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ARTICLE INFO ABSTRACT

Keywords: For quite a long time, researches on Alzheimer’s disease (AD) primarily focused on the cortex and
AthEif_ner’S ‘_ﬁsease hippocampus, while the cerebellum has been ignored because of its abnormalities considered to
Amyloid-p oligomer appear in the late stage of AD. In recent years, increasing evidence suggest that the cerebellar
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pathological changes possibly occur in the preclinical phase of AD, which is also associated with
sleep disorder. Sleep disturbance is a high risk factor of AD. However, the changes and roles of
cerebellum has rarely been reported under conditions of AD accompanied with sleep disorders. In
this study, using an amyloid-p oligomers (AfO)-induced rat model of AD subjected to sleep
deprivation, combining with a 7.0 T animals structural magnetic resonance imaging (MRI), we
assessed structural changes of cerebellum in MRI. Our results showed that sleep deprivation
combined with ABO led to an increased FA value in the anterior lobe of cerebellum, decreased
ADC value in the cerebellar lobes and cerebellar nuclei, and increased cerebellum volume. Besides
that, sleep deprivation exacerbated the damage of ABO to the cerebellar structural network. This
study demonstrated that sleep deprivation could aggravate the damage to cerebellum induced by
ApO. The present findings provide supporting evidence for the involvement of cerebellum in the
early pathology of AD and sleep loss. Our data would contribute to advancing the understanding
of the mysterious role of cerebellum in AD and sleep disorders, as well as would be helpful for
developing non-invasive MRI biomarkers for screening early AD patients with self-reported sleep
disturbances.
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Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disease, characterized by progressive deterioration in cognitive
function and changes in behavior and personality. The typical pathological features of AD include senile plaques formed by deposition
of extracellular amyloid-p and neurofibrillary tangles consisting of intracellular hyperphosphorylated tau proteins [1]. Amounting
research on AD primarily focused on the pathological changes in the cortex and hippocampus, while the cerebellum is generally
considered to show abnormalities only in the late stage of AD. Therefore it’s not surprising that the cerebellum has long been ignored in
AD-related research. However, an increasing amount of evidence suggest that the cerebellar pathological changes possibly occur in the
preclinical phase of AD [2-5]. A recent research using voxel-based morphometry (VBM) analysis method based on magnetic resonance
imaging (MRI) found atrophy of gray matter in the lobules I-V and VI of the vermis and paravermis in patients with amnestic mild
cognitive impairment (MCI), while AD patients showed involvement of the lobule VI and crus I in the hemisphere [6]. The increased
soluble amyloid-p oligomers (ABO) have been found in the cerebellum of sporadic AD patients and the level of soluble oligomers is
correlated with cognitive dysfunction [7]. A line of evidence suggest that the cerebellum may play enigmatic undisclosed critical roles
in early phase of AD, which is also associated with sleep disruption [2]. Sleep disorder is a high risk factor of AD and certain sleep
disorders presented with decreased cerebellum activity. The complaints of sleep disturbance are common in patients with cerebellar
diseases [8]. Moreover, considerable evidence has confirmed the involvement of the cerebellum in regulating sleep-wakefulness
transition [2,9]. Cerebellar dysfunction could lead to decreased non-rapid eye movement (NREM) sleep and increased rapid eye
movement (REM) sleep duration time [10]. However, the changes and roles of cerebellum has rarely been reported under conditions of
AD accompanied with sleep disorders.

In this study, using an ApO-induced rat model of AD subjected to intermittent sleep deprivation (SD), combining with a 7.0 T
animals structural magnetic resonance imaging (MRI), we assessed structural changes of cerebellum in MRI. Our results demonstrated
that sleep deprivation could aggravate ABO-induced damage to the cerebellum, manifested as an increased FA value in the cerebellar
anterior lobe, decreased ADC value in the cerebellar lobes, increased cerebellum volume, as well as enhanced connectivity in bilateral
superior cerebellar peduncle.

Material and methods
Animals

Adult male Sprague-Dawley rats (6-8 weeks old, 270 + 20 g) were randomly divided into four groups: Control (Con), sleep
deprivation (SD), ABO injection (Af), and sleep deprivation plus ApO injection (SA) (n = 18 rats/group). All the rats were housed in
pathogen-free cages and maintained relatively constant environmental conditions with temperature of (22 + 2) °C, humidity of (55 +
2%), and a constant light/dark cycle of 12 h/12 h. The experiment was approved by the ethical committee of Capital Medical Uni-
versity (Permit Number: AEEI-2020-180) and followed Chinese Guide for Laboratory Animals.

Sleep deprivation

Rats were placed into a restrictive cage (Instrument model: KW-BD, Nanjing Calvin Biotechnology Co. Ltd.) with a built-in bar
capable of discontinuous gentle rotation to disturb sleep of rats. Sleep deprivation was conducted for 7 days from 8:30 am to 4:30 pm,
with a periodical rotation of 30 min and a 30-minute rest alternately. Control rats were placed in a similar-sized cage but without the
rotating bar.

