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antibiotics improves behavior, visual
responses, and microglia phenotype.
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KO microbiota and the observed
phenotype is demonstrated through fecal
transplantation into WT recipient mice.

¢? CellPress


mailto:paola.tognini@santannapisa.it
https://doi.org/10.1016/j.celrep.2025.115546
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2025.115546&domain=pdf

Cell Reports ¢ CellPress

OPEN ACCESS

Multi-site investigation of gut microbiota in CDKL5
deficiency disorder mouse models: Targeting
dysbiosis to improve neurological outcomes

Francesca Damiani,’ Maria Grazia Giuliano,'-? Sara Cornuti,’ Elena Putignano,® Andrea Tognozzi,'-* Vanessa Suckow,’
Vera M. Kalscheuer,®> Tommaso Pizzorusso,’-¢ and Paola Tognini?¢-*

Laboratory of Biology BIO@SNS, Scuola Normale Superiore, Piazza dei Cavalieri 7, 56126 Pisa, Italy

2Health Science Interdisciplinary Center, Sant’Anna School of Advanced Studies, Piazza Martiri della Liberta 33, 56127 Pisa, Italy
3Institute of Neuroscience, National Research Council, Via G. Moruzzi 1, 56124 Pisa, Italy

4PhD Program in Clinical and Translational Science, University of Pisa, Via Savi 10, 56126 Pisa, ltaly

5Max Planck Institute for Molecular Genetics, IhnestraBe 63, 14195 Berlin, Germany

8Lead contact

*Correspondence: paola.tognini@santannapisa.it

https://doi.org/10.1016/j.celrep.2025.115546

SUMMARY

Cyclin-dependent kinase-like 5 (CDKL5) deficiency disorder (CDD) is a rare neurodevelopmental disorder
often associated with gastrointestinal (Gl) issues and subclinical immune dysregulation, suggesting a link
to the gut microbiota. We analyze the fecal microbiota composition in two CDKL5 knockout (KO) mouse
models at postnatal days (P) 25, 32 (youth), and 70 (adulthood), revealing significant microbial imbalances,
particularly during juvenile stages. To investigate the role of the intestinal microbiota in CDD and assess cau-
sality, we administer antibiotics, which lead to improved visual cortical responses and reduce hyperactivity.
Additionally, microglia morphology changes, indicative of altered surveillance and activation states, are
reversed. Strikingly, fecal transplantation from CDKL5 KO to wild-type (WT) recipient mice successfully
transfers both visual response deficits and hyperactive behavior. These findings show that gut microbiota
alterations contribute to the severity of neurological symptoms in CDD, shedding light on the interplay be-

tween microbiota, microglia, and neurodevelopmental outcomes.

INTRODUCTION

Cyclin-dependent kinase-like 5 (CDKL5) deficiency disorder
(CDD) is an X-linked early-onset encephalopathy caused by mu-
tations in the CDKLS5 gene. The estimated prevalence of this con-
dition is 1 in 40,000 to 1 in 60,000 live births. Patients with CDD
exhibit severe global developmental delays, including early-
onset epileptic encephalopathy, intellectual disability, visual
and motor impairments, strong hypotonia, sleep disturbances,
and hand stereotypies.' ™ Some of these symptoms overlap
with Rett syndrome (RTT); however, the key distinctions include
the absence of a regression period and the early onset of sei-
zures in patients with CDD. Currently, there are no available
treatments for CDD.

A common issue in patients with CDD is the presence of
gastrointestinal (Gl) problems, including diarrhea, constipation,
and acidic reflux. This may be linked to subclinical immune dys-
regulation, likely stemming from a faulty inflammation regulatory
signaling system.®>® Remarkably, Gl disorders are about four
times more common in children with autism spectrum disorders
(ASD) than in neurotypical children.” Also, other central nervous
system (CNS)-related comorbidities, such as seizures and sleep
disorders, tend to occur more frequently in individuals with Gli

dysfunction in the ASD population.®'° The heightened occur-
rence of Gl dysfunction in ASD, coupled with its substantial cor-
relation with challenging behaviors and psychiatric comorbid-
ities, suggests a possible link between gut and brain
dysfunction in neurodevelopmental disorders such as CDD. At
least part of this association could be due to abnormal composi-
tion of the gut microbiome (i.e., the ecosystem of microorgan-
isms residing in the Gl tract that engage symbiotic interactions
with their host).'"'? Indeed, patients with ASD display alterations
in the composition of the gut microbiota'® as well as patients with
RTT."*'5 Importantly, we have recently discovered differences in
biodiversity and composition of intestinal microbes in a cohort of
Italian patients affected by CDD.'® Disturbances in the composi-
tion or equilibrium of the gut microbiota, termed dysbiosis, have
been associated with inflammatory bowel disease (IBD), meta-
bolic disturbances, and even neuropsychiatric conditions.'”~*°
Nevertheless, the composition of the intestinal microbiota in
widely used CDD models and the impact of alterations in micro-
biota composition on neurologically relevant outcomes have not
been explored.

To investigate the link between CDD symptoms and the gut-
brain axis, we analyzed the developmental trajectory of the fecal
microbiota in CDKL5 mouse models at distinct ages, and found
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significant differences compared to wild-type (WT) littermates.
Since the intestinal microbiota is strongly affected by environ-
mental factors, our investigation was performed considering
two CDKL5 null mouse models living in different facilities in Italy
and Germany. Our findings unveiled the presence of a potential
gut microbiota composition imbalance, suggesting a negative
impact of the intestinal microbes of CDKL5 mutants on neuro-
logical outcomes. To test this hypothesis, we targeted the gut
microbiota by a 25-day treatment with an antibiotic cocktail
(ABX) and we assessed visual cortical responses and behav-
ioral performance. Moreover, we analyzed microglia alterations
as a possible cellular underpinning of the ABX effect. The re-
sults revealed that ABX intervention partially rescued this
phenotype, indicating an improvement in the potential inflam-
matory state of the brain in CDD. Finally, fecal microbiota trans-
plantation from CDKL5 KO to WT recipient mice transferred the
neurological impairments of the CDD mouse model. Overall,
our study shows that microbial manipulation could be a novel
and non-invasive strategy to improve symptoms in patients
with CDD.

RESULTS

Alterations in the composition of CDKL5 KO fecal
microbiota

To investigate the composition of intestinal bacteria, fresh fecal
samples were collected longitudinally from both CDKL5 KO
and WT mice. Sampling occurred longitudinally at postnatal
day 25 (P25), again at P32, and during adulthood at P70 (see Fig-
ure 1A). Bacterial DNA was then extracted from these fecal sam-
ples and subjected to analysis using 16S rRNA sequencing
(rBNA-seq).

Given that the composition of gut microbiota can be influ-
enced by environmental factors, including the animal’s living
conditions (i.e., the vivarium), we conducted our analysis on
two different CDKL5 null mouse lines born and raised in two
distinct animal facilities: the vivarium at the National Research
Council in Pisa, ltaly, and the vivarium at the Max Planck Institute
for Molecular Genetics in Berlin, Germany. This parallel analysis
of CDD mouse models from different facilities served to increase
the robustness of the differences observed in our experiments.

Bacterial relative abundance is reported in Table S1 (Pisa vi-
varium) and Table S2 (Berlin vivarium).

To analyze the results, we first calculated alpha diversity, a
parameter reflecting species richness or evenness in a microbial
ecosystem.”’ A high alpha diversity is generally associated with
a healthy microbiome condition, while a reduction has been
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observed in a variety of diseases such as obesity,22 colitis,

IBD,?® and to some extent neurological disorders.?* We calcu-
lated four different indexes and found a significant decrease in
the Chao1 index (Figure 1B) and observed operational taxo-
nomic unit (OTU) (Figure 1C) at P32 in the CDKL5 KO mice raised
in the Berlin vivarium. This result was paralleled by a tendency to-
ward a significant decrease in alpha diversity in the CDKL5 KO
mice from Pisa vivarium (Figures 1B and 1C). Moreover, Shan-
non index and Simpson index were decreased in the CDKL5
KO mice at P25 with respect to WT littermates in the Berlin vivar-
ium (Figures 1D and 1E).

Second, we computed beta diversity, which measures the
degree of phylogenetic similarity between microbial commu-
nities, using the Bray-Curtis dissimilarity.>® The principal coor-
dinates analysis (PCoA) of the distance matrix of the fecal mi-
crobiota belonging to all the animals raised in the Pisa
vivarium with respect to the ones raised in Berlin showed, as
expected, a distinct clustering of the samples (Figure S1).
PCoA at the three different ages demonstrated the presence
of a certain degree of clustering of fecal microbiota in WT ani-
mals versus CDKL5 KO mice. Specifically, significant phyloge-
netic dissimilarities were present between CDKL5 KO mice and
WT littermates at P32 in the Pisa vivarium and at P25 in the
Berlin vivarium (Figure 1F).

Third, we sought to explore differences in the bacterial
composition between juvenile and adult WT and CDKL5 KO
mice by using the linear discriminant analysis (LDA) effect
size (LEfSe) method.”® LEfSe analysis revealed taxonomic dis-
similarities between WT and CDKL5 KO mice in both the Pisa
and Berlin facilities (Figures 2A-2E). In the Pisa vivarium, such
differences were more pronounced during juvenile ages (P25
and P32, Figures 2A and 2B) with respect to P70 (Figure 2C;
see also Figure S2). In particular, the family Alcaligenaceae
and the orders Burkholderiales and Pasteurellales were en-
riched in the CDKL5 KO microbiota at both P25 and P32.
Together with Enterobacteriaceae and Epsilonproteobacteria
enriched only in the P25 CDKL5 KO microbiota (Figure 2A),
those taxa belong to the phylum Proteobacteria. Emerging ev-
idence identified the Proteobacteria (or Pseudomonadota)
phylum as a possible microbial signature of disease.’’**®
Notably, the family Bacteroidaceae were significantly enriched
in the fecal microbiota of CDKL5 KO mice with respect to WT
littermates at all ages (Figures 2A-2C). In the Berlin facility,
the cladogram displayed a significant enrichment of the family
Porphyromodanaceae, Prevotellaceae, and Lactobacillaceae,
in the class Bacteroidia, in the order Sphingobacteriales, and
again in the family Bacteroidaceae in the P25 CDKL5 KO

Figure 1. Longitudinal characterization of the gut microbiota in CDKL5 KO mice raised in Pisa or Berlin vivaria

(A) Experimental timeline. Mice were single housed starting from weaning onward, and fecal samples were collected at postnatal day (P)25, P32, and P70
(n = 9-12 animals/group).

