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ARTICLE INFO ABSTRACT

Keywords: Serotonin (5-HT) is implicated in the pathophysiology of psychiatric disorders, and genetic alterations in the

fo“roPl.aStiCitY serotonin transporter (5-HTT) are identified as risk factors for increased vulnerability. Beyond its role as a

x‘crOgtl}a neurotransmitter in the adult brain, 5-HT exerts fundamental functions during early development guiding
uoxetine

neuronal maturation and network assembly. Perturbations of serotonergic signaling in these sensitive windows
have been associated with long-term changes in brain circuitry and increased susceptibility to psychiatric
conditions.

The present study aimed to further investigate how the timing of 5-HTT manipulation during perinatal
development influences the molecular response, by comparing the effects of transient pharmacological inhibition
at specific stages to those seen in constitutive 5-HTT knockout rats.

We analyzed transcriptional profiles in the dorsal (dHip) and ventral hippocampus (vHip) of adult females,
focusing on pathways relevant to neuroplasticity, microglial activation, microglia-neuron interaction, peri-
neuronal nets, GABAergic signaling, antioxidant and mitochondrial function, and autophagy.

Our findings show that both constitutive deletion and pharmacological inhibition of 5-HTT induce long-lasting
molecular alterations in the hippocampus, with partly overlapping but also distinct signatures depending on the
timing of exposure and the hippocampal subregion.

In conclusion, constitutive and time-specific early-life perturbations of serotonergic signaling converge on
persistent deficits in hippocampal plasticity, but differ in region- and timing-dependent molecular outcomes.
These findings provide a framework to further dissect the mechanisms through which early life serotonergic
perturbations shape long-term brain function, offering insights that could guide future research toward more
targeted therapeutic approaches.
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Development

1. Introduction

Serotonin (5-HT) plays a pleiotropic role as a neuromodulatory
transmitter, growth factor and neurohormone [1]. Within the central
nervous system, it is implicated in a wide range of cognitive, emotional,
and vegetative processes, regulating key functions such as learning and
memory, social interactions, stress reactivity, mood, and circadian
rhythms [1,2]. Beyond its involvement in adult brain physiology, 5-HT
plays a pivotal role during neurodevelopment, where it contributes to

cell division, neuronal migration, cell differentiation, synaptogenesis
[3,4] and the assembly of neural networks [5]. Perturbations of 5-HT
availability during these critical developmental windows can interfere
with circuit formation, producing long-lasting consequences on brain
function. Thus, 5-HT assumes a dual role across the lifespan: a devel-
opmental organizer in early life and a functional modulator in the
mature brain. Given this broad temporal range of influence on brain
function, the mechanisms regulating serotonergic signaling are of crit-
ical importance. Among these, the serotonin transporter (5-HTT,
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Fig. 1. Schematic representation of the experimental design. Experiment 1 included two groups based on serotonin transporter (5-HTT) genotype: wild-type (5-
HTT"") and knock-out (5-HTT”"). Experiment 2 included four groups: VEH/VEH, in which animals were exposed to vehicle (VEH) during both gestation and
breastfeeding; FLX/VEH, exposed to fluoxetine (FLX) during gestation and VEH during breastfeeding; VEH/FLX, exposed to VEH during gestation and FLX during
breastfeeding; and FLX/FLX, exposed to FLX during both gestation and breastfeeding. mRNA analyses were conducted in the dorsal and ventral hippocampus (dHip
and vHip respectively) of adult female rats to assess the expression level of genes grouped according to their functional roles, including neuroplasticity, microglia
activation, microglia-neuron interaction, perineuronal nets (PNN), antioxidant and mitochondrial function, GABAergic signaling, and autophagy.

encoded by the SLC6A4 gene) plays a central role by mediating synaptic
reuptake of 5-HT and representing the primary pharmacological target
of selective serotonin reuptake inhibitors (SSRIs). Genetic variation at
the 5-HTT promoter, particularly the short allele of 5-HTTLPR, has been
associated with heightened stress sensitivity and increased vulnerability
to psychiatric disorders in absence of positive support [6,7].

Animal models have been instrumental in elucidating the neurobi-
ological consequences of altered serotonergic signaling. Among these,
serotonin transporter knockout (5-HTT”") rodents display anxiety- and
depression-like phenotypes [8]. We and others have demonstrated that
5-HTT deletion impairs BDNF-related neuroplasticity and reduces
markers of synaptic integrity, including dendritic spines and GABAergic
components [9-18].

