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Background and Hypothesis: Stress during adolescence
is a major risk factor for schizophrenia. We have found
previously in rats that adolescent stress caused, in adult-
hood, behavioral changes and enhanced ventral tegmental
area (VTA) dopamine system activity, which were associ-
ated with dysregulation of the excitatory-inhibitory (E/)
balance in the ventral hippocampus (vHip). Levetiracetam,
an anticonvulsant drug, regulates the release of neuro-
transmitters, including glutamate, via SV2A inhibition.
It also modulates parvalbumin interneuron activity via
Kv3.1 channels. Therefore, levetiracetam could ame-
liorate deficits in the E/I balance. We tested whether
levetiracetam attenuate the adolescent stress-induced be-
havioral changes, vHip hyperactivity, and enhanced VTA
dopamine system activity in adult rats. Study Design:
Male Sprague-Dawley rats were subjected to a combina-
tion of daily footshock (postnatal day [PD] 31-40), and
three 1 h-restraint stress sessions (at PD31, 32, and 40).
In adulthood (PD62), animals were tested for anxiety re-
sponses (elevated plus-maze and light-dark box), social
interaction, and cognitive function (novel object recog-
nition test). The activity of vHip pyramidal neurons and
VTA dopamine neurons was also recorded. Study Results:
Adolescent stress produced anxiety-like responses and im-
paired sociability and cognitive function. Levetiracetam
(10 mg/kg) reversed these changes. Levetiracetam also
reversed the increased VTA dopamine neuron population
activity and the enhanced firing rate of vHip pyramidal
neurons induced by adolescent stress. Conclusions: These
findings suggest that levetiracetam attenuates the adverse
outcomes associated with schizophrenia caused by stress
during adolescence.
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Introduction

Adolescence is characterized by several dynamic
changes in physiological and social processes.! These
changes can interfere with brain maturation, making
adolescence a period of greater susceptibility to adverse
socioenvironmental factors, such as stress.? It is already
well-established that stress is a major risk factor for devel-
oping psychiatric disorders, including depression, anxiety
disorders, and schizophrenia.’

The time of stress exposure has been recognized as a
critical factor in determining its consequences. For ex-
ample, the exposure to adverse socioenvironmental fac-
tors, such as trauma and psychosocial adversities, during
childhood, and adolescence is a well-recognized risk
factor for stress for the development of psychotic dis-
orders later in life.%” Individuals with psychosis report
experiencing more frequent and severe abuse during
childhood/adolescence than people without psychiatric
conditions.® In addition, childhood trauma is highly as-
sociated with schizophrenia even without a family history
of psychosis.’

In rodent studies, stress during adolescence caused
behavioral and electrophysiological changes in adult-
hood similar to those found in animal models rele-
vant for the study of schizophrenia. Similar to the
methylazoxymethanol acetate (MAM) developmental
disruption model for schizophrenia,'® animals exposed
to adolescent stress presented an increased activity of
dopamine neurons in the ventral tegmental area (VTA)
and the associated hyperactivity of the ventral hippo-
campus (vHip).!"!? The latter results from a loss of local
parvalbumin (PV)-containing GABAergic interneurons. '?
These findings are consistent with the proposal that the
hyperdopaminergic state in schizophrenia results from
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an excitatory-inhibitory (E/I) imbalance in brain regions
involved in regulating the VTA dopamine system, such
as the vHip."”® In this context, drugs that act through the
modulation of the E/I processes have emerged as candi-
dates for treating disorders associated with deficits in this
balance, including schizophrenia.'*

