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Chronic treatment with fluoxetine regulates mitochondrial
features and plasticity-associated transcriptomic pathways in
parvalbumin-positive interneurons of prefrontal cortex
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Chronic treatment with fluoxetine, a widely prescribed selective serotonin reuptake inhibitor (SSRI), is known to promote neural
plasticity. The role of fluoxetine in plasticity has been particularly tied to parvalbumin-positive interneurons, a key population of
GABAergic neurons that regulate inhibitory tone and network stability. While our previous studies have highlighted fluoxetine-
induced plasticity in the visual cortex and hippocampus, its cell-type-specific effects in the prefrontal cortex (PFC) remain unclear.
This study aims to investigate the effects of chronic fluoxetine treatment on PV-positive (PV*) cells, identified using PV-IRES-Cre-
driven reporter expression in the PFC. Using Translating Ribosome Affinity Purification (TRAP), we found that fluoxetine treatment
altered the expression of 50 distinct biological pathways. Downregulated pathways are involved in mitochondrial ATP production,
including components of the electron transport chain, and ribosomes. Upregulated pathways were associated with phosphatase
activity, ion channel function, and cytoskeletal remodeling —molecules broadly implicated in synaptic signaling and plasticity-
related processes. In FACS-sorted cells, mitochondrial DNA (mtDNA) expression was significantly increased in PV* cells of the PFC,
while intracellular ATP levels remained unchanged. Immunohistochemical analyses demonstrated reduced PV expression and
weakened perineuronal nets in specific PFC subregions, suggesting a plasticity-permissive state in PV* cells. TOMM22 signal
intensity in PV* cells showed a slight but significant increase in the prelimbic region, suggesting potential compensatory
mitochondrial biogenesis despite transcriptomic downregulation of mitochondrial genes. Our findings reveal that chronic
fluoxetine induces coordinated transcriptional, structural alterations in PV* cells of the PFC, including shifts in mitochondrial-related
gene expression and plasticity-associated pathways. These changes may contribute to region-specific shifts in cortical inhibition
and plasticity, complementing previous reports of fluoxetine-mediated behavioral modulation.

Neuropsychopharmacology (2025) 50:1864—-1874; https://doi.org/10.1038/s41386-025-02219-8

INTRODUCTION

Fluoxetine is a widely used antidepressant belonging to the
pharmacological group of selective serotonin reuptake inhibitors
(SSRI). Preclinical studies have shown that fluoxetine induces
juvenile-like plasticity in the adult rodent brain and promotes
synaptic remodeling and circuit-level adaption [1-3]. These
neuroplastic effects have been observed in diverse neural
systems including the visual cortex [4], hippocampus [5] fear-
related circuit [6, 7], highlighting its role in modulating brain-
wide neuroplasticity. Mechanistically, antidepressants have been
shown to directly bind to neurotrophic receptor tyrosine kinase
(NTRK2, or TrkB) stabilizing its dimer and enhance BDNF
signaling [8].

Parvalbumin positive interneurons (PV-INs), a major class of fast-
spiking GABAergic cells, are essential regulators of cortical
inhibition and plasticity. They coordinate gamma oscillations [9],
synchronize local circuitry [10] and regulate neural plasticity [11].
Our previous studies have shown that PV-INs are central targets of
fluoxetine-induced plasticity. Conditional deletion of TrkB in

PV-cells reveals that TrkB signaling in these cells is necessary for
the behavioral and structural effects of fluoxetine [7, 12].

A key structural feature of mature PV-INs is their envelopment
by perineuronal net (PNN), extracellular matrix assemblies that
constrain synaptic remodeling and stabilize connectivity, particu-
larly following critical periods of development [13]. Composed of
hyaluronan, chondroitin sulfate proteoglycans, and linking pro-
teins [14], PNNs restrict plasticity by limiting AMPA receptor
mobility [15], dampening TrkB activation [16], and modulating
action potential frequency [17]. Disruption of PNNs or TrkB
activation in PV-INs has been shown to shift the excitation-
inhibition (E/) balance, a phenomenon referred to as disinhibition,
which supports cortical remodeling in response to antidepressant
treatment [12, 18].

PV-INs are also among the most metabolically active neurons,
requiring sustained ATP production to maintain fast-spiking
activity and inhibitory control [19]. Synaptic activity demands a
lot of energy donated by ATP, which is predominantly produced
by mitochondria [20]. The role of mitochondria in regulation of
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E/l-balance and plasticity has been studied in different settings
[21, 22]. Interestingly, the inhibition of Complex Il of mitochondrial
ATP production has been shown to induce LTP in striatal spiny
neurons [23]. However, no studies of mitochondrial function,
particularly PV-INs, have been published.

Several studies have examined the impact of fluoxetine on
mitochondrial function, with conflicting outcomes. For instance,
some reports observed increased expression of mitochondrial
proteins following fluoxetine [24], while others reported reduced
respiration and ATP production, particularly at higher concentra-
tions or after chronic treatment [25-27] These discrepancies likely
stem from differences in dosage, treatment duration, or brain
region analyzed. Notably, these prior studies were performed at
the whole-tissue level, without resolving effects in specific
neuronal populations. Whether fluoxetine alters mitochondrial
function in PV-INs has not been previously investigated. Given the
critical energetic role of mitochondria in PV-INs, we examined this
alongside other transcriptional changes to understand how
fluoxetine may affect PV-INs physiology and plasticity.

