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ARTICLE INFO ABSTRACT

Keywords: Fragile X syndrome (FXS) is the most common inherited intellectual disability and the leading monogenic cause

ASD of autism spectrum disorders (ASD). Although the pathological mechanisms underlying this neurodevelopmental

?{S disorder are challenging, recent studies have increasingly highlighted the involvement of glial cells in the
‘ppocampus pathogenesis of both ASD and FXS. Microglia and astrocytes are critical for brain development and homeostasis;

Glia . . .. . .. .

Lamin B1 thus, understanding glial dysfunction in both the developing and adult brain in these disorders may reveal novel

Nuclei therapeutic targets beyond the neuro-centric perspective. In this study, we demonstrated that the loss of function

of Fmrp leads to phenotypic changes in both microglia and astrocytes within the hippocampus of the recently
validated Fmri1-“exon 8 rat model of FXS without a significant induction of pro-inflammatory cytokines. For the
first time, we also provide evidence that these non-inflammatory changes in glia are associated with dysmorphic
nuclei and a reduced expression of Lamin Bl, a key component of the nuclear envelope and an important
modulator of brain development and aging, in the hippocampus of young adult Fmri-“exon 8 rats.

Collectively, our findings strengthen existing evidence of the glial contribution to FXS and identify Lamin B1
loss and nuclear abnormalities as potential early markers of hippocampal pathology, providing a novel potential
molecular target which should be furtherly considered.

1. Introduction

Fragile X syndrome (FXS) is the most common inherited form of
intellectual disability and the leading monogenic cause of autism spec-
trum disorders (ASD). It is caused by the silencing of the Fragile X
Messenger Ribonucleoprotein 1 (Fmr1) gene, which encodes the Fragile
X Messenger Ribonucleoprotein (FMRP), an RNA-binding protein
regulating the translation of a broad set of mRNAs involved in multiple

biological processes, including neurotransmission and synaptic plas-
ticity (Genovese and Butler, 2025). Accordingly, individuals with FXS
show specific neurodevelopmental, behavioral, and psychiatric condi-
tions over the lifespan (Genovese and Butler, 2025). Numerous com-
pounds have been tested over the years to rescue or mitigate FXS
symptoms. However, clinical trials have often failed to demonstrate
efficacy (Berry-Kravis et al., 2018), highlighting the urgent need to
understand the molecular mechanisms driving the pathogenesis of FXS.
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Although the pathological mechanisms underlying this neuro-
developmental disorder are complex, clinical and preclinical evidence
suggests that glial cell alterations contribute to the pathophysiology of
FXS and ASD-related disorders (Hughes et al., 2023; Napier et al., 2023;
Talvio and Castren, 2023). Indeed, FMRP is also expressed in non-
neuronal cells, including astrocytes (Pacey and Doering, 2007) and
microglia (D'Antoni et al., 2024; Gholizadeh et al., 2015). Glial cells play
an essential role in brain development and function, including neuro-
genesis, neuronal migration, synaptic patterning, neurotransmission,
immune response and aging (Allen and Lyons, 2018; Gildea and Lid-
delow, 2025; Lopez-Ortiz and Eyo, 2024). Therefore, the loss of FMRP in
these cells may disrupt developmental trajectories and adult brain ho-
meostasis, increasing the susceptibility to ASD and FXS-like phenotypes.

Interestingly, recent evidence suggests nuclear lamins as pivotal
modulators of brain development and aging, and lamin defects have
recently been associated with glial dysfunction in age-related brain
disorders, including Alzheimer's disease, Autosomal Dominant Leuko-
dystrophy, and Parkinson's disease (Koufi et al., 2023).

Lamins are the major components of the nuclear envelope and play
crucial roles as mechanosensitive proteins in the structural and func-
tional integrity of the nucleus along with the organization of the cyto-
skeleton, DNA regulation, control of cell proliferation and survival, and
mechanotransduction (de Leeuw et al., 2018; Sun et al., 2025; Vahabi-
kashi et al., 2022). The expression of each lamin subtype is regulated in
tissue-specific, as well as cell-type specific manners (Broers et al., 1997),
and mainly driven by signals of mechanical nature, among which the
tissue-specific elasticity (Swift et al., 2013). Although ubiquitously
expressed, B-type lamins (especially the isoform B1) are the only lamins
consistently detected in all neural cells in the rat cerebral cortex
(Takamori et al., 2018), as A-type lamins are poorly expressed in soft
tissues (Swift et al., 2013). Interestingly, FXS patients and Fmr1-KO mice
exhibiting cognitive impairments, also show abnormal hippocampal size
and connectivity (Haberl et al., 2015; Kates et al., 1997; Molnar and
Keri, 2014), thereby suggesting a mechanical aberration in the brain
environment that could be related to lamin deregulation. In support of
this hypothesis, higher Matrix Metalloproteinase-9 (MMP-9) activity in
Fmr1-KO mouse brains has been reported, suggesting that MMP-9 dys-
regulation may contribute to FXS-associated deficits (Bilousova et al.,
2009). Since MMP-9 activity has an effect on the processing of extra-
cellular matrix as well as proper function of adhesion molecules
(Dziembowska and Wlodarczyk, 2012), increased MMP-9 levels in FXS
can partially explain the altered extracellular matrix elasticity and
plasticity observed in the Fmr1-KO animal model (Zhang et al., 2009).
Moreover, abnormal Lamin Bl expression has been previously associ-
ated with diseases mainly affecting the brain, where Lamin B1 expres-
sion is finely tuned to properly regulate key cell processes, such as
neuronal migration, neurogenesis, cell differentiation, and senescence
both during development and aging (Koufi et al., 2023). Therefore,
given the emerging role of Lamin B1 in regulating glial function under
pathophysiological conditions and the altered mechano-environment
described in animal models of FXS, it is plausible that Lamin B1 dysre-
gulation may contribute to the altered glial phenotypes observed in FXS
and ASD-related disorders. On this basis, the aim of this study was to
investigate whether astrocytic and microglial alterations in the hippo-
campus - a central area for learning and memory, and significantly
impacted by the loss of FMRP (Bostrom et al., 2016; Long et al., 2024) -
correlate with a decline in Lamin B1 expression and defective nuclear
morphology in the Fmr1-“exon 8 rat model, which has been proposed as
a genetic rat model relevant to FXS and ASD (Golden et al., 2019). This
model was generated using zinc-finger nucleases (ZFN) and carries a
deletion of exon 8 of the Fmrl gene, which encodes the KH1 RNA-
binding domain of FMRP. Although this mutation differs from the full
knockout observed in most individuals with FXS, deletion of exon 8 has
been reported to be sufficient to induce FXS-like traits, including deficits
in sustained visuospatial attention, altered social interactions, impair-
ments in working memory, and abnormal synaptic plasticity (Golden
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et al., 2019; Manduca et al., 2024; Rava et al., 2025; Schiavi et al., 2022;
Schiavi et al., 2023). These phenotypes, together with the well-
recognized anatomical and behavioral advantages of rats over mice
for modelling neurodevelopmental disorders (Szpirer, 2020; Willemsen
and Kooy, 2023), support the use of this animal model to mimic key
neurobiological and behavioral deficits that characterize FXS and some
of the core and comorbid features of non-syndromic ASD (Golden et al.,
2019; Schiavi et al., 2023).

