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ABSTRACT

Background: Cyclin-Dependent Kinase-Like 5 (CDKLS5) deficiency disorder (CDD) is
a rare X-linked developmental encephalopathy caused by pathogenic variants of the
CDKL5 gene. In addition to a diverse range of neurological symptoms, CDD patients
frequently manifest gastrointestinal (Gl) issues and subclinical immune dysregulation.
This comorbidity suggests a potential association with the intestinal microbiota,
prompting an investigation into whether gut dysbiosis contributes to the severity of both
Gl and neurological symptoms.

Methods: We examined the gut microbiota composition in two CDKL5 null (KO) mouse
models in males at three different developmental stages: postnatal day (P) 25 and P32
during youth, and P70 during adulthood.

Results: Changes in diversity and composition were observed, particularly during
juvenile ages, suggesting a potential gut microbiota dysbiosis in the CDD mouse
models. To further understand the role of the gut microbiota in CDD, we administered
an antibiotic cocktail to the mice and conducted functional and behavioral
assessments. Remarkably, significant improvement in visual cortical responses and
reductions in hyperactive behavior were observed. To shed light on the cellular
mechanisms we focused on microglia. Alterations in specific aspects of microglia
morphology, indicative of activation state and surveillance of the microenvironment,
were observed in the CDKLS KO mice and ameliorated by antibiotic administration.
Conclusions: Our findings highlight the potential impact of modifications in the
intestinal microbiota on the severity of CDD symptoms, expanding our understanding
beyond Gl disturbances to encompass influences on neurological outcomes. This
cross-border study provides valuable insights into the intricate interplay between gut

microbiota and neurodevelopmental disorders.
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INTRODUCTION

Cyclin-Dependent Kinase-Like 5 (CDKLS5) deficiency disorder (CDD) is an X-linked
early-onset encephalopathy caused by mutations in the CDKL5 gene. The estimated
prevalence of this condition 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 (1-3). 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 seizures in CDD patients. 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 (4). This may be linked to subclinical
immune dysregulation, likely stemming from a faulty inflammation regulatory signaling
system (5,6). Remarkably, Gl disorders are about four times more common in children
with autism spectrum disorders (ASD) than in neurotypical children (7). Also, other
central nervous system (CNS)-related comorbidities, such as seizures and sleep
disorders, tend to occur more frequently in individuals with Gl dysfunction in the ASD
population (8—10). The heightened occurrence of Gl dysfunction in ASD, coupled with its
substantial correlation with challenging behaviors and psychiatric comorbidities, posits
a plausible association between gut and brain dysfunction in CDD. At least part of this
association could be due to abnormal composition of the gut microbiome, i.e. the
assemblage of microorganisms residing in the Gl tract that engage symbiotic interactions
with their host (11,12). Indeed, ASD patients display alterations in the composition of the
gut microbiota (13) as well as RTT patients (14,15). Importantly, we have recently
discovered differences in biodiversity and composition of intestinal microbes in a cohort
of Italian patients affected by CDD (16). Disturbances in the composition or equilibrium of
the gut microbiota, termed dysbiosis, have been associated with inflammatory bowel
disease (IBD), metabolic disturbances, and even neuropsychiatric conditions (17-20).
Nevertheless, the composition of the intestinal microbiota in widely used CDD models,
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and the impact of alterations in microbiota composition on neurologically relevant

outcomes has 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 significant differences compared to wild type (WT) littermates. Since the
intestinal microbiota is strongly affected by environmental factors, our investigation was
performed considering two CDKLS null mouse models, living in different facilities in Italy
and Germany. Our findings unveiled the presence of dysbiosis, suggesting a potential
negative impact of the gut microbiota of CDKLS mutants on neurological 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 behavioral performance.
Moreover, we analyzed microglia alterations as a possible cellular underpinning of the
ABX effect. The results revealed that ABX intervention partially rescued this phenotype,
indicating an improvement in the potential inflammatory state of the brain in CDD. Overall,
our study shows that microbial manipulation could be a novel and non-invasive strategy

to improve symptoms in CDD patients.

