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Abstract

Alzheimer’s disease is histopathologically well defined by the presence of amy-

loid deposits and tau-related neurofibrillary tangles in crucial regions of the

brain. Interest is growing in revealing and determining possible pathological

markers also in the cerebellum as its involvement in cognitive functions is now

well supported. Despite the central position of the Purkinje cell in the cerebel-

lum, its electrophysiological behaviour in mouse models of Alzheimer’s disease
is scarce in the literature. Our first aim was here to focus on the electrophysio-

logical behaviour of the cerebellum in awake mouse model of Alzheimer’s dis-
ease (APPswe/PSEN1dE9) and the related performance on the water-maze test

classically used in behavioural studies. We found prevalent signs of electro-

physiological alterations in both Purkinje cells and deep cerebellar nuclei neu-

rons which might explain the behavioural deficits reported during the water-

maze test. The alterations of neurons firing were accompanied by a dual (�16

and �228 Hz) local field potential’s oscillation in the Purkinje cell layer of

Alzheimer’s disease mice which was concomitant to an important increase of

both the simple and the complex spikes. In addition, β-amyloid deposits were

present in the molecular layer of the cerebellum. These results highlight the

importance of the output firing modification of the AD cerebellum that may

indirectly impact the activity of its subcortical and cortical targets.
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1 | INTRODUCTION

Alzheimer’s disease (AD) is one of the most debilitating
neurodegenerative pathologies of the aging brain, charac-
terized by a progressive cognitive decline (Jacobs
et al., 2018) and sometimes accompanied motor impair-
ment (Bologna et al., 2020). AD is histopathologically
defined by the presence of amyloid deposits and
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tau-related neurofibrillary tangles, which are associated
with loss of synapses and neurons in crucial regions of
the brain (He et al., 2009; Ray & Buggia-Prevot, 2020; Yu
et al., 2017). These histopathological traits are well identi-
fied with cerebrospinal biomarkers (i.e., amyloid-beta
[Aβ] and phospho-tau [p-tau] levels) (Canuet et al., 2015;
Johnson et al., 2018; Mattsson et al., 2017).

Following a computationally relevant model, the
brain may be considered as a dynamic recurrent network
linking privileged connected nodes with hierarchical
modularity (Braun et al., 2018; Stam, 2014) in which the
cerebellum occupies a crucial position (de Zeeuw
et al., 2020). The implication of the cerebellum in cogni-
tive functions (Argyropoulos et al., 2020;
Schmahmann, 2018) is supported by a well-studied recur-
rent network encompassing not only the olivo-cerebellar
micromodules but also numerous subcortical and cortical
regions relinked by long-range closed loops (Bostan &
Strick, 2018; Caligiore et al., 2017; Fujita et al., 2020;
Kelly & Strick, 2003).

Although the cerebellum has fewer Aβ deposits than
the cerebral cortex (Baloyannis et al., 2000;
Goedert, 2015) due to a more efficient Aβ drainage as
demonstrated in the human APP knock-in AD mice
model (Shahnur et al., 2020), recent studies (Baloyannis
et al., 2016; Mavroudis, 2019; Mavroudis et al., 2013,
2019) have shown numerous pathological markers in the
cerebellar cortex of AD patients. Amongst these, loss of
dendritic spines and Purkinje cells (PC), synaptic alter-
ations in the mossy fibres-granule cell dendrites and par-
allel fibres-PC dendrites explain the previously reported
cerebellar atrophy and clinicopathological alterations
(Wegiel et al., 1999). However, Singh-Bains et al. (2019)
reported that the number of PC and tau immunoreactiv-
ity was unchanged in AD. In contrast, this study demon-
strated significant changes in AD microglia (increased
IBA1 expression and reduction of IBA1-positive cell pro-
cess length and branching), confirming the multiple roles
of microglia in the development of this pathology
(Hansen et al., 2018).

Despite the volume of intense basic research, therapy
and prevention of AD remain largely problematic and
must be urgently reinforced (Johnson et al., 2018). From
the most optimistic view, a definitive biological solution
seems unattainable shortly. This burdensome situation
calls for the promotion of a systematic perspective requir-
ing the integration of multiregional brain data including
the cerebellum. The human cerebellum represents almost
80% of the surface area of the neocortex (Sereno
et al., 2020), so it can be viewed as a relevant entity in
neurological disorders (Braun et al., 2018).

In this context, electrical oscillations are a key ele-
ment of these networks dynamics and neural functions