2. Materials and methods
2.1. Animals

Wild-type (WT) (Charles River Laboratories, Italy) and Fmr1 Aexon 8
male and female rats (Horizon Discovery, formerly SAGE Labs, USA) on
Sprague-Dawley background were mated overnight. Pregnant females
were individually housed in Macrolon cages (40 cm (length) x 26 cm
(width) x 20 cm (height)) under controlled conditions (temperature
20-21 °C, 55-65% relative humidity, and 12/12 h light cycle with lights
on at 07:00 h).

Newborn litters found before 17:00 h were considered to be born on that
day (postnatal day (PND) 0). On PND 1, litters were culled to eight an-
imals (six males and two females) to reduce any litter size-induced
variability in the growth and development of pups during the post-
natal period. On PND 21, the pups were weaned and housed in groups of
three (same sex and genotype). One male pup per litter, from different
litters per group, was randomly selected for each experiment. All procedures
were approved by the Italian Ministry of Health (Rome, Italy) and per-
formed in accordance with the ARRIVE 2.0 (Animals in Research:
Reporting In Vivo Experiments) guidelines (Percie du Sert et al., 2020),
the guidelines of Italian Ministry of Health (D.L. 26/14; Project autho-
rization n. 65/2023-PR) and the European Community Directive
2010/63/EU.

2.2. Western blotting

Protein expression analysis was performed on samples of WT and
Fmrl-“exon 8 rats derived from two experimental cohorts. Briefly, rats
were sacrificed, their brains were rapidly removed from the skull on a
cold plate, and hippocampi were collected and stored at —80 °C until
use. Tissue samples were sonicated in ice-cold RIPA buffer supple-
mented with protease (Cat. 05892791001, Roche) and phosphatase
(Cat. 4,906,845,001, Roche) inhibitors, centrifuged at 13,000 xg for 15
min, and supernatants were collected.

Equal amounts of protein (35 pg) from each whole hippocampal
lysate was resolved using TGX Stain-Free protein gels under reducing
conditions. Subsequently, Stain-Free gel images were acquired using a
ChemiDoc XRS + imaging system (Cat.1708265, Bio-Rad) to check
sample integrity and separation quality. Gels were electroblotted onto
membranes using a Trans-blot Turbo Transfer System (Cat.1704150,
Bio-Rad), and a Stain-Free total protein image was acquired to verify
protein transfer efficiency and loading control. Then, membranes were
blocked in 5% (w/v) milk in TBS-T for 60 min at room temperature (RT)
and immunoreacted with specific primary antibodies in 2% (w/v) milk
in TBS-T at 4 °C overnight (all antibodies used for Western blotting as-
says are listed in Table 1). After three washes with TBS-T, membranes
were incubated with horseradish peroxidase-conjugated secondary an-
tibodies in 2% (w/v) milk in TBS-T for 1 h at RT, washed in TBS, and
then developed with chemiluminescence detection reagents (Clarity
Western ECL, Cat. 1,705,060, Bio-Rad, USA; WesternBright Sirius HRP
substrate, Cat K-12043, Advansta, USA). The chemiluminescent signal
was detected by means of the ChemiDoc XRS+ imaging system (Cat.
1,708,265, Bio-Rad) and band intensities were analyzed with Image Lab
software. Densitometric values for each sample were normalized to their
total protein content. Samples from each cohort were run at least twice
on separate gels (technical replicates), and a correction factor was
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Table 1
List of antibodies used for Western blotting assays.
Antibody Dilution  Catalog Number/RRDI Brand
Anti-GFAP 1:2000 Cat# sc-33,673, RRID: Santa Cruz
AB_627673 Biotechnology
Anti-Ibal 1:1000 Cat# A12391, RRID: ABclonal
AB_2759236
Anti-Lamin 1:1000 Cat# ab16048, RRID: Abcam
Bl AB_443298
Anti-NF-kB 1:000 Cat# 14-6731-8 Invitrogen
Anti-Caspase 1:500 Cat# A19654, RRID: ABclonal
3 AB_2862718
Anti-Mouse 1:10000 Cat# 7076, RRID: Cell Signaling
AB_330924 Technology
Anti-Rabbit 1:3000 Cat# 7074, RRID: Cell Signaling
AB_2099233 Technology

applied to adjust for inter-gel variability as previously described
(Caffino et al., 2020). Corrected values were then standardized to the
mean of the WT group within each cohort to minimize inter-cohort
variability. Finally, relative data from both cohorts were pooled into a
single dataset for statistical analysis. The abundance of the target pro-
tein in Fmri-“exon 8 rats was expressed as fold change relative to WT
controls.

2.3. Proteomic analysis of cytokine expression

The hippocampi of WT and Fmr1-“exon 8 rats were homogenized in
PBS (Cat. P4417, Sigma-Aldrich) with protease inhibitors (10 pg/mL
Leupeptin, Cat. 1167; 10 pg/mL Aprotinin, Cat. 4139; 10 pg/mL Pep-
statin, Cat. 1190, Torcis). After homogenization, Triton X-100 (Cat.
X100, Sigma-Aldrich) was added to a final concentration of 1%, and the
tissue lysates were centrifuged at 10,000 xg for 5min to remove cell
debris. The protein concentration of the lysates was determined by BCA
protein assay (Cat. 23,227, Pierce, Thermo Scientific), and the relative
expression of the cytokines was analyzed using the Proteome Profiler
Array (Cat. ARY008, Rat Cytokine Array, Panel A; R&D Systems, Min-
neapolis, MN, USA) according to the manufacturer's protocol with minor
modifications (for cytokine array coordinates see Table 2). Briefly, each
membrane was incubated for 1 h in 2.0 mL of blocking buffer in a well of
a 4-well multi-dish plate on a platform shaker at RT. Parallelly, samples
were pooled separately for each experimental group (n =5 WT; n =5
Fmr1-“exon 8). Equal amounts of protein (600 pg) from each group were
then mixed with the reconstituted detection antibody cocktail and
incubated for 1 h at RT. After blocking, membranes were incubated in
the sample/antibody solution overnight at 4°C with agitation. Then,
each membrane was washed thrice with 20 mL of 1x Wash Buffer for
10 min and incubated with diluted Streptavidin-HPR (1:2000) for 30 min
with agitation at RT. After washing, membranes were incubated with
chemiluminescence detection reagent ECL Sirius (Cat. K-12043-D10,
Advansta), and the signal was acquired using the ChemiDoc XRS+ im-
aging system (Cat.1708265, Bio-Rad). Average signals (pixel density)
from the pair of duplicate spots representing each cytokine were
calculated with the ImageJ/Fiji NIH software (Version 1.51, National
Institutes of Health). TIFF pictures were converted to 8-bit and inverted.
Each array spot was manually identified using the elliptical ROI (Region
of Interest) tool and saved to create an array template. The same set of

Table 2
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ROIs was applied identically to all membranes. For each spot, gray
values corresponding to each cytokine were averaged and subsequently
background-corrected by subtracting the mean intensity of the negative
control spots. A comparison of corresponding signals on different arrays
to determine the relative change in cytokine levels between groups was
performed.