The prefrontal cortex (PFC) is a key hub for cognitive flexibility,
emotional regulation, and behavioral control [28]. It integrates
signal from limbic and cortical regions including the hippocam-
pus, amygdala, and midbrain [29, 30]. Functionally distinct
subregions of the PFC, such as the prelimbic (PL), infralimbic area
(IL), and anterior cingulate/motor areas (ACA/M2)—are involved in
fear expression, extinction, and adaptive behavior [31-33].
Antidepressants are known to influence PFC connectivity and
activation [34], but their cell-type specific effects across PFC
subregions remain unclear.

We previously demonstrated that chronic fluoxetine treatment
alters gene expression in hippocampal PV positive (PV") cells
using a translating ribosome affinity purification (TRAP) combined
with PV-IRES-cre driver line and identified changes in plasticity-
and matrix-related pathways [7]. In the current study, we extend
this approach to the PFC, combining TRAP-based transcriptomics,
flow cytometry, and subregion-specific inmunohistochemistry to
investigate the molecular and functional consequences of chronic
treatment in PV' cells. We identified a broad transcriptional
reorganization in PV* cells of the PFC, including the down-
regulation of mitochondrial genes and upregulation of pathways
related to ion channel activity, intracellular signaling, and
extracellular matrix remodeling. To complete the transcriptomic
findings, we further assessed mitochondrial DNA and ATP content
in FACS-sorting cells. These results suggest that chronic fluoxetine
treatment induces a complex shift in PV* cell physiology —
impacting not only mitochondrial function, but also plasticity-
related signaling and structural pathways across prefrontal cortical
circuits.

MATERIAL AND METHODS

Mice

For the TRAP, transgenic mice expressing FLEX-L10a conjugating GFP
specifically in PV" cells were produced by mating females from a
homozygous PV-specific Cre line (PV<¥“®; Pvalb-IRES-Cre, JAX: 008069,
Jackson laboratory) [35] with males from an homozygous mice expressing
GFP-L10a [36] (B6;12954-Gt(ROSA)2650r Mo ECFP/RRIT0DAMS) 054750, Jackson
laboratory). For PV* cell specific mitochondria analysis, mice were obtained
by crossing male transgenic mice harboring double inverted open reading
frame (DIO)-expressing tdTomato (B6.Cg-Gt(ROSA)26Sor™™! 4(CAC-tdTomatoltize )
RRID:IMSR_JAX:007914, Jackson laboratory) [37] with female mice of the
homozygous PV specific Cre line (PVE"®/<") [35].

All mice were kept in a room at 23 +2°C with a 12-hr light/dark cycle
(lights on at 6:00 a.m.) with access to food and water ad libitum. Three
months old male mice are used for this study. All experiments were carried
out in accordance with the European Communities Council Directive 86/
6609/EEC and the guidelines of the Society for Neuroscience and were
approved by the County Administrative Board of Southern Finland (License
number: ESAVI/38503/2019).
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Fluoxetine treatment

Fluoxetine (0.008% w/v) was administered in drinking water for 14 days in all
experiments. For both control and treated groups, drinking water included
0.1% saccharine for equalizing taste of water. The same treatment conditions
were used for all experiments. Water consumption was measured
by weighing the bottles before and after being available to the mice (twice
per week), and intake was calculated per mouse. As an example, mice in the
TRAP experiment consumed approximately 31.0 mg/kg/day of fluoxetine.
Supplementary Fig. 1 provides detailed intake measurements.

TRAP

TRAP analysis was performed according to previously published protocol
[38]. The experimental groups consisted of 4 fluoxetine treated and
4 control mice. Briefly, we isolated prefrontal cortex (PFC), including all
major subregions (e.g., PL, IL, ACA, M2), from mice expressing GFP tag in
ribosomes of PV* cells, as mentioned above. The isolated PFC were
stored in -80 C between isolation and TRAP analysis. After lysating the
PFC, the GFP-tagged ribosomes were precipitated using magnetic beads
coated with anti-GFP antibodies. Quality of RNA was assessed by
Bioanalyzer (Agilent, California, US), and one sample from fluoxetine
group was excluded due to low RNA integrity (2.4 while it was between
7.6 and 9.5) (Supplemental Fig. 2). Actively translated mRNA co-
precipitated and were sequenced using HiSeq2500 (lllumina, CA, USA)
with SMART-Seq v4 Ultra Low Input RNA kit (Takara, Japan) for making
cDNA library. Precipitation efficiency was confirmed by comparing
parvalbumin  mRNA expression of one sample before and after
precipitation (Supplemental Fig. 3).

FACS-based assay of ATP and mitochondrial DNA and in PV"
cells

PV-TdT mice were anesthetized using pentobarbital and transcardially
perfused with cooled N-methyl-D-glucamine buffer [39] to preserve cells.
Brains were isolated, and hippocampus, prefrontal cortex and rest of the
cortex were dissected. Each experimental group (control and fluoxetine-
treated) consisted of four mice (n=4). Samples were dissociated into
single-cell suspensions using Neural Tissue Dissociation Kit (Miltenyi,
Germany) according to manufacturer’s protocol. Cell suspensions were
filtered through 35 um strainers, and red fluorescent PV* cells (tdTomato +)
and non-PV (tdTomato —) cells were isolated by were then fluorescence-
activated cell sorting (FACS). Gating strategy for FACS is presented in
Supplemental Fig. 4.