(Buzs�aki & Draguhn, 2004; Buzs�aki & Watson, 2012;
Giovanni et al., 2017; Watson & Buzs�aki, 2015) in which
the cerebellar oscillations can play a coordinating role
(Cheron et al., 2004, 2016; Cheron, M�arquez-Ruiz,
et al., 2014; Courtemanche et al., 2013; Lévesque
et al., 2020). Recent data support an integrative hypothe-
sis where the cerebellum participates in the cognitive and
neuropsychiatric deficits in AD (Jacobs et al., 2018;
Kansal et al., 2017). Although the basic aspect of the
physiology of the PC is central to understanding the
influence of the cerebellum in AD, their main target neu-
rons in the deep cerebellar nuclei (DCN), forming the
only output of the cerebellum except for the vestibular-
prepositus complex, need to be further explored. Besides
its well-known role in motor learning, the cerebellum
has a role in cognitive processes, such as spatial naviga-
tion during the formation of a hippocampal spatial map
and during the induction of goal-directed behaviour
(Mandolesi et al., 2001; Petrosini et al., 1996). A goal-
oriented navigation task is a perfect example of a basic
behavioural task involving most of the brain regions. It
implies multimodal declarative learning (hippocampus)
and procedural learning (basal ganglia) as well as task
rules assimilation (prefrontal cortex) and sensorimotor
adaptation (cerebellum). In this context, the cerebellum
encoding body motion (Lefort et al., 2019; Rochefort
et al., 2011) is thought to transform self-motion into goal-
directed action, while the hippocampus codes for time
and distance to allow path integration.

Here, we studied the consequences of the double
mutation made on the APPswe/PSEN1dE9 mice on the
water-maze test classically used in behavioural studies
involving not only the hippocampus but also the cerebel-
lum (Rochefort et al., 2013). Despite the central position
of the PC in the cerebellum, there is only one electro-
physiological study (Huth et al., 2011) that examined the
firing properties of the cerebellar neurons in mouse
models of AD. To date, there are no published data about
the electrophysiological behaviour of the cerebellum of
the awake mouse model of AD. For this reason, our first
aim was to study the firing discharge of the PC, the DCN
neurons and the related local field potentials (LFP) in the
APPswe/PSEN1dE9 mice.

2 | METHODS

2.1 | Mice

APPswe/PSEN1dE9 mice and wild type (WT) littermate
control mice with the same SV129xC57Bl6 background
aged 9 to 12 months, provided by Jackson Laboratory,
USA, were used as experimental animals.
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All animal procedures were approved by the Univer-
sity of Mons Ethical Committee and conducted following
the European Union directive 609/86/EU. Every effort
was made to minimize the number of animals and their
discomfort. The present protocol used different cohorts of
animals for the electrophysiology and the behavioural
analysis.

2.2 | Surgical preparation

Animals were prepared for chronic recordings of local
field potential (LFP) and PC single-unit activity. Mice
were anaesthetized with xylido-dihydrothiazin
(Rompun©, Bayer, 10 mg/kg) and ketamine (Ketalar©,
Pfizer, 100 mg/kg). Animals were administered an addi-
tional dose of xylido-dihydrothiazin (3 mg/kg) and keta-
mine (30 mg/kg) when they demonstrated agitation or
marked increases in respiration or heart rate during the
procedure. Local anaesthesia (0.5 ml of 20 mg/ml lido-
caine and adrenaline [1:80,000, Xylocaine©, Astra
Zeneca]) was administered subcutaneously during the
soft tissue removal. During surgery, two small bolts were
cemented perpendicular to the skull to immobilize the
head during the recording sessions, and a silver reference
electrode was placed on the surface of the parietal cortex.
To allow access to the vermis and the Crus I and II areas,
and the deep nucleus in the cerebellum, an acrylic
recording chamber was made around a posterior craniot-
omy (2 � 2 mm) and covered with a thin layer of bone
wax (Ethicon©, Johnson & Johnson).

2.3 | Single-unit recordings in alert mice

Twenty-four hours after anaesthesia, alert mice were
restrained for the recording session. The dura was
removed over the cerebellum to expose the tissue in the
recording chamber. Following the experimental evidence
(Zhou et al., 2014) that the firing frequency of the PC
simple spike (SS) in WT mice depends on their localiza-
tion in zebrin+ or zebrin� rostrocaudal bands, the spe-
cific recording place was kept in the same type of zebrin
zone in both AD and WT control. The SS and complex
spike (CS) recordings were thus performed in the PC
layer of the lobule IV–V in zebrin�, and in the DCN,
(interposed nucleus) following stereotaxic coordinates.
The depths of the electrodes were also noted, and an elec-
trolytic lesion was made 1 mm above the recording site
(Figure 7e). To avoid unnecessary stress for the animals
and movement artefacts, recording sessions were per-
formed in a quiet room, when the animals were awake
and calm. The alertness level was controlled by assessing

the maintenance of whisking activity during the record-
ing session. We used quartz–platinum/tungsten micro-
electrodes (1.2–3 MΩ) in a seven-channel Eckhorn
microdrive (Thomas Recordings©, Giessen, Germany).
All measures of impedance were made with a 1 kHz sinu-
soidal current and checked throughout the recording ses-
sion. In the present study, the exploration was made with
one or two microelectrodes separated from 250 μm (outer
and shaft diameters of 80 and 25 μm, respectively). The
microelectrode was mounted into a stretched elastic rub-
ber tube to enable proper positioning via DC-
micromotors (resolution of 0.27 μm).

2.4 | Morris Water Maze

In parallel, eight mice of each genotype were used for
behavioural analysis. During the learning phase, mice
were placed four times per day from four different posi-
tions in the water maze (1.2 m of diameter) for four con-
secutive days. They had to reach an invisible platform
placed just below the surface to escape the water in a
maximal time of 2 min. The four different visual cues
(3D geometrical shapes) were placed at cardinal points
around the pool and were used by the mice for reference-
based navigation. The time to reach the platform was
measured at each trial and averaged during four consecu-
tive days. On day 5, a retention test was performed by all-
owing the mice to navigate for 1.5 min in the water
maze, while the platform was removed. The time spent
in each quadrant was measured. All analyses were per-
formed using the EthoVision XT software (Noldus, The
Netherlands).