For cytokine expression analysis from peripheral plasma of WT and
Fmrl-“exon 8 rats, a Proteome Profiler Array (Cat. ARY008, Rat Cyto-
kine Array, Panel A; R&D Systems, Minneapolis, MN, USA) was also
used. Up to 2.5 mL of trunk blood was collected from each animal into
15 mL tubes with EDTA solution (concentration 1:10) (Cat. 15,575-038,
Invitrogen, Thermo Fisher Scientific). The tubes were then centrifuged
for 20 min at 1000 xg at 4 °C within a maximum of 30 min from
collection. Subsequently, the supernatant was collected and stored at
—80 °C. Blood sampling procedures were performed according to liter-
ature data (Carbone et al., 2023). 200 pl of plasma for each sample were
pooled by experimental group (n = 5 WT/ n = 5 Fmr1-exon 8; 1.0 mL of
total volume/group; (Koncekova et al., 2024) and processed according
to the manufacturer's protocol.

2.4. Immunofluorescence

Rats were sacrificed, and brains were rapidly removed and fixed in
4% paraformaldehyde (PFA)/PBS solution for immersion for three days.
After several washes with PBS, whole brains were cryoprotected in 30%
sucrose phosphate buffered solution (PBS, 0.01 M), embedded in the
cryo-microtomy embedding medium, frozen in liquid nitrogen, and
stored at —80 °C until tissue sectioning. Specimens were cut into 25 pm
thick cryostat sections (Leica CM1900 cryostat, Leica Microsystems) in
the coronal plane. Sections were wet-mounted on slides, post-fixed in
4% PFA/PBS for 20 min at RT, washed in PBS three times for 5 min each,
and permeabilized in PBS-T (PBS supplemented with 0.3% Triton X-
100). Sections were then incubated with blocking solution (PBS sup-
plemented with 1% bovine serum albumin (BSA) and 0.3% Triton X-
100) for 2 h at RT and immune-stained using primary antibodies anti-
Ibal and anti-GFAP in blocking solution overnight at 4 °C. Subse-
quently, sections were rinsed in PBS, washed three times for 5 min in
PBS-T, and incubated in appropriate secondary conjugated antibodies
for 2 h at RT. After washing in PBS-T, nuclei were counterstained with
Hoechst 33342 (Thermo Fisher Scientific Inc., Carlsbad, CA). Immuno-
reaction specificity was assessed by omitting the primary antibodies. All
antibodies used in this study for immunofluorescence are listed in
Table 3.

For Lamin Bl expression analysis, 5 pm-thicked coronal sections
were used, and co-immunofluorescence assays with GFAP were set out.
Briefly, brain sections were wet-mounted on slides and dried, then post-
fixed in 4% PFA/PBS for 20 min at RT and permeabilized in ice-cold
methanol for 10 min. Sections were incubated with blocking solution
(PBS supplemented with 5% normal goat serum (NGS) and 5% BSA) for
30 min at RT and immune-stained using primary antibody anti-Lamin B1
in blocking solution overnight at 4 °C. Subsequently, sections were
rinsed in PBS, washed three times for 5 min in PBS-T (0.1% Triton X-
100) and incubated in the goat anti-Rabbit IgG Secondary Antibody,
Alexa Fluor™ 488 in PBS for 1 h at RT. After washing in PBS-T, sections
were incubated with the primary anti-GFAP in 1% BSA/PBS overnight at
4 °C, then rinsed in PBS, washed three times for 5 min in PBS-T, and

Rat cytokine array coordinates (Adapted from Cat. ARY008, Rat Cytokine Array, Panel A; R&D Systems).

Rat Cytokine Array Panel A Coordinates

Spots 1.2 34 56 78 910 1112 1314 1516 1718 19.20
a Reference CINC-1 CINC-2a/p CINC-3 CTNF CX3CL1 GM-CSF ICAM-1 IFN-y Reference
b / IL-1a IL-1p IL-1ra IL-2 IL-3 IL-4 IL-6 IL-10 /
c / IL-13 1L-17 IP-10 LIX L-Selectin MIG MIP-1a MIP-3a /
d Reference RANTES CXCL7 TIMP-1 TNF-a VEGF / / CTRL (-) /
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Table 3
List of antibodies used for immunostaining.
Antibody Dilution  Catalog Number Brand
Mouse Anti- 1:50 Cat# sc-33,673, RRID: Santa Cruz Biotechnology
GFAP AB_627673
Rabbit Anti- 1:1000 Cat# 019-19,741, FUJIFILM Wako Pure
Ibal RRID: AB 839504 Chemical Corporation
Rabbit Anti- 1:500 Cat# ab16048, RRID: Abcam
Lamin B1 AB_443298
Goat Anti-
Mouse Alexa 1:500 Cat # A-21422 Thermo Fisher Scientific
555
Goat Anti-
Rabbit Alexa 1:500 Cat # A-11008 Thermo Fisher Scientific
488

finally incubated in goat anti-Mouse IgG Secondary Antibody, Alexa
Fluor™ 555 in PBS for 1 h at RT. Nuclei were counterstained with
Hoechst 33342 (Thermo Fisher Scientific Inc., Carlsbad, CA). Immuno-
reaction specificity was assessed by omitting the primary antibodies.

2.5. Image acquisition and analysis

Immunostained brain samples were firstly acquired at a digital slide
scanner platform (Nanozoomer S60, Hamamatsu, Shizuoka, Japan)
allowing to obtain whole tissue slice images by Tile Scan function. They
were acquired at a Leica TCS-SP8X confocal microscope (Leica Micro-
systems, Mannheim, Germany) using 20x /dry, 40x/oil or 63x/0il im-
mersion objectives and the LAS X software. The number of Ibal-positive
and GFAP-positive cells was determined in fixed ROIs of 500 pm? in the
CA1l and DG regions of the hippocampus for each animal (n =4 WT/n =
4 Fmrl-exon 8). Cells were manually counted on acquired images at
20x magnification by using the Cell Counter plugin from the ImageJ/
Fiji NIH software (Version 1.51, National Institutes of Health).

In addition, individual Ibal-positive microglia and GFAP-positive
astrocytes (n = 12 cells/1-3 ROI/ 4 rats) were selected in the hippo-
campal CAl and DG subregions and analyzed for morphometric pa-
rameters describing the cell shape and spatial structure by ImageJ/Fiji
NIH software as previously described (Young and Morrison, 2018). Cell
inclusion was based exclusively on predefined technical inclusion
criteria. Only cells entirely contained in the image with full visualization
of cell morphology across all processes and the absence of overlapping
cells or tissue artifacts, were included in the analysis. Morphometric
analyses were independently performed for each hippocampal sub-
regions and no direct comparisons were conducted between CAl and
DG.

Briefly, fluorescent images were converted into representative bi-
nary images and analyzed by using ImageJ/Fiji NIH software plugins
Analyze Skeleton and FracLac for morphology data collection. Total
branches, average length, endpoints, and junction number were calcu-
lated from the skeletonized image.

The same cells were also assessed with the FracLac plugin to deter-
mine fractal dimension, lacunarity, span ratio, and density as
complexity cell shape and size descriptors (Green et al., 2022; Young
and Morrison, 2018). In addition, for each Ibal-positive microglia, the
soma perimeter, area and arborization domain were computed. In
particular, soma area and perimeter were determined by drawing a line
around the cell body by using the ImageJ freehand selection tool. The
extent of microglia ramification was quantified by measuring the area
circumscribed by the distal ends of each process using the polygon se-
lection tool (arborization area) (Basilico et al., 2019). A morphological
index was also determined using the formula: soma area/arborization
area. The larger the value, the greater the soma size was related to the
arbor size (Tremblay et al., 2012). The mean fluorescence intensity
(MFI) of Lamin B1 and nuclear dysmorphisms were analyzed in confocal
images acquired using 63 x magnification by ImageJ/Fiji NIH software.
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2.6. Statistical analysis

Statistical analyses were performed with GraphPad Prism 8.0
software.