Levetiracetam is a multi-target drug clinically used as
an anticonvulsant. Levetiracetam is proposed to modu-
late processes related to the excitatory-inhibitory balance,
such as GABA and glutamate release, through several
mechanisms that include the modulation of the synaptic
protein SV2A and Kv3.1 potassium channels, which
are critical for the fast-spiking activity of parvalbumin
interneurons.>'® Drug repurposing studies using ma-
chine learning approaches revealed levetiracetam as a
promising candidate for treating schizophrenia'” and
it was recently proposed that levetiracetam could effec-
tively attenuate schizophrenia symptoms by reducing the
increased hippocampal activity found in the disease.'®
Ongoing clinical trials are investigating this hypothesis
(NCT02647437 and NCT03034356). In addition, a re-
cent controlled, randomized clinical trial with 40 chronic
schizophrenia patients indicated that the treatment with
levetiracetam for 8 weeks produced significant effects on
clinical symptoms, especially negative symptoms and
cognitive functions."

Here, we tested whether levetiracetam could attenuate long-
term changes resembling schizophrenia caused by adolescent
stress exposure, including behavioral deficits, increased VTA
dopamine system activity, and vHip hyperactivity.

Methods

Animals

Adult male and female Sprague-Dawley rats obtained
from Central Animal House of the University of Sao
Paulo, Ribeirao Preto Campus, were housed together (1
male and 1 female) to copulate. After detecting sperma-
tozoids in the vaginal smear, the male rat was removed,
making pregnancy day 0. On a postnatal day (PD) 21,
the offspring were weaned and randomly housed in
groups of 3-4 per cage. Animals were housed in micro-
isolated cages, with water and food available ad libitum,
and under standard laboratory conditions. Offspring
from several litters were used, and rats from the same
litter were assigned to the different experimental groups.
All of the animals in the same cage were devoted to the
same experimental procedure. Only males were used in
this study since we have previously found that female rats
were resistant to present behavioral and electrophysiolog-
ical changes after exposure to the same stress protocol.?
All procedures were performed following Brazilian and
International regulations for the care and use of labora-
tory animals. The experimental protocols were approved
by the Ribeirdo Preto Medical School Ethical Committee
(#155/2018).

Stress Protocol

Rats were subject to the stress protocol during adoles-
cence (PD31-40) as previously described.!!'>2! Adolescent
rats were exposed to a combination of daily inescapable
footshocks for 10 days (PD31-40) and 3 restraint stress
sessions (PD31, 32, and 40). In each footshock session, 25
scrambled footshocks (1.0 mA, 2 s) were delivered every
60 = 20 s. Each animal was placed in a Plexiglas cylindrical
size-adjusted restraint tube for 1 h for the restraint stress.
Restraint stress was done immediately after the footshock
session. After the stress protocol, animals were kept in their
home cages until adulthood (PD65), when the behavioral
tests and electrophysiological recordings were performed.
Naive animals were left undisturbed in their home cages.

Drugs

Levetiracetam (10 mg/kg i.p., Sigma, USA) was dissolved
in saline (0.9% NaCl). All drugs were intraperitoneally
(i.p.) injected in a 1 ml/kg final volume. The dose of
levetiracetam was based on previous work showing that
levetiracetam attenuated behavioral deficits in an animal
model relevant for schizophrenia.?

Experimental Design

The work was carried out in 3 experimental cohorts.
Adolescent male rats were subjected to a combination of
footshocks and restraint stress. In the first experimental
cohort, in adulthood, animals were tested for anxiety re-
sponses (elevated plus-maze, PD65) and cognitive func-
tion (novel object recognition test, PD66-67). In the
second cohort, animals were tested again for anxiety re-
sponses (light-dark test, PD65) and social behavior (so-
cial interaction test, PD66). One week after the behavioral
tests, animals were subjected to in vivo electrophysiolog-
ical recordings of VTA dopamine neurons (PD73-105).
In the third cohort, animals were subjected to in vivo elec-
trophysiological recordings of vHip pyramidal neurons
(PD65-85). Animals were treated with levetiracetam or
saline 30 min before each behavioral test or electrophys-
iological recording, except for the novel object recogni-
tion test in which animals were treated immediately after
the acquisition trial. The following experimental groups
were evaluated: Naive rats treated with saline, naive rats
treated with levetiracetam, stressed rats treated with sa-
line, and stressed rats treated with levetiracetam.

