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ABSTRACT

Vascular dementia (VaD) is a progressive cognitive impairment of vascular etiology. VaD is characterized by
cerebral hypoperfusion, increased blood-brain barrier permeability and white matter lesions. An increased
burden of VaD is expected in rapidly aging populations. The hippocampus is particularly susceptible to
hypoperfusion, and the resulting memory impairment may play a crucial role in VaD. Here we have investigated
the hippocampal gene expression profile of young and old mice subjected to cerebral hypoperfusion by
bilateral common carotid artery stenosis (BCAS). Our data in sham-operated young and aged mice reveal an
age-associated decline in cerebral blood flow and differential gene expression. In fact, BCAS and aging caused
broadly similar effects. However, BCAS-induced changes in hippocampal gene expression differed between
young and aged mice. Specifically, transcriptomic analysis indicated that in comparison to young sham mice,
many pathways altered by BCAS in young mice resembled those already present in sham aged mice. Over 30
days, BCAS in aged mice had minimal effect on either cerebral blood flow or hippocampal gene expression.
Immunoblot analyses confirmed these findings. Finally, relative to young sham mice the cell type-specific
profile of genes in both young BCAS and old sham animals further revealed common cell-specific genes. Our
data provide a genetic-based molecular framework for hypoperfusion-induced hippocampal damage and reveal
common cellular signaling pathways likely to be important in the pathophysiology of VaD.
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INTRODUCTION

Vascular dementia (VaD), like Alzheimer’s disease, is a
common cause of dementia [1] where there is an
increased risk with aging, a rapid, step-wise decline in
disease progression and a high mortality rate [2, 3].
While the root cause remains unknown, risk factors for
VaD include diabetes, hypertension and metabolic
syndrome [1]. As the current treatment options for VaD
only address the symptoms, there is an urgency to better
understand and treat the causes of this condition. Both
clinical and experimental data indicate that
cerebrovascular disease, as well as cardiac and systemic
vascular diseases, may lead to cerebral hypoperfusion,
thus altering brain metabolism and leading to cognitive
impairment [4-8]. Indeed, cerebral hypoperfusion-
induced microscopic infarcts (microinfarcts) and
white matter injuries are common in VaD patients
[8]. However, the mechanisms by which cerebral
hypoperfusion-induced microinfarcts promote VaD
remain unclear [9-12].

In order to develop a mechanistic understanding of VaD
development, this study has employed a mouse model
of VaD consisting of chronic cerebral hypoperfusion
caused by a surgically-induced bilateral common
carotid artery stenosis (BCAS), a widely used model
that induces subcortical ischemia [1, 13]. BCAS
employs external microcoils around both common
carotid arteries to reduce cerebral blood flow (CBF) and
induce damage to the deep white matter. BCAS closely
mimics several features of VaD in patients, including
decreased  metabolism, elevated inflammation,
decreased blood brain barrier (BBB) integrity, white
matter lesions, neuronal damage and working memory
deficits [13, 14-17]. In particular, CBF to the
hippocampus, a limbic structure pivotal in learning and
memory and vulnerable to chronic stress [18], is
reduced following BCAS [19], which is consistent with
hippocampal atrophy in patients with subcortical VaD
[14]. However, the transcriptional processes underlying
this hippocampal susceptibility in VaD remain
unknown. The present study has thus investigated the
hippocampal gene expression profile of young and old
mice subjected to sham surgery or BCAS for up to 30
days.

RESULTS

BCAS reduces cerebral blood flow and alters gene
expression in the brain of young and old mice

Young (3 months old) and old (22 months old) male
C57BL/6 mice were randomly assigned to receive either
Sham or BCAS surgery (Figure 1A). CBF was
measured at baseline level in Sham mice, immediately

after BCAS surgery (BCAS 0D) and before euthanizing
the animals at 7 or 30 days (BCAS 7D and BCAS 30D,
respectively) (Figure 1B, 1C). CBF in all groups was
expressed as a percentage, relative to mean CBF in
young sham-operated mice at baseline (YSham). An
age-associated decline in CBF was observed in old
versus young sham-operated mice (Figure 1B, 1C).
BCAS reduced CBF by ~30% initially in both young
and old mice. It is notable that blood flow was similar in
old Sham mice and in young BCAS mice immediately
after BCAS surgery (BCAS 0D). Partial recovery of
CBF was observed in young mice at days 7 and 30,
whereas in old mice subjected to BCAS, CBF returned
to the level recorded in old sham mice, albeit ~50% less
than in young sham mice. These findings indicate that
age-associated changes in CBF are profound and may
be less impacted by additional partial carotid artery
stenoses.

Unsupervised hierarchical clustering of differentially
expressed genes (DEGS) in the hippocampus revealed
significant differences between young and old sham-
operated mice (Figure 1D). Heatmap patterns also
varied in a time-dependent manner over 30 days post-
BCAS surgery, as indicated by clustering. It is notable
that the DEG heatmap patterns of OSham are similar to
that of O7D and O30D BCAS mice.