2.5 | Immunohistochemistry

Brains were fixed by 4% paraformaldehyde (PFA, pH 7.4,
Sigma), dehydrated and embedded in a paraffin block for
microtome sectioning in 5-μm thick sagittal sections.

Immunochemistry and haematoxylin staining were
performed on two sections per animal (n = 24 fields, four
mice). For GFAP and immunofluorescence staining, sec-
tions were dewaxed, rehydrated and microwaved in
0.01 M sodium citrate buffer (pH 6.2, Sigma). Subse-
quently, the sections were incubated overnight at 4�C
with a primary antibody: mouse monoclonal anti-GFAP
1:30 (glial fibrillary acidic protein, BD Biosciences, Cat#
556330, RRID: AB_396368) for astrocytes, rabbit poly-
clonal anti-Iba1 1:150 (ionized calcium-binding molecule
1, Wako, Cat# 019-19741, RRID: AB_839504) for
microglia. The sections were then rinsed and incubated
in the dark for 1 h with a fluorescent-conjugated
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antibody diluted in blocking buffer: goat anti-mouse
Alexa-Fluor 488 1:100 (Thermo Fisher Scientific, Cat#
A11001, RRID: AB_2534069) or goat anti-rabbit Alexa-
Fluor 594 1:100 (Thermo Fisher Scientific, Cat# A11037,
RRID: AB_2534095). As a final step, the sections were
rinsed (PBS, dH2O) and mounted with a Vectashield
mounting medium containing DAPI (Vector Laborato-
ries, USA).

For amyloid plaque detection and haematoxylin
staining, after rehydration, sections were pre-treated with
formic acid 70%, incubated overnight with anti-beta amy-
loid 17–24 antibody (4GB, Biolegend, 1 μg/ml) and, after
washing, incubated 1 h with HRP-goat anti-mouse anti-
body (4 μg/ml). Amyloid plaques were revealed by
DAB/H2O2. Sections were then counterstained with
haematoxylin and mounted. For quantitative analysis of
GFAP and Iba1 immunostainings, the number of positive
cells was counted in the cerebellum on 24 fields
(0.1 mm2) per genotype.

2.6 | Data analysis and statistical
methods

Neural activity signal recordings were filtered at 100 Hz
high-pass and 10 kHz low-pass. LFP and single units
were stored digitally on a computer after conversion with
an analogue-digital converter (Power 1401, CED©, Cam-
bridge, UK). The recorded data were digitized continu-
ously at 20 kHz. Off-line analysis and illustrations were
performed with Spike2 CED software (CED©). The
rhythmic frequency was defined as the reciprocal of the
latency of the first peak in the autocorrelogram of SS fir-
ing (width = 1 s, bin size = 1.0 ms). Consequently, the
rhythmic frequency could not be determined on flat
autocorrelograms. The strength of the rhythmicity was
quantified with a rhythm index (RI) introduced by
Sugihara et al. (1995). Briefly, peaks and valleys were rec-
ognized if their heights and depths exceeded the mean
baseline level � SD (measured at time lags of 250–
300 ms). The RI was defined by the following formula:

RI ¼ a1
z
þb1

z
þa2

z
þb2

z
þ…,

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 difference
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. The regularity of the neu-
ron was measured by the coefficient of variation (CV),
defined as the quotient between the SD and the mean of

the frequency rate. The recording and analysis of the dif-
ferent neurons were made by an investigator blind mice
genotype.

For statistical analysis of the behavioural data, two-
way repeated-measures ANOVA was used to evaluate
learning progression, followed by all Pairwise Multiple
Comparison Procedures using the Holm-Sidak method. A
two-way ANOVA was used to compare spatial strategy
between WT and AD mice during learning and the mem-
ory retention test, followed by a Bonferroni post hoc test.
For the counting of astrocytes and microglial cells, a
Mann–Whitney rank-sum test was used. For the electro-
physiological data, results are reported as mean � SD
and illustrated in box plots. The homogeneity and nor-
mality of the variances were checked by the Bartlett and
Shapiro–Wilk test, respectively. Then parametric (t-test
and ANOVA) or non-parametric (Wilcoxon rank-sum
test with continuity correction) were applied for the com-
parative analysis between the AD and WT mice by using
the software R version 4.03. The level of significance was
set at p < 0.05.

3 | RESULTS

3.1 | Water-maze behaviour

Morris’s water maze was used to evaluate spatial learning
strategy and memory. Figure 1A illustrates the slower
learning of AD mice and the increased time to reach the
platform on the second day of training. Both wild-type
(WT) and Alzheimer (AD) mice showed spatial learning
ability as the time to reach the platform decreased signifi-
cantly over time (two-way repeated-measures ANOVA,
Holm-Sidak post hoc t test, p < 0.05, n = 16). However, a
significant difference was observed in the learning phase
of WT and AD mice. In WT mice, the time to reach the
platform decreased from 48.5 � 28.1 s the first day to
10.2 � 4.8 s the second day and then remained constant
over time. By contrast, in AD mice the decrease was
slower starting from 51.7 � 32.1 s the first day, to reach
29.8 � 15.4 s the second day (which was significantly dif-
ferent from WT mice, t = 2.25, p = 0.029, n = 16) and
16.3 � 12.2 the third day.

