Biomedical & Pharmacology Journal, September 2025.

Acute Fluoxetine Induces Rapid Reorganization of Limbic
Oscillatory Dynamics: Gamma Oscillations and Cross-
Frequency Coupling as Correlates of Antidepressant-Like
Behavior

Ibrahim Abbas Atiyah, Seree Niyomdecha and Dania Cheaha*

Department of Biology, Division of Biological Science, Faculty of Science,
Prince of Songkla University (PSU), Hatyai, Songkhla, Thailand.
*Corresponding Author E-mail: dania.c@psu.ac.th

https://dx.doi.org/10.13005/bpj/3264

(Received: 16 August 2025; accepted: 15 September 2025)

Major depressive disorder is associated with disrupted limbic network dynamics
and impaired behavioral flexibility. While selective serotonin reuptake inhibitors (SSRIs) like
fluoxetine are commonly used to treat depression, the acute neural circuit alteration underlying
their therapeutic effects remains unclear. The purpose of this research was to examine the
effects of acute fluoxetine administration (20 mg/kg) on cross-frequency interactions and local
field potential (LFP) activity in the dorsal hippocampus (dHIP) and nucleus accumbens (NAc)
during stress-induced behavioral despair. LFPs from the NAc and dHIP were simultaneously
recorded, and depressive-like behavior was evaluated in mice using the tail suspension test
(TST). The effects of fluoxetine on changes in brain oscillations and circuit synchronization
were assessed using power spectral density (PSD) and phase-amplitude coupling (PAC) studies.
Results showed fluoxetine significantly reduced immobility during the TST, indicative of rapid
antidepressant-like effects. In the NAc, fluoxetine enhanced delta, alpha, beta, and both low and
high gamma power, while in the dHIP, it increased gamma power and suppressed delta, theta,
and alpha activity. PAC analysis revealed changes of delta/theta-gamma coupling in both regions,
with a selective decrease in theta-low gamma coupling in the dHIP. These electrophysiological
changes corresponded with improved behavioral engagement and consistent with enhanced
monoaminergic modulation and circuit-level plasticity. In conclusion, acute fluoxetine induces
rapid reorganization of limbic oscillatory dynamics, characterized by increased gamma activity
and enhanced cross-frequency coupling. These findings provide evidence for gamma-band
oscillations and PAC as candidate biomarkers of early antidepressant response and support the
view that fluoxetine's therapeutic effects involve fast, network-level reconfiguration of mood-
relevant circuits.
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The neurobiological underpinnings
of depression are complex and multifaceted,
with considerable evidence pointing towards
dysregulation within brain reward circuits.'? A
hallmark symptom of depression is anhedonia,
differentiated by a diminished capacity to feel

pleasure (experience) and/or a reduced interest
in activities that were once rewarding. * This
impairment in reward processing is not merely a
subjective feeling but is increasingly understood
to stem from dysfunctional neural mechanisms.
45 Key among these mechanisms is the aberrant
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functioning of the nucleus accumbens (NAc),
a major ventral striatal component essential for
motivated behaviors, reward anticipation, and the
processing of reward-related information, often
associated with “wanting” or incentive salience.*’
The hippocampus (HIP) is crucial for memory
formation and emotional regulation.?

In depressed individuals, studies have
consistently shown blunted activity in the NAc
and other striatal regions in response to anticipated
or received rewards, suggesting a deficit in the
brain’s ability to process positive stimuli and drive
motivated behavior.” This hypoactivity is thought
to involve aberrations in the mesolimbic dopamine
pathway, a key circuit for reward."