Intracerebroventricular (ICV) injection of soluble Af;.42 oligomers

Briefly, AB;.42 peptide (AnaSpec) was dissolved in hexafluoroisopropanol (HFIP), evaporated for 30 min, and then diluted in 2 mM
DMSO to 1 mM for use. Rats were anesthetized and then fixed on the stereotaxic apparatus (Alc-H shanghai), 2.2 pl of soluble Af;.42
oligomer was slowly delivered via unilateral i.c.v. (AP, —0.8 mm from bregma; ML, 1.2 mm; DV, —4.0 mm) in 5 min, followed by a 10-
minute wait. The bone window was sealed with gel plastic, and the skin was sutured after topical penicillin disinfection.

MRI acquisition

Magnetic resonance imaging (MRI) was performed on a 7.0 T magnetic scanner (Bruker, Bioclinscan 70/30, Germany) after
cognitive assessments, with a 290 mT/m self-shielded gradient system (gradient coil, BGA20-S), a body coil for RF transmission (RT
aperture of 31 cm) and a four-channel surface coil for signal reception (2.3 x 1.5 cm?). After localization sequences, high-resolution
fat-saturated T2-weighted 2D turbo spin-echo (TSE) sequences in coronal and axial orientation were performed, with time of repetition
(TR) = 3300 ms, time of echo (TE) = 41 ms, flip angle (FA) = 90°, field of view (FOV) = 40 x 40 mmz, matrix = 240 x 320, slice
thickness (ST) = 0.8 mm, number of slices (NS) = 18, number of acquisitions (NA) = 2,for axial slices, and with TR = 2600 ms, TE = 41
ms, FA = 90°, FOV = 32 x 40 mm?, matrix = 192 x 320; ST = 0.8 mm, NS = 16, NA = 1 for coronal slices. Subsequently, DTI were
acquired with an axial two-shot spin-echo planar imaging (EPI) sequence with 20 gradients of coding direction: TR = 4500 ms, TE =
41 ms, ST = 1.0 mm, NS = 12, FOV = 34 x 40 mm?, matrix = 108 x 128, NA = 2; the b-value used for the acquisition of the diffusion-
weighted image in each direction was 800 s/mm?, and an additional image with b0 = 0 s/mm? was acquired as the b-value reference
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image. Above scanning without slice gap, and during scanning, respiratory rate was monitored and body temperature was maintained
at 37 °C (£2 °C).

MRI data processing

Structural preprocessing and VBM analysis

The T2 images of rat brain were preprocessed and statistical analyzed using the spmratIHEP toolkit in SPM12 (Welcome
Department of Cognitive Neurology, London, UK). All the structural images were preprocessed using the following steps. Firstly, the
origin of each structural image was repositioned at D3V according to the template image in spmratlHEP. Then the images were
segmented into gray matter (GM), white matter (WM) and CSF according to tissue probability maps (TPM), and standardized into the
Paxinos and Watson space using DARTEL (diffeomorphic anatomical registration through exponentiated lie). The transformation
matrix was saved in the Jacobian Determinant, and used for modulating the normalized WM and CSF images, named as WMV and
CSFV images. The WMV and CSFV images were further smoothed by a Gaussian kernel of 4 mm (after zooming) full width at half-
maximum (FWHM). These modulated images were used for voxel-wised morphological (VBM) analysis. The VBM was performed
on the smoothed images based on the generalized linear (GLM) model in spmratIHEP toolkit. To identify the difference of WMV and
CSFV between control (Con) and sleep deprivation (SD), ABO injection (Ap), and sleep deprivation plus APO injection (SA) groups.
Two-sample t-tests were performed and brain regions with significant WMV/CSFV changes were yielded based on a voxel-level height
threshold of P < 0.005, Family Wise Error (FWE) corrected..

DTI preprocessing and voxel-based analysis (VBA)

First of all, the fractional anisotropy (FA) of each rat was calculated in FSL [11]. The preprocessing and data analysis were per-
formed using the SPM12 (Welcome Department of Cognitive Neurology, London, UK). The volume of which b = 0 of each participant’s
original image was spatially normalized to the EPI-template in Paxinos & Watson space and carried the FA images along [12]. Then, all
the normalized FA images were resliced by 1.0 x 1.0 x 1.5 mm?® voxels (after zooming) and smoothed by a Gaussian kernel of 3 mm full
width at half-maximum (FWHM). ROIs were selected from the Paxinos & Watson space and save as mask images, and the mean FA,
ADC and voxels of these ROIs were extracted. Furthermore, preprocessed FA and ADC images were analyzed within SPM12 based on
the framework of the general linear model. Two-sample t-tests were performed in SPM12. Cerebellar regions with significant FA and
ADC changes in rats were yielded based on a voxel-level height threshold of P < 0.005 (FWE corrected).

