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ABSTRACT

The effects of vilazodone (VZD) on the acquisition of active avoid-
ance behavior were examined in C57BL/6] mice. Both female and
male mice were assigned to three groups (1 = 8 per group per sex):
the vehicle control group (VEH), the 0.5 mg kg™ vilazodone lower
dose group (VZDO0.5) and the 1 mg kg™ vilazodone higher dose
group (VZD1.0). Spontaneous locomotion and anxiety-like behav-
iour were assessed after drug administration intraperitoneally in
an open field test (OFT). Another cohort of mice was trained in a
three-day shuttle box active avoidance test (AAT) after drug admini-
strations with the aim of evaluating the effects of VZD on the
acquisition of active avoidance behaviour. In the OFT, VZD
decreased freezing time in the corner area in both female and male
mice, indicating reduced anxiety-like behaviours. In the AAT, the
active avoidance rate was significantly improved on day 1 in female
mice and day 2 in male mice, suggesting that VZD facilitated active
avoidance learning with sexual dimorphism. Furthermore, the
increased active avoidance rates were negatively correlated with
freezing time during training. Interestingly, these group differ-
ences and correlations diminished on day 3, implying that the
facilitation was restricted to early training phases. Collectively,
VZD facilitates the acquisition of active avoidance behaviour in
mice with distinct sexual dimorphism and temporal dynamics.

Keywords: vilazodone, anxiety, active avoidance behaviour, sexual
dimorphism

INTRODUCTION

The 5-hydroxytryptamine (5-HT) system in the brain is one of the key neurotransmitter
systems involved in regulating emotions, cognition, motivation and reward processing
(1, 2). Psychotherapeutic drugs developed based on modulation of the 5-HT system, such
as selective serotonin reuptake inhibitors (SSRIs), are widely used in the clinical treatment
of depression and anxiety disorders (3). Vilazodone (VZD), as a newer antidepressant, is
unique in that it acts both as a 5-HT reuptake inhibitor and as a partial agonist of the
5-HT, , receptor (4). This dual-acting mechanism enables VZD to exhibit antidepressant
efficacy comparable to that of traditional SSRIs in clinical settings. It is also used in the
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treatment of anxiety disorders, demonstrating a significant alleviation of generalised
anxiety disorder symptoms and a rapid onset of effect relative to placebo (5).

Clinical evidence indicates that some patients with anxiety disorders exhibit excessive
avoidance behaviour (6, 7). The acquisition and expression of active avoidance behaviour
in experimental animals involves multiple cognitive modules, including fear conditioning,
stimulus-response associative learning, decision-making, and the negative reinforcement
effect following successful avoidance (8). The neural mechanisms are closely associated
with complex circuits involving brain regions such as the prefrontal cortex, amygdala,
hippocampus and dorsal striatum (8, 9). Notably, the 5-HT system, particularly the 5-HT, ,
receptor, is densely distributed in these brain regions and has been shown to play an
important role in regulating cognitive flexibility and stress responses (10-12). Although
the clinical efficacy of VZD has been established, its effects on active avoidance behaviour
in laboratory animals have not been reported. Whether its dual action as a 5-HT reuptake
inhibitor and a partial agonist of the 5-HT), , receptor can modulate this complex behaviour,
which relies on multi-regional brain coordination, is worth exploring.

This study aims to investigate the effects of acute VZD on the acquisition of active
avoidance behaviour in naive C57BL/6] mice, while excluding potential interference from
depressive or anxiety-like states on learning ability. We hypothesise that VZD, through its
dual-acting mechanism, could reduce anxiety levels in mice under acute stress, thereby
enhancing learning efficiency in an active avoidance test (AAT). This study will give
insight into the potential influence of VZD on learning and motivated behaviours after
acute application, which warrants further investigation.