Data distribution was assessed using the Shapiro-Wilk test and Q-Q
plots. Parametric t-tests (t-test with Welch's correction) were applied
only when normality assumptions were satisfied; if the Shapiro-Wilk
test rejected the null hypothesis of normality, a nonparametric test (i.e.,
Mann-Whitney test) was applied. Potential outliers within each dataset
were identified using GraphPad Prism version 8.0 (Grubbs' method); this
method was not applied as an automatic criterion for data exclusion. The
number of animals used for this study was as follows: n =4 WT and n = 4
Fmr1-“exon 8 rats for immunofluorescence assays, n = 8 WT and n = 8-9
Fmr1-exon 8 rats for western blot experiments, n =5 WT and n = 5
Fmr1-“exon 8 rats for cytokine expression analysis. Data are presented as
mean + standard deviation (SD), with each dot representing an indi-
vidual animal. Statistical details (test used, sample size, p-value) can be
found in figure legends and in Supplementary Tables 1-5.

3. Results

3.1. Altered microglia density and morphology in the hippocampus of
young adult Fmri-“exon 8 rats

Microglia are highly dynamic resident immune cells that play key
roles in brain development, maintenance, and neuroimmunity (Colonna
and Butovsky, 2017). Given their pronounced sensitivity to local tissue
dyshomeostasis, microglia can undergo morpho-functional, prolifera-
tive, and biochemical adaptations in response to even subtle changes in
the brain parenchyma (Wang et al., 2025).

Since several neuropathological changes were described both in in-
dividuals with FXS and Fmrl KO mice (Bagni and Zukin, 2019; Y. S.
Chen et al., 2022a), we first examined whether young adult male
Fmr1-“exon 8 rats showed alterations in the local density of microglia by
immunostaining for the Ionized calcium-binding adapter molecule 1
(Ibal) marker, a cytoskeletal protein specific for microglia and macro-
phages and commonly used in histological evaluation (Ito et al., 1998).
We focused our attention on the hippocampus (Fig. 1a, b), a brain region
related to memory formation and consolidation and found to be signif-
icantly affected in FXS (Bhandari et al., 2024; Bostrom et al., 2016; Tian
etal., 2017). Interestingly, we found a significant increase in the number
of Ibal-positive microglia in the CA1 subfield of the hippocampus of
Fmr1-exon 8 rats compared to age-matched WT control rats (Fig. 1c),
while no evident alterations of microglial density were observed in the
DG (Fig. 1d), which may reflect distinct neuronal and synaptic micro-
environments between these hippocampal subfields (Alkadhi, 2019).
This could suggest an increased vulnerability of the hippocampal CA1l
subfield in FXS, in line with the key role played by this hippocampal
subregion in the cognitive deficits displayed by models of FXS
(Kalinowska et al., 2022; Manduca et al.,, 2024; Rava et al., 2025;
Sawicka et al., 2019; Schiavi et al., 2023).

We next decided to assess the morphological profile of mutant CA1
and DG microglial cells. Quantitative analysis of microglial morphology
in Fmrl-“exon 8 rats revealed that Ibal-positive CA1 microglia are
characterized by a reduced number of branches, junctions and end-point
voxels in adult Fmr1-“exon 8 rats compared to age-matched WT (Fig. e,
f). Furthermore, although density, span ratio, and lacunarity resulted
similar between genotypes, the fractal dimension parameter was
significantly decreased in Fmrl-exon 8 rats. CAl microglia also
exhibited larger soma area, smaller arborization, and higher morpho-
logical index compared to WT rats (Supplementary Fig. 1, CAl).
Microglial arborization was similarly affected in the DG of the hippo-
campus in Fmrl-exon 8 rats (Fig. 1g, h). In this region, no significant
changes in soma size of microglial cells were observed; however, the
morphological index was increased due to a reduction in arborization
area (Supplementary Fig. 1, DG). As Ibal expression is thought to
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Fig. 1. Altered Ibal-positive microglial density and morphology in the hippocampus of Fmrl-exon 8 rats.

(a) Representative digital scanner images of whole-brain sections from adult WT and Fmr1-“exon 8 rats stained with the Ibal microglial marker. Scale bars, 2.5 mm.
Hippocampal regions are highlighted by white insets and enlarged in (b). (b) Representative images of the hippocampal region of adult WT and Fmr1-“exon 8 rats
stained for Ibal. Scale bars, 500 pm. The CA1 subfield (highlighted with red inset) and the DG (highlighted with yellow inset) analyzed for microglial density are
enlarged respectively in (c) and (d). (c, d) Representative confocal microscopy images (left panels) and quantitative analysis (right panels) of Ibal-positive microglia
cells in the CA1 (in (c) - red-highlighted panels) and in the DG (in (d) - yellow-highlighted panels) of WT and Fmr1 Aexon 8 rats at PND 75. Quantification was
performed by counting Thal-positive microglia per field (500 pm?). Scale bars, 100 ym. Data are presented as mean + SD (Welch's t-test and Mann-Whitney test, *p <
0.05; n = 4 WT/ n = 4 Fmrl-“exon 8). (e, g) Confocal photomicrographs of Ibal-stained microglia (left panel) with corresponding binary, skeletonized and outline
images (right panels) from the CA1 (e) and DG (g) subfields of WT and Fmri-“exon 8 rats. Scale bar, 100 pm. (f, h) Skeleton and fractal analyses of microglia from
hippocampal CA1 (f) and DG (h) subfields of WT and Fmr1-“exon 8 rats. Data are presented as mean =+ SD (Welch's t-test and Mann-Whitney test, *p < 0.05,**p <
0.01; n = 4 WT/ n = 4 Fmrl-“exon 8 rats). (i, j) Representative western blot (i) and relative quantification (j) of Iba-1 protein expression in total hippocampal lysates
from adult male WT and Fmr1-“exon 8 rats (black filled bars: WT rats; gray filled bars: Fmrl Aexon 8 rats). Densitometric values were normalized to the total protein
content visualized by using Stain-Free technology. Data from two independent cohorts are presented as mean + SD (Welch's t-test, n = 8 WT (black filled bars)/ 8
Fmr1-“exon 8 (gray filled bars)). Original blots are shown in Supplementary Fig. 2. Additional statistical details are provided in Supplementary Table 1. Abbrevi-
ations: M, protein marker, HL, hilus, CAl, cornu ammonis 1; DG, dentate gyrus, GL, granular layer, ML, molecular layer, SO, stratum oriens, SP, stratum pyramidale,
SR, stratum radiatum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

increase under some pathological and experimental conditions (Lier
etal., 2021), we also performed Western blotting experiments to analyze
its relative protein expression in total hippocampal lysates from adult
male Fmrl-“exon 8 rats. We did not find significant changes in Ibal
protein expression in the hippocampus of adult male Fmrl-4exon 8 rats
compared to age-matched WT controls (Fig. 11i, j). Consistently, previous
works also failed to reveal a significant induction of Ibal expression
(Blandin et al., 2024; Hodges et al., 2020; Pacey et al., 2015) in several
brain areas, such as the cortex (Lee et al., 2019), hippocampus (Blandin
et al., 2024), cerebellum (Pacey et al., 2015) and auditory brainstem
nuclei (Rotschafer and Cramer, 2017) in adult Fmrl KO mice under
steady-state conditions. Taken together, these findings indicate a less
complex cellular architecture in Fmrl-exon 8 rats compared with WT

microglia, although its functional significance remains to be further
investigated.