Since these changes appear during early developmental stages and
remain stable thereafter, they strengthen the view that the timing of
serotonergic modulation is critical for establishing long-lasting effects
on brain circuits and function. In line, transient inhibition of 5-HTT
throughout early development by perinatal exposure to the SSRI anti-
depressant drug fluoxetine (FLX) produces abnormal emotional behav-
iors in adult mice, an effect that mimics the behavioral phenotype of
rodents with a constitutive genetic deletion of 5-HTT [19].

Extending these findings, our recent work showed that perinatal FLX
induces age- and sex-dependent behavioral outcomes, with prenatal
exposure driving anhedonic-like behavior in adult male rats, whereas
postnatal exposure causes cognitive deficits in adult females [20]. These
behavioral phenotypes were paralleled by molecular biomarkers
detectable in both peripheral blood and brain [20]. A subsequent follow-
up study showed that prenatal FLX priming induces early dysfunction of
the hypothalamic—pituitary-adrenal axis, already evident in adoles-
cence, thus preceding the emergence of maladaptive behavioral phe-
notypes [21]. Additionally, we recently observed that perinatal FLX
exposure modulates the dynamics of sensitive periods by altering PNNs,
parvalbumin-positive interneurons, and genes involved in their opening
and closure. These effects were evident in the prefrontal cortex and
dorsal hippocampus (dHip) and varied according to exposure timing,
brain region, and sex [22]. Specifically, prenatal-FLX anticipated the
sensitive period in the dHip of male rats, whereas postnatal exposure
postponed it in females. Notably, these developmental effects seem to
have an opposite effect in the mature brain, where FLX treatment can

transiently “reopen” plasticity windows by enhancing BDNF signaling
and reducing PNNs density [23,24].

Here, we hypothesize that brain development is differently affected
by the timing and duration of 5-HT system disruption. To address this
aim, we compared the effects of a constitutive 5-HTT deletion with those
induced by FLX exposure during distinct perinatal periods.

In order to provide a high-resolution characterization of female re-
gion- and time-specific molecular signatures, and because their persis-
tent underrepresentation in preclinical research, we focused exclusively
on female rats [25]. Acknowledging this bias, as even in our own earlier
work with SERT animals the focus had historically been on males
[9,11,14,26], we have recently begun including females in our studies
[20,22]. As expected, we found that males and females respond to the
same early-life manipulations with strikingly different behavioral and
molecular profiles, sometimes emerging at different developmental time
windows. These observations strongly indicate that pooling sexes, or
extrapolating findings across them, can mask meaningful sex-specific
patterns.

Moreover, the dorsal and ventral subregions of the hippocampus
were examined separately, given their distinct roles in mediating
cognitive and emotional functions: dHip in spatial and episodic memory
and ventral hippocampus (vHip) in emotional behavior. Our analyses
targeted gene clusters commonly implicated in psychiatric conditions,
including those related to neuroplasticity [18,27], microglial activity
[28], perineuronal nets [29], antioxidant and mitochondrial function
[30,31], GABAergic signaling [26], and autophagic processes [32].

The findings herein reported indicate that constitutive deletion and
perinatal pharmacological inhibition of 5-HTT induce specific tran-
scriptional changes in the dorsal and ventral hippocampus.

2. Material and methods
2.1. Animals and experimental design

As represented in Fig. 1, we conducted two experiments using
distinct rat models to compare the effects of genetic deletion of the 5-
HTT, with those resulting from pharmacological inhibition of the 5-
HTT during specific early-life periods (gestation, breastfeeding, or
both) via administration of FLX.
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For the Experiment 1, 5-HTT knockout rats (5-HTT” °, Slc6a41Hubr)
were developed on a Wistar background by N-ethyl-N-nitrosurea (ENU)-
induced mutagenesis [33] and originated from crossing heterozygous 5-
HTT'" rats that were outcrossed for more than 12 generations with
wild-type (5-HTT'/*") Wistar rats obtained from Harlan Laboratories
(Horst, The Netherlands). Ear punches were taken at PND21 for geno-
typing, which was done by Kbiosciences (Hoddesdon, United Kingdom).
Fourteen adult 5-HTT”" (n = 7) and 5-HTT* (n = 7) female rats were
used for this study. The animals were maintained under standardized
conditions with a 12-h light-dark cycle, room temperature of 22 °C, and
80 % humidity, with free access to food and water.