Pharmacological interventions for
depression often target monoaminergic systems,
with selective serotonin reuptake inhibitors (SSRIs)
like fluoxetine being a first-line treatment.'' While
the clinical efficacy of fluoxetine in ameliorating
depressive symptoms is well-established, its
acute neurophysiological effects on specific
brain regions and their contribution to rapid
changes in mood-related behaviors remain less
understood. Neural oscillations, representing
rhythmic electrical activity in the brain, are thought
to be fundamental to information processing and
communication within neural circuits.* Beyond the
power of individual frequency bands, the intricate
coordination between different oscillatory rhythms,
known as phase-amplitude coupling (PAC), is
increasingly recognized as a crucial mechanism
for integrating information across distinct neural
processes.'? In complex cognitive and emotional
processes, such as reward processing, PAC—where
the phase of a low-frequency rhythm modulates the
amplitude of high oscillations—is hypothesized
to assist organize neuronal firing into functional
assemblies and increasing communication between
different brain areas.'>'* The PAC plays a critical
role in organizing temporal dynamics of neuronal
ensembles and may be disrupted in stress-related
conditions.'>!* Alterations in these oscillatory
dynamics, including PAC, have been observed
in various neuropsychiatric disorders, including
depression, and may serve as crucial biomarkers for
disease state and treatment response, particularly
in the context of reward circuit dysfunction. '¢

The tail-suspension test (TST) is a
commonly used preclinical model to assess
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antidepressant-like activity in rodents. This test
measures the immobility time of mice suspended
by their tails, with a reduction in immobility
often interpreted as an antidepressant-like effect.
Although the TST is sensitive to a variety of
antidepressant compounds, the precise neural
mechanisms underlying the behavioral changes
observed in this model, particularly concerning the
acute modulation of reward circuit activity, are not
fully elucidated.

The purpose of this study is to characterize
changes in PAC and assess the impact of a
single acute dosage of fluoxetine on the NAc
and dHIP neural oscillatory activity during the
TST. We combined behavioral assessments
with spectral power and PAC analyses to test
the hypothesis that fluoxetine rapidly modulates
cross-frequency coupling in a manner predictive
of its antidepressant effects. By identifying
frequency-specific electrophysiological changes
associated with acute fluoxetine action, we aim to
uncover early network signatures of antidepressant
response and provide mechanistic insight into how
serotonergic modulation impacts stress-related
circuit function.

MATERIALS AND METHODS

Animals

Male C57BL/6 adult mice (Nomura Siam
International Co., Ltd.) weighing 35-40 g were
kept separately in Prince of Songkla University’s
animal house facility. The climate-controlled living
area was 23 + 2 °C, had a relative humidity of 55
+ 10%, and had a 12-hour light/dark cycle, with
lights turning on at 07:00 and off at 19:00. Mice
were provided with irradiated food pellets and
distilled water without limits. To reduce stress, an
acclimatization period of seven days was instituted
before the experiments began.
Drugs and Chemicals

Fluoxetine hydrochloride (Flutine,
Merck, Thailand) was prepared using distilled
water. Following the day of the behavioral test
and LFP recording, a single oral dosage of 20 mg/
kg was administered. Our lab’s empirical data
showing this particular dosage’s effectiveness
in modifying neuronal activity in the NAc and
dHIP,'”'® brain parts involved in depressive-like
phenotypes. The 20 mg/kg dose was selected over
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lower, ineffective doses (e.g., 10 mg/kg), which
prior studies indicate are insufficient to elevate
extracellular dopamine or its metabolites in the
NAc."” Furthermore, this dosage has been shown
to enhance oscillatory activity and potentiate
dopaminergic and serotonergic signaling within
these limbic structures,” aligning with established
mechanisms of fluoxetine action. In order to
accomplish our main goal of producing strong,
measurable alterations in LFP dynamics within
the targeted neuronal circuits, this higher dosage
had to be used. This high, acute dose was chosen
to elicit robust signals for mechanistic study and
may not mirror effects of chronic, clinical dosing.
Experimental Procedure

The overall experimental design is
outlined in Figure 1. In brief, all animals underwent
stereotaxic surgery for the implantation of recording
electrodes in the NAc and dHIP, alongside a
reference electrode positioned on the cerebellum.
A 14-day postoperative recovery interval was
provided. To minimize stress associated with
the recording setup, mice were then habituated
for three days (3 hours per day) by being placed
individually in a transparent glass arena lined
with clean bedding. On the day of the experiment,
a 15-minute baseline LFP recording was first
obtained from each mouse in this home cage-
like environment. Subjects were then randomly
allocated into two experimental cohorts (n=7/
group) receiving an oral administration of either
distilled water (DW, vehicle control) or fluoxetine
(20 mg/kg; Flu20). Sixty minutes post-treatment,
each mouse underwent the TST, during which
both behavioral performance and LFP signals were
recorded simultaneously for a 6-minute duration.
All experimental sessions were carried out between
09:00 and 16:00 hours under standard housing
conditions.
Intracranial electrode implantation surgery