EXPERIMENTAL

Animals

A total of 96 C57BL/6] mice, comprising 48 females and 48 males aged 8 weeks, were
used in this study. Female mice weighed 16-18 g, and male mice weighed 17-22 g. All mice
were purchased from Jiangsu GemPharmatech (China). Mice were housed in groups of
four per cage with ad libitum access to food and water. The animal room was maintained
at 20-24 °C with a humidity of 40-60 % under a 12-h light/dark cycle (lights on at 08:00 h).
After a one-week acclimation period, behavioural experiments commenced. The experi-
mental procedures were approved by the Laboratory Animal Ethics Committee of Xuzhou
Medical University (Xuzhou, Jiangsu, China) and complied with ethical standards and
animal welfare requirements.

Chemicals and equipment

The drug doses were selected according to prior studies reporting antidepressant-like
effects of VZD at 1 mg kg™ in mice (13, 14). VZD (purity > 98 %) was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (China) and dissolved in dimethyl
sulfoxide (DMSO, Beijing Solarbio Science & Technology, China) to prepare a 1 mg mL™
stock solution, which was stored at —20 °C. For administration, the stock solution was
diluted with 5 % Tween-80 aq. solution (Beijing Solarbio). A 10-fold dilution yielded a



K. Hu et al.: Sexually dimorphic and time-dependent influence of active avoidance learning by vilazodone in C57BL/6] mice, Acta Pharm.
76 (2026) 260007.

0.1 mg mL™! working solution for the VZD1.0 group (1 mg kg™ VZD administration), and
a 20-fold dilution yielded a 0.05 mg mL™ working solution for the VZDO0.5 group (0.5 mg kg™
VZD administration). VZD (1.0 or 0.5 mg kg™) or vehicle was administered intraperitone-
ally. All injections were given at a standardised volume of 0.1 mL per 10 g of body mass.
Vehicle (VEH) is composed of 5 % aq. Tween-80 and 10 % DMSO. Animal behaviour was
recorded and analysed using the automatic video tracking software VisuTrack (Shanghai
Xinruan Information Technology, China).

Experimental design

Open field test (OFT). — A total of 24 female and 24 male mice were used in OFT. Males
and females were handled and tested in separate sex cohorts. Within each sex, mice were
randomly assigned to the following groups (1 =8 per group): control group (VEH) received
an equal volume of the vehicle, lower dose group (VZDO.5) received 0.5 mg kg™ VZD;
higher dose group (VZD1.0) received 1 mg kg™ VZD. The OFT was conducted 30 minutes
after intraperitoneal injection.

The open field arena measured 40x40x25 cm. At the beginning of a test session, a
mouse was placed in the arena, and its movement was recorded continuously for 10 min-
utes. The following areas were defined for analysis: central area — the floor of the arena
was virtually divided into a 4x4 grid, and the central four squares (rows 2-3, columns 2-3)
were designated as the central area; corner area — four fan-shaped areas, each with a radius
equal to one-quarter of the side length of the arena, were defined at the four corners.
Primary outcome measures included total distance travelled (m), duration (s), number of
entries, velocity (m s7!), immobility time (s), and freezing time (s) in the central or corner
areas (15).

Active avoidance test (AAT). — Different 24 female and 24 male mice were used in the
shuttle box AAT model. The grouping was identical to that in OFT, with males and females
independently divided into VEH, VZDO0.5, and VZD1.0 groups (1 = 8 per group). During
the testing period, mice received the corresponding treatment via intraperitoneal injection
for 3 consecutive days, and behavioural testing began 30 minutes post-injection.

The two-way shuttle box (Shanghai Xinruan, China) measured 48x21x45 cm and was
divided into two equal-sized compartments by a vertical partition with a small gate allow-
ing free passage. The floor consisted of stainless-steel grids (spacing: 1.5 cm) capable of
delivering a foot shock (unconditioned stimulus: 0.5 mA). A pure tone generator provided
the conditioned stimulus (35 dB, 7000 Hz). All stimuli and behavioural recordings were
automatically controlled by a computer and VisuTrack software.

