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ARTICLE INFO ABSTRACT

Keywords: Rett Syndrome (RTT) is a rare X-linked neurodevelopmental disorder, mainly caused by mutations in the MECP2
Neuronal development gene. Reduction in monoamine levels in RTT patients and mouse models suggested the possibility to rescue
MECP2 4 clinical phenotypes through antidepressants. Accordingly, we tested mirtazapine (MTZ), a noradrenergic and
Rett' syndrome specific-serotonergic tetracyclic antidepressant (NaSSA). In previous studies, we showed high tolerability and
Antidepressants

significant positive effects of MTZ in male Mecp2'™! 1B knock-out mice, adult female Mecp2™!15_hetero-
zygous (Mecp2™/~) mice, and adult female RTT patients. However, it remained to explore MTZ efficacy in female
Mecp2™/~ mice at young ages. As RTT-like phenotypes in young Mecp2*/~ mice have been less investigated, we
carried out a behavioural characterization to analyze Mecp2*/~ mice in “early adolescence” (6 weeks) and
“young adulthood” (11 weeks) and identified several progressive phenotypes. Then, we evaluated the effects of
either a 15- or a 30-day MTZ treatment on body weight and impaired motor behaviours in 11-week-old Mecp2™/~
mice. Finally, since defective cortical development is a hallmark of RTT, we performed a histological study on the
maturation of perineuronal nets (PNNs) and parvalbuminergic (PV) neurons in the primary motor cortex. The 30-
day MTZ treatment was more effective than the shorter 15-day treatment, leading to the significant rescue of
body weight, hindlimb clasping and motor learning in the accelerating rotarod test. Behavioural improvement
was associated with normalized PV immunoreactivity levels and PNN thickness. These results support the use of
MTZ as a new potential treatment for adolescent girls affected by RTT and suggest a possible mechanism of
action.
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1. Introduction

Rett Syndrome (RTT; OMIM 312750) is a rare, severe X-linked pro-
gressive neurodevelopmental disorder (Rett, 2016; Hagberg et al.,
1983). With an incidence of 1/10,000 newborn females, RTT is the
second leading cause of intellectual disability of genetic basis in girls
(Fehr et al., 2011). In most cases of its classic form, RTT is caused by a
mutation of the MECP2 gene (methyl-CpG binding protein 2,
HGNC:6990) (Amir et al., 1999) and more than 100 mutations have
been described with extensive clinical heterogeneity (Neul et al., 2010;
Cuddapah et al., 2014; Erlandson and Hagberg, 2005). MeCP2 protein is
a transcription factor that acts as a context-dependent global organizer
of chromatin architecture, activating or down-regulating the transcrip-
tion of numerous genes, but in recent times additional functions have

been attributed to this protein in the regulation of splicing, miRNA
processing, and protein synthesis (Connolly and Zhou, 2019; Della
Ragione et al., 2016). Despite high genetic variability, RTT patients
undergo similar clinical trajectories. After 6-24 months of apparently
normal development, RTT patients lose previously acquired skills such
as the purposeful use of hands and verbal language, manifesting typical
stereotypic hand movements and autistic traits (Neul et al., 2010). Then,
slower growth of the brain occurs, resulting in microcephaly, loss of
walking, tremor, and other movement disorders (e.g. dystonia and
ataxia) (Chahrour and Zoghbi, 2007). At this phase, epilepsy frequently
appears, ranging from easily controlled to intractable seizures (Jian
et al., 2006). Within adolescence, social interactions tend to improve,
but somatic growth restriction and scoliosis usually become more
evident. Constipation and breathing abnormalities are also present
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frequently at this phase. In adulthood, motor deterioration may in-
crease, often leading to parkinsonism (Roze et al., 2007). Various clin-
ical trials have been carried in RTT patients without significant benefit
(Percy, 2016). Thus, at present, there is still no cure for RTT.

The observed reduction in monoamine levels (NE, 5-HT, DA) in RTT
patients and mouse models suggested the possibility to rescue the clin-
ical phenotype through antidepressants (Zoghbi et al., 1985). Accord-
ingly, in a previous study, we tested mirtazapine (MTZ), a noradrenergic
and specific-serotonergic tetracyclic antidepressant (NaSSA) with high
tolerability and limited side effects (Anttila and Leinonen, 2006;
Cipriani et al., 2018; Szegedi and Schwertfeger, 2005; Burrows and
Kremer, 1997; Hartmann, 1999). We found that 2-week treatment of
one-month-old male Mecp2-null mice with 10 or 50 mg/kg MTZ rescued
both heart and breath rate deficits without cardiovascular side effects

(Bittolo et al., 2016). In addition, MTZ re-established the normal glu-
tamatergic and GABAergic transmission in both cortex and brainstem,
and rescued microcephaly by restoring the fine neuronal morphology
and the somatosensory cortex thickness (Bittolo et al., 2016). However,
this starting study was performed in male Mecp2-null mice, which are an
imperfect model of the pathology because they present an early severe
phenotype and die prematurely. In addition, they are not a genetic
mosaicism as female RTT patients and female mice. Therefore, we per-
formed a study in adult heterozygous female Mecp2™11Brd (Aecp2t/—)
mice and adult female RTT patients, and we demonstrated that MTZ has
protective effects against motor deterioration and other behavioural
features since the progression of the symptoms was halted, or even
reverted for some disease domains (Flores Gutiérrez et al., 2020).
However, considering that adults have reduced plasticity of the nervous
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Fig. 1. Behavioural phenotypes in Mecp2™!*5" female mice at 6 and 11 weeks of age for wild-type (WT, black dots) and heterozygous mice (HET, red squares). (A)
Body weight of mice is shown. (B) Hindlimb clasping was evaluated following Guy et al. (2007): 0, absent; 1, mild; 2, strong. (C-F) Motor tests. Horizontal bars test
was not performed at 6 weeks of age because of absence of phenotype at 11 weeks. In the Accelerating rotarod test, statistical significance was evaluated only for
differences between genotypes at the same age. (G) Time spent in open arms at the Elevated plus maze (EPM) is shown. (H) Time spent exploring familiar and novel
objects during the T3 of the Four-different objects task (4-DOT) is shown. Statistical analyses showed that, at 6 weeks, both WT and HET mice were able to recognize
the novel object, while at 11 weeks only WT mice were able to do it, this showing a significant phenotype at the older age. All data are expressed as mean + SEM and
all individual values are showed, n = 8-17 mice per each group. According to results of Saphiro-Wilk test, we performed either t-test or Mann-Whitney test. For the
Rotarod a standard two-way ANOVA followed by Tukey’s multiple comparison tests was performed, while for the 4-DOT analysis, a two-way ANOVA with repeated
measures was used to compare the exploration time of objects, followed by Tukey’s multiple comparison test. ns: p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



system compared to younger subjects, it remains to be seen whether
MTZ treatment at earlier ages could have higher beneficial effects.

