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Abstract: Background: Cholinergic hypofunction and sleep disturbance are hallmarks of Alz-
heimer’s disease (AD), a progressive disorder leading to neuronal deterioration. Muscarinic acetyl-
choline receptors (M1-5 or mAChRs), expressed in hippocampus and cerebral cortex, play a pivotal
role in the aberrant alterations of cognitive processing, memory, and learning, observed in AD. Re-
cent evidence shows that two mAChRs, M1 and M3, encoded by CHRM1 and CHRM3 genes, re-
spectively, are involved in sleep functions and, peculiarly, in rapid eye movement (REM) sleep.
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Methods: We used twenty microarray datasets extrapolated from post-mortem brain tissue of non-

demented healthy controls (NDHC) and AD patients to examine the expression profile of CHRM1
and CHRM3 genes. Samples were from eight brain regions and stratified according to age and sex.
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Accepted: April 19, 2022 Results: CHRM1 and CHRM3 expression levels were significantly reduced in AD compared with age-

and sex-matched NDHC brains. A negative correlation with age emerged for both CHRM1 and
DOI CHRM3 in NDHC but not in AD brains. Notably, a marked positive correlation was also revealed be-
10.2174/1570159X21666221207091209 tween the neurogranin (NRGN) and both CHRM1 and CHRM3 genes. These associations were modu-
@ Ercaihiak lated by sex. Accordingly, in the temporal and occipital regions of NDHC subjects, males expressed
higher levels of CHRM1 and CHRM3, respectively, than females. In AD patients, males expressed

higher levels of CHRM1 and CHRM3 in the temporal and frontal regions, respectively, than females.

Conclusion: Thus, substantial differences, all strictly linked to the brain region analyzed, age, and
sex, exist in CHRM1 and CHRM3 brain levels both in NDHC subjects and in AD patients.
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1. INTRODUCTION

Dementia is a syndrome characterized by a decline in
cognitive skills, behavior, and in ability to perform simple
daily activities. The drastic reduction of cognitive functions is
accompanied and sometimes preceded, by altered emotional
control, social behavior or motivation. To date, dementia is a
major cause of disability and dependence among elderly
people around the world [1]. Major causes of dementia include
diseases and injuries that primarily or secondarily affect the
brain, such as Alzheimer's disease (AD) or stroke [2].
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AD is a progressive, neurodegenerative disorder, finally
resulting in a continuous decline in thinking, behavior, and
social interactions [3]. Typically, AD progresses from mild
cognitive impairment to severe dementia over several years
[4]. About fifteen years before symptoms of cognitive
impairment appear, amyloid plaques begin to accumulate in
the extracellular matrix of the adult brain. In cerebrospinal
fluid (CSF), this latter scenario is coincidently reflected by
reduced levels of the less soluble form of amyloid beta (Ap),
AP42, thus allowing a preclinical diagnosis [5-7]. As for the
neurofibrillary tangles - aggregates of hyperphosphorylated
tau protein- also used as a pathological biomarker of AD,
develop in the second phase of the disease [8]. Currently, the
diagnosis of AD depends on clinical assessments and post-
mortem neuropathology, which are unbenefited for early

© 2023 Bentham Science Publishers


http://crossmark.crossref.org/dialog/?doi=10.2174/1570159X21666221207091209&domain=pdf

Sex, Age, and Regional Differences in CHRM1 and CHRM3 Genes Expression Levels

diagnosis and progressive monitoring. Studies have reported
that the levels of cerebrospinal fluid (CSF) and blood
neurogranin (NRGN) are related to the occurrence and the
subsequent progression of AD [9].

As AD disease progresses, amyloid plaques and
neurofibrillary tangles tend to accumulate and compromise
several areas of the brain, including regions critical for the
sleep-wake cycle, such as the cerebral cortex, basal anterior
brain, the locus coeruleus, and the hypothalamus [10]. Sleep-
wake cycle alteration appears to precede the onset of
cognitive symptoms in AD patients. Besides, previously
published work showed a strong association between
interrupted sleep and the onset of AD [11]. The use of
techniques such as polysomnography has highlighted
modifications in the sleep cycle of AD patients. In particular,
AD patients have a decrease in slow wave sleep and rapid
eye movement (REM), prolonged REM latency, an increase
in stages N1 and N2 non-REM (NREM), and higher sleep
fragmentation; finally leading to a general reduction in sleep
duration [11, 12]. Accordingly, early sleep assessment with
polysomnography (PSG) can provide more sensitive
diagnostic tools for preclinical detection of AD rather than
the more traditional cognitive tests [13]. In addition, to
facing the devastating effects of the illness on daily life, AD
patients suffer from circadian rhythm disturbances,
epiphenomena linked to insomnia, sleep fragmentation and
excessive daytime sleepiness [14-16]. Sleep and circadian
disturbances have been proved to worsen along with the
progression of the disease. [12, 17]. Recently, a correlation
has been established between the sleep-wake cycle and AD
[18], suggesting relevant implications for patient clinical
management and potential treatment strategies.

Indeed, there is increasing evidence that sleep is critical for
cognitive processing, despite a causal relationship between
sleep and the development of dementia is difficult to establish
since the two phenomena are bi-directionally linked.
Nevertheless, sleep is now widely recognized as crucial for
memory consolidation and removal of exceeding AP and
hyper-phosphorylated tau protein that accumulate in AD
patients’ brains [19]. Usually, it is possible to distinguish
between declarative memories (i.e., memory for conscious
events), enhanced by NREM or slow wave sleep, and non-
declarative = memories  (i.e., procedural = memories),
consolidated during REM sleep [20, 21]. Moreover, sleep
deprivation results in increased deficits in plasticity and
synaptic memory processes [22-24].

