Application of cadherin cRNA probes in brains of Alzheimer’s disease mouse model
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The cadherin superfamily molecules, functioning as cell adhesion molecules, are recognized to
play roles in both physiological and pathological processes. The cadherin-based adherent
junction (CAJ) is believed to interact with presenilin-1 (PS-1), suggesting that disruptions in
CAJ structures might contribute to neurodegeneration, potentially leading to Alzheimer’s
Disease (AD). Yet, the specific expression patterns of cadherin superfamily mRNA remain
somewhat ambiguous. This research utilizes in situ Hybridization (ISH) to examine the
expression and localization of cadherin mMRNA in AD mouse model brains. Long cRNA probes
targeting cadherin revealed endogenous mRNA expression in brain sections. Interestingly, senile
plaques in the AD mouse brain are also bound to these probes. This binding, however, may not
exclusively denote cadherin mMRNA, as ISH detected both antisense and sense CRNA probes. Our
data suggests that while antisense cCRNA probes effectively detect cadherin mMRNA expression in
AD brain cells, their association with senile plaques might not specifically signify cadherin
MRNA expression.
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INTRODUCTION

Alzheimer’s disease (AD) is a kind of neurodegenerative disease characterized by the
formation of senile plaques, neurofibrillary tangles (NFT), diffused brain atrophy, and reduction
of neurons in the cerebral cortex and hippocampus. These pathological hallmarks are
concomitant with progressive deficits in memory and cognitive functions [1, 2]. Mutations in
amyloid precursor protein (APP) or presenilin (PS) genes have been linked to familial early-
onset AD [3].

Cadherin superfamily molecules play pivotal roles in processes such as cell adhesion, cell

signal interactions, synapse maturation, and cell polarity control. Disruptions in these processes
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are observed in conditions like neuroinflammation and neurodegeneration [4, 5]. Changes of PS-
1/ y-secretase activity can lead to cell-cell adherent junctions’ dissociation. Some studies indicate
a physical interaction between PS-1 and E-cadherin, wherein PS-1 competes with p120 for E-
cadherin binding. Moreover, there is a colocalization of PS1 and N-cadherin at the cell
contacting junctions. Such observations suggest that cadherin-based adherent junction (CAJ)
might physically interact with PS -1, potentially shedding light on the pathological onset of AD.
The CAJ structural disorders might cause neurodegeneration that leads to Alzheimer's disease [6,
7]. Nonetheless, the specific role cadherin assumes within cortical lesions of AD needs further
investigation.

In situ hybridization (ISH) serves as an invaluable tool to visualize gene expression at
lesion sites. By employing specific oligonucleotide/DNA/RNA probes, ISH facilitates the direct
localization of target gene mRNA expression within the brains of AD patients and transgenic
models. This technique can pinpoint the regional distribution of cells expressing special mMRNAs
and provide morphological information about mMRNA expression [8-10]. The cellular expressing
localization patterns of AD-related genes were 3-amyloid, tau, presenilin-1, and R-site APP
cleaving enzyme on mRNA level were investigated by ISH and these studies provided mRNA
distribution data for further analysis [11-15]. Various mRNA signals can display distinct
distributions across the neuropil, neuronal bodies, and dendrites [11]. Therefore, ISH provides
important distribution information on target mMRNAs. Some previous studies have indicated that
ISH probes may bind to senile plaques in AD patient brains, leading to the hypothesis that these
plaques contain mMRNAs [16, 17]. However, despite its widespread use, the reliability of ISH
results using cRNA probes in neuronal cells and extracellular senile plaques of AD brains
remains an area of uncertainty.

This study aimed to evaluate the utilization of cadherin superfamily long cRNA probes in
the pathological progression of AD neurodegeneration. We assessed the mMRNA expression and
localization of various cadherin superfamily members in AD model mouse brains (APP/PS1
transgenic mice). Data concerning cadherin and proto-cadherin molecules that exhibited
relatively pronounced expression in mouse brains were collated for this article. Differently
labeled probes for mice and probes designed for another species (chicken, Gallus gallus
domesticus) were employed to determine the efficacy of ISH both intracellularly and
extracellularly. Our findings revealed that the extracellular interaction of long cRNA probes with
senile plaques did not produce a distinct ISH pattern. However, the AD model demonstrated
endogenous cadherin expression patterns in the brain that aligned with those observed in wild-

type mice, reinforcing that ISH was still a classical technique for intracellular mRNA research.