(B-E) Violin plots showing alpha diversity comparison between WT and KO mice from Pisa (top plots) and Berlin (bottom plots) vivaria: (B) CHAO1 index,
(C) observed OTUs, (D) Shannon index, (E) Simpson index. Each dot represents a single animal. Median alpha diversity is shown as black dotted horizontal line
(n = 9-12 mice/group, Mann-Whitney U test, o < 0.05, **p < 0.01).

(F) PCoA plot based on Bray-Curtis dissimilarity matrix showing beta diversity of WT and KO mice from Pisa (top plots) and Berlin (bottom plots) vivaria. The
ellipses represent 95% confidence intervals for each group. Axes in the PCoA display the percentage of variation explained using Bray-Curtis dissimilarity
(Permutational Multivariate Analysis of Variance [PERMANOVA]) test; mice from PISA, P25 KO versus P25 WT pseudo-F = 1.718 p = 0.058, P32 KO versus P32
WT pseudo-F =1.839 p =0.038, P70 KO versus P70 WT pseudo-F = 1.421 p = 0.097; mice from BERLIN, P25 KO versus P25 WT pseudo-F =1.817 p =0.002, P32
KO versus P32 WT pseudo-F = 1.060 p = 0.345, P70 KO versus P70 WT pseudo-F = 1.053 p = 0.332).
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Figure 2. LDA of effect size of the fecal mi-
crobiota in WT vs. CDKL5 KO mice

Taxonomic cladograms resulted from LEfSe
analysis, showing significantly differentially en-
riched taxa (relative abundance >0.5%) for tax-
onomy level L7 (species) between WT and KO
mice, at different ages, in Pisa and Berlin facilities.
The colors represent the genotype in which the
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o,

¢ o_Pasteureliles indicated taxa is more abundant with respect to

LTI

the other genotype. Differential taxa were deter-
mined based on an LDA threshold score of >2.5.
(A-C) Taxonomic differences between WT and KO
mice from the Pisa vivarium, at P25 (A), P32 (B),
and P70 (C).

(D and E) Taxonomic differences between WT and
KO mice from the Berlin vivarium, at P25 (D) and
P70 (E). No differences were observed at P32 for
the mice living in the Berlin facility.
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mouse vs. WT littermates (Figure 2D), suggesting that the fam-
ily Bacteroidaceae is a potential signature of the CDD mouse
gut microbiota. While at P32 the LEfSe showed no differences,
at P70 WT mice showed an enrichment of taxa related to intes-
tinal health and probiotics, such as Bifidobacteriaceae, with
respect to CDKL5 KO mice (Figure 2E). Notably, Bifidobacte-
rium longum, considered a probiotic species, was significantly
decreased at P70 in both the Pisa and Berlin CDKL5 KO mice
(Figures 2C-2E).

To further explore the taxa alteration signature of CDKL5 KO
vs. WT littermate gut microbiota, we subtracted the variable “vi-
varium” in the LEfSe analysis, grouping together WT and CDKL5
KO mice from Pisa and Berlin. At P25, CDKL5 KO mice displayed
a significant enrichment in taxa belonging to the order Burkhol-
deriales, family Alcaligenaceae, and in Bacteroidales. The
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(F-H) LEfSe of the fecal microbiota in WT vs. KO
mice subtracting the variable mouse facility at P25
(F), P32 (G), and P70 (H).

genera Sutterella, Lactobacillus, and Ru-
minococcus were also taxa character-
izing the CDKL5 KO microbiota
(Figures 2F and S3). At both P25 and
P32, Bacteroides rodentium, belonging
to the family Bacteroidaceae, was en-
riched in the CDKL5 KO microbiota
(Figures 2G and S8). Finally, the micro-
biota of CDD mice seem to be defective
in the genera Allobaculum and Parapedo-
bacter at P70 compared to WT litter-
mates (Figures 2H and S3).

Although, as expected, the differences
between CDKL5 KO and WT mice in the
Pisa and Berlin vivarium did not perfectly
overlap, our analysis highlighted signifi-
cant changes in specific signature taxa
in both mouse facilities, pointing toward
stronger differences at younger ages.

Overall, our findings provide valuable
insights into the dynamic relationship be-
tween gut microbiota composition and
CDKL5 deficiency, shedding light on potential microbial signa-
tures associated with this disorder across different develop-
mental stages and environmental settings.

Given the prevalent differences in gut microbiota composition
during juvenile stages, we decided to investigate potential alter-
ations in intestinal structure and function in young mice from the
Pisa vivarium (Figure 3A). No significant differences were de-
tected in fecal water content at P25, P32, and P42 (Figure 3B).
Similarly, no changes were observed in defecation frequency
(Figure 3C), gastric transit time (Figure 3D), total Gl length (Fig-
ure 3E), or colon length (Figure 3F) between CDKL5 KO and
WT littermates.

Despite the absence of functional differences, we observed a
significant increase in the gene expression of trefoil factor 3
(Tff3), zonula occludens 1 (tight junction protein 1 Tjp7), and

. P25-WT
. P25-KO

a: o_Bacteroidales
b: c_Bacteroidia
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Figure 3. Gut microbiota imbalance in CDKL5 KO mice is associated with altered gut anatomy, intestinal barrier gene expression, and spleen
size, with no clear signs of gastrointestinal motility defects

(A) Experimental timeline. Mice were individually housed from weaning (P21) onward. Functional tests were conducted to evaluate potential differences in Gl
motility.

(B-D) Evaluation of Gl function (n = 18-22 mice/group). (B) % of fecal water content evaluated at P25, P32, and P42 (P25 WT vs. P25 KO unpaired t test p = 0.696;
P32 WT vs. P32 KO Mann-Whitney U test p = 0.675; P42 WT vs. P42 KO Mann-Whitney U test p = 0.110). (C) Cumulative distribution of the number of pellets
expelled over a 1-h period, with counts taken every 10 min (two-sample Kolmogorov-Smirnov test, D = 0.285, p = 0.962). (D) Whole Gl transit time obtained by oral
administration of Evan’s Blue solution (unpaired t test p = 0.323).

(E and F) (E) Whole Gl length of WT versus KO mice (unpaired t test p = 0.489) and (F) colon length of WT versus KO mice (unpaired t test p = 0.465).

(G-I) Relative mRNA expression of tff3, tjp 1, cldn1 (n = 11-12 mice/group, tff3 Mann-Whitney U test *p = 0.043, tjp 7 unpaired t test *p = 0.023, cldn? unpaired t test
*p = 0.018).

(J) Representative histological colon sections of three WT (top row) and three KO (bottom row) mice showing evident monocytic infiltration in the KO mice
(magnification 10x; scale bar, 200um; black arrows show clusters of infiltrating monocytes).

(K) Number of clusters of infiltrating monocytes (Mann-Whitney U test *p = 0.041).

(L) Absolute spleen weight (g) (unpaired t test **p = 0.001).

(M) Spleen-to-body weight ratio (%) (Mann-Whitney U test p = 0.083).

(legend continued on next page)

Cell Reports 44, 115546, April 22, 2025 5




¢ CellPress

OPEN ACCESS

claudin 1 (Cldn1) in the colon of CDKL5 KO mice compared to
WT mice (Figures 3G-3l). These findings align with the increased
monocyte infiltration observed in the colon of CDKL5 KO mice
(Figures 3J and 3K), suggesting a compensatory upregulation
of tight junction components to protect the intestinal epithelium
and preserve barrier integrity during inflammation.?**° Addition-
ally, CDKL5 KO animals exhibited an increase in spleen weight
compared to WT (Figures 3L and 3M), which may reflect the
presence of systemic inflammation. Finally, structural analysis
of the colon (Figure 3N) revealed a significant increase in muscle
layer width (Figure 30) and a decrease in crypt layer depth (Fig-
ure 3P) in CDKL5 KO compared to WT animals, while no alter-
ations were observed in villi length or width (Figures 3Q and
3R). These findings suggest potential remodeling of the intestinal
architecture in CDKL5 KO mice, possibly as an adaptive
response to inflammation or altered gut homeostasis.

Antibiotic treatment improves functional and behavioral
outcomes in CDKL5 KO mice

As the composition analysis revealed differences in the CDKL5
fecal microbiota, we hypothesize the presence of a gut microbial
imbalance condition. Dysbiosis has been observed in several
neuropsychiatric disorders®' and, in mouse models, has been
linked to behavioral and brain functional impairments.''*
Therefore, we treated the Pisa vivarium mice with an antibiotic
cocktail (ABX) in drinking water to target intestinal microbes,
particularly bacteria taxa, and tested the potential improvement
in functional and behavioral outcomes. As prominent differences
in the fecal microbiota were observed in the CDKL5 null mouse at
younger ages in both the Pisa and Berlin facilities, mice were
subjected to ABX administration from weaning (P21) for the
next 24 days (Figure 4A).

As the gut bacteria are involved in energy harvesting from the
ingested food, we monitored the body weight of the treated
mice. We observed a slight but significant reduction in body
weight in ABX-treated CDKL5 KO mice compared to CDKL5
controls (CTRL, drinking regular water) at P28, with a similar
trend at P34 and P45 (Figure S4A). In WT ABX mice, only a trend
toward decreased body weight was noted compared to WT
CTRL (Figure S4A). In addition, we investigated the efficacy of
ABX treatment and found a significant decrease of bacterial
DNA concentration in the feces of CDKL5 KO and WT mice after
ABX administration compared to the respective controls
(Figure S4B).

Both patients affected by CDD and CDKLS5 null mice present a
visual deficit.>**°% After 13 days of ABX administration, we as-
sessed the visual cortical responses by optical imaging of the
intrinsic signal (I0S) (Figure 4B). As expected, CDKL5 KO
CTRL showed a significant reduction in the amplitude of visual
responses compared to WT CTRL (Figure 4C). Remarkably,
ABX administration rescued the visual response impairment,
bringing the signal amplitude back to the WT CTRL value (Fig-
ure 4C). As already observed by our group®” ABX did not alter
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amplitude of visual neuronal responses when administered to
WT animals (Figure 4C).