The test consisted of two phases: habituation and training. During the habituation
phase (5 days prior to training), mice were handled for 5 minutes daily. A mock i.p. injec-
tion was performed using a 1-mL syringe needle pressed against the abdomen. Mice were
then gently placed into either compartment of the shuttle box and allowed to freely explore
for 15 minutes without any stimuli (no tone, no shock). The box was thoroughly cleaned
with 75 % ethanol after each session. In the training phase, training began 30 minutes after
daily drug injections and continued for 3 consecutive days. Each daily session consisted
of 30 trials. A single trial procedure was as follows: trial onset was signalled by the condi-
tioned stimulus (tone), which lasted for 7 s. If the mouse shuttled to the opposite compart-
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ment within this 7-second period, it was recorded as an “active avoidance,” the tone was
terminated immediately, and no shock was delivered. If no shuttle occurred during the
delivery of the tone, an unconditioned stimulus (foot shock, maximum 5 s) was delivered
in the compartment occupied by the mouse. Shuttling during the shock period was
recorded as an escape, and the shock terminated immediately upon crossing. If the mouse
failed to shuttle throughout the entire shock duration, the trial was recorded as a no
response (16). A fixed inter-trial interval of 20 s, free of any stimuli, separated consecutive
trials.

Primary outcome measures included: active avoidance rate = (number of active avoid-
ances/total trials) x 100 %; active avoidance latency: the time from conditioned stimulus
onset to shuttle completion (s); immobility time per minute = (total immobility time/session
duration) x 60 (s); freezing time per minute = (total freezing time/session duration) x 60 (s).

Statistical analysis

Data analysis and graph plotting were performed using GraphPad Prism 8.0 software
(GraphPad Software, Inc., USA). The values are expressed as the mean + standard error of
the mean (SEM). For multiple comparisons between groups, the normality of the data was
assessed using the Shapiro-Wilk test, and homogeneity of variances was assessed using
Bartlett’s test or Levene’s test. If data met assumptions of normality and homogeneity of
variances, one-way analysis of variance (ANOVA) was used; otherwise, the non-parametric
Kruskal-Wallis test was employed. Pearson’s linear correlation analysis was used for cor-
relation analysis. p < 0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Open field test

Compared with the VEH group, the VZD administration group showed no significant
difference in total locomotor distance in either female or male mice (Figs. 1a, 2a), indicating
that the tested doses did not affect general motor capacity. This is crucial to determine
whether an observed effect in subsequent AAT is due to changes in motivation, anxiety or
learning, rather than effects of the VZD on locomotor activity. Consistently, study has
shown that VZD, at behaviourally active doses, does not alter general locomotor activity,
as measured in the open field test in naive mice (13). This supports the specificity of VZD’s
effects on motivational processes rather than on motor function. Regarding anxiety-like
behaviour, VZD exerted sex-dependent modulation. The female VZD1.0 group exhibited
a trend toward increased duration in the central area compared with the VEH group,
although this did not reach statistical significance (Figs. 1b,c). The velocity in the central
area was significantly lower in the VZD1.0 group, compared with the VEH group (p <0.01)
(Fig. 1e), while VZD did not alter the movement patterns of male mice in the central area
(Figs. 2c-g). This suggests that VZD primarily modifies the behavioural strategy of female
mice in an open environment, shifting from rapid escape to more cautious exploration.
This interpretation is plausible given that VZD is a 5-HT,, receptor partial agonist, and
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Fig. 1. Results of the OFT in female mice: a) total distance travelled in the OFT; b) heat map illustrating
visit duration in different areas of the open field. Behavioural indices in the central area: c) visit dura-
tion; d) number of entries; e) velocity; f) immobility time; g) freezing time. Behavioural indices in the
corner area: h) visit duration; i) number of entries; j) velocity; k) immobility time; 1) freezing time;
m-—q) ratios of corresponding indices between the central area and the corner area. The values are
expressed as the mean + SEM. Statistical significance was determined using the Kruskal-Wallis test
for data in panels ¢, m—q, and by one-way ANOVA for all other indices. Significant differences vs.
VEH group: *p <0.05, **p <0.01. VEH - vehicle, VZDO0.5 — vilazodone 0.5 mg kg™, VZD1.0 — vilazodone
1mgkg™

activation of 5-HT, , receptors is known to promote exploratory activity (17) and to facili-
tate adaptive responses to potentially threatening environments (18).