Brain structural network

This study follows the general method to analyze the topological properties of brain networks based on the structural connectivity
between brain regions: bilateral bulbar medulla, pons, red nucleus, flocculonodular lobe, anterior cerebellar lobe, posterior cerebellar
lobe, cerebellar nucleus, lateral thalamic nucleus. The FA value of the bundles between t brain regions extracted via white matter fiber
template in the Paxinos & Watson space and regarded as the structural connections. Rat brain structural network were constructed via
BrainNet Viewer and topological properties were calculated as described previously [13].
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Fig. 1. Statistical parametric maps of FA in cerebellum with voxel-wise analysis. Regional difference of FA value between Con and SD (A), Af (B),
SA (C) groups were compared, and specific significant clusters were showed in Table 1-3.
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Statistical analysis

All statistical analyses were carried out by R package and data are expressed as means + standard deviation (SD). To be more
specific, one-way analysis of variance (ANOVA) with Turkey’s multiple comparisons test was used for within-group comparisons and
independent sample paired t-test was performed for bilateral hemisphere comparisons via R package (ggplot2, version 3.6.3). Data
distribution was tested for normality with Shapiro-Wilk test. If the data were not normally distributed, nonparametric Kruskal-Wallis
tests were used; if the equal variances not assumed, Games-Howell tests were applied.

Results
Sleep deprivation combined with AfO led to an increased FA value in the anterior lobe of cerebellum

The cerebellum is classically divided into the anterior lobe, the posterior lobe, and the flocculonodular lobe, responsible for the
sensorimotor connections, cognition and equilibrium respectively [14,15]. Fractional anisotropy (FA), although proved to be useful in
the characterization of microstructural damage of white matter [16], has also been demonstrated to be as a proxy of the cerebellum
cortex integrity [17]. In order to assess the changes of FA value in the cerebellum, we first made statistical parametric maps of FA in
cerebellum with voxel-wise analysis (Fig. 1). Regional difference of FA value between Con and SD, A, SA groups were compared and
significant different clusters were showed in Tables 1-3. Our results showed that, compared to the Con group, there are only a few
different pixel clusters in the SD group. While in the Ap group, there are more pixel clusters with significant differences. In the SA
group, the significant different pixel clusters further expand.

Furthermore, we assessed the average FA values in the three cerebellar lobes. As shown in Fig. 2, compared to Con or SD group,
there was a significant increased FA value in SA group in either side of the anterior lobe (Left side, P = 0.0051 vs Con, P = 0.0006 vs SD;
Right side, P < 0.0001 vs Con; P < 0.0001 vs SD; P = 0.007 vs Ap) (Fig. 2A-C). Whereas in both side of the posterior lobe, there was a
significant decreased FA values only in Ap group (Left side, P = 0.0289 vs Con; Right side, P = 0.0141 vs Con; P = 0.0013 vs SD group)
(Fig. 2D-F), but no significant changes of FA in the flocculonodular lobe (data not shown). These results suggest, although sleep
deprivation alone has limited impact, their combined effect of sleep deprivation and ABO can lead to a significant damage to cerebellar
anterior lobe.

Sleep deprivation combined with ApO led to decreased ADC value in the cerebellar lobes and cerebellar nuclei

The apparent diffusion coefficient (ADC) is a parameter that describes the diffusion ability of water molecules. The faster the
diffusion, the larger the ADC value. ADC is sensitive to changes in the biological environment and could reflect the integrity of cell
membranes. For example, some acute neuropathological conditions involved in cellular edema present reduced ADC value; while
neurodegeneration might result in an increased diffusion of water molecule, then an increased ADC value accordingly [18]. To
investigate the effects of sleep deprivation and ABO on the diffusion ability of water molecules in the cerebellum, we evaluated the ADC
values in the three cerebellar lobes and the cerebellar nuclei.

We first made statistical parametric maps of ADC in cerebellum with voxel-wise analysis (Fig. 3). Regional difference of ADC value
between Con and other three groups were compared and specific significant different clusters were showed in Tables 4-6. Next we
further assessed the average ADC value of the cerebellum. Our results showed that there was a significant decreased ADC value on both
sides of the anterior lobe in the SA group (Left side, P = 0.0045 vs Con, P = 0.012 vs SD, P = 0.0349 vs A; Right side, P = 0.0002 vs
Con, P < 0.0001 vs SD) (Fig. 4A-C). Besides that, a decreased ADC value on the right side of anterior lobe was also observed in the Af
group (P = 0.0288 vs Con) (Fig. 4B).