Aging

There were 1688 significant DEGs (898 upregulated
and 790 downregulated) between young and old sham-
operated mice (Figure 2A). We annotated these age-
associated DEGs by performing differential enrichment
analysis using cluster profiling. Transcriptome analysis
using gene ontology (GO) enrichment showed that the
top 20 significantly upregulated GO terms in the old
compared to young mice belonged to a myriad of
development and cell migration processes, including
angiogenesis, morphogenesis, cell adhesion, tissue
migration and response to external stimulus (Figure 2B
and Supplementary Table 1). Upregulation of GO terms
such as tissue migration and antigen processing and
presentation of peptide antigen also suggest upregulated
immunological processes. The top 20 downregulated
enriched GO terms for the old versus young mice
belonged to physiological functions such as cell redox
homeostasis, mitochondrial transmembrane transport,
and key metabolic processes such as sulfur compound
metabolic process, nucleoside triphosphate metabolic
processes, ATP  metabolic  process,  purine
ribonucleoside metabolic processes, cellular respiration
and protein folding (Figure 2B).

The top 50 upregulated genes in the old compared to
young mice include mitochondrially encoded ATP
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synthase membrane subunit 6 (Atp6), mitochondrially
encoded cytochrome C oxidase Il (mt-Co3),
mitochondrially encoded cytochrome C oxidase Il
(mt-Co2), mitochondrially encoded NADH 4L
dehydrogenase  (mt-nd4l), genes involved in
inflammation such as cysteine-rich angiogenic inducer 61
(Cyr61), early growth response 1 (Egrl), kallikrein
related peptidase 6 (KIk6), salt inducible kinase 1 (Sik1),
complement C4B (C4b), Kruppel Like Factor 4 (KIf4),
apoptosis-related genes such as proto-oncogene, AP-1
transcription factor subunit (Fos) [20] and genes that
regulate adult neurogenesis such as PH domain and
leucine zipper 2 (APPL2) [21] (Figure 2C and

Supplementary Table 2). The top 50 downregulated
genes include, aldehyde dehydrogenase 1 family member
Al (Aldhlal), activin-binding follistatin (Fst) [22], anti-
oxidative glutathione peroxidase 8 (GPx8) [23] and
prostaglandin reductase 1 (Ptgrl) [24], sulfotransferase
family 1A member 1 (Sultlal) and ATPase secretory
pathway Ca?* transporting 2 (Atp2c2) that modulate
phonological short-term memory in language impairment
[25] and a gene encoding a member of a family of
adenosine triphosphate (ATP)-metabolizing molecular
chaperones with roles in stabilizing and folding other
proteins, heat shock protein 90 beta family member 1
(Hsp90b1) (Figure 2D and Supplementary Table 2).
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Figure 1. Effect of bilateral common carotid artery stenosis (BCAS) on cerebral blood flow and the respective gene
expression profile in young and old mice. (A) Experimental model and timelines of blood flow measurements and tissue collection.
Laser speckle contrasting imaging was used to monitor the cerebral blood perfusion in real time for all experimental groups before and after
insertion of microcoils through BCAS surgery. (B, C) Representative contrast images and quantification of basal cerebral blood flow for young
and old mice before surgery, and effective blood flow levels after 0, 7 and 30-days of BCAS (BCAS 0D, BCAS 7D and BCAS 30D respectively).
The cerebral blood flow for the different experimental groups was compared to the normalised baseline (Y-Sham) and further comparisons
within the different experimental groups were also performed. The relative cerebral blood flow data are presented in percentage upon
calculation of the rate of blood flow in perfusion units (PU) (Refer to methods). Data are represented as mean + S.E.M. n = 5 mice in each
experimental group. **P<0.01 compared to Y-Sham; ***P<0.001 compared to Y-Sham; ###P<0.001 compared to O-Sham. (D) Heatmap of
differentially expressed genes in Old Sham (OSham), Old 7 Day (O7D) BCAS, Old 30 Day (030D) BCAS, Young Sham (YSham), Young 7 Day(Y7D)
BCAS and Young 30 Day(Y30D) BCAS, groups with upregulated genes in red and downregulated genes in blue. The colour scale represents the
log 10 (FPKM + 1) value.
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Cerebral hypoperfusion

We assessed the effect of BCAS after 7 and 30 days on
hippocampal gene expression in young and old mice. In
young mice, there were global changes of gene
expression patterns at both time points and significant
DEGs that deviated from that of young sham-operated
mice (Figure 3A). However, as for the reduction in CBF
in old mice, BCAS did not result in profound changes in
gene expression after either 7 or 30 days of BCAS
compared to sham-operated old mice (Supplementary
Figure 1). We thus focused our analyses on
transcriptomic changes after BCAS in young mice.
After 7 days, young mice had 279 significantly
upregulated and 299 significantly downregulated genes
compared to sham mice (Figure 3B), with more DEGs
at 30 days than 7 days of BCAS. At 30 days, 598 genes
were significantly upregulated and 552 genes were
significantly downregulated in Y30D compared to sham
mice (Figure 3B).