The presynaptic cholinergic hypofunction is one of the
major consequences of AD and the cholinergic replacement
therapy could prove beneficial effects in alleviating cognitive
dysfunction [25]. Pharmacological restoration of acetylcholine
levels using acetylcholinesterase (AChE) inhibitors and N
methyl d aspartate (NMDA) antagonists has been proven
successful; acetylcholine receptor (AChR) agonists might be
considered effective treatment of AD in the future [26].

AChRs are classified as muscarinic acetylcholine receptors
(mAChRs) and nicotinic acetylcholine receptors (nAChRs)
according to pharmacological affinities and sensitivities to
endogenous ligands [26]. Muscarinic receptors are involved in
memory, motor control, and learning [27, 28]. They are
classified into M; (CHRM1), M, (CHRM?2), M3 (CHRM3), M4
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(CHRM4), and Ms (CHRMS) [29]. The M;, M and Ms
mAChRs are coupled with Gy proteins [30]. M, receptors are
responsible for cholinergic functions and are involved in
synaptic plasticity, learning and memory (cognition), neuronal
differentiation during development and neuronal excitability
[29]. M3 receptors are highly expressed in the hypothalamus,
and to a less extent in the hippocampus and play major roles in
food intake and body growth [31].

Alteration of mAChRs has been widely linked to AD
[32-36]. Prior studies proved that both M; and M, subtype
muscarinic AchRs were significantly reduced in the cerebral
cortex and AD patients' hippocampus [37]. Due to the salient
role played by these two areas in memory, cognitive
processing and learning and considering the largely
attenuated cholinergic signal, the most significant feature in
the AD brain, it is clear the importance of restoring this
altered scenario via a cholinergic activation. In the central
nervous system, mAChRs can be divided into two groups,
M,/M; and M,/My, based on their transduction pathways and
activities. Intriguingly, y secretase activity increases and
thus less B amyloid peptide is formed upon stimulation of
M,/M; receptors [26]. It is reported that G protein coupled
M, muscarinic receptor is impaired in the neocortex region
of the patients with AD and that severity of cognitive
symptoms in the AD is considerably related to the degree of
M,/G protein uncoupling [38]. Experiments conducted on
M; mAChR knockout mice displayed increased amyloid
processing of APP, a critical step in the progression of the
AD, thus suggesting a role of mAChRs in processing APP
[39].

To date, no exhaustive explanation has been given on the
mechanisms underlying poor sleep and circadian rhythm
disturbances in AD. Recently, both M; and M; receptors have
been shown to be essential for REM sleep [40]. Acetylcholine
per se drives the REM sleep regulation [41]. A potential
function of acetylcholine is likely the regulation of cellular
properties involved in theta oscillation rather than the switching
of neural circuits. Consistently with this, isolated hippocampal
neurons exhibit oscillations in the theta frequency band under
pharmacological stimulation with an acetylcholine receptor
agonist [42-44]. Throughout mutagenization of acethylcholine
receptors, Niwa and his associates revealed that DKO mice of
muscarinic acetylcholine receptors coupled with Gq proteins
(M, and M3) abolished REM sleep and that this phenomenon
was associated with an increase in theta waves during the sleep
phase, leaving the oscillation of the theta largely unaffected
during wakefulness [40]. To confirm these results,
pharmacological studies have shown that the use of muscarinic
receptor inhibitors, such as atropine or scopolamine, reduced the
oscillation of theta electroencephalogram (EEG) in anesthetized
animals [45, 46].

In the light of these data, we set out to verify the possible
relationship between CHRMI1 and CHRM3 gene expression
levels and AD in human specimens. With this aim, we
investigated the expression of these two genes in post-
mortem brain tissue of not demented healthy control subjects
and AD patients using a public online microarray dataset.
The data were downloaded from GEO Database and
statistically reprocessed.
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Table 1. The datasets selected.
- Dataset Organism Individuals in the Dataset Platform Samples Origin NDHC AD References
Samples Samples
1 GSE33000 HS 624 GPL4372 HBTRC 156 310 [48]
2 GSE28894 HS 114 GPL6104 NIA 29 0 [49]
3 GSE35978 HS 50 GPL6244 SMRI 24 0 [50]
4 GSE15745 HS 150 GPL6104 UMBB 189 0 [51]
5 GSE44772 HS 1098 GPL4372 HBTRC 297 387 [52]
6 GSE36192 HS 396 GPL6947 NIA 481 0 [53]
7 GSE60862 HS 134 GPL5175 UKBEC 364 0 [54]
8 GSE118553 HS 112 GPL10558 MRC-LBB 88 167 [55]
9 GSE25219 HS 57 GPL5175 BTBDDUM 33 0 [56]
10 GSE71620 HS 210 GPL11532 PBTDP 292 0 [57]
11 GSE36980 HS 88 GPL6244 KU 47 32 [58]
12 GSE26927 HS 113 GPL6255 BNEN 6 11 [59]
13 GSEg4422 HS 125 GPL570 MSBB 28 74 [60]
14 GSES5281 HS 150 GPL570 ADRCs 74 87 [61]
15 GSE48350 HS 131 GPL570 ADRC 105 80 [62]
16 GSE11882 HS 63 GPL570 MSBB 105 0 [63]
17 GSE35864 HS 72 GPL570 NNATCB 4 0 [64]
18 GSE28146 HS 30 GPL570 BBADRCUK 8 22 [65]
19 GSE132903 HS 195 GPL10558 TGRI 98 97 [66]
20 GSE39420 HS 21 GPL11532 IDIBAPS 7 14 [67]