In bilateral cerebellar posterior lobes, the decreased ADC values were observed in both Ap group and SA group (Af group: left side,
P = 0.0244 vs Con; right side, P = 0.0012 vs Con; SA group: left side, P = 0.0003 vs Con; right side, P = 0.002 vs Con) (Fig. 4D-F). In SD
group, there was only a significant decreased ADC value in the left side (P = 0.0052 vs Con) (Fig. 4D,E). No significant ADC value
changes were found in the flocculonodular lobe (data not shown).

Table 1

Clusters revealed difference of FA in the cerebellum between Con and SD groups with Family Wise Error (FWE) corrected.
Region Voxels T Value X Y Z
cerebellum_anterior lobe of cerebellum left 31 3.788 3.7788 4.2315 —13.3179
cerebellum_cerebellar nucleus_right 1 2.8595 3.7788 5.2581 —13.3179
cerebellum_posterior lobe of cerebellum_left 21 3.462 3.7788 3.789 -13.3179
cerebellum_posterior lobe of cerebellum_right 286 3.702 3.7854 3.2475 —13.7979
cerebellum_anterior lobe of cerebellum left 56 3.2394 —2.8134 3.8136 —9.4779
pfi flocculonodular lobe_left 74 3.9269 —5.2288 6.0526 —9.9579
pfi flocculonodular lobe_left 50 3.4588 —4.3893 6.4116 -11.8779
pfi flocculonodular lobe_right 19 3.5415 4.0292 6.1303 —11.3979
pfi flocculonodular lobe_right 31 3.6091 5.3547 6.0054 -10.9179
pfi flocculonodular lobe_left 73 3.7082 —5.2156 4.9696 —-10.9179

Notice: FA value changes were yielded based on a voxel-level height threshold of P < 0.005 and a cluster-extent threshold of 20 voxels.
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Table 2

Clusters revealed difference of FA in the cerebellum between Con and Ap groups with FWE corrected.
Region Voxels T Value X Y Z
cerebellum_anterior lobe of cerebellum_left 153 3.3918 —1.5867 5.6886 —11.8779
cerebellum_anterior lobe of cerebellum_right 74 3.8246 —1.5933 5.5044 —11.3979
cerebellum_cerebellar nucleus_left 224 4.0116 —1.5999 5.7627 —10.9179
cerebellum_cerebellar nucleus_right 7 3.0587 —1.5999 6.0459 -10.9179
cerebellum_posterior lobe of cerebellum _left 195 3.4307 —1.5867 5.6886 -11.8779
cerebellum_posterior lobe of cerebellum_right 283 3.4829 —1.5405 6.5709 —15.2379
cerebellum_anterior lobe of cerebellum_left 431 3.7476 2.9302 5.1545 —9.4779
cerebellum_anterior lobe of cerebellum_right 738 4.4831 2.9368 6.8078 —9.9579
cerebellum_cerebellar nucleus_left 14 3.0506 2.95 5.5832 -10.9179
cerebellum_cerebellar nucleus_right 149 3.773 2.9566 5.7674 —11.3979
cerebellum_posterior lobe of cerebellum _left 137 3.4425 2.9368 3.8873 —9.9579
cerebellum_posterior lobe of cerebellum_right 468 4.2439 2.9566 5.1833 —-11.3979
pfi flocculonodular lobe_right 14 3.2261 2.95 5.4416 —10.9179
pfi flocculonodular lobe_left 83 4.4704 —4.2443 6.3206 —12.3579

Notice: FA value changes were yielded based on a voxel-level height threshold of P < 0.005 and a cluster-extent threshold of 20 voxels.

Table 3

Clusters revealed difference of FA in the cerebellum between Con and SA groups with FWE corrected.
Region Voxels T Value X Y Z
cerebellum_anterior lobe of cerebellum_left 1539 4.5939 —1.0834 4.1968 —9.4779
cerebellum_anterior lobe of cerebellum_right 2027 49531 —1.0702 6.3352 —10.4379
cerebellum_cerebellar nucleus_left 386 4.3631 —1.0636 5.6344 —10.9179
cerebellum_cerebellar nucleus_right 375 4.1085 —1.0636 6.0769 -10.9179
cerebellum_posterior lobe of cerebellum _left 1308 4.0943 —1.0438 2.2576 -12.3579
cerebellum_posterior lobe of cerebellum_right 1854 4.5052 —1.057 4.9513 —11.3979
pfi flocculonodular lobe_left 132 3.2914 —1.0438 5.6206 —12.3579
pfi flocculonodular lobe_right 49 3.8117 —1.0636 5.2096 -10.9179
pfi flocculonodular lobe_left 41 3.3971 —5.3433 6.2298 —10.4379
pfi flocculonodular lobe_right 2 2.9851 2.8512 6.2733 —13.7979
pfi flocculonodular lobe_left 26 3.2764 —4.5343 5.3344 -11.3979
pfi flocculonodular lobe_left 50 3.0865 —5.0838 4.7757 —10.4379

Notice: FA value changes were yielded based on a voxel-level height threshold of P < 0.005 and a cluster-extent threshold of 20 voxels.