MATERIALS AND METHODS

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 were kept in rooms at 22°C with a standard 12 h light—dark cycle. During the light
phase, a constant illumination below 40 lux from fluorescent lamps was maintained. Food
(standard diet, 4RF25 GLP Certificate, Mucedola) and water were available ad libitum
and changed weekly. The mice from the National Research Council vivarium in Pisa and
used in this work derive from the CdkI5 null strain in C57BL/6N background developed in
(21), and backcrossed into C57BL/6J over seven generations. The mice from the Berlin

vivarium used to characterize the fecal microbiota composition were derived from a
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conditional mutant mouse line crossed to C57BL/6J Hprt Cre-deleter to generate the
Cdkl5 KO mice with exon 4 deletion (manuscript in preparation).

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 the current work we used male CDKL5-/y (CDKLS KO) mice and male CDKL5+/y (WT)
littermates.

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

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. To avoid the cage-effect
and litter effects on microbiota composition, the animals used for the analysis belonged
to different cages and different litters both in Pisa and Berlin vivariums. Bacterial DNA
was extracted using the QlAamp Powerfecal DNA kit (Qiagen), and its concentration was
quantified by 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). For details see “Supplementary Methods”.

Antibiotic treatment

CDKL5 KO mice 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. Control WT littermates and control CDKLS KO
mice were weaned at P21 and drank regular water until P45. At the end of treatment mice
were transcardially perfused.

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 seconds
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during the observation period. The scoring system was adapted from (22). 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
hours later by mouse genotype-blind observers. The nests were evaluated on a 5-point
scale as described in (23).

Exploratory and Hyperactive Behavior, Y maze. A Y-shaped maze with three symmetrical

gray solid plastic arms at a 120-degree angle (26 cm length, 10 cm width, and 15cm
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 minutes. 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 in order to calculate the alternation percentage
(generated by dividing the number of triads by the number of possible alternations and
then multiplying by 100).

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. The majority of 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 represent 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.
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One-Way ANOVA or Kruskal-Wallis tests were applied when more than 2 experimental
groups were analyzed. PERMANOVA was used to calculate statistics of beta diversity.
See “Supplements” for details.

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. 1a). Bacterial
DNA was then extracted from these fecal samples and subjected to analysis using 16S
rRNA sequencing (seq).

Given that the composition of gut microbiota can be influenced 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, Italy, 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 Suppl. Table 1 (Pisa Vivaium) and Suppl.
Table 2 (Berlin Vivarium).

To analyze the results, we first calculated alpha diversity, a parameter reflecting species
richness or evenness in a microbial ecosystem (24). A high alpha diversity is generally
associated with a healthy microbiome condition, while a reduction has been observed in
a variety of diseases such as obesity (25), colitis, IBD (26), and to some extent
neurological disorders (27). We calculated four different indexes and found a significant
decrease in the Chao1 index (Fig. 1b) and observed OTU (Fig. 1c) at P32 in the CDKL5
KO raised in the Berlin vivarium. This result was paralleled by a tendency toward a
significant decrease in alpha diversity in CDKLS KO mice from Pisa vivarium (Fig.1b-c).
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microbiota 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 (Suppl. Fig.1).
PCoA at the 3 different ages demonstrated the presence of a certain degree of clustering
of fecal microbiota in WT animals versus CDKL5 KO mice. Specifically, significant
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phylogenetic dissimilarities were present between CDKL5 KO mice and WT littermates at
P32 in the Pisa vivarium and at P25 in the Berlin vivarium (Fig. 1f).

Third, we sought to explore differences in the bacterial composition between juvenile and
adult WT and CDKL5 KO mice by using Linear discriminant analysis (LDA) effect size
(LEfSe) method (29). Lefse analysis revealed taxonomic dissimilarities between WT and
CDKL5 KO mice in both the Pisa and Berlin facilities (Fig. 2a,c, e and Fig. 2b, e). In the
Pisa vivarium, such differences were more pronounced during juvenile ages (P25 and
P32 Fig. 2a,b) with respect to P70 (Fig. 2c, See also Suppl. Fig. 2). In particular, the family
Alcaligenaceae, and the orders Burkholderiales and Pasteurellales were enriched in the
CDKL5 KO microbiota at both P25 and P32. Together with Enterobacteriaceae and
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Epsilonproteobacteria enriched only in the P25 CDKLS5 KO microbiota (Fig. 2a), those
taxa belong to the phylum Proteobacteria. Emerging evidence identified the
Proteobacteria (or Pseudomonadota) phylum as a possible microbial signature of disease
(30,31). Notably, the family Bacteroidaceae were significantly enriched in the fecal
microbiota of CDKL5 KO mice with respect to WT littermates at all ages (Fig. 2a-c). In the
Berlin facility, the cladogram displayed a significant enrichment of the family
Porphyromodanaceae, Prevotellaceae, Lactobacillaceae, in the class Bacteroidia, in the
order Sphingobacteriales and again in the family Bacteroidaceae in the P25 CDKL5 KO
mouse vs WT littermates (Fig. 2d), suggesting that the family Bacteroidaceae is a
potential signature of the CDD mouse gut microbiota. While at P32 the LEfSe showed no