Abbreviations: Harvard Brain tissue resource center (HBTRC); Brain Donor Program at the University of California (BDP); Mount Sinai Medical Center Brain Bank (MSBB);
National Institute on Aging Alzheimer’s Disease Center (ADRC); National Institute on Aging (NIA); Stanley Medical Research Institute (SMRI); University of Maryland Brain Bank
(UMBB); UK Brain Expression Consortium (UKBEC); Medical Research Council (MRC) London Neurodegenerative Diseases Brain Bank (from now on referred to as MRC-LBB);
University of Pittsburgh’s Brain Tissue Donation Program (PBTDP); Pritzker Consortium (PC); Neuropathology Consortium of the Stanley brain collection (Stanley Medical Re-
search Institute, US) (SMRIC); Translational Genomic Research Institute (TGRI); Kyushu University (KU); BrainNet Europe network (BNEN); Mount Sinai/JJ Peters VA Medical
Center Brain Bank (MSBB); Alzheimer’s Disease Centers (ADCs); The National NeuroAIDS Tissue Consortium Brain (NNATCB); Brain Bank of the Alzheimer's Disease Research
Center at the University of Kentucky (BBADRCUK); Brain and Tissue Bank for Developmental Disorders at the University of Maryland (BTBDDUM); Neurological Tissue Bank of
the Biobank-Hospital Clinic-IDIBAPS and the Neuropathology Institute from the Hospital Universitari de Bellvitge; NDHC= non demented healthy controls subjects; AD= Alz-

heimer’s Disease patients; HS= homo sapiens.

2. MATERIALS AND METHODS
2.1. Data Selection

In order to test our hypotheses, we have collected several
microarray datasets to obtain the largest possible number of
brain samples of non-demented subjects who died from
causes not attributable to neurodegenerative diseases and of
deceased patients suffering from AD. As regards to the
transcriptomes datasets, we downloaded them from NCBI
Gene Expression Omnibus (GEO) database (http:/www.
ncbi. nlm.nih.gov/geo/) [47]. Mesh terms “Brain region”,
“Human”, and "Alzheimer's disease", were used to identify
human potential datasets of interest. Twenty datasets were

selected following the criteria exposed in the section
“Clinical and neuropathological criteria”. The datasets
selected are shown in Table 1 [48-67].

2.2. Clinical and Neuropathological Criteria

The brain of each subject with Alzheimer’s disease was
age-matched to a healthy brain. Furthermore, we stratified
the samples according to sex and age, as shown in Table 2.

Five groups were obtained: middle-age (50-65 years),
senior (66-75 years), elderly (76-89 years), nonagenarian
(90-99 years), and centenarian (>100 years) [68].
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Table 2. Sample stratification according to sex and age.
S. No. Age Stage NDHC AD

1 50—65 middle-age 1176 =903 3+273 @ 73=363+37 Q

2 65-75 senior 450 =307 3+143 Q 229=151 3+78 Q

3 76-89 elderly 578 =374 34204 Q 699 =310 3+389 Q

4 90-99 nonagenarian 206=71 3+135Q 262 =158 34204 Q

5 >100 centenarian 25=543+20 9 18=53+13 2
Total sample 2435 (1660 3+775 Q) 1281 (560 3+721 Q)

Abbreviations: NDHC = non-demented healthy controls subjects; AD = Alzheimer’s disease patients.

Table 3. Sample stratification according to brain regions.
° of NDH ° of AD
Ne Brain Regions Abs Brain Portions no C no
Samples Samples
Pre frontal cortex ; dorso-lateral pre frontal cortex; medial prefron-
1 Pre-frontal PFC tal cortex; ofc (orbltofrontal cortex); orbital prefrontal cortex; 560 439
ventral forebrain; ventrolateral cortex; ventrolateral prefrontal (4388+1229) (1973+2429)
cortex.
: i 55
) Frontal FC Frontal cortex frontal pole (Brodmann area 9, 10); medial frontal 455 .
cortex. (3053+1509) (213+349)
118 148
3 Occipital oC Occipital cortex; primary visual cortex; visual cortex.
(928+269) (733+759)
- 460 167
4 Cerebellum CB Cerebellar cortex; cerebellum; upper (rostral) rhombic lip.
(3208+1409) (803+879)
Inferior temporal cortex; primary auditory cortex; superior tem- 62
5 Temporal TP poral cortex; superior temporal cortex (Brodman area 22); tem- 199 (13284+6792) -
poral cortex; ventral head of the caudate nucleus. (283+342)
Anterior cingulate; caudal ganglionic eminence; lateral ganglionic
eminence; medial ganglionic eminence; medial temporal gyrus; 246 191
6 Cingulate CYN post central gyrus; posterior cingulate; posterior cingulate cortex;
. . . . (1243+1229) (953+969)
subpial grey matter lesions from the frontal gyri; superior frontal
gyrus.
Basal ganglia; dorsal thalamus; putamen; striatum; nucleus accum- 111 50
7 Diencephalon DIE bens; substantia nigra; thalamus; mediodorsal nucleus of the thal-
(773+349) (113+419)
amus.
286 167
8 Limbic System LS Amygdala; entorhinal cortex; hippocampus.
(1728+1149) (558+1129)

Note: All brain samples analyzed were divided into 58 portions, subsequently grouped into the eight main brain regions (pre-frontal, frontal, occipital, cerebellum, temporal, cingu-

late, diencephalon, and limbic system).