Procedures

Elevated Plus-Maze. Anxiety-like behaviors were evalu-
ated in the elevated plus-maze and light-dark box tests.
The elevated plus-maze consisted of 2 opposite wooden
open arms (50 X 10 cm), crossed at a right angle by 2
arms of the same dimensions enclosed by 40-cm-high
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walls with no roof. The maze was located 50 cm above
the floor, and a 1-cm high edge made of Plexiglas sur-
rounded the open arms to prevent falls. Rat behaviors
were filmed for 5 min and analyzed using the Any-Maze
software (Stoelting, USA). The parameters analyzed
were the percentage of entries and time in the open arms
and the number of entries into the enclosed arms. The
percentage of the time in open arms was calculated with
time in open and closed arms, excluding time in the center
of the EPM.

Light-Dark Box. The light-dark box consisted of an
acrylic box containing 2 compartments (23 X 20 X 28 cm
each), 1 dark and 1 light, interconnected by a small
opening. The animal was placed in the light zone and
allowed to move freely between the 2 compartments for
10 min. The number of entries and time spent in the light
zone were recorded using the Any-Maze software.

Novel Object Recognition Test.  The novel object recog-
nition test is widely used to evaluate cognitive function.
It was carried out in a circular arena (60 cm diameter and
65 cm height). Animals were habituated to the arena for
15 min. On the following day, animals were subjected to 2
trials separated by 1 h. During the first trial (acquisition
trial), rats were placed in the arena containing 2 identical
objects for 5 min. For the second trial (retention trial),
one of the objects presented in the acquisition trial was
replaced by an unknown (novel) object. Animals were
then placed back in the arena for 5 min. The behavior
was recorded on video for blind scoring of object explo-
ration, which was defined as situations where the animal
is directing its face to the object at a distance of approxi-
mately 2 cm while watching, licking, sniffing, or touching
it with the forepaws. Recognition memory was assessed
using the discrimination index, corresponding to the dif-
ference between the time exploring the novel and the fa-
miliar object, corrected for the total time exploring both
objects (discrimination index = [novel — familiar/ novel
+ familiar]).

Social Interaction.  The social interaction test is used to
measure sociability. The test was performed in a circular
arena (60 cm in diameter and 65 cm in height). Each an-
imal was placed in the arena for 5 min for habituation.
Immediately after habituation, an unfamiliar rat of the
same strain, sex, and age was placed in the arena for
10 min. The time of active social behavior of the experi-
mental rat as sniffing, following, grooming, and climbing
on or under the other rat was recorded.

In Vivo Recordings of VTA Dopamine Neuron
Activity.  Rats were anesthetized with chloral hydrate
(400 mg/kg, i.p.; Sigma) and mounted on a stereotaxic
frame. The coordinates for the VTA were 5.3-5.5 mm
posterior from bregma, 0.6 mm lateral to the midline, and
6.5-9.0 mm ventral from the brain surface. Glass elec-
trodes filled with 2% Chicago Sky Blue in 2 M NaCl were
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lowered through 6-9 vertical tracks in a predetermined
pattern within the VTA of each rat to enable the com-
parison between dopamine neurons located throughout
the medial, central, and lateral subregions of the VTA.
Dopamine neurons were identified according to well-es-
tablished electrophysiological features.”® Three param-
eters were measured: population activity (the number of
spontaneously active dopamine neurons per electrode
track), average firing rate, and the percentage of action
potentials occurring in bursts (burst activity). Each iden-
tified dopamine neuron was recorded for 1-3 min. At the
end of the recording, the recording sites were marked via
iontophoretic ejection of Chicago Sky Blue dye from the
electrode (20 pwA constant negative current, 20 min) for
posterior histological confirmation of the electrode sites.