B B om FIG 3
<Y VLT P32-WT
W P32 -KO

P25-WT
N P25-KO

I a: o_ Bacteroidales

I b: c_ Bacteroidia
= A o~

B c:f Alcaligenaceae §&<F 9

R, 3 a: f_Staphylococcaceae
5~ [ b: o_Bacillales
<
o

P70-WT

differences, at P70 WT mice showed an enrichment of taxa related to intestinal health
and probiotics, such as Bifidobacteriaceae, with respect to CDKL5 KO mice (Fig. 2e).
Notably, Bifidobacterium longum, considered a probiotic species, was significantly
decreased at P70 in both the Pisa and Berlin CDKL5 KO mice (Fig. 2c,e).

To further explore the taxa alteration signature of CDKL5 KO vs WT littermates gut

microbiota, we subtracted the variable “vivarium” in the LEfSe analysis, grouping together

10
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WT and CDKL5 KO mice from Pisa and Berlin. At P25, CDKL5 KO mice displayed a
significant enrichment in TAXA belonging to the order Burkholderiales, family
Alcaligenaceae, and in Bacteroidales. The genera Sutterella, Lactobacillus and
Ruminococcus were also taxa characterizing the CDKL5 KO microbiota (Fig. 3a and
Suppl. Fig. 3). At both P25 and P32 Bacteroides rodentium, belonging to the family
Bacteroidaceae, was enriched in the CDKL5 KO microbiota (Fig. 3b). Finally, the
microbiota of CDD mice seem to be defective in the genera Allobaculum and
Parapedobacter at P70 compared to WT littermates (Fig. 3c).

Although, as expected, the differences between CDKLS KO mice and WT littermates in
the Pisa and Berlin vivarium did not perfectly overlap, our analysis highlighted significant
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 between gut
microbiota composition and CDKLS deficiency, shedding light on potential microbial
signatures associated with this disorder across different developmental stages and

environmental settings.

Antibiotic treatment improves functional and behavioral outcomes in CDKL5 KO
mice

As the composition analysis revealed differences in the CDKLS fecal microbiota, we
hypothesize the presence of a dysbiosis condition. Dysbiosis has been observed in
several neuropsychiatric disorders (32), and in mouse models has been linked to
behavioral and neurofunctional impairments (11,33). Therefore, we treated 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 (Fig. 4a).

11
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As the gut bacteria are involved in energy harvesting from the ingested food, we
monitored the body weight of the treated mice. We found a slight, albeit significant
reduction in the body weight (Suppl. Fig. 4a). In addition, we investigated the efficacy of
ABX treatment, and found a significant decrease of bacterial DNA concentration in the
feces of CDKL5 KO mice after ABX administration compared to controls (Suppl. Fig. 4b).
Both CDD patients and CDKLS5 null mice present a visual deficit (2,34—37). After 13 days
of ABX administration, we assessed the visual cortical responses by optical imaging of
the intrinsic signal (10S) (Fig. 4b). As expected, CDKL5 KO controls (CTRL) that drank
normal water showed a significant reduction in the amplitude of visual responses