A full list of DEGs in the 7 and 30 days of BCAS
groups is provided in Supplementary Table 3. The
results of GO term analysis in young mice subjected to
7 days of BCAS revealed upregulation of genes
involved in biological processes such as cell substrate
junction, focal adhesion, myelin sheath, extracellular
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matrix, response to toxic substance, while biological
processes such as ion channel complex, ion channel
activity, transmembrane transporter complex, calcium
channel activity, plasma membrane protein complex
were significantly downregulated (Supplementary
Figure 2). In addition to GO enrichment analysis, we
performed Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis of the RNA
sequencing data. Those results were generally similar to
those of the GO term analysis, indicating pathways
involved in focal adhesion, chemokine signaling
pathway and long-term depression. KEGG analysis also
revealed downregulation of gene sets related to calcium
signaling, regulation of actin cytoskeleton, axon
guidance, and memory (Supplementary Figure 3 and
Supplementary Table 4).

The results of GO analysis revealed upregulation of
genes involved in transcription factor activity, cofactor
binding, mitochondrial inner membrane, organelle inner
membrane, regulation of cellular amide metabolic
process, cellular response to growth factor stimulus and
reactive oxygen species metabolic process after 30 days
of BCAS in young mice. GO terms such as regulation
of cell morphogenesis, protein serine/threonine kinase
activity, post-synaptic function and density, neurospine,
excitatory synapse, dendritic spine, axon extension, ion
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Figure 2. Analysis of differentially expressed genes in young and old hippocampus and their enriched GO terms. (A) Volcano
plot of differentially expressed genes analyzed in old Sham group against young Sham group. The threshold of differential expression is g-
value < 0.05. The horizontal axis is the log2 fold change of genes. The vertical axis is statistical significance scaled as -log 10 g-value. Each dot
represents an individual gene (blue: no significant difference; red: upregulated expression of gene; green: down-regulated expression of
gene). (B) The selection of significantly enriched top upregulated and down-regulated GO terms are presented for old Sham against young
Sham animals (q < 0.05). The horizontal axis represents the -log10 scale for g-value of each GO term. (C) Top 50 up-regulated genes in old
Sham against young Sham animals. (D) Top 50 down-regulated genes in old Sham against young Sham animals. Up-regulated genes in red and
down-regulated genes in blue. The color scale represents the log10 (average FPKM+0.5) value.
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Figure 3. Differentially expressed genes in young hippocampus following chronic hypoperfusion. (A) Hierarchical
clustering analysis of differentially expressed mRNA transcripts following 7 and 30 days BCAS compared to Sham animals. Upreg ulated
genes in red and downregulated genes in blue. The color scale represents the logl0 (average FPKM+1) value. (B) Volcano plots of
differentially expressed genes analyzed in young 7 day and young 30 day BCAS animals compared to Sham animals. The threshold of
differential expression is g value < 0.05. The horizontal axis is the log2 fold change of transcripts. The vertical axis is statistical
significance scaled as -log 10 g-value. Each dot represents an individual transcript (blue: no significant difference; red: upregulated
expression of gene; green: downregulated expression of gene). (C) Top 50 upregulated genes in young 7 day and young 30 day BCAS
animals compared to Sham animals. (D) Venn diagram reflects the distribution of differentially expressed genes from 7 day and 30 day
BCAS and Sham comparisons.
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channel complex, phospholipid binding, transporter
complex and transmembrane transporter complex were
downregulated in these mice (Supplementary Figure 4
and Supplementary Table 5).

Temporal changes in DEGs during chronic cerebral
hypoperfusion

The spread of unique DEGs after 7 or 30 days of BCAS
in young mice were summarized in a Venn diagram
(Figure 3C). There were some DEGs in common at 7
and 30 days, with 130 genes upregulated and 144 genes
downregulated (Supplementary Table 6); however,
there were approximately 3 times more DEGs in either
direction at 30 versus 7 days (Figure 3C), consistent
with a general temporal progression of hypoperfusion-
induced injury at the transcriptome level (Figure 3C).

We narrowed our investigation to the top 50 DEGs at 7
and 30 days post-BCAS (Figure 3D). At 7 days,
downregulated DEGs included a lipid marker of
neurodegeneration transcript perilipin 4 (Plin4) [26],
follistatin ~ (Fst) [22], protein coding genes
sulfotransferase family 1A member 1 (Sultlal) and
ATPase secretory pathway Ca?* transporting 2 (Atp2c2),
hypoxia inducible factor 3 subunit alpha (Hif3a), which
acts as a transcriptional regulator in adaptive response
to low oxygen tension [27] and myelin-forming cell-
specific cadherin 19 (Cdh19) [28] among many other
genes listed in Figure 3D. Upregulated DEGs included
death promoting FosB  proto-oncogene, AP-1
transcription factor subunit (Fosb) and Fos proto-
oncogene, AP-1 transcription factor subunit (Fos) [29,
30], plasma membrane proteolipid (Pllp), and
oligodendrocytic myelin paranodal and inner loop
protein (Opalin) (Figure 3D).