This slower learning could be explained by a different
learning strategy used by AD mice compared to WT mice.
Figure 1b shows that the percentage of time spent in the
target quadrant (containing the platform) increased
across days 1–3 in WT mice and was significantly higher
than in AD mice (two-way ANOVA, t = 3.05; p = 0.003,
n = 16).

However, during the retention phase on day 5, when
the platform was removed and the maze was divided into
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four quadrants (Figure 1c), AD mice showed a normal
spatial strategy, passing more time in the fourth quadrant
(51.2 � 10.6% in AD mice compared 48.5 � 18.9%) where
the platform was originally placed (two-way ANOVA,
Bonferroni post hoc test, p < 0.05).

3.2 | Purkinje cells firing behaviour in
AD mice

PC firing discharge is the sole output of the cerebellar
cortex and one of the main inputs of the DCN neurons
which firing discharge represents the final output of the
cerebellum. Thus, we studied the spontaneous SS and
CS PC firing, and DCN neurons in five (APPswe/
PSEN1dE9) AD mice and six WT littermate
control mice.

A total of 91 PCs were recorded (41 in AD and 50 WT
mice). A representative PC firing in the AD mouse was
illustrated in Figure 2 where it showed the two main
types of firing mode (tonic, Figure 2a, and bursting,
Figure 2b). As in WT mice, some PCs in AD mice may
present the two modes during the recording session.
However, whatever the mode of firing, the PCs recorded
in AD mice presented a highly significant increase in the
SS firing rate (Figure 3a) from 72.3 � 28.8 Hz in WT to
145.9 � 65.8 Hz in AD (p < 0.0001, n = 91). This
increased firing was accompanied by a significant
decrease of the CV from 0.37 � 0.22 in WT and
0.16 � 0.07 in AD (p < 0.0001, n = 91) (Figure 3b).

While the auto-correlogram of the SS firing was
mainly flat in WT mice, it presented numerous side peaks
in AD mice. This was illustrated in Figure 4 where the
auto-correlogram of a representative AD PC showed slow
(Figure 4a) and fast (Figure 4b) oscillations. Conse-
quently, the rhythmicity index (RI) of the SS firing was
significantly higher in AD mice, (0.04 � 0.053 in WT
vs. 0.11 � 0.14 in AD mice p < 0.009, n = 91) (Figure 3c).
This significant change in the AD PC rhythmicity was
also accompanied by the majority of recordings by a
dual-frequency peak in the FFT profile of the LFP
recorded in the PC layer of the AD mice (Figure 5c). The
first peak corresponds to a slow oscillation at
16.5 � 1.6 Hz (n = 26) and a faster one at
228.7 � 22.9 Hz (n = 31). In some recordings, only the
slow (beta) LFP oscillations were recorded (Figure 5a,b).
The fast LFP oscillation was also present in WT mice at
about the same frequency range (219 � 40.7 Hz) but
presented a very low peak amplitude
(2.8 � e�05 � 2.0 � e�05 μV2) compared to the AD mice
(1.5 � e�04 � 1.5 � e�04 μV2) (Figure 5d).

F I GURE 1 (a) Learning phase in the Morris Water Maze.

Both WT and AD mice (APP/PS1) demonstrated spatial learning

ability, but AD mice took significantly more time to reach the

platform on Day 2, (t = 2.25; p = 0.029, n = 16). (b) Percentage of

time spent in the target quadrant in AD and WT mice. WT mice

spent significantly more time in the target quadrant than AD mice,

two-way ANOVA (t = 3.05; p = 0.003, n = 16) and WT mice

increase the time spent in the target quadrant along with learning

(Bonferroni post hoc test, Days 3 and 4 are different from Day 1,

p < 0.001, n = 16). (c) During the retention test on Day 5, both WT

and AD mice spent significantly more time in the SE quadrant

where the platform was placed during the learning phase

(p < 0.001, n = 16). The two groups are not different (two-way

ANOVA, p = 1). *p < 0.05, **p < 0.01, ***p < 0.001
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The CS firing frequency was doubled in AD mice
(Figure 3d) from 0.9 � 0.3 Hz in WT to 1.9 � 1.1 Hz in
AD (p < 0.0001, n = 91). The duration of the CS was
decreased in AD mice from 5.9 � 1.9 ms in WT to
4.6 � 2.0 ms in AD (p < 0.002, n = 91) (Figure 3e). The
duration of silence in the SS firing induced by the occur-
rence of the CS was decreased from 6.3 � 2.8 ms in WT
mice to 3.3 � 1.4 ms in AD mice (p < 0.0001, n = 91)
(Figure 3f). As previously demonstrated by Titley
et al. (2019), the interspike interval (ISI) distribution of
CS (Figure 6) illustrates the presence of CS clustering in
WT mice (Figure 6b). This was reinforced in AD mice
(Figure 6a). We found that 10.7% of CS (390 out of 3,653
CS) measured on 18 PC in 4 WT mice had an
ISI ≤ 200 ms. This percentage increased in AD mice
where 43.4% of CS (1,196 out of 2,752 CS) was measured
in 14 PC in 4 AD mice. Statistical analysis with the
Kruskal–Wallis chi-squared rank-sum test performed
with 200 ms ISI bin demonstrated that these distributions
were highly statistically different (Kruskal–
Wallis = 96.091, df = 15, p value = 7.149e�14,
n = 6,405). Namely, the Nonparametric Multiple Com-
parisons for relative contrast Estimation Method
(Pairwise ranking) highlighted the significant increase of