The surgical protocol for electrode
implantation followed a previously established
method."”® In short, the process was carried out as
follows. Atropine sulfate (0.01 mg/kg) was given
subcutaneously to mice to decrease bronchial
secretions. Subsequently, xylazine hydrochloride
(16 mg/kg; Sigma-Aldrich International,
Switzerland) and zoletil (tiletamine-zolazepam,
50 mg/kg; Vibac AH, USA) were coadministered
intraperitoneally to produce deep anesthesia. Each
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mouse’s head was stabilized by ear bars once it was
positioned inside the stereotaxic apparatus. The
scalp was cleansed and given a local anesthetic (20
mg/ml lidocaine) after it had been shaved at the
surgery location. The sagittal incision made in the
midline was made to reveal the surface of the skull.
Bregma is used as the primary reference point for
identifying stereotaxic coordinates according to a
standard mouse brain atlas.”!

At the determined locations for the target
structures, small craniotomies were drilled. Silver
wire electrodes (A-M Systems, USA) were lowered
into the dHIP (DV -1.5 mm, ML +2.0 mm, AP -2.0
mm) and the NAc (DV -4.5 mm, ML +1.0 mm,
AP +1.3 mm). On the surface of the cerebellum, a
ground electrode (AP -6.5 mm, DV -2.0 mm) and
an independent reference electrode were placed.
To attach the assembly to the skull, stainless-steel
anchor screws and dental acrylic cement were
utilized (Unifast Trad, GC Dental Industrial Corp.,
Japan).

Postoperative Care and Histology

Following surgery, animals were kept in
separate housing for at least 14 days while they
recovered. Mice underwent a three-day course of
subcutaneous injections to facilitate their recovery:
carprofen (10 mg/kg; Best Equipment Center, Ltd.,
Thailand) for analgesia and ampicillin (100 mg/kg;
General Drug House, Ltd., Thailand) for infection
prevention. All electrodes’ anatomical locations
were confirmed histologically at the end of the
tests. Mice were transcardially perfused with saline
and then 4% phosphate-buffered paraformaldehyde
after being put to death by an intraperitoneal (i.p.)
thiopental sodium overdose (100 mg/kg). The
excised brains were coronally sectioned at 7 im,
post-fixed, and stained with H&E. By comparing
the sections with a conventional mouse brain atlas,
the positions of the electrode tips within the NAc
and dHIP were verified (Figure 1B).

Tail Suspension Test (TST) Behavioral Analysis

The TST was used as a measure of
despair-like behavior, with testing performed
simultaneously alongside LFP recordings. For
the test, adhesive tape is used to hang each mouse
by its tail, positioned about 1 cm away from the
end of the tail. The point of suspension was set
50 cm above the base of the apparatus. The full
test duration was 6 minutes; however, to account
for initial hyperactivity and adaptation, the first
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2 minutes of each session were omitted from
subsequent behavioral analysis.”? Immobility is
defined as a complete cessation of active limb or
body movements, excluding respiratory motions,
with mice considered immobile when hanging
passively and exhibiting complete motionlessness.
Both the total duration of immobility and the
latency to the first immobility were quantified.
Animal behavior was video recorded using a
camera positioned anterior to the test apparatus,
and locomotor activity was analyzed offline using
the OptiMouse MATLAB toolbox,”? a validated
automated tracking system.
LFP Data Acquisition and Processing

