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ABSTRACT

(© 2018 The Authors. This is an open access L . . . .
article under the CC-By-NC license. . Background: Depression is a serious mental illness with symptoms such as worry, disturbed sleep

and appetite, lack of interest or pleasure, and persistent sorrow.

Objectives: This study aims to assess the effect of fluvoxamine (FLX) on behavioral and
electrophysiological alterations of the posterior cingulate cortex (PCC) and the hippocampus in
rats with depression.

Materials & Methods: Thirty-two albino rats (weighing 250-300 g) were divided into four
groups; control (sham), chronic mild stress (CMS), FLX, and CMS+FLX. The CMS was induced
by applying different stressors for 3 weeks. Intraperitoneal injection of FLX (25 mg/Kg) was
performed daily for 14 days in the treatment group. Depressive-like behaviors were assessed, and
local field potentials (LFP) from the hippocampus and the PCC were recorded.

Results: FLX effectively reduced depressive-like behaviors in rats with CMS (P<0.05). Additionally,

depression-induced alterations in LFP were observed in the hippocampus and the PCC. Depression

reduced the power of delta and theta bands and increased the hippocampal low-gamma band power

L. + (P<0.05). In the PCC, depression increased the power of delta and low-gamma bands and reduced
Article info: : the power of the alpha band (P<0.05).
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* Chronic mild stress reduced the theta band power in the hippocampus of rats, but fluvoxamine injection reversed it.

* Chronic mild stress increased the gamma band power in the hippocampus of rats.

* Fluvoxamine reduced the band power alterations in rats with depression.

* Fluvoxamine reversed the low-frequency band alterations in rats with chronic mild stress.

Introduction

epression, a debilitating mental health

condition, can affect individuals’ emo-

tional well-being, cognitive functioning,

and overall behavioral patterns. In 2020,

280 million people worldwide had de-
pression [1]. The prevalence of depression varies across
different regions and age groups. In the US, 17.3 million
adults experienced an episode of major depressive dis-
order (MDD) in 2020 [2]. Depression is the result of a
complex interplay of genetic, biological, psychological,
and environmental factors. The imbalance of neurotrans-
mitters, such as serotonin, norepinephrine, and dopa-
mine, can develop depression. These neurotransmitters
play crucial roles in emotional regulation, and their dys-
regulation contributes to the hallmark symptoms of de-
pression, including sadness, anhedonia (inability to feel
pleasure), and fatigue [3]. Changes in brain activity, such
as reduced hippocampal volume, are also related to de-
pression [4]. The brain regions involved in memory and
learning have a role in the pathogenesis of depression
[5]- The hypothalamus-pituitary-adrenal (HPA) axis is
also related to the development of depression. Chronic
stress, a common trigger for depression, leads to sus-
tained activation of the HPA axis, resulting in elevated
cortisol levels. This prolonged cortisol exposure can dis-
rupt neurotransmitter signaling and contribute to neuro-
plastic changes in the mood-regulating brain regions [6].

Functional magnetic resonance imaging (fMRI) stud-
ies have revealed that the altered connectivity in brain
networks is involved in the pathogenesis of depression
[7]. These studies have identified disruptions in several
key brain networks, such as the salience network (SN),
the default mode network (DMN) [8], and the central ex-
ecutive network (CEN) [9]. The DMN is a brain network
that is usually active during resting and when the indi-
vidual is engaged in self-referential thoughts and memo-
ries. In depression, the DMN exhibits increased connec-
tivity, suggesting a tendency for individuals to ruminate

on negative thoughts and emotions. Alterations in the
DMN have been reported in individuals with depression
[10]. DMN connectivity may contribute to anhedonia by
interfering with the ability to engage in joyful activities
[11]. Moreover, the depression is believed to be exacer-
bated by reduced connectivity between DMN and SN.
Individuals with depression often experience cognitive
impairments, such as impaired memory, attention, and
decision-making. Reduced connectivity between DMN
and CEN may contribute to these cognitive deficits by
interfering with the ability to focus and plan [12]. The
hippocampus and posterior cingulate cortex (PCC) are
the core areas of the DMN which are involved in self-
referential processing, episodic memory, attention, and
information integration [13]. The hippocampus mediate
memory formation and the PCC has a role in integrat-
ing self-referential information. Alterations in the activ-
ity and connectivity of these brain regions are associated
with depression, potentially contributing to cognitive
and emotional disorders [14].

