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Abstract

Patients with Duchenne muscular dystrophy (DMD) commonly show specific
cognitive deficits in addition to a severe muscle impairment caused by the
absence of dystrophin expression in skeletal muscle. These cognitive deficits
have been related to the absence of dystrophin in specific regions of the central
nervous system, notably cerebellar Purkinje cells (PCs). Dystrophin has
recently been involved in GABA, receptors clustering at postsynaptic densi-
ties, and its absence, by disrupting this clustering, leads to decreased inhibitory
input to PC. We performed an in vivo electrophysiological study of the
dystrophin-deficient muscular dystrophy X-linked (mdx) mouse model of
DMD to compare PC firing and local field potential (LFP) in alert mdx and
control C57Bl/10 mice. We found that the absence of dystrophin is associated
with altered PC firing and the emergence of fast (~160-200 Hz) LFP oscilla-
tions in the cerebellar cortex of alert mdx mice. These abnormalities were not
related to the disrupted expression of calcium-binding proteins in cerebellar
PC. We also demonstrate that cerebellar long-term depression is altered in
alert mdx mice. Finally, mdx mice displayed a force weakness, mild impair-
ment of motor coordination and balance during behavioural tests. These find-
ings demonstrate the existence of cerebellar dysfunction in mdx mice. A

List of abbreviations: CSs, complex spikes; DMD, Duchenne muscular dystrophy; LFP, local field potential; LTD, long-term depression; mdx,
muscular dystrophy X-linked mouse; PC, Purkinje cell; SRTT, serial reaction time task; SSs, simple spikes.

© 2024 Federation of European Neuroscience Societies and John Wiley & Sons Ltd.

6470 | wileyonlinelibrary.com/journal/ejn

Eur J Neurosci. 2024;60:6470-6489.


https://orcid.org/0000-0002-3710-7923
https://orcid.org/0000-0003-0734-583X
mailto:guy.cheron@ulb.be
https://doi.org/10.1111/ejn.16566
http://wileyonlinelibrary.com/journal/ejn
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fejn.16566&domain=pdf&date_stamp=2024-10-16

PRIGOGINE ET AL.

T Wiy L

KEYWORDS

1 | INTRODUCTION

Duchenne muscular dystrophy (DMD) is one of the most
common congenital neuromuscular disorders in child-
hood, with a birth prevalence between 21.7 and 28.2 per
100,000 live male births (Orso et al., 2023). It is caused by
mutations within the dystrophin gene, resulting in the
absence or the disruption of dystrophin production
(Amoasii et al., 2017). The absence of this cytoskeletal
protein localized at the inner part of the muscle fibre
membrane affects membrane stability and calcium
homeostasis (Deconinck & Dan, 2007), resulting in mus-
cle degeneration. Although several drugs arisen from
recent clinical studies have been recently approved
(Markati et al., 2022), the clinical evolution is severe,
characterized by rapidly progressive muscle weakness
and wasting leading to premature death due to cardiore-
spiratory complications. In addition to muscle impair-
ment (Wallace & McNally, 2009), many patients show
specific cognitive deficits that include learning, beha-
vioural, emotional and memory impairment (Pascual-
Morena, Cavero-Redondo, Alvarez-Bueno, et al., 2023).
Full-scale IQ scores follow a normal distribution that is
shifted 1 standard deviation below the population mean,
with a higher prevalence of intellectual disability (Cotton
et al, 2001), deficits in verbal working memory
(Anderson et al., 1988; Dorman et al.,, 1988; Hinton
et al., 2000; Leibowitz & Dubowitz, 1981) and impair-
ments in praxis and executive function (Donders &
Taneja, 2009; Hinton et al., 2000; Maresh et al., 2023;
Mento et al., 2011; Wicksell et al., 2004). General aca-
demic achievement is also lower among boys with DMD
compared to their unaffected siblings (Hinton et al., 2001,
2007).

The cognitive deficits in DMD have been hypothe-
sized to relate to the loss of dystrophin in specific regions
of the central nervous system (CNS) (Dubowitz &
Crome, 1969; Uchino, Teramoto, Naoe, Yoshioka,
et al., 1994; Kim et al., 1995). Dystrophin is exclusively
localized at the postsynaptic densities of specific neuronal
subtypes, namely pyramidal neurons of the cerebral neo-
cortex, hippocampus (Lidov et al., 1990) and amygdala
(Sekiguchi et al., 2009) and in cerebellar Purkinje cell
(PC) where it is the most abundant (Knuesel et al., 1999;

similar cerebellar dysfunction may contribute to the cognitive deficits observed
in patients with DMD.

cerebellum, cognitive impairment, Duchenne muscular dystrophy, dystrophin, fast
oscillations, long-term depression, mdx, Purkinje cells

Lidov et al., 1990). The cognitive profile in DMD includes
specific impairments of implicit learning during the per-
formance of a serial reaction time task (SRTT) (Vicari
et al., 2018) that have been similarly observed in adults
with diffuse or focal lesions in the cerebellum (Gémez-
Beldarrain et al., 1998). Following the timing processing
performed by the cerebellum (Avanzino et al., 2016),
ischemic damage to the left cerebellum may induce a
selective deficit in the SRTT realized with the left hand
(Torriero et al., 2007). It has also been suggested that lack
of P-type dystrophin in PC may account for impaired ver-
bal working memory (Cyrulnik & Hinton, 2008) due to
disruption of information rehearsal in the cerebrocerebel-
lar loops that project from the lateral cerebellum
(Cyrulnik & Hinton, 2008) to the ipsilateral dorsolateral
prefrontal cortex (DLPFC) (Torriero et al., 2007).
Additional evidence supporting the role of dystrophin
in cognition comes from studies of mdx (muscular dystro-
phy X-linked) mice, the full-length dystrophin-deficient
murine model of DMD in which both brain and muscle
full-length dystrophin isoforms are absent (Uchino, Tera-
moto, Naoe, Miike, et al., 1994). These mice display vari-
ous cognitive and behavioural impairments, including
deficits in passive avoidance (Muntoni et al., 1991), spa-
tial learning (Vaillend et al., 2004) and memory deficits
(Vaillend et al., 1995). In addition, Comim et al. (2019)
reported the presence of neuroinflammation and
depressive-anxiety-like behaviour in the mdx mice.
Dystrophin has been implicated in y-aminobutyric
acid (GABA,) receptor stabilization and clustering at
postsynaptic ~ densities of inhibitory = synapses
(Chamberlain et al., 1988; Knuesel et al., 1999; Nudel
et al.,, 1988; Pereira da Silva et al.,, 2018; Zarrouki
et al.,, 2022). Its loss causes dysfunctional signalling of
these inhibitory synapses and leads to decreased inhibi-
tory input. Interestingly, Sekiguchi et al. (2009) found
that decreased inhibitory input to amygdala pyramidal
neurons is related to enhanced fear and anxiety behav-
iours. Overall, the different forms of dystrophin play a
role not only in cerebral development but also in several
glutamatergic and GABAergic synaptic mechanisms. This
could explain the increased incidence of epilepsy in DMD
(Ramani et al., 2023) but also the partial rescue of central
nervous phenotype in MDX following the post-natal
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restoration of dystrophin (Hashimoto et al., 2022;
Zarrouki et al., 2022).