Abbreviations: NDHC = non demented healthy controls subjects; AD = Alzheimer’s Disease patients.

All brain samples analyzed were grouped into eight main
brain regions (pre-frontal, frontal, occipital, cerebellum,
temporal, cingulate, diencephalon, and limbic system).
Complete details of examined brain regions are shown in
Table 3.

Among data deriving from frozen tissue samples of
subjects who did not die from causes related to neurological
diseases, 2435 were selected and identified as non-demented

healthy controls (NDHC) (68.24 + 14.57 years), whereas
1281 samples were from AD patients (82.03 + 9.29 years). In
order to limit the distortion effect due to age differences, we
compared the brain of subjects with AD to age-matched
NDHC brains.

Most of the samples analyzed were obtained from public
brain databases (Table 1). Postmortem interval (PMI), sam-
ple pH, and RNA integrity number (RIN) were elements of
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pre-selection by the authors of the reference microarray da-
tasets and, subsequently object to our further exclusion anal-
ysis. For the diagnosis of AD, we took into consideration the
investigations carried out by the authors of the individual
datasets (Consortium to Establish a Registry for Alzheimer's
Disease (CERAD) guidelines, progressive decline in
memory, cognitive deficits in two or more areas, MMSE,
CDR, Braak stage, general and regional atrophy, gray and
white matter atrophy, ventricular enlargement, and cataloged
neuropathological diagnosis by pathologists based on, e.g.,
Neurofibrillary Tangle (NFT) counts). With regard to the
cognitive integrity of the healthy subjects included in our
analysis, we considered the selection criteria and cognitive
tests carried out by the authors of the microarray datasets
listed in Table 1 (memory complaints, history of memory
complaints, normal cognitive function documented by scor-
ing age and education adjusted, Mini-mental status examina-
tion (MMSE), and global clinical dementia rating, CDR).

Unfortunately, the available datasets did not provide
information regarding sleep disorders. The data used to
classify patients were unavailable for individual patients
inside the matrix datasets analyzed or in the relative
publications associated with the dataset.

2.3. Data Processing and Experimental Design

In order to process and identify Significantly Different
Expressed Genes (SDEG) in all selected datasets, we used
the MultiExperiment Viewer (MeV) software (The Institute
for Genomic Research (TIGR), J. Craig Venter Institute,
USA). In cases where multiple gene probes insisted on the
same GenelD, we used those with the highest variance. The
significance threshold level for all data sets was p < 0.05.
Statistically significant genes were selected for further analy-
sis. For all datasets, we performed a Benjamini & Hochberg
FDR (False discovery rate) to adjust P values for multiple
comparisons [69-72].

2.4. Statistical Analysis

For statistical analysis, Prism 9 software (GraphPad
Software, USA) was used. Based on the Shapiro-Wilk test,
almost all data were normal, so parametric tests were used.
Significant differences between groups were assessed using
the Ordinary one-way ANOVA test, and Tukey’s multiple
comparisons test was performed to compare data between all
groups. Correlations were determined using Pearson correla-
tion. All tests were two-sided, and significance was deter-
mined at P < 0.05. All MD selected were transformed for the
analysis in the Z-score intensity signal. Z score is construct-
ed by taking the ratio of weighted mean difference and com-
bined standard deviation according to Box and Tiao (1992)
[73]. The application of a classical method of data normali-
zation, z-score transformation, provides a way of standardiz-
ing data across a wide range of experiments and allows the
comparison of microarray data independent of the original
hybridization intensities. The z-score is considered a reliable
procedure for this type of analysis and can be considered a
state-of-the-art method, as demonstrated by numerous bibli-
ographies [74-78]. Z scores are calculated by subtracting the
overall average gene intensity (within a single experiment)
from the raw intensity data for each gene, and dividing that
result by the SD of all the measured intensities, according to
the formula:

Sanfilippo et al.

Z score (intensity G - mean intensity G1. . .Gn)/SDGI. . .Gn

where G is any gene on the microarray and GI. . . Gn
represents the aggregate measure of all of the genes.

Diagnostic accuracies were tested in logistic regression
models separately for NDHC versus AD patients. All models
were evaluated for the significance of the included bi-
omarkers and overall diagnostic accuracy. The area under the
ROC curve (AUC) and its 95% confidence interval (95% CI)
indicates diagnostic efficiency. The accuracy of the test with
the percent error is reported.

3. RESULTS

3.1 CHRM1 and CHRM3 Expression Levels are Down-
regulated in AD Brains

In a preliminary analysis, we first documented a down-
regulation of the brain expression levels of CHRMI and
CHRM3 in the whole brain of AD patients compared to
NDHC subjects (Fig. 1A). Grouping the samples according
to sex, we found that both in the brain of NDHC subjects and
in those of AD patients, the expression levels of CHRM]I and
CHRM3 were significantly higher in males than in females
and that these differences were attenuated in AD (Fig. 1B).