Subsequently, we explored whether ABX-driven manipulation
of the gut microbiota could improve behavioral impairments in
CDD mice. First, we investigated nest building (Figure 4D), an
instinctive/spontaneous behavior. Mice are highly motivated to
build a nest as it has functions related to survival and reproduc-
tion, including regulating body temperature, protecting from
predators or aggressive cage mates, sheltering from cold, and
increasing litter survival.®®* CDKL5 KO CTRL mice showed
impaired nest-building behavior compared to WT CTRL and
WT ABX animals (Figure 4E). However, ABX treatment failed to
improve nest-building scores in the mutants and did not affect
the performance of the WT mice (Figures 4E and S5). Then, we
scored hindlimb clasping (Figure 4F), which is a signature of
altered motor coordination and has been previously observed
in CDKL5 KO mice.* As expected, CDKL5 KO CTRL mice ex-
hibited a certain deficit in motor coordination compared to the
WT CTRL group (Figure 4G). However, ABX treatment neither
improved the phenotype in KO mice nor influenced the behavior
of WT mice (Figure 4G).

Finally, we assessed exploration using the Y-maze (Figure 3H).
CDKL5 KO CTRL mice performed a higher number of total en-
tries than WT CTRL mice (Figure 4l) and displayed an increase
in total distance moved and velocity (Figures 4J and 4K). This hy-
peractive phenotype was normalized to the level of WT mice by
manipulating the gut microbiota using ABX (Figures 41-4K).
Importantly, the ABX administration did not disrupt the WT per-
formance (Figures 41-4L). In addition, CDKL5 KO CTRL mice per-
formed worse than their WT littermates in the percentage of
alternation in the three arms but the ABX did not normalize this
impairment (Figure 4L).

In summary, targeting gut microbiota alterations in CDKL5 defi-
cient mice was able to improve functional properties of cortical
neurons, and ameliorated specific behavioral abnormalities.

ABX-driven gut microbiota manipulation influence
microglia phenotype in CDKL5 KO mice

The intestinal microbiota has emerged as a significant factor
influencing the maturation, differentiation, and functionality of
microglia cells.*®*" Interestingly, microglia from CDKL5 mutants
displayed a phenotype typical of an activation state.*” Thus,
based on this information, we explored whether ABX, which ma-
nipulates gut microbiota composition, could ameliorate the po-
tential state of neuroinflammation in the CDKL5 KO brain by
acting on microglia cells.

Three-dimensional morphological analysis of microglia cell
bodies in the visual cortex (Figure 5A) indicated no significant
changes in soma area or volume in CDKL5 KO CTRL and WT
CTRL mice (Figures 5B and 5C). However, ABX treatment signif-
icantly decreased both soma area and volume in WT and CDKL5
KO mice compared to the respective CTRL groups (Figures 5B
and 5C). In addition, CDKL5 KO CTRL mice displayed a

(N) Representative histopathological examination of H&E stained colon tissue section of WT and KO mice (magnification 4 x; scale bar, 100 um).
(O-R) Histopathological analysis of WT versus KO colon sections (n = 7-9 mice/group). (O) Muscle width (um) (unpaired t test *“p = 0.004). (P) Crypt layer depth
(um) (unpaired t test *p = 0.033). (Q) Villi length (um) and (R) width (um) (villi length unpaired t tests p = 0.272; villi width unpaired t test p = 0.893).

Error bars represent SEM. Circles represent single experimental subjects.
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Figure 4. ABX administration significantly improves visual cortical responses and reduces the hyperactive behavior of CDKL5 KO mice
(A) Experimental timeline. Mice were single housed starting from weaning (P21) onward. A battery of behavioral and functional tests was performed (n = 9-11
animals/group). Groups: WT control group (WT CTRL), WT ABX-treated group (WT ABX), CDKL5 KO control group (KO CTRL), and CDKL5 KO ABX-treated group
(KO ABX).

(B) Schematic of the IOS imaging setup.

(C) The graph represents the average amplitude of the cortical responses to contralateral eye stimulation (two-way ANOVA genotype x treatment interaction
p = 0.0162, multiple comparisons Sidak’s post hoc test; WT CTRL versus KO CTRL “p = 0.019, KO CTRL versus KO ABX *p = 0.049).

(D) Schematic of the nest-building scoring system.

(E) Nest-building ability scored at 24 h after placement of the nestlet (two-way ANOVA genotype x treatment interaction p = 0.443, main effect of genotype
p = 0.0003, multiple comparisons Sidak post hoc test; WT CTRL versus KO CTRL *p = 0.056, WT ABX versus KO ABX **p = 0.004).

(F) Schematic of the hindlimb clasping scoring system.

(legend continued on next page)
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significant reduction in microglia sphericity in comparison with
WT CTRL animals (Figure 5D). Notably, ABX administration
rescued this feature only in CDKL5 KO mice, while it had no
impact on sphericity in WT mice (Figure 5D). Since ameboid mi-
croglia lose the spherical shape of their cell body, a reduction in
this characteristic might indicate that CDKL5 KO microglia are on
the verge of activation in response to inflammatory signals,
potentially emanating from an imbalanced microbiota. Adminis-
tration of ABX may restore CDKL5 KO cells to a surveillance
state.

To gain further insight on microglia function, we quantified
their lysosomal content by CD68 staining (Figure 5E). Our anal-
ysis revealed that CDKL5 KO CTRL microglia exhibited elevated
expression of CD68 compared to WT CTRL mice (Figure 5F).
However, ABX administration did not affect CD68 levels in either
the CDKL5 KO or WT group (Figure 5F). This piece of data may
suggest a higher phagocytic capacity of CDKL5 KO microglia
with respect to WT animals.

Then, microglia complexity (Figure 6A) was investigated by
quantifying filament length, number of branching points, and
number of terminal points. Intriguingly, CDKL5 KO CTRL micro-
glia displayed a significant decrease in all of the above-
mentioned parameters with respect to the WT CTRL group,
and ABX administration completely rescued the phenotype
(Figures 6B-6D). Sholl analysis further demonstrated a reduction
in CDKL5 KO CTRL cell complexity, due to a decrease of inter-
section numbers at specific soma distances (Table S3), which
was restored to WT levels by ABX treatment (Figures 6E-6G).
Finally, ABX administration had no effect on microglia ramifica-
tions and complexity in WT mice (Figures 6B-6G).

Astrocytes are involved in neuroinflammation, and recent
studies suggest they could play a role in the gut-microbiota-brain
axis*®™%; therefore, we quantified their density in the visual cor-
tex. No differences were observed between WT and CDKL5 KO
mice, and ABX treatment had no effect (Figure S6).

Overall, our investigation of microglia phenotype suggests a
potential state of activation in the CDKL5 KO cerebral cortex
that could be counteracted by manipulating the intestinal micro-
biota with the ABX.

Fecal microbiota transplantation transfers the CDKL5
KO phenotype to WT recipient mice

To provide further independent evidence to support the contri-
bution of the CDKL5 KO microbiota to the phenotype of this
mouse model, we performed a fecal transplantation (FT) experi-
ment. Feces from CDKL5 KO or WT donors were transplanted in
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WT recipient animals (Figure 7A). Body weight was monitored
throughout the FT experiments, showing no significant differ-
ence between the recipient groups (Figure S7). 12 days post
FT, visual responses were assessed. Strikingly, KO-FT mice ex-
hibited a reduced amplitude of visual responses compared to the
control group that received feces from other WT mice (WT-FT,
Figure 7B), mirroring the decrease in IOS imaging responses
observed in CDKL5 KO animals (Figure 4C). Additionally, KO-
FT mice displayed a significant increase in total entries into the
Y-maze arms compared to WT-FT (Figure 7C), mirroring the
behavior of the CDKL5 KO group (Figure 41). However, no differ-
ences were observed in total distance moved, velocity, or per-
centage of alternation (Figures 7D-7F).

The FT results further underscore the key role of the gut micro-
biota in shaping behavior and cortical responses in the CDD
mouse model, and they demonstrate that FT is an effective
tool for transferring neurological phenotypes.

DISCUSSION

Our investigation identified distinct variations in the develop-
mental maturation pattern of the intestinal microbiota between
two CDD mouse models and their WT littermates. As expected
from the influence of various factors, including genetics, diet,
and lifestyle, on the gut microbiota composition,*” the alterations
present in CDD mice were affected by the specific model, age,
and facility. However, we found a noteworthy CDD microbial
signature characterized by dysregulated bacterial taxa that
were consistently altered regardless of facility.

In both the Pisa and Berlin facilities, the major distinctions
between CDKL5 KO animals and WT littermates were observed
at juvenile ages. Alpha diversity was decreased at P25 and P32 in
the Berlin vivarium, and a tendency for a decrease was observed
in Pisa at the same ages. Similarly, in an Italian cohort of patients
affected by CDD, fecal microbiota alpha diversity was dimin-
ished compared to healthy individuals.'® The Pisa CDKL5 KO
mouse also displayed specific alterations in the gut microbiota:
taxa belonging to the phylum Proteobacteria were significantly
enriched in these mice, at both P25 and P32 (i.e., orders Burkhol-
deriales, Pasteurellales, families Enterobacteriaceae, Alcalige-
naceae, genus Sutterella). These microbes were suggested as
potential markers of microbiota instability and thus as a predis-
position to disease onset.”® Blooming of Proteobacteria has
been associated with various disease conditions, such as IBD,
metabolic disorders and non-alcoholic fatty liver disease
(NAFLD).?” Indeed, the Enterobacteriaceae family is increased

(G) Scoring obtained upon 2 min of tail suspension (two-way ANOVA genotype X treatment interaction p = 0.342, main effect of genotype p = 0.032, multiple

comparisons Sidak post hoc test; WT CTRL versus KO CTRL p = 0.059).
(H) Schematic of the Y-maze arena.