MATERIALS AND METHODS

Experimental animals and groups. APP/PS1 transgenic mice and age-matched wild-
type mice were employed in this study. These mice were generously provided by Dr. Christoph
Kaether Leibnitz Institute of Age Research- Fritz Lipmann Institute, Germany [18]. All mice
were kept under standard animal care conditions and were fed ad libitum.

Both transgenic and age-matched wild-type mice, at 3, 6, 9, and 12 months old, were
anesthetized and subsequently decapitated. Dissections were conducted on ice. Brains were
swiftly removed, frozen in about -40°C 2-methylbutane, and stored at -80°C until cryostat
sectioning. The research complied with national and institutional guidelines, ensuring the
minimum number of animals were used and all efforts were made to reduce animal distress.

Brain tissues were sliced into 20 pum thickness coronal sections in a cryostat (Microm).
One adjacent slide of each series was stained with thionin to delineate basic neuronal structures.

cRNA Probes Synthesis. Antisense and sense cRNA probes for cadherin and proto-
cadherin molecules were synthesized in vitro using the plasmids listed in Table 1. The plasmid
DNA was linearized with restriction enzyme and purified using sodium acetate and alcohol at -
80°C for 2 hours. After centrifugation at 14,000 x g for 20 minutes at 4°C, the supernatant was
discarded. The resulting pellet was washed with 500ul pre-cold 70% ethanol, followed by
another centrifugation under the same conditions. The pellet was left to air-dry and then
dissolved in 25ul TE. The concentration was then determined by an ultraviolet
spectrophotometer and the DNA was checked by agarose gel electrophoresis. The probes were
synthesized with the Digoxigenin (Dig) RNA Labeling Kit (Roche Diagnostics) and the
Fluorescein (Fluo) RNA Labeling Kit (Roche Diagnostics).

Table 1. Parameters of probes for cadherins

Name Plasmid Position of sequence The GenBank
accession number

Cdh2 bMN3-KS+mNCdh 333-1313* NM_007664.4
Cdh4 pBSMR4 55-2794 D14888
Cdhé pBSI11.0B-mCdh6 202-1229 D82029
Cdh7 TOPOII-mCdh7 182-1998 AK137369
Cdh8 mcad8-12 504-1583 X95600
Pcdhl pGEMte-mPcdhl 1195-2781 NM029357
Pcdh8 TOPOII-mPcdh8 201-1901 NM_001042726.1
Pcdh17 TOPOII-mPcdh17 4787-6491 NM_001013753.2
Pcdh17-1 TOPOII-mPcdh17-1 2692-3607 NM_001013753.2
Pcdhl17-2 TOPOII-mPcdh17-2 4787-5671 NM_001013753.2




Pcdhl7-3 TOPOII-mPcdh17-3 5619-6491 NM_001013753.2
Chicken R-actin TOPOII-cActb 28-846 NM_205518.1
* probe for Cdh2 is a kind gift of Dr. M. Takeichi (RIKEN Center for Developmental Biology, Kobe, Japan).

In situ Hybridization (ISH). The ISH was performed according to the procedure
described previously [19]. Cryostat sections were fixed in 4% paraformaldehyde, followed by
rinsing with phosphate-buffered saline (PBS). Subsequently, the sections were treated with 1
ug/ml proteinase K (Sigma-Aldrich) and 0.25% acetic anhydride. Hybridization with cRNA
probes (about 300ng/slide) was conducted overnight at 70°C. Then the sections were washed in
5% saline-sodium citrate buffer (SSC) followed by 2x SSC solution at 60°C. After RNase A (20
ug/ml, Sigma-Aldrich) treatment, slides were sequentially rinsed with 2xSSC and 0.1xSSC
solution at room temperature. 2% heat-inactivated sheep serum was employed to reduce
nonspecific binding. Alkaline phosphatase-coupled anti-digoxigenin Fab fragments (anti-Dig-
Fab AP, Roche Diagnostics) were applied, with an overnight incubation at 4°C. Target mRNA
visualization was achieved by incubating sections with a substrate solution consisting of 0.03%
nitroblue tetrazolium (NBT) and 0.02% 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) for 1 to 3
days at either 4°C or room temperature. Sections were methodically dehydrated using a gradient
alcohol series, equilibrated by xylene, and mounted with Entellan (Merck Millipore).