Using the sorted cells, ATP was detected using CellTiter Glo 2.0 kit
(Promega, Wisconsin US) following the manufacturer’s protocol. Briefly,
sorted cells were collected into 96-well white opaque plates, and an equal
volume of CellTiter-Glo reagent was added. Plates were shaken for 2 min to
induce cell lysis and incubated at room temperature for 10 min to stabilize
the luminescent signal. Luminescence was measured using a Varioskan
Flash plate reader (Thermo Fisher, Massachusetts, USA).

For mitochondrial DNA (mtDNA) quantification, sorted cells were
pelleted by centrifugation at 30,000 x g for 10 min at 4 °C and stored at
-20 C until analysis. DNA was extracted using the NucleoSpin Tissue XS
DNA extraction kit (Macherey-Nagel, Germany). Mitochondrial DNA levels
were quantified by qPCR using primers targeting mt-Rnr1 and normalized
to the nuclear gene Rbm15. PCR reactions were run in triplicates using CFX
Opus 96 (Bio-Rad, California, US) and SYBR green 2x mix (Thermo Fischer,
Massachusetts, US) according to manufacturer’'s protocol. All reactions.
Quantification was done using delta-Cq method, and expression of mtDNA
gene mt-Rnr1 was compared to genomic gene Rom15. Primer sequences
are listed in Supplemental note.

Immunohistochemistry for PV, PNN and TOMM22

Mice were deeply anesthetized and perfused with 4% PFA in PBS. The
brains were cut into 40 um sections and stored in +4 °C until further
processing. Sections were then washed with PBST and blocked using
bovine serum albumin and donkey serum. For PV-IRES-Cre line validation,
sections from PV-tdTomato mice were processed for double immunostain-
ing with primary antibodies against PV and SST. For functional analyses,
triple immunostaining was performed using primary antibodies against PV,
PNN, and TOMM22, incubated overnight at 4 °C. After washing, sections
were incubated with fluorescently labeled secondary antibodies for 1 h at
room temperature. Details of used primary and secondary antibodies and
their dilutions are listed in Supplemental Table 1. Images were obtained
using a LEICA THUNDER IMAGER 3D TISSUE slide scanner (Leica
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Microsystems, Germany) for PV-IRES-Cre line validation and an Andor
Dragonfly (Oxford Instruments, United Kingdom) for PV, PNN, and
TOMM22 functional analyses.

Imaging analysis

The entire medial prefrontal cortex (mPFC) was imaged as Z-stacks across
multiple tiled frames. Images were stitched in ImageJ, and the optimal
focal plane was manually selected for each field. Subregions (PL, IL and
ACA/M2) were delineated using a standard mouse brain atlas [40]. PV* cells
were automatically identified using custom MATLAB scripts combining
morphological feature analysis and intensity thresholding. Identified PV*
cells were categorized into low, middle, high, and very high PV expression
groups. TOMM22 and PNN intensities were quantified separately within
each PV expression subgroup. Only PV-positive cells were included in the
TOMM22 and PNN analyses to avoid contributions from non-PV cells.
Statistical analysis for immunohistochemistry data was conducted at the
individual cell level (i.e., each cell was treated as a data point), and degrees
of freedom reflect the total number of analyzed cells. A minimum of n =4
mice per group was used, and summary statistics are reported in the figure
legends. For PV-IRES-Cre line validation, tdTomato-positive cells in PV-
tdTomato mice sections were analyzed for colocalization with PV and SST
immunostaining using the same intensity-based analysis methods
described above in the whole PFC region. For this validation experiment,
n=3 mice were used and colocalization ratios were calculated by
averaging across animals.

Experimental design and statistical analysis

Statistical analysis for TRAP was conducted using R and package DESeq2
[41]. Multiple test correction was performed using Benjamini-Hochberg
procedure, and g-value (corrected P-value) of 0.1 was considered
significant. Detected differentially expressed genes (DEGs) are listed in
Supplemental Table 2. Pathway analysis was performed using package
clusterProfiler [42]. Resulting pathways were clustered and visualized using
the function “emapplot_cluster”. All detected pathways are listed in
Supplemental Table 3.

Data from immunohistochemical, mitochondrial membrane potential,
mitochondrial mass, and ATP assays were analyzed by two-way ANOVA
followed by post hoc test with multiple test correction using Sidak’s method,
or Chi-square test when suitable. Statistical analyses were performed using
Prism 9 (GraphPad Software, California, US). P-value <0.05 was considered
significant. Statistical details of these tests are listed in Supplemental Table 4.

RESULTS

Identification of PV" cell specific gene expression changes
following chronic fluoxetine treatment

After two weeks of fluoxetine treatment, we performed Translat-
ing Ribosome Affinity Purification (TRAP) analysis on PV* cells
(Fig. 1a, b). Following the application the Benjamini-Hochberg
procedure for multiple test correction, we identified 315 DEGs
(g <0.1) (Fig. 1¢, Supplemental Table 2). The top 50 DEGs with the
lowest g-values are shown in Fig. 1d.

We then conducted a pathway enrichment analysis using Gene
Ontology (GO) Molecular Function -pathways for these DEGs and
identified upregulation in 30 and downregulation of 20 functional
pathways (Fig. 2a, b, Supplemental Table 3). Key representative
DEGs in these pathways are shown in Fig. 3. Notably, among the
downregulated pathways, several pathways were related to
mitochondrial function, including respiratory chain, NADH dehy-
drogenase (quinone) activity, respiratory chain complex | assem-
bly, mitochondrial transmembrane transport, and mitochondrial
ribosome complex (Fig. 2a), where the downregulated genes
included Atp5d, Cox5a, Mrpl14, Timm13, Tomm22, and Ndufal
[43, 44].