(I) Y-maze number of total entries (two-way ANOVA genotype X treatment interaction p = 0.419, main effect of genotype p = 0.001, main effect of treatment
p = 0.001, multiple comparisons Sidak’s post hoc test; WT CTRL versus KO CTRL **p = 0.009, KO CTRL versus KO ABX **p = 0.006).

(J) Y-maze total distance moved in centimeters (two-way ANOVA genotype X treatment interaction p = 0.403, main effect of genotype p = 0.0006, main effect of
treatment p = 0.008, multiple comparisons Sidak’s post hoc test; WT CTRL versus KO CTRL *p = 0.004, KO CTRL versus KO ABX *p = 0.021).

(K) Velocity (cm/s) in the Y-maze (two-way ANOVA genotype X treatment interaction p = 0.250, main effect of genotype p = 0.004, main effect of treatment
p = 0.016, multiple comparisons Sidak’s post hoc test; WT CTRL versus KO CTRL **p = 0.008, KO CTRL versus KO ABX *p = 0.020).

(L) % of alterations in the arms (two-way ANOVA genotype X treatment interaction p = 0.688, main effect of genotype p = 0.024, multiple comparisons Sidak’s

post hoc test, no significant difference).
Error bars represent SEM. Circles represent single experimental subjects.
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Figure 5. Microglia soma shape analysis
and expression of the lysosomal marker
CD68 in CDKL5 KO mice visual cortex and
effects of ABX administration
(A) Three-dimensional soma shape reconstruction
of representative microglial cells from each
experimental group.
(B) Microglia soma area (um?) (two-way ANOVA
genotype X treatment interaction p = 0.236, main
effect of treatment p < 0.0001, multiple compari-
*k sons Sidak’s post hoc test; WT CTRL versus KO
: CTRL p = 0.117, WT CTRL versus WT ABX *p =
— 0.004, KO CTRL versus KO ABX ****p < 0.0001).
o (C) Microglia soma volume (um?®) (two-way ANOVA
$ genotype x treatment interaction p = 0.537, main
e effect of treatment p < 0.0001, multiple compari-
; sons Sidak’s post hoc test; WT CTRL versus WT
ABX **p = 0.003, KO CTRL versus KO ABX **p =
0.0001).
(D) Microglia sphericity (two-way ANOVA geno-
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Visual Cortex (63x)
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% Lysosomal content
7 @

type X treatment interaction p = 0.004, main effect
o of treatment p = 0.0001, main effect of genotype
+ p = 0.085, multiple comparisons Sidak’s post hoc
test; WT CTRL versus KO CTRL **p = 0.008, KO
CTRL versus WT ABX **p = 0.005, KO CTRL
versus KO ABX “**p < 0.0001).
(E) Representative volumes reconstruction of
% IBA1- and CD68-immunostained microglia.
(F) % of lysosomal content in IBA-1 immuno-
stained microglia (two-way ANOVA genotype X
treatment interaction p = 0.875, main effect of
genotype p < 0.0001, multiple comparisons Si-
dak’s post hoc test; WT CTRL versus KO CTRL
< **p =0.001, WT ABX versus KO ABX **p = 0.0006).
4 QO . SI" Error bars represent SEM. Circles represent single
Sop cells. Microglia soma shape analysis: n = 8 cells/

* %

animals/experimental group. CD68 levels: n = 5

IMARIS 3D reconstruction

in patients with type 2 diabetes,*® and the class Gammaproteo-
bacteria was increased in children affected by NAFLD with
respect to healthy controls.*® In addition, an enrichment of Pro-
teobacteria has been found in mouse models of IBD,*°*? sug-
gesting a potential state of intestinal inflammation in the CDD
mouse model. Notably, we observed an increase in clusters of
infiltrating monocytes in the colon of CDKL5 KO mice from the
Pisa vivarium. This immune cell infiltration was accompanied
by structural changes, including a reduction in crypt depth and
an increase in muscle layer width, as well as elevated tff3 gene
expression. TFF3 plays a role in the first line physiological
response to an inflammatory environment, increasing the
expression of tjp1 and cldn1 to restore gut homeostasis and/or
barrier function.®"° This altered intestinal state could be linked
to pro-inflammatory bacteria taxa in the microbiota.

Recent reports have linked Proteobacteria to the modulation
of the gut-brain axis. A significant increase in gut Proteobacteria

T cells/animal/experimental group corresponding to

()
T 029® animal/experimental group correspondington =6
EL 5 ° o8
°
1 T

3 & gb'\' n = 6 animals/experimental group.

associated with neuroinflammation, and

accompanied by exploration impairment

and anxiety-like behavior was observed
in a mouse model of diet induced obesity.°® Importantly, an
enrichment in Enterobacteriaceae was observed in patients
affected by CDD and manifesting severe Gl disturbances
compared to patients with mild to normal Gl features,'® indi-
cating similarities in the gut microbiota profile of mouse model
and human subjects.

While the CDKL5 KO mice from the Berlin vivarium displayed
no differences at P32 compared to WT littermates, they showed
enrichment in the Bacteroidaceae family at P25, which was also
found in the Pisa CDKL5 KO mouse colony, demonstrating a
common feature of the CDD microbiota. The expansion of Bac-
teroidaceae has been associated with colitis in mouse
models,®”-*® inflammation in patients with chirrosis,*® Alzheimer
disease, and IBD patients.®® Therefore, the blooming of Bacter-
oidaceae could be an early sign of gut microbiota imbalance in
the CDD mouse. On the other hand, B. longum was underrepre-
sented in the two CDD mouse models compared to their WT
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Figure 6. ABX treatment rescues microglia
arborization and complexity in CDKL5 KO
mice

(A) Three-dimensional reconstruction of repre-
sentative microglia arborization from each exper-
imental group.

(B) Filament length (sum) (two-way ANOVA geno-
type X treatment interaction p = 0.075, main effect
of genotype p = 0.004, main effect of treatment p =
0.038, multiple comparisons Sidak’s post hoc
test; WT CTRL versus KO CTRL **p = 0.007, KO
CTRL versus WT ABX **p = 0.003, KO CTRL
versus KO ABX *p = 0.038).

- (C) Number of branching points (two-way ANOVA
genotype x treatment interaction p = 0.178, main
effect of genotype p = 0.0006, main effect of
treatment p = 0.0008, multiple comparisons Si-
dak’s post hoc test; WT CTRL versus KO CTRL
o **p =0.001, KO CTRL versus KO ABX **p = 0.001).
(D) Number of terminal points (two-way ANOVA

o

WT CTRL

WT ABX
KO CTRL
KO ABX

No. Intersections
Total No. Intersections

1 11 21 31 41 51 61
Radial distance from soma (um)

10 um

littermates at P70. Multiple strains of B. longum have been
formulated as probiotics due to their ability to elicit various health
benefits. They have demonstrated efficacy in conditions such as
IBD, cardiovascular diseases, respiratory illnesses, anxiety,
depression, and cognitive functions.®' Therefore, the reduction
of B. longum in our CDD mouse models suggests a potential
imbalance in the composition of gut microbes, characterized
by a deficiency of beneficial bacteria that are crucial for maintain-
ing intestinal homeostasis.

To further dissect additional shared taxa between the Pisa and
Berlin CDD mouse models, we performed LEfSe analysis sub-
tracting the variable “mouse facility.” This analysis highlighted
the order Burkholderiales and Bacteroidales, which are
commonly enriched in the P25 CDKL5 KO mouse. In particular,
B. rodentium was increased in CDKL5 KO at both P25 and
P32, but no specific effects of this taxa on the gut-microbiota-
brain axis have been reported so far. Among the common taxa
decreased at P70, we found Allobaculum. Allobaculum is
considered a beneficial microorganism, especially in the context
of hypertension, and it is negatively correlated with colonic
expression of anti-inflammatory genes such as FOXP3 and
IL-10.5%5°

10  Cell Reports 44, 115546, April 22, 2025

genotype X treatment interaction p = 0.187, main
effect of genotype p = 0.0003, main effect of
treatment p = 0.0003, multiple comparisons Si-
dak’s post hoc test; WT CTRL versus KO CTRL
* **p = 0.001, KO CTRL versus KO ABX **p =
0.009).

(E) Representative image of a Sholl analysis in
reconstructed IBA1-immunostained microglia.

(F) Sholl analysis of microglia. (two-way ANOVA
distance X experimental_group interaction p =
0.998, distance factor p < 0.0001, ex-
perimental_group factor p < 0.0001).

(G) Total number of intersections (two-way
ANOVA genotype x treatment interaction p =

0.046, main effect of genotype p = 0.084, multiple
comparisons Sidak’s post hoc test; WT CTRL
versus KO CTRL *p = 0.053).

Error bars represent SEM. Circles represent single
cells. n = 5 cells/animal/experimental group cor-
responding to n = 6 animals/experimental group.

In summary, our multi-site experiment showed an interac-
tion between mouse genetics (i.e., the absence of CDKL5 pro-
tein) and environmental conditions (i.e., two different and
geographically distant facilities) in shaping the intestinal mi-
crobiota. Previous studies suggest that the environment dom-
inates over genetics®® in determining the gut microbiota
composition, and our results largely confirm this finding. As
the DNA was extracted from all the fecal samples simulta-
neously and the sequencing was performed at the same
time, we could exclude differences due to the sample pro-
cessing. On the other hand, the standard chow used in the
two facilities, the type of bedding, and/or other environmental
factors could explain the dissimilarities between the Pisa and
Berlin mice. Our efforts to identify microorganisms that are
consistently altered in the CDKL5 KO mouse model revealed
distinct taxa at specific ages. These taxa could be regarded
as the CDKL5 KO signature microbes, suggesting a possible
influence of genetics and indicating that the absence of func-
tional CDKL5 might specifically shape the composition of the
gut microbiota. The mechanisms by which impaired CDKL5
functions could influence the maturation or growth of specific
microorganisms is still unknown and may suggest a role for
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Figure 7. Fecal transplantation transfers the CDKL5 KO phenotype into WT recipient mice

(A) Experimental timeline of the FT experiment.

(B) Average amplitude of the cortical responses to contralateral eye stimulation (unpaired t test **p = 0.006).

(C-F) Y-maze task results. (C) Number of total entries (unpaired t test *p = 0.015). (D) Total distance moved in centimeters (unpaired t test p = 0.201). (E) Velocity
(cm/s) (unpaired t test p = 0.198). (F) % of alterations in the arms (unpaired t test p = 0.183).