3.2. No evidence of an overt cytokine-mediated pro-inflammatory
response in the hippocampus of young adult Fmrl-exon 8 rats

Although previous studies have shown an increased brain and pe-
ripheral innate immune activation in individuals suffering from ASD and
in preclinical ASD models, often associated with behavioral impairments
(Hughes et al., 2023), inflammatory processes have not been extensively
studied in FXS. Here, we analyzed the expression levels of 19 inflam-
matory mediators in brain and plasma of Fmr1-“exon 8 rats compared to
WT controls. We did not observe a marked upregulation of specific
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cytokines/chemokines neither in plasma samples nor in hippocampal
lysates from Fmrl-“exon 8 rats (Fig. 2a-f). In the hippocampus, a subset
of inflammatory mediators exhibited modest expression changes,
whereas others remained unchanged (Fig. 2a-c). Specifically, CX3CL1
(C-X3-C motif chemokine ligand 1), and CNTF (Ciliary Neurotrophic
Factor) were reduced in Fmrl-“exon 8 rats, while ICAM-1 (Intercellular
Adhesion Molecule-1), CXCL7 (C-X-C motif chemokine ligand 7), VEGF
(Vascular Endothelial Growth Factor), and LIX (Lipopolysaccharide-
Induced CXC Chemokine) were detectable but did not display genotype-
dependent differences. In the plasma, IL1a (Interleukin 1 alpha) and
CINC-1 (Cytokine-Induced Neutrophil Chemoattractant-1) were slightly
reduced compared to controls (Fig. 2d-f). Consistent with the absence of
robust genotype-dependent differences in cytokine profiles between WT
and Fmrl-“exon 8 rats under the conditions tested, we also failed to
detect a significant upregulation of protein levels of Nuclear factor-xB
(NF-xB), a master regulator of the immune response, in the hippocampus
of mutant animals (Fig. 2g, h). Collectively, these findings indicate that
the local alterations in hippocampal glial cell morphology and density
occur in the absence of detectable evidence for a cytokine-mediated
inflammatory response in the Fmrl-“exon 8 rat model under the exper-
imental conditions examined.

3.3. Altered astrocyte density and morphology in the hippocampus of
young adult Fmr1-“exon 8 rats

Microglia can modify neuronal structure and activity via crosstalk
with astrocytes, which also express FMRP (Pacey and Doering, 2007)
and have been involved in the pathogenesis of FXS. Indeed, multiple
astrocytic alterations have been described in FXS (D'Antoni et al., 2024).

In the present study, we assessed the astrocyte profile in the hippo-
campus of young adult male Fmr1-“exon 8 rats by investigating the local
density, the relative GFAP expression and the astrocyte morphology.
Immunofluorescence analysis revealed a significant increment of the

Hippocampus
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GFAP-positive cell number both in the CA1 (Fig. 3¢) and DG (Fig. 3d)
subfields of the hippocampus of Fmr1-“exon 8 rats compared to controls.

However, Western blotting analysis did not show a significant in-
crease in GFAP protein expression in total hippocampal lysates from
male Fmrl-2exon 8 rats (Fig. 3e, f). We then performed a comparative
morphometric investigation of hippocampal astrocytes in the CAl
(Fig. 3g, h) and DG (Fig. 3i, j) subfields. We failed to find hypertrophic
astrocytes, often associated with a reactive phenotype. However, we
found that astrocytes of FmrI-“exon 8 rats showed a markedly reduced
number of branches, junctions and end-points along with a decreased
fractal dimension parameter in these two brain regions. These
morphological changes indicate that astrocytes in Fmrl-“exon 8 rats are
less complex and ramified compared to WT control rats.

3.4. Reduced level of Lamin B1 and dysmorphic nuclei in the
hippocampus of Fmr1-“exon 8 rats

In the rodent brain, Lamin B1 can be detected in both neuronal and
glial cells (Takamori et al., 2018), and it is involved in multiple key cell
functions (Sobo et al., 2024). Previous reports showed that Lamin Bl
deregulations can severely impact astroglia activation, neuronal activity
and neuro-gliogenesis leading to behavioral abnormalities (Bedrosian
et al., 2021; Ratti et al., 2021). Moreover, a decline in Lamin Bl
expression and defective nuclear morphology have been found to be cell
hallmarks of aging and several neurodegenerative disorders, primarily
affecting astrocytes (Koufi et al., 2023). On this basis, we examined the
levels of Lamin B1 expression in the hippocampal CA1 and DG subfields
of adult WT and Fmrl-“exon 8 rats by immunofluorescence analysis
(Fig. 4a). Quantification of immunostaining revealed an overall reduc-
tion in the Mean Fluorescence Intensity (MFI) of Lamin B1 in the stratum
radiatum, stratum pyramidale, and stratum oriens of the CA1 subfield as
well as in the DG in Fmr1-“exon 8 rats compared to WT controls (Fig. 4b).
In line with these results, reduced Lamin B1 protein expression was also
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Fig. 2. No evidence of an overt cytokine-mediated pro-inflammatory profile in Fmr1-“exon 8 rats.

(a, d) Cytokine proteome profiler array from total hippocampal lysates (a) and plasma (d) of young adult WT and Fmri-“exon 8 rats at PND 75 (n = 5 rats per group,
600 pug from five pooled hippocampi per group or 1 mL from five pooled plasma per group were run on each array). Cytokines detected in the hippocampus and
plasma of WT and Fmrl-“exon 8 rats are identified by numerical labels and listed in the relative Table (b, e). Spatial coordinates of each cytokine on the arrays are
provided in Table 2. (c, f) The array data were quantitated to generate a proteome profile (histogram). Array images were collected using the ChemiDoc XRS+

imaging system and analyzed by ImageJ/Fiji NIH software.

(g, h) Representative western blot (g) and relative quantification (h) of NF-kB protein expression in total hippocampal lysates from adult male WT and Fmri1-“exon 8
rats are shown. Densitometric values were normalized to the total protein content visualized by using Stain-Free technology. Data from two experimental cohorts are
presented as mean + SD (Welch's t-test, n = 8 WT (black filled bars)/ n = 8 Fmrl Aexon 8 rats (gray filled bars)). Additional statistical details are provided in
Supplementary Table 2. Original blots are shown in the Supplementary Fig. 3. Abbreviations: M, protein marker.
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Fig. 3. Altered density and morphology of GFAP-positive astrocytes in the hippocampus of Fmrl-“exon 8 rats.