We also observed significant downregulation in ribosome-
associated pathway, including Rplp1, Rps13, and Rpl17 (Fig. 3b),
which are components of the large and small ribosomal subunits
[45, 46].

The upregulated pathways were associated with phosphatase
activity, amino acid transmembrane transport, voltage gated
potassium channel activity, and ion channel activity (Fig. 2b).

SPRINGER NATURE

Representative upregulated genes included Wnk2 and Ptpn9 (Fig. 3c),
which are known to be involved in ion homeostasis and cellular
signaling [47, 48]. Actin binding related genes were also upregulated,
as lipid transporters. We also identified upregulation of the voltage-
gated potassium channel gene Kecnfl (Kv5.1), which encodes a
modulatory subunit of potassium channels complex [49].

In addition, genes associated with mTOR signaling and
lysosomal function, such as Lamtor4 and Lamtor5 were down-
regulated (Fig. 3d) and genes encoding neuropeptides and
calcium-binding proteins, such as Neuropeptide Y (Npy) and
Parvalbumin (Parv) were also downregulated (Fig. 3e). Among the
upregulated genes, we identified Synaptotagmin 16 (Syt16) and
Neuronal Pentraxin Receptor (Nptxr), which are involved in
synaptic vesicle cycling and receptor localization at synapses
respectively [50].

Lastly, genes related to extracellular matrix regulation and
perineuronal net interaction were also found to be upregulated
(Fig. 3f). This includes Matrix metalloproteinase-17 (Mmp17),
involved in matrix modeling [51] and Ptprs, a receptor interacting
with chondroitin sulfate proteoglycans is also known to be
involved in memory retention [16].

Altogether, these transcriptional changes affected diverse
molecular functions in PV* cells, spanning mitochondrial meta-
bolism, translational regulation, ion homeostasis, synaptic trans-
mission, and extracellular matrix remodeling.

Chronic fluoxetine treatment does not alter ATP levels but
increases mitochondrial DNA in PV* cells

To evaluate the impact of chronic fluoxetine treatment on
mitochondrial energy regulation, we assessed intracellular ATP
levels and mitochondrial DNA expression in FACS-sorted PV* cells
and non-PV cells isolated from PV-tdTomato (PV-tdT) mice
(PV-IRES-Cre;Ai9) [35, 37]. First, to validate the specificity of the
PV-IRES-Cre line in the prefrontal cortex, we conducted immuno-
histochemistry using anti-PV and anti-SST antibodies. Our
quantitative analysis confirmed that 72.8% of tdTomato-positive
cells were PV-immunoreactive, while only 2.5% co-expressed SST
protein (Fig. 4a—c). This demonstrates substantial overlap between
PV expression and Cre-mediated reporter labeling in the PFC, with
minimal off-target labeling in SST-positive interneurons.

No significant changes in ATP levels were detected in any cell
type, following fluoxetine treatment (Fig. 4a, c). However, ATP
levels were significantly higher in the PFC compared to the
hippocampus and other cortical regions, specifically in PV* cells
(p <0.0001), regardless of treatment.

Two-way ANOVA for the mitochondrial DNA level was
significant for “Interaction” in PV* cells (p = 0.0137) and “Region”
in non-PV cells (p =0.0206). Post hoc analysis (Fisher's LSD test)
showed that the mitochondrial DNA level was significantly
increased in PV* cells (p=0.0271) in the PFC (Fig. 4b, d). No
significant effect of fluoxetine was observed in other regions.
These results indicate that fluoxetine increases mtDNA expression
selectively in the PFC while intracellular ATP level remains
unchanged.

Chronic fluoxetine modulates PV Cell distribution and PNN
structure in the PFC

To investigate plastic changes and mitochondrial distribution in
specific subregions of the prefrontal cortex (PFC), we performed
immunohistochemical analysis staining with antibodies of PV and
PNN, plastic markers of PV* cells, and TOMM22, a marker of
mitochondrial mass and function (Fig. 5a). For TOMM22 analysis,
we specifically measured the fluorescence intensity only within
PV* cells to evaluate mitochondrial changes specifically in this
neuronal population. This analysis excluded TOMM22 signal from
surrounding non-PV cells, allowing us to observe cell type-specific
effects. The analysis focused on the prelimbic area (PL), infralimbic
area (IL), and anterior cingulate area with supplementary motor
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Fig. 1 Fluoxetine-induced transcriptional changes in PV" cells from the PFC. a PV-eGFP-L10a mice were treated with fluoxetine or regular
water for 2 weeks, and their PFC were isolated post-euthanasia. GFP-tagged translating ribosomes binding mRNA were precipitated from cell
lysate using magnetic beads coated with anti-GFP antibodies, enabling the isolation of ribosome-bound mRNA. The isolated mMRNA was then
converted into cDNA and sequenced using next-generation sequencing (NGS). b Representative PFC section from PV-eGFP-L10a mouse
stained with parvalbumin antibody. GFP co-localizes with parvalbumin, confirming the specificity of the PV* cell labeling ¢ Volcano plot
showing differentially expressed genes in PV" cells, with the x-axis representing the magnitude of change (log2 fold change) and the y-axis
representing statistical significance (— log10 adjusted p-value) on. Upregulated genes are highlighted in red and downregulated genes in
blue, providing a visual overview of the transcriptional changes induced by fluoxetine. d Heatmap of 50 most differentially expressed genes
(DEGs) in PV* cells after chronic fluoxetine treatment, illustrating the extent and pattern of gene expression changes.

area (ACA/M2), based on a reference atlas [40]. There was no
treatment effect of fluoxetine on number of PV* cells, or the
proportion of PV* cells surrounded by PNNs (Fig. 5b, ¢). However,
significant sub-regional differences in both the number of PV*
cells and the ratio of PNN-positive PV* cells were observed across
the subregions (Fig. 5b, c).