At 30 days post-BCAS, downregulated DEGs included
follistatin (Fst) [22], exocyst complex component 6B
(Exoc6b), mitochondrial coenzyme A transporter
(Slc25a42), stress response gene G Protein-Coupled
Receptor 83 (Gpr83) [31], Ca?‘binding chaperone
protein Calreticulin (Calr) and neuroprotective heat
shock protein 90kDa beta (Grp94) and member 1
(Hsp90bl) [32]. Upregulated DEGs included genes that
were also upregulated in both old Sham mice and young
mice at 7 days post-BCAS. These genes included: AP-1
transcription factor subunit (Fos), mitochondrially
encoded cytochrome C oxidase Il (mt-Co3),
mitochondrially encoded cytochrome C oxidase Il
(mt-Co2), ATP synthase membrane subunit 6
(Atp6), mitochondrially encoded NADH:Ubiquinone
oxidoreductase core subunit 3 (mt-nd3), cyclin
dependent kinase inhibitor 1A (Cdknla), FosB proto-
oncogene and AP-1 transcription factor subunit (Fosb)
[29, 30] (Figure 3D).

Cerebral hypoperfusion and aging exhibit common
changes in the hippocampal transcriptome

We assessed hippocampal transcriptome data from old
sham-operated mice and young mice subjected to
BCAS for 30 days in comparison with young sham-
operated mice (Figure 4). The heatmap shows global
changes of gene expression in these groups (Figure
4A). We found that over 4000 genes were
differentially expressed between old sham-operated
mice and young mice subjected to BCAS for 30 days
with over 2300 genes downregulated (Figure 4A). The
GO term analysis revealed that compared to BCAS-
operated mice, old sham mice had downregulated
biological processes mainly related to mitochondrial
integrity (e.g. mitochondrial ribosome, mitochondrial
inner membrane, mitochondrial protein complex,
respiratory chain, mitochondrial matrix and NADH
dehydrogenase complex) (Figure 4C). It is noteworthy
that Venn diagram analyses indicated that old sham-
operated mice and young mice subjected to BCAS for
30 days had in common 117 genes that were
upregulated and 110 genes that were downregulated
(Figure 4D, 4E). The common DEGs include those
involved in the mitochondrial respiratory chain
complex (Figure 4F) (e.g. mitochondrially encoded
NADH dehydrogenase 3 and 4, Mt-Nd3; Mt-Nd4;
mitochondrially encoded cytochrome c oxidase 11 and
I, Mt-Co2; Mt-Co3; and mitochondrially Encoded
ATP Synthase Membrane Subunit 6, Mt-Atp6. The
110 genes downregulated in both groups included
mitochondrial genes (e.g. NADH:Ubiquinone
Oxidoreductase Subunit B2 and NADH:Ubiquinone
Oxidoreductase Complex Assembly Factor 4,
Ndufaf4) (Figure 4F) and neuroprotective heat shock
proteins (e.g. heat shock protein family H, Hspl110;
member 1, Hsphl; heat shock protein family A,
Hsp70; member 5, Hspa5; heat shock protein 90
alpha family class A member 1, Hsp90aal; and heat
shock protein 90 beta family member 1, Hsp90bl)
(Figure 4G).

Our observation that aging and chronic cerebral
hypoperfusion may both lead to hippocampal
mitochondrial dysfunction and protein dysregulation
led us to next validate our data by examining protein
expression levels of selected genes (Figure 5).
Immunoblot analysis confirmed that compared to
young sham mice, mitochondrial proteins such as Mt-
Atp6, Mt-Co2, Mt-Co3 were upregulated in old sham
mice, while expression of Mt-Atp6 and Mt-Co2
tended to be higher in young mice subjected to 30
days of BCAS (Figure 5A). Neuroprotective protein
chaperones such as GRP78 and Calnexin were
downregulated following BCAS, while GRP78 was
downregulated in old sham mice (Figure 5B).
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To further examine the common pathways potentially
altered in both aging and VaD pathology, we
investigated the expression levels of PTEN-induced
kinase 1 (Pinkl) and E3 ubiquitin protein ligase
PARKIN, two proteins which govern mitochondrial
quality control [33]. Compared to young sham mice,

Cluster analysis of differentially expressed genes

A B

O-SHAM vs Y-30D

hippocampal expression of both proteins was
significantly higher after cerebral hypoperfusion for 30
days, and PARKIN was also higher in old sham mice
(Figure 5C). We also validated two other proteins,
Activin A and its antagonist follistatin (FST) [22],
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young 30-day BCAS and old Sham hippocampus. (G) Common and unique down-regulated protein chaperons in young 30 day BCAS and old

Sham groups.
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Figure 5. Immunoblot validation of mRNA transcripts. (A) Selected mitochondrial proteins Mt-Atp6, Mt-Co2, Mt-Co-3 and (B) protein
chaperons Hsp90A/B, Grp78, Calnexin and (C) mitochondrial quality control proteins Park2 and Pink1 and (D) neuroprotective Activin A and
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old sham mice and young mice following 30 days of
BCAS. Our immunoblot data followed the patterns of
gene expression, whereby FST was lower in these
groups compared to young sham mice (Figure 5D). By
contrast, Activin A expression was higher in these
two treatment groups compared to young sham mice
(Figure 5D).