Double in situ Hybridization (DISH). Some steps in the above ISH protocol were
modified for DISH. Sections were first fixed in 4% paraformaldehyde for 2 hours, followed by
treatment with proteinase K (1 pg/ml, Sigma-Aldrich) and 0.25% acetic anhydride. Slides were
hybridized with a mixture of Dig- and Fluo-labeled cRNA probes overnight at 70°C. Subsequent
washing steps included a rinse in 5xSSC and 50% formamide/1xSSC at 60 °C. Post RNase A
treatment, slides were sequentially rinsed with 2xSSC and 0.2xSSC at 60 °C. Blocking was
achieved using with 5% heat-inactivated sheep serum (Sigma-Aldrich) and 2% blocking reagent
(Roche Diagnostics). The sections were then incubated with anti-Dig-Fab AP at room
temperature for 2 hours to detect digoxigenin-labeled probes, followed by incubation with
NBT/BCIP substrate solution. Detection of the fluorescein-labeled probes involved an overnight
incubation with alkaline phosphatase-coupled anti-fluorescein Fab fragments (anti-Fluo-Fab AP,
Roche Diagnostics) at 4°C. After washing, sections were treated with Fast Red chromogen (0.1
mg/ml, Roche).

Double-Fluorescence Labeling (FISH+FIHC). Fluorescence in situ Hybridization
(FISH): The ISH protocol described previously was employed with one alteration. The
chromogenic reagent was substituted with a solution containing Fast Red (0.1 mg/ml, Roche

Diagnostics), which was allowed to develop at 4°C overnight.



Fluorescence Immunohistochemistry Staining (FIHC):  Subsequent to the FISH
procedure, sections were fixed in 4% paraformaldehyde for 20 minutes and then rinsed with
Tris-buffered saline (TBS). For blocking, sections were treated with TBS supplemented with 5%
goat serum. Slides were then incubated with mouse anti- AR3552 (1:1000, rabbit-anti-mouse
AR1-40, a kind gift from Dr. Kaether’s group) [20]. Detection was achieved using Alexa Fluor-
488-conjugated secondary antibody (1:300, Millipore). As a final step, sections were
counterstained with the nuclear dye Hoechst 33342 (1:30000, Sigma Aldrich) for 5 minutes.

Immunohistochemistry Staining (IHC). Sections were initially fixed in 4%
paraformaldehyde. To inhibit endogenous peroxidase activity, they were treated with 0.3% H,O,
in methanol for 30 minutes. Following a blocking step using 5% goat serum, the sections were
incubated with mouse anti- AR 3552 (1:1000). This was followed by treatment with a biotin-
conjugated secondary antibody (1:300, goat-anti-rabbit, Jackson ImmunoResearch). Detection
was accomplished using TBS supplemented with 0.05% 3,3-diaminobenzidine, 0.04% nickel
chloride, and 0.01% H,0,.

Image Analysis. All sections were visualized using a transmission light microscope
(BX40, Olympus). Image capture was performed with an Olympus DP70 digital camera and a
confocal laser scanning microscope (SP5, Leica Microsystems). Necessary adjustments of

contrast and brightness in images were achieved through Photoshop software (Adobe).

RESULTS
ISH revealed that cadherin transcripts were widely distributed in APP/PS1 transgenic mouse
brain. The regions of cadherin mRNA expression largely aligned with those observed in the
wild-type mouse brain. Distinct expression levels of various cadherin molecules were noted in
specific regions and subregions, including the cerebral cortex, basal ganglia, hippocampus,
thalamus, and hypothalamus (Fig. 1 and Fig. 2). Concurrently, an interaction between cRNA

probes and senile plaques was observed in the AD model mouse brains.
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Fig. 1. ISH results of Cdh2 cRNA probes and the expression of -amyloid peptide 1-40 detected by IHC in
transgenic and wild-type mouse brain in respective stages. (A, F) 6-month-old wild-type mouse. (B, G) 3-
month-old transgenic mouse. (C, H) 6-month-old transgenic mouse. (D, I) 9-month-old transgenic mouse. (E,
J) 12 months old transgenic mouse. TG, transgenic mouse. WT, wild-type mouse. The asterisks indicate

artifacts. Scale bar = 1 mm.
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Fig. 2. ISH signal for antisense and sense cRNA probes of cadherins in AD model. (A, B) Cdh2 antisense and
sense CRNA probes. (C, D) Cdh4 antisense and sense cRNA probes. (E, F) Cdh6 antisense and sense cRNA
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probes. (G, H) Cdh7 antisense and sense CRNA probes. (I, J) Cdh8 antisense and sense cCRNA probes. Plaques
were detected by some probes in A, B, D, E, and G. Antisense, antisense probes. Sense, sense probes. Scale
bar =500 pm.