Neural signals and concurrent behavioral
data from freely moving mice during the TST were
acquired via a synchronized video-LFP recording
setup, implemented as reported previously.*
Raw LFP signals were digitized at a sampling
rate of 2 kHz using a Power Lab (16/35) system
equipped with a 16-bit analog-to-digital converter
(AD Instruments, Australia). The signals were
conditioned by using a series of filters: a high-
pass filter (0.3 Hz cutoff), a low-pass filter (1 kHz
cutoff), and a 50 Hz notch filter to eliminate mains
interference. Data was stored for offline analysis
using LabChart 7 Pro software (AD Instruments).
Simultaneous video footage was recorded at a
resolution of 640 x 480 pixels and a rate of 30
frames per second. Prior to analysis, all recorded
LFP traces were carefully screened for movement
artifacts or electrical noise; only segments with
stable, high-quality signals were selected for
further processing. Spectral analysis of the LFP
data was conducted within LabChart 7 Pro using a
Fast Fourier Transform (FFT) algorithm. For PAC
assessment, the curated LFP data were exported
in EDF format and analyzed with the Brainstorm
toolbox running in the MATLAB environment.?
Power spectral density (PSD) analysis

The spectral analysis feature in LabChart
7 Pro was used to determine LFP power spectra. A
bandpass filter with a frequency range of 1 to 100
Hz was used to process the LFP signals. Starting
with the FFT function (2.56 s FFT size, Hanning
window function, 50% overlap), the spectral power
analysis shows that the power spectral density
(PSD) is iV¥Hz. PSD values acquired during the
TST were adjusted to the pre-treatment baseline
for intergroup comparisons. This was done by
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using the following formula to determine the
percentage change for each frequency bin between
1 and 100 Hz: (PSD during TST / Baseline PSD)
% 100. After that, the normalized spectral power
was averaged throughout the predefined frequency
bands of interest, which were delta (0.5-4 Hz),
theta (5-8 Hz), alpha (9—12 Hz), beta (13-30 Hz),
low-gamma (3145 Hz), and high-gamma (60—100
Hz). All investigations excluded the 45-55 Hz
frequency band in order to reduce contamination
from electrical line noise.

PAC analysis

PAC analysis was performed to investigate
the interaction between the phase of slow
oscillations and the amplitude of fast oscillations in
the NAc and dHIP. The raw LFP signals from both
the NAc and dHIP were first preprocessed using
a bandpass filter with a frequency range of 1-100
Hz. PAC was computed using the modulation
index (MI) method described by.?* We selected
a 2—6-minute segment of LFP recordings during
the TST for groups treated with distilled water
and fluoxetine. All PAC computations, including
the generation of comodulograms to graphically
represent delta-gamma and theta-gamma coupling
dynamics, were executed within the Brainstorm
toolbox integrated with MATLAB.

Statistical analysis

All data are presented as the mean +
standard error of the mean (SEM). Statistical
analyses were conducted using GraphPad Prism
(Version 9.0.0), with a p-value of p d” 0.05
considered statistically significant. Behavioral data
from TST were analyzed using an unpaired two-
tailed t-test to compare the total immobility time
between the control (DW) and fluoxetine (Flu20)
groups. This test was deemed appropriate as it
involved a single, planned comparison between
two independent experimental groups.

The PSD data were reanalyzed to account
for multiple comparisons across frequency bands.
A two-way ANOVA was performed for each
brain region (NAc and dHIP), with Treatment
(DW vs. Flu20) and frequency band (delta, theta,
alpha, beta, L-gamma, H-gamma) as independent
factors. Following significant interaction, post-hoc
tests with a Holm-Sidak correction for multiple
comparisons were applied to identify significant
differences between the treatment groups within
each specific frequency band.
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For the PAC analysis, the four pre-defined
modulation index (MI) pairs in each brain region
were compared using unpaired two-tailed t-tests.
To control the family-wise error rate from these
multiple comparisons, the Holm-Sidak correction
was subsequently applied to the results.

RESULTS

Behavioral Assessments

Behavioral analysis focused on immobility
duration during the TST, specifically within the
2—6-minute interval. Fluoxetine-treated mice
showed a significant reduction in the immobility
time in comparison to controls (t = 15.6, df = 14,
p d” 0.001). The mean immobility time was 87+
4 and 22 + 3 seconds for DW and FLU20 groups,
respectively. This robust and consistent decrease, as
illustrated in Figure 2, supports the antidepressant-
like effect of fluoxetine and indicates its sustained
efficacy in attenuating depressive-like behavior
over the observation period.