compared to WT

. Y maze, Nesting, Hindlimb Clasping FIG 4
littermate  controls A weneed os senavir B
1gle housing imaging ests
. P21 P34 P40-44 P45
Fig. 4c).
( g C) : T:eatment with ABX in Hz'O : ABX GROUP @
Remarkably, = ABX i e P
Beginning of the treatmgnt Perfusion and “
administration e e rviyoming 4
*
rescued the visual ¢ T 7 P S
8 ) : (X ) 7 N ) ° 54
response N S . Y- g o
] . o 3 1 % T SCORE=1 SCORE=2 SCORE=3 % 3
impairment, bringing % . £ 1
. . s -6 * * »‘ *‘ 2 ] -+
the signal amplitude 2 . 1 el
R B m SCORE=4 SCORE=5 0 -—
back to the WT CTRL & & &
. . o ¥ o ¥
mice value (Fig. 4c). €6 &6
F G 47 H
Subsequently,  we ﬁ 0 é« 4¢~ 3
explored if ABX- i
drlven manlpU|at|0n SCORE=1 SCORE=2 SCORE=3 SCORE=4
of the gut microbiota
could improve basog « «  Lewoq  x x My s poos Noa
S 104
behavioral 2 100+ 34000- T T 5 3 5 ad I
z = E < - T pis
. . . c 3 L :[:w z 69 oL = 5 40 .
impairments in CDD 3 | & = gy 5, $ Cos
) ° 2 204
mice.  First, we g ]
0 T T T 0 T T T 0 T T T 0 T T T
investigated and & & & & @ & & @ & & @
g PO, PO PO, PO,

scored nest building

12


https://doi.org/10.1101/2024.03.19.581742
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.19.581742; this version posted March 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(Fig. 4d), an instinctive/spontaneous behavior. Mice are highly motivated to build a nest
as it has several functions related to survival and reproduction, including regulating body
temperature, protecting from predators or aggressive cagemates, sheltering from cold or
draft, and increasing litter survival (23). CDKL5 KO CTRL mice showed impaired nest
building behavior compared to WT littermates; however, ABX treatment was unable to
increase nest building scores in the mutants (Fig. 4e and Suppl. Fig. 5). Then, we scored
hindlimb clasping (Fig. 4f), which is a signature of altered motor coordination and has
been previously observed in CDKL5 KO mice (21). Unfortunately, due to the early test
age, it was not possible to detect this motor deficit in CDKL5 KO CTRL mice, and ABX
had no impact on this behavior (Fig. 49).

Finally, we assessed exploration using the Y-maze (Fig. 4h). The CDKL5 KO CTRL mice
performed a higher number of total entries than the WT CTRL mice (Fig. 4i) and displayed
an increase in total distance moved and velocity (Fig. 4,m). This hyperactive phenotype
was normalized to the level of the WT littermates by manipulating the gut microbiota using
ABX (Fig. 4i-m). In addition, CDKLS KO CTRL mice performed worse than their WT
littermates in the percentage of alternation in the three arms of the maze. Although the
integrated statistics did not reveal significant results, the ABX tended to normalize this
impairment in CDKLS KO mice (Fig. 4n).

In summary, targeting gut microbiota dysbiosis in CDKL5 deficient 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 (38,39). Interestingly, microglia from
CDKL5 mutants displayed a phenotype typical of an activation state (40). Thus, based on
this information, we explored whether ABX, which counteracts dysbiosis, could ameliorate
the potential state of neuroinflammation in the CDKLS KO brain by acting on microglia
cells.
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Three-dimensional
morphological analysis
of microglia cell bodies
in the visual cortex

(Fig. 5a) indicated no

significant changes in
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comparison with WT
littermates (Fig. 5d). Notably, this feature was rescued by ABX administration in CDKLS
KO mice (Fig. 5d). Since ameboid microglia 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 a dysbiotic
microbiota. administration of ABX may restore the cells to a surveillance state.

To gain further insight on microglia function, we quantified their lysosomal content by

CD68 staining (Fig. 5e). Our analysis revealed that CDKL5 KO microglia exhibited
elevated expression of CD68 compared to WT mice, irrespective of the presence of an
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intact microbiota (Fig. 5f). This piece of data may suggest a higher phagocytic capacity
of CDKL5 KO microglia with respect to WT animals.

Finally, microglia complexity (Fig. 6a) was investigated by quantifying filament length,
number of branching points and number of terminal points. Intriguingly, CDKL5 KO
microglia displayed a significant decrease in all of the above-mentioned parameters with
respect to WT littermates, and ABX administration completely rescued the phenotype
(Fig. 6b-d). Sholl analysis A WT CTRL KO CTRL

further demonstrated a
reduction in CDKL5 KO
CTRL cell complexity, due

to a decrease of
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counteracted by
manipulating the intestinal microbiota with ABX.