We next observed that the brain CHRMI and CHRM3
expression levels were significantly correlated both in AD
patients and in NDHC subjects (Fig. 2). Particularly, in the
brain of NDHC subjects, the CHRMI and CHRM3 expres-
sion levels were strongly correlated (r = 0.5954, p < 0.0001)
(Fig. 2a). This correlation was maintained when we decided
to separate the samples according to sex. Notably, males (r=
0.5072, p < 0.0001) (Fig. 2b) had a lower R-squared than
females (r = 0.6055, p < 0.0001) (Fig. 2¢). In the brains of
AD patients, we observed that the CHRMI and CHRM3 ex-
pression levels had a marked correlation with each other but
showed a lower trend compared to NDHC (r = 0.3607, p <
0.0001) (Figs. 2d). This correlation also emerged when we
grouped the samples according to sex. Indeed, both in brains
of male AD patients (r = 0.3874, p < 0.0001) (Fig. 2e) and in
those of females (r = 0.3415, p < 0.0001) (Fig. 2f), the ex-
pression levels of CHRMI and CHRM3 were significantly
correlated.

By stratifying the samples according to age, sex, and dis-
ease, we found significant differences between NDHC sub-
jects and AD patients (Fig. 3). In brains of NDHCs subjects,
we observed that the expression levels of CHRMI and
CHRM3 were significantly and inversely correlated with age,
both in the whole sample (2435 samples) (CHRMI r = -
0.1000 and p < 0.0001, CHRM3 r = - 0.1306 and p <
0.0001) (Fig. 3a), and when stratifying the samples accord-
ing to sex, in the 1660 males (CHRMI r = -0.083 and p =
0.0007, CHRM3 r=-0.1133 and p < 0.0001) (Fig. 3b) and in
775 females (CHRM1 r = -0.053 and p = 0.028, CHRM3 r =
-0.1234 and p < 0.0001) (Fig. 3c¢). No significant correla-
tions between CHRMs expression and sex were observed in
the AD samples analyzed (Figs. 3d, e, and f).

Expression analysis according to the age-matched
showed a significant reduction in CHRMI (Fig. 4a) and
CHRM3 (Fig. 4b) in AD patients in comparison with NDHC
subjects. No significant changes in CHRM] expression lev-
els emerged in AD centenarian patients (Fig. 4a) and in
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CHRM3 in nonagenarian patients compared to age-matched
NDHC subjects (Fig. 4b). Among the age-matched groups,
only the NDHC subjects presented different levels of expres-
sion of CHRMI and CHRM3 (Supplementary Fig. 1). In-
deed, in the brain of NDHC subjects, CHRM1 expression
levels were significantly reduced in nonagenarian subjects
compared to middle-aged subjects (p < 0.001). Significant
reductions of CHRM3 expression were present in senior (p <
0.01), elderly (»p < 0.001), and nonagenarians (p < 0.00001),
compared to middle-ages (Supplementary Fig. 1) (Supple-
mentary Table 1). No significant changes emerged by com-
paring the different age ranges in AD patients (Supplemen-
tary Fig. 1) (Supplementary Table 1), thus indicating that age
per se does not affect CHRM1 and CHRM3 expression levels
in AD patients.

3.2. Brain Region-specific Changes in CHRMI1 and
CHRM3 Expression

According to brain regions and sex, we analyzed the tran-
script expressions of CHRMI and CHRM3 and found that in
NDHC subjects, CHRM1 was highly expressed in the tem-
poral region, while the lowest levels were present in the di-
encephalon region (Fig. Sa). Significant differences were
observed between the temporal region and the cingulate (p <
0.0001), the limbic system (p < 0.0001), and the diencepha-

lon (p < 0.0001), and between the diencephalon and all the
other brain regions analyzed (p < 0.0001) (Fig. Sa).

Regarding the CHRM]I expression levels in the brain of
AD patients, we observed a reduction in the differences be-
tween the various brain regions examined compared to
NDHC subjects (Fig. 5a). The temporal region expressed the
highest levels of CHRM]I, in contrast to the lowest ones ex-
pressed in the occipital region. Notably, the occipital region
showed significantly lower expression levels of CHRM]I than
the cerebellum (p < 0.0001), the temporal region (p <
0.0001), the limbic system region (p < 0.0001), and the di-
encephalon (p < 0.0001) (Fig. 5b). The temporal region ex-
hibited significantly higher levels of CHRM1 than the cingu-
late (p < 0.0001) and limbic system (p < 0.0001) (Fig. 5b).

A partially overlapping trend was observed when we ana-
lyzed the CHRM3 transcript in different brain regions of
NDHC subjects and AD patients. We found that in brain
regions of NDHC subjects, the CHRM3 transcript was highly
expressed in the temporal region, while the lowest levels
were expressed in the cerebellum (Fig. 5¢). Relevant differ-
ences were observed comparing the temporal region to the
cingulate (p < 0.0001), the limbic system (p < 0.0001), and
the diencephalon (p < 0.0001) (Fig. Sc¢). Cerebellar expres-
sion levels of CHRM3 were significantly lower than the
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temporal region (p < 0.0001), cingulate, limbic system (p <
0.0001), and diencephalon (p < 0.0001) (Fig. 5¢).