In Vivo Recordings of vHip Pyramidal Neurons.  Rats
were anesthetized with chloral hydrate (400 mg/kg,
i.p.; Sigma) and mounted on a stereotaxic frame. The
coordinates for the vHip were 5.8 mm posterior from
bregma, 4.8 mm lateral to the midline, and 6.0-8.5 mm
ventral from the brain surface. Electrodes were lowered
through 6 tracks inside the vHip. Pyramidal neurons
were identified by typical electrophysiological charac-
teristics such as firing rate (average up to 2 Hz) and
action potential shape (half-width > 0.4 ms). The firing
rate of these neurons was measured. Each identified
pyramidal neuron was recorded for 1-3 min. At the
end of the recording, the electrode sites were marked
via iontophoretic ejection of Chicago Sky Blue dye
from the electrode (20 pA constant negative current,
20 min) for posterior histological confirmation of the
electrode sites.

Statistical Analysis

Data were presented as the mean * the standard error of
the mean (SEM). All the data were subjected to tests to
verify the homogeneity of variances (Bartlett’s test) and
if they followed a normal distribution (Shapiro—Wilk
test). Those that met these parameters were subjected
to parametric analysis (2 or 3-way ANOVA followed
by the Tukey’s post-test or Student’s z-test). Otherwise,
they were subjected to nonparametric analysis (Kruskal—
Wallis followed by the Dunn’s test). P < .05 was con-
sidered significant.

Results

Levetiracetam Attenuates Adolescent Stress-induced
Anxiety-like Responses in Rats as Adults

In the elevated plus-maze, no change in the per-
centage of entries and time spent in the open arms
was found across all groups (% of open arm entries:
H =0.69, P = .87; % open arm time: H = 1.21, P =
.74; Kruskal-Wallis test for both; figures 1A and B).
Consistent with other studies,* stress exposure de-
creased the number of entries into the enclosed arms.
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Fig. 1. Effects of levetiracetam on adolescent stress-induced anxiety-like responses in rats as adults. In the elevated plus-maze (n =
8—12/group), stress during adolescence did not change (A) % of entries and (B) time spent in the open arms. However, it decreased (C)
the number of entries into the enclosed arms, which was not attenuated by levetiracetam. In the light-dark box test (» = 10-11/group),
adolescent stress decreased (D) the number of entries and (E) time in the light zone. Levetiracetam attenuated these changes. * P < .05 vs
naive-salina and #P < .05 vs stress-saline, two-way ANOVA followed by Tukey’s post-test.

A 2-way ANOVA indicated an effect of stress (F

1,36

= 47.54, P < .0001), but no treatment effect (FL36 =
0.19, P = .66) or interaction between stress and treat-
ment (F ., = 0.56, P =.46). Post hoc analysis indicated
that stressed animals, regardless of treatment, showed
a decrease in the number of entries into the closed
arms (P < .05 vs naive-saline; Tukey’s post-test; figure
1C). Levetiracetam did not attenuate this change in
stressed animals.

In the light-dark test, a 2-way ANOVA showed a sig-
nificant effect of condition (stress) for the number of
entries into the light zone (¥, ,, = 34.13, P < .0001) and
time in the light zone (£, ,; = 19.63, P < .0001). There
was no treatment effect, but there was an interaction
between the stress and treatment for the time spent in
the light zone (F| ,, = 6.12, p = .02). Post hoc analysis
indicated a decrease in the number of entries and time
in the light zone in saline-treated stressed rats (P < .05
vs naive-saline; Tukey’s post-test). These changes were
not found in levetiracetam-treated stressed rats (figures
1D and E), indicating that levetiracetam treatment in
adulthood attenuated anxiety-like responses in the
light-dark test induced by adolescent stress. In naive
rats, levetiracetam did not induce any change in the el-
evated plus-maze and light-dark test.