Furthermore, VZD significantly reduced immobility and freezing time of female mice
in the corner area (Figs. 1k,1), an effect also observed in male mice (Figs. 2k,1). The corner
area is typically regarded as a “safe area” (19, 20); reducing freezing in this area implies
that VZD may decrease excessive vigilance in a “safe environment”, thereby allowing mice
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Fig. 2. Results of the OFT in male mice: a) total distance travelled in the OFT; b) heat map illustrating
visit duration in different areas of the open field. Behavioural indices in the central area: c) visit dura-
tion; d) number of entries; e) velocity; f) immobility time; g) freezing time. Behavioural indices in the
corner area: h) visit duration; i) number of entries; j) velocity; k) immobility time; 1) freezing time;
m-—q) ratios of corresponding indices between the central area and the corner area. The values are
expressed as the mean + SEM. Statistical significance was determined using the Kruskal-Wallis test
for data in panel o, and by one-way ANOVA for all other indices. Significant difference vs. VEH
group: **p <0.01. VEH - vehicle, VZDO0.5 — vilazodone 0.5 mg kg™, VZD1.0 — vilazodone 1 mg kg

to accumulate motivational resources for subsequently venturing into the “dangerous”
open area (21). This modulation of threat sensitivity in a safe context aligns with recent
evidence that VZD can alleviate anxiety-like behaviours by promoting neuroplasticity,
potentially via mechanisms such as the Wnt/p-catenin signalling pathway (22). This inhi-
bition of specific types of freezing behaviour also provides a crucial clue for interpreting
the performance of mice in the shuttle box. Additionally, the ratio of velocity in the central
area to that in the corner area was significantly higher in the VEH group compared with
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Fig. 3. The performance during AAT in female and male mice on day 1: a) the active avoidance rate;
b) active avoidance latency; c) immobility time per minute; d) freezing time per minute. Correlation
analysis between the: e) active avoidance rate and immobility time per minute and f) freezing time
per minute, for all mice (female and male data presented in the left and right panels). The values are
expressed as the mean + SEM. Statistical significance was determined using the one-way ANOVA.
Significant difference vs. VEH group: **p < 0.01, ***p <0.001. R — Pearson correlation coefficient, VEH
—vehicle, VZDO0.5 - vilazodone 0.5 mg kg™, VZD1.0 - vilazodone 1 mg kg™

both VZD administration groups (p < 0.05) (Fig. 10). This supports the notion that VZD
modifies the qualitative pattern of exploration and risk-assessment rather than simply
increasing or decreasing general activity or anxiety in a uniform way.

Shuttle-box active avoidance test

Effects of VZD on AAT in female and male mice on day 1. — On the training day 1 of the
AAT, the active avoidance rate was significantly higher in female mice in the VZD0.5
group compared with the VEH group (p < 0.01), with an increasing trend in the VZD1.0
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group (Fig. 3a, left panel). In contrast, male mice in both the VZD groups showed a non-sig-
nificant increasing trend in the active avoidance rate (Fig. 3a, right panel). Direct compar-
ison between vehicle-treated female and male mice on day 1 revealed no significant dif-
ference in the active avoidance rate. This does not align with some previous reports of
superior avoidance acquisition in females under lower stress conditions (16, 23). The com-
parable, and relatively low, baseline performance in both sexes in our study may be attribu-
table to the relatively high intensity of the foot shock (0.5 mA) used as the unconditioned
stimulus, which has been shown to impede the acquisition of active avoidance behaviour
in an intensity-dependent manner (16). This sexual dimorphism may be related to funda-
mental differences in the interaction between the 5-HT and neurohormonal systems in
males and females (24, 25). Estrogen is known to modulate the expression and function of
5-HT, , receptors (26, 27), which could render females more sensitive to drugs with com-
bined 5-HT, , receptor agonist activity (like VZD), leading to responses on training day 1.
No significant differences were observed among the groups in terms of active avoidance
latency in both genders (Fig. 3b). This result indicates that VZD’s facilitatory effect on
active avoidance learning in female mice is not attributable to a general acceleration of
motor response time. VZD improved the probability of making an avoidance response but
did not affect the speed of that response once initiated, implying that the facilitation is
more cognitive or motivational in nature.