CHRM3 expression analysis in brain regions of AD pa-
tients unveiled smaller region-specific differences than ob-
served among the controls. Indeed, we observed that the
frontal cortex exhibited the highest levels of CHRM3 while
the occipital cortex had the lowest (Fig. 5d). CHRM3 levels
expressed in the occipital region were significantly lower
than those detected in the cingulate (p < 0.001), while in the
frontal cortex, we found significantly higher levels of ex-
pression than in the occipital region (p < 0.0001), in the cer-
ebellum (p < 0.01), and in the limbic system (p < 0.001)
(Fig. 5d).

3.3. Augmented Levels of CHRM1 in Cerebellum and
Diencephalon of AD Patients

Compared with NDHC subjects, CHRMI transcription
levels of AD patients were markedly reduced in: pre-frontal
(p < 0.0001), frontal (p < 0.0001), occipital (p < 0.0001),
and temporal (p < 0.0001) cortices, as well as in the cingu-
late (p < 0.0001) and limbic system (p < 0.0001) (Fig. 6a).
By contrast, in the NDHC group, the cerebellum (p <
0.0001) and diencephalon (p < 0.00001) presented lower
expression levels of CHRM]I than those measured in the AD
group (Fig. 6a).

These results were also confirmed in males and females
when we stratified the samples according to sex (Supplemen-
tary Figs. 2a and 2b). Apropos CHRM3 expression levels,
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we showed that it was significantly reduced in the pre-frontal
(p < 0.0001), occipital (»p < 0.0001), and temporal (p <
0.0001) cortices, as well as in the limbic system (p < 0.0001)
and diencephalon (p < 0.001) of AD patients compared with
NDHC subjects (Fig. 6b). No significant variation was ob-
served comparing the expression levels of CHRM3 in the
frontal cortex, cerebellum, and cingulate (Fig. 6b). These
results overlapped with those obtained by stratifying the
samples according to sex (Supplementary Figs. 3a and 3b).

3.4. Sex Influence in Brain CHRM1 and CHRM3 Ex-
pression

In NDHC subjects, the diencephalon of males presented
the lowest levels of CHRM]I, while in contrast, the temporal

region showed the highest. As for the brain of AD patients,
the occipital region of females was characterized by the low-
est levels of CHRM1I, while the highest levels were detected
in the temporal region of males (Fig. 7a and b). Among
NDHC subjects, we observed that females had significantly
lower CHRM1 expression levels than males in the pre-frontal
cortex (p < 0.001), in the occipital region (p < 0.01), and in
the cingulate region (p < 0.01) (Fig. 7a). These differences
were also present in the brain of AD patients (pre-frontal p <
0.0001 and cingulate p < 0.01), with the exception of the
occipital region (p = ns) (Fig. 7b).

In NDHC female subjects, we observed the lowest levels
of CHRMS3 in the cerebellum, in contrast with the highest in
the occipital region. The AD brain analysis showed that the
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lowest levels of CHRM3 were expressed by males in the
occipital region and the highest by males in the frontal re-
gion (Fig. 8a and b). In particular, in the brain of NDHC
subjects, we observed that females had significantly lower
CHRM3 expression levels than males in the pre-frontal cor-
tex (p < 0.001), in the occipital region (p < 0.001), in the
cerebellum (p < 0.001), and in the temporal region (p <
0.01) (Fig. 8a). In AD, these differences were present only in
the pre-frontal cortex (p < 0.0001) (Fig. 8b).

3.5. CHRM1 and CHRM3 Expression Levels are Corre-
lated to NRGN

In order to investigate possible relationships between the
CHRM]I and CHRM3 expression levels with the Alzheimer's
disease progression, we compared their levels of expression
with those of neurogranin (NRGN), a gene coding for a syn-
aptic protein related to AD progression. The use of NRGN
protein as a biomarker of Alzheimer's disease progression is
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well established [9, 79, 80]. Our analysis demonstrated the
existence of a significant positive correlation between the ex-
pression of NRGN and both CHRM1I and CHRM3 (Fig. 9a) in
the brain of NDHC subjects (Fig. 9b) and in those of AD pa-
tients as well (Fig. 9¢). Particularly, we reported that the ex-
pression of CHRM1 and CHRM3 compared to NRGN, showed
a positive correlation in all sample selected (CHRMI t =
0.6236, p < 0.0001; CHRM3 r = 0.5246, p < 0.0001) (Fig.
9a), in NDHC subjects (CHRMI r = 0.7278, p < 0.0001;
CHRM3 r=10.5090, p < 0.0001) (Fig. 9b), and in AD patients
(CHRMI r = 0.4121, p < 0.0001; CHRM3 r = 0.4892, p <
0.0001) (Fig. 9¢). Overlapping results were obtained by strati-
fying samples according to sex (Supplementary Fig. 4). We
found a stronger linear relationship in females than males in
the expression levels of CHRM1, CHRM3, and NRGN, both in
the brain of NDHC subjects (Supplementary Fig. 4a) and in
AD patients (Supplementary Fig. 4b).

Furthermore, we tested the diagnostic accuracy of NRGN,
CHRMI, and CHRM3 mRNA for AD patients using logistic
regression models. NRGN (AUC=0.6133, p < 0.0001),
CHRMI1 (AUC=0.6551, p < 0.0001), and CHRM3 (AUC =
0.6523, p < 0.0001) were all significant predictors of AD
(Fig. 9d, e, f). Surprisingly, for single predictors, CHRMI
had the highest accuracy, followed by CHRM3 and NRGN.