The animals were sacrificed in adulthood for molecular analyses. All
experimental procedures were approved by the Central Committee on
Animal Experiments (Centrale Commissie Dierproeven, CCD, The
Hague, The Netherlands) and conducted in compliance with European
guidelines (Directive 2010/63/EU). All efforts were made to minimize
animal suffering and to reduce the number of animals used.

For the Experiment 2, adult female and male Wistar rats (Charles
River, Germany) were housed in the animal facility for one month before
the experimental procedures began. Each female was paired with a
male, and timed pregnancies were recorded upon detection of a vaginal
plug designated as gestational day (GD) 0. Following plug detection,
male rats were returned to their original cages, while females were
individually housed and provided with nesting material. At the weaning
(postnatal day (PND) 21) pups were separated by sex and placed in
groups of 2—-4 animals per cage. For this study, analyses were conducted
in twenty-two adult female offspring.

Each dam was assigned to an experimental group just after the plug
detection: the FLX/VEH group was exposed to FLX during gestation
(from GDO to PNDO) and vehicle (VEH, water) during breastfeeding
(PNDO to PND21); the VEH/FLX group was administered with VEH
during gestation and FLX during breastfeeding; the FLX/FLX group
received FLX during both the gestational and breastfeeding periods, and
the VEH/VEH group received vehicle throughout both periods.

FLX was administered via drinking water at a dosage of 15 mg/kg/
day, and the drug solution was prepared in excess based on the expected
daily water intake of the animals. Indeed, to ensure accurate dosing, we
tracked water intake in single-housed females before starting FLX
exposure to determine the appropriate dilution. Throughout the drug
exposure periods, the solution was freshly prepared each day to adjust
the drug concentration adjusting for changes in body weight and water
consumption occurring during pregnancy and lactation. At the end of
the pharmacological manipulation, all animals were left undisturbed in
their home cages. Female offspring were sacrificed in adulthood for
molecular analyses (VEH/VEH = 6, FLX/VEH = 4, VEH/FLX = 8, and
FLX/FLX = 4). Animals had ad libitum access to food and water, and the
environment was maintained a consistent 12-hour light/dark cycle, with
a temperature of 22 + 2°C and humidity at 50 + 5 %. All procedures in
the Experiment 2 were conducted in accordance with authorization n°
472/2021-PR approved by the Italian Health Ministry in line with the
Italian legislation in animal experimentation (DL 26/2014) and con-
formed to the European Communities Council Directive of September
2010 (2010/63/EU). All efforts were made to minimize animal suffering
and to reduce the number of animals used.

3. Tissues collection

All rats were decapitated at adulthood..

In Experiments 1 and 2, the dHip and vHip were dissected following
the stereotaxic coordinates of the Paxinos and Watson atlas (Paxinos and
Watson, 2007). Specifically, the dHip corresponds to plates 43-72 and
the vHip to plates 73-84.
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Table 1
Clustering of genes within the selected gene clusters.
Gene cluster Gene References
Neuroplasticity Total Bdnf [36-39]
Bdnf isoform IV [40,41]
Bdnf isoform VI [42,43]
Mmp9 [44-46]
TrkB [47-49]
Dig4 [50,51]
Npte2 [52,53]
Microglia activation Ibal [54,55]
CD68 [54,56]
CD86 [57,58]
Microglia-neuron interaction Cx3crl [59,60]
Cx3cll [59,60]
Perineuronal nets Ncan [61-63]
Bcan [63,64]
Hapln1 [65,66]
Sem3a [67,68]
Antioxidant and Cox3 [69]
mitochondrial function Gpx1 [70]
Pgcla [71,72]
GABAergic signaling Gad65 [73-75]
Gad67 [75,76]
Pvalb [77,78]
Autophagy Ulk1 [79,801]
Map1ic3 [81,82]
Becnl [83,84]
Lamp1 [85,86]
Ctsb [871]

4. RNA preparation and gene expression analysis by
quantitative real-time PCR

Total RNA was isolated from the frozen brain tissues by single-step
guanidinium isothiocyanate/phenol extraction using PureZol RNA
isolation reagent (Bio-Rad Laboratories, Segrate, Italy) and quantified
by spectrophotometric analysis as previously described [34]. Samples
were treated with DNase (ThermoFisher Scientific) to avoid DNA
contamination.

