted to the left). In contrast, citalopram had
predominantly a stimulant-like effect that was significantly enhanced
by combination with diazepam—an unexpected finding for which no
clear mechanisms are apparent. To the extent that decreases in
locomotor activity induced by SSRIs or BZs are predictive of sedative
properties of drugs in humans, these findings suggest that diazepam
may have a deleterious effect on any sedative-motor properties of
fluoxetine, but not citalopram. The mechanism(s) of action underly-
ing these strikingly different effects on locomotor behavior between
fluoxetine and citalopram are unclear at present; one possibility
might be differences between the two SSRIs in interactions with the 5-
HT;,c site (Ni and Miledi, 1997; Salchner and Singewald, 2006).

In an initial attempt at understanding the mechanisms of action
underlying the ability of diazepam to reverse anxiogenic effects of SSRIs,
we investigated the role of the HPA axis by evaluating plasma levels of the
stress hormone, CORT, following diazepam-SSRI treatments. CORT levels
were increased in response to an anxiogenic-like dose of both fluoxetine
and citalopram. However, these levels also were increased in response to
an anxiolytic-like dose of diazepam alone. These results replicate
previous findings that acute SSRI or BZ treatment alone can increase
stress hormone levels, with BZs often showing biphasic effects (De Sousa,
1990; McElroy et al., 1987; Pericic et al., 1984; Vargas et al., 2001).

When fluoxetine or citalopram were combined with diazepam,
CORT levels were again increased significantly; however, no further
enhancement was evident (i.e., no additive or supra-additive effects
were apparent). Because the CORT levels were collected at the
approximate circadian time of the behavioral tests, these findings
suggest that changes in HPA axis—or at least CORT level regulation—do
not underlie the ability of diazepam to attenuate the acute anxiogenic-
like effects of SSRIs.

A potentially important factor that may contribute to the
mechanism of action of diazepam's reversal of SSRI effects is
pharmacokinetic changes in the activity of hepatic metabolic
enzymes. In this regard, fluoxetine inhibits liver CYP2C19 and
CYP3A4 isozymes, which are responsible in part for diazepam
metabolism (Tanaka, 1998; Tanaka and Hisawa, 1999). By inhibiting
metabolism, fluoxetine may increase bioavailability of diazepam,
thereby enhancing its behavioral effects. However, citalopram is not
known to affect BZ metabolism and the combined effects of
citalopram and diazepam were qualitatively similar to those of
fluoxetine and diazepam. Interestingly, the ability of diazepam to
reverse citalopram's effects in the anxiolysis tests was somewhat less
robust. This modest difference in effectiveness may reflect a
pharmacokinetic interaction between fluoxetine and diazepam that
did not occur between citalopram and diazepam. Regardless, the
interactive effects of the SSRIs with diazepam in the present study
likely were not due solely to pharmacokinetic factors.

Altogether, these results suggest that the SSRIs may induce
behavioral and locomotor changes to varying degrees following
acute administration, even though their mechanism of action is
similar. The anxiogenic-like effects of SSRIs can be attenuated or
reversed with the addition of a BZ. While HPA axis activation is not
supported as a relevant mechanism of action in the current studies,
further research into other components of this system is warranted
(e.g., CRH, ACTH). Finally, the contributions of specific serotonergic
and GABA-ergic receptor subtypes in these SSRI/BZ interactions
remain to be evaluated.
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