the CS number in the first ISI interval of 200 ms (insert
of Figure 6a) in the AD mice and contrast the significant
increase of CS number in the 600 ms ISI interval in the
WT mice (insert of Figure 6b).

3.3 | DCN neurons firing behaviour in
AD mice

A total of 37 DCN neurons were recorded (18 in AD and
19 in WT mice). The firing of the DCN neurons in AD
mice (Figure 7) presented a significant increase from
48.2 � 20.1 Hz in WT to 68.0 � 31.7 Hz in AD
(p < 0.011) (Figure 8a). This increase of firing was accom-
panied by a significant decrease of the CV from
0.30 � 0.20 in WT to 0.20 � 0.10 in AD (p < 0.014,
n = 37) (Figure 8b). As for the PC, the RI of the DCN
neurons was significantly increased from 0.01 � 0.03 in
WT to 0.18 � 0.23 (Figure 8c).

3.4 | Histological analysis of the
cerebellum

The histological examination of cerebellar slices con-
firmed the presence of amyloid plaques deposits in the
molecular layer but not in the other layers of the cerebel-
lar cortex or the white matter (Figure 9a–c,f). The density
of plaques was similar in the cerebellum and the cortex
and hippocampus (Figure 9d) with a mean of 1.37
plaques/mm2 in the observed sections of AD mice
(n = 4), while no plaque was visible in WT mice
(Figure 9e). In addition, the presence of gliosis was dem-
onstrated in AD mice mainly in white matter but also in
the molecular layer where plaques were observed
(Figure 10) (n = 24 fields, four mice). An increase of
astrocytes and microglia density was revealed respec-
tively by GFAP (Figure 10a–f) and IBA1 (Figure 10g,l)
antibody, resulting in 13.3 � 14.9 astrocytes/mm2 in WT
versus 27.5 � 26.1 in AD mice, (p < 0.05, n = 24) and
7.1 � 9.5 microglia/mm2 in WT versus 24.6 � 20.0/mm2

in AD (Mann–Whitney Rank Sum test, p < 0.001,
n = 24).

4 | DISCUSSION

Three novel AD relevant findings emerge from this study.
First, the behavioural analysis in the water maze demon-
strated the presence of a learning deficit in the AD mice.
Second, we identified significant signs of electrophysio-
logical alterations in both PC and DCN neurons firing
accompanied by a dual LFP oscillation in the PC layer of

F I GURE 2 Two modes of firing (tonic, a; bursting, b) of a

Purkinje cell (extracellular recording) in an alert WT mouse and an

AD mouse (tonic, c; phasic, d). Note the occurrence of the CS (less

frequency event) into the more frequent SS
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these AD mice. Finally, these behavioural and electro-
physiological alterations were accompanied by the pres-
ence of β-amyloid deposits in the molecular layer of the
cerebellum, paralleling findings in the hippocampus and
by an increase in the number of astrocytes and activated
microglial cells.

4.1 | Discussion of the learning deficit

Spatial navigation is impaired in AD patients, even at
preclinical stages (Allison et al., 2016). Animal models of
AD expressing mutated APP or double transgenic for
APP and PS1 also showed impairment in spatial naviga-
tion evaluated in the cued or reference memory version

of the Morris Water Maze (MWM). Zhao et al. (2014)
demonstrated that mice expressing humanized APP bear-
ing two mutations learned more slowly in the MWM and
were less performant in the 24 h recall test. This impair-
ment was observed at 11 months of age when a high
amyloid load was observed in the hippocampus and cor-
tex. In male heterozygous APPswe/PS1 mice, Bergin
et al. (2018) presented evidence of impairment in the ref-
erence memory version of MWM at 13 months but not at
7 months; the older mice presented more thigmotaxis
indicating a non-spatial learning strategy. Similarly,
Chen et al. (2000) showed that PDAPP mice were
impaired in spatial navigation in an age-dependent man-
ner, concerning soluble and insoluble amyloid load in
the hippocampus.

F I GURE 3 Boxplots representation of the

firing frequency (a), the CV (b) and the

rhythmicity index, RI (c) of the SS PC, and the

CS firing (d), the CS duration (e) and the

duration of the silence induced by the CS

recorded in WT (green) and AD (yellow) mice.