DISCUSSION

Our investigation identified distinct variations in the developmental maturation pattern of

the intestinal microbiota between two CDD mouse models and their WT littermates. As
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expected from the influence of various factors, including genetics, diet, and lifestyle, on
the gut microbiota composition (41), 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 diminished compared to healthy individuals (16). 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 Burkholderiales, Pasteurellales, families Enterobacteriaceae, Alcaligenaceae,
genus Sutterella). These microbes were suggested as potential markers of microbiota
instability and thus as a predisposition to disease onset (31). Blooming of Proteobacteria
has been associated with various disease conditions, such as IBD, metabolic disorders
and non-alcoholic fatty liver disease (NAFLD) (30). Indeed, the Enterobacteriaceae family
is increased in type 2 diabetes patients (42), and the class Gammaproteobacteria was
increased in children affected by NAFLD with respect to healthy controls (43). In addition,
an enrichment of Proteobacteria has been found in mouse models of IBD (44-46),
suggesting a potential state of intestinal inflammation in the CDD mouse model.
Interestingly, recent reports have linked Proteobacteria to the modulation of the gut-brain
axis. A significant increase in gut Proteobacteria associated with neuroinflammation, and
accompained by exploration impairment and anxiety-like behavior was observed in a
mouse model of diet induced obesity (47). 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 (16), indicating
similarities in the gut microbiota profile of mouse model and human subjects.

While the CDKL5 KO mice from the Berlin vivarium showed 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
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common feature of the CDD microbiota. The expansion of Bacteroidaceae has been
associated with colitis in mouse models (48,49), inflammation in cirrhotic patients (50),
Alzheimer disease and IBD patients (51). Therefore, the blooming of Bacteroidaceae
could be an early sign of dysbiosis in the CDD mouse. On the other hand, Bifidobacterium
longum was underrepresented in the two CDD mouse models compared to their WT
controls 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 (52). 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 maintaining intestinal homeostasis.
To further dissect additional shared taxa between the Pisa and Berlin CDD mouse
models, we performed LEfSe analysis subtracting the variable “mouse facility”. This
analysis highlighted the order Burkholderiales and Bacteroidales which are commonly
enriched in the P25 CDKL5 KO mouse. In particular, Bacteroides 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 (53,54).

In summary, our multi-site experiment showed an interaction between mouse genetics,
i.e. the absence of CDKL5 protein, and environmental conditions, i.e two different and
geographically distant facilities, in shaping the intestinal microbiota. Previous studies
suggest that the environment dominates over genetics (55) in determining the gut
microbiota composition, and our results largely confirm this finding. As the DNA was
extracted from all the fecal samples simultaneously and the sequencing was performed
at the same time, we could exclude differences due to the sample processing. 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
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the CDKLS KO signature microbes, suggesting a possible influence of genetics and
indicating that the absence of functional CDKL5 might specifically shape the composition
of the gut microbiota. The mechanisms by which impaired in CDKLS5 functions could
influence the maturation or growth of specific microorganisms is still unknown, and may
suggest a role for CDKLS5 in the enteric nervous system, or in the different types of cells
of the intestine.

Treating dysbiosis in CDKL5 KO mice improved phenotypical impairment

The presence of a pro-inflammatory dysbiotic microbial community in CDD mice raises
the intriguing possibility that the intestinal microbiota of CDD mice may contribute to the
symptoms in these mice. Our results showing that several symptoms are ameliorated by
the administration of an antibiotic treatment to CDKL5 KO mice support this possibility. In
particular, administration of ABX was able to improve visual response amplitude in
CDKL5 KO mice. Visual alterations, also known as cortical visual impairment (CVI), were
found to be present in 75% of CDD patients. CVI correlated 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 (3,36). In particular, visual acuity, a
quantifiable measure of visual function, has been found to be altered in CDD mice (56).
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 (57). Improving this key symptom by targeting dysbiosis emphasizes the
impact of abnormal gut-brain interaction in CDD beyond Gl dysfunction.