Endogenous expression of Cadherins.

The Cdh2 mRNA regional expression in 3, 6, 9, and 12-month-old transgenic mice brains
was comparable to that of 6-month-old wild-type mice (Fig. 1). Sections of 6-month-old mice are
presented in Fig.2-6. Thioning staining was utilized to delineate the anatomical structures in both
the AD model and wild-type mice (Fig. 3 A, -C). Overall, both transgenic and wild-type adult

mice showcased analogous endogenous cadherin mRNA expression patterns and consistent
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Thioning staining in their brains (Fig. 1 and Fig. 3)

Fig. 3. The thionin staining and Cdh2 mRNA expression in adult AD mouse model and wild-type mouse
brains. (A, C) Results of thionin staining. (B, D) The ISH results of Cdh2 cRNA probes. Abbreviations are
CAl, field CALl of hippocampus; CA3, field CA3 of hippocampus; DG, dentate gyrus; S1, primary
somatosensory cortex; CPu, Caudate Putamen; Amy, amygdala; Th, thalamus. d, dorsal; v, ventral; |, lateral;

m, medial. TG, transgenic mouse; WT, wild-type mouse. The asterisks indicate artifacts. Scale bar = 1 mm.

Plaque staining by ISH, IHC, and Double-Fluorescence Labeling.
ISH results indicated significant deposition accumulation in the transgenic mouse brain,

detectable by both cRNA antisense probes and sense probes (Fig. 2). In contrast, the wild-type



mouse brain showed no evident plaque staining (Fig. 1A). This deposition was primarily found
in the cortex, hippocampus, and thalamus, though staining patterns varied based on the probes
used (Fig. 1B-E and Fig. 2).

Given the possibility that the deposition could represent senile plaques, an antibody
against AR1-40 was utilized to assess the properties of these plaques (Fig. 1F-J). The IHC
staining outcomes using the AR1-40 antibody paralleled those of ISH results obtained with
CcRNA probes (Fig. 1). Analogous results were noted in the somatosensory cortex using antisense
probes for Cdh6, Cdh8, Pcdh8, and AR antibody (Fig. 4). While plaques stained by the Pcdh8
antisense probe aligned with the location of AR plagues as revealed by a double-labeling

technique, not all plaques bound probes (Fig. 4A-C).
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Fig. 4. The double-fluorescence labeling for Pcdh8 antisense probe and AR antibody (A-C) and the DISH plus
FIHC results for Cdh6 antisense probe, Cdh8 antisense probe and AR antibody (D-F) in somatosensory cortex.
These results are from adult transgenic mouse brain sections. The arrows indicate a double-stained plaque in
A-C and the blue fluorescence represents nuclear staining (Hoechst 33342) in C. The senile plaques were
green color counterstained in B and C and blue color in E and F by using aBAR1-40 antibody. The upper arrow
indicates a double stained plaque in D-F and the lower arrow indicates a triple stained plaque in D-F. Scale

bars = 200 um.

Double fluorescence in situ hybridization.
In layer 1l and 111 of somatosensory cortex, the antisense probe for Cdh8 only bound a
few plaques. In contrast, the antisense probe for Cdh6 showed binding to a significantly greater
number of plaques compared to that of Cdh8 (Fig. 4D-4F). These observations suggest that the



binding patterns between cRNA probes and senile plaques may vary based on the specificity of

the probe used.

In situ hybridization for fragmental cadherin mRNAs.