(a) Representative digital scanner images of whole-brain sections of adult WT and Fmrl-“exon 8 rats stained for GFAP marker. Scale bars, 2.5 mm. Hippocampal
regions are highlighted by white inserts and enlarged in (b). (b) Representative images of the hippocampal region of adult WT and FmrI-“exon 8 rats stained for the
GFAP marker. Scale bars, 500 pm. The CA1 subfield (highlighted with green inset) and the DG (highlighted with blue inset) are enlarged respectively in (c) and (d).
(c, d) Representative confocal microscopy images (left panels) and quantitative analysis (right panels) of GFAP-positive astrocyte in the CAl (in (c) - green-
highlighted panels) and DG (in (d) - blue-highlighted panels) of adult WT and Fmril-“exon 8 rats. Quantification was performed by counting GFAP-positive astro-
cyte per ROI (500 pm?). Scale bars, 100 pm. Data are presented as mean + SD (Welch's t-test, *p < 0.05; n = 4 WT (black bars)/ n = 4 Fmri-“exon 8 (gray bars)). (e, f)
Representative western blot (e) and relative quantification (f) of GFAP protein expression in total hippocampal lysates from adult male WT and Fmrl-“exon 8 rats
(black filled bars: WT rats; gray filled bars: Fmrl-“exon 8 rats). Densitometric values were normalized to the total protein content visualized by using Stain-Free
technology. Data from two independent cohorts are presented as mean + SD (Welch's t-test, n = 8 WT (black filled bars)/ 8 Fmrl Aexon 8 (gray filled bars)).
Original blots are shown in the Supplementary Fig. 4. (g, i) Confocal photomicrographs of GFAP-stained astrocytes (left panel) with corresponding binary, skele-
tonized and outline images (right panels) from the CA1 (g) and DG (i) subfields of WT and Fmr1 Aexon 8 rats. Scale bar, 100 pm. (h, j) Skeleton and fractal analyses of
GFAP-stained astrocytes from hippocampal CA1 (h) and DG (j) subfields of WT and Fmri-“exon 8 rats. Data are presented as mean =+ SD (Welch's t-test and Mann-
Whitney test, *p < 0.05; n = 4 WT/ n = 4 Fmri-“exon 8 rats). Additional statistical details are provided in Supplementary Table 3.

Abbreviations: M, protein marker, HL, hilus, CA1, cornu ammonis 1; DG, dentate gyrus, GL, granular layer, ML, molecular layer, SO, stratum oriens, SP, stratum
pyramidale, SR, stratum radiatum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

reported in total hippocampal lysates of Fmr1-exon 8 rats (Fig. 4c, d).
Subsequently, since Lamin B1 content is essential in regulating nuclear
lamina assembly and therefore in maintaining structural and functional
integrity of the nucleus (Kim, 2023), we investigated the number of
dysmorphic nuclei in the hippocampal CA1 and DG subregions. A sig-
nificant increase in the percentage of cells with nuclear deformations
was found in both hippocampal regions in Fmr1 Aexon 8 rats compared
to controls, suggesting a positive correlation between Lamin B1 intensity
decline and the occurrence of nuclear abnormalities in Fmri1-“exon 8 rats
(Fig. 4e, f). Given that an intact lamina has been shown to delay the
execution of programmed cell death (Lindenboim et al., 2020), a Lamin
B1 deficiency in the hippocampus of Fmri-*exon 8 rats might correlate
with increased levels of apoptosis. To test this possibility, we also
analyzed the relative protein expression of caspase-3, a key enzyme in

programmed cell death. Contrary to our expectations, we observed a
marked reduction in caspase-3 in Fmrl-“exon 8 rats (Supplementary
Figs. 6 and 7).

3.5. Hippocampal glia shows nuclear alterations and reduced levels of
Lamin B1 in Fmrl-exon 8 rats

Given the density and morphological changes found in hippocampal
astrocytes and microglia of Fmr1-exon 8 rats as well as the alterations in
the Lamin B1 reported in the same region of the hippocampus, we then
investigated whether these glial cells showed Lamin B1 loss and nuclear
abnormalities. We found that the GFAP-positive astrocytes in the CAl
subfield displayed a significant reduction of Lamin Bl expression, as
evaluated by MFI analysis, as well as alterations in the nuclear size and
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Fig. 4. Reduced levels of Lamin B1 and dysmorphic nuclei in the hippocampus of Fmri-“exon 8 rats.

(a, b) Representative confocal microscopy images (a) and quantitative analysis (b) of MFI of Lamin B1 in the hippocampal CA1 subfield layers (stratum pyramidale,
stratum oriens, and stratum radiatum) and in the DG of WT and Fmr1-“exon 8 rats at PND 75. Scale bars, 100 pm. Data are presented as mean + SD (Welch's t-test, *p
< 0.05, **p < 0.01, ***p < 0.001; n = 4 WT (black bars)/ n = 4 Fmrl-“exon 8 rats (gray bars)).

(¢, d) Representative western blot (c) and relative quantification (d) of Lamin B1 protein expression in total hippocampal lysates from adult male WT and Fmr1-“exon
8 rats. Densitometric values were normalized to the total protein content visualized using Stain-Free technology. Data from two experimental cohorts are presented as
mean + SD (Mann-Whitney test, **p < 0.01; n = 8 WT (black filled bars)/ n = 9 Fmri-“exon 8 (gray filled bars)). Original blots are shown in the Supplementary
Fig. 5. (e, f) Representative high magmﬁcatlon confocal images (e) and quantification of the percentage of dysmorphic nuclei (f) in the hippocampal CA1 pyramidal
layer and hippocampal DG granule cell layer of WT and Fmr1-“exon 8 rats at PND 75. Scale bars, 50 pm. Data are presented as mean + SD (Welch's t-test, ***p <
0.001; n = 4 WT (black filled bars)/ n = 4 Fmrl-“exon 8 rats (gray filled bars)). Additional statistical details are provided in Supplementary Table 4.
Abbreviations: M, protein marker; LMNB1, Lamin B1, MFI, Mean Fluorescent Intensity, CA1, cornu ammonis 1; DG, dentate gyrus, SO, stratum oriens, SP, stratum
pyramidale, SR, stratum radiatum.

shape (Fig. 5a-c). Indeed, area, minor axis and perimeter along with
morphometric parameters related to nuclear shape irregularity, such as
circularity and roundness, were significantly decreased (Fig. 5c). Similar
to astrocytes, microglia displayed altered nuclear morphological de-
scriptors (Fig. 5d, e), suggesting that defective nuclear morphology

pathophysiology of FXS, a neurodevelopmental disorder characterized
by the loss of the RNA-binding protein FMRP (Hughes et al., 2023).
FMRP is expressed in both astrocytes and microglia during postnatal
brain development. Although its levels decline over time in a region-
specific manner, FMRP remains present in the mature brain (D'Antoni

et al., 2024; Gholizadeh et al., 2015; Pacey and Doering, 2007).
Consequently, developmental and adult FMRP deficiency results in
several biochemical and functional changes in glial cells (Talvio and
Castren, 202.3), potentially increasing susceptibility to ASD and FXS-like

might be an early hallmark of glia cells in the FXS.

4. Discussion

A growing body of evidence suggests that glial cells contribute to the phenotypes (J. L. Hodges et al., 2017b; Hooshmandi et al., 2025).
a. b. c. d. e
Fmr1-4exon 8 _ T % f Fmr1-9exon 8 * £ %
. g 2 . € :
= 3 5 20 . 5 .‘t: 5 20 s 4
g § 3 _E 10 = 8 _E 10
(@) 3 < 4 ®) < F
[- S o o
E &S
2 « @ '3 =
] = = 3 = £ 10
i') E 5 10 % 8 g 10 - 5 4
o o 10 i 0 93 hicd @ o%e o
g x o'e X s D T I 8 s $*e
o - ] = s S
o £ 3 £
= o = o = o0 N
i « & « & ) & & o
53 &° ve 2 v &
T 9 <« <« o o <«
e * - 2% ; *
2 E = 1.0 . 1.0 i z 3 P . .0
9] 8 o8 50 £ 08 = 2 g o8 s
GFAP Lamin B1 Hoechst § 06 iy Iba1 Hoechst 5 £ o5
S o4 o 04 H o 04
2 o2 S o2 2 S 02
0.0 0.0 < P 0.0
A
* 7e+°‘\$ &"’"a ¥ 7“*0Q
@‘A <« @\é

Fig. 5. Hippocampal astrocytes and microglia show nuclear alterations and reduced levels of Lamin B1 in Fmrl-“exon 8 rats.