Levetiracetam Reverses Impairments in Cognition and
Sociability Induced By Adolescent Stress

In the novel object recognition test, there was no difference
between the exploration of the identical objects placed in
the right or left side of the arena during acquisition ses-
sion (naive-saline: 7, = 0.44, P = .66; naive-levetiracetam:
t,, =1.37, P=19; stress-saline: 7,, = 0.97, P = .34; stress-
levetiracetam: 7,, = 1.48, P = .15; figure 2A), indicating
a lack of spatial preference. In the retention session, a
greater exploration of the novel object was observed in
naive-saline (7, = 6.23, P < .0001), naive-levetiracetam
(t,,=3.57, P=.0026), and stress-levetiracetam (z,, =3.75,
P = .0011), but not in stress-saline animals (z,, = 0.12, P
= .84; figure 2B). These findings were reflected in the dis-
crimination index (figure 2C). A 2-way ANOVA showed
an effect of stress (F,,, = 9.2, P = .0043) and treatment
(F,,, = 16.56, P = .0002). However, the interaction be-
tween stress and treatment factors did not reach the sig-
nificance threshold (F, ,, = 2.41, P = .12). These findings
indicate that stress exposure impaired object recognition
memory and levetiracetam improved it (main effect of
drug), irrespective of stress as the main result, a particu-
larly pronounced improvement in stressed rats is indicated
indirectly by paired testing (P < .05, stress-levetiracetam
vs stress-saline, Tukey’s post-test; figure 2C).
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Fig. 2. Effects of levetiracetam on adolescent stress-induced changes in the novel object recognition test and social interaction in rats

as adults. In the novel object recognition test (n = 8-12/group), (A) all groups explored equally the identical objects placed on the left
and right sides of the arena in the acquisition trial. (B) In the retention trial, all groups explored more the novel object, except the stress-
saline group. *P < .05, Student’s t-test between each group. This is reflected in (C) the discrimination index, with stress-saline animals
showing a decrease in the discrimination index reversed by levetiracetam. Also, (D) adolescent stress decreased the social interaction time
(n = 10-12/group) which was also reversed by levetiracetam. * P < .05 vs naive-saline and #P < .05 vs stress-saline, two-way ANOVA

followed by Tukey’s post-test.

For the social interaction test, a 2-way ANOVA indi-
cated an effect of stress (F1,3s =5.60, P = .02), treatment
(F) 4 =4.70, P = .04), and an interaction between stress
and treatment (F, . = 33.30, P < .0001). Post hoc anal-
ysis indicated a decrease in the social interaction time
in saline-treated stressed rats compared to controls (P <
.05 vs naive-saline, Tukey’s post-test). This impairment
was reversed by levetiracetam (P < .05 vs stress-saline,
Tukey’s post-test; figure 2D). In naive rats, levetiracetam
did not cause any effect in the novel object recognition
test and social interaction.

Adolescent Stress Increased VTA Dopamine
System Activity in Adults, Which was Reversed By
Levetiracetam

A representative trace of recordings from dopamine
neurons in the VTA is shown in figure 3A. Stress expo-
sure in adolescent rats increased the number of sponta-
neously active VTA dopamine neurons in adulthood. A
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2-way ANOVA indicated a significant effect of stress (¥
=6.07, P = .02), treatment (F, . = 6.85, P =.02), and an
interaction between these factors (F . = 6.75, P = .02).
Tukey’s post-test indicated that the stress-saline group
showed an increased number of spontancously active
VTA dopamine neurons (P < .05 vs naive-saline). This
change was reversed by levetiracetam (P < .05 vs stress-
saline; figure 3B). No significant effect was observed for
the firing rate and % burst activity of the identified DA
neurons (figures 3C and D).