4. DISCUSSION

In our investigation, in order to examine the expression
profile of CHRM1 and CHMR3 genes, we used twenty mi-
croarray datasets generated from brain biopsies of NDHC
subjects and AD patients. We reported that CHRMI and
CHRM3 expression levels were significantly reduced in AD
brains compared with NDHC. The expression levels of the
two genes were positively correlated both in NDHC and in
AD brain patients. Older NDHC subjects showed lower
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expression than the younger ones. In addition, there was a One of the important hallmarks of AD is cholinergic hy-
significant correlation between CHRMI, CHRM3, and po-function [91]. It has been shown that in AD brains, there
NRGN expression, and these correlations were potentially a are reduced choline acetyltransferase levels accompanied by
function of both disease state and sex (Fig. 10). decreased ACh synthesis and significant loss of cholinergic

neurons. Recent evidence indicates that cholinergic hypo-
function is closely related to AP and tau pathologies [92].
Members of the muscarinic acetylcholine receptors family
are expressed in several brain regions and play crucial roles
in a variety of physiological processes such as memory, at-
tention, nociception, motor control, and sleep-wake cycle
[93]. Among the five members of the mAChR family (M1-
MS5), the M1 (CHRMI1) subtype makes up 50-60% of the
total and is predominantly expressed in the hippocampus,
cerebral cortex, corpus striatum, and thalamus [94].
CHRM1-knockout mice show a series of cognitive deficits
and impairments in long-term potentiation, indicating that
the CHRMI1 subtype is physiologically linked to multiple
functions such as synaptic plasticity, neuronal excitability,
and neuronal differentiation during early development, learn-

In recent years, the use of datasets available in public da-
tabases has grown exponentially. Several research groups -
including ours - have extensively used the analysis of public
transcriptome datasets for the identification of novel patho-
genic pathways and therapeutic targets in several human
pathologies [81, 82], such as neurodegenerative disease [83-
89] and cancer [90]. Through a meta-analysis of public array
datasets, it is possible to increase the statistical power to ob-
tain a more precise estimate of gene expression differentials
and assess the heterogeneity of the overall estimate. Meta-
analysis is relatively inexpensive since it makes comprehen-
sive use of already available data and represents a vast
source of information that could make a difference in setting
up highly targeted experimental strategies.
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ing, and memory [95]. M3 mAChR (CHRM3) subtypes are
widely distributed in the CNS, although at a lower level than
other mAChR subtypes. CHRM3 is expressed at a relatively
high level in the hypothalamus but it is also found in many
other regions, including the hippocampus [95]. Our results
appear to be in line with existing evidence on the role of the
CHRMI1 and CHRM3 genes in AD pathophysiology. Indeed,
alterations in learning and memory skills and disorders in
food intake are peculiar characteristics of AD [96, 97]. Inter-
estingly, here we demonstrate how the brain of AD females
had lower levels of CHRM1 and CHRM3 than age-matched
males. Differences in the incidence and prevalence of AD
between female and male subjects are well established; nota-
bly, two thirds of AD patients are women [98]. Our findings
partly confirmed this trend by comparing the CHRM1 and
CHRM3 expression levels with the neurogranin (NRGN)
gene expression. Indeed, we showed that in the brain of
NDHC females, there was the strongest linear relationship
between the expression levels of NRGN and both CHRM1
and CHRM3, compared to males NDHC. Overlapping data
were obtained when we performed the analysis in AD pa-
tients. Furthermore, ROC curve analysis showed that for
single predictors, CHRM1 had the highest accuracy, fol-
lowed by CHRM3 and NRGN. These results confirm the
potential role played by CHRM1 and CHRM3 receptors in
AD. Moreover, since neurogranin is a marker of the disease
progression, CHRM1 and CHRM3 receptors could likely be
causally linked to the cognitive impairment associated with
AD.

A limitation of our manuscript derives from the absence
of information regarding the clinical data of the selected
samples. Unfortunately, the analyzed datasets did not pro-
vide any information on concurrent sleep disorders. Such
information would have allowed us a deeper analysis and
could have finally unveiled the link between muscarinic re-
ceptors and sleep disturbances both in AD patients and in
potentially healthy subjects during ageing. To support this,
we have been able to provide our results and the bibliog-
raphy published up to this moment. Sleep disturbances and
sleep-wake rhythm disturbances are established symptoms of
AD and may precede the other clinical symptoms of this
neurodegenerative disease [99]. Researchers speculate that
cognitive decline distinguishing AD might originally affect
brain areas responsible for sleep, thus explaining the strict
association between sleep disorders and the disease [100].
Recent evidence indicates that people with sleep fragmenta-
tion have a higher risk of developing AD in the following
years [101], suggesting that sleep disturbances, as a potential
early biomarker of AD, may occur several years before the
appearance of cognitive decline. Nevertheless, the causal
relationship between altered sleep and AD has not been
proved yet [19]. In 2014, Peever J and colleagues from the
University of Toronto in Canada found that rapid eye move-
ment sleep is the best current predictor of brain diseases like
Parkinson's and Alzheimer's [100]. A recent genetic study
revealed that the G protein-coupled muscarinic acetylcholine
receptors, CHRM1 and CHRM3, are essential for REM
sleep, as REM sleep and its associated enrichment of EEG
theta oscillation could be hardly detected in CHRM1 and
CHRM3 double-knockout (DKO) mice during sleep [40].
REM sleep phase is characterized by rapid side-to-side eye
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movements, muscle atony and a mixture of high-frequency,
low-amplitude brain waves similar to those in the waking
state. Several areas in the brain have been recognized as
linked to the REM sleep, such as the hippocampus, temporal-
occipital areas, cortex, and basal forebrain. The limbic sys-
tem, including the amygdala, is an active region during REM
sleep. Our results showed a significant reduction in CHRM1
and CHRM3 expression levels in the whole brain of AD pa-
tients compared to age-matched NDHC subjects. These re-
sults have also been confirmed in regions that regulate REM
sleep activity, such as the pre-frontal, frontal, occipital, and
limbic system. These findings suggest an active role of the
CHRMI and CHRM3 genes in sleep disorders present in AD
patients. Only in the diencephalon and cerebellum of AD
patients we have observed an increase in CHRM1 expression
levels compared to NDHC subjects. Recently, it has been
shown that rather than being ‘spared’, the cerebellum is af-
fected in a different way than other brain regions and that,
since it shows few pathological signs, this scenario may re-
flect a plausible protective capability of this region [102].
The increase of CHRM1 would appear to be in antithesis
with the other brain regions analyzed. Such a discrepancy
could be related to a possible disproportion in the deposition
of the Ab plaques with a consequent compensatory CHRM1
gene transcription.