To determine if cadherin mMRNAs were specifically entrapped in plagues, we constructed
three primer pairs targeting distinct regions of the mouse Pcdh1l7 cDNA coding sequences.
Subsequent probes corresponding to these Pcdh17 cDNA fragments were then synthesized. ISH
findings revealed that while these new probes exhibited endogenous expression patterns akin to
the full-length probe, their plaque staining patterns differed (Fig. 5). Such outcomes suggest that
the probes might not specifically bind to target mMRNA within the senile plaques, indicating that
the interaction between cRNA probes and senile plagues was non-specific.
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Fig. 5. The ISH results of the new probes for different parts of Pcdhl17 coding sequences. (A) New probe for
Pcdh17 fragment Pcdh-1. (B) New probe for Pcdhl7 fragment Pcdh-2. (C) New probe for Pcdhl17 fragment
Pcdh-3. (D) New probe for full-length Pcdhl7 (a combination of fragments Pcdh-2 and 3). The schematics
show the locations of the three fragmental probes of Pcdh17 mRNA. The asterisks show artifacts in C and D.

Scale bar = 500 um. d.

Results of control ISH experiments.

The sense probes' absence of a positive signal in wild-type mouse brain sections
confirmed the specificity of our antisense probes in targeting various cadherin mRNAs within
the cytoplasm (Fig. 6A-B). Notably, both antisense and sense probes were found to bind to senile
plaques in the brains of transgenic mice (Fig. 3). Fluorescent-labeled probes displayed similar
staining for plaques to those of digoxigenin-labeled probes, suggesting that the interaction occurs
between cRNA and senile plaques (Fig. 6C). The cRNA probe designed for chicken R-actin also
displayed plaque staining (Fig. 6D). ISH analyses on RNase-treated sections revealed that
plaques still bound to cRNA probes, even when RNA was digested within the tissue (Fig. 6E-F).
In other control experiments, the probe-blank ISH and the dual blank of both probe and antibody

experiment resulted in very faint plaque staining (Fig. 6G-H). This underscores that the distinct



intensity of plaque staining patterns is influenced by the specific characteristics of the respective

probes.
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Figure 6. Results of specificity tests. (A, B) ISH specificity tests by mouse Cdh6 probes. Cdh6 mRNA
hybridization signal in sections of wild-type mouse brain by using sense (A) or antisense (B) digoxigenin-
labeled cRNA probe. ISH test by antisense fluorescent-labeled probe of mouse Pcdhl (C) and antisense
digoxigenin-labeled probe of chicken R-actin (D). (E, F) ISH test after Rnase A pretreatment by antisense
Cdh6 probe. Sections are from wild-type mouse (E) and transgenic mouse (F). (G, H) ISH control experiments
in sections of transgenic mouse brain. A negative control including no probe or antibody (G). Another negative
control includes no probe but antibody (H). sCdh6, sense probe of Cdh6; asCdh6, antisense probe of Cdh6;
asFPcdhl, antisense fluorescent-labeled probe of Pcdhl; asCR-actin, antisense digoxigenin-labeled probe of

chicken -actin; R, Rnase A pretreatment; Ab, anti-digoxigenin antibody. Scale bar =500 pm.

DISCUSSION

This study aimed to validate the application of long cRNA probes in investigating the
brains of Alzheimer’s disease mouse models and to further elucidate the role of cadherin mRNA
in the pathogenesis of Alzheimer’s disease.

As anticipated, ISH localized the intracellular expression of cadherin mRNAs in AD
models. The experimental procedure was meticulously and thoroughly conducted. Staining was
consistently done at 4°C. To minimize variability, all slides from both wild-type and transgenic
mice, used for antisense and sense probes of a given molecule, underwent the same staining
duration. The congruent endogenous cadherin expression patterns and thioning staining results
between adult AD model mouse brains and wild-type mouse brains suggest that not all neurons
were severely compromised by the progressive neurodegenerative changes associated with AD.
Furthermore, these findings affirm that ISH remains a robust and refined technique for
pinpointing intracellular mRNA expression and localization.