Boxes represent the inter-quartiles range (IQR)

between the 25 (Q1) and 75 (Q3) percent

quartiles, the horizontal lines inside the box

indicate the median (Q2), the vertical lines mark

the minimum (Q1–1.5*IQR) and the maximum

(Q3 + 1.5*IQR); the red squares represent the

mean and the black point the outliers data. Note

the significant increase of the SS frequency

(p < 0.0001, n = 91) and the large dispersion of

the dataset (a) and the presence of one outlier in

AD mice. A reverse situation is observed for the

CV (b) presenting a significant decrease

(p < 0.0001, n = 91) and a reduced dispersion of

the dataset in AD. The significant increase of the

RI (p < 0.009, n = 91) in the AD mice (c) is also

accompanied by a larger dispersion
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Interestingly, Ord�oñez-Gutiérrez et al. (2015) and
Cayzac et al. (2015) showed that before any sign of
behavioural deficit, 6-month-old APP/PS1 mice presented
alteration of local oscillatory activity in the hippocampus
and inflexible hippocampal representation of space dur-
ing learning tasks. In a more recent study, Chen
et al. (2021) demonstrated that 9- to 12-month-old
APP/PS1 mice presented alteration in hippocampal
sharp-wave ripples during sleep concerning myelin loss
in cortex, hippocampus and corpus callosum suggesting
network activity dysregulation.

Our results demonstrating alteration of the electrical
activity of Purkinje and DCN cells suggest that cerebellar
dysfunction could add up to hippocampal-related behav-
ioural deficit. Spatial navigation of the L7-PKC1 mutant
mice showed that the cerebellum was more specifically
involved in goal-directed navigation, suggesting that cere-
bellar representation of the body in space could help to
construct the hippocampal place fields during spatial
navigation (Passot et al., 2012; Rochefort et al., 2013).
This important role of the cerebellum in the acquisition
phase of MWM was confirmed in hemicerebellectomized
rats (Petrosini et al., 1996) which were unable to develop
efficient searching behaviour during the acquisition
phase while being able to use place strategy after cue-
dependant learning. In the same line of evidence, lesion
of the ponto or olivo-cerebellar pathway (Gasbarri
et al., 2003) altered the learning phase of the spatial task
as well as the retention phase while more specific dentate
nucleus lesion did not alter MWM performance (Gayt�an-
Tocavén & Olvera-Cortés, 2004).

F I GURE 4 Auto-correlogram of the SS

firing of a representative PC in an AD

mouse showing the slow oscillation

(12.5 Hz) (a) and the fast oscillation

(257 Hz) in the central magnification part of

the auto-correlogram (b)

F I GURE 5 Example of a beta LFP oscillation (25 Hz) FFT

histogram (a), raw LFP recording (b) and a dual-frequency LFP

oscillation (c) (21 and 245 Hz) recorded in the PC layer of AD

mouse. Boxplot representation of the LFP power in WT (green) and

AD (yellow) mice
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4.2 | Increased SS and CS firing

Although the SS firing is influenced by both intrinsic fac-
tors (Raman et al., 2000; Raman & Bean, 1997) and syn-
aptic modulation (Cheron, Prigogine, et al., 2014;
Servais & Cheron, 2005; de Zeeuw et al., 2011), Zhou
et al. (2014) demonstrated that it also depends on the PC
localization in zebrin+ or zebrin�. As the present record-
ings were specifically realized in the same cerebellar
region (lobules IV–V) corresponding in majority to a
zebrin�, the increased firing reported in the AD mice
was not biassed by a change in zebrin type. Indeed, the
PC’s firing recorded in the present WT mice
(75.8 � 19.5 Hz) was very similar that the one
(72.3 � 28.8 Hz) reported in the zebrin� by Zhou
et al. (2014), which contrasts to the frequency recorded in
zebrin+ (36.0 � 15.5 Hz) in this later study. Accordingly,
the zebrin-type bias can be excluded on the CV of the SS
firing which was situated about 0.4 units in both Zhou
et al. (2014) study, and in our present WT mice sample.
We can thus assume that the significant CV reduction in
AD mice (0.16) was not due to the zebrin� versus zebrin
+. In spite that the frequency of the CS firing was also

zebrin zone dependent, the significant frequency increase
in AD mice cannot be explained by the recording in the Z
+ zone for which a slower frequency rate has been
reported in WT mice (Zhou et al., 2014).

One possible explanation of the huge increase in the
SS firing could be related to the increased activity of the
β-secretase BACE1 in AD (Huth et al., 2011; Kim
et al., 2007; Kovacs et al., 2010). This protease is a key
enzyme initiating not only the formation of the Aβ
plaques (Vassar et al., 1999) but also facilitates the activ-
ity of the resurgent Na(+) current (INaR) of the PC
(Huth et al., 2011). It was demonstrated in histological
preparation that the INaR decay was significantly faster
in BACE1-deficient PC than in WT cells producing a
slower firing rate of the Purkinje cell. Conversely,
increased BACE1 activity in AD could explain the pre-
sent firing increase of the PC in AD mice.