We further evaluate possible differences across VTA
subregions (medial, central, and lateral). For popu-
lation activity, 3-way ANOVA indicated an effect of
stress (FL16 = 4.64, P = .046) and interactions between
VTA subregion and stress (F,,, = 3.74, P = .035), and
stress and treatment (F = 7.26, P = 0.016), reflecting
an increase in the number of spontaneously active do-
pamine neurons only in the lateral VTA of the saline-
treated stressed rats (P < .05 vs naive-saline; Tukey

post-test; figure 3E). No significant effect was observed
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Fig. 3. Effects of levetiracetam on the adolescent stress-induced changes in the VTA dopamine neuron activity. (A) The final location

of the last track was marked by electrophoretic ejection of dye (indicated by the arrow) for histological verification. A 1-min segment of
spontaneous activity and a representative waveform of VTA dopamine neuron neurons are shown. (B) Adolescent stress increased VTA
dopamine neuron population activity, which was reversed by levetiracetam. No changes in (C) firing rate and (D) burst activity was found
(naive-saline: 6 rats, 17 dopamine neurons; naive-levetiracetam: 6 rats, 21 dopamine neurons; stress-saline: 5 rats, 43 dopamine neurons;
stress-levetiracetam: 6 rats, 18 dopamine neurons). *P < .05 vs naive-saline and #P < .05 vs stress-saline; two-way ANOVA, followed

by Tukey’s post-test. Subregion analysis indicated that adolescent stress-induced changes (E) in population activity were confined to the
lateral VTA, with no change in (F) firing rate, and (G) burst activity across VTA subregions. *P < .05 vs naive-saline; three-way ANOVA

followed by Tukey’s post-test.

for the firing rate and % burst activity across the VTA
subregions (figures 3F and G).

Levetiracetam Reversed Ventral Hippocampus
Hyperactivity Induced By Adolescent Stress

A representative trace of recordings from pyramidal
neurons in the vHip is shown in figure 4A. Adolescent
stress increased the firing rate of vHip pyramidal
neurons in rats as adults, which was reversed by acute
levetiracetam. The Kruskal-Wallis test indicated a signif-
icant effect (H = 10.19, P = .01). The Dunn’s post-test
revealed that saline-treated stressed animals showed an
increased firing rate of vHip pyramidal neurons (P <
.05 vs naive-saline). This hyperactivity was reversed by
levetiracetam (P < .05 vs stress-saline; figure 4B).

Discussion

This study sought to evaluate if acute levetiracetam ad-
ministration in adult rats would attenuate the behavioral
changes and the increase of the VTA dopamine system
and vHip activity induced by stress exposure during ad-
olescence. As has already been described,'"'> adolescent

stress increased anxiety-like behaviors, decreased socia-
bility, and causes cognitive deficits in adulthood. These
changes were associated with an increase in VTA do-
pamine neuron population activity and the firing rate
of vHip pyramidal neurons. These changes are similar
to those found in animal models relevant for schizo-
phrenia.?>?¢ Acute treatment with levetiracetam in adult
rats attenuated most of the changes induced by stress in
adolescence. It also reduced the increased VTA dopamine
neuron population activity and vHip hyperactivity ob-
served in these animals.

Adolescent stress-induced anxiety responses were
evaluated in 2 widely used tests, the elevated plus-maze
and the light-dark box test.?”? In the elevated plus-maze,
we did not observe changes in the open arms exploration,
which is used as an index of anxiety. However, stressed
animals showed fewer entries into the closed arms.
Validation studies using factorial analysis®*° have asso-
ciated the number of enclosed arm entries with general
exploratory activity. Based on these studies, it was pro-
posed that anxiety-specific effects should be reflected
by changes in open arms exploratory activity without
changes in enclosed arm entries. Despite this sugges-
tion, however, some authors have proposed that stress
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Fig. 4. Effects of levetiracetam on the firing rate of vHip pyramidal neurons in adult animals exposed to adolescent stress. (A) The final
location of the last track was marked by electrophoretic ejection of dye (indicated by the arrow) for histological verification. A 1-min
segment of spontaneous activity and a representative waveform of vHip pyramidal neuron are shown. (B) Saline-treated stressed animals
showed an increased firing rate of vHip pyramidal neurons, which was reversed by levetiracetam (naive-saline: 7 rats, 27 pyramidal
neurons; naive-levetiracetam: 5 rats, 23 pyramidal neurons; stress-saline: 6 rats, 26 pyramidal neurons; stress-levetiracetam: 6 rats, 31
pyramidal neurons). *P < .05 vs naive-saline and #P < .05 vs stress-saline, Kruskal-Wallis test followed by the Dunn’s post-test.