Given the substantial gap in the knowledge of early behavioural
phenotypes of female Mecp2'/~ mice, we used a battery of tests to
analyze the Bird RTT murine model (Guy et al., 2001; Abdala et al.,
2014; Horiuchi et al., 2017; Samaco et al., 2009; Vogel Ciernia et al.,
2017; Guy et al., 2007) at two early stages of development, i.e. in “early
adolescence” (6 weeks, soon after mice completed their motor devel-
opment) and in “young adulthood” (11 weeks of age, after sexual
maturation) (Dutta and Sengupta, 2016; Brust et al., 2015). Then, we
evaluated the efficacy of either a 15-day or a 30-day daily treatment
with 10 mg/kg MTZ in 11-week-old female mice, using tests for general
motor coordination, motor learning and progression of hindlimb clasp-
ing, which resembles the sensorimotor alterations observed in RTT pa-
tients. In addition, we performed a histological study on perineuronal
nets (PNNs) in the primary motor cortex. The results obtained support
MTZ as a new potential treatment for children and adolescent girls
affected by RTT.

2. Materials and methods
2.1. Animals

Animals were treated according to the institutional guidelines, in
compliance with the European Community Council Directive 2010/63/
UE for care and use of experimental animals. Authorization for animal
experimentation was obtained from the Italian Ministry of Health (Nr.
124/2018-PR), in compliance with the Italian law D. Lgs.116/92 and the
L. 96/2013, art. 13. All efforts were made to minimize animal suffering
and to reduce the number of animals used. For animal production,
Mecp2 heterozygous (HET) females (Mecp2+/ ~, B6.129P2(C)-
Mecp2™1-1Bird/J giock No: 003890. The Jackson Laboratory, USA) (Guy
et al.,, 2001) were bred with wild-type C57/BL6J male mice (The
Jackson Laboratory, USA). We used female Mecp2+/ ~ mice at 6 and 11
weeks of age to characterize the phenotypes at different developmental
stages. The total number of animals used in the study was n = 116, of
which n = 48 were used for the experiments on naive animals shown in
Fig.1 (8-17 mice per group) and n = 39 (9-10 mice per group) were used
for the 15-day treatment and n = 22 (5-6 mice per group) for the 30-day
treatment. After weaning, wild-type (WT) and heterozygous (HET) mice
were housed in groups (littermates together) in ventilated cages under
12 h light/dark cycle with food and water ad libitum. No environmental
enrichment elements were added to the cages. All experiments were
performed blindly to the genotype and treatment of animals, and all
control animals were WT age-matched littermates of HET mice. Finally,
mice were assigned to groups according to the rules indicated by Landis
et al. (Landis et al., 2012).

2.2. Mice genotyping

Biopsies from ear punches were incubated with 250 pL of DNA
extraction buffer (TRIS 10 mM pH 7.5, EDTA 5 mM pH 8, SDS 0.2%,
NaCl 10 mM, proteinase K 0.5 mg/mL) and left overnight at 55 °C. The
day after, samples were centrifuged (12,000 rpm, 20 min, RT), then 100
pL of the supernatant were mixed with isopropanol (1:1), and precipi-
tated DNA was centrifuged again (12,000 rpm, 30 min, RT). The su-
pernatant was then discarded and three washes with cold 70% ethanol
with subsequent centrifugations (12,000 rpm, 5 min, RT) were realized.
Once ethanol had evaporated, DNA pellets were homogeneously dis-
solved in milliQ water. Genotypes were assessed by PCR on genomic
DNA extracted from ear-clips biopsies. PCR reactions were performed
using specific primers (forward common primer oIMR1436 5'-GGT AAA
GAC CCA TGT GAC CC-3/, reverse mutant primer oIMR1437 5'-TCC ACC
TAG CCT GCC TGT AC-3') with 1 U GoTaq polymerase (Promega,
Madison, USA), 1x green GoTaq buffer, 0.2 mM dNTPs each, 2.5 mM
MgCly, 0.5 pM of each primer and 10 ng/pL of genomic DNA, as follows:

95 °C, 3’ > 30 cycles: 95 °C, 20”; 58 °C, 20"; 72 °C, 20" > 72 °C, 2. This
PCR generates a 400-bp product for the WT allele and an additional 416-
bp product for heterozygous mice (Bittolo et al., 2016).

2.3. Mice treatment

Both 15- and 30-day treatments were started at the same age, i.e. at 9
weeks, ending at 11 at 13 weeks, respectively. HET mice and WT lit-
termates were i.p. injected with vehicle (VEH = 0.9% aqueous solution
of NaCl and 5% ethanol) or MTZ (10 mg/kg, Abcam, Cambridge, UK,
Catalog n. ab120068). The 10 mg/kg daily dosage in mice is equivalent
to 50 mg/day in humans, which is the maximum dose used in patients
(Anttila and Leinonen, 2006; Nair and Jacob, 2016) In addition, this
dosage has shown no toxicity in adult HET mice (Flores Gutiérrez et al.,
2020). To calculate it, we followed a dose by factor method modified
from Nair and Jacob (Nair and Jacob, 2016). The following formula was
used:

Human dose (mg/kg)

Animal dose (mg/kg) = [weight mouse (kg)/weight human(kg)]**

We used standard weights described by authors (Nair and Jacob,
2016) (mouse = 0.02 kg; human: 60 kg), obtaining a dose of 11.7 mg/kg,
which we rounded to 10 mg/kg. Mice were treated every day at 10-11 a.
m., for either 15 or 30 days. As general phenotypic scoring (Flores
Gutiérrez et al., 2020) did not show significant differences between mice
at the beginning of the experiment, we just divided randomly WT and
HET mice into two groups, VEH- and MTZ-treated, thus creating our 4
experimental groups (WT-VEH, WT-MTZ, HET-VEH and HET-MTZ).