In the left side cerebellar nuclei, there was a significant decreased ADC value in Ap group and SA group (Ap group, P = 0.0084 vs
Con; SA group, P = 0.0016 vs Con) (Fig. 4G,H). What’s more, the significant difference of ADC values were found between left and
right sides of the cerebellar nuclei in both SD and SA groups (SD group: P = 0.0005; SA group: P = 0.0422) (Fig. 4I).

Sleep deprivation combined with ApBO increased the volume of cerebellum

VBM analysis is a morphological method to detect regions where gray matter and white matter concentration differs significantly
between groups. It is not biased to one specific structure and could provide a comprehensive and impartial assessment of structural
differences throughout the brain [19]. Using VBM analysis, Colloby et al. found cerebellar gray matter loss in AD patients [20]. To
reveal the changes of cerebellum volume under our experimental condition of sleep deprivation combined with ApO, using voxel-wise
analysis, we first made statistical parametric maps of volume in cerebellum (Fig. 5), the significant different clusters of volume be-
tween Con and SD, A, SA groups were showed in Tables 7-9. Next, we further compared the mean volume of three cerebellar lobes. As
shown in Fig. 6, we found, compared to Con group, SA group showed significant increased volumes in the left side of anterior lobe (P =
0.0005 vs Con), bilateral posterior lobes (P = 0.0387 vs Con for the left side, P = 0.0123 vs Con for the right side) and right side of
flocculonodular lobe (P = 0.0341 vs Con), while there was no statistical difference in SD or Af groups. These results suggest that sleep
deprivation or ABO alone had little effect on cerebellar volume, but their coaction led to an increased cerebellar volume.

Sleep deprivation exacerbated the detrimental effect of ApO on the cerebellar structural network

The structural network of brain is derived from diffusion-MRI and models the white matter tracts that transfer information between
spatially isolated gray-matter areas. Structural network connectivity could be mapped in vivo with tractography [21,22]. The changes
of structural connectivity can be used to predict the degradation of white matter fiber bundles and the strength of functional brain
networks [23]. Some alterations of the structural connectivity have been reported in MCI or AD patients, which indicated that the
altered structural network properties maybe present at very early stages when the AD-related pathological landmarks are not yet
obvious [24-26]. However, the cerebellar structural connectivity is often overlooked in research on AD or sleep disorders. In order to
explore the impact of sleep deprivation and ABO on the cerebellar network, we mapped the cerebellar structural network based on the
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Fig. 3. Statistical parametric maps of ADC in cerebellum with voxel-wise analysis. Regional difference of ADC value between Con and SD (A), Ap
(B), SA (C) groups were compared, and specific significant clusters were showed in Table 4-6.

nodes and tracts between the cerebellum (three lobes and cerebellar nuclei) and the thalamus (lateral nucleus), the brain stem
(medulla, pons and red nucleus) (Fig. 7A and Table 10). Our results showed that, compared to Con group, a significant enhanced
connection strength was observed in the pontine transverse fibers and the right superior cerebellar peduncle in Ap group. In SA group,
the strengthened connectivity was further extended to bilateral superior cerebellar peduncles. There was no significant strength
change in the internodal connection in SD group. These results suggest that the cerebellar structural network may be more susceptible
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Table 4

Clusters revealed difference of ADC in the cerebellum between Con and SD groups with FWE corrected.
Region Voxels T Value X Y Z
cerebellum_anterior lobe of cerebellum_right 2 2.8852 6.1637 7.1632 —11.8779
cerebellum_anterior lobe of cerebellum_left 17 3.4474 —5.8598 6.3266 -11.8779
cerebellum_anterior lobe of cerebellum_right 5 3.0787 —5.8664 6.4256 —11.3979
cerebellum_anterior lobe of cerebellum_left 2 2.8765 —1.4681 6.8963 —10.4379
cerebellum_posterior lobe of cerebellum _left 17 3.0652 —1.4087 6.8372 —14.7579
cerebellum_anterior lobe of cerebellum _right 116 3.586 2.0026 1.9394 —9.9579
cerebellum_posterior lobe of cerebellum_right 18 3.5024 2.0092 1.982 —10.4379
pfi flocculonodular lobe_right 92 3.3106 6.1637 6.4375 —11.8779
pfi flocculonodular lobe_left 170 3.3978 —5.8598 6.4682 -11.8779
pfi flocculonodular lobe_right 77 3.2499 4.8052 6.9158 —9.9579
pfi flocculonodular lobe_left 67 3.2254 —6.6754 5.7103 —10.4379

Notice: ADC value changes were yielded based on a voxel-level height threshold of P < 0.005 and a cluster-extent threshold of 20 voxels.