Error bars represent SEM. Circles represent single experimental subjects. N = 10-11 mice/experimental group.

CDKLS5 in the enteric nervous system or in different types of
intestinal cells.

Treating gut microbiota alterations in CDKL5 KO mice
improved phenotypical impairment

The presence of a pro-inflammatory dysbiotic microbial commu-
nity in CDD mice raises the intriguing possibility that the intestinal
microbiota of CDD mice may contribute to the phenotype in
these animals. Our results showing that several phenotypes
are ameliorated by the administration of an antibiotic treatment
to CDKL5 KO mice support this possibility. In particular, admin-
istration of ABX was able to improve visual response amplitude
in CDKL5 KO mice. Visual alterations, also known as cortical vi-
sual impairment (CVI), were found to be present in 75% of pa-
tients with CDD. CVI correlates with reduced achievement of
milestones and is a major feature of CDD that can impact on
the quality of life and neurodevelopmental outcome of affected
individuals.®*° In particular, visual acuity, a quantifiable measure
of visual function, has been found to be altered in CDD mice.**
The extent of impairment in visual acuity is linked to patients’
gross motor ability, suggesting that it can be used as an outcome
measure in both pre-clinical and clinical studies of CDD.®®
Improving this key symptom by targeting intestinal microbiota

imbalance emphasizes the impact of abnormal gut-brain interac-
tion in CDD beyond Gl dysfunction.

ABX had no effects on nest-building behavior in CDKL5 KO
mice. Nest building is an intricate innate behavior observed in
both male and female mice. It requires the mouse to identify,
gather, and process materials to create a functional shelter.
CDKL5 KO mice show significant impairments in nest building,
often leaving the materials untouched. Manipulating the micro-
biota with ABX did not improve the complex behavioral steps
involved in nest building, nor did it increase the inclination toward
this behavior. This suggests that nest building, which involves
executive functions, is not ameliorated by ABX treatment.®®
While ABX administration did not affect working memory in the
Y-maze, as indicated by unchanged percentage of alternation
in both WT and CDKL5 KO-treated groups, it did normalize total
entries, distance, and velocity in CDKL5 KO animals to WT
levels. This suggests that intestinal microbiota alterations may
be linked to the behavioral impulsivity observed in CDKL5 KO
mice.®” ABX administration appears to mitigate this hyperactive
behavior. Although the mechanism is unclear, it may involve mi-
croglia cell abnormalities, as microglia have been implicated in
hyperactive behavior in rodents®® and the severity of attention-
deficit hyperactivity disorder in humans.®®
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A major challenge in gut-brain axis studies is uncovering the
cellular mechanisms and potential mediators by which gut mi-
crobiota influence distal tissues. Given that subclinical inflam-
mation has been observed in patients with CDD, and a cross-
talk between peripheral and central inflammatory processes
has been proposed, we explored microglia cell behavior. Mi-
croglia, the predominant immune cells in the brain parenchyma,
play a key role in neuroinflammation.”® Nevertheless, they are
involved in synaptic remodeling and plasticity of neuronal cir-
cuits.”""® Intriguingly, gut signals seem to influence microglia
morphology and function,®”*>*""" and, in the CDKL5 KO
mouse, microglia cells are in a state of activation.*> We
confirmed this result by observing a decrease in soma sphe-
ricity and an increase in lysosomal content in CDKL5 KO
mice. Importantly, counteracting intestinal microbe imbalance
increased the cell-body sphericity in CDKL5 KO to the level
of WT mice. Finally, other microglia features linked to ramifica-
tion complexity were found to be altered in CDKL5 KO animals.
ABX treatment completely rescued this morphological pheno-
type, which could be linked to the ability of microglia to sense
and surveil the surrounding environment and thus prevent po-
tential harmful pathogens/molecules or maladaptive activation
of the neuronal network. ABX had only limited effects on micro-
glia shape in WT mice, in line with a previous report where au-
thors did not observe significant changes in microglia density
or morphology.”®

Although ABX treatment rescued several phenotypes in the
CDD mouse model, this approach alone does not directly
confirm that the compensatory effects result from gut micro-
biota manipulation or the subsequent microbial signals to
the brain. To establish a more direct link between gut mi-
crobes and the observed phenotypes, we employed a com-
plementary approach: fecal microbiota transplantation. This
method allows for the transfer of a specific phenotype via
the intestinal microbiota, providing stronger evidence for a
causal relationship between microbial composition and phys-
iological or behavioral traits. In this study, FT from CDKL5 KO
donors to WT recipients successfully induced key neurological
deficits characteristic of the CDKL5 KO phenotype. These
findings highlight the critical role of gut microbial signals in
modulating both behavioral and brain functional outcomes,
further emphasizing the microbiota influence on neurodeve-
lopmental disorders.

Translational perspectives in targeting the intestinal
microbiota in CDD

Our study underscores the potential efficacy of targeting the
gut microbiota to alleviate the symptoms of CDD. Employing
a multi-site approach, we identified intestinal microbiota alter-
ations in CDD mouse models that mirrors the differences
observed in patients. The presence of potentially pro-inflam-
matory taxa (e.g., Bacteroidaceae, Enterobacteriaceae) and
a decrease in beneficial bacteria, such as B. longum, could
contribute to an inflammatory state that activates microglial
cells and impacts the severity of neurological symptoms.
The ABX treatment improved neurological outcomes and mi-
croglia morphology, indicating partial relief from potential
CDD-related inflammation. Notably, intestinal inflammation in
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humans has been linked to seizures and altered responsive-
ness to anti-seizure medication.”® This is a key aspect to
consider in people with CDD who are affected by refractory
epilepsy who have subclinical smoldering inflammation® and
immune dysregulation.” Our findings, therefore, suggest har-
nessing the modifiable factor of gut microbiota as a novel
target to alleviate symptom severity by mitigating peripheral
and potentially brain low-grade inflammation. Easily applicable
approaches such as probiotics tailored to the CDD fecal mi-
crobiota profile, prebiotics, and dietary supplements could
offer almost side-effect-free interventions. Moreover, prom-
ising results have been obtained in ameliorating both neuro-
logical and Gl symptoms in people with ASD via FT,%%%2
which, based on our investigation, could be conceivable for
patients affected by CDD.

In conclusion, our pioneering exploration of the gut-micro-
biota-brain axis in CDD unveils promising avenues for novel ther-
apeutic strategies. We propose transformative treatments based
on targeting the intestinal microbiota that hold the potential to
alleviate symptoms and improve the overall well-being of pa-
tients with CDD.

Limitations of the study
We acknowledge that this study did not assess other relevant
behavioral phenotypes, such as emotional and social behaviors,
which have previously been linked to gut microbiota modula-
tion®*®* and have been shown to be altered in the CDKL5 KO
mouse model.?>%®

Additionally, single housing may influence gut microbiota
composition and physiological parameters, as previously docu-
mented.®*°° Future studies should consider alternative housing
strategies, such as co-housing post weaning, to mitigate these
effects while maintaining experimental rigor.
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Antibodies

Rabbit polyclonal anti-lba1

FUJIFILM Wako Pure
Chemical Corporation

Cat# 019-19741;
RRID:AB_839504

Rat monoclonal anti-CD68, clone FA-11 BIO-RAD Cat# MCA1957GA,;
RRID:AB_324217

Goat Anti-Rabbit IgG (H+L) Antibody, Invitrogen Cat# A-11011; RRID:AB_143157

Alexa Fluor 568-conjugated

Goat Anti-Rat IgG (H+L) Antibody, Invitrogen Cat# A-21247; RRID:AB_141778

Alexa Fluor 647-conjugated

Rabbit polyclonal anti-S1008 GeneTex Cat# GTX129573;
RRID:AB_2886037

Goat Anti-Rabbit IgG (H+L) Antibody, Invitrogen Cat# A-11008; RRID:AB_143165

Alexa Fluor 488-conjugated

Biological samples

Proximal colon samples from This study N/A

CDKL5 KO and WT mice

Colon Swiss-Rolls from CDKL5 KO and WT mice This study N/A

Brain samples from CDKL5 KO and WT mice This study N/A

Fecal samples from CDKL5 KO and WT mice This study N/A

Chemicals, peptides, and recombinant proteins

TRIZOL Ultrapure reagent Fisher Molecular Biology Cat# FS-881

Chloroform Sigma-Aldrich Cat# C2432

Isopropanol PanReact AppliChem Cat# 131090.1212

Ethanol absolute pure
PowerUP SYBR Green Master Mix

Optimal Cutting Temperature (OCT)
Harris Hematoxylin solution
Eosin Yellowish hydroalcoholic solution 1%

PanReact AppliChem

Applied Biosystems
(Thermo Fisher Scientific)

Scigen
PanReact AppliChem
PanReact AppliChem

Cat# 141086.1212
Cat# A25742

Cat# 4586
Cat# 253949.1610
Cat# 251301.1211

DPX mountant BDH Cat# 360294H
Vancomycin Hydrochloride Duchefa Biochemie Cat# V0155.0005
Ampicillin sodium salt Sigma-Aldrich Cat# A9518
Neomycin Sulfate Gibco (Life technologies) Cat# 21810-031
Metronidazole Sigma-Aldrich Cat# M3761-25G
VECTASHIELD® Antifade Mounting Medium Vector Laboratories Cat# H-1000

Critical commercial assays

QuantiTect Reverse Transcription Kit QIAGEN Cat# 205313
QlAamp Powerfecal DNA kit QIAGEN Cat# 12830-50
NexteraXT Index Kit lllumina Cat# FC-131- 1001/FC-131-1002
Deposited data

16S rRNA-seq data This study and”’ SRA:PRJINA1232169

Zenodo: https://doi.org/10.5281/
zenodo.14756355

(Continued on next page)
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Experimental models: Organisms/strains

CDKL5 mutant mice from Pisa vivarium Created by Prof. Cornelius Gross, Amendola et al.*°

EMBL Monterotondo (Roma, Italy).

Created by Prof. Vera M. Kalscheuer, N/A
Max Planck Institute for Molecular

Genetics (Berlin, Germany).