Cell-type specific analyses

We next sorted the DEGs according to cell-type
specificity based on previously published databases
[34-37]. Relative to young sham mice, the cell-type
specific profiles of significant DEGs are represented in
six separate Venn diagrams according to the following:
astrocytes, endothelial cells, microglia, neurons,
oligodendrocytes and oligodendrocyte progenitor cells
(OPCs) (Figure 6A). Protein-protein interaction (PPI)
analyses revealed that most of the proteins associated
with DEGs were independent of each other (Figure
6B—6E).

A similar analysis to identify age-associated cell-type
specific genes that may promote disease pathology was
then performed (Figure 7). DEGs were sorted according
to cell-type specificity and visualized in Venn diagrams
(Figure 7A). PPl analyses identified prominent
interactions between old mice and those subjected to
BCAS for 30 days in each cell type (Figure 7B-7G).
While most proteins associated with DEGs were
independent of each other in most cell types, the
proteins associated with DEGs in the microglia of old
sham mice had extensive interactions associated with
proteins that promote neuroinflammation (Figure 7D).

To further investigate the overlap in DEGs between old
mice and those subjected to BCAS for 30 days, the
associated cell-type specific data were analyzed (Figure
8). All gene expression values were normalized using
the average of the respective control in young sham
mice. The overlapping cell-type specific common genes
as identified in the Venn diagrams (Figure 7A) were
Acyl-CoA Thioesterase 11 (Acotll) in astrocytes
(Figure 8A), solute carrier family 38 member 5
(SIc38a5), solute Carrier Family 39 Member 8
(SIc39a8), protein coding gene Palmdelphin (Palmd)
and apolipoprotein L Domain Containing 1 (Apoldl) in
endothelial cells (Figure 8B), lysophosphatidylcholine
Acyltransferase 2 (Lpcat2) in microglia (Figure 8C),
calcium voltage-gated channel auxiliary subunit
alpha2delta 3 (Cacna2d3) in neurons (Figure 8D),
arylsulfatase G  (Arsg), aspartoacylase (Aspa),
neurofascin (Nfasc), plasmolipin (Pllp), polypeptide
N-acetylgalactosaminyltransferase 6 (Galnt6), INSC
spindle  orientation  adaptor  protein  (Insc),
oligodendrocytic myelin paranodal and inner loop

protein (Opalin) and TNF alpha induced protein 6
(Tnfaip6) in oligodendrocytes (Figure 8E), S100
calcium binding protein B (S100b) and G protein-
coupled receptor 17 (Gprl7) in OPCs (Figure 8F).
While there was a general differential regulation of
overlapping DEGs between old mice and those
subjected to BCAS for 30 days across the different cell-
types, it was notable that all but one of the DEGs
classified under oligodendrocytes had relatively lower
gene expression in old mice (Figure 8E). This cell-type
specific analysis requires further validation to confirm
the trends, but it serves as a starting point to identify
overlaps between age- and disease-associated DEGs.

DISCUSSION

Chronic cerebral hypoperfusion causes progressive
neurodegenerative disease that leads to cognitive
decline in the elderly, and is increasingly being
recognized as a major health issue. The hippocampus is
central for human cognition, memory, executive
function, intelligence, path integration and spatial
processing [19], of which all functions decline with
aging and reduced blood supply [38, 39]. Understanding
how aging and the associated cerebral hypoperfusion
may influence the hippocampal transcriptome may
therefore identify mechanisms of impaired function and
cognition. The present study is the first to investigate
the impact of cerebral hypoperfusion and aging on the
hippocampal transcriptome. The large datasets
generated reveal progressive hippocampal trans-
criptomic  responses during hypoperfusion, and
somewhat similar changes with aging. Previous studies
have demonstrated that cerebral hypoperfusion leads to
white matter hyperintensities and brain atrophy via
mechanisms such as energy imbalance, mitochondrial
dysfunction, oxidative stress, neuroinflammation and
neurovascular dysfunction [40]. This study has
identified novel genes and signaling pathways in the
hippocampus not previously implicated in this
condition.

In order to ensure that cerebral hypoperfusion was
present in mice subjected to BCAS, we measured CBF
via laser speckle imaging. CBF reduction was
consistently observed in the young and old mice
immediately after the BCAS surgeries. In addition,
partial recovery of CBF was over 7-30 days in young
mice, consistent with the findings of Shibata and
colleagues [14] our recent study [41]. We recently
reported that in young mice, BCAS for 30 days
produces features characteristic of VaD, including
cognitive impairment, white matter lesions and neuronal
loss in the hippocampal CAl, CA2 and CA3 regions
[41]. By contrast, baseline CBF in old mice was lower
than in young mice but returned to the pre-BCAS level

WWWw.aging-us.com 14659

AGING



A Y-7D BCAS Y-30D BCAS

Differentially
regulated genes

|

(McKenzie et al., 2018)

Astrocytes Endothelial cells Microglia Neurons Oligodendrocytes OPCs

B C

Endothelial cells Neurons
Y-7D BCAS Y-30D BCAS Y-7D BCAS Y-30D BCAS

Tmdsf1 Apold1 Sphkap
e Palmd Gad2
Icam2 @ o Clstn2
Fn1 Ptprb esp18 @

R
Kdr
Ctla2a é Gpr22 Slc2a13 Trhde
Podxl
o
Atp10a Ly6ct ®Slc38a5

® O D) o

D Oligodendrocytes E OPCs
Y-7D BCAS Y-30D BCAS Y-7D BCAS Y-30D BCAS

Gal3st1

g Pppirida

Stka2a o
Tpm Apod Lirtm3

@Gpm Fa2h _———
Tonit Galdst1 Gpri7
Map6d1 pr
Qdpr P Cspg5 \pod
Cspgd
Tppp3: Gaint6
a
/