PV-positive cells were categorized into four subgroups based on
PV expression levels, as previous studies have shown a negative
correlation between PV expression intensity and plasticity in PV*

Neuropsychopharmacology (2025) 50:1864 - 1874

cells [7, 11, 12]. Chronic fluoxetine treatment led to a significant
decrease in the number of cells expressing very high levels of PV,
particularly in the PL region (p=0.0175) (Fig. 5d), which is
consistent with previous findings in the visual cortex [12] and
hippocampus [7]. The analysis of PNNs revealed a significant
reduction in total PNN intensity in both the PL and ACA/M2
regions following fluoxetine treatment (PL, p <0.0001; ACA/M2,
p=0.0006). Additionally, there was a significant effect of PV
expression subsets, with a positive correlation between PNN
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Fig.2 TRAP Analysis in PV cells after Chronic Fluoxetine Treatment. a, b Results of pathway enrichment analysis of GO Molecular Function
-pathways in PV* cells clustered into 50 subgroups. Numbers correspond to individual pathways in Supplementary Table 3. a Downregulated
pathways predominantly involve mitochondrial energy production, including NADH dehydrogenase activity, oxidoreductase activity,
cytochrome c¢ function, electron transport, proton transmembrane transport, and ATP synthase. Additionally, downregulation of ribosome-
related pathways is observed, suggesting a broad impact on cellular metabolism and protein synthesis. b Upregulated pathways are related to
phosphatase activity, amino acid transmembrane transport, and voltage-gated potassium channels, highlighting enhanced synaptic and
signaling activities [12]. The complete details of the 50 pathways are listed in Supplemental Table 3.

intensity and PV expression levels in the ACA/M2 region
(p =0.0006) (Fig. 5e). Two-way ANOVA revealed a slight but
statistically significant increase in TOMM22 intensity across PV*
cell subsets in the PL region following fluoxetine treatment
(p <0.0001) (Fig. 5e, PL panel). In all regions, TOMM22 intensity
was positively correlated with PV expression levels, with higher
PV-expressing PV cells exhibiting higher TOMM22 signal
(p <0.0001).

These results suggest that chronic fluoxetine treatment induces
a plasticity-permissive state in PV* cells and alters PNN structure,
particularly in the PL and ACA/M2 regions. The reduction in the
number of high PV-expressing PV* cells and corresponding PNN
intensity implies increased plasticity in these regions. While
fluoxetine did not cause a consistent or large-scale change in
TOMM22 expression, the observed correlation with PV levels may
reflect underlying differences in metabolic demand between PV*
cell subtypes.

DISCUSSION
Fluoxetine-induced molecular and structural reorganization in
PV" cells of the PFC
The presented findings reveal that chronic fluoxetine treatment
induces coordinated transcriptional and structural changes in PV*
cells of the prefrontal cortex. Our TRAP analysis identified
downregulation of genes associated with mitochondrial function
and energy metabolism, and protein translation, alongside
upregulation of genes involved in ion channel activity, intracellular
signaling, and cytoskeletal remodeling. These shifts suggest a
transition toward a state supportive of synaptic reorganization.
Immunohistochemical data further revealed reduced PV expres-
sion and perineuronal net (PNN) intensity in specific PFC
subregions, including the PL and ACA/M2, which are functionally
relevant for emotional and cognitive regulation. While these
features have been linked to enhanced plasticity in previous work,
in this study, they serve as structural correlates of the
transcriptomic reprogramming we observed.

SPRINGER NATURE

Importantly, mitochondrial DNA levels were increased without
corresponding changes in ATP levels, indicating that mitochondrial
regulation occurs at the gene expression and DNA content level.
Together, these data suggest that chronic fluoxetine promotes a
plasticity-permissive state in PV* cells, characterized by molecular
downscaling of energy and translational pathways and concurrent
upregulation of mechanisms that support synaptic remodeling.

By focusing on cell-type-specific transcriptomic analysis using
TRAP methodology in the adult PFC, this study provides new
insight into how fluoxetine modulates cortical inhibitory circuits at
the molecular and structural levels.

Implications of transcriptional regulation in PV* cells after
chronic fluoxetine

Our TRAP analysis revealed that chronic fluoxetine treatment leads
to a broad and complex reorganization of genes expression in PV*
cells of the PFC. One of the most striking features was the
downregulation of genes associated with mitochondrial function.
These included key components of the electron transport chain
(Atp5d, Cox5a, Ndufa1), mitochondrial protein import machinery
(Tomm22, Timm13), and mitochondrial ribosomal subunits
(Mrpl14). Such a coordinated downregulation suggests altered
mitochondrial oxidative phosphorylation, which may affect ATP
synthesis capacity and availability in PV* cells. Given the high
metabolic demands of PV-INs [19], this suppression may
contribute to a lowered excitatory state or reduced firing fidelity,
as previously demonstrated [12].