Details in this study.

CDKL5 mutant mice from Berlin vivarium

C57BL/6J mice

Oligonucleotides
16S Forward (341F): 5'- CCTACGGGNGGCWGCAG -3’ Applied Genomics (IGA, Udine, Italy) N/A
16S Reverse (805R): 5'- GGACTACHVGGGTATCTAATCC -3'  Applied Genomics (IGA, Udine, Italy) N/A

Charles River Laboratories Jax Strain #000664

Tjp1 Forward: 5'-CCACCTCTGTCCAGCTCTTC-3 Eurofins Genomics N/A
Tjp1 Reverse: 5'-CACCGGAGTGATGGTTTCT-3' Eurofins Genomics N/A
Cldn1 Forward: 5-TCCTTGCTGAATCTGAACA-3' Eurofins Genomics N/A
Cldn1 Reverse: 5'-AGCCATCCACATCTTCTG-3' Eurofins Genomics N/A
tff3 Forward: 5'-TCTGGCTAATGCTGTTGGTG-3' Eurofins Genomics N/A
tff3 Reverse: 5'-CTCCTGCAGAGGTTTGAAGC-3 Eurofins Genomics N/A
Rn18S Forward: 5'-CGCCGCTAGAGGTGAAATTC-3’ Eurofins Genomics N/A
Rn18S Reverse:5'-CGAACCTCCGACTTTCGTTCT-3 Eurofins Genomics N/A
Software and algorithms

ImageJ (Fiji) Software Schneider et al.®” N/A
IMARIS x64 software version 7.4.2 Bitplane N/A

GraphPad Prism 6 GraphPad Software, San Diego, CA, USA  N/A
CounTastic This study and™® Zenodo: https://doi.org/
10.5281/zenodo.14761458
Zenodo: https://doi.org/
10.5281/zeno0do.5776770

MATLAB code for I0S Imaging experiment analysis Lupori et al.>” and®

Other

Nanodrop 2000C Spectrophotometer ThermoFisher Scientific N/A
TissueLyser Il QIAGEN Cat# 85220
StepOnePlus Real-Time PCR System Applied Biosystems Cat# 43766009
Cryostat Leica Biosystems Cat# CM1860
Nikon Eclipse E600 microscope Nikon N/A

LSM 900 confocal microscope ZEISS N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
All experiments were carried out in accordance with the European Directives (2010/63/EU) and were approved by the Italian Ministry
of Health.

Animals in the National Research Council Pisa Vivarium were kept in rooms at 22°C with a standard 12 h light-dark cycle, and hu-
midity 30-50%. During the light phase, a constant illumination below 40 lux from fluorescent lamps was maintained. Food (standard
diet, 4RF25 GLP Certificate, Mucedola, composed of 22% crude protein, 3.5% crude oil, 4.5% crude fiber, 7% crude ash and nutri-
tional additives) and water were available ad libitum and changed weekly. Bedding material was polar wood granulate (Caipet
bedding and solution), and nesting material were two paper towels, and cotton. The mice from Pisa Vivarium derive from the
CdkI5 null strain developed in,*® and were backcrossed into C57BL/6J over seven generations.

Male wild type (WT) mice were bred with heterozygous female mice to obtain mutant and WT littermates. Weaning was performed
on postnatal day (P)21-23, and mice were individually housed.

In this study, we utilized male CDKL5-/y (CDKL5 KO) mice and their male CDKL5+/y WT littermates, which have been demon-
strated to faithfully recapitulate the spectrum of symptoms associated with CDD.%°
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The mice from the Pisa Vivarium were used for all the other experimental procedures and were sourced from 25 different litters.
Mice were randomly assigned to either the treatment or control groups and to ensure balanced representation, animals of each ge-
notype within a specific litter were evenly distributed between the treatment and control groups.

Data analyses were performed by experimenters blind to the animal genotype.

The mice from the Berlin vivarium used to characterize the fecal microbiota composition were derived from a conditional mutant
mouse line crossed to C57BL/6J Hprt:Cre-deleter to generate the Cdkl5 KO mice with exon 4 deletion. Heterozygous Cdkl5—/+ fe-
males were bred to wild type (WT) C57BL/6J male mice for >10 generations for establishing and maintaining the colony (manuscript in
preparation). All mice were housed in a centrally controlled environment with a 12 h light and 12 h dark cycle (light on at 6 a.m.), tem-
perature of 20-22.2 °C, and humidity of 30-50%. Bedding material was polar wood granulated (Safe Select, Safe). Nesting material
were two paper towels, Sizzlenest, cocoons, eco hemps and a play tunnel. Mice were fed with chow (V1124-30, Ssniff, Germany)
composed of 22% crude protein, 4.5% crude fat, 3.9% crude fiber, 6.7% crude ash, and nutritional feed additives. Food and water
were routinely changed.

METHOD DETAILS

Fecal DNA extraction and 16S rRNA sequencing

To analyze the composition of the fecal microbiota of CDKL5 KO and WT littermate mice at different ages, fresh feces were collected
longitudinally from the same subjects at P25, P32 and P70, snap-frozen in liquid nitrogen and stored at —80°C. The ages of P25, P32,
and P70 were chosen to represent distinct and critical stages of development in mice: P25 reflects early post-weaning development,
analogous to childhood in humans; P32 represents a stage of neural refinement and heightened plasticity, paralleling preadoles-
cence in humans; and P70 corresponds to young adulthood,®>*°° reflecting the typical age range of most adult patients with CDD.°”

Feces from the Pisa Vivarium and Berlin vivarium were collected at the same time of the day, corresponding at zeitgeber time (ZT) 3,
and the mice in both facilities were single-housed from weaning.

Bacterial DNA was extracted using the QlAamp Powerfecal DNA kit (Qiagen, Cat. no. 12830-50), and its concentration was quan-
tified by the Nanodrop 2000 C Spectrophotometer (ThermoFisher Scientific).

The 16S rRNA sequencing and analysis was performed by a service offered by Institute of Applied Genomics (IGA, Udine, ltaly).
Library preparation and sequencing
Libraries were prepared by following lllumina 16S Metagenomic Sequencing Library Preparation protocol in two amplification steps:
an initial 35 cycle PCR ampilification using locus-specific PCR primers and a subsequent amplification that integrates relevant flow-
cell binding domains and unique indices (NexteraXT Index Kit, lllumina, FC-131- 1001/FC-131-1002).

Primer sequences used for amplification:

16S F (341F) 5'- CCTACGGGNGGCWGCAG -3’

16S R (805R) 5'- GGACTACHVGGGTATCTAATCC -3

Libraries were sequenced on a MiSeq instrument (lllumina) in paired end 300-bp mode read length.

Bioinformatics analysis

Reads were de-multiplexed based on the lllumina indexing system. Where amplicon length was permissive with the respective
sequencing length, 3'-ends of pairs were overlapped to generate consensus pseudo-reads, while the remainders were maintained
as separated pairs. After, a clipping routine is applied to remove low-quality bases at 3'tails. Reads were then retained if they main-
tained a minimum length of 200 bp. Any primer sequence at 5'-ends was removed and not accounted for during the process.

Following the QIIME pipelines, the USEARCH algorithm (version 8.1.1756, 32-bit) allows the following steps: chimera filtering,
grouping of replicate sequences, sorting sequences per decreasing abundance and operational taxonomic unit (OTU) identification.
The OTU picking aims to group query sequences into clusters, represented by centroids. Each centroid shares a level of similarity
with their member sequences.

All reads were used in the analysis if they maintain a minimum length of 200 bp after removal of primer sequence and low quality
bases. Paired reads with permissive overlap at their 3’-ends were merged to single fragment and used as such to improve assign-
ment accuracy. Reads that did not support overlap were maintained in the pool for downstream processing. Sequence clustering
was performed using the open-reference method with a threshold set at 97%. Sequences that passed a pre-filter step, ensuring
a minimum identity of 90% with any sequence in the reference database, contributed to OTU formation. The "open-reference" anal-
ysis generated OTUs, each requiring a minimum of 2 sequenced fragments.

Rarefaction curves end-points and normalization of counts for diversity analysis are set to 50% of the target sequencing coverage
(i.e., for 100,000 fragments a cutoff of 50,000 fragments is applied). The cutoff could be modified according to the sequencing yields.
The total count was retained for taxonomic abundances estimation and used accordingly for ad-hoc statistical testing of taxonomic
abundance when enquired.

The RDP classifier and Reference database were used to assign taxonomy with a minimum confidence threshold of 0.50. IGA Tech
Reference database: 16S: modified GreenGene database (version 2013_8).
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Fecal water content

Mice from the Pisa Vivarium at the beginning of their active phase (ZT 12) were placed in a clean cage without bedding, and 46 fecal
pellets were collected immediately after evacuation. The test was performed on each mouse at P25, P32, and P42 using the same
procedure. To determine fecal water content, the collected feces were weighed, dried at 100°C for 60 min, and then reweighed. The
fecal water content (%) was calculated using the formula:

[(wet weight — dry weight) / wet weight] x 100%

Defecation frequency test and whole gut transit time measurement

Mice from the Pisa Vivarium were fasted overnight with free access to water. To assess whole gut transit time, mice at the beginning
of their active phase (ZT 12) were orally gavaged with 0.1 mL of a 5% Evans Blue (w/v) solution suspended in 5% Arabic Gum (w/v) in
drinking water. Immediately after gavage, mice were placed in a clean cage without bedding and monitored every 10 min until the first
blue pellet was expelled. The time to the appearance of the first blue pellet was measured in minutes and constituted the whole gut
transit time. Food was reintroduced 45 min post-gavage, and fecal pellet counts began at the subsequent scheduled observation
time point, continuing every 10 min for a total duration of 60 min.