Fluvoxamine (FLX), a selective serotonin reuptake
inhibitor (SSRI), is considered as an effective drug for
treatment of depression. Several clinical trials and meta-
analyses have reported its efficacy in reducing depres-
sive symptoms and improving overall functioning in
individuals with MDD [15]. In this study, we aim to
investigate whether FLX can affect electrophysiological
characteristics and depressive-like behavior of rats with
depression.

Materials and Methods

Study design and animals

Thirty-two male albino rats (weighing 250-300 g)
were transferred to the animal house and kept in a 12:
12 light-dark cycle at 20+£2°C with free access to water
and food. They were randomly assigned to four groups:
Control (sham), chronic mild stress (CMS), FLX, and
CMS+FLX. Rats participated in an open field test
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Figure 1. The timeline of the study

(OFT), a sucrose preference test (SPT), and a forced
swim test (FST) as part of baseline behavioral assess-
ments conducted one week after electrode implantation.
The rats were then subjected to CMS for three weeks.
The groups receiving FLX had daily intraperitoneal in-
jection of FLX (25 mg/Kg) for 2 weeks (day 8-21). A
second round of behavioral testing was conducted on
Day 22. The local field potential (LFP) recordings were
completed one hour after the assessment of depressive-
like behaviors (Figure 1).

CMS induction

For the CMS induction, the rats were housed separately
for one week to acclimatize to their new environment.
The four-week CMS regimen was then applied to the
stressed groups. The animal was subjected to the stimuli
for two hours by tilting of the cage, wet cage, food depri-
vation (24 h), water deprivation (18 h), continuous light-
ing (36 h), white noise (85 dB), and cold water. The white
noise had intensity similar to at many random frequencies
across the audible spectrum. Though they were applied
according to a planned and unexpected manner [16].

Surgery

After an intraperitoneal injection of xylazine and ket-
amine (20 and 100 mg/kg, respectively) the stimulating
and recording electrodes were inserted into the brain of
the rats and were put into the stereotaxic apparatus. The
electrodes were placed on the hippocampus (anterior-
posterior: -5.28; mediolateral: £2.5; dorsoventral: -4.5
mm) and PCC (anterior-posterior: -1.32; mediolateral:
+0.5 mm, dorsoventral: -2.8 mm) based on the coordi-
nates of the Paxinos Watson rat brain atlas [17]. An eye-
glass screw was linked to the telephone jack and fastened
to the skull’s surface to create a reference electrode.

aspian Journal of
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Measures
Open field test

The rats were put in a 70x70x35 cm plexiglas box with
16 squares on its floor (4 in the middle and 12 in the
corners). For five minutes, the rats investigated the box,
and a camera recorded their actions. Their time spent in
the central area of the box and the frequency of crossing
the lines were recorded [18].

Sucrose preference test

The SPT was employed to examine behaviors associ-
ated with anhedonia. In this regard, rats received 2%
sucrose for 48 hours to facilitate their adaption process.
The rats were fasted for 12 hours before each test, and
they were denied food and drink for 12 hours in the fol-
lowing day. On the test day, two bottles were provided
for three hours, one containing water and the other with
2% sucrose solution. The difference in preference of
each bottle was measured and recorded before and after
the experiment. Sucrose preference percentage was cal-
culated as follows (Equation 1) [18]:

1. SP (%)=Water intake+Sucrose intake/100
Forced swim test

For habituation, rats were allowed to swim in a water-
filled (23-25°C) tube for 15 minutes, before testing. The
rats then remained in the tube for an additional six min-
utes. A camera was used to record the animals’ move-
ments. Being immobile or floating was defined as im-
mobility [16].