2.4. Animal behaviour

All tests were performed the day after the last i.p. injection had been
applied (off-drug). A timeline including every used test is shown in
Suppl. Fig. 1. The order of the tests we followed aimed to minimize in-
terferences among them: elevated plus-maze (EPM), accelerating
rotarod (for three consecutive days), four-different objects task (4-DOT)
and rod walk test. Every test was performed on a different day. In
addition, body weight and hindlimb clasping were weekly assessed,
starting the first day of treatment. Finally, adhesive patch removal task
was performed only for behavioural characterization of untreated
animals.

2.5. Hindlimb clasping

This abnormal movement is a marker of disease progression in
several mouse models of neurological diseases, including RTT (Guy
et al., 2007). To assess it, we grasped the tail near its base and lifted the
mouse clear of all surrounding objects, and then observed the hindlimb
position for 10 s. We assigned a score of 0 when hindlimbs were
consistently splayed outward, away from the abdomen. A score of 1 was
assigned when one hindlimb was retracted toward the abdomen for
more than 50% of the time suspended. When both hindlimbs were either
partially or entirely retracted toward the abdomen for more than 50% of
the time suspended, we assigned a score of 2.

2.6. Elevated-plus maze (EPM)

Each mouse was individually placed in the centre area of a black
Plexiglass elevated-plus maze for a 5-min test session (Flores Gutiérrez
et al., 2020; Vogel Ciernia et al., 2017). Mice movements were recorded
and later analysed with ANY-maze software (Stoelting, New Jersey,
USA) to automatically measure entries and time spent in the open and in
the closed arms.



2.7. Accelerating rotarod test

This test evaluates general motor coordination and motor learning in
mice, through three trials per day (separated by a one-hour intertrial
interval), which were repeated over three consecutive days. In each
trial, the mouse was placed on the rotarod apparatus (Ugo Basile, Var-
ese, Italy) and then the rotation started at 5 rpm (rpm). After the mouse
was successfully walking, the rotarod was accelerated from 5 to 40 rpm
over 5 min. The latency to fall from the rotating beam to the flange floor
of the apparatus was recorded for each animal. The trial was terminated
in cases where the mouse clutched the beam without walking, for three
consecutive turns, or a maximum of 300 s had elapsed (Flores Gutiérrez
et al., 2020; Vogel Ciernia et al., 2017)

2.8. Four-different objects task (4-DOT)

We slightly modified a protocol published by Sannino et al. (Sannino
et al., 2012), in which three different phases of the task are described.
Starting three days before the test, mice were daily habituated to new
objects (different from experimental ones) and to individual cages. On
the day of the test, each mouse was first left in the centre of an open field
arena (35 x 47 x 60 cm) and allowed to freely explore it for 10 min
(habituation phase, T1). Then the mouse was put back in its individual
cage and left there for 1 min. In the meanwhile, four different objects
were placed symmetrically in the open field arena. Then the mouse was
put again into the open field arena and left to explore objects for 5 min
(familiarization phase, T2). After 10 min, the mouse was put back in the
isolation cage for 1 min and, in the meanwhile, all objects were put
away. Three of them were substituted by identical copies and just one
was substituted by a completely different object (the novel object). Each
mouse was finally left to explore this new set of objects for 5 min (test
phase, T3). All phases were completely video-registered and then ana-
lysed with ANY-maze software (Ugo Basile Instruments). The explora-
tion (sniffing) time for each object was manually measured in the whole
T2 and in the whole T3. We then calculated the re-exploration index for
each object and each mouse, which is the result of subtracting the
exploration time in T2 to the exploration time in T3. In this way, a
negative re-exploration index indicates that the mouse recognizes the
specific object as already known. On the contrary, a positive re-
exploration index indicates a higher interest for the object, which in
WT mice corresponds to the normal exploration of a novel object.

2.9. Rod walk test

Following a modified protocol based on (Deacon, 2013) and already
tested in adult Mecp2 HET female mice (Flores Gutiérrez et al., 2020), we
positioned the mouse at one edge of a 60-cm wood dowel (standing 50
cm above the floor), where a repulsing stimulus (strong light) was pre-
sent. On the other side of the dowel, we positioned an attractive stimulus
(dark cage with nesting material from the mouse’s home cage). Tran-
sition time was measured in two consecutive trials, performed with
striped dowels of 10 mm in diameter.

2.10. Adhesive patch removal task

Following a modified protocol of (Bouet et al., 2009), the mouse was
allowed to get used to the experimental cage before the trial for one
minute. After that, it was immobilized by gripping the scruff of its neck
and then one squared adhesive tape strip (0,5 x 0,5 cm) was stuck on
each forepaw. The animal was then put back into the experimental cage
and thus the time to remove both adhesive patches was measured,
(starting when it begins to try to do it).

2.11. Tissue preparation and immunofluorescence procedure

Brains were dissected from mice immediately after the last

behavioural test, fixed in PFA and then cryoprotected by immersion in
20% sucrose. They were kept at 4 °C until cutting at the cryostat (Leica
Wetzlar, Germany; Catalog n. CM3050S). We produced 20-pm thick
coronal sections of the primary motor cortex (M1, approximately from
Bregma +1.78 to Bregma +0,62) (Paxinos and Franklin, 2008) and then
collected free-floating in PBS. For each experiment, brains from all
experimental groups were processed in parallel. Brain slices were per-
meabilized with 1% Triton X-100 (1 h, RT) and then incubated in 0,1%
Triton X-100 and 1% bovine serum albumin (BSA, Sigma-Aldrich, Cat-
alog n. A7906) for 1,5 h at RT. After that, sections were incubated
overnight at 4 °C with primary antibody solution. We use a combination
of antibodies (rabbit anti-parvalbumin, 1:5000, Catalog n. PV235,
Swant + biotin-conjugated lectin from WFA, 1:250, Catalog n. L-1516,
Sigma-Aldrich). On the day after, slices were washed with PBS and
incubated in donkey anti-rabbit IgG secondary antibody conjugated
with Alexa Fluor 568 (1:250, Catalog n. A10042, Invitrogen) for 1,5 h at
RT. Stained sections were rinsed three times (5 min each) in PBS and
incubated in 1:1000 Hoechst solution (Catalog n. 33,342, Sigma) for 20
min at RT. Finally, sections were fast washed in PBS and milliQ water
and mounted on 76 x 26 mm gelatine-coated microscope slides (Thermo
Fisher Scientific), air-dried, and cover-slipped with Mowiol (Merk Life
Science). They were finally stored covered from light at 4 °C until mi-
croscopy analysis the day after.