A major challenge in gut-brain axis studies is to unveil the cellular underpinnings and
potential mediators of the gut microbiota action on a distal tissue. Since subclinical
inflammation is a characteristic feature of patients affected by CDD and a crosstalk
between peripheral and central inflammatory processes has been proposed, we explored
microglia cell behavior. Microglia, the predominant immune cells of the brain parenchyma,
are key actors in neuroinflammation (58). Nevertheless, they are involved in synaptic
remodeling and plasticity of neuronal circuits (59—64). Intriguingly, gut signals seem to
influence microglia morphology and function (38,39,65,66), and in the CDKLS5 KO mouse
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microglia cells are in a state of activation (40). We confirmed this result by observing a
decrease in soma sphericity and an increase in lysosomal content in CDKLS5 KO mice.
Importantly, counteracting dysbiosis increased the cell-body sphericity in CDKLS KO mice
to the level of WT littermates. Finally, other microglia features linked to cellular structural
complexity were found to be altered in CDKL5 KO mice. ABX treatment completely
rescued this morphological phenotype, which could be linked to the abilitiy of microglia to
sense and surveille the surrounding environment and thus prevent potential harmful

pathogens/ molecules or maladaptive activation of the neuronal network.

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 multisite approach, we identified a dysbiosis in CDD
mouse models that mirrors the differences observed in patients. The presence of
potentially pro-inflammatory taxa (e.g., Bacteroidaceae, Enterobacteriaceae) and a
decrease in beneficial bacteria, such as Bifidobacterium 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 microglia
morphology, indicating partial relief from potential CDD-related inflammation. Notably,
intestinal inflammation in humans has been linked to seizures and altered responsiveness
to anti-seizure medication (67). This is a key aspect to consider in CDD patients who are
affected by refractory epilepsy who have subclinical smoldering inflammation (6) and
immune dysregulation (5). Our findings, therefore suggest harnessing 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 microbiota profile, prebiotics, and dietary
supplements could offer almost side-effect-free interventions. Moreover, promising
results have been obtained in ameliorating both neurological and Gl symptoms in ASD
patients via fecal transplantation (68-70), which, based on our investigation, could be
conceivable for patients affected by CDD.
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In conclusion, our pioneering exploration of the gut microbiota-brain axis in CDD unveils
promising avenues for novel therapeutic 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 patients with CDD.
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FIGURE LEGEND

FIG.1 Longitudinal characterization of the gut microbiota in CDKLS5 null mice raised
in Pisa or Berlin vivaria. (A) Timeline for fecal samples harvesting. Mice were single-
housed starting from weaning onwards and fecal samples were collected at postnatal day
(P)25, P32 and P70 for gut microbiota characterization. (B-E) Violin plots showing alpha
diversity comparison between WT and KO mice from Pisa (top plots) and Berlin (bottom
plots) vivaria: (A) CHAO1 index, (B) Observed OTUs, (C) 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 per group, Mann-Whitney U-test, *p<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 (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).

FIG.2 Linear discriminant analysis of Effect size of the fecal microbiota in WT vs
CDKL5 KO mice. Taxonomic cladograms resulted from LEfSe analysis of the gut
microbiota, showing significantly differentially enriched taxa (relative abundance = 0.5%)
for taxonomy level L7 (species) between WT and KO mice, at different ages, in Pisa and
Berlin facilities. The colors represent the genotype in which the indicated taxa is more
abundant with respect to the other genotype. Differential taxa were determined based on
an LDA threshold score of >2.5 (A-C) Taxonomic differences between WT and CDKL5
KO mice from the Pisa vivarium, at P25 (A), P32 (B) and P70 (C). (D-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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FIG.3 Linear discriminant analysis of Effect size of the fecal microbiota in WT vs
CDKL5 KO mice subtracting the variable mouse facility. Taxonomic cladograms
resulted from LEfSe analysis of the gut microbiota, showing significantly differentially
enriched taxa (relative abundance 2 0.5%) for taxonomy level (species) between WT and
KO mice, at different ages, subtracting the variable mouse facility.