Table 5

Clusters revealed difference of ADC in the cerebellum between Con and Af groups with FWE corrected.
Region Voxels T Value X Y Z
cerebellum_anterior lobe of cerebellum_right 64 3.483 —0.6789 6.4572 —9.9579
cerebellum_posterior lobe of cerebellum_right 11 3.1711 —0.6525 6.6276 —11.8779
cerebellum_posterior lobe of cerebellum_left 79 3.3277 -1.9714 6.7774 —12.8379
cerebellum_anterior lobe of cerebellum_left 13 3.1866 —5.3235 6.3576 —11.8779
cerebellum_anterior lobe of cerebellum_right 2 2.9144 —5.3301 6.4566 —11.3979
cerebellum_anterior lobe of cerebellum_left 1178 4.8238 —0.9186 2.0388 —11.3979
cerebellum_anterior lobe of cerebellum_right 1222 4.6134 —0.9252 1.8546 -10.9179
cerebellum_cerebellar nucleus_right 1 2.8835 —0.8922 2.6517 —13.3179
cerebellum_posterior lobe of cerebellum_left 784 4.9471 —-0.912 1.9398 —11.8779
cerebellum_posterior lobe of cerebellum_right 676 4.7653 —0.9252 1.8546 —10.9179
pfi flocculonodular lobe_right 32 3.0984 5.489 6.3985 —11.8779
pfi flocculonodular lobe_left 93 3.2395 —5.3301 6.7575 —-11.3979

Notice: ADC value changes were yielded based on a voxel-level height threshold of P < 0.005 and a cluster-extent threshold of 20 voxels.

Table 6

Clusters revealed difference of ADC in the cerebellum between Con and SA groups with FWE corrected.
Region Voxels T Value X Y Z
pfi flocculonodular lobe_left 23 3.7267 —5.3433 7.0971 —10.4379
pfi flocculonodular lobe_left 16 3.1812 —5.7214 7.2019 —11.8779
pfi flocculonodular lobe_right 9 2.9262 5.2163 7.4665 -10.9179
cerebellum_posterior lobe of cerebellum_left 16 3.0391 -1.7119 6.5092 —12.8379
cerebellum_anterior lobe of cerebellum_left 8 3.0007 —1.0504 2.215 —11.8779
cerebellum_posterior lobe of cerebellum_left 83 3.4061 —1.0438 1.9744 —12.3579

Notice: ADC value changes were yielded based on a voxel-level height threshold of P < 0.005 and a cluster-extent threshold of 20 voxels.

to ABO than to sleep deprivation. Short-term fragmented sleep deprivation may not lead to significant abnormalities in the cerebellar
structural connectivity, but sleep deprivation might exacerbate the damage of ABO to the cerebellar structural connectivity.

Furthermore, we assessed the related topological properties of rich-club, shortest path length (Lp), and small world network (SMN).
Except a significant reduced rich-club was revealed in A group, no any other changes of topological properties were found in SD or SA
group (Fig. 7B-E).

Discussion

Cerebellum has often been dismissed in MRI studies of AD and sleep disorders. In our present study, we found sleep deprivation
combined with ABO led to alterations of FA, ADC, volume of cerebellum and abnormal structural network connectivity. Our results
suggest that the cerebellum is involved in the early progression of AD, and ApO-induced pathological damage to cerebellum may be
further exacerbated by sleep disorders.

By assessment of FA values in the cerebellum, we found increased FA in the cerebellar anterior lobes in SA group, which might
indicate the disruption of cerebellum cortex integrity and gliosis [27,28] induced by sleep deprivation and ABO neurotoxicity, since
either of them could activate the astrocyte [29,30]. In addition, the increased FA might suggest a hyperconnectivity, which leads to the
imbalance in the circuits related with cerebral cognition [31,32]. Meanwhile, in SA group, we also found the strengthened connectivity
in both sides of the superior cerebellar peduncles, the increased FA causing the injury integrity of the cerebellum also may be related
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Fig. 4. Sleep deprivation combined with ABO led to decreased ADC values in the cerebellar lobes and cerebellar nuclei. Quantification of the mean
ADC value in left and right side of anterior lobe (A, B), posterior lobe (D, E), cerebellar nuclei (G, H) and bilateral differences (C, F, I). *p < 0.05, **p
< 0.01, ***p < 0.001. n = 7-10 rats/group.

with the abnormal brain network [17].

Many studies have demonstrated that adequate sleep could promote free water diffusivity and thereby induce increased ADC value
[18,33,34]. Based on these, our finding that decreased ADC values in SA group is most possibly associated with restricted free water
diffusivity caused by sleep deprivation.