Real-time polymerase chain reaction (q-PCR) was performed to
measure total Bdnf, Bdnf isoform IV, Bdnf isoform VI, Mmp9, TrkB, Dig4,
Nptx2, Ibal, CD68, CD86, Cx3crl, Cx3cll, Ncan, Bcan, Haplnl, Sem3a,
Cox3, Gpx1, Pgcla, Gad65, Gad67, Pvalb, Ulk1l, Map1lc3, Becnl, Lampl
and Ctsb mRNA levels belonging to seven clusters as summarized in
Table 1. Primer sequences used were purchased from Eurofins MWG-
Operon (Ebersberg, Germany) and Life Technologies (Italy) (Tables 2
and 3). mRNA was analyzed by Tagman qRT-PCR instrument CFX Opus
384 real-time PCR system, Bio-Rad Laboratories S.r.L., Segrate MI, Italy)
using the iScriptTM one-step RT-PCR kit for probes (Bio-Rad Labora-
tories, Segrate, Italy) (see [35] for details). Samples were run in 384 well
formats in triplicate as multiplexed reactions with normalizing internal
control 36b4.

5. Z-score

Z score for each gene was calculated in the single animals according
to the formula: Z-score :)%. X represents the individual gene expression
data of each animal, while p and o represent the mean and the standard
deviation, respectively, of the corresponding control group (5-HTT* *or
VEH/VEH).

To obtain a composite z-score for each functional gene cluster, the z-
scores of all genes within the same cluster were averaged for each

animal.

6. Statistical analysis

GraphPad Prism software version 10.4 (GraphPad Software Inc., CA,
USA) was employed to analyze all the data.
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Table 2
Sequences of forward and reverse primers and probes used in real-time PCR analyses and purchased form Eurofins MWG-Operon.
Gene Forward Primer Reverse Primer Probe
Total Bdnf AAGTCTGCATTACATTCCTCGA GTTTTCTGAAAGAGGGACAGTTTAT TGTGGTTTGTTGCCGTTGCCAAG
Gad65 TGAGGGAAATCATTGGCTGG TCCCCTTTTCCTTGACTTCTG TGCCATCTCCAACATGTACGCCA
Gad67 ATACTTGGTGTGGCGTAGC AGGAAAGCAGGTTCTTGGAG AAAACTGGGCCTGAAGATCTGTGGT
Pvalb CTGGACAAAGACAAAAGTGGC GACAAGTCTCTGGCATCTGAG CCTTCAGAATGGACCCCAGCTCA
36b4 TCAGTGCCTCACTCCATCAT AGGAAGGCCTTGACCTTTTC TGGATACAAAAGGGTCCTGG
deviation from control expression levels for each experimental group,
Table 3 . . o . enabling a direct comparison of the extent to which the different 5-HTT
Probes purchased form Life Technologies which did not disclose the sequence. manipulations impact specific molecular pathways.
Gene Accession number Assay ID Unpaired t-test revealed a statistically significant reduction in
Bdnf isoform IV EF125679 Rn01484927 m1 neuroplasticity-related z-scores in 5-HTT” rats compared to their wild-
Bdnf isoform VI EF125680 Rn01484928 m1 type counterparts (p < 0.05 vs 5-HTT'/*), and a similar decrease
Mmp9 U24441.1 Rn00579162 m1 observed in the FLX/VEH group (p < 0.01 vs VEH/VEH; Fig. 2E).
TrkB AY265419.1 Rn01441749 m1 Furthermore, 5-HTT”" rats displayed a marked downregulation in genes
Dig4 M96853.1 Rn00571479_m1 ? X L piay " f 8
Nptx2 CB578587.1 Rn01756377 m1 related to microglial activation (p < 0.01 vs 5-HTT"/ ™), a pattern that
Ibal AF299328.1 Rn03993468 g1 was mirrored in the FLX/FLX group (p < 0.001 vs VEH/VEH; Fig. 2F).
Cd68 BC098931.1 Rn01495634 g1 Furthermore, microglia—neuron interaction was significantly disrupted
€ds6 D50558.1 Rn00571654 ml in both VEH/FLX (p < 0.001 vs VEH/VEH) and FLX/FLX groups (p <
Cx3crl U04808.1 Rn02134446_s1 0.001 vs VEL/VELL Fiz. 2G
Cx3cll AF030358.2 Rn00593186_m1 UL VS VE /VEH, Fig. 2G). o
Nean AF060879.1 Rn00581331 m1 Interestingly, some effects depend on the timing of the 5-HTT
Bcan AI535159.1 Rn00563814_m1 manipulation. Indeed, PNN (p < 0.05 vs VEH/VEH; Fig. 2H) and
Haplnl BC128740.1 Rn00569884_m1 GABAergic signaling (p < 0.05 vs VEH/VEH; Fig. 2J) were significantly
Sem3a HAAF01008759.1 Rn00436469_m1 - : - -
Cox3 NC,001665.COX3.0 Rn03206820.s1 reduced only in the FLX/.FLX group, whgreas mitochondrial funtion
Gpx1 BC058438.1 Rn00577994 g1 related z-score was §elect1vely increased in the VEH/FLX group (p <
Pgcla AB025784.1 Rn00580241_m1 0.05 vs VEH/VEH; Fig. 2I).
Ulk1 XM_006249565.2 Rn02108711 51 By considering the specific genes measured belonging to each of the
Map1ic3 BC083556.1 Rn02132764 51 seven functional clusters (Fig. 2L), we were able to dissect the previously
Becnl BC074011.1 Rn00586976_m1 described effects i detail. Indeed. in the 5-HTT”- . ired
Lamp1 FQ221686.1 RN00689219. m1 escribed effects in more detail. Indeed, in the 5- group, impaire
Csb BC072490.1 Rn00575030 m1 neuroplasticity was primarily associated with a marked downregulation