In addition to mitochondrial changes, we observed reduced
expression of ribosomal protein genes (e.g., Rplp1, Rps13, Rpl17),
indicating decreased capacity for protein synthesis. Reduced
translational activity may compromise cell maintenance and
remodeling, particularly in neurons undergoing structural plasti-
city. Furthermore, the downregulation of Lamtor4 and Lamtor5,
which are components of the mTOR complex and lysosomal
signaling axis [52], points to a suppression of anabolic and growth-
related pathways, potentially reflecting a broader metabolic
downscaling in PV* cells. Interestingly, this suppression of
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Fig. 3 Representative DEGs After Chronic Fluoxetine Treatment. a Oxidative Phosphorylation and Mitochondrial Function: Downregulated
genes Atp5d, Cox5a, Mrpl14, Timm13, Tomm22, and Ndufa1 are critical components of the mitochondrial electron transport chain, protein
synthesis and transmembrane transport. b Ribosomal Proteins: Downregulated genes Rplp1, Rps13, and Rpl17 are involved in ribosome
biogenesis and function, indicating a potential decrease in protein synthesis capacity. ¢ Cell Signaling/lon Transport: Upregulated genes
Wnk2, Kenf1, and Ptpn9 are associated with ion transport and signaling pathways. d mTOR Signaling and Lysosomal Function: Downregulated
genes Lamtor4 and Lamtor5 are part of the mTOR signaling pathway and lysosomal function. e Neuroactive Ligand-Receptor Interaction/
Synaptic Transmission: Downregulated genes Npy and Parv suggest reduced inhibitory signaling and calcium buffering. Upregulated genes
Syt16 and Nptxr indicate enhanced synaptic transmission and receptor clustering. f PNN interaction: Mmp17, an upregulated gene, plays a key
role in matrix remodeling and may lead to the degradation of perineuronal nets (PNNs). Receptor type protein tyrosine phosphatase (Ptprs)
was upregulated. It modulates TrkB activity in interaction with PNNs. * indicates statistical significance with g <0.1.

metabolism-related genes was accompanied by upregulation of
transcripts related to intracellular signaling and synaptic function. We
found an increased expression of Wnk2 and Ptpn9, which modulate
ion transport and signaling cascades [47, 48], and actin-binding
genes implicated in cytoskeletal dynamics and synaptic spine
plasticity [53]. These shifts may facilitate signal transduction and
structural remodeling despite decreased mitochondrial output.

Upregulation of amino acid transporters and potassium channel
subunit Kcnfl suggests enhanced ion flux and neurotransmitter
dynamics. Notably, Kenf1 is known to modulate the gating properties
of Kv channels [49], potentially influencing the excitability of PV-INs.

Changes in neuropeptide and synaptic genes further point to
alterations in inhibitory tone and synaptic integration. Down-
regulation of Neuropeptide Y (Npy), which is involved in anxiety
regulation and increases inhibitory tone [54], and Parvalbumin
(Parv), a calcium-binding protein that ensures fast-spiking fidelity
[55, 56], may indicate reduced inhibitory function in PV-INs. In
contrast, the upregulation of Synaptotagmin 16 (Syt16), involved
in vesicle exocytosis, and Neuronal Pentraxin Receptor (Nptxr),
which clusters AMPA receptors at synapses [50], suggests
enhanced excitatory input onto PV-INs or altered synaptic
integration. This dual regulation may underline complex changes
in the excitation-inhibition (E/I) balance following fluoxetine.

Neuropsychopharmacology (2025) 50:1864 - 1874

We also identified increased expression of genes associated
with extracellular matrix remodeling, including Mmp17, a matrix
metalloproteinase that degrades perineuronal nets (PNNs), and
Ptprs, a CSPG receptor involved in memory retention [16, 51].
These findings suggest active structural remodeling of PNNs in PV-
INs in response to fluoxetine, consistent with prior studies
implicating PNN modulation in adult cortical plasticity [13, 17].

Taken together, these findings suggest that chronic fluoxetine
treatment induces a complex transcriptional profile in PV* cells,
characterized by suppression of metabolic and translational
capacity alongside enhanced synaptic signaling and structural
remodeling. This dual regulation may represent a cellular state
shift that enables plasticity at the cost of reduced bioenergetic
capacity —consistent with fluoxetine’s known effects on reopen-
ing critical period-like plasticity in cortical networks.

The role of synaptic and circuit level plasticity

Our findings of reduced PV expression and PNN intensity in the
PFC following chronic fluoxetine treatment are indicative of a
plasticity-permissive state in PV* cells. This interpretation is
supported by previous studies demonstrating that chronic
fluoxetine leads to increased dendritic spine density and altered
expression of plasticity-related markers such as PSA-NCAM and
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Fig. 4 Specificity of PV-tdTomato labeling and mitochondrial assays in FACS-sorted cells from cortex (Cx), hippocampus (HP) and
prefrontal cortex (PFC). a Stitched confocal image of a coronal PFC section from a PV-IRES-Cre x Ai14 mouse showing tdTomato-positive cells
(magenta) with parvalbumin (PV, yellow) and somatostatin (SST, cyan) immunostaining. b High-magnification single-channel views
demonstrating colocalization patterns (tdTomato, magenta; PV, yellow; SST, cyan, scale bar 100 pm). ¢ Quantitative specificity analysis of
tdTomato labeling. Left: 72.8% of tdTomato+ cells co-express PV, while 26.8% are PV-negative. Right: Only 2.5% of tdTomato+ cells co-express
SST, confirming high specificity for PV lineage (n = 3 mice, 730 cells analyzed). d Intracellular ATP levels in PV™ and non-PV cells across brain
regions. PV* cells show significant regional differences (two-way ANOVA, Region F(2,12) = 120.6, p < 0.0001) with no fluoxetine treatment
effect. Non-PV cells show no significant effects. e) Mitochondrial DNA copy number in sorted cell populations. PV™ cells display Treatment x
Region interaction (F(2,60) = 4.612, p = 0.0137) with post-hoc increase in PFC after fluoxetine (*p = 0.0271, Fisher’s LSD). Non-PV cells vary by
region (F(2,66) =4.119, p = 0.0206) with no treatment effect. Data represents mean + SEM. Gray bars: vehicle control, blue bars: fluoxetine
treatment. * p < 0.05 for post-hoc comparisons.