The increased CS firing could be understood follow-
ing the classical closed-loop model linking the inhibitory
PC input to the GABAergic DCN neurons projecting to
the IO (GAD + IO). The PC hyperactivity may poten-
tially induce disinhibition of the IO neurons which in
turn produce the increase of the climbing fibre activity

F I GURE 6 Histograms of spontaneous CS interspike intervals in 20 ms bins in AD (a) and WT (b) mice. These distributions were

performed on a total time of 5 s, but only the first 3 s is illustrated. The CS bin count is normalized. The insert illustrates the statistical

analysis (Kruskal–Wallis chi-squared rank-sum test) performed on 200 ms bins in which the asterisk highlighted the significant difference

(p < 0.0001, n = 6,405)
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and related CS firing increase. However, the disinhibition
of the IO neurons does not seem to reconciliate the fact
that we found an increased, not decreased firing of the
present recorded DCN neurons. It could be argued that
we did not record the GABAergic (GAD67-positive,
GAD + IO) neurons (Uusisaari & Knöpfel, 2008) as these

neurons are smaller than the glutamatergic projecting
neurons and more difficult to be recorded in alert mice.
However, the increased firing of the other non-
GABAergic DCN neurons could be explained by an
increased excitatory input from the climbing fibre collat-
erals which overcompensate for the increased inhibition
provided by the PC (Cheron & Cheron, 2018). All in all,
the possibility that these DCN neurons (GAD + IO)
which are implicated in the functional loop linking the
cerebellar cortex, the DCN and the IO (Ruigrok &
Teune, 2014) were more inhibited by the increased PC
firing remains open and must be specifically examined in
future studies.

Concerning the firing increase of the CS in AD
mice, the recent study of Titley et al. (2019) pointed to

F I GURE 8 Boxplots representation of the firing frequency (a),

the CV (b) and the rhythmicity index, RI (c) of the DCN neurons

recorded in WT and AD mice. The same boxplot illustration as in

Figure 3 is used. Note the significant increase of the DCN neuron

frequency (p < 0.011): (a) the reduction of the CV (p < 0.014,

n = 37) and (b) the important increase of the RI (p < 0.001, n = 37)

(c) in AD mice

F I GURE 7 Extracellular recording of representative DCN

neuron in an alert WT (a, b) and AD mouse (c, d), respectively.

Note the higher frequency rate and the numerous side peak in AD

mice. (e) Photograph of a brain slice passing through a recording

tract showing the electrolytic lesion performed 1 mm above (upper

red circle) the region of interest in the interposed DCN (lower red

circle). The slice corresponds to the Bregma -6 mm. Abbreviation:

4V, fourth ventricle; sp5, spinal trigeminal tract; DC, dorsal

cochlear nucleus; Pfl, paraflocculus; Med, fastigial nucleus; Ant int,

anterior interposed nucleus; Lat, dentate nucleus; icf, intercrural

fissure; psf, post superior fissure; prf, primary fissure. The vertical

line corresponds to the tract
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the existence of a CS clustering in WT mice occurring
when the ISI interval was shorter than 100 ms. The fact
that we found a significant increase of this CS cluster-
ing in AD mice reinforced the idea that during sensory
stimulation in WT animals (Bosman et al., 2010;
M�arquez-Ruiz & Cheron, 2012) the IO of AD mice are
over-excited, potentially increasing the probability to
produce doublet CS.

Another explanation could come from the alteration
of the intrinsic mechanism controlling subthreshold IO
oscillations (Leznik & Llin�as, 2005; Llin�as, 2013; Llinas
et al., 1974) which may explain the present hyper-
excitability of the IO of AD mice. Interestingly, a signif-
icant loss of IO neurons (34%) and oligodendrocytes
(46%) has been reported in human AD (Lasn
et al., 2001, 2006) which could induce functional rein-
nervation with new sprouting olivary axons (inducing
increased CS) terminating around the proximal den-
drites of Purkinje cells (Rossi et al., 1991). Also, in one
aged patient with mild cognitive impairment, diffuse
spongiform changes were reported in the IO
(Fern�andez-Vega et al., 2015) accompanied by immuno-
cytochemical alterations, indicating that the intrinsic
mechanisms at the basis of the climbing fibre activation
could explain an increase of the CS firing.

4.3 | Dual-frequency LFP oscillation and
a vicious circle

The fact that the dual-frequency (�16 and �228 Hz) LFP
oscillation was concomitant with an important increase
of both the SS and the CS, firing may be explained by
abnormal neuronal hyperactivity in this part of the cere-
bellar cortex and by hyperactivity of the IO output.

As presently demonstrated in our mouse model, this
pathological state was accompanied by the presence of
β-amyloid deposits in the molecular layer of the cerebel-
lum. A similar vicious circle has been described in the
hippocampus (Zott et al., 2019) between the presence of
β-amyloid deposits and neuronal hyperactivation due to a
lack of recovery of the glutamate reuptake. This alter-
ation of glutamate reuptake was also discovered in the
cerebellar PC of awake heterozygous Glt1�/+ and DMXL
mice (Sicot et al., 2017) where an important increase of
the LFP �200 Hz oscillation in the PC layer was reported
as in the present AD mice.

The recent models of Zang et al. (2020) verified the
fact that in the present AD mice, the LFP power recorded
in the PC layer occurred in the presence of an increase of
the PC firing rate. However, this has not been always
reported in other pathological mouse models

F I GURE 9 Immuno-histological analyses of the cerebellar slices. (a–e) Amyloid plaques (arrows) detected by anti-beta-amyloid 17–24
antibody (4G8, Biolegend, 1 μg/ml) are visible in the molecular layer of the cerebellum (a–c) and the hippocampus (d) of AD mice

(APP/PS1), but not in the cerebellum of WT mice (e). Scale bar: 250 μm. (f) Examples of amyloid plaques observed at higher magnification.