Local field potential recording

On the 23" day of the experiment, 40 minutes of LFP
recording from the hippocampus and PCC in the resting
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Figure 2. Effect of CMS and FLX treatment on depressive-like behaviors in different groups
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A) Percent of sucrose preference, B) Immobility time in the FST, C) Number of crossings in the OFT, D) Time spent in the

central areas in the OFT

Note: Data are presented as Mean+SEM (P<0.05).

state was done. An analogue-to-digital converter (Bio-
DAQ) was used to digitize the brain signal at 10 kHz.
The signal was amplified (1000%) by a homemade dif-
ferential amplifier. After pre-processing phase (noise
and artifact removal), the fast Fourier transform (FFT)
method was used in MATLAB software, version 2016b)
to examine the recorded signals. Each group’s power in
different frequency bands was calculated under differ-
ent conditions. After analysis, the power was presented
as the various frequency bands’ average absolute power.
The delta band ranged 0.5-4 Hz, theta ranged 4-8 Hz,
alpha ranged 8-12 Hz, and beta ranged 13-30 Hz. Low-
gamma and high-gamma band ranges were 30-60 Hz
and 60-100 Hz, respectively.

Statistical analysis

The normality of behavioral data distribution was as-
sessed using the Shapiro-Wilk test. One-way analysis
of variance (ANOVA) followed by Tukey’s post-test (if
data had a normal distribution) or Kruskal-Wallis test (if
data had an abnormal distribution). For the LFP analy-
sis, two-way ANOVA with pairwise comparison was
used. The GraphPad PRISM software, version 9 was
utilized for analysis. The Mean+=SEM was used to de-
scribe the data.
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Figure 3. Absolute power of the LFP signal from the hippocampus in different groups for low-frequency bands delta (A), theta

(B), and alpha (C)
Note: Data are presented as Mean+SEM ('P<0.05).

Results
Effect of FLX on depressive symptoms

The CMS induction reduced the sucrose preference
significantly (P<0.01). Administration of FLX showed a
significant increase in both FLX and CMS+FLX groups
(P<0.05) compared to the CMS group (Figure 2A). The
immobility time in the CMS group showed a significant
increase (P<0.0001). A significantly shorter immobility
time was observed in the CMS+FLX group (P<0.05)
compared to the CMS group (Figure 2B). The FLX in-
jection caused that the control and CMS+FLX groups
to have more crossings than the CMS ones, but this in-
crease was not significant (Figure 2C). The rats in the
CMS+HFLX group spent shorter time in the central zone
compared to control group (Figure 2D).

Effect of FLX on hippocampal low-frequency os-
cillations

Figure 3 shows the absolute power alterations in the
low-frequency bands (delta, theta, and alpha) in the hip-
pocampus for different groups. The two-way ANOVA
results showed a significant difference between groups
but not between the conditions (resting or stressed).
The multiple comparison indicated that the delta band
power reduced significantly in the hippocampus of rats
in the FLX group (P<0.05). In the theta band, the CMS
reduced the band power, but FLX injection for the CMS
rats reversed the theta band power significantly (P<0.05;
Figure 3B).

Effect of FLX on hippocampal high-frequency os-
cillations

Figure 4 shows the changes in beta and gamma absolute
powers for different groups and conditions, in the hippo-
campus. The multiple comparison of the two-way ANO-
VA revealed that FLX injection reduced the absolute
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Figure 4. Absolute power of the LFP signal from the hippocampus in different groups for high-frequency bands low-beta (A),
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Note: Data are presented as Mean+SEM ('P<0.05).

beta band power compared to the CMS group (P<0.05).
The low-gamma absolute band power increased in the
CMS group compared to the control group, but FLX in-
jection was able to significantly reverse this band power
to the level of controls (P<0.05; Figure 4C). The FLX
group showed lower low-gamma band power compared
to CMS group (P<0.05).