Compared with the VEH group, both the VZD groups from female mice demonstrated
a significant reduction in immobility time per minute and freezing time per minute during
the test session (p < 0.001) (Figs. 3¢, left panel, 3d, left panel). Correlation analysis further
revealed significant negative correlation on the training day 1 between the active avoid-
ance rate and both immobility time per minute (R =-0.5241, p <0.05) and freezing time per
minute (R =-0.4670, p < 0.05) (Figs. 3e, left panel, 3f, left panel). In male mice, neither the
VZDO0.5 group nor the VZD1.0 group significantly altered immobility time per minute or
freezing time per minute compared with the VEH group (Figs. 3¢, right panel, 3d, right
panel). However, correlation analysis revealed a significant negative correlation between
the active avoidance rate and both immobility time per minute (R =-0.7805, p < 0.001) and
freezing time per minute (R =-0.7914, p < 0.001) (Figs. 3e, right panel, 3f, right panel). Our
data support the hypothesis that “reducing freezing promotes active avoidance learning”
(28). Correlation analyses revealed a strong negative correlation between the active avoid-
ance rate and either immobility or freezing time per minute during the test. This indicates
that less freezing in response to the conditioned stimulus is associated with a higher prob-
ability of executing an active avoidance response (28, 29). From a behavioural perspective,
the freezing response is an instinctive reaction to an inescapable threat, but it can severely
interfere with the learning of adaptive active avoidance behaviour (8, 28, 30). VZD, via its
dual-acting mechanism of 5-HT reuptake inhibition and 5-HT, , receptor partial agonism,
may rapidly modulate neural activity in the prefrontal-amygdala pathway in response to
stressful stimuli (10, 31), shifting the behavioural mode from passive “freezing” to active
“coping”, thereby facilitating active avoidance learning. Collectively, we observed sex dif-
ferences in VZD'’s effect on active avoidance behaviour.

Effects of VZD on AAT in female and male mice on day 2. — On the training day 2, no sig-
nificant intergroup differences were found in female mice in the active avoidance rate,
latency, immobility time per minute, or freezing time per minute. Correlation analyses
also yielded no statistically significant results (Figs. 4a—f, left panel). By contrast, male mice
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Fig. 4. The performance during AAT in female and male mice on day 2: a) the active avoidance rate;
b) active avoidance latency; c) immobility time per minute; d) freezing time per minute. Correlation
analysis between the: e) active avoidance rate and immobility time per minute and f) freezing time
per minute, for all mice (female and male data presented in the left and right panels). The values are
expressed as the mean + SEM. Statistical significance was determined using the one-way ANOVA.
Significant difference vs. VEH group: *p < 0.05. R — Pearson correlation coefficient, VEH — vehicle,
VZDO0.5 - vilazodone 0.5 mg kg‘l, VZD1.0 - vilazodone 1 mg kg™