2.12. Acquisition of images for histological analyses

By using a Nikon Eclipse TE2000-U confocal microscope equipped
with EZ-C1 software (v3.91, Nikon), we acquired images of the primary
motor cortex (M1) stained with anti-PV antibodies and lectin from WFA.
We used a 20 x objective to create 500-pm width digital boxes, spanning
from cortical layer II to cortical layer V-VI, and acquiring 1024 x 1024-
pixel images. In the Z-axis, we always used a step size of 3,5 pm. In
addition, laser intensity and gain of the photomultiplier were set on the
WT-VEH (control) and kept for each experiment, to be able to further
compare fluorescence intensity among groups.

2.13. Analysis of PV+ cells

By using FIJI software (Schindelin et al., 2012), somata of PV+ cells
were manually outlined, and then the mean pixel intensity of the PV
channel was automatically measured all along the z-stack, together with
the average soma area of the slice. Confocal z-stacks were then trans-
formed into 2D pictures by using the ‘maximum projection’ option of the
‘z-project’ menu. Cell counting was manually performed on these pic-
tures by using the ‘cell counter’ plugin. This procedure also allowed us to
obtain single X and Y coordinates of the centre of every PV+ cell and to
further calculate the neuronal inter-distance.

2.14. Analysis of PNN thickness

For this procedure, 2D images of the PNN and PV channels were
used. By using F1JI software (Schindelin et al., 2012), we first subtracted
the PV channel to the PNN one, thus resulting in a less intense PNN
image. Then, 3-pixel thick lines transversally crossing PNN were drawn
and their correspondent densitometry plots were automatically pro-
duced. On each plot, a threshold of 10% of the maximum intensity value
was used as a cut-off to measure the thickness of each side of the PNN.
For each PNN, thickness values of both sides were averaged.

2.15. Experimental design and statistical analysis

All behavioural experiments were done blindly to the experimenter,
and all experimental groups were tested in the same session in a ran-
domized order. Number of neurons, slices and mice evaluated through
immunohistological techniques are reported in the specific section. Data
analysis and data graphics were performed with GraphPad Prism 8.0



software (GraphPad, La Jolla, California, USA). When appliable, we
used the Shapiro-Wilk test to define data as parametric or non-
parametric. To test differences between the two groups, either Stu-
dent’s t-test or Mann-Whitney test was used as appropriate. One-way
ANOVA (with the Dunnett’s posthoc test) or Kruskal-Wallis test (with
the corrected Dunn’s posthoc multiple comparisons test) were used for
comparing multiple groups when just one factor was considered. The
combined effect of two independent variables was tested using a stan-
dard two-way ANOVA (followed by Tukey’s multiple comparisons test).
Just for the analysis of 4-DOT results, we used a two-way ANOVA with
repeated measures to compare the re-exploration index, followed by
Dunnett’s multiple comparison test. To analyze the three factors of the
Accelerating rotarod test in treated mice (genotype x treatment x day)
we used a three-way ANOVA with repeated measures followed by
Tukey’s multiple comparisons test. All outliers were detected using
Grubb’s test. All details on statistical analyses were collected into Suppl.
Fig. 2.

3. Results
3.1. Mecp2™/~ mice show behavioural phenotypes at young ages

The RTT mouse model developed by Guy et al. in 2001 (Guy et al.,
2001) has been largely used and many different behavioural alterations
have been identified (Katz et al., 2012). However, most of these studies
have been carried out on young male mice or adult females, while the
phenotype in young female mice has been comparatively less investi-
gated (Vogel Ciernia et al., 2017; Samaco et al., 2013). Thus, before
testing MTZ treatment in heterozygous (HET) Mecp2'/~ young female
mice, we performed a behavioural characterization to identify consis-
tent phenotypes at 6 and 11 weeks of age, which correspond to “early
adolescence” (after completing motor development) and “young adult-
hood” (after sexual maturation), respectively (Dutta and Sengupta,
2016; Brust et al., 2015). We found that body weight was already
significantly increased in HET mice as soon as 6 weeks of age (Fig. 1A). A
similar result was observed also in 11-week-old HET mice. Hindlimb
clasping was present in most HET mice, showing a statistically signifi-
cant phenotype at both ages (Fig. 1B). Regarding sensorimotor pheno-
types, the horizontal bars test did not show any difference between WT
and HET mice at 11 weeks of age (Fig. 1C), unlike what was previously
observed in adult HET mice (Flores Gutiérrez et al., 2020), and therefore
we did not perform this test at 6 weeks of age. We assessed basal motor
performance and motor learning using the accelerating rotarod and the
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rod walk tests (Fig. 1D-E), and the fine motor skills through the adhesive
patch removal task (Tomassy et al., 2010) (Fig. 1F) at both ages. Motor
performance was impaired already at 6 weeks of age as evidenced by
reduced transition time in the Rod walk (Fig. 1E), while motor impair-
ment was statistically significant at the accelerating rotarod only at 11
weeks (Fig. 1D). At 6 weeks of age, HET animals showed preserved
motor learning capacity, as evidenced by a day-dependent increase in
the latency to fall in the rotarod, while at 11 weeks their motor learning
was fully impaired, as evolution of their performance at the accelerating
rotarod demonstrates (Fig. 1D). In the adhesive patch removal task,
which evaluates fine motor skills based on the integration of somato-
sensory inputs, HET mice showed to be impaired only at 11 weeks
(Fig. 1F). The aberrant preference for the open arms, previously
observed in adult HET mice when tested at the elevated plus maze
(Vogel Ciernia et al., 2017) and demonstrated to be due to a heightened
whiskers sensitivity (Flores Gutiérrez et al., 2020), was confirmed in
young mice at both 6 and 11 weeks of age (Fig. 1G). Finally, we tested
young HET mice at the four-different objects task (4-DOT) (Sannino
etal., 2012), to evaluate short-term object memory, and observed a clear
deficit in the novel object discrimination during the test phase at 11
weeks of age only; in fact, both WT and HET mice were able to distin-
guish the novel object from the familiar ones at 6 weeks of age (Fig. 1H).