(a) Representative confocal images of GFAP-positive astrocytes and Lamin B1 staining in the hippocampal CA1 subfield (upper panels). Lower panels show a higher
magnification of GFAP-positive astrocytes (in the middle) and some selected Hoechst-stained nuclei (in the bottom), with altered nuclear morphology (highlighted
with white outline and white arrows) in CA1 astrocytes in Fmrl Aexon 8 rats. (b, ¢) Quantitative analysis of MFI of Lamin B1 (b) and nuclear shape descriptors (c) in
astrocytes of the hippocampal CA1 subfield of WT and Fmri-“exon 8 rats at PND 75 (MFI analysis: Welch's t-test, **p < 0.01. Morphometric analysis: Welch's t-test,
*p < 0.05, **p < 0.01; n = 4 WT (black filled bars)/ n = 4 Fmrl-“exon 8 (gray filled bars)). (d) Representative confocal images of Ibal-positive microglia in the
hlppocampal CA1 subfield (upper panels). Lower panels show a higher magnification of Ibal-positive microglia (in the middle) and some selected Hoechst-stained
nuclei (in the bottom), showing altered nuclear morphology (highlighted with white outline and white arrows) in CA1 microglia in Fmrl-“exon 8 rats. (e) Quan-
titative analysis of nuclear shape descriptors in the hippocampal CA1 microglia of WT and Fmr1-“exon 8 rats at PND 75. Scale bars, 100 pm. Data are presented as
mean + SD (Welch's t-test, *p < 0.05; n = 4 WT (black filled bars)/ n = 4 Fmr1-*exon 8 (gray filled bars)). Additional statistical details are provided in Supplementary
Table 5. Abbreviations: MFI, Mean Fluorescent Intensity, CAl, cornu ammonis 1.
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In the present study, we found that the FmrI-“exon 8 rat model of FXS
displays both structural and numerical changes in microglial cells and
astrocytes within the hippocampus, without evidence of significant in-
duction of pro-inflammatory cytokines. Indeed, we observed a region-
specific increase in the number of Ibal-positive microglial cells in the
CA1 subfield of Fmr1-2exon 8 rats compared to WT controls, while no
significant changes were detected in the DG. Moreover, microglia cells
in these regions displayed enlarged soma and less ramified, less complex
morphology (though not amoeboid), features previously associated to
reactive-phenotypes (Lee et al., 2017). Nevertheless, we explicitly
acknowledge that morphological alterations alone are insufficient to
infer specific functional states or to discriminate between homeostatic
and disease-associated conditions (Lier et al., 2021; Paolicelli et al.,
2022).

To determine whether the morphological changes observed in
microglia reflect an inflammatory response, we analyzed cytokines and
chemokines expression in the plasma and hippocampus of Fmrl-4exon 8
rats, along with the protein levels of NF-xB - an inducible transcription
factor that regulates several genes involved in inflammatory responses
(Liu et al., 2017). Under the experimental conditions tested, we did not
detect a substantial upregulation of specific inflammatory cytokine or
chemokines in Fmri-“exon 8 rats compared to controls. Similarly, NF-xB
protein levels did not differ significantly between genotypes, further
supporting the notion that overt inflammation might not be an early
hallmark of FXS. It should be noted that membrane-based cytokine
immunoassays yield semi-quantitative data, and sample pooling limits
sensitivity to subtle, heterogeneous, or subgroup-specific effects, while
precluding formal statistical testing. Accordingly, the present findings
should be interpreted within this methodological context, and further
validation using individual samples will be important to strengthen and
extend these observations. Nevertheless, our results are consistent with
previous studies reporting no compelling evidence for sustained pro-
inflammatory cytokine expression in the hippocampus (S. L. Hodges
et al.,, 2017a; Hodges et al., 2020; Pietropaolo et al., 2014; Santana-
Coelho and Lugo, 2023) or serum of FXS mouse models (Yuskaitis et al.,
2010) and in individuals with FXS (Ashwood et al., 2011; Van Dijck
et al., 2020), despite reports of an increased incidence of infectious
conditions in this population (Yu et al., 2020). This contrasts with
findings in ASD, a condition frequently comorbid with FXS, where in-
flammatory processes appear to be more prominent (Hughes et al.,
2023; Siniscalco et al., 2018).

Prior studies have shown that Fmri-deficient mice exhibit exagger-
ated upregulation of complement components and inflammatory medi-
ators in response to immune-activating lipopolysaccharide (LPS)
exposure (Hodges et al., 2020; Santana-Coelho and Lugo, 2023). Like-
wise, Fmrl-deficient microglia showed increased inflammatory and
phagocytic response following LPS stimulation in vitro (Parrott et al.,
2021), further supporting the view that inflammatory alterations in FXS
are context- and stimulus-dependent rather than indicative of chronic
basal inflammation. Importantly, given the well-documented variability
in immune responses across rodent strains and the even greater differ-
ences between rodents and humans (Mestas and Hughes, 2004; Zschaler
et al., 2014), findings related to immune function and inflammation
should be interpreted with caution from a translational perspective.
Rodent models may not fully recapitulate the temporal, cellular, and
molecular heterogeneity observed in individuals with FXS.

Fmrl is broadly expressed throughout the brain, including the hip-
pocampus, during early postnatal development, with expression grad-
ually declining through adolescence and into adulthood (Gholizadeh
etal.,, 2015; Till et al., 2015). Recent evidence highlights the critical role
of temporally regulated Fmrl expression for proper microglial function
during postnatal development (Hooshmandi et al., 2025). Indeed, early
postnatal downregulation of Fmr1 specifically in microglia was found to
lead to reduced arborization, increased phagocytic activity, and
behavioral impairments later in life, particularly in females, suggesting
long-lasting effects of early microglial FMRP deficiency on brain
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homeostasis (Hooshmandi et al., 2025). Interestingly, the impact of
microglial FMRP loss varies.

depending on the timing of its downregulation, with more pro-
nounced effects observed when it occurs during early postnatal life,
coinciding with peak FMRP expression in microglia. In addition to
microglia, astrocytes have been implicated in the pathogenesis of rodent
models of syndromic ASD, including FXS (Talvio and Castren, 2023).

For example, FMRP deficiency in astrocytes significantly impacts
cortical excitability, synaptic transmission, and glutamate uptake,
contributing to FXS-like behavioral phenotypes in conditional Fmrl
knockout models (Higashimori et al., 2016; Jin et al., 2021). Increased
GFAP expression - an indicator of astrocyte reactivity - has also reported
in various brain regions, including the striatum, hippocampus, cortex,
and cerebellum of adult Fmrl knockout mice (Lee et al., 2019; Pacey
et al., 2015; Yuskaitis et al., 2010). In our study, we found a significant
increase in the number of GFAP-positive cells in the CA1l and DG sub-
regions of the hippocampus. Although glial cells might be particularly
susceptible to early FMRP deficiency, potentially undergoing long-
lasting structural and functional alterations, region-specific responses
to local perturbations might also emerge over time. Indeed, microglia
cells and astrocytes, which are continuously exposed to a dynamic
microenvironment throughout life, adapt their transcriptional and
functional states to specific developmental and various disease-related
demands (Depp et al., 2025). In our study, all analyses were conduct-
ed in young adult Fmrl-“exon 8 rats, a developmental stage at which
several synaptic, neurotransmission, and behavioral phenotypes asso-
ciated with Fmr1 deficiency are already established (Golden et al., 2019;
Jawaid et al., 2018; Tian et al., 2017); for a review, see also (Bostrom
et al,, 2016). Nevertheless, any relationship between the observed
cellular changes and potential (dys-)functional or behavioral pheno-
types should be interpreted with caution.