Gene expression and z-score results were analyzed using the un-
paired t-test comparing each experimental group to its control group (5-
HTT"/* or VEH/VEH). The normality of residuals was assessed using the
Shapiro-Wilk test, and no discernible variation in homogeneity was
discovered.

Statistical significance for all the tests was assumed for p < 0.05.

7. Results

7.1. Transcriptional impact of constitutive deletion and perinatal
pharmacological manipulation of 5-HTT in the dorsal hippocampus

Based on the molecular pathways listed in Table 1, which are
commonly dysregulated in psychiatric disorders, we calculated cumu-
lative z-scores from gene cluster expression to quantify the overall
transcriptional shifts within each experimental group. As shown in the
donut charts in Fig. 2 A-D, the different types of 5-HTT manipulations
affect distinct domains. Notably, 5-HTT”" rats exhibited marked alter-
ations in neuroplasticity, microglial activation markers, and PNN com-
ponents compared to 5-HTT/* counterparts (Fig. 2A). Interestingly,
prenatal FLX exposure in the FLX/VEH group led to changes in neuro-
plasticity z-scores comparable in magnitude to those observed in 5-
HTT” rats (Fig. 2B). Moreover, microglial activation was similarly
altered in 5-HTT”" and in FLX/FLX rats relative to their respective
controls (Fig. 2D). Postnatal FLX exposure predominantly impacted
antioxidant and mitochondrial function (Fig. 2C) and altered micro-
glia—neuron interaction, a disruption also evident in the FLX/FLX group
compared to VEH/VEH controls (Fig. 2D). Additionally, the FLX/FLX
group showed significant changes in the PNNs and GABAergic signaling
clusters (Fig. 2D).

A more detailed breakdown of z-score distributions across functional
gene clusters is shown in Fig. 2 panels E-K. These plots represent the

of the expression of total Bdnf expression (-23 % p < 0.05 vs 5-HTT/ ™),
Bdnf isoform VI (—24 % p < 0.05 vs 5-HTT"/™), the high affinity Bdnf
receptor TrkB (—13 % p < 0.05 vs 5-HTT™/"), and Dig4 (—-11 % p < 0.05
vs 5-HTT*/*). Similarly, prenatal FLX exposure (FLX/VEH) resulted in
reduced expression of total Bdnf (—21 % p < 0.01 vs VEH/VEH), Bdnf
isoform IV (—31 % p < 0.01 vs VEH/VEH), and Bdnf isoform VI (—24 %
p < 0.05 vs VEH/VEH).

For the microglial activation cluster, mRNA levels of Ibal, CD68, and
CD86 were assessed. Ibal and CD68 were significantly reduced in 5-
HTT”" rats (Ibal: —12 % p < 0.05; CD68: —12 % p < 0.05 vs 5-HTT*/*)
compared to controls. Notably, Ibal expression was also decreased in the
FLX/VEH (—-12 % p < 0.05 vs VEH/VEH), VEH/FLX (—10 % p < 0.05 vs
VEH/VEH), and FLX/FLX (—24 % p < 0.05 vs VEH/VEH) groups, while
CD68 was significantly downregulated in the FLX/FLX (—35 % p <
0.001 vs VEH/VEH).