Plekhb1

B
< Mobp Tnfaip6

ltgb4

Figure 6. Analyses of differentially expressed mRNA transcripts in different brain cells following BCAS in young animals. (A)
Venn diagram of statistically significant (adjusted p-value<0.05) differentially regulated genes in the Y7D/YSham vs Y30D/YSham comparison
groups. The data was sorted according to cell type specificity based on a previously published database (Ref. 34) (Refer to Materials and
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by 7 days. Hence, the BCAS-induced CCH mouse
model used in this study mimics the characteristic
features observed in VaD patients, hence highlighting
the validity of the model.

To further assess the effect of aging, we first examined
transcriptomic differences between young (3-month
old) and old (22-month-old) sham-operated mice.
Consistent with a lower basal CBF in old versus young
mice, transcriptomic data showed significant age-related
differences in gene expression in the hippocampus.
Numerous mitochondrial genes such as mt-Atp6, mt-
Co3, mt-Co2, mt-nd4l were upregulated in old mice,
potentially indicating impaired mitochondrial function.
It was similarly reported that expression of other
mitochondrial-encoded genes in complexes I, 1lI, IV,
and V of the respiratory chain was increased in the
mouse brain during aging [42], and a recent study
reported mt-Co2 expression to be increased in neuronal
cells stimulated by a-Synuclein [43]. The a-Synuclein-
induced decline in ATP levels, mitochondrial
membrane potential and enhanced reactive oxygen
species were reversed by inhibiting mt-Co2 gene
expression, thus indicating that increased mt-Co2 plays
a detrimental role [43]. The most markedly upregulated
DEG, as reflected by the distinct green dot with a high
g-value in the volcano plot (Figure 2A) was noted to be
aldehyde dehydrogenase 1 family member Al
(Aldhlal) as per the heatmap (Figure 2D). Expression
of Aldhlal, whose role is implicated in neuronal
patterns, differentiation and survival [44] is reportedly
reduced in Parkinson’s disease [45], perhaps also
consistent with a possible disease-causing influence in
old age also.

It is noteworthy that, compared with young sham mice,
basal CBF was similarly reduced in old sham mice and
in young mice subjected to cerebral hypoperfusion for 7
or 30 days. It is therefore plausible that a similar
magnitude of chronic CBF reduction could account for
overlaps between age- and disease-associated
transcriptomic changes in the hippocampus, such as in
differential expression of certain mitochondrial and
oxidative genes. It is notable that the 7 and 30-day time
points for BCAS surgery (i.e. the duration for which the
microcoils are left in the mice) are selected to represent
the early and late stage of the disease progression based
on our optimization study [41]. This was based on the
various pathological measures such as inflammasome
activation, glial activation, cell death, white matter
disruption and hippocampal neuronal density which
were increased at 7 days and most pronounced at 30
days [41]. Thus, our findings show that relative to
young sham mice, blood flow was already lower in old
sham mice. Then, after BCAS blood flow is transiently
reduced in the old mice and then returns to the pre-

BCAS level - which is ~50% of blood flow young sham
mice. This is in contrast to the post-BCAS blood flow in
young mice which remains reduced relative to young
sham blood flow levels. Therefore, unlike in young
mice, it appears that old mice already exhibit evidence
of chronic hypoperfusion at the level of blood flow such
that microcoil-induced BCAS does not further
substantially alter either blood flow or gene
transcription

We have previously demonstrated that brain
expression of cellular stress proteins such as HSP70
and GRP78 are greatly diminished in old mice [46].
Our transcriptomic data here similarly shows both
aging and cerebral hypoperfusion result in
downregulation of neuroprotective heat shock genes
such as Hsphl, Hspa5 (GRP78), Hsp90aal and
Hsp90bl. All proteins encoded by these genes have
been shown to protect neurons in multiple
neurological conditions [47-49]. However, the
specific signaling pathways and transcription factors
that mediate downregulation of heat shock and other
cellular stress proteins are yet to be identified. During
aging, as expected, genes that promote cell death
signals were significantly upregulated. Interestingly,
this was also seen in young mice following cerebral
hypoperfusion. Thus, upregulation of hippocampal
genes involved in mitochondrial dysfunction and cell
death, and downregulation of cellular protective genes
could suggest a convergence of mechanisms resulting
from the reduced cerebral blood supply during aging
and BCAS. Given the current evidence, the young
mice subjected to cerebral hypoperfusion show
convergence in DEGs with the old sham mice, which
is suggestive of possible accelerated aging. While
further behavioural and histological experiments are
required to validate this statement, another study
validates our current finding. Wolf and colleagues had
shown that young mice subjected to cerebral
hypoperfusion and old sham mice were behaviorally
analogous in exhibiting decreased social exploration
and decreased velocity in open field that were not
significantly different from each other [50].