The cerebellum is involved in a wide range of non-motor function, including sensorimotor modulation, visual spatial processing,
executive function as well as linguistic skills. The anatomical basis of these proposed functions is the existence of cerebro-cerebellar
circuits, mainly composed of cortico-ponto-cerebellar and cerebello-thalamo-cortical loops, which link the cerebellum with motor
cortices, association cortices and paralimbic regions [35,36]. In our present study, we found an enhanced connectivity in the pontine
transverse fibers and the right superior cerebellar peduncle in Af group, which might indicate a compensatory response of the cer-
ebellum at early stages of disease [37]. This change also implied that the right cerebellar nuclei and right superior cerebellar peduncle
are more sensitive to APO neurotoxicity [38]. The current finding is consistent with the notion that AD is a dysfunction of brain
network [39,40]. This increased connection in the right superior cerebellar peduncle may reflect deregulated neural activation or
partly network-breakdown resulting from APO-induced hyperexcitability [41]. Meanwhile the strengthened connectivity was
expanded to bilateral superior cerebellar peduncles under condition of sleep deprivation combined with ABO, indicating more severer
damage and network disruption. We also found the rats in SA group showed significant cognitive decline (data not shown), which is
very likely associated with the abnormal cerebellar structural connection, since the cerebellar network could regulate the cognitive
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(B), SA (C) groups were compared, and specific significant clusters were showed in Table 7-9.

Table 7

Clusters revealed difference of volume in the cerebellum between Con and SD groups with FWE corrected.
Region Voxels T Value X Y Z
cerebellum_anterior lobe of cerebellum_left 415 3.2576 —0.7843 3.4408 —12.3579
cerebellum_anterior lobe of cerebellum_right 160 3.0034 —0.8041 3.6139 —10.9179
cerebellum_cerebellar nucleus_left 1 2.8761 -0.7777 3.7843 —12.8379
cerebellum_posterior lobe of cerebellum_left 335 3.2769 —0.7843 3.4408 —12.3579
cerebellum_posterior lobe of cerebellum_right 255 3.0881 —0.7843 3.6001 —12.3579

Notice: Volume changes were yielded based on a voxel-level height threshold of P < 0.005 and a cluster-extent threshold of 20 voxels.

Table 8

Clusters revealed difference of volume in the cerebellum between Con and Ap groups with FWE corrected.
Region Voxels T Value X Y Z
cerebellum_anterior lobe of cerebellum_right 11 2.9985 5.3679 6.6747 -11.8779
pfi flocculonodular lobe_right 64 2.9881 5.3679 6.5331 —11.8779
cerebellum_anterior lobe of cerebellum_left 8 2.9029 —1.8396 2.7957 —12.3579
cerebellum_posterior lobe of cerebellum _left 18 2.9065 —1.8396 2.7957 —12.3579

Notice: Volume changes were yielded based on a voxel-level height threshold of P < 0.005 and a cluster-extent threshold of 20 voxels.

function in early AD [42]. In addition, it has been demonstrated that the cerebellum may play critical roles in sleep regulation [43,44].
A study on cats showed that the lesions of the superior cerebellar peduncle caused a decreased NREM and REM sleep [45]. The
cerebellar output, mainly through the superior cerebellar peduncle, could modulate thalamo-cortical spindles [46], thereby
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Table 9
Clusters revealed difference of volume in the cerebellum between Con and SA groups with FWE corrected.
Region Voxels T Value X Y Z
pfi flocculonodular lobe_right 3 2.9381 5.2163 7.4665 -10.9179

Notice: Volume changes were yielded based on a voxel-level height threshold of P < 0.005 and a cluster-extent threshold of 20 voxels.
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influencing neocortical learning and cognitive processes during sleep. Therefore, although no significant changes of structural cere-
bellar network was detected in our experimental condition of short sleep deprivation, we have reason to infer that chronic or long term
sleep deprivation could disturb cerebellar activity and thereby further aggravate ABO-induced cognitive impairment through affecting
cortico-ponto-cerebellar-thalamo-cortical circuit [47]. This abnormal cerebellar network connectivity caused by sleep disorder is very
likely to be linked with the increased risk of AD.

Recently, Um YH et al. demonstrated changes of cerebellar volume is associated with increased odds of the disease progression [48].
In the present work, we observed the increased volume in most regions of cerebellum, including both sides of the posterior lobe, the left
anterior lobe and right flocculonodular lobe in SA group. This finding, inconsistent with the reports of decreased cerebellar volume in
AD from many literatures [49,50], might indicate an early compensatory response. In addition, the larger cerebellar volume might be
related with worse cognitive outcome [42]. A cohort study in MCI and AD patients revealed cerebellum volume is negatively associated

10
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Fig. 7. Sleep deprivation exacerbated the detrimental effect of ABO on the cerebellar structural network. (A) A graph of brain structural network in
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structural network connectivity in SD group (SD), Ap group (Ap) and SA group (SA) respectively. The strenthened connectivity was presented as red
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(C), the o property of small world network (SWN) (D) and rich club (E). *p < 0.05, n = 9-11 rats/group. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

with the cognitive function in MCI patients, the increased cerebellar volume could be considered as a potential marker for predicting
early cognitive decline [34]. Another recent study verified an overall higher cerebellar prediction accuracy than the whole brain,
presenting with higher anterior cerebellar contribution to MCI and higher posterior cerebellar contribution to mild to moderate AD
[51]. Our findings further confirmed the cerebellum is involved in early AD. The more detailed underlying mechanism need to
investigate in future. Additionally, we found no significant changes of cerebellum volume under conditions of sleep deprivation alone,
this is contrary to a decreased volume in the anterior lobes of the cerebellum and cerebellar nuclei found in patients with REM sleep
disturbances [52]. One reason for this inconsistence may be due to the relatively shorter time of sleep deprivation in our study.