In summary, our results identified an optimal time window to test
MTZ at 11 weeks of age, when consistent sensorimotor phenotypes are
present, but plasticity processes of the nervous system are still signifi-
cantly active compared with adults. Of note, in the pharmacological
experiments we have included only those tests that were sensitive to
early alteration (i.e. with onset at 6 weeks) in HET mice, as the aim of the
study was to test whether MTZ treatment could rescue and not prevent
the onset of the behavioural deficits. Accordingly, evaluation of the ef-
ficacy of the pharmacological treatment included assessment of body
weight, hindlimb clasping, motor learning on rod walking test and
accelerating rotarod, and somatosensory sensitivity on the elevated plus
maze.

3.2. Body weight is reduced by MTZ treatment

To identify a proper time window for a reliable evaluation of the
efficacy of an early treatment, we tested MTZ at 10 mg/kg (the equiv-
alent to the maximum dose in humans) through daily injections for
either 15 or 30 days in HET mice, starting treatments at 9 weeks and
ending at 11 or 13 weeks, respectively (Suppl. Fig. 1). Body weight was
assessed weekly, taking the last measurement the day after the last
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injection. While we did not observe any statistically significant effect of
MTZ treatments after 15 days of treatment (Fig. 2A), administration of
MTZ for 30 days led to a statistically significant reduction of the body
weight at the end of the treatment (Fig. 2B).

3.3. A 30-day MTZ treatment slows down the progression of hindlimb
clasping

Together with the body weight, the hindlimb clasping was evaluated
weekly by using a scoring system from O to 2 (see Methods). When
considering the evaluation of this sign only on the last day of treatment,
we found that in both groups the scoring of HET was significantly higher
(i.e. worst symptom) than that of WT mice (Fig. 3A-B). In addition, after
30 days of treatment with MTZ we found a significant improvement of
hindlimb clasping (Fig. 3B), which included 3 out 5 MTZ-treated mice
that completely normalized the phenotype. In addition, considering the
difference between the score for the hindlimb clasping assigned to the
mouse at the last evaluation and the score assigned at the first one (delta
values), we confirmed these results, as the phenotype was observed at
both ages but only after the 30-day MTZ treatment the delta score in
HET mice was significantly lowered (Fig. 3C-D). Taken together, these
findings indicate that MTZ is able to slow down the progression of this

sign.

3.4. A 30-day MTZ treatment rescues motor learning

The general motor performance of HET mice was evaluated through
two different tests: the rod walk and the accelerating rotarod. In the rod
walk, we confirmed the phenotype observed in untreated HET mice
(Fig. 1E), as general motor coordination was showed to be impaired in
HET-VEH mice, but no effect of MTZ was observed, nor after 15, neither
after 30 days of treatment (Fig. 4A-B).

In the accelerating rotarod, we measured both daily motor perfor-
mance and 3-day motor learning, this latter is represented by the delta
value of the latency to fall (e.g., difference between the value of this
parameter on the last day of the test and the value on the first day). We
confirmed the deficit of the general motor performance in HET mice, as
the latency to fall was significantly shorter compared to WT on the
second and the third day of the test (Fig. 4C-D). Whereas the 15-day
treatment showed no effect (Fig. 4C), this motor deficit was rescued in
HET mice treated with MTZ for 30 days, as they showed a daily per-
formance comparable to that of WT mice (Fig. 4D). In further support of
these results, motor learning observed at the accelerating rotarod was
rescued by the 30-day MTZ treatment, while the treatment for 15 days
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showed no effect (Fig. 4E-F).
3.5. Daily injections affect HET mice but not WT mice

Together with relatively pure motor tests, we aimed to include also a
specific somatosensory test with a translational value in the behavioural
characterization. To do this, we performed the elevated plus maze
(EPM), in which we previously reported that this mouse model shows an
aberrant preference to the open arm associated with increased whiskers
sensitivity (Flores Gutiérrez et al., 2020). Surprisingly, we observed that
this phenotype, confirmed in untreated mice (Fig. 1G), was no longer
present after treatments for both 15 and 30 days (Fig. SA-B). Not only,
but the behaviour of HET mice was exactly the opposite, as they spent
less time than WT mice exploring the open arms (even if the difference
was statistically significant only after 15 days). A comparison between
untreated and vehicle-treated WT and HET mice revealed an effect of the
daily injections of vehicle (VEH) only in HET mice (Fig. 5C). This
probably reflects an increase in anxiety levels in HET mice due to the
stressful effect of repeated injections, as these mice could be less able to
manage stress than WT mice. Unfortunately, these disruptive effects of
chronic vehicle injection precluded us to use EPM to evaluate effects of
MTZ on HET mice.