The morphological and numerical alterations observed in glial cells,
in the absence of overt cytokine responses, suggest the existence of non-
inflammatory cellular remodeling mechanisms that warrant further
investigation.

Emerging evidence highlights an important role for lamins in regu-
lating brain development and aging. Of interest, lamin defects have been
linked to glia dysfunctions in age-related neurodegenerative disorders,
such as Alzheimer's disease (Koufi et al., 2023). Lamin B1, a type V
nuclear intermediate filament, forms a supportive mesh at the nuclear
periphery and interacts with numerous proteins to regulate nuclear ar-
chitecture, chromatin organization, transcriptional programs, neuro-
genesis, and cellular mechanics (de Leeuw et al., 2018). Dysregulation of
Lamin B1 levels has been shown to exert distinct, age-dependent effects
in the brain. Overexpression of Lamin B1 in the mouse brain has been
associated with age-dependent astrocyte activation, as well as myelin
abnormalities and neuronal activity defects (Heng et al., 2013; Ratti
et al., 2021; Rolyan et al., 2015). Conversely, its downregulation con-
tributes to age-related alterations in hippocampal neurogenesis and
mood dysregulation (Bedrosian et al., 2021; Mahajani et al., 2017). In
line with these findings, increased astrogenesis in the CA1 subfield of the
hippocampus during postnatal development has been linked to autistic-
like behaviors in mice through enhanced inhibitory synaptic trans-
mission onto pyramidal neurons (J. Chen et al., 2022b). Furthermore,
Matias et al. (2022) identified Lamin B1 loss and nuclear morphology
alterations as hallmarks of the hippocampus of aged mice and humans,
as well as of senescent CA1l astrocytes in vitro (Matias et al., 2022).
Consistently, reduced Lamin B1 expression has been reported in GFAP-
positive astrocytes within the substantia nigra pars compacta in
Parkinsonian brains, but not in neighboring non-astrocytic populations,
suggesting a selective vulnerability of astrocytes to lamin dysregulation
in pathological conditions (Chinta et al., 2018).

To our knowledge, no studies have previously examined Lamin B1
dysregulation in FXS or related neurodevelopmental disorders. Here, we
report for the first time a general reduction in Lamin B1 protein levels in
the hippocampus of Fmrl-4exon 8 rats. This decline is accompanied by
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an increased percentage of dysmorphic nuclei, especially in astrocytes
and microglia in the CA1 subfield of the hippocampus, a critical area for
acquisition and retrieval of recent and remote memories. Although
behavioral outcomes were not assessed in the present study, the
observed Lamin B1 and glial alterations localize to hippocampal sub-
fields previously associated with memory impairments in Fmr1-%exon 8
rats (Manduca et al., 2024; Schiavi et al., 2023). Whether Lamin B1
dysregulation directly contributes to cognitive or emotional alterations
in this model remains to be determined.

Loss of Lamin Bl and associated nuclear abnormalities might
constitute early pathological hallmarks in glial cells, contributing to the
broader spectrum of glial dysfunction observed in FXS and potentially
other neurodevelopmental disorders.

Although a direct mechanistic link between Fmrl deficiency and
Lamin B1 has not been established in FXS, alterations of nuclear lamina
integrity have been described in Fragile X-associated tremor/ataxia
syndrome (FXTAS), a neurodegenerative disorder also caused by a CGG-
repeat expansion in the 5' UTR of the FMR1 gene on the X-chromosome.
In FXTAS, Lamin Bl ring disruption and aggregate formation have
indeed been reported (Hoem et al., 2019), suggesting that the associa-
tion described here may reflect a convergence between FMRP-
dependent mechanisms, nuclear lamina integrity, and dysregulation of
the hippocampal mechano-environment. These findings highlight
important directions for future mechanistic investigation.

Supporting this view, previous studies have demonstrated that nu-
clear lamina reorganization, including Lamin Bl downregulation, is
required for subnuclear gene repositioning and the activation of tran-
scriptional programs during hippocampal neuron maturation (Noguchi
et al., 2021). Such nuclear adaptations may be particularly relevant in
glial cells, which exhibit high functional diversity and play a central role
in maintaining tissue homeostasis (Allen and Lyons, 2018). Future
studies should therefore investigate whether similar lamina-dependent
mechanisms operate in glial cells, both during their maturation and in
response to microenvironmental changes driven by FMRP deficiency.

In addition, components of the nuclear lamina, such as Lamin B1,
serve as critical mediators for transmission of mechanical forces into the
nucleus (Chen et al., 2015; Skinner and Johnson, 2017), linking cyto-
skeletal dynamics to chromatin organization and gene regulation.
Whether the nuclear abnormalities observed here are mechanistically
related to the glial morphological alterations described remains un-
known, as does the extent to which Lamin B1 contributes to these pro-
cesses. The potential bidirectional interplay between glial remodeling
and nuclear architecture thus represents an important avenue for future
investigation.

Finally, FMRP deficiency has been reported to perturb neurogenic
programs from early stages of differentiation, potentially favoring glial
fate specification (D'Antoni et al., 2024). In this context, the increased
number of GFAP-positive cells in the hippocampus of Fmri-“exon 8 rats
may reflect such an imbalance. However, the precise interplay between
FMRP and Lamin B1 in regulating neurogenesis and gliogenesis remains
largely unexplored. This question may be particularly relevant in the
adult hippocampus, a brain region that retains neurogenic potential
throughout life (Toda et al., 2019).

Overall, the present findings identify Lamin Bl and nuclear archi-
tecture as previously unexplored cellular features in hippocampal glia in
arat model of FXS, providing a framework for future mechanistic studies
without implying direct causality. Elucidating the developmental ori-
gins and functional significance of Lamin Bl downregulation will
require multi-level approaches spanning molecular, cellular, and circuit-
level analyses. Such studies will be essential to determine how FMRP-
dependent pathways may influence Lamin Bl regulation and glial
function in the context of FXS and ASD-related disorders, and may ul-
timately reveal novel molecular targets for intervention.
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Glossary

ASD  Autism spectrum disorder:

CA1 Cornu ammonis 1:

DG Dentate gyrus:

Fmrl Fragile X messenger ribonucleoprotein 1:
FMRP  Fragile X messenger ribonucleoprotein:
FXS Fragile X syndrome:

GFAP Glial fibrillar acidic protein:

GL granular layer:
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HL hilus:

Ibal Ionized calcium-binding adapter molecule 1:

KO Knockout:

M protein marker:

MEFI Mean fluorescent intensity:
ML molecular layer:

NF-«kB  Nuclear factor-kB:
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PBS  Phosphate-buffered saline:

PND Postnatal day:

SO stratum oriens:

SP  stratum pyramidale:
SR stratum radiatum:
TBS Tris-buffered saline:
WT Wild type:
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