Our initial ISH results revealed a significant deposition in the brains of transgenic mice,

detectable by long cadherin cRNA probes. The AR1-40 antibody was used for IHC, and it was
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determined that the plaques stained by ISH coincided with AR peptide locations as verified by a
double-labeling technique. However, not all plaques could bind cRNA probes. Some researchers
propose that probes bind to target mMRNASs and the extent of probe binding may be influenced by
the maturity of the plaques. Denser, more mature senile plaques possess a lower mRNA
concentration compared to those primitive plaques and diffuse plaques, indicating that mature
plaques might have a reduced mRNA binding capacity relative to their less mature counterparts
[21]. Earlier research indicated that various types of AR peptides might accumulate
intracellularly, disrupting physiological processes and eventually leading to cell death.
Consequently, all cellular structures would be released into the extracellular space [22]. Nucleic
acids have been found to aid in the formation of amyloid from short peptides [23]. In previous
study, this was perceived as a specific interaction where RNAs could become entrapped in both
neurofibrillary tangles and senile plaques. Moreover, numerous mRNAs had been detected
within individual senile plaques from AD brains using techniques such as ISH, acridine orange
histochemistry, and reverse northern blotting. However, one group employed an excess of
unlabeled antisense probes as controls for ISH. Thus, it was difficult to confirm the specificity of
ISH-detected bindings to target mMRNAS [24-26].

Other researchers have argued that it's not mMRNASs, but rather unidentified components,
that bind with the cRNA probes, yet this challenges the earlier viewpoint that target mMRNAS
were sequestered in senile plaques [15]. In our experiments, senile plaques could bind both
antisense and sense probes for various mouse cadherins. They were also able to bind
Fluorescent-labeled probes, antisense probes for chicken 3-actin, and digoxigenin-labeled mouse
cadherin probes, suggesting the possibility of unspecific binding. Even RNase pretreated sections
exhibited plaque staining following the ISH procedure. This reinforces the idea that not all
binding components in the senile plague are mMRNA, and the binding might not be RNA-specific.
Nonetheless, this concept requires further chemical analysis. The varying results from different
antisense probes in DISH suggest that the binding may be influenced by the unique compositions
of each probe.

Some probes exhibited reduced binding results compared to others, possibly because they
were only able to recognize matured plaques or plaques in the late stage. Consequently, these
probes displayed diverse ISH staining outcomes for plaques [21]. Notably, the ISH outcomes for
new probes designed for fragments of mouse Pcdhl7, which displayed endogenous expression
patterns resembling full-length probes, did not mirror the plaque staining patterns. This suggests
that plaque staining is not contingent on endogenous expression and further hints at a potential
non-specific interaction between senile plaques and cadherin cRNA probes. These findings
underscore that interactions between probes and senile plaques are influenced by distinctive
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probe characteristics, primarily their composition. The unidentified constituents in plaques that
interacted with cRNA probes may be RNA-binding proteins (RBPs). These proteins play pivotal
roles in the post-transcriptional regulation of mRNAs and are believed to participate in the
translation of APP [27]. For instance, a 3kb APP transcript can interact with several RNA-
binding proteins, such as the fragile X mental retardation protein and iron regulatory proteins, at
its 3” untranslated regions (3’-UTR), 5’-UTR, and coding region. These RNA-binding proteins
could potentially contribute to the formation of senile plaques [28]. In our research, the probes
we employed were considerably longer (around 1000bp) than those used by other teams (20-
100bp) [9, 15, 24]. Long probes in terms of ISH can offer enhanced sensitivity compared to
shorter ones. Additionally, RNA probes tend to have a stronger hybridization affinity to target
MRNA molecules than DNA probes [29, 30]. Conversely, these longer cRNA probes may
present more available binding sites for RNA-binding proteins compared to their shorter
counterparts [31]. Scientists have postulated that AR might establish direct interactions with
RNA through its B-hairpin structure [32].

While ISH results demonstrated non-specific extracellular binding between cRNA probes
and senile plaques, given that both sense and antisense probes of various cadherins could bind,
our findings of comparable endogenous cadherin expression patterns between transgenic mice
and wild-type mice underscore ISH is still a classical technique for studying intracellular mMRNA
expression and localization. Still, we cannot dismiss potential links between cadherin and AD-
associated proteins such as APP, presenilin, and apolipoprotein E [33-35]. The roles of
individual cadherin mRNAs in AD-associated neurodegeneration merit separate analyses.
Beyond merely detecting cellular expression and localization, ISH might not stand alone as the
definitive method to investigate the interplay between cadherin mMRNAs and AD senile plaques
or extracellular AR. Tools like quantitative real-time PCR, microarray analysis, and single cell
sequencing provide alternative means to quantify gene expression in AD research, which can
offer insights into gene expression from diverse brain regions [36-41]. Continued exploration in

this arena remains essential for future discoveries.
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