In the 5-HTT” group we found an opposite effect on the expression
of Cx3cr1 and Cx3cll (+22 % p < 0.001 vs 5-HTT*/* and — 30 % p <
0.001 vs 5-HTT+/*, respectively), underlying the non-significant change
in the z-score of the gene cluster “microglia-neuron interaction”.

Importantly, Cx3cll expression was also significantly reduced in the
FLX/VEH (—43 % p < 0.001 vs VEH/VEH), VEH/FLX (—37 % p < 0.001
vs VEH/VEH), and FLX/FLX (—52 % p < 0.001 vs VEH/VEH).

Within the PNN-related genes, Sem3a expression was increased in the
5-HTT”" group (+38 % p < 0.01 vs 5-HTT"/™), a pattern also observed in
the VEH/FLX group (4+65 % p < 0.05 vs VEH/VEH), while in the FLX/
FLX group, Sem3a was instead downregulated (—30 % p < 0.001 vs
VEH/VEH).

Concerning antioxidant and mitochondrial function, GpxI expres-
sion was significantly reduced in 5-HTT”" animals (—15 % p < 0.05 vs 5-
HTT"/*) compared to 5-HTT"/™ rats, whereas it was upregulated in the
VEH/FLX group (+27 % p < 0.05 vs VEH/VEH).

Interestingly, some genes were selectively affected by pharmaco-
logical manipulation of 5-HTT but not by the genetic deletion.
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Specifically, in the FLX/VEH group, we observed reduced expression of
Bcan (—18 % p < 0.05 vs VEH/VEH) and Haplnl (—17 % p < 0.01 vs
VEH/VEH), two PNN components. Haplnl was also downregulated in
the FLX/FLX group (—12 % p < 0.05 vs VEH/VEH). In addition, Cox3, an
antioxidant and mitochondrial function marker, was upregulated in
FLX/VEH (415 % p < 0.05 vs VEH/VEH), VEH/FLX (+15 % p < 0.05 vs
VEH/VEH), and FLX/FLX (+19 % p < 0.05 vs VEH/VEH) groups.

Differently, in the VEH/FLX group CD86 was significantly increased
(+37 % p < 0.001 vs VEH/VEH), while Map1ic3, a gene involved in
autophagy, was selectively downregulated (—13 % p < 0.05 vs VEH/
VEH).

Lastly, Gad65 and Gad67, key GABAergic markers, were selectively
downregulated in the FLX/FLX group (Gad65: —17 % p < 0.05; Gad67:
—24 % p < 0.01 vs VEH/VEH).

7.2. Transcriptional impact of constitutive deletion and perinatal
pharmacological manipulation of 5-HTT in the ventral hippocampus

In the vHip, as illustrated in the donut charts (Fig. 3A-D), the genetic
deletion of 5-HTT (Fig. 3A) was associated with prominent alterations in
microglia activation and microglia-neuron interaction. Notably,
changes in microglial activation were also detected in the FLX/VEH
group (Fig. 3B). Other alterations appeared to be specific to each
experimental group: VEH/FLX showed a disrupted z-score profile
related to perineuronal nets (PNNs; Fig. 3C), while FLX/VEH exhibited
changes in the autophagy-related gene cluster.

Quantitatively (Fig. 3E-K), both 5-HTT”" (p<0.05vs 5-HTT"*) and
FLX/VEH (p < 0.05 vs VEH/VEH) groups exhibited a significant increase
in microglia activation-related z-scores (Fig. 3F) while a selective
reduction in microglia—neuron interaction was observed exclusively in
the 5-HTT”" group (p < 0.001 vs 5-HTT/*; Fig. 3G). Differently, VEH/
FLX animals showed elevated PNN-related z-scores (p < 0.05 vs VEH/
VEH; Fig. 3H), and the FLX/VEH group exhibited a significant upregu-
lation of autophagy-associated genes (p < 0.01 vs VEH/VEH; Fig. 3K).

Looking at the expression of the individual genes (Fig. 3L), we found
increased mRNA levels of Ibal in both 5-HTT”" (+17 %, p < 0.05 vs 5-
HTT'*) and FLX/VEH animals (+11 %, p < 0.05 vs VEH/VEH).
Differently, Cx3cr1 expression was decreased in 5-HTT”" rats (-40 %, p
< 0.001 vs 5-HTT*/*) and in the FLX/FLX group (-26 %, p < 0.01 vs
VEH/VEH).