Dystrophin presents several isoforms. Those that are
expressed in the brain are Dp427, Dpl40 and Dp71
mostly in the hippocampus, amygdala and temporal and
frontal cortex (Doorenweerd et al., 2017). Dp427 is
expressed in the cerebellum at the post-GABAergic syn-
aptic side in PC (Fujimoto et al., 2023). The primary func-
tion of Dpl40 is to anchor GABA, receptors to the
postsynaptic membrane of GABAergic neurons (Knuesel
et al., 1999). Dp140 also plays a role in the early central
nervous system during the foetal stage and is implicated
in dendrite development, transcription factor activity,
neuron differentiation and chromatin modification
(Naidoo & Anthony, 2020). Dp140 also plays an impor-
tant role in glutamatergic transmission (Hashimoto
et al., 2022). The role of Dp71 is less well understood and
could also include the control of the glutaminergic path-
way, as demonstrated in the climbing fibre-PC synapse
(Helleringer et al., 2018). Electrophysiological studies
have also demonstrated decreased inhibitory input to PC
in mdx mice (Gorecki et al., 1991; Jung et al., 1991; Kueh
et al., 2008; Lidov et al., 1990, 1993; Nudel et al., 1988).

Since cerebellar PC represents the sole integrative
output of the cerebellar cortex, and their activity depends
not only on intrinsic excitability but also on synaptic
input, decreased inhibitory input due to GABA, cluster-
ing alteration may compromise their firing. Here, we
tested this, by recording cerebellar electrophysiological
activity and plasticity of PC in alert mdx mice, and
assessed the related motor coordination, balance
and motor learning which are functions traditionally
attributed to the cerebellum.

We found that the absence of dystrophin was associ-
ated with altered PC activity, characterized by a signifi-
cant increase in simple spike (SS) firing rate, regularity
and rhythmicity. Moreover, the duration of the pause
induced by complex spikes (CSs) in SS firing was signifi-
cantly longer in mdx mice. We also found the emergence
of fast (~160-200 Hz) local field potential (LFP) oscilla-
tion in the cerebellar cortex in alert mdx mice. While PC
response to electrical stimulation of the whisker pad was
similar in mdx and control mice, the cerebellar long-term
depression (LTD) induced by an 8-Hz stimulation was
disrupted in mdx mice. Finally, the behavioural results
showed that while the rotarod test revealed no significant
difference between mdx and control mice, the wire test,
catwalk and runway demonstrated a force weakness, a
mild impairment of motor coordination and balance but
a conserved behavioural learning capacity in mdx mice.
These findings confirm the existence of a cerebellar dys-
function in mdx mice that may contribute to cognitive

deficits seen in mdx mice and possibly in patients
with DMD.

2 | MATERIALS AND METHODS

2.1 | Mice

In vivo electrophysiological recordings were performed
on nine mdx (C57BL/10ScSn-Dmdmdx) and on eight
wild-type (WT) control male mice (C57BL/10ScSn), age-
matched (4-8 months), obtained from the Jackson Labo-
ratory (Bar Harbor, Maine, USA). Behavioural studies
were carried on 10 mdx and 11 WT male mice. Mice were
kept in a standard room with a day/night rhythm of
06:00/18:00 at 21°C and 50%-60% humidity. All experi-
ments were carried out during their light cycle. The
experimental protocol was approved by the Ethical Com-
mittee of the University of Mons (UMons) and the Catho-
lic University of Louvain (UCL) and conformed to
European Union directive 609/86/EU and Belgian guide-
lines for the care and use of laboratory animals. Every
effort was made to minimize the number of animals and
their discomfort.

2.2 | Invivo electrophysiology in
alert mice

221 | Surgical preparation

Nine mdx and eight WT mice (aged 4-8 months) were
surgically prepared 24 h before the first recording session
(Cheron et al.,, 2004). Mice were anaesthetized with
xylido-dihydrothiazin (10 mg/kg, i.p. Rompun®, Bayer)
and ketamine (100 mg/kg, i.p. Ketalar®, Pzifer). Animals
were administered an additional dose of xylido-
dihydrothiazin (3 mg/kg) and ketamine (30 mg/kg) if
they presented agitation or markedly increased breathing
or heart rate during the procedure. In addition, local
anaesthesia [0.5 mL of 20 mg/mL lidocaine and adrena-
line (1:80,000, Xylocaine®, Astra Zeneca)] was adminis-
tered subcutaneously during soft tissue removal. Two
small bolts were cemented to the skull to immobilize the
head during the recording session, and a silver reference
electrode was placed on the surface of the parietal cortex.
A craniotomy was performed at the level of the cerebel-
lum by progressive bone abrasion using a dental drill. An
acrylic recording chamber was constructed around the
craniotomy and covered by a thin layer of bone wax
(Ethicon®, Johnson & Johnson) in sterile conditions
before and between recording sessions.
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2.2.2 | Invivo electrophysiological
recordings

Twenty-four hours after anaesthesia and surgical proce-
dure, alert mice were restrained for the recording session.
To minimize stress for the animals and movement arti-
facts, recordings were performed in a quiet room when
the animals were calm in the setting. Criteria for PC
recording and data analysis were the same as those used
in previous studies (Cheron et al., 2004). Briefly, PC activ-
ity and cerebellar LFP were recorded in the vermis (lob-
ules IV-VIII/IXa and IXb) and over Crus I and IIa using
linearly arranged, quartz-insulated, platinum-tungsten
fibre-microelectrodes (1.2-3 MQ impedance, outer and
shaft diameter of 80 and 25 pm, respectively) with
250 pm interelectrode spacing. Each microelectrode was
mounted into a stretched elastic rubber tube enabling
proper positioning via DC-micromotors (resolution of
0.27 pm) (Eckhorn & Thomas, 1993).

2.2.3 | Data collection and analysis

The recorded signal was displayed continuously on an
oscilloscope. After amplification (1000-2000x ) and band-
pass filtering (10 Hz to 10 kHz), LFP and unitary electri-
cal activities were stored digitally at 20kHz on a
computer after conversion with an analogue-digital con-
verter (Power 1401, CED®©, Cambridge, UK). Off-line
analyses were performed using the Spike 2 CED software
(CED®, Cambridge, UK).