from the VZDO0.5 group and VZD1.0 group exhibited a significantly higher active avoidance
rate (p < 0.05) (Fig. 4a, right panel) and a significantly reduced freezing time per minute
(p < 0.05) (Fig. 4d, right panel) compared with the VEH group. This pattern of results
demonstrates that VZD’s facilitation of active avoidance is not a global effect but is gated
by sex. The active avoidance rate showed significant negative correlations with both
immobility time per minute (R =-0.5890, p < 0.01) (Fig. 4e, right panel) and freezing time
per minute (R =-0.6915, p <0.001) (Fig. 4f, right panel). It suggests that VZD’s efficacy is tied
to its capacity to disinhibit behaviour by reducing freezing and this effect is prominently
observed in male mice during their peak learning phase.
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Fig. 5. The performance during AAT in female and male mice on day 3: a) the active avoidance rate;
b) active avoidance latency; c) immobility time per minute; d) freezing time per minute. Correlation
analysis between the: e) active avoidance rate and immobility time per minute and f) freezing time
per minute, for all mice (female and male data presented in the left and right panels). The values are
expressed as the mean + SEM. Statistical significance was determined using the Kruskal-Wallis test
for data in a, left panel, and by one-way ANOVA for all other indices. R — Pearson correlation coeffi-
cient, VEH - vehicle, VZD0.5 — vilazodone 0.5 mg kg™, VZD1.0 - vilazodone 1 mg kg™

Effects of VZD on AAT in female and male mice on day 3. — During the training day 3, no
significant differences were found among all groups in the active avoidance rate, latency,
immobility time per minute, or freezing time per minute. Correlation analyses for these days
also yielded no statistically significant results (Figs. 5a—f). The pro-learning effect of VZD
was most pronounced during the early stages of training and diminished by the training
day 3 as the learning curves of the control groups increased. This phenomenon suggests that
VZD administered acutely in healthy animals may primarily accelerate early-phase learning
rather than enhancing the ultimate performance level. Our finding that acute VZD admin-
istration enhances the early-phase acquisition of active avoidance behaviour is consistent
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with clinical observations of accelerated behavioural adaptation following the initiation of
antidepressant treatment (32, 33). The facilitation of active avoidance acquisition demon-
strated by VZD here provides preclinical behavioural evidence for its efficacy in improving
motivational deficits and behavioural retardation in depressed patients.

Furthermore, our findings regarding VZD’s influence on early-phase avoidance learn-
ing align with and extend existing preclinical evidence on its behavioural and potential
anxiolytic effects. Adamec et al. (34) demonstrated that prophylactic administration of
VZD could block stress-potentiated startle response in a predator stress model at higher
doses (20-40 mg kg™), suggesting a potential role in mitigating hypervigilance following
severe stress, albeit without affecting anxiety-like behaviour in the elevated plus maze.
This indicates that VZD’s effects may be behaviour- and paradigm-specific, consistent
with our observation of enhanced acquisition in an active avoidance task.

Limitations of the study and future prospects

Our findings suggest that VZD promotes avoidance learning not merely by reducing
anxiety, but by enabling a shift in behavioural strategy, from passive freezing to active coping.
There are certain limitations in our study. First, we only observed the acute effects of VZD
administration; the consequences of long-term administration remain unclear. Second, the
study focused on behavioural changes and lacked an in-depth investigation into the specific
mechanisms underlying VZD’s pharmacological actions. Finally, this study tested VZD’s
effects only in naive C57BL/6] mice; future research could validate these findings in classic
depression/anxiety models, such as the chronic unpredictable mild stress or social defeat
stress paradigms. Concurrently, employing techniques like fibre photometry or microdialysis
to monitor real-time dynamic changes in neurotransmitters such as serotonin and dopamine
in brain regions like the amygdala and prefrontal cortex during behavioural testing would
allow direct verification of our hypotheses at the circuit and molecular levels.

CONCLUSIONS

In summary, this study reveals that VZD facilitates the acquisition of active avoidance
behaviour in naive C57BL/6] mice, exhibiting distinct sexual dimorphism and dynamic
temporal patterns. Crucially, we found that its pro-learning effect is highly correlated with
the reduction of stress-induced freezing behaviour. This supports our core hypothesis that
VZD effectively reduces anxiety and behavioural suppression triggered by aversive stimuli
through its dual-acting mechanism, thereby biasing behavioural choice towards active
coping strategies, ultimately manifesting as enhanced learning efficiency. This research
opens new avenues for exploring VZD'’s role in avoidance-based learning tasks.
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