PSD analysis in the NAc

The overall LFP power spectrum for
the NAc during the TST is displayed in Figure
3A. To analyze the effect of fluoxetine across the
different frequency bands, we conducted a two-way
ANOVA.

The analysis revealed a significant main
effect of treatment (F(1,72) = 81.2, p <0.001), a
significant main effect of frequency band (¥(5,72)
= 21.7, p < 0.001), and a significant interaction
between treatment and frequency band (F(5,72)
= 2.61, p = 0.032). This significant interaction
indicates that the effect of fluoxetine on spectral
power varied depending on the specific frequency
band.

Post-hoc comparisons were used to
pinpoint these specific differences. As illustrated
in Figures 3B—G, acute fluoxetine administration
resulted in significantly elevated power in the delta,
alpha, beta, L-gamma, and H-gamma bands relative
to the control (DW) group. However, theta power
was not significantly altered by the treatment.
These findings suggest that fluoxetine enhances
oscillatory activity in the NAc across a broad but
specific range of frequencies during the TST.
PSD analysis in the dHIP

The LFP power spectrum for the dorsal
hippocampus (dHIP) during the TST is shown in
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Figure 4A. We performed a two-way ANOVA to
analyze the effects of fluoxetine treatment across
the different frequency bands.

The analysis revealed a highly significant
interaction between treatment and frequency band
(F(5,72)=29.8, p <0.001). This indicates that the
effect of fluoxetine on LFP power was strongly
dependent on the specific frequency. Because the
drug suppressed some frequencies while enhancing
others, the overall main effect of treatment was not
significant (F(1,72) = 1.18, p = 0.281).

Post-hoc analysis clarified this complex,
frequency-dependent effect, as shown in Figures
4B-G. Specifically, fluoxetine administration led
to a significant suppression of power in the slower
rhythms, including the delta, theta, and alpha
bands, when compared to the control group. In
sharp contrast, fluoxetine significantly enhanced
power in higher frequencies, including both the
low-gamma and high-gamma bands. Beta power
was not significantly altered by the treatment.
These findings demonstrate that acute fluoxetine
reorganizes oscillatory dynamics in the dHIP,
selectively dampening slow-wave activity while
amplifying fast gamma oscillations.

PAC analysis

The PAC analysis was performed on raw
LFP signals recorded from the NAc and dHIP
during the 2—6-minute interval of the TST. Data
was extracted from the DW and Flu20 groups.
Comodulogram plots revealed prominent coupling
between slow-frequency phases (delta and theta)
and high-frequency amplitudes (low and high
gamma) in both brain regions (Figures SA-B and
6A-B). To quantify coupling strength, modulation
index (MI) values were computed for four PAC
pairs: delta/L-gamma, delta/H-gamma, theta/L-
gamma, and theta/H-gamma. MI values were
averaged across animals within each group for
statistical comparison.

In NAc figure 5C-F, fluoxetine
significantly enhanced PAC across all four
frequency pairs relative to the DW group:
delta/L-gamma (t = 2.44, df = 12, p = 0.031),
delta/H-gamma (t = 3.80, df = 12, p = 0.003),
theta/L-gamma (t = 3.00, df = 12, p=0.011), and
theta/H-gamma (t = 3.20, df = 12, p = 0.008).

In the dHIP (Figure 6C—F), fluoxetine
significantly increased delta/H-gamma (t=3.55, df
=12, p=0.004) and theta/H-gamma (t=2.84, df =
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12, p=0.015) coupling but significantly decreased
theta/L-gamma coupling (t = 2.31, df = 12, p
= 0.039). There were no discernible intergroup
variations in delta—low gamma PAC.