FIG.4 ABX administration significantly improves visual cortical responses and
reduces the hyperactive behaviour of KO mice. (A) Experimental timeline. Mice were
single housed starting from weaning (P21) onwards. A battery of behavioural and
functional tests were performed in three experimental groups (n=8-10 mice per group):
WT control group (WT CTRL), CDKLS KO control group (KO CTRL), CDKL5 KO ABX-
treated group (KO ABX). (B) Schematic illustration of the setup for the 10S imaging. (C)
The graph represents the average amplitude of the cortical responses to contralateral eye
stimulation (One-way ANOVA p=0.021, multiple comparisons Tukey post-hoc test; WT
CTRL versus KO CTRL p=0.025, WT CTRL versus KO ABX p=0.936, KO CTRL versus
KO ABX p=0.058). (D) Schematic representation of the scoring system for nest building
assessment. (E) Nest building ability scored at 24 hour after placement of the untouched
nestlet (Kruskal-Wallis test p=0.014, Dunn’s post-hoc test; WT CTRL versus KO CTRL
p=0.057, WT CTRL versus KO ABX p=0.028, KO CTRL versus KO ABX p>0.999). (F)
Schematic representation of the scoring system to evaluate hindlimb clasping behavior.
(G) Scoring obtained upon 2 minutes of tail suspension (Kruskal-Wallis test p=0.467). (H)
Schematic representation of the arena used for the Y-maze task. (I) Y maze number of
total entries (One-way ANOVA p=0.024, multiple comparisons Tukey post-hoc test; WT
CTRL versus KO CTRL p=0.043, WT CTRL versus KO ABX p=0.992, KO CTRL versus
KO ABX p=0.038). (L) Y maze total distance moved in centimetres (cm) (One-way
ANOVA p=0.012, multiple comparisons Tukey post-hoc test; WT CTRL versus KO CTRL
p=0.013, WT CTRL versus KO ABX p=0.830, KO CTRL versus KO ABX p=0.052). (M)
Velocity (cm/s) in the Y-maze (One-way ANOVA p=0.026, multiple comparisons Tukey
post-hoc test; WT CTRL versus KO CTRL p=0.025, WT CTRL versus KO ABX p=0.808,
KO CTRL versus KO ABX p=0.085). (N) % of alterations in the arms (One-way ANOVA
p=0.725).
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Error bars represent SEM. Circles represent single experimental subjects.

FIG.5 Microglia soma size 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”2) (Kruskal-Wallis test p<0.0001,
multiple comparisons Dunn’s post-hoc test; WT CTRL versus KO CTRL p=0.407, WT
CTRL versus KO ABX p=0.007, KO CTRL versus KO ABX p<0.0001). (C) Microglia soma
Volume (um?3) (Kruskal-Wallis test p=0.0002, multiple comparisons Dunn’s post-hoc
test; WT CTRL versus KO CTRL p>0.999, WT CTRL versus KO ABX p=0.002, KO CTRL
versus KO ABX p=0.0004). (D) Microglia sphericity (Kruskal-Wallis test p<0.0001,
multiple comparisons Dunn’s post-hoc test; WT CTRL versus KO CTRL p=0.004, WT
CTRL versus KO ABX p=0.698, KO CTRL versus KO ABX p<0.0001). (E) Representative
volumes reconstruction of IBA1- and CDG68- immunostained microglia. (F) % of
Lysosomal content in IBA-1 immunostained microglial cells (Kruskal-Wallis test p<0.0001,
multiple comparisons Dunn’s post-hoc test; WT CTRL versus KO CTRL p=0.0005, WT
CTRL versus KO ABX p=0.0002, KO CTRL versus KO ABX p>0.999).

Error bars represent SEM. Circles represent single cells.

FIG.6 ABX treatment rescues microglia arborization and complexity. (A) Three-
dimensional reconstruction of representative microglial cells arborization from each
experimental group. (B) Filament length (sum) (Kruskal-Wallis test p=0.003, multiple
comparisons Dunn’s post-hoc test; WT CTRL versus KO CTRL p=0.003, WT CTRL
versus KO ABX p>0.999, KO CTRL versus KO ABX p=0.030). (C) Number of branching
points (Kruskal-Wallis test p=0.0008, multiple comparisons Dunn’s post-hoc test; WT
CTRL versus KO CTRL p=0.002, WT CTRL versus KO ABX p>0.999, KO CTRL versus
KO ABX p=0.005). (D) Number of Terminal points (Kruskal-Wallis test p=0.0005, multiple
comparisons Dunn’s post-hoc test; WT CTRL versus KO CTRL p=0.002, WT CTRL
versus KO ABX p>0.999, KO CTRL versus KO ABX p=0.002). Circles represent single
cells. (E) Representative image of a Sholl dendritic analysis in reconstructed IBA1-
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immunostained microglia. (F) Sholl analysis of microglial cells. (Two-way ANOVA
interaction  distance*experimental_group p=0.349, distance factor p<0.0001,
experimental_group factor p<0.0001).

Error bars represent SEM. Circles represent single cells.
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