RNA extraction and qPCR

Proximal colon samples were harvested and subjected to total RNA extraction using the TRIZOL Extraction Isolation method (TRIZOL
Ultrapure, Fisher Molecular Biology, Cat. no. FS-881). Homogenization was performed in a TissueLyser Il (QIAGEN, Cat. no. 85220),
by adding 1 mL TRIZOL reagent and stainless-steel beads to ~10 mg of tissue. The RNA extraction procedure was then carried out
following the manufacturer’s instructions.®® In brief, chloroform (Sigma-Aldrich, Cat. no. C2432) was added and the samples were
shaken for 15 s. The samples were left at RT for 3 min and then centrifuged (12000g, 15 min, 4°C). The aqueous solution, containing
RNA, was collected in a fresh tube and the RNA was precipitated by the addition of isopropanol (PanReact AppliChem, Cat.
no.131090.1212). Samples were mixed, left at RT for 10 min and then centrifuged (12000g, 20 min, 4°C). Supernatant was discarded
and the RNA pellet was washed twice in 75% ethanol by centrifugation (2000g, 5 min, 4°C). Supernatant was discarded and the pellet
was re-suspended in RNase free water. The recovered high-quality RNA (Axgo/Asgo ratios >2 and Asgo/230 = 1.8) was DNase-treated
and retrotranscribed into cDNA using the QuantiTect Reverse Transcription Kit (QIAGEN, Cat. no. 205313), according to manufac-
turer’s instructions. Quantitative PCR (qPCR) reactions were performed in PowerUP SYBR Green Master Mix (Applied Biosystems by
Thermo Fisher Scientific, Cat. no.A25742) following manufacturer instructions, using an Applied Biosystems StepOnePlus Real-Time
PCR System (Cat. No. 43766009). Specifically, mRNA expression levels of the genes encoding for tjp7 (Forward: 5'-CCACCTCTGTC
CAGCTCTTC-3’; Reverse: 5-CACCGGAGTGATGGTTTCT-3'); cldn1 (Forward: 5'-TCCTTGCTGAATCTGAACA-3’; Reverse:
5-AGCCATCCACATCTTCTG-3'), and tff3 (Forward: 5-TCTGGCTAATGCTGTTGGTG-3’; Reverse: 5-CTCCTGCAGAGGTTT
GAAGC-3') were assessed. PCR conditions consisted in 2 hold steps at 50° C and at 95°C respectively, followed by 40 cycles
with 15 s denaturation step at 95° C, and annealing/extension at 60°C for 1 min. Changes in relative gene expression were assessed
via the 2-AACT method, using the 18S rRNA expression levels (Rn18S gene) as reference housekeeping gene (Forward:
5'-CGCCGCTAGAGGTGAAATTC-3’; Reverse:5-CGAACCTCCGACTTTCGTTCT-3'). All oligonucleotide primers were purchased
from Eurofins Genomics.

Hematoxylin and eosin (H&E) staining

Mice from Pisa Vivarium were sacrificed, and the intestinal tract was retrieved for its entire length. Measures of i) whole intestine and ii)
colon were annotated. Colon tracts (from the distal end of the cecum to the proximal end of the rectum, ~3 cm length) were collected
and prepared for histology examination using the Swiss Roll technique, with some modifications to the procedure previously
described by.® Tissues were placed in a Petri dish filled with ice-cold sterile PBS, and the surrounding fat tissue was carefully
removed from the organ. The inner part of the colon was then extensively cleaned by gently flushing ice-cold PBS using a gavage
needle. Once all the feces were thoroughly removed, the organ was placed in a clean Petri dish and cut open longitudinally. Approx-
imately 2-3 mm of the proximal colon end were collected and flash-frozen for subsequent RNA extraction. The remaining colon tract
was gently flattened, keeping the luminal side facing up, and then carefully rolled from the proximal end towards the distal end. The
rolls were then placed into molds containing Optimal Cutting Temperature (OCT) (Scigen, Tissue Plus, Cat. No. 4586) and quickly
frozen on dry ice. The embedded colon rolls were stored at - 80°C until use. Frozen sections (10 um thick) were prepared using a
Cryostat (Leica, CM1860) and air-dried for at least 30 min before hematoxylin (PanReact AppliChem, Harris Hematoxylin, Cat. no.
253949.1610) and eosin (PanReact AppliChem, Eosin Yellowish hydroalcoholic solution 1%, Cat. no. 251301.1211) staining. Specif-
ically, sections were fixed by immersion in 95% ethanol and 70% ethanol, for 2 min each, and then washed in distilled water for 5 min.
Hematoxylin was applied for 2 min and washed in running water for ~15 s. Slides were then placed in 95% ethanol for 1 min; counter-
stained with eosin for 1 min and dehydrated through 95% alcohol, for 5 min. DPX mountant (BDH, Cat. No. 360294H) was used to
cover the stained slides. Images were acquired using a Nikon Eclipse E600 microscope (Nikon Corporation, Tokyo, Japan) at 4X and
10X magnification, with a high-resolution digital camera. A total of 9 CDKL5 KO mice and 7 WT mice were analyzed. Histopathological
analysis was conducted using the software ImagedJ,’® via evaluation of the following parameters: i) villi lengths and width ii) crypt layer
depth; iii) muscle thickness iv) number of clusters of infiltrating monocytes. %%
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Antibiotic treatment

CDKL5 KO mice and WT mice from Pisa Vivarium were treated with an antibiotic cocktail (ABX, vancomycin 0.5 g/L, ampicillin 1 g/L
and neomycin 1 g/L) dissolved in drinking water from weaning (P21) to P45. The ABX was refreshed every other day. Vancomycin and
neomycin are not absorbed in the Gl tract. Ampicillin absorption after oral administration is largely incomplete, % thus excluding its
possibility to reach the brain, which necessitates an intravenous administration.'®® Control WT littermates and control CDKL5 KO
mice were weaned at P21 and drank regular water until P45. At the end of treatment mice were transcardially perfused.

Optical imaging of the intrinsic signal (I0S)

Surgery

Surgery for I0S imaging was performed as described in.** P30 CDKL5 KO and WT littermates were anesthetized with isoflurane (3%
induction; 1% maintenance) and head fixed on a stereotaxic frame using ear bars. Body temperature was monitored using a heating
pad and a rectal probe to maintain the animals’ body at 37°C. A subcutaneous injection of lidocaine (2%) was provided to anesthetize
the local area, and the eyes were protected with a dexamethasone-based ointment (Tobradex, Alcon Novartis). The scalp was
removed and the skull cleaned with saline. The skin was secured to the skull using cyanoacrylate and a thin layer of cyanoacrylate
was poured over the exposed skull to attach a custom-made metal ring (9 mm internal diameter) centered over the binocular visual
cortex. A thin layer of clear nail polish was applied over the area to ameliorate optical access. After surgery, the animals were allowed
to recover fully in a heated box and monitored to ensure the absence of any sign of discomfort. Before any other experimental pro-
cedure, mice were left to recover for at least 4 days.

Imaging and data analysis

Mice were anesthetized with isoflurane (3% induction; 1% maintenance) and chlorprothixene anesthesia (1.5 mg/kg, i.p.). Images
were visualized using a custom Leica microscope (Leica Microsystems). Red light illumination was provided by 6 individually
addressable LEDs (WS2812) attached to the objective (Leica Z6 APO coupled with a Leica PlanApo 2.0X 10447178) by a custom
3D-printed conical holder. Visual stimuli were generated using MATLAB Psychtoolbox and presented on a gamma-corrected 24"
monitor (C24F390FHU).

I0S imaging data analysis was performed using a custom MATLAB-based algorithm available at Zenodo.”*

Horizontal sine-wave gratings were presented in the binocular portion of the visual field enclosed in a Gaussian envelope spanning
—10 to +10 degrees of azimuth and —5 to +60 (full monitor height) degrees of altitude, with a spatial frequency of 0.03 cycles per
degree, mean luminance 20 cd/m? and a contrast of 90%. The stimulus consisted of the abrupt contrast reversal of a grating with
a temporal frequency of 4 Hz for 1 s, time-locked with a 12-bit depth acquisition camera (PCO edge 5.5) using a parallel port trigger.
The interstimulus time was 13 s. Frames were acquired at 30 fps with a resolution of 540 x 640 pixels. The signal was averaged for at
least 8 groups of 20 trials, stimulating the contralateral eye to the recorded visual cortex. The signal was then downsampled in time to
10 fps and in space to 270 x 320 pixels. Fluctuations of reflectance (R) for each pixel were computed as the normalized difference
from the average baseline (AR/R). For each recording, an image representing the mean evoked response was computed by aver-
aging frames between 0.5 and 2.5 s after stimulation. The mean image was then low-pass filtered with a 2D average square spatial
filter (7 pixels). To select the binocular portion of the primary visual cortex for further analysis, a region of interest (ROl) was automat-
ically calculated on the mean image of the response by selecting the pixels in the lowest 20% AR/R of the range between the maximal
and minimal intensity pixel.'%* To weaken background fluctuations a manually selected polygonal region of reference (ROR) was sub-
tracted. The ROR was placed where no clear response, blood vessel artifact or irregularities of the skull were observed.'®® Mean
evoked responses were quantitatively estimated as the average intensity inside the ROL.

Fecal transplantation

11 P26-P35 CDKL5 KO mice and 12 P26-P35 WT C57BL/6J mice from Pisa Vivarium belonging to 10 litters were used as donors for
this experiment. Recipient mice were P28 WT C57BL/6J conventionally raised and sourced from 6 different litters. To prepare their
intestines for the engraftment of a new microbiota, the recipient mice at P21 underwent a 5-day ABX treatment with vancomycin
(0.5 g/L), ampicillin (1 g/L), neomycin (1 g/L), and metronidazole (1 g/L) in their drinking water before starting the fecal transplantation.
After 2 days of washout, fecal transplantation was performed through oral gavage 5 times, once/day.*”"'°® To avoid stress for the oral
gavage, the procedure was performed for three consecutive days, the animals rested for 2 days, and finally were subjected to the
gavage for another 2 days. At the time of fecal transplantation, freshly harvested donor feces were suspended in sterile PBS and
mixed with a vortex for 10 min. The suspension was filtered with a cell strainer to remove large debris and immediately used for
the transplantation. Every recipient mouse received 100 pL of suspension volume. After inoculation, mice remained in their home
cages for 7 days to allow engraftment of the new bacterial species. They then underwent I0S imaging surgery, followed by I0OS im-
aging 4-5 days later, and were tested in the Y-maze arena 4-5 days after that. The animals analyzed were single-housed in different
cages to avoid the cage-effect on microbiota composition.