3.6. MTZ normalizes perineuronal nets surrounding PV neurons in the
motor cortex

After having performed extensive behavioural testing, we dissected
brains of treated WT and HET mice and proceeded with histological
analyses. Following a previous study in which we had demonstrated that
MTZ can normalize some alterations in parvalbuminergic (PV) in-
terneurons (Flores Gutiérrez et al., 2020), we decided to analyze this
neuronal type in young HET mice. In addition, we also evaluated the
perineuronal nets (PNNs), which are structures of the extracellular
matrix often associated with inhibitory neurons such as PV cells, and
whose structure is altered in RTT animal models (Patrizi et al., 2016;
Patrizi et al., 2020). Considering the behavioural results obtained, we
decided to focus on the primary motor cortex (M1), which is a main
brain area for the motor learning assessed in the accelerating rotarod.
We did not observe any difference in PV cell’s soma area and cell density
between WT-VEH and HET-VEH (Fig. 6D-E). We also analysed the
interneuronal distance among PV cells, which reflects their distribution
within cortical layers, but we did not observe any difference between
WT-VEH and HET-VEH (Fig. 6F). We then evaluated the immunoreac-
tivity of PV cells, and observed a significant decrease in immunofluo-
rescence intensity levels in HET-VEH mice compared to WT-VEH at the
end of the 15-day treatment with the vehicle (Fig. 6G). Remarkably, this
phenotype was completely rescued by the treatment with MTZ, as HET-
MTZ mice show PV immunoreactivity levels comparable to those of WT-
VEH mice (Fig. 6G). Furthermore, we observed that PNNs were thicker
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Fig. 6. Analysis of parvalbumin-positive interneurons (PV+ INs) and perineuronal nets (PNNs) in the primary motor cortex of 13-week-old Mecp2™!1Bir female
mice after treatment with MTZ (10 mg/kg) for 15 or 30 days. (A-B) Examples of PV and PNN staining in a primary motor cortex section (scale bar = 100 pm) of a WT
mice treated with VEH and a HET mouse treated with MTZ. (C) Detail of two PV+ interneurons (INs) associated to PNNs in a primary motor cortex section (scale bar
=10 pm) of a WT-VEH mouse. (D) Density of PV+ INs in the 1% motor cortex of mice treated for 15 days. N = 10 slices/mouse and 3-4 mice/group. (E) Soma area of
PV INs in the 1% motor cortex of mice treated for 15 days. N = 10 neurons/mouse and 4 mice/group. (F) Average distance among PV+ interneurons in the 1*”¥ motor
cortex of mice treated for 15 days. N = 2-3 slices/mouse and 3-4 mice/group. (G) Immunoreactivity of PV INs’ somata in the 1% motor cortex of mice treated for 15
days. N = 10 neurons/mouse and 3-4 mice/group. (H) Average thickness of PNNs surrounding PV+ INs in the 17 motor cortex of mice treated for 15 days. N = 10
neurons/mouse and 4 mice/group. (I) Immunoreactivity of PV INs’ somata in the 1*"¥ motor cortex of mice treated for 30 days. N = 10 neurons/mouse and 3-4 mice/
group. (J) Average thickness of PNNs surrounding PV+ INs in the 1°¥ motor cortex of mice treated for 30 days. N = 10 neurons/mouse and 4 mice/group. All data
are represented as median + interquartile range and maximum and minimum data points. According to results of Shapiro-Wilk test, either one-way ANOVA, followed
by Tukey’s post-hoc test, or Kruskal-Wallis test, followed by Dunn’s post-hoc test, was performed. Multiple selected comparisons comprehended: WT-VEH vs WT-
IL/ITZ, WT-VEH vs HET-VEH and HET-VEH vs HET-MTZ. ns: p > 0.05 (not indicated), *: p < 0.05, **: p < 0.01, ***: p < 0.001.

in HET-VEH mice, and that MTZ normalized PNNs thickness (Fig. 6H). by a 30-day long MTZ treatment, we propose correction of the devel-

Regarding the 30-day treatment, we did not observe the phenotype of opmental programme for interneuron maturation in the motor cortex as
reduced PV immunoreactivity levels, but we did confirm the PNN- one underlying mechanism for the recovery of motor signs induced by
related phenotype and its complete rescue upon MTZ treatment MT?Z. Taken together, the results obtained here clearly show that MTZ
(Fig. 6I-J). A similar analysis was carried out also for the primary so- treatment for at least 30 days within a time window corresponding to
matosensory cortex (S1) but no difference between WT and HET was early adulthood was efficacious in reversing several RTT-like pheno-
detected, neither with vehicle nor after MTZ treatment (Suppl. Fig. 3). types, and strongly support MTZ as a candidate to treat young girls

affected by RTT in a future clinical trial.

4. Discussion

In this study, we carried out a systematic behavioural characteriza- #.1. Detection of novel behavioural phenotypes at 6 and 11 weeks
tion of the sensorimotor developmental maturation, with an additional
short-memory task, in HET Mecp2™ 18 female mice at two different
ages (6 and 11 weeks) and found previously unknown defective phe-
notypes. In particular, we found significant RTT-like signs of develop-
mental disruption already at 6 weeks of age, such as increased body
weight, hindlimb clasping, impaired general motor coordination (as
showed at the rod walk test) and aberrant preference for open arms in
the elevated plus maze at both ages. In addition, we also detected sig-
nificant motor impairments in the accelerating rotarod and the adhesive
patch removal tests, as well as in the short-term memory while per-
forming the four-different objects task (4-DOT). The progressive age-
dependent worsening of the behavioural phenotype for basic sensori-
motor deficit, neuromotor coordination and skilled learning suggests
that cortico-subcortical regions are progressively compromised in fe-
male HET mice before reaching adulthood, recapitulating the
complexity of the neurological phenotype observed in RTT children and
adolescents.

Results obtained in this analysis indicated that 11 weeks was a better
age for assessing the effects of the drugs on the sensorimotor develop-
ment and therefore, we started treatment with MTZ at 9 weeks and
compared two different treatment durations, namely 15 and 30 days, at
the daily dose of 10 mg/kg (the equivalent to the maximum dose
admitted in humans). To begin treatment in mice showing a compara-
tively similar phenotype, we opted for starting both 15- and 30-day
treatments at the same age, i.e., at 9 weeks, thus ending at 11 at 13
weeks, respectively. To determine the time-window for the treatment,
we consider previous studies and our own data on untreated mice
indicating a clear progression of the disease also at these young ages, as
supported by the presence of milder phenotypes at 6 weeks with respect
to 9 and 11 weeks, with potential differences in the response to drugs.
We found that the longer MTZ treatment showed higher efficacy than
the shorter one. Indeed, 30 days, but not 15 days of treatment with MTZ
induced remission of body weight increase. Interestingly, 30-day MTZ
treatment did not rescue the basal motor coordination deficit in the rod
task, but it was effective in recovering both hindlimb clasping and motor
learning deficits as evaluated in the rotarod task. Motor learning in the
accelerating rotarod test requires functional activation of cortical-
subcortical inputs and therefore we decided to investigate maturation
of inhibitory neurons in the primary motor cortex, which have previ-
ously shown to show alterations in HET Mecp2™ 1B mice (Flores
Gutiérrez et al., 2020). Based on the finding that alterations in peri-
neuronal nets (PNNs) in the primary motor cortex were fully recovered

While in the literature there are papers reporting a pre-symptomatic
phase until 12 weeks of age for the female Mecp2™ 1B (Mecp2+/~)
mouse model (Guy et al., 2001; Patrizi et al., 2020; Vashi and Justice,
2019), a growing body of evidence suggests that some symptoms may
already be present as early as 5 weeks of age (Vogel Ciernia et al., 2017;
Katz et al., 2012). Yet, not all early RTT phenotypes of Mecp2™!-18ird
heterozygous (HET) mice have been evaluated and, therefore, relatively
few information on young female mice phenotype are available. Thus,
we decided to perform an extensive behavioural characterization at 6
and 11 weeks of age, which correspond to “early adolescence” and
“young adulthood”, respectively (Dutta and Sengupta, 2016; Achilly
et al., 2021).