DISCUSSION

This study investigated the effects of
acute fluoxetine on the NAc-dHIP circuit neural
oscillatory dynamics during the TST, a validated
behavioral paradigm for assessing depressive-
like states in rodents. 2’ While behavioral assays
confirmed a robust antidepressant-like effect of
fluoxetine, evidenced by a significant reduction
in immobility, our electrophysiological findings
offer novel insights into the rapid circuit-level
reorganization underlying this effect. PSD analysis
revealed that fluoxetine profoundly modulated
LFP activity in both the NAc and dHIP, two core
components of the corticolimbic network critically
implicated in emotional regulation and affective
disorders.>*

A)
NAc
dHIP

Ref
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In the NAc, fluoxetine induced a broad
enhancement of oscillatory power, particularly
within the gamma range, consistent with previous
studies linking gamma-band activity to cognitive
engagement, synaptic plasticity, and affective
stability.**° Gamma suppression has been widely
observed in depression models and correlates
with behavioral despair,®'*? thus, the observed
gamma elevation may reflect a core mechanism by
which fluoxetine exerts its antidepressant effects.
Fluoxetine also significantly increased beta-band
power in the NAc, which may reflect enhanced
behavioral activation and motor readiness. Beta
oscillations within the ventral striatum have been
shown to respond to psychostimulants and are
tightly regulated by dopaminergic tone *. Given
the NAc’s dense innervation by dopaminergic
neurons from the VTA and its (D1- & D2)-
expressing medium spiny neurons, *+** it is likely
that fluoxetine’s serotonergic action indirectly
boosts dopamine signaling, enhancing beta activity
through D1-dominant pathways.

60 mi il‘
min

Day 0 Day 14 3 days 15 min
Surgery habituation Baseline 6 min

NAc

B) 1) Gavage with ( Distilled water } PANAPNARAANNAAASRY

[— F\ dHIP '
oo erb R AN NA AN
2) Gavage with ( Fluoxetine 20 mg/kg )
NAc .
AR
dHIP
oAy
L 5 Sec

Fig. 1. Experimental timeline and schematic of the electrophysiological recording configuration. (A) The
sequence of procedures: stereotaxic implantation of electrodes targeting the nucleus accumbens (NAc) and dorsal
hippocampus (dHIP), with a reference electrode (Ref) positioned in the cerebellum. After a two-week surgical
recovery period, animals were familiarized with the recording setup (home cage, HC) for three days. On the
test day, a 15-minute baseline LFP recording was acquired. Mice were then orally administered either vehicle
(distilled water) or fluoxetine (20 mg/kg) and subsequently subjected to TST for 6 minutes while neural activity
was recorded. (B) Representative coronal sections depicting the verified anatomical locations of the electrode tips
within the target brain regions.
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Additionally, delta-band power was
elevated in the NAc following fluoxetine, which,
although often associated with rest states, has also
been linked to dopamine-related signaling in the
basal ganglia during stress and reward.***” This
increase may reflect a neuromodulatory adjustment
within mesolimbic dopaminergic circuits, *
particularly during active coping. Together,
these frequency-specific changes in the NAc
indicate that fluoxetine reorganizes the oscillatory
landscape in a manner aligned with behavioral
recovery, enhancing gamma- and beta-band activity

150+

100+

wn
=
1

Immobility time (sec)

0
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associated with affective improvement and motor
drive, and modulating delta rhythms potentially
linked to dopaminergic tone.

In the dHIP, fluoxetine selectively
increased low and high gamma power while
suppressing slower rhythms, including delta, theta,
and alpha bands. These results were identical
to previous studies.'®* Gamma oscillations in
the hippocampus are essential for local circuit
synchrony and are modulated by monoamines
such as dopamine and Gamma oscillations in
the hippocampus are essential for local circuit

* kK

DW
* Flu20

i

(2-6 min)