Scale bar 100 μm
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(PV�/�CB�/� (Servais et al., 2005); BK�/� (Cheron
et al., 2009) and PC-BK�/� (Cheron et al., 2018) in which
high LFP powers were recorded while the firing fre-
quency of the PC was significantly decreased. Besides,
dual-frequency oscillations were also reported in these
later mutants, also presenting higher RI, but that without
the present increase of SS firing in the AD mice. The
increase of the RI in both PC and DCN neurons in AD
mice could be discussed in comparison to a similar RI
increase in PC-BK�/� in which only the genetic alter-
ation (suppression of the BK channels) in PC induced a
huge increase of the PC rhythmicity (RI). In this case, the

increased RI of the PC was induced by the emergence
of a beta burst of PC firing, which produced a recipro-
cal bursting in the firing of the DCN neurons. Follow-
ing Person and Raman (2011), it was concluded that
rhythmic alteration of the PC can be transmitted to the
DCN neurons (Cheron et al., 2018). This may partially
explain the present RI increase of the DCN neurons in
AD mice, but the presence of pathology (vicious circle)
linked to neuroinflammation and plaques in the DCN
must be taken into account in further studies. Interest-
ingly, a recent fMRI study (Olivito et al., 2020) has rev-
ealed a hyperconnectivity between the DCN and

F I GURE 1 0 Immuno-histological analyses

of gliosis in the cerebellar slice of AD mice

(APP/PS1) (d–f; j–l) compared to WT mice (a–c;
g–h). Astrocytes are observed in the white

matter and the molecular layer of the

cerebellum (a–f) while microglial cells are

mainly observed in the white matter (g–l). Scale
bar: 100 μm. The graph represents the mean

number of astrocytes and microglial cells per

mm2 in WT and AD mice (n = 24 fields,

4 mice), Mann–Whitney rank sum test,
*p < 0.05, ***p < 0.001
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temporo-occipital cortex suggesting an increased neural
synchronization between the cerebellum and these cor-
tical areas in AD patients. It could be possible that this
synchrony increase was potentiated by a more rhythmi-
cal output of the DCN as reported in the present
AD mice.

4.4 | Histological alterations in AD
human versus mice

Even though the human cerebellum presented no neuro-
fibrillary changes, diffuse neuritic plaques (Baloyannis
et al., 2016; Catafau et al., 2016; Mavroudis et al., 2010,
2013, 2019) and morphological alterations of the cerebel-
lum have been well recognized and characterized by atro-
phy in the anterior cerebellar lobe (Mavroudis, 2019).
Besides, the PC density on the vermis and hemispheres
was significantly decreased, accompanied by a loss of
their secondary and tertiary dendritic arborization and a
significant decrease of the dendritic spines density
(Mavroudis et al., 2010). Morphological analysis in the
cerebellar nodulus and flocculus (Baloyannis et al., 2000)
also demonstrated a significant loss of granule and Golgi
cells accompanied by a decrease of the synapses between
the mossy fibers and the dendrites of the granule and
Golgi cells.

Recently, Massimi et al. (2020) revisited the under-
estimated presence of amyloid deposit in the cerebellum
of APP/PS1 transgenic mice and demonstrated the pres-
ence of elongated plaques similar to the ones found in
AD humans. As in the present AD mutant, these plaques
are specifically concentrated in the molecular layer and
generally absent in the other layers of the cerebellar
cortex.

In our study, 9 to 12 months old mice presented a low
number of amyloid plaques in the hippocampus, which
could explain the mild deficit observed in MWM test. The
same density of amyloid plaques was observed in the
molecular layer of the cerebellum, in agreement with
previous findings in the same mouse model. Indeed,
plaque deposition in the cerebellum has been demon-
strated to be age and sex-dependent (Ordoñez-Gutiérrez
et al., 2015, 2016).

Moreover, Chang et al. (2019) revealed extensive
metabolic alterations in the cerebellum of APP/PS1
mice. As neuroinflammation is a well-recognized hall-
mark in AD, the importance of the molecular mecha-
nisms linking neuroinflammation and plaque formation
has been studied by the quantification of the S100 pro-
teins family in the APP23 mice (Hagmeyer
et al., 2019). These authors reported that the
proinflammatory S100B protein is highly expressed in

the PC and that S100B, S100A6 and S100A8 proteins
are co-localized with Aβ plaques. In the present situa-
tion, gliosis was observed mainly in the white matter
of the cerebellum indicating that the alterations due to
amyloid plaque deposit and those linked to microglia
activation concern two different regions of the cerebel-
lum (white matter and molecular layer) but spare the
granular layer.

Finally, the present electrophysiological alterations of
the PC and the DCN neurons may explain the behav-
ioural deficits reported during the water-maze test as in
cerebellar LTD deficient mice (Rochefort et al., 2013).
These results highlight the importance of the output fir-
ing modification of the AD cerebellum that may indi-
rectly impact the activity of its subcortical and cortical
targets.
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