Behavioral analysis

Hindlimb clasping

Mice were suspended by their tail for 2 min and hindlimb clasping was assessed from video recordings. A lower clasping score was
assigned if the mouse maintained the corresponding hindlimb clasping position for a minimum of 8 s during the observation period.
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The scoring system was adapted from.'?” Specifically, a score of 4 was assigned if both hindlimbs consistently remained fully spread
from the abdomen. If one hindlimb was retracted or both hindlimbs were partially retracted toward the abdomen without touching it, a
score of 3 was assigned. If both hindlimbs were retracted toward the abdomen without touching each other, a score of 2 was given. If
both hindlimbs were retracted, touching the abdomen and each other in a full clasping position, a score of 1 was assigned.
Nesting behavior

Mice were placed in a clean cage with two untouched nestlet (7 cm diameter rounds of pressed cotton) in the morning. The quality of
the nest was scored 24 h later by mouse genotype-blind observers. The nests were evaluated on a 5-point scale as described in.*®
Exploratory and hyperactive behavior, Y-maze

AY-shaped maze with three symmetrical gray solid plastic arms at a 120-degree angle (26 cm length, 10 cm width, and 15 cm height)
was used to test exploratory and hyperactive behaviors. Mice were placed in the center of the maze and allowed to freely explore the
maze for 8 min. The apparatus was carefully cleaned with ethanol between trials to avoid the build-up of odor traces. All sessions
were video recorded (Noldus Ethovision XT) for offline blind analysis. The arm entry is defined as all four limbs within the arm. A triad
is defined as a set of three arm entries, when each entry is to a different arm of the maze. The number of arm entries and the number of
triads were recorded to calculate the alternation percentage (generated by dividing the number of triads by the number of possible
alternations and then multiplying by 100).

Immunofluorescence analysis

Mice were anesthetized with chloral hydrate (20 mi/kg BW) and perfused via intracardiac infusion with PBS and then 4% paraformal-
dehyde (PFA, w/vol, dissolved in 0.1 M phosphate buffer, pH 7.4). Brains were quickly removed and post-fixed overnight in PFA at
4°C, then transferred to 30% sucrose (w/vol) solution. 45 um coronal sections were cut on a freezing microtome (Leica) and free-
floating sections were processed for immunofluorescence.

Microglia analysis

Cortical sections were incubated for 1 h in a blocking solution containing 5% BSA (w/vol) and 0.3% Triton X-100 (vol/vol) in PBS and
incubated overnight at 4°C with rabbit polyclonal anti-Ilba1 primary antibody (FUJIFILM Wako Pure Chemical Corporation, Cat.
no.019-19741; RRID:AB_839504) diluted 1:500, and rat monoclonal anti-CD68, clone FA-11 (Bio-Rad, Cat. no. MCA1957GA; RRI-
D:AB_324217) 1:250, in PBS with 1% BSA (w/vol) and 0.1% Triton X-100 (vol/vol).

Sections were then washed with PBS and incubated for 2h at 22°C-24°C with goat anti-rabbit IgG (H+L) Alexa Fluor 568—
conjugated secondary antibody (Molecular Probes (Invitrogen), Cat. no. A-11011; RRID:AB_143157) and goat anti-rat IgG (H+L)
Alexa Fluor 647-conjugated secondary antibody (Molecular Probes (Invitrogen), Cat. no. A-21247; RRID:AB_141778), which was
added at a dilution of 1:500 in the same solution as the primary antibody.

Sections were washed three times with PBS and mounted on slides, then they were air-dried and coverslipped with Vectashield
mounting medium (Vector Laboratories, Cat. no. H-1000). Imaging was performed on an LSM 900 confocal microscope (Zeiss, Ober-
kochen, Germany) using a Plan-Apochromat 63x, NA:1.4 oil objective. The area of the visual cortex was defined based on the mouse
brain atlas (Paxinos and Franklin’s the Mouse Brain in Stereotaxic Coordinates).

The 3D reconstruction of microglial cells was performed on Z-stacks of ~40 um, acquired with a z-step of 0.50 um (for a final voxel
size of 0.099 x 0.099 x 0.5 um). Images were then processed for filament and soma reconstruction using respectively the “Fila-
ments” and “Surfaces” functions of IMARIS software (Bitplane). Between 5 and 10 cortical cells were reconstructed per mouse.
The analyzed morphological features were selected based on their relevance as indicators of microglia activation: filament length,
number of branching points, number of terminal points, soma area, soma volume and soma sphericity (roundness).'%%"%°

The phagocytic activity of microglial cells through CD68 quantitation was assessed on Z-stacks of 19.8 um, acquired with a z-step
of 1.98 um (for each ROI, 10 fields of view containing phagocytes were acquired). The protocol used for the surface reconstruction of
microglial cells and phagocytes was adapted from."'°
Astrocyte density analysis
Cortical sections were incubated for 2 h in a blocking solution containing 10% BSA (w/vol) and 0.3% Triton X-100 (vol/vol) in PBS and
incubated overnight at 4°C with rabbit polyclonal anti-S1008 primary antibody (GeneTex, Cat. no. GTX129573; RRID:AB_2886037)
diluted 1:250, in PBS with 5% BSA (w/vol) and 0.15% Triton X-100 (vol/vol).

Sections were then washed with PBS and incubated for 2h at 22°C-24°C with goat anti-rabbit IgG (H+L) Alexa Fluor 488-
conjugated secondary antibody (Invitrogen), Cat. no. A-11008; RRID:AB_143165), which was added at a dilution of 1:500 in the
same solution as the primary antibody.

Sections were washed three times with PBS and mounted on slides, then they were air-dried and coverslipped with Vectashield
mounting medium (Vector Laboratories, Cat. no. H-1000). Imaging was performed on an Leica STELLARIS 5 confocal microscope
(Leica Microsystem, Wetzlar, Germany) using a dry 20x objective. The area of the visual cortex was defined based on the mouse brain
atlas (Paxinos and Franklin’s the Mouse Brain in Stereotaxic Coordinates).

S100b positive cell counting for astrocyte density analysis was performed using a custom MATLAB-based graphical user interface
called CounTastic and available at Zenodo.**
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QUANTIFICATION AND STATISTICAL ANALYSIS

The sample sizes were based on prior studies and are indicated in the figure legend for each panel. Whenever possible, quantification
and analyses were performed blind to the experimental condition. Most statistical analyses were performed using GraphPad Prism
version 7 (GraphPad Software, San Diego, CA, USA). All data are represented as the mean + SEM unless otherwise stated. N’s repre-
sent single animals unless otherwise stated. Statistical significance was defined in the figure panels as follows: *p < 0.05, **p < 0.01
and **p < 0.001.

The statistical details of the experiments can be found in each figure legend.

Gut microbiota analysis: to test whether two or more groups of samples were significantly different, PERMANOVA and principal
coordinate analysis (PCoA) were calculated using the Python library scikit-bio (http://scikit-bio.org/) with, respectively, the skbio.
stats.distance.permanova and skbio.stats.ordination.pcoa functions. Alpha diversity significance was calculated using Mann-
Whitney statistics.

Fecal water content: Statistical difference between WT and CDKL5 KO mice was tested using unpaired parametric t test when
normality and homoscedasticity assumptions were respected ((i) at P25) or using Mann-Whitney U test when the samples did not
follow a normal distribution ((ii) at P32 and iii) P42).

Defecation frequency test and whole Gl transit time: Statistical difference between WT and CDKL5 KO mice in the defecation fre-
quency test was assessed comparing the two cumulative distributions using a two-sample Kolmogorov-Smirnov test. Differences in
the whole Gl transit time were tested using the unpaired t test.

Whole Gl length, colon length and spleen weight measurement: Statistical difference between WT and CDKL5 KO whole Gl length,
colon length and spleen absolute weight were tested using unpaired parametric t test. Statistical difference in the spleen-to-body
weight ratio (%) was evaluated using Mann-Whitney U test.

Quantitative PCR (QPCR): statistical differences between expression levels of tff3, tjp7 and cldn1 in colon samples from CDKL5 KO
and WT mice were assessed via unpaired parametric t test when normality and homoscedasticity assumptions were respected ((i)
tip1 and ii) cldn1, or iii) using Mann-Whitney U test when the samples did not follow a normal distribution (t3).

Histopathological analysis of colon sections: differences between the parameters considered for histopathological damage eval-
uation were assessed via unpaired parametric t test when normality and homoscedasticity assumptions were respected (i.e., muscle
width, crypts layer depth, villi length and villi width), or using Mann-Whitney U test when the samples did not follow a normal distri-
bution (i.e., clusters of infiltrating monocytes).

10S experiments: Differences between WT CTRL, WT ABX, KO CTRL and KO ABX groups were tested for significance using two-
way ANOVA. Sidak’s multiple comparisons post hoc tests were performed, to correct for multiple hypothesis testing. Differences
between WT recipient mice in the fecal transplantation experiment were evaluated using unpaired parametric t test, as normality
and homoscedasticity assumptions were respected.

Behavioral analysis: Differences between WT CTRL, WT ABX, KO CTRL and KO ABX groups on the Y-maze, nesting and hindlimb
clasping task were tested for significance using two-way ANOVA. Sidak’s multiple comparisons post hoc tests were performed to
correct for multiple hypothesis testing. Differences between WT recipient mice that received fecal transplants from either CDKL5 KO
or WT donor mice were evaluated using unpaired parametric t test, as normality and homoscedasticity assumptions were respected.

Immunofluorescence analysis: For the analysis of the parameters related to microglia morphology (i.e., soma area, volume and
sphericity, filament length, number of branching points and dendrite terminals) statistical differences between groups were assessed
using two-way ANOVA, followed by Sidak’s post hoc multiple comparisons test. For the Sholl analysis, a two-way ANOVA was
applied for assessing interaction effects between distance from the soma and treatment, followed by Sidak’s post hoc multiple com-
parisons test. The statistics was performed on the number of cells analyzed per each experimental group.

For astrocyte density analysis statistical differences between groups were assessed using two-way ANOVA, followed by Sidak’s
post hoc multiple comparisons test.

For two group comparisons we also performed a Mann-Whitney U test on data that met the assumptions of normality and homo-
scedasticity to ensure consistency in the statistical results (see Table S4).
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