Fig. 2. Behavioral Assessments.Immobility time during the TST was assessed across 2-6 min. The values show
the mean = SEM. The t-test revealed a significantly significant difference between the two groups (***p d” 0.001)
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Fig. 3. Effects of acute fluoxetine on LFP spectral power in the NAc. (A) Average PSD across the 1-100 Hz
frequency range during the TST for mice treated with distilled water (DW) or fluoxetine (Flu20). Power is
expressed as a percentage of the pre-treatment baseline. (B) Mean PSD, normalized to baseline, for the defined
frequency bands: delta, theta, alpha, beta, L-gamma, and H-gamma. All data are presented as mean = SEM, with
individual animal data points shown. Statistical analysis was performed using a two-way ANOVA followed by
Sidak’s post-hoc test for multiple comparisons. Asterisks indicate a significant difference between the DW and
Flu20 groups (*p d” 0.05, ***p d” 0.001).
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Fig. 4. Effects of acute fluoxetine on LFP spectral power in the dHIP. (A) Average PSD across the 1-100 Hz
frequency range during the TST for mice treated with distilled water (DW) or fluoxetine (Flu20). Power is
expressed as a percentage of the pre-treatment baseline. (B) Mean PSD, normalized to baseline, for the defined
frequency bands: delta, theta, alpha, beta, L-gamma, and H-gamma. All data are presented as mean = SEM, with
individual animal data points shown. Statistical analysis was performed using a two-way ANOVA followed by
Sidak’s post-hoc test for multiple comparisons. Asterisks indicate a significant difference between the DW and
Flu20 groups (***p d” 0.001).
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Fig. 5. The NAc PAC. (A-B) Representative group-averaged comodulograms for mice treated with distilled
water (DW) or fluoxetine (20 mg/kg; FLU20) during the 2—6-minute interval of the TST. The color scale
indicates modulation index (MI), quantifying coupling strength between phase (x-axis: 1-10 Hz) and amplitude
(y-axis: 30-100 Hz) frequencies. The MI values were averaged and displayed as a bar graph of four pairs:
delta/L-gamma (C), delta/H-gamma (D), theta/L-gamma (E), and theta/H-gamma (F). Data was analyzed using
unpaired t-tests. Statistical significance values are marked by asterisks, with *and ** indicating p d” 0.05 and p
d” 0.01, respectively.
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Fig. 6. The dHIP PAC. (A-B) Representative group-averaged comodulograms for mice treated with distilled
water (DW) or fluoxetine (20 mg/kg; FLU20) during the 2—6-minute interval of the TST. The color scale
indicates modulation index (MI), quantifying coupling strength between phase (x-axis: 1-10 Hz) and amplitude
(y-axis: 30-100 Hz) frequencies. The MI values were averaged and displayed as a bar graph of four pairs:
delta/L-gamma (C), delta/H-gamma (D), theta/L-gamma (E), and theta/H-gamma (F). For data analysis, unpaired
t-tests were employed. Significance levels are marked with asterisks, with **, *** and *** indicating p d” 0.05, p
d” 0.01, and p d” 0.001, respectively.

synchrony and are modulated by monoamines
such as dopamine and serotonin.*>*> Dopaminergic
stimulation has been shown to restore gamma
activity in depression models, supporting the
interpretation that fluoxetine may normalize
hippocampal function via monoaminergic
modulation. These gamma enhancements may
reflect not only local circuit excitation but also a
restoration of information processing and cognitive
flexibility under stress. Studies have shown that
reduced gamma dynamics in the hippocampus
are associated with despair-like behaviors, while
increased gamma burst activity is linked to
adaptive, survival-related responses.** Our findings
underscore the importance of gamma oscillations
in the dHIP as both a functional correlation and a
potential biomarker of antidepressant efficacy.
To further explore circuit-level
coordination, we examined PAC, a cross-frequency
interaction that reflects hierarchical communication
between neural oscillations. Fluoxetine significantly
enhanced PAC across limbic structures. In the NAc,

delta- and theta-phase coupling with low- and
high-gamma amplitudes was markedly elevated,
supporting a model in which fluoxetine may reflect
dopaminergic-glutamatergic integration in stress-
modulated circuits.?® The DW group, by contrast,
exhibited diminished PAC strength, potentially
reflecting monoaminergic hypofunction.

In the dHIP, fluoxetine increased delta-
and theta-high gamma PAC while suppressing
theta-low gamma interactions, indicating a
temporal reorganization of oscillatory synchrony.
The enhancement of high-frequency PAC may
support increased precision in information
encoding. At the same time, the suppression of
theta—low gamma coupling could reflect a shift
away from maladaptive network states induced
by stress. This is consistent with evidence
linking theta—gamma coupling to associative
memory encoding and retrieval.! Moreover,
deep brain stimulation research has demonstrated
that cognitive tasks improve theta—gamma
coupling, and such coupling may be disrupted
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in neuropsychiatric conditions.** The ability of
fluoxetine to normalize the theta—high gamma
interactions suggests that PAC alterations are not
merely correlative, but potentially mechanistic
in the expression and reversal of depressive-like
states.