Although the z-scores for antioxidant and mitochondrial function
and autophagy-related pathways were not significantly altered overall,
5-HTT”" animals displayed reduced Cox3 expression (—21 %, p < 0.01 vs
5-HTT+/*), along with increased levels of Pgcla (+17 %, p < 0.05 vs 5-
HTT™*) and Lamp1 (+10 %, p < 0.05 vs 5-HTT/*). Moreover, in the
FLX/VEH group we observed reduced expression of Bdnf isoform VI
(—20 %, p < 0.05 vs VEH/VEH) and Mmp9 (—41 %, p < 0.05 vs VEH/
VEH), while Cox3 (+28 %, p < 0.05 vs VEH/VEH), Ulk1 (+20 %, p <
0.05 vs VEH/VEH), and Ctsb (+15 %, p < 0.05 vs VEH/VEH) were
upregulated.

Differently, postnatal FLX exposure (VEH/FLX group) led to
increased expression of Bdnf isoform IV (+36 %, p < 0.05 vs VEH/VEH)
and Ulk1 (+16 %, p < 0.05 vs VEH/VEH).

Finally, in the FLX/FLX group, Cx3cll expression was increased
(+30 %, p < 0.01 vs VEH/VEH), accompanied by reduced levels of
Pgcla (—18 %, p < 0.05 vs VEH/VEH) and Lamp1 (—15 %, p < 0.05 vs
VEH/VEH).

8. Discussion

This study provides a comprehensive view of the long-term molec-
ular consequences of 5-HTT manipulations across dorsal and ventral
hippocampal subregions, highlighting how the timing and length of
serotonergic perturbation shapes distinct outcomes.

Our data show that some processes are similarly altered in the ge-
netic model and in the pharmacological ones, while others are
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modulated only under specific conditions.

In particular, both the removal of 5-HTT and the prenatal-FLX
exposure led to comparable reductions in neuroplasticity markers in
the dHip indicating that serotonergic disruption during gestation is
sufficient to cause persistent deficits in adult dHip plasticity. This is
consistent with previous evidence showing that constitutive 5-HTT
deletion reduces Bdnf levels in the adult hippocampus of male rats
[26,88,89] and that prenatal FLX exposure induces long-lasting alter-
ations in neuroplasticity detectable at adulthood [90].

Additionally, in dHip, microglial activation was reduced both in 5-
HTT” and in FLX/FLX rats suggesting that the transient prenatal or
postnatal FLX exposure alone is not sufficient to impact microglial
activation, while manipulations spanning both developmental windows,
as in FLX/FLX animals, reproduce the effect of constitutive 5-HTT loss.

Looking in more detail, we observed that, although Ibal expression
was decreased across all experimental groups, genetic deletion and
extended perinatal FLX exposure (FLX/FLX) also led to a reduced CD68
expression indicating a shift toward a less active, hypofunctional
microglial state, potentially limiting synaptic remodeling and trophic
support. These findings support previous studies showing that both 5-
HTT mutant animals and rodents exposed to perinatal FLX exhibit dis-
rupted inflammation-related processes in the hippocampus [91,92].

Conversely, in vHip, 5-HTT constitutive deletion increased micro-
glial activation by upregulating Ibal expression, a result also observed in
the FLX/VEH group, emphasizing that early gestational 5-HTergic
disruption is sufficient and necessary to induce persistent immune-
related changes in this subregion.

Of note, we observed reduced expression of microglia-neuron
interaction markers only in the vHip of 5-HTT"" rats, suggesting that this
phenotype is probably due to an early and stable alterations of the
serotonergic system, while perinatal transient alterations are not enough
to perturb it in the long term. In particular, we observed a marked
reduction of Cx3crl mRNA levels without changes in Cx3cl1, suggesting
a clear dysregulation of neuron-microglia signaling. Interestingly, ge-
netic variants in the Cx3crl gene have been previously associated with
psychiatric conditions [93]. The parallel increase in microglial activa-
tion (mainly driven by Ibal upregulation) and reduction of microglia-
neuron interaction (selectively due to decreased Cx3crl expression,
with unaltered Cx3cl1) suggest that microglia become more active but
less responsive to neuronal regulatory signals. This imbalance might
suggest an alteration of the homeostatic neuron-microglia crosstalk,
potentially leading to a primed microglial state that may affect synaptic
refinement and long-term network stability. Moreover, disruption in the
microglia-neuron signaling has been previously shown to contribute to
neurodevelopmental and neuropsychiatric disorders [94].