The behavioural characterization of HET mice at 6 and 11 weeks of
age revealed several previously unknown alterations in the sensorimotor
domain, revealing these mice as a good model to test drugs also at young
ages, when plasticity processes are more active. We found that body
weight was significantly increased in HET mice as soon as 6 weeks of
age, which confirmed previous observations by Vogel Ciernia et al. in
HET mice at 6 and 11 weeks (Vogel Ciernia et al., 2017). Hindlimb
clasping was present in most HET mice at both 6 and 11 weeks. This very
typical progressive RTT-like sign, which is commonly viewed as a sign of
neurological impairment in mice, has previously been documented by
several laboratories in both male Mecp2¥/~ (Bittolo et al., 2016; Guy
et al., 2001; Cobolli Gigli et al., 2016; Pelka et al., 2006) and female
Mecp2"/~ murine models (Flores Gutiérrez et al., 2020; Vogel Ciernia
etal., 2017; Patrizi et al., 2016), but in the latter model, the earliest age
at which it had been observed so far was the 8th postnatal week (Vogel
Ciernia et al., 2017). Hence, our findings anticipate the onset of the
hindlimb clasping by two weeks, i.e., to 6 weeks of age, with respect to
previous reports.

Regarding other motor phenotypes, we observed that the phenotype
described in adult HET mice at the Horizontal bars test (Flores Gutiérrez
et al., 2020) is not present in 11-month-old HET mice, while both
accelerating rotarod and rod walk revealed consistent deficits at 6 and
11 weeks of age, like previously reported in adults (Flores Gutiérrez
et al., 2020). Regarding the accelerating rotarod, we specifically showed
that HET mice present impairment not only of daily performance, but
also of motor learning within the three consecutive days of test. The
deficits we observed in the accelerating rotarod performance are in
accordance with previous studies reporting that this impairment is
present in female HET mice as early as 5 weeks from birth (Santos et al.,
2007; Villani et al., 2016). In addition, at 11 weeks of age, we observed a
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previously undescribed phenotype in the adhesive patch removal task,
which evaluates the fine motricity of fore limbs.

We further show that the aberrant preference for the open arms
commonly observed in both male and female adult mice when tested at
the EPM (Bittolo et al., 2016; Guy et al., 2001; Vogel Ciernia et al., 2017;
Cobolli Gigli et al., 2016; Ward et al., 2011) is already manifest in young
mice at both 6 and 11 weeks of age. In a previous study, we demon-
strated that this behaviour likely implicates sensory hypersensitivity at
the whiskers, as it was completely abolished by clipping mouse whiskers
(Flores Gutiérrez et al., 2020). On the other hand, HET mice display
significant alterations in anxiety-like and stress responses, that might
also contribute to the phenotype. Here, we show that HET mice are less
able to cope with the daily injections of MTZ and that just i.p. injections
of VEH “rescue” the aberrant preference for the open arms. Interestingly,
a recent report showed that adolescent HET mice display an aberrant
preference for open arms that is accompanied by a concomitant decrease
in activity of CRH neurons of the paraventricular hypothalamic nucleus
(Pa), this suggesting an altered (decreased) stress response of these an-
imals that could contribute to the phenotype, besides a sensory hyper-
sensitivity (Abellan-Alvaro et al., 2021). Finally, we tested mice at the
four-different object task (4-DOT), as also the cognitive domain has been
poorly studied in RTT mouse models. The way in which this test was
performed allows the evaluation of short-term memory of mice associ-
ated with tactile and visual stimuli (Sannino et al., 2012). We first used
the 4-DOT in untreated mice at both 6 and 11 weeks of age and showed a
cognitive deficit only in older mice. Of note, the avoidance behaviour
observed in the Elevated Plus Maze was clearly absent at the 4-DOT. The
difference between the two tests may be due to the fact that in the first
case, mice are forced to be continuously stimulated by the closed arms,
thus eliciting an avoidance (and possibly, heightened anxiety) response
to the closed part of the maze, while in the second case the stimulation is
voluntary and motivated by their natural curiosity.

According to results of this behavioural characterization, we decided
to exclude both patch adhesive removal test and the 4-DOT for the
battery of tests performed after the pharmacological treatment, as we
wanted to test the rescuing effect of the drug on already established
defects. In addition, we aimed to use a low number of tests after the
pharmacological treatment to limit the stress on mice, considering that i.
p. injections were performed daily and hence represented already a
continuous stressing stimulus.

4.2. Physiological significance of the effects of MTZ in young HET mice

Nowadays, pharmacological approaches together with physical
therapies are the only strategy to improve the quality of life of RTT
patients, through the recovery or alleviation of symptomatology. How-
ever, just a few drugs have demonstrated this potential so far, and none
of them has arrived to reach the clinical consensus level to treat RTT as a
whole. We chose MTZ as a candidate because of some of its pharma-
cological and clinical features. Above all, this antidepressant satisfies the
most important requirement for any drug candidate to treat RTT: MTZ is
a relatively safe drug. Since its approval for the treatment of major
depression in 1996, it has shown an excellent safety profile (Szegedi and
Schwertfeger, 2005). Moreover, a recent study comparing twenty-one
well-known antidepressants has concluded that MTZ is one of the
most suitable ones to treat major depression disorders in terms of
tolerability (Cipriani et al., 2018). Finally, its numerous off-label uses
(Jilani and Saadabadi, 2019) are also evidence of the few side effects
exerted by MTZ. Most importantly, we previously provided evidence of
the high tolerability to MTZ in 40 adult RTT patients chronically treated
for several years (up to 5 years) (Flores Gutiérrez et al., 2020). In the
current study, we have largely confirmed MTZ safety. In fact, we have
observed no adverse effects in young female WT-MTZ and HET-MTZ
mice, as they did not show any phenotypic worsening compared to
VEH controls, even when treated for 30 days with a high dose of MTZ
(10 mg/kg, the equivalent to the maximum dose admitted in humans, i.
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e., 50 mg/day). These findings have important implications for future
research, as it will be possible to test a reasonably wide range of dosages
in a randomized clinical trial in young RTT patients.