Effect of FLX on low-frequency oscillations in the
PCC

The results of FFT analysis showed that the delta band
power in the PCC was significantly higher in the CMS
group compared to control group (P<0.05; Figure 5A),
but FLX injection reduced the delta band power in both
resting and stressed conditions (P<0.05). Conversely,
the absolute power of alpha band was lower in the CMS
group (P<0.05), while the CMS+FLX group showed
higher alpha band power compared to the CMS group
(P<0.05; Figure 5C).

Effect of FLX on high-frequency oscillations in
the PCC

Figure 6 depicts the absolute power of high-frequency
bands in the PCC of different groups. The only signifi-
cant difference was observed in the low-gamma band
(Figure 6C). According to the two-way ANOVA results,
the injection of chronic FLX reduced the low-gamma
band power compared to control and CMS groups
(P<0.05).

Discussion

The results showed that two weeks of FLX treatment
reduced the immobility time in rats with CMS, which in-
dicates an improvement in symptoms like hopelessness
and lack of interest, but it did not affect anhedonia in de-
pressed rats, since the sucrose preference did not change
significantly. In a systematic review study, Omori et al.
found no evidence to suggest that FLX performed bet-
ter or worse than other antidepressants in terms of re-
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Note: Data are presented as Meant+SEM ("P<0.05).

sponse and tolerability [19]. FLX acts by preventing se-
rotonin reuptake, leading to higher levels of serotonin in
the brain. This boosts serotonin’s mood-regulating and
overall effect on well-being. FLX also affects other neu-
rotransmitters such as norepinephrine, dopamine, and
GABA, contributing to its antidepressant effect [20].

The electrophysiological study revealed that CMS-
induced depression reduced the absolute power of delta
and theta bands in the hippocampus of rats. Mormann et
al. also suggested that the interaction between theta and
delta bands in the hippocampus can affect many cogni-
tive functions [21]. Delta band oscillations in the hip-
pocampus are involved in emotional processing. Studies
have shown that delta band power can be modulated by
emotional stimuli via increasing delta band activity dur-
ing emotional experiences [22]. The interaction between
the delta band frequency and the hippocampus is thought
to affect the encoding and retrieval of emotional memo-
ries as well as the regulation of emotional responses [23].
On the other hand, evidence suggests that disruption of
the dynamics of hippocampal theta wave and its con-
nectivity with other emotion-related brain regions such
as the amygdala, may contribute to the dysregulation of
emotional responses observed in depression [24]. Theta
oscillations are particularly involved in behaviors such

as active exploration and memory encoding processing.
The theta oscillations are crucial for memory and cogni-
tive control [25].

The present study demonstrated that depression re-
sulted in an overall reduction in alpha band power and
an increased power in delta and gamma band range in
the PCC. Consistent with our results, Foti et al. found
that the delta band power increased following monetary
loss in the anterior cingulate cortex [26]. Additionally,
our research revealed that depression increases the low-
gamma band power in the ACC, which contrasts with
the results of Vannest et al., who reported that the power
of this band increased in the cingulate cortex during dis-
tress such as tinnitus [27].

Conclusion

FLX administration can significantly reduce depres-
sive-like behaviors in depressed rats with CMS. Elec-
trophysiological recordings revealed depression-induced
changes in LFP signals recorded from the hippocampus
and PCC. In the hippocampus, depression can reduce
the power of theta, delta, and low-gamma bands and
increase the power of low gamma band. In the PCC,
depression can increase the power of low-gamma and

Rahimi M, et al. Fluvoxamine Affects Hippocampal Field Potentials. Caspian J Neurol Sci. 2024; 10(2):102-110.
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Figure 6. Absolute power of the LFP signal from the PCC in different groups for high-frequency bands low-beta (A), high-beta

(B), low-gamma (C), and high-gamma (D)
Note: Data are presented as Mean+SEM ('P<0.05).

delta bands and reduce the power of alpha band. Overall,
these findings implicate disturbed LFP signals in CMS-
induced depression and suggest that FLX’s antidepres-
sant effects, at least partly, can reduce these disrupted
LFP signals.
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