A neural signal was identified as a PC only if it pre-
sented two distinct types of spiking activity: SSs, charac-
terized by a single depolarization (300-800 ps) occurring
at an average frequency of 50 Hz (20-200 Hz), and less
frequent CSs (0.5-1.5 Hz), characterized by an initial fast
depolarization (300-600 ps) followed, in a relatively con-
stant manner for the same PC, by smaller components
of decreasing amplitude, called secondary spikes or
spikelets, with a total duration of 8-25 ms. These two
signals were considered as originating from the same PC
when the CS produced a transient pause (~15 ms) in SS
firing. Discrimination between SS and CS was performed
with Spike 2 CED software (waveform recognition) and
controlled visually before analysis. The regularity of PC
was measured using a coefficient of variation
(CV) defined as the quotient between the standard devi-
ation of the SS firing rate and the mean of the interspike
intervals. Autocorrelation histograms were plotted for SS
firing from a single PC (width =1 s, bin size = 1 ms).
The rhythmic frequency was defined as the reciprocal of
the latency of the first peak in the autocorrelogram of SS
firing (width =1 s, bin size = 1.0 ms). Consequently,

T Wiy L

rhythmic frequency could not be determined on flat
autocorrelograms. The strength of the rhythmicity was
quantified with a rhythm index (RI) introduced by Sugi-
hara et al. (1995). Briefly, peaks and valleys were recog-
nized if their heights and depths exceeded the mean
baseline level + standard deviation (SD) (measured at
time lags of 250-300 ms). RI was defined by the follow-
ing formula: RI=al/z+ bl/z+ a2/z+ b2/z+ .., in
which ai (i =1, 2, ...) is the absolute value of the differ-
ence between the height of the ith peak and baseline
level, bi (i=1, 2, ...) is the absolute value of the differ-
ence between the height of the ith valley and baseline
level and z was the difference between the height of the
zero time bin and the baseline level. In autocorrelograms
with no significant peaks and valleys, a value of zero
was given to the RI, and the activity was considered
non-rhythmic.

Waveform averaging was performed with the corre-
sponding function of Spike2 CED software on a 120-s
minimum recording. CS duration was measured on the
CS averaged trace during the analyzed recording and
defined as the period between the first depolarization
and the last secondary spike. The duration of SS pause
was defined as the period between the beginning of the
CS (first potential) and the beginning of the first SS after
the CS. LFP was analyzed using a 4096-point fast Fourier
transform (FFT) algorithm computed from a 15-s record-
ing sample. FFT histogram results from 14 s of recording
analyzed by a FFT size of 8096 with an Hanning window
(resolution of 3.052 Hz) (4096 bins) and a filtering from
10 to 12,500 Hz.

2.2.4 | Cerebellar LFP plasticity

Using a paradigm previously described (Marquez-Ruiz &
Cheron, 2012), we investigated the plasticity of cerebellar
LFPs evoked by electrical stimulation of the whisker
pad/region in six mdx mice and in six WT mice. An 8-Hz
stimulation frequency was used to induce cerebellar LFP
plasticity. LFP measurements elicited by single whisker
pad electrical stimuli administered randomly every
10 + 3 s were performed 15 min before and 30 min after
trains of electrical stimuli given at a frequency of 8 Hz for
10 min. Recordings were analyzed when a stable signal
was present for longer than 60 s. Electrophysiological
responses to electrical stimulation in the whisker region
were assessed by the specific configuration of the LFP
(which must show P1-N1-N2-P2-N3 components). As the
P1/N1 component reflects the evoked activity in
the mossy fibres of the granule cell layer, when this com-
ponent was stable during the experiment, we assumed
there was no extra cerebellar modification of the input
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signals. The peak amplitudes and latencies of N2 and N3
components were used as indexes of the postsynaptic
responses. These components were compared with the SS
responses of the recruited PC. For amplitude and latency
quantifications of N1, N2 and N3, 30 successive evoked
field potentials were offline averaged to collect one aver-
age data point every 5 min. For peak-to-peak amplitude
measurements, negative peaks were compared to the
trough of the preceding positive wave. When the P1 posi-
tive peak was not evident, we used the inflection point
observed in the averaged trace for the N1 measurement.
For N3 measurements, the amplitude was set as the dif-
ference between the positive peak between N2 and N3
and the negative peak of N3. Latency was determined as
the time difference between stimulus onset and N1, N2
or N3 averaged peaks. For comparisons between animals,
amplitude values for each one of the LFP’s components
were normalized by the mean values obtained during the
electrical stimuli randomly administrated before the 8-Hz
stimulation, for statistical analysis.

2.3 | Calcium-binding protein
quantification in the cerebellum of
mdx mice

2.3.1 | Immunofluorescence labelling

Mice were anaesthetized with ketamine (Ketalar
75 mg/kg) and xylazine (Rompun 5 mg/kg) solution.
Mice were perfused transcardially with 4% paraformalde-
hyde in phosphate-buffered saline (PBS). The whole
brain was removed. Samples were rinsed three times in
cold PBS and cryoprotected in a sucrose gradient (10%,
20% then 30% sucrose/PBS) at 4°C. Tissues were embed-
ded in PBS/15% sucrose/7.5% gelatin and frozen in iso-
pentane at —25°C. Samples were cut (20 pm) in a sagittal
plane using a Microm HM500 cryostat, and sections were
collected on Superfrost Plus Slides (Thermoscientific,
Pittsburgh, PA). Cryosections were dried at room temper-
ature and stored at —20°C. For immunofluorescence,
cryosections were saturated with PBS/10% horse
serum/0.1% Triton for 30 min at room temperature.
Slides were dip-rinsed with PBS. Primary antibodies
diluted in PBS/10% horse serum/0.1% Tween were incu-
bated overnight at 4°C. Slides were washed thrice in
PBS/0.1% Tween and incubated with secondary anti-
bodies and Hoescht 33342 (Sigma) in the same solution
as for primary antibodies for 1 h at RT. After washing in
PBS/0.1% Tween and PBS, slides were mounted with a
fluorescent mounting medium (DAKO, Via Real,
Capinteria, CA, USA). Primary antibodies were rabbit
anti-calbindin protein (1:10,000, Swant, CB38), goat anti-

Calretinin (1:5000), goat anti-parvalbumin (1:5000) and
mouse anti-dystrophin (1:5, Novocastra, NCL-DYS1). Sec-
ondary antibodies from Life Technologies were diluted
1:2000. Pictures were taken with a Zeiss Axiovert 200 M
inverted microscope (x20 fluorescence objective) (Zeiss
Belgium, Zaventem, Belgium).

3 | MRNA ANALYSIS

Mice were sacrificed, and cerebella were dissected, snap-
frozen in liquid nitrogen and stored at —80°C until pro-
cessing. Total RNA was isolated from the cerebellum
using TRIzol reagent (Ambion, Invitrogen) as described
by the manufacturer. Recovery was 1 pg/mg of tissue.
Reverse transcription and real-time quantitative polymer-
ase chain reaction (PCR) were done as previously
described (Zanou et al., 2012). Accession numbers for the
sequences and primers used were parvalbumin,
NM_013645.3 (AGGATGAGCTGGGGTCCATT-TTTCAG
CCACCAGAGTGGAG); calbindin, NM_009788.4
(ATTTCGACGCTGACGGAAGT-GTGGGTAAGACGTG

AGCCAA); calretinin, NM_007586.1(TGGCATGATGTC-
CAAGAGCG-ATTCTCTTCGGTCGGCAGGA);  Slclas,
NM_009200.3 (GGTGGTGTGTTGCCCCTTAT-CCAG
GCAGCGGAAAGTGATA); Gngl3, NM_022422.5
(CTGCTTTTGCTGTCTCCTCCAA-CCAGTTGGTACTT-

GAGGCTCT); and  Cyclophilin D, BCO019778
(CGTCCAGATGAGGAGTCGGA-TAAGCATGATCGGG
AGGGTT) used as the reporter gene.