Additionally, Cx3crl was also reduced in FLX/FLX animals, along-
side the increase of Cx3cll potentially balancing the overall cluster ef-
fect. This pattern suggests that perinatal 5-HTT disruption is sufficient to
drive long-term Cx3cr1 reduction, but the restoration of 5-HTT function
after FLX discontinuation may trigger compensatory increases in Cx3cl1.

In contrast we found less overlap in the dHip between the genetic and
the pharmacological manipulation.

Here, microglia-neuron interaction was specifically reduced both in
FLX/FLX and in VEH/FLX groups, indicating that postnatal FLX expo-
sure alone is sufficient and necessary to produce this effect. Notably,
Cx3cll expression was lowered in all experimental groups, while 5-HTT
constitutive deletion resulted in increased Cx3crl levels, pointing to
disrupted neuron-microglia signaling, with more receptors but reduced
neuronal signaling.

Consistent with our recent evidence demonstrating that early FLX
exposure affects parvalbumin-positive GABAergic interneurons,
contributing to the disruption of sensitive period timing in the dHip and
leading to an imbalance in excitatory/inhibitory signaling as well as
alterations in PNN composition [22], we observed a reduction of Gad65,
Gad67, together with a downregulation of PNN components (Haplnl,
Sem3a) in the dHip of FLX/FLX rats.



M.T. Gallo et al.

Biochemical Pharmacology 245 (2026) 117632

( 5-HTT" FLX/VEH

) VEH/FLX ( FLX/FLX )

)(

N ( U ) perineuronal nets
e o
i /ﬂ 79 ° < @%@
" | | neuroplasticity /QQ
© neuroplasticity _antioxidant and o microglia
mitochondrial funtion NH,
. . HO
L microglia L ) GABA
—~ \ ([ “Ya \ )
perineuronal nets
9‘ microglia
m
> microglia .'..
0O
WAS U autophagy L VA y

Fig. 4. Molecular effects of constitutive 5-HTT deletion and pharmacological 5-HTT inhibition during specific early-life time windows in the dorsal and ventral
hippocampus of adult female rats. Each box represents the gene clusters impaired in each experimental condition specifically in the dorsal (dHip) and ventral (vHip)

hippocampal subregions.

Postnatal-FLX exposure also enhanced antioxidant and mitochon-
drial function in dHip, as reflected by the upregulation of Gpx1 and
Cox3, indicating that 5-HTergic perturbations restricted to the lactation
period selectively target distinct metabolic pathways, which remain
unaffected by prenatal or constitutive manipulations. Consistent with
this observation, altered mitochondrial bioenergetics have previously
been reported after postnatal exposure to FLX [95].

Differently, when 5-HTT manipulation was limited to gestation
(FLX/VEH), we observed an upregulation of autophagy-related genes
(Ulk1, Ctsb) in the vHip, suggesting that even transient gestational in-
terventions are sufficient to recruit this pathway. Interestingly, other
perinatal manipulations, such as maternal separation have also been
shown to induce long-lasting alterations in autophagic processes [96].

Since several studies performed on SERT male rats have shown that
both pharmacological or non-pharmacological approaches can amelio-
rate behavioral and molecular deficits (e.g. [14,26,89,97-101]), future
studies will investigate whether similar interventions may also be
effective in female SERT rats and in animals exposed to FLX early in life.

The differences between the dorsal and ventral hippocampi may
depend on the marked heterogeneity of serotonergic signaling across
these two subregions. This heterogeneity spans multiple dimensions,
including patterns of innervation, receptor subtype distribution, 5-HTT
abundance, and developmental sensitivity to 5-HT signaling (for details
see [102]).

Finally, we acknowledge that estrous-related variability in hippo-
campal molecular markers may have contributed to within-group vari-
ance and represents a limitation to be addressed in future studies.

In conclusion, this study demonstrates that constitutive 5-HTT
deletion and pharmacological manipulations during defined perinatal
windows can cause partially overlapping molecular outcomes although
through distinct pathways and in a fashion which depends upon the
timing of the perturbation. Serotonergic manipulations restricted to
prenatal or postnatal stages elicited unique signatures, highlighting that
the developmental phase in which serotonergic signaling is perturbed
critically determines the nature and persistence of hippocampal out-
comes. Thus, while genetic and pharmacological disruptions share
common endpoints, their consequences cannot be fully equated, as they
differentially shape hippocampal maturation in a stage-dependent

manner (Fig. 4).

These findings provide a framework to further dissect the mecha-
nisms through which serotonergic perturbations shape long-term brain
function, offering insights that could guide future research toward more
targeted therapeutic approaches.
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