In conclusion, from the structural MRI changes of cerebellum, we provide important experimental evidence to prove that sleep
deprivation could exacerbate the damage to the cerebellum induced by ABO, which may be one reason for sleep disorder increasing the
risk of AD. Our data would contribute to recognizing the enigmatic role of cerebellum in AD and sleep loss, and aid in the development
of non-invasive MRI biomarker in the cerebellum for the screening and diagnosis early-stage AD, especially in individuals with self-
reported sleep disorders.
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Table 10
Structural connection in matrix revealed a difference between groups.
Region in Matrix Mean r Value (% of Con) in Four Groups One-way ANOVA with
Left, row of matrix; Right, column of matrix. Turkey’s
Post-hoc, vs Con (P Value)
Con SD Ap SA SD Ap SA

Medulla_L Flocculonodular lobe_L 100.0 £13.70 100.0 £+ 37.20 102.4 + 42.48 120.7 + 44.53 >0.9999 0.9987 0.5527
Medulla_L Anterior lobe L 100.0 £ 13.70 100.0 + 37.20 102.4 + 42.48 120.7 + 44.53 >0.9999 0.9987 0.5527
Medulla_L Posterior lobe _L 100.0 £13.70 100.0 £+ 37.20 102.4 + 42.48 120.7 £+ 44.53 >0.9999 0.9987 0.5527
Pons_ L Flocculonodular lobe_L 100.0 + 4.49 99.5 + 4.18 99.6 + 4.43 110.7 + 5.92 0.9955 0.9978 0.0006*

Pons L Anterior lobe_ L 100.0 + 4.49 99.5 + 4.18 99.6 + 4.43 110.7 + 5.92 0.9955 0.9978 0.0006*

Pons_ L Posterior lobe _L 100.0 + 4.49 99.5 + 4.18 99.6 + 4.43 110.7 + 5.92 0.9955 0.9978 0.0006*
Cerebellar nucleus_L Red nucleus R 100.0 + 3.62 96.3 + 3.86 105.6 + 7.52 108.1 + 6.99 0.4175 0.1356 0.0142*
Cerebellar nucleus_L Tha_lateral nucleus R 100.0 + 3.62 96.3 + 3.86 105.6 + 7.52 108.1 £+ 6.99 0.4175 0.1356  0.0142*
Pons L Pons_R 100.0 + 4.74 102.0 +12.09 119.2 +£18.15 117.9 £11.88 0.9865 0.0118 0.0329*
Cerebellar nucleus_R Red nucleus_L 100.0 + 3.46 95.9 + 4.25 107.0 &+ 8.01 108.1 + 6.10 0.4369 0.0395  0.0137*
Cerebellar nucleus R Tha_lateral nucleus_L 100.0 + 3.46 95.9 + 4.25 107.0 + 8.01 108.1 + 6.10 0.4369 0.0395  0.0137*
Medulla R Flocculonodular lobe R 100.0 + 7.07 93.9 £ 40.09 88.8 + 34.06 108.9 + 49.52 0.9793 0.8865 0.9390
Medulla R Anterior lobe R 100.0 + 7.07 93.9 £ 40.09 88.8 £ 34.06 108.9 £ 49.52 0.9793 0.8865 0.9390
Medulla_ R Posterior lobe R 100.0 + 7.07 93.9 + 40.09 88.8 + 34.06 108.9 + 49.52 0.9793 0.8865 0.9390
Pons R Flocculonodular lobe_R 100.0 + 7.11 103.0 &+ 4.01 109.2 +10.43 111.4 £11.76 0.8937 0.1759 0.0364*

Pons R Anterior lobe R 100.0 + 7.11 103.0 + 4.01 109.2 +10.43 111.4 £11.76 0.8937 0.1759 0.0364*

Pons R Posterior lobe R 100.0 +7.11 103.0 + 4.01 109.2 +£10.43 111.4 £11.76 0.8937 0.1759 0.0364*

Note: r values were represented as mean =+ standard deviations. *p means statistic difference (P < 0.05).
Abbreviations: L, Left, R, Right, Con, Control Group, SD, Sleep Deprivation Group, Ap, p-amyloid Injection Group, SA Sleep Deprivation with
p-amyloid Injection Group, Tha, thalamus.
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