synaptophysin in cortical interneurons [57]. In addition, Alme et al Across all regions, TOMM22 intensity correlated strongly with PV
[58]. reported that chronic fluoxetine upregulates BDNF-related expression levels, suggesting that mitochondrial content may
LTP-associated genes, including Narp and TIEGT, in the PFC. scale with the functional state or maturity of PV* cells. This
Moreover, Ohira et al. [59]. provided direct evidence that observation complements our TRAP-seq data, which revealed
fluoxetine enhances interneuron plasticity by promoting the robust changes in mitochondrial gene expression following
generation of new GABAergic neurons from progenitor cells in fluoxetine treatment, and together these findings point to

the adult PFC. These prior observations align with our transcrip- fluoxetine-induced modulation of mitochondrial function in PV*
tomic findings showing upregulation of genes involved in cells at both the transcriptional and cellular levels. Further studies
synaptic signaling and cytoskeletal remodeling, such as Syt16, using more sensitive protein-level or functional assays may help
Nptxr, and actin-binding proteins. Collectively, these findings clarify the functional relevance of these mitochondrial changes.
suggest that fluoxetine promotes structural and transcriptional A major limitation of the ATP and mtDNA assays in this study is
adaptations that enable plasticity in PV* cells that they primarily reflect assays performed on somatic mitochon-
dria. Mitochondria that are localized at axon terminals and
Fluoxetine-induced modulation of mitochondrial features in synapses, which are critical for PV-INs fast-spiking function, are
PV interneurons not adequately captured by these methods. More refined

While TOMM22 is a broadly expressed mitochondrial marker, our compartment-specific approaches, such as live imaging or
analysis restricted to PV* cells revealed only a subtle increase in proximity-based labeling, will be necessary to resolve these
TOMM?22 intensity in the PL region following fluoxetine treatment. dynamics in future work. The high variability in mitochondrial
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Fig. 5 Immunostaining and imaging analysis PV, PNN and TOMM22 in the PFC. a Inmunostaining and imaging analysis were performed to
assess parvalbumin (PV), perineuronal nets (PNN), and TOMM22, a quantitative mitochondrial marker. Sub-regions of the prefrontal cortex,
including the infralimbic region (IL), prelimbic region (PL), and anterior cingulate area with secondary motor cortex (ACA/M2), were identified
using a reference atlas and selected for subsequent analysis. b Number of PV" cells in different subregions. Fluoxetine treatment did not have
a significant effect on cell count. However, significant regional differences are observed (F (2, 18) = 22.53, p < 0.0001). ¢ The proportion of PV*
cells surrounded by PNN. Although no significant treatment effect was observed, the ratio of PNN-positive PV' cells varied significantly
among regions (two-way ANOVA, Region, F (2, 18) = 36.35, p <0.0001). d PV" cells were categorized into four subgroups based on PV
expression levels. The relative number of cells expressing very high levels of PV was significantly lower in the PL region following fluoxetine
treatment (Chi-square test, p =0.0175). e The intensity of PNNs in PV-cell subsets (low, middle, high, and very high PV expression) was
analyzed after chronic fluoxetine treatment in the PL, IL, and ACA/M2 regions. In both the PL and ACA/M2 regions, fluoxetine treatment
significantly reduced the overall intensity of PNNs (Two-way ANOVA, Treatment, PL: F (1, 335) = 17.28, p < 0.0001; ACA/M2: Treatment, F (1,
1744) = 11.68, p = 0.0006). Additionally, there was a significant effect of PV expression subsets (Two-way ANOVA, PV subset, ACA/M2: F (3,
1744) = 40.64, p = 0.0006), indicating a positive correlation between PNN intensity and PV expression in the ACA/M2 region. f The intensity of
TOMM?22 in PV-cell subsets. In all regions, a significant effect of PV expression subsets was observed (Two-way ANOVA, PV subset, PL: F (3,
1287) = 791.0 p < 0.0001; IL: F (3, 714) = 390.7, p < 0.0001; ACA/M2: F (3, 4012) = 2756, p < 0.0001), indicating that PV" cells with higher PV
expression exhibited higher TOMM22 levels compared to those with lower PV expression. Fluoxetine treatment significantly increased
TOMM22 expression only in the PL region (Two-way ANOVA, Treatment, F (1, 1287) =21.17, p <0.0001). Bars represent standard error of
means, with ANOVA results noted below each plot. **, p < 0.01; **** p < 0.0001.

activity across brain compartments and the rapid turnover of ATP Potassium channel regulation

could also mask small but biologically meaningful differences. We Our previous study demonstrated that optical activation of
tried to determine mitochondrial metabolism rate directly from TrkB specifically in PV-INs reduces their excitability via the
FACS-sorted PV* cells using a biochemical method (SEAHORSE), decreased expression and activity of Kv3.1 [12]. The activation

but the method was unsuccessful due to scarcity of material of TrkB via BDNF stimulation similarly modulates excitability
obtained. and immune responses in the rat olfactory bulb [60].