Furthermore, the sex-related differences in CHRM1 and
CHRM3 expression in brains of both NDHC subjects and
AD patients highlighted by our analysis agree with the evi-
dence that females develop sleep disturbances more fre-
quently than males. Women across a wide range of ages re-
port more sleep complaints. In subjective studies with self-
assessments, women report disrupted and insufficient sleep
more commonly than men [103]. They report poorer sleep
quality, difficulties falling asleep, frequent night awakenings,
and longer periods of time awake throughout the night [104].
Consistently, sex differences related to insomnia, which
emerges after puberty and tends to increase with ageing,
have been reported, suggesting the involvement of hormonal
influence [105]. Along with the development of Alzheimer’s
disease, sex-related differences in the CHRM1 and CHRM3
brain expression levels were significantly attenuated in com-
parison with NDHC subjects. Most likely, once the disease
takes over, the resulting neuronal death tends to reduce the
differences between sexes, manifesting a common pheno-
type, the AD phenotype. Despite this, however, in AD pa-
tients, sex-related differences related to sleep disturbances
are more present in females than in males [106].

Our results unveiled a significant variation in CHRM1
and CHRM3 expression levels among the different brain
areas analyzed, both in healthy subjects and in AD patients.
Expression of the CHRM1 receptor is well-characterized in
all major areas of the forebrain, including the hippocampus,
cerebral cortex, corpus striatum, and thalamus [95]. As re-
gards, CHRM1 distribution has relatively high levels in the
hypothalamus but is also found in several other regions in-
cluding the the hippocampus [94]. Our data showed the
highest levels of both CHRM1 and CHRM3 in the temporal
lobe region in healthy subjects, while, in AD patients, at the
temporal lobe level for CHRMI and at the frontal area level
for CHRM3. The data showed compatibility both with bibli-
ographic findings and with the function performed. The tem-
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poral lobe communicates with the hippocampus and is cru-
cial in forming long-term memory. In AD patients’ brains,
the temporal lobe levels of both CHRM1 and CHRM3 were
significantly reduced, likely suggesting a potential reduction
in neurotransmission function. It has been shown that, in the
early stages, Alzheimer's disease typically affects short-term
memory. However, as the disease progresses, people gradu-
ally experience a higher long-term memory loss, also called
amnesia [107].

Regarding the changes in brain CHRM1 and CHRM3
expression as a function of sex found during our analysis, the
cellular distribution of these two receptors must be taken into
consideration. Neuronal pyramidal cells express CHRM1
and CHRM3[108]. Loss of large pyramidal cells, along with
plaques and tangles, is fundamental to the neuropathology of
Alzheimer's disease [109]. Studies reported sex differences
in the morphology of pyramidal neurons. The degree of clin-
ical dementia well correlates with the extent of pyramidal
cell loss. The triggering cause of this cell loss remains un-
known but probably, relates to neurofibrillary degeneration
through oxidative stress and neuroinflammation. When af-
fected by AD, females progress more often to severe cogni-
tive dysfunction due to more severe neurofibrillary degenera-
tion and greater loss of brain parenchyma [110]. Thus, we
found sex-related differences in AD brains CHRMI1 and
CHRM3 expression could be attributable to a more extensive
loss of pyramidal neurons and more severe neurofibrillary
degeneration.

In line with our finding and considering a likely clinical
relevance for our presented results, we need to mention that a
positive allosteric modulator (PAM) of M1 muscarinic ace-
tylcholine receptors has been successfully tested in preclini-
cal studies on Alzheimer's disease [111-113]. Certainly, the
use of PAMs leads to reduced side-effects in comparison to
agonist drugs, being the receptor exclusively activated under
physiological stimuli, nevertheless, a selective M1 musca-
rinic acetylcholine receptors agonist is in clinical develop-
ment for the treatment of AD [112]. Furthermore, the data
reported could open to future gendered therapeutic ap-
proaches since muscarinic receptors are more expressed in
AD patients in males than in females.

CONCLUSION

Our study unveils substantial differences in CHRMI and
CHRM3 brain transcripts of AD patients compared to
NDHCs subjects, differences that are strictly linked to the
brain regions and the sex (Fig. 10).

Taken together, these results partially confirm the clinical
findings that emerged from AD patients in the last years. As
an exploratory study, further investigations are needed in
order to corroborate our findings.
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