Collectively, our findings demonstrate
that acute fluoxetine is sufficient to rapidly
modulate both spectral power and cross-frequency
coupling in the NAc and dHIP, reflecting circuit-
wide reorganization. These changes parallel to
behavioral recovery during the TST, supporting
a framework in which antidepressant efficacy
is mediated by dynamic, frequency-specific
reconfiguration of limbic network activity. This
supports emerging views that rapid antidepressant
action—traditionally associated with agents like
ketamine—may also be achievable with SSRIs
under specific neurophysiological conditions,
particularly via modulation of gamma oscillations
and PAC.*4¢ These results offer critical insights
into the electrophysiological correlations of
therapeutic engagement and highlight PAC and
gamma activity as candidate biomarkers for
antidepressant response.

Limitations

It’s important to consider several
limitations when interpreting the findings of this
study. First, our experiments were conducted
exclusively in male mice, which may limit the
generalizability of the results, especially given
the known sex differences in the prevalence
and treatment of major depressive disorder.
Second, we administered a single, high acute
dose of fluoxetine (20 mg/kg) designed to elicit
a robust, measurable neurophysiological signal
for mechanistic investigation. This regimen does
not model the chronic, lower-dose administration
typical of clinical SSRI treatment, and the long-
term neuroadaptive effects may differ significantly.
Third, the nature of our data is correlational; while
we observed a strong association between changes
in limbic oscillations and antidepressant-like
behavior, this study cannot establish a causal link.
Techniques such as optogenetics would be required
to determine if these oscillatory changes directly
drive the behavioral outcomes. Finally, while
we recorded simultaneously from the NAc and
dHIP, we did not directly measure the functional
connectivity or information flow between these
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two regions. Future studies employing analyses
like coherence or Granger causality are needed to
understand how fluoxetine modulates the broader
NAc-dHIP circuit dynamics. These limitations
highlight important avenues for future research.
A critical limitation of this study is the
inherent confound of motor activity within the
TST paradigm. The observed electrophysiological
changes, particularly the enhanced beta and
gamma power in the NAc, occurred alongside
a significant increase in physical struggling in
the fluoxetine-treated mice. Consequently, it is
challenging to definitively disentangle the neural
correlates of a shift in motivational state from
signals that are purely representative of increased
motor output. However, our previous work
confirms that the observed increase in gamma
activity is a specific pharmacological action of
fluoxetine and not merely an artifact of motor
behavior. '* Nevertheless, future experiments are
necessary to fully isolate these distinct components
of antidepressant action. For example, utilizing
behavioral paradigms that assess motivation and
reward with less demanding motor requirements,
such as the sucrose preference test for anhedonia
or an effort-based progressive ratio task, would be
highly informative. Recording limbic oscillations
during these tasks could clarify whether the
observed changes in gamma activity and phase-
amplitude coupling are fundamental biomarkers
of an improved affective state, independent of the
vigorous motor engagement seen in the TST.

CONCLUSION

In summary, our results demonstrate that
a single, acute dose of fluoxetine significantly
reduces despair-like behavior in the TST. This
behavioral improvement is tightly linked with
a rapid and profound reorganization of neural
oscillations within the NAc and dHIP. Specifically,
the antidepressant-like effect was associated with
increased gamma-band power and modulated
phase-amplitude coupling in these key limbic
structures. These findings highlight that specific
oscillatory dynamics, particularly in the gamma
range, serve as potential circuit-level correlates
of fluoxetine’s acute therapeutic action. While
promising, these electrophysiological signatures
should be interpreted with caution. Further studies
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in pathological models of depression are essential
to validate whether these network changes are truly
indicative of a sustained antidepressant response.
Ultimately, this work provides a foundation for
exploring the rapid neuromodulatory effects of
SSRIs and points toward specific circuit dynamics
that warrant deeper investigation in the search for
better treatments for depression.
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