GO term analyses of common downregulated DEGs in
the hippocampus of both old and young mice
after chronic cerebral hypoperfusion revealed
additional  ribosome-related genes that when
altered may promote disease pathology, including
ribonucloprotein complex biogenesis, small and large
ribosomal subunits and ribosome. It is well
established that loss of RNA homeostasis is a
ubiquitous and central feature of neurodegenerative
diseases [51]. It is noteworthy that telomerase is a
ribonucleoprotein complex that maintains telomere
length and known to play important roles in neural
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stem  progenitor cell proliferation, neuronal
differentiation, survival and neurogenesis [52].
Understanding how cerebral hypoperfusion during
aging affects telomerase expression and function will
be an important area of future investigation.
Ribosomal biogenesis is initiated in the nucleolus and
includes the synthesis of ribosomal RNAs, assembly
of ribosomal proteins, transportation to the cytoplasm
and association of ribosomal subunits [53]. Disruption
of ribosome biogenesis and decreased expression of
small and large ribosomal subunits may promote cell
cycle arrest, senescence or apoptosis [53, 54]. The
relationship between downregulation of ribosomal
genes and chronic hypoperfusion-induced brain
pathology also requires further investigation.

The cell-type specific analyses, though preliminary,
provide an avenue to identify clusters of proteins that
play a role in age and disease-associated DEGs. With
bioinformatics as a useful tool, this stratification is
made possible and it provides a direction of focus for
subsequent analyses. Evidence of microglial
activation and endothelial dysfunction followed by
BBB disruption have been established previously in
VaD [1]. Hence, studying the different cell types
would provide insights into the potential role they
might play in driving the pathogenesis of cerebral
hypoperfusion.

A limitation of this study that warrants future study is
the lack of sex-specific analysis of the hippocampal
transcriptome as only male mice were used here.
Previous studies indicate that sex differences are
likely to exist in the hippocampal transcriptome
profile [55, 56]. Furthermore, as VaD is more
prevalent in males than females [57], we postulate
sex-specific alterations to be present but less profound
in the context of this BCAS model.

In summary, this study has performed hippocampal
transcriptomic profiling in both aging and chronic
cerebral hypoperfusion that provided important
findings. First, progressive transcriptomic changes are
induced in both aging and following chronic cerebral
hypoperfusion. Second, interestingly there is an
overlap of DEGs and relevant disease pathways
between aged and young mice subjected to chronic
cerebral hypoperfusion. While limited to a ‘landscape
analysis’, our results provide hypothesis-generating
information that can be pursued in detail in future
studies of hippocampal dysfunction in aging and
models of age-related neurodegenerative diseases
such as VaD. Indeed, elucidation of cell-specific
pathological mechanisms common to aging and
cerebral hypoperfusion should provide valuable
insights for identifying therapeutic targets.

MATERIALS AND METHODS

Experimental animals and bilateral common carotid
artery stenosis (BCAS) mouse model

All in vivo experimental procedures were approved by
the National University of Singapore, Singapore Animal
Care and Use Committee and performed according to
the guidelines set forth by the National Advisory
Committee  for  Laboratory  Animal  Research
(NACLAR), Singapore. All experiments in the
manuscript were performed and reported according to
ARRIVE (Animal Research: Reporting In Vivo
Experiments) guidelines.

Three-months old (Young animals; weighing 24 to 30
grams) and twenty-two months old (Old Animals;
weighing 35 to 40 grams) male C57BL/6 mice were
obtained from In Vivos, Singapore. Mice were housed in
individual cages under standard laboratory conditions.
Efforts were taken to minimise the number of animals
used and to minimise their suffering during procedures.
All mice had free access to food and water ad libitum.
The experimental groups consist of 9-10 mice in each
group. Animals were anaesthetized with isoflurane and
subjected to BCAS. BCAS involved using microcoils
specially  designed for the mice (microcoil
specifications: piano wire diameter 0.08mm, internal
diameter 0.18mm, coiling pitch 0.5mm, and total length
2.5mm; Sawane Spring Co Ltd, Japan). BCAS was
performed by exposing the left and right common
carotid arteries (CCAs) one-by-one, freed from their
sheaths, and twining a microcoil by rotating it around
each CCA. Sham surgeries were performed as controls
where the site of surgery was opened and the CCAs
were gently touched using the forceps without insertion
of microcoils. The site of surgery was subsequently
closed using surgical glue, and the mice were observed
and taken care of post-surgery until conscious and
recovered to freely access food and water ad libitum.
All animals were euthanized via inhalation of carbon
dioxide gas at their respective end-points after BCAS
for subsequent analysis.

Measurements of cerebral blood flow by laser
speckle contrast imager

High-resolution Laser Speckle Contrast Imager (PSI
system, Perimed Inc.) was used to image cerebral blood
perfusion and record cerebral blood flow (CBF) before
insertion of the microcoils (baseline), immediately after
the insertion of the microcoils and finally at their
respective end-points of BCAS. Body temperature of
the mice was maintained at 37 £ 0.5° C. The skull of the
mice were shaved and exposed by a midline skin
incision. The skull was cleaned gently with sterile
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phosphate buffered saline (PBS) using a cotton
applicator. The image area was kept moist and a non-
toxic silicon oil was applied on the skull, improving the
imaging. Perfusion images were acquired using the PSI
system with a 70 mW built-in laser diode for
illumination and a 1388 x 1038 pixels CCD camera
installed 10 cm above the skull (speed 19 Hz, and
exposure time 6 mSec). Analyses of CBF changes were
done on the acquired images using a dedicated PIMSoft
program (Perimed Inc.).