Primers were tested to avoid primer dimers, self-
priming formation or nonspecific amplification. The
primers were designed to have standardized optimal PCR
conditions.

3.1 | Behavioural testing
Behavioural tests were done on 4-month-old mice
(10 mdx vs 11 control male mice).

3.1.1 | The accelerating rotarod

This test assesses the mouse ability to stay balanced on
an accelerating (4 to 40 rpm over 300 s) rotating rod
(Panlab-Bioseb, Vitrolle France). Mice received three tri-
als per day for five consecutive days and were allowed to
rest for at least 5 min between trials. The latency to fall
off the Rotarod was recorded. Animals staying for 300 s
were taken from the rotarod and recorded as 300s. A
retention test was performed 9 days after the last training
session to assess long-term motor learning ability.
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3.1.2 | The runway test

This test assesses the mouse’s ability to go across an ele-
vated narrow runway (100 cm long, 1.2 cm wide, 50 cm
high) towards their home cage. Low obstacles, consisting
of wood rods (1 cm diameter, 1.2 cm width), were placed
every 10 cm to hinder their progression. Mice received
five trials per day for four consecutive days. Crossing
time, number of falls and number of times the feet
slipped off the runway were noted. A retention test was
performed 8 days after the last training session to assess
long-term learning ability.

3.1.3 | The catwalk test

This test was used to assess the gait of spontaneously
walking mice by a computer-assisted automated quanti-
tative gait analysis system (Catwalk 7.1, Noldus; Wagen-
ingen, The Netherlands). Paw print recording allowed
analysis of various aspects of walking steps such as the
basis of support (Vandeputte et al., 2010). Three runs
were performed per animal per day, for three consecutive
days, and analysis was performed on the fastest
uninterrupted run.

3.1.4 | The wire test

In this test, we have followed the protocol of Zanou et al.
(2010). The mice were suspended by their forelimbs from
a 1.5-mm-thick, 60-cm-long metallic wire at 45 cm above
soft ground. The time until the mouse completely
released its grasp and fell was recorded. Three trials were
performed per session, with a 30-s recovery period
between trials. The maximum time per trial was set to
180 s. For each mouse, the scores of the three trials were
averaged.

3.2 | Statistical analysis

For in vivo electrophysiological and behavioural experi-
ments, statistical differences between genotype groups
were performed using the software R version 4.0.5. The
normality of distributions was analyzed with Shapiro-
Wilk tests; then, the homogeneity of variances (F tests)
was analyzed. Depending on these analyses and normal-
ity of distribution of variables, T test or Wilcoxon Mann-
Whitney tests were used appropriately. The outliers were
also identified, and the effect of outliers removing was

checked. The results are reported as mean + SD and
illustrated in box plots. The level of significance was set
at p < 0.05. For the rotarod and runway, statistical differ-
ences between groups were compared using two-way
repeated analysis of variance (ANOVA) with Bonferroni’s
post hoc test. For the catwalk test, statistical differences
between groups were compared using Student’s f-test
with STATISTICA 6.0 statistical software package
(StatSoft, Tulsa, Oklahoma, USA).

4 | RESULTS

4.1 | SSfiring rate, regularity and
rhythmicity are significantly increased in
alert mdx mice

A total of 148 PC (100 in mdx and 48 in WT) were
recorded and analyzed in nine mdx and eight WT mice.
Figure 1 illustrates examples of typical extracellular
recordings of PC (left) and corresponding autocorrelo-
grams (right) in two controls (Figure 1(a,b)) and two mdx
mice (Figure 1(c,d)). Spontaneous SS firing rate was sig-
nificantly higher in mdx mice (104.9 + 59 Hz in mdx
mice vs. 67.3+29.9 Hz in control mice, p < 0.001)
(Wilcoxon Mann-Whitney test) (Figure 1(e)). PC firing
recorded in mdx mice was also more regular, as demon-
strated by the significantly decreased CV (0.20 + 0.11 in
mdx mice vs. 0.34 + 0.20 in control mice, p < 0.0001)
(Wilcoxon Mann-Whitney test) (Figure 1(f)). This was
accompanied by a significant increase in SS firing rhyth-
micity, as illustrated by the SS autocorrelograms present-
ing numerous side peaks in mdx mice (Figure 1(c,d),
right) in comparison to the flat autocorrelogram in con-
trol mice (Figure 1(a,b), right). This effect was quantified
by the RI, showing a significant increase (p < 0.0001)
(Wilcoxon Mann-Whitney test) in mdx (0.29 + 0.36)
compared to control mice (0.08 + 0.06) (Figure 1(g)).

4.2 | Post-CS pause is longer in mdx mice
CS firing rate was similar in both groups (0.9 + 0.4 Hz in
mdx mice vs. 0.9 £ 0.3 Hz in control mice, p > 0.05)
(Figure 2(a)). The CS mean duration was longer in mdx
mice (9.5 + 2.8 ms in mdx mice vs. 8.6 + 1.6 ms in con-
trol mice) but the difference was not significant)
(Figure 2(b)) and CS were followed by a significantly lon-
ger pause in SS firing in mdx mice (14.69 + 5.23 ms in
mdx mice vs. 11.65+243ms in control mice,
p < 0.0001) (Wilcoxon Mann-Whitney test) (Figure 2(c)).
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FIGURE 1 Purkinje cells firing is altered in mdx mice. Representative extracellular recordings (left) of a Purkinje cell in two control (a,

b) and two mdx (c, d) mice with corresponding simple spikes autocorrelograms computed on a 120-s sample (right). Arrows indicate

complex spikes (CS). Central peak artifacts in the autocorrelograms were shortened. Box plots of simple spikes (SS) firing rate (e), coefficient
p P p g p ple sp g

of variation (CV) (f) and rhythm index (g) in control (Crtl) (n = 48) and in mdx (n = 100) Purkinje cells. Bars indicate standard deviation
(in this figure and in the following ones, *p < 0.05; **p < 0.01, ***p < 0.001; ***p < 0.0001) (Wilcoxon Mann-Whitney test). mdx, muscular

dystrophy X-linked mouse.