exposure could also change (decrease) this latter variable
in the EPM.?+3:32 Even if this was the case, levetiracetam
failed to change this parameter in the present study.
However, in another animal test to evaluate anxiety, the
light-dark box, levetiracetam did reverse the anxiety-
like responses, indicated by a decrease in the exploration
(entries and time) of the light compartment caused by ad-
olescent stress exposure. These results corroborate find-
ings of other studies suggesting that this compound may
relieve anxiety. 3

Similar to previous studies from our group,!' the
combination of footshock and restraint stress ap-
plied to adolescent rats impaired novel object recogni-
tion in adulthood, indicating that this adolescent stress
caused deficits in cognitive function. Levetiracetam had
a general procognitive effect in this test, reversing these
changes in stressed animals. These findings agree with
results showing that levetiracetam reversed cognitive im-
pairments in an animal model for schizophrenia based
on NMDA receptor hypofunction.?? In addition to anx-
iety responses and cognition deficits, adolescent stress re-
sulted in decreased social interaction in adulthood, which
was also reversed by levetiracetam.

Adolescent stress also causes long-term changes in
the dopamine system.**-¢ With the same stress protocol
used in the present study, we have previously found that
the exposure of adolescent rats to stress increases the
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number of spontaneously active dopamine neurons in
the VTA and enhances the locomotor response to am-
phetamine that persists until adulthood.'> Similar find-
ings have been consistently found in the MAM model for
schizophrenia.?>?* Here, we found that adolescent stress
increased VTA dopamine neuron population activity,
which was reversed by levetiracetam.

In rodents, the VTA can be anatomically divided in
a mediolateral manner based on an overall topography
in the efferent projections to the forebrain.’” Dopamine
neurons in the medial and central VTA subregions project
to the prefrontal cortex, amygdala, and reward-related nu-
cleus accumbens shell, whereas dopamine neurons in the
lateral VTA project to the nucleus accumbens core and
associative striatum.’* Similar to our previous study,'
VTA subregion analyses indicated that an increase in the
number of spontaneously active VTA dopamine neurons
in stressed animals is significant only in the lateral VTA.
The lateral VTA projects to the associative striatum,?’
the same region in which the hyperdopaminergic state in
schizophrenia patients seems to be more pronounced.*’-*

Increases in the VTA dopamine system activity are
driven by vHip hyperactivity through the dysregulation
of a vHip-nucleus accumbens-ventral pallidum-VTA
pathway."** For instance, in the MAM model for schiz-
ophrenia, MAM rats show increases in VTA dopa-
mine neuron population activity and the firing rate of
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vHip pyramidal neurons. In these animals, vHip inhi-
bition normalizes VTA dopamine neuron activity.!® In
schizophrenia patients, hippocampal hyperactivity has
also been associated with striatal hyperdopaminergic
states and psychotic symptoms.*! Similar to the MAM
model, we have previously found that stress during ad-
olescence increases VTA dopamine neuron activity and
produces vHip hyperactivity in adult rats. Here, we rep-
licated these findings. We also showed that the acute
levetiracetam treatment before the in vivo recordings
reversed adolescent stress-induced changes in the ac-
tivity of dopamine neurons in the VTA and pyramidal
neurons in the vHip. Similarly, levetiracetam attenuated
age-related hippocampal hyperactivity and cognitive
impairment in animal models** and elderly individuals
with mild cognitive impairment.*