Concerning the possible mechanisms of action of MTZ, it should be
noted that this antidepressant has a unique profile. It is characterized by
a relatively rapid onset of action, high response and remission rates, a
favourable side-effect profile, and several unique therapeutic benefits
over other antidepressants (Alam et al., 2013). So far, 18 receptors have
been identified as targets of MTZ in the brain (Anttila and Leinonen,
2006), but the effects exerted on the nervous system following their
activation by MTZ are just partially known. MTZ shows its highest af-
finity for histaminergic H1 receptor, which is responsible for sedation at
low doses (Fawcett and Barkin, 1998). Regarding monoaminergic sys-
tems, which are generally downregulated in RTT patients and mouse
models (Samaco et al., 2009; Santos et al., 2010; Temudo et al., 2009),
MTZ enhances 5-HT and NA transmission through different mecha-
nisms. At the presynaptic level, it antagonizes a-2 auto- and hetero-
adrenoreceptors, leading to an increase in NA release, while at the
postsynaptic level it antagonizes 5-HT; and 5-HTj receptors, promoting
an increase in the release of serotonin leading to an indirect enhance-
ment of 5-HTjs-mediated serotonergic transmission. In addition, NA
released in the raphe nuclei further stimulates postsynaptic a-1 re-
ceptors, causing 5-HT release from downstream axon terminals such as
those in the cortex (Nakayama et al., 2004; Sthal, 2010). Specific ago-
nists of the 5-HT; receptor have shown promising abilities to alleviate
brainstem and extrapyramidal dysfunction in preclinical studies on RTT
autonomic phenotypes (Abdala et al., 2014). However, some of the most
prominent among these drugs have also been shown to antagonize
partially or totally DA receptors. This makes them not suitable for RTT,
as also the dopaminergic system is generally altered in patients and
mouse models. For example, low spinal fluid DA levels, which are
assumed to be a marker for central DA levels, have been found in women
with known MECP2 mutations and meeting the clinical criteria for RTT
(Samaco et al., 2009). Furthermore, the presence of a DA deficit is
further supported by the fact that, later in life, RTT patients develop
Parkinsonian features (Roze et al., 2007). Regarding these aspects, MTZ
is an optimal candidate for RTT, as it not only enhances 5-HT trans-
mission through 1A receptors (with minimal occurrence of serotonergic
side effects) but it also increases DA transmission (Nakayama et al.,
2004; Masana et al., 2012). On the other side, it is known that 5-HT
regulates motor networks facilitating motor skill, motor cortex plas-
ticity and motor output (Vitrac and Benoit-Marand, 2017) and it has
been recently found that 5-HT has a major role in pharmacological re-
covery of motor performance at the accelerating rotarod (Villani et al.,
2016). Moreover, selective 5-HT reuptake inhibitors (SSRIs) have been
demonstrated to enhance motor skill learning and plasticity (Batsikadze
et al., 2013; Gerdelat-Mas et al., 2005; Loubinoux et al., 2005). It is
therefore conceivable that the rescue observed in the motor domain
after MTZ treatment in both HET mice and RTT treatments could mainly
involve the enhancement of 5-HT transmission, but also the normali-
zation of DA levels in the brain, along with the rescue of the inhibitory
interneurons function. In fact, another mechanism investigated in this
study is related to the maturation of parvalbuminergic (PV) neuronal
networks. PV cells are interneurons playing a main role in GABAergic
inhibition which have been associated with RTT symptomatology and
related phenotypes in mice (Patrizi et al., 2020; Ito-Ishida et al., 2015;
Morello et al., 2018). In a previous histological analysis on MTZ-treated
adult Mecp2™! 1B female mice, we found alterations in PV expression
levels and increased PV-positive cell density in several brain areas,
comprising motor, somatosensory cortex and amygdala, some of which
were normalized by MTZ (Flores Gutiérrez et al., 2020). Here, while we
detected also in young HET mice a significant reduction in the PV
immunoreactivity in the primary motor cortex, we did not observe any
alterations in the PV-positive cell density, soma size or intercellular
distance. Considering the progressive nature of RTT, it is possible that,
besides the reduction in PV expression levels, other alterations on



parvalbumin networks may not become evident until adult ages.

Together with PV networks, perineuronal nets (PNNs), which sur-
round mainly PV interneurons in the brain cortex, have been also
associated with RTT physiopathology (Flores Gutiérrez et al., 2020;
Patrizi et al., 2020; Morello et al., 2018)). In this case, the hypothesis to
verify was that an abnormal early development of PNNs, which physi-
ologically limit synaptic activity, could contribute to behavioural RTT-
like phenotypes. In our analysis we did not find differences neither in
the PNNs density, nor in their immunoreactivity (data not shown) in 11-
week-old Mecp2™113"d female mice. However, we found that PNN
thickness was significantly increased in HET control mice and could be
corrected by a 30-day MTZ treatment. The beneficial effect of MTZ to
promote PV expression and normalization of PV cells engulfment by
perineuronal nets in the motor cortex is in agreement with our previous
studies in adult female HET mice and provides a strong indication of one
possible mechanism of action of this drug for the correction of aberrant
RTT-like motor behaviours.

4.3. Limitations of the study

Besides the encouraging results described above, this study also
presents some limitations. First, considering that RTT is a progressive
disorder, it would be desirable to treat RTT patients as early as possible.
However, the hardly measurable phenotype at 6 weeks, as compared to
11 weeks, prevented us to test the efficacy of MTZ at the earlier stage
investigated in this study. Second, this study highlighted some limita-
tions in the effects of MTZ, as it was not able to rescue deficits observed
at the rod walk, which evaluates the general motor coordination. At
present, it remains open the possibility that this lack of efficacy of MTZ
treatment might be due either to unresponsiveness to the drug of the
underlying neuronal circuitries, which for the rod walk include also the
cerebellum, or to the fact that longer treatment times may be required to
show any improvement in these deficits. As one additional limitation,
we observed that potential effects of MTZ in the Elevated plus maze were
covered by stress effects of the daily i.p. injections.

4.4. Conclusions, a lesson for a future clinical trial in RTT children and
adolescents

From this study, MTZ emerges as a drug which is well tolerated also
in juvenile mouse models of RTT thus holding strong potential for long-
term chronic treatment of children and adolescent with RTT. In fact, the
combination of the results presented here and our recently published
investigation on adult female mice and patients (Flores Gutiérrez et al.,
2020) clearly indicates that the time window for a successful outcome of
the treatment of RTT with MTZ must be large enough (months to years)
to allow improvement of the pathological deficits in the neural circuits
underlying RTT and, therefore, also in quality of life of patients.
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