4.3 | mdx mice present fast LFP
oscillation in the cerebellar cortex

Given the increased rhythmicity of PC in mdx mice, we
investigated the presence of LFP oscillation (LFPO)
(Cheron et al., 2004). All mdx mice (n = 9) presented fast
(~160-200 Hz) LFPO, reaching maximal amplitude close
to the PC layer (Figure 3(a)), in all explored parts of the
cerebellum, whereas none of the control mice (n = 8)
did. Recordings of LFPO at various depths of the cerebel-
lar cortex (50-400 pm) in an mdx mouse and correspond-
ing FFT analysis are illustrated in Figure 3(b). Fast LFPO
amplitude increased progressively as the electrode
approached the PC layer, reaching maximal amplitude
close to the PC layer (depth 200 pm). Fast LFPO disap-
peared at 300 pm, a depth corresponding to the granular
cells layer. The fast LFPO was not constant throughout
the recordings but occurred as spindle-shaped episodes of
oscillations (maximal amplitude 0.35 + 0.10 mV) with a

mean rate of occurrence of 8.5 + 2.0 episodes per second.
FFT analysis demonstrated a main frequency of 194.6
+ 47.2 Hz (Figure 3(b)). For highlighting the difference
of LFPO power in mdx versus WT mice, we illustrated in
eight mutants (Figure 4(a)) and eight WT (Figure 4(b))
mice the LFPO FFT histogram recorded in the PC layer
level showing that the power of 200 Hz LFPO were more
than 16 times stronger in mdx mice.

4.4 | Cerebellar LTD is altered in alert
mdx mice

To assess whether the LTD abnormalities observed in
cerebellar slices (Knuesel et al.,, 1999) also occurred
in vivo, we applied to alert mdx mice a previously
described cerebellar LTD protocol (Mdarquez-Ruiz &
Cheron, 2012). LFP evoked responses in WT (Figure 5(a))
upper traces) and mdx mice (lower traces) demonstrated
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FIGURE 2 Box plot graphs of complex spikes (CS) firing rate
(a), duration (b) and SS pause (c) in control (Ctrl) (n = 48) and in
mdx (n = 100) Purkinje cells. Bars indicate standard deviation. SS,
simple spikes.

the classical N1-N2-N3 evoked components before (black
traces) and after the 8-Hz stimulation (red traces), where
N1 reflects presynaptic input and N2 and N3 reflect the
postsynaptic response at the recording site (Figure 5(b),
upper black trace).

Following 10 min of the 8-Hz stimulation, the laten-
cies of the N2 and N3 peaks increased in WT mice
(Figure 5(b), upper red trace) and a marked decrease in
the amplitude of the N3 component was observed (see

T Wiy L

* in Figure 5(b) upper red trace). This effect was maxi-
mal just after conditioning (~50% amplitude decrease)
and lasted for over 30 min. In contrast, no significant
change in N1 or N2 amplitude was observed upon
conditioning.

Mean LFP amplitude (Figure 5(c-e)) and latency
changes (Figure 5(d-f)) were quantified for each of the
LFP components (N1: black trace, N2: blue trace, and
N3: red trace) by comparing averages over each 5-min
interval before and after the 8-Hz stimulation protocol.
The LTD effect on the N3 amplitude present in WT mice
(Figure 5(b,c)) was absent in mdx mice (Figure 5(e)). In
contrast, the LTD effect on N2 and N3 latencies remained
present but in a less extent in mdx mice (Figure 5(d,f)),
indicating that plasticity of the timing shift of these
responses was conserved.

4.5 | Calcium-binding protein expression
is normal in the cerebellum of mdx mice

To test whether the LFPO is related to abnormal expres-
sion of calcium-binding proteins whose deletion induces
similar LFPO (Cheron et al., 2004), we performed immu-
nofluorescence staining and PCR of the cerebellum for
calbindin, parvalbumin and calretinin. Calretinin is
expressed in Golgi, Lugaro and unipolar brush cells. Cal-
bindin D-28 K (Cb) is present only in PC; however, par-
valbumin (Pv) is present in both molecular interneurons
and PC (Schwaller et al., 2002). The level of expression of
these three proteins was not different in the cerebellum
of mdx and WT mice (Figure 6(a)).

4.6 | mdx mice display deficits in motor
coordination and balance skills

Given the predominant expression of dystrophin in PC
and the observed alterations of PC activity in mdx mice,
we evaluated different motor function tests to assess
whether motor force, coordination and balance were
impaired in these mice.

mdx mice did not exhibit any obvious behavioural
alterations when observed under standard housing condi-
tions. During the wire test, mdx mice lost their grip much
faster than WT mice (20 + 9 s in mdx mice vs 48 + 15 s
in control mice, p < 0.001). In contrast, on the accelerat-
ing rotarod, the latency to fall was not significantly differ-
ent in mdx mice compared to controls (p > 0.05, one-way
ANOVA and p > 0.05 for the parameter genotype and
interaction genotype-day, two-way ANOVA) (Figure 7
(a)). Both groups improved their performance with time,
suggesting the absence of motor learning impairment in
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FIGURE 3 Spatial mapping of LFPO at
various depths of the cerebellar cortex (50—
400 pm) in an mdx mouse (a) and a

representative successive LFPO FFT analysis
recorded along a track performed around the PC
layer (b). FFT histograms of the LFPO signals

recorded at the corresponding depth along the
track. The same LFPO profile was reproduced
around the PC layer identified by PC recording;
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only the first 500 Hz is illustrated. FFT, fast
Fourier transform; LFPO, local field potential
oscillation; mdx, muscular dystrophy X-linked
mouse; PC, Purkinje cell.

mdx mice for this task (p < 0.005 for the parameter day,
two-way ANOVA). In the runway test, mdx mice made
significantly more slips, although their performance
improved significantly over time [two-way ANOVA (days
1-5): genotype p < 0.005, day p < 0.005, interaction
genotype-day] (Figure 7(b)) (Student’s t-test p < 0.05;
J1-J4 mais NS J5 et J12, Bonferonni NS). However, the
time to go across the runway was not significantly differ-
ent between control and mdx mice and there were no
falls in either group (data not shown). The analysis of the
retention tests, carried out a week (Figure 7) or 2 months
(data not shown) after the last training session, did not
reveal any significant difference in performance between
the two groups (p > 0.05, two-way ANOVA and Bonfer-
onni), suggesting that motor learning ability is not
impaired in mdx mice. The Catwalk test showed a signifi-
cant widening of the base of support between the fore-
limbs in mdx mice (13.03 +1.02 mm in mdx mice
vs. 11.49 + 0.71 mm in WT mice, p < 0.01, Student’s t-
test) (Figure 7(c)) and between the hindlimbs (23.73
+ 0.81 mm in mdx mice vs. 21.77 + 2.12 mm in control
mice, p < 0.01, Student’s t-test) (Figure 7(d)). Altogether,

these results indicate impaired force, motor coordination
and balance skills in mdx without motor learning ability
impairment.