In schizophrenia, an abnormally high hippocampal
activity appears to result from a functional loss of
parvalbumin-containing GABAergic interneurons.*4
A decreased number of parvalbumin interneurons
in the hippocampus is a robust finding in the post-
mortem brain of schizophrenia patients*’ and several
rodent models for schizophrenia.* In addition, expo-
sure to stress during adolescence negatively impacts
parvalbumin interneuron function.’> We have found
previously that adolescent stress decreases the number
of parvalbumin interneurons in the vHip.'? This
change underlies long-term circuit-level disruptions
(ie, hippocampal hyperactivity and the associated
VTA dopamine system dysregulation) and behavioral
deficits. In addition to the dopamine dysregulation, a
hyperactive vHip can also interfere with other circuits.
For instance, the vHip projects to the prefrontal cortex
and amygdala. Disruption of these regions could lead
to cognitive deficits and interfere with emotional re-
sponses.** Thus, the anxiety responses, decreased
sociability, and cognitive deficits caused by adoles-
cent stress may be associated with vHip activity. By
reversing aberrant vHip activity, levetiracetam could
attenuate the behavioral changes caused by adolescent
stress.

Although we have not explored how levetiracetam
produces its effects, several studies suggest that this
drug attenuates changes related to E/I imbalance by
decreasing glutamate-dependent excitatory transmis-
sion and/or facilitating GABAergic neurotransmis-
sion.'® These effects are modulated by levetiracetam’s
actions on different pharmacological targets, including
voltage-gated calcium channels,” the SV2A glycopro-
tein,’>% facilitation of GABAergic neurotransmission,>
and modulation of the potassium channels Kv3.1."
In vitro studies showed that levetiracetam inhibits
voltage-gated calcium channels, which are essential for
action potential maintenance in the hippocampal py-
ramidal neurons, resulting in decreased excitatory neu-
rotransmission.>' This mechanism could contribute to

normalizing the increased firing rate of vHip pyramidal
neurons caused by adolescence stress exposure.

Levetiracetam effects may involve interference in the
GABAergic neurotransmission. Levetiracetam modu-
lates Kv3.1 potassium channels,’® of which are abun-
dant in parvalbumin interneurons and play a critical
role in regulating their fast-spiking activity.”® Preclinical
and human studies have indicated the potential of
Kv3.1 modulators to treat schizophrenia symptoms.>*>’
Therefore, levetiracetam could also attenuate adolescent
stress-induced changes by normalizing the functional loss
of parvalbumin interneurons.

Another mechanism of action potentially involved
in the effects of levetiracetam in the present study is
the modulation of the SV2A glycoprotein. The an-
ticonvulsant effects of levetiracetam are thought to
involve the modulation of this glycoprotein, attenu-
ating an increased excitatory neurotransmission found
in epilepsy.®® Although its function is not entirely
known, SV2A could participate in calcium-dependent
exocytosis-related processes, maintenance of neuro-
transmitters in synaptic vesicles, and transport of ves-
icle constituents.’® Thus, through these mechanisms,
levetiracetam could produce its effects in adolescence-
stressed animals by modulating the dysregulation of
the vHip-nucleus accumbens-ventral pallidum-VTA
pathway. Corroborating this proposal, it was found
that levetiracetam reduces excitatory neurotransmis-
sion in the nucleus accumbens.”® However, further
studies are needed to advance our understanding of
the mechanisms underlying adolescent stress-induced
abnormalities and by which levetiracetam attenuated
these changes.

In conclusion, we found that stress exposure during
adolescence leads to long-term behavioral changes and
circuit-level disruptions similar to those observed in schiz-
ophrenia patients. Acute treatment with levetiracetam
attenuates these changes. Therefore, our findings sup-
port the continuation of preclinical and clinical research
that investigated levetiracetam as a potential drug for
the treatment of stress-related developmental psychiatric
disorders such as schizophrenia.
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