Despite stable intracellular ATP levels, fluoxetine treatment was Conversely, upregulation of Kv3.1b/3.2 channels in response
associated with transcriptional downregulation of mitochondrial to TrkB ligands BDNF and NT4 have been observed in cultured
genes in PV* cells, including components of the electron transport rat neurons from the visual cortex [61]. These channels are
chain and mitochondrial protein import machinery. Interestingly, crucial for fast repolarization following an action potential,
this transcriptional change was accompanied by increased particularly in fast-spiking interneurons like PV-INs [62]. The
mitochondrial DNA content specifically in PV* cells of the PFC, differential regulations of the potassium channels observed

with a slight but significant increase in TOMM22 signal intensity in across these studies likely reflect their complexity, with region-
the PL region. These findings suggest a potential compensatory specific roles and developmental, as well as activity-depen-
mechanism where mitochondrial biogenesis is enhanced to dent, variations in their expression [63].

maintain energy homeostasis despite altered gene expression. Together, the combination of the increased potassium channel
This selective regulation of mitochondrial features at both gene expression, downregulation of parvalbumin and PNNs, and
transcriptional and DNA levels may influence the energetic altered energy dynamics following fluoxetine treatment suggests
capacity and activity-dependent responses of PV-INs, supporting a change in the inhibitory tone of PV-INs. This shift potentially
their role in fluoxetine-mediated plasticity, even in the absence of contributes to the E/I balance alterations towards increased
detectable changes in ATP production. excitation and promoting synaptic plasticity and the remodeling

Neuropsychopharmacology (2025) 50:1864 - 1874 SPRINGER NATURE

1871



E. Jetsonen et al.

of cortical circuits, which are essential for cognitive flexibility and
emotional regulation [64].

Region-specific modulation of PV-IN plasticity in the
prefrontal cortex by chronic fluoxetine treatment

Our study reveals region-specific effects of chronic fluoxetine
treatment on PV* cells across key subregions of PFC, aligning with
their distinct roles in emotional and cognitive processing. In the PL,
associated with fear expression, fluoxetine reduced PV expression,
suggesting enhanced plasticity that may aid in emotional regulation
and anxiety relief [31, 32]. While no significant changes were observed
in the IL, critical for fear extinction, the trend toward reduced
inhibitory tone could support the formation of new, less fearful
associations [65]. In the ACA/M2, which are involved in cognitive
flexibility and motor planning, reduced perineuronal net (PNN)
intensity points to increased synaptic remodeling, potentially enhan-
cing adaptability and cognitive function [33]. These findings highlight
that fluoxetine’s region-specific enhancement of plasticity in the PFC
contribute to its therapeutic effects in treating depression and anxiety
by modulating neural circuits related to emotion and cognition.

Specificity and limitations of the PV-IRES-Cre driver line

In this study, we employed the PV-IRES-Cre line to target
parvalbumin-expressing neurons. While this line is widely used
for studying PV interneurons, its recombination profile reflects
Pvalb promoter activity rather than current PV protein expression.
Our validation in the prefrontal cortex demonstrated that 72.8% of
tdTomato-positive cells co-expressed PV protein, while only 2.5%
showed overlap with SST-positive interneurons (Fig. 4a—c). These
values align with previous studies documenting variable recombi-
nation efficiency in the PV-IRES-Cre line across brain regions and
developmental stages [66]. The incomplete overlap likely reflects
cells with a history of PV expression that may have downregulated
the protein, as well as the inherent temporal dynamics of Cre-
mediated recombination. Recent findings also suggest rare off-
target labeling in excitatory neurons [67], emphasizing the
importance of region-specific validation. To acknowledge these
limitations, we refer to our target population as “PV-positive cells”
(PV* cells) rather than strictly “PV interneurons,” reflecting our
methodological approach and analytical caution. Despite these
caveats, the high specificity for PV lineage (72.8% overlap) and
minimal SST cross-reactivity (2.5%) supports the validity of our
cell-type-specific findings.

Clinical implications and future directions

The modulation of PV-INs by fluoxetine carries significant clinical
implications, particularly given their crucial role in maintaining
cortical network balance. Fluoxetine’s ability to reduce PV
expression and PNN density may help restore E/I balance in
conditions with pathologically elevated inhibition, offering ther-
apeutic benefits in mood disorders and other neuropsychiatric
conditions characterized by disrupted cortical networks [10]. Our
findings highlight potential biomarkers related to PV-IN plasticity
or mitochondrial activity, which could aid in identifying new
therapeutic targets. Future research should focus on exploring the
long-term effects of fluoxetine on neural circuitry and cognitive
function to better understand its full spectrum of therapeutic
outcomes. Additionally, translational research should investigate
combining fluoxetine with psychotherapy [2] or treatments
targeting complementary pathways, such as synaptic stabilization
[68], to enhance its efficacy and broaden its applicability in
treating various neuropsychiatric disorders.

DATA AVAILABILITY

The RNA sequencing data will be deposited in a public repository (Gene Expression
Omnibus, GEO) upon publication. Raw and processed RNA sequencing data files from
the TRAP experiments, including differential gene expression results and pathway
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analyses, are available from the corresponding authors upon reasonable request.
Analysis scripts used for processing the TRAP-seq data, FACS analyses, and
immunohistochemical quantification are available from the corresponding authors
upon request. The datasets generated and analyzed during the current study,
including raw microscopy images, FACS data files, and quantification spreadsheets,
are available from the corresponding author on reasonable request. Mouse lines used
in this study are available from Jackson Laboratory (PV-IRES-Cre, stock #008069; Ai9,
stock #007909).
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