5 | DISCUSSION

5.1 | Motor coordination and learning

As regards motor function, the significant weakness of
the mdx mice in the wire test contrasts with the mainte-
nance of performance in the accelerating rotarod test.
However, both tests can be influenced not only by muscle
force weakness well recognized in the absence of dystro-
phin but can also be significant in case of gait problems
or just in case of obesity. Extreme fatigue was also
reported in mdx mice that may influence all the beha-
vioural testing. We cannot make direct causal relation-
ships between the impairment revealed by the different
behavioural testing and the electrophysiological alter-
ation of the PC, because muscle force weakness while
present (see the wire test) was not generalized to other
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FIGURE 4 FFT histograms of 200 Hz
LFPO recorded in eight mdx (a) and eight
control mice, Crtl (b). Notice the smaller power

—~
2

values and wider frequency spectrum for control
vs. mdx mice. FFT, fast Fourier transform;
LFPO, local field potential oscillation; mdx,
muscular dystrophy X-linked mouse.
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behavioural tests and because functional compensation
which may occur outside of the cerebellum cortical net-
work in the mutant. However, the impairments reported
during the runway and the catwalk test are consistent
with cerebellar dysfunction and in accordance with previ-
ous studies reporting impairments in motor function in
mdx mice, including balance (Grady et al., 2006), righting
reflex and negative geotaxis (Rafael et al., 2000). More-
over, ataxia has been reported in older mdx mice
(Bulfield et al., 1984). In contrast, performance on the
accelerating rotarod was not significantly different in
mdx mice compared to their controls. mdx mice

improved their performance with time, suggesting effec-
tive motor learning and retention tests did not demon-
strate defects in memory.

5.2 | Electrophysiological alteration of
mdx PC

Since PC constitutes the sole output of the cerebellar cor-
tex, the regulation of their firing is crucial for cerebellar
function, and PC alterations are expected to have reper-
cussions in diverse functions controlled by the
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FIGURE 5 Experimental design and LFP response to electrical stimulation of mouse whiskers and changes in cerebellar LTD in alert
mice. (a) Facial dermatomes of the whisker region were electrically stimulated with a pair of needles under the skin. Sensory information
comes into the Crus II area from the trigeminal nucleus (Tn) in the brainstem, which receives afferent signals from the trigeminal ganglion
(Tg). (b) Early response associated with sensory input in the cerebellum via the trigeminal nucleus is characterized by N1-N2-N3
components. Averaged superimposed traces of the evoked field potential components before the 8-Hz stimulation protocol (black trace) and
30 min after the 8-Hz stimulation protocol (red trace) in control (top) and in mdx mice (bottom). The red star indicates the decrease of the
N3 amplitude after the 8-Hz stimulation in control mice. The time course of N1 (black trace), N2 (blue trace) and N3 (red trace) amplitude
(c-e) and latency (d-f) changes before (negative periods) and after (positive periods) the 8-Hz stimulation protocol (not shown) in four mdx
(n = 27) and five WT mice (n = 15). Mean normalized data represent the peak amplitude of the different components calculated for each
5-min interval (c—€) and the time difference at peak latency between each 5-min interval and the mean value measured in control conditions

(d-f). Data points are mean + SEM. Significant differences between mdx and control mice are indicated with asterisks (Student’s ¢-test,
*p < 0.05). LFP, local field potential; LTD, long-term depression; mdx, muscular dystrophy X-linked mouse; SEM, standard error of

the mean.

cerebellum. The fact that the basic cytoarchitecture of the
different cell layers of the mdx mice cerebellum is well-
preserved and that the inhibitory neurons presented the
same regional organization as those in control mice (Stay
et al., 2019) allowed us to focus on the functional aspect
of PC.

Adult SS discharges of the PC represents the integra-
tion of four main influences: (1) the pacemaker intrinsic
activity (Hdusser & Clark, 1997), (2) the GABAergic syn-
aptic signals from molecular interneurons (MLI) (basket
and stellate cell), (3) the glutamatergic synaptic signals
from the parallel fibres and (4) the CS signalling from the
climbing fibre. Concerning the first factor, there is only
one patch-clamp study on dissociated PC (Snow
et al., 2014) available which failed to demonstrate a sig-
nificant difference in cell capacitance, input resistance,
action potential threshold and action potential slope,
between mdx and control. This may indicate that the
pacemaker intrinsic activity factor is not altered. In con-
trast, this study reported that spontaneous PC firing was

lower in vitro mdx PC in the lateral part of the cerebel-
lum but not in the vermal region.

Electrophysiological results showed that SS firing
rate, regularity and rhythmicity were significantly
increased in alert mdx mice. Our group previously dem-
onstrated that mice lacking calcium-binding proteins
have increased SS rhythmicity and synchronicity that
may sustain the emergence of fast LFPO (Cheron
et al., 2004). Given the increased rhythmicity of PC in
mdx mice, we investigated the presence of LFP oscilla-
tions, and we found that SS increased firing rate and
enhanced rhythmicity in mdx mice were also associated
with the emergence of fast LFPO (~160-200 Hz) in the
cerebellar cortex of alert mdx mice. In accordance with
our previous studies on fast pathological LFPO (Cheron
et al., 2004, 2005; Servais et al.,, 2005, 2007; Sicot
et al.,, 2017), we here showed that the PC populations
appear to be the major generator of the fast LFP oscilla-
tions, as suggested by the depth recording profile
(Figure 3) and by previous findings demonstrating
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FIGURE 6 Quantification of three
major calcium-binding proteins in the

max

cerebellum. Co-immunofluorescence
detection of dystrophin (green) and
calbindin protein (red) on sagittal
sections of cerebellum of C57 and mdx
mice (a). Immunofluorescence detection
of dystrophin, calbindin and co-
expression of dystrophin and calbindin
in sagittal sections of cerebellum of C57
and mdx mice (b). Expression levels of
parvalbumin, calbindin, and calretinin
were not significantly different between
C57 and mdx mice (the parvalbumin
and calretinin were not illustrated).
Gngl3 and Scla6 expression levels were
used as specific markers of PC (c).
Results are mean + SEM (three to four
mice per group). Statistical analyses
were performed using Student’s ¢-test.
Statistical significance was set at

p < 0.05. mdx, muscular dystrophy
X-linked mouse; SEM, standard error of
the mean.
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synchronization between fast LFPO and both SSs and
CSs, and LFPO synchronization along the parallel fibre
beam (Cheron et al., 2004).