Sample collection and processing

At the end of each BCAS time point or sham surgeries,
the mice were euthanized by administering a lethal dose
of carbon dioxide (CO2) for inhalation and the brains
were harvested. The hippocampi were immediately
separated on ice and were stored in a -80°C freezer for
RNA sequencing analysis (n = 5 in each experimental
group). A separate group of animals were sacrificed for
immunoblot analysis (n = 4-5 in each experimental

group).
Total RNA extraction and validation

Total RNA were extracted from frozen brain tissue
samples using a micro-tube tissue homogenizer (Bel-
Art, Wayne, NJ, USA) and EZ-10 DNAaway RNA
extraction mini-prep kit (Bio Basic, Ontario, Canada)
following manufacturer’s instructions. Assessment of
the integrity and quality of extracted total RNA was
performed using agarose gel electrophoresis and Agilent
2100 Bioanalyser (Agilent, Santa Clara, CA, USA); all
RNA samples showed RNA integrity numbers above 7,
indicating high quality of the extracted total RNA.

cDNA library preparation and RNA sequencing

The mRNA was purified from total RNA using poly-T
oligo-attached magnetic beads and was first fragmented
randomly by addition of fragmentation buffer.
Subsequently, the first-strand of cDNA was synthesized
using a random hexamer primer and M-MuLV reverse
transcriptase (RNase H-) (New England BiolLabs,
Ipswish, MA, USA). Next, DNA polymerase | and
RNase H were used to synthesize the second strand.
Double-stranded cDNA was purified using AMPure XP
beads (Beckman Courter Life Sciences, Indianapolis,
IN, USA). Remaining overhangs of the purified double-
stranded cDNA were converted into blunt ends via
exonuclease/polymerase activities. After adenylation of
3’-ends of DNA fragments, NEBNext adaptor with
hairpin loop structure was ligated to prepare for
hybridization. In order to select cDNA fragments of
preferentially 150-200bp in length, the library
fragments were purified with AMPure XP system.

Finally, the library was acquired by polymerase chain
reaction (PCR) amplification and purification of PCR
products by AMPure XP beads. High-throughput
sequencing was conducted using HiSeqTM2500
platform (Illumina, San Diego, CA, USA).

Transcriptome data mapping and differential
expression analysis

The RNA sequencing results from the HiSeq system
were generated as fasta and quality files, and these files
were mapped to the Ensembl-released mouse genome
sequence and annotation. Indexes of the reference
genome were built using Bowtie V.2.0.6 and paired-end
clean reads were aligned to the reference genome using
TopHat V.2.0.9 with mismatch parameter limited to 2.
For the quantification of gene expression level, HTSeq
V.0.6.1 was used to count the read numbers mapped of
each gene. Then Reads Per Kilobase of exon model per
Million mapped reads (RPKM) of each gene was
calculated based on the length of the gene and reads
count mapped to the same gene. Differential expression
analysis was performed using the DESeq R Package
V.1.10.1 and the resulting P-values were adjusted using
the Benjamini and Hochberg’s approach for controlling
the FDR. Genes with an adjusted P-value lower than
0.05 found by DESeq were assigned as differentially
expressed.

Heatmap generation and enrichment analyses

To create heat maps of differentially expressed genes
(DEGS), the R package heatmap3 were used along with
the log2Fold-Change output from EdgeR V.3.2.4. To
assess the biological significance of gene expression
changes, GO and KEGG pathway enrichment analyses
were conducted. GO enrichment analysis, focused on
biological processes of differentially expressed genes
was implemented by the GOseq R package in which
gene length bias was corrected. For KEGG pathway
enrichment analysis, we used KEGG Orthology-Based
Annotation System (KOBAS) software to test the
statistical enrichment. GO terms or KEGG pathways
with adjusted P-value less than 0.05 were considered
significantly enriched by differentially expressed genes.

Sorting based on cell-type specificity

McKenzie and colleagues [34] had compared murine
cell-type specific transcriptome-wide RNA expression
data sets from three different groups [35-37]. Out of the
three mice databases, the top 1000 genes per cell type
were selected and ranked according to three cell type
associated measures. These include (i) cell-type
enrichment which compares if a gene tends to have a
higher expression in one cell type compared to the
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others, (ii) cell-type expression where it compares
whether a gene is expressed in a given cell type
irrespective of expression levels in the other cell types
and (iii) specificity where it compares whether a gene is
expressed in only one cell type. Based on the aim of this
project, the 1000 genes per cell type were further
filtered to the top 100 genes based on specificity and
cell enrichment in its respective order.

Immunoblot analysis

Brain tissues were homogenized in lysis buffer and then
combined with 2 x Laemelli buffer (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Protein
samples were then