Among the other factors, the alteration of the
GABAergic synaptic signalling presents itself as the first
candidate explaining the increase of the SS firing in alert
mdx mice. In vivo PC discharge spontaneously at a highly
irregular rate and are poorly rhythmic in alert animals
(Cheron et al., 2004, 2005; Goossens et al., 2001).
Although the functional meaning of the irregular sponta-
neous discharge in PC is not known yet, a theoretical
study has suggested that it helps PC to respond rapidly,

« C56
* mdx

Calbindin Calretinin Gng13 Sc1a6

sensitively and linearly to external inputs (van
Vreeswijk & Sompolinsky, 1996). Therefore, the
increased firing rate and enhanced regularity and rhyth-
micity of SS discharge in alert mdx mice would induce a
less adaptable and flexible PC response. The highly regu-
lar, rhythmic firing pattern of PC suggests a functional
disorganization of the cerebellar cortex in mdx mice. PC
appears to be ‘trapped’ in stereotyped, non-adaptable fir-
ing. It was demonstrated (Hdusser & Clark, 1997) that
this irregular discharge is not caused by excitatory synap-
tic drives but by tonic influences from inhibitory inter-
neurons. They also demonstrated that blockade of
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FIGURE 7

Mdx mice display mild impairment in motor coordination and balance skills. (a) Accelerating rotarod test (two-way

ANOVA, p > 0.05). (b) Runway test (two-way ANOVA, p < 0.005, ***). Behavioral tests were performed on n = 10 mdx and n = 11
WT. Data points are mean + SD. (a) Accelerating rotarod showing no significant difference in latency to fall in mdx mice compared to their

controls (p > 0.05, one-way ANOVA, and p > 0.05 for the parameters genotype and interaction genotype-day, two-way ANOVA) and

improvement of performance over time in both groups, suggesting the absence of motor learning impairment in mdx mice (p < 0.005 for the

parameter day, two-way ANOVA). (b) Runway test: mdx mice (black square) made significantly more slips, although their performance

improved significantly over time (two-way ANOVA [days 1-5]: genotype p < 0.005, day p < 0.005, interaction genotype-day). (c, d) Box plots

of the catwalk test (BOS, basis of support; Student’s ¢-test, p < 0.01, **). ANOVA, analysis of variance; mdx, muscular dystrophy X-linked

mouse; SD, standard deviation; WT, wild type.

somatic GABAA receptors in PC can cause slight depolar-
ization of membrane potential and concomitant increases
in action potential regularity and frequency. Further,
focal application of GABA to Purkinje neuron somata
results in membrane hyperpolarization and diminished
spontaneous firing (Okamoto et al., 1983).

In agreement with this, we demonstrate that the loss
of dystrophin and the possible (see below) decreased
inhibitory drive significantly increases the rate, regularity
and rhythmicity of PC SS discharge. Surprisingly, Stay
et al. (2019) reported a small decrease of the SS firing and
an increase of irregularity in mdx mice. Despite a clear
demonstration of a reduction in the inhibitory input of
MLIs on the PC of mdx mice, Wu et al. (2022) do not
observe a significant difference in the basal firing fre-
quency of PC but show a greater amplitude excitatory
response of CP during sensory stimulation. The presence

of an important overlapping between the study of Stay
et al. (2019) (lobules VI-VII), the one of Wu et al. (2022)
(Crus I-II and VI-VII lobules) and the present study
(Crus I-II and IV-VIII/IXa and IXb lobules) cannot
entirely explain these discrepancies. These can be partly
explained by other factors such as the fact that female
mice were used in Stay et al. (2019) but only male were
used in Wu et al. (2022) and in the present case. The
brain state of the awake mice during the recording can
be a more potent factor. For example, the recording was
made in some experiments on the first day, more than
1 h after the surgery in Wu et al. (2022) and at least 1 day
after the surgery in the present case. The behavioural
condition was not the same, the mice were placed on a
foam wheel allowing free movements of the four limbs in
Wu et al. (2022) while in our case, the mice were placed
in a soft plastic tube restraining the limb movements.
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Another factor could be linked to the type of electrode;
high-electrode density silicon probe was used by Wu
et al. (2022) and tungsten Eckhorn electrode in Stay et al.
(2019) and in the present study.

Empson et al. (2013) demonstrated that an enhance-
ment of the MLI activity effectively reduced the fre-
quency and the regularity of the PC of PMCA2 knockout
mice presenting ataxia. At the opposite, the dysfunctional
signalling at GABA synapses on PC due to the loss of dys-
trophin (PC) causing destabilization of GABA, receptor
clustering (Chamberlain et al., 1988; Knuesel et al., 1999;
Nudel et al., 1988; Zarrouki et al., 2022) and the increased
rate of [3H]-GABA uptake in synaptosomes of mdx PC as
reported by Pereira da Silva et al. (2018) would logically
induce a disinhibition of the mdx PC explaining the SS
firing increase and the emergence of the fast LFPO.

In favour of this possibility, when GABA(A) antago-
nist bicuculline was infused into the slice, the amplitude
of the miniature IPSCs was less in mdx PC than in con-
trol, and more indirectly, the increase in EPSP amplitude
in the presence of bicuculline was also less than in con-
trol (Anderson et al., 2003). The decrease of the minia-
ture IPSC in mdx PC was confirmed by Kueh et al.
(2008). These authors also demonstrated later (Kueh
et al., 2011) that if the number of receptors at the PC
GABAergic synapses was importantly reduced in mdx
PC, they functioned normally. However, they also dem-
onstrated by infusion of gaboxadol (an agonist of extra-
synaptic GABAA receptors) a reactive increase of the
number of extra-synaptic GABAA receptor gaboxadol in
this mutant. The fact that the holding current was also
increased in the mdx PC (65 pA in mdx versus 37 pA in
control) in the presence of gaboxadol (Kueh et al., 2011)
moderates the possibility that the present SS frequency
increase in mdx PC was mainly due to a reduced
inhibition.

Surprisingly, whole-cell recording performed in
urethane-anaesthetized mice (Jin et al.,, 2017) demon-
strated that the application of gabazine (GABAA recep-
tors antagonist) did not modify the SS firing rate. In
contrast, an AMPA receptor blocker abolished CS activity
and induced significantly increased SS firing rates and a
decreased CV SS value.

In addition to a role in GABA4 receptor anchoring
and clustering, dystrophin forms a multi-protein
dystrophin-associated glycoproteins complex (DGC) in
the CNS similar to that seen in muscle (Waite
et al., 2009). In brain tissue, components of the DGC,
including dystrophin, interact with several ion channels,
such as voltage-gated Na* channels (Gee et al., 1998) and
inward rectifier K™ channels (Connors et al., 2004), and
are implicated in stabilizing multiple ion channels that
are crucial to PC excitability.

As CS directly reflects the firing activity of olivary
neurons, the conserved CS firing rate in mdx mice sug-
gests that the cerebello-olivary loop is not altered in mdx
mice. In the same line, as it was demonstrated that the
duration of the pause in SS, triggered by the CS, depends
on the PC dendritic spikes (Davie et al., 2008), the pre-
sent increase of the pause duration may indicate a con-
served action of the dendritic spikes of the mdx PC.

5.3 | Dystrophin and calcium
homeostasis

Several elements point out the role of dystrophin in cal-
cium homeostasis. In dystrophic muscle tissue, the loss of
dystrophin and its associated DGC leads to increased
intracellular Ca*" levels that contribute to its pathology
(Whitehead et al., 2006). The PC activity is strongly regu-
lated through the mossy fibre and olivocerebellar systems
(Welsh et al., 1995) and through dynamic mechanisms
involving intracellular Ca®* fluxes (Llinds &
Sugimori, 1980). In the mdx mouse sensorimotor cortex,
the number of neurons positive for the cytosolic Ca**-
buffer, calbindin, is increased relative to controls
(Carretta et al., 2003).

Concerning the presence of dystrophin in the granu-
lar layer (Nicchia et al., 2008), Haws and Lansman (1991)
reported that Ca®"-channel kinetics are aberrant in mdx
granule cells, as channels remain open substantially lon-
ger than in WTs (Haws & Lansman, 1991). Furthermore,
Steinhardt’s group used Ca”*"-sensitive dyes to demon-
strate that resting Ca*" level was elevated in cultured
mdx granular cells (Hopf & Steinhardt, 1992). This is in
agreement with the increase in calcium-positive neurons
reported in the mdx mice (Tuckett et al., 2015) and could
lead to an increased intrinsic excitability of the afferent
granule cells and therefore hurt PC activity. Such a situa-
tion has been encountered in calretinin knockout mice
where the SS frequency was increased and accompanied
as in the present mutant by fast LFPO (Schiffmann
et al., 1999). These electrophysiological alterations and
related ataxia were restored (Bearzatto et al., 2006) by a
selective re-expression of calretinin in granule cells. This
indicates that the fine excitability tuning of these cells
through the regulation of Ca*" homeostasis plays a cru-
cial role in the final integrative function exerted by the
PC. However, a same scenario with a deficit in calcium-
binding proteins seems unlikely in the present case
because we did not demonstrate any significant differ-
ence in the expression of the three major calcium-binding
proteins, namely parvalbumin, calbindin and calretinin
proteins in the cerebellum of mdx mice compared to con-
trols (Cheron et al., 2004). However, to exclude Ca*"

85U8017 SUOWWIOD AITe1D) 8|qedl[dde 8y} Ag peusenob aJe So o1l O ‘8sN J0 S8|nJ o} Akeid18UIIUO AS|IA UO (SUONIPUOD-PUB-SWLB) W00 A8 1M Afe.d1|BulUy//:SANy) SUONIPUOD pue swie | 8y} 8es *[yZ0z/zT/20] uo Ariqiauliuo Ae|im ‘969178d 915:eAN AQ 99G9T UB/TTTT OT/I0P/WO0d A8 imAreIq1julu0//:Sdny Woly pepeojumod ‘0T ‘720z ‘895609 T



PRIGOGINE ET AL.

= LwiLEy- DN

homeostasis implication, extended investigations will be
needed.

5.4 | Impairment of LTD and increasing
of CS duration and SS pause

In contrast to the conserved CF functions in the mdx
mice, the LTD of the N3 component [originating from
the PF-PC synapse (Marquez-Ruiz & Cheron, 2012)] was
absent. This alteration is compatible with the absence of
in vitro LTD in the same mutant (Anderson et al., 2010).
Moreover, another similitude between this in vitro exper-
iment and the present in vivo was the conservation of the
presynaptic (before the PF-PC synapse) plasticity recipro-
cally represented by the preserved paired-pulse facilita-
tion and the preserved N2-N3 timing plasticity in mdx
mice. In this context, Steuber et al. (2007) have shown
with in vitro and modeling approaches that after the LTD
induction, the stimulation of the parallel fibre (PF) was
able to evoke a delayed timing of the second and the
third PC spikes of the evoked burst pattern. In this situa-
tion, only the modification at the PF-PC synapses can
explained this timing plasticity. This is like the present
delayed latencies of the N2-N3 component quite less
strong in mdx than in WT mice. However, we cannot
avoid the possibility that the observed time-delay was
due to plasticity at the mossy fibre-GC synapses which
was demonstrated in vitro (Mapelli & D’Angelo, 2007)
and in the anaesthetized rat (Roggeri et al., 2008). This
possibility is theoretically supported from the notion that
the mossy fibre-GC synapses, regulated by Golgi cells,
make a template for timing adjustments of the mossy
fibre input (D’Angelo et al., 2009). Interestingly, the
absence of the same type of LTD for both the amplitude
of the N3 component and the timing plasticity of N2-N3
in the specific knockout for the BK channels of the PC
(Cheron et al., 2018) and the conserved timing plasticity
in the present mdx mice show that the two types of plas-
tic changes, namely N2-N3 time shift and N3 amplitude
decrease, involve different mechanisms. The absence of
LTD on N3 amplitude may be explained by an imbalance
in PC excitatory inhibitory input altering the LTD process
but conserving N2-N3 timing plasticity.

In accordance to the present findings of an increase
of the SS pause, Helleringer et al. (2018) demonstrated in
selective Dp71knockout mice slice a selective increase of
the glutamatergic transmission at the climbing fibre-PC
synapses but not at the parallel fibre-PC synapses. This
enhanced excitatory drive was associated with deficient
synaptic plasticity and alteration of clustering of scaffold-
ing postsynaptic density protein PSD-95. The genetic loss
of Dp71 has been associated to intellectual deficiency

(Daoud et al., 2009); Dp71 is the most important
dystrophin-gene product in the adult brain and is
expressed in both glial and neuronal cells (Nicchia
et al., 2008; Tadayoni et al., 2012). The reported expres-
sion of Dp71 in the cerebellar Bergmann glial cells is par-
ticularly relevant because similar high-frequency
(200 Hz) LFPO was found in the cerebellum of DMXL
mice (a mouse model of the myotonic dystrophy type 1)
in association with abnormal PC firing, RNA toxicity in
Bergmann glia and motor incoordination (Sicot
et al., 2017). In addition, the same study showed that the
membrane transporter (GLT1) mainly expressed by the
Bergmann glia to clear glutamate release was downregu-
lated in the DMXL mice, inducing an increased excitation
of the PC and the emergence of 200 Hz LFPO as in the
present case. We may thus speculate based on Hellerin-
ger et al. (2018) and Sicot et al. (2017) studies that defec-
tive neuroglial communication remains a possible
explanation of the present abnormalities recorded in the
mdx mice cerebellum. This possibility should be investi-
gated in future investigations.

6 | CONCLUSIONS

To our knowledge, we performed the first study in alert
mdx mice comparing in vivo PC firing and cerebellar
LTD. We demonstrated altered PC firing, the emergence
of fast LFP oscillations and significant impairment of
LTD in mdx cerebellar PC in vivo, pointing to an essen-
tial role for dystrophin in neuronal responsiveness and
connectivity. These findings demonstrate the existence of
a cerebellar dysfunction expressed here by impairment
during the runway and the catwalk test in mdx mice. We
hypothesize that similar cerebellar dysfunctions may be
present in patients with DMD. Our results support the
hypothesis that cognitive deficits associated with DMD
could, indeed, be mediated by the loss of dystrophin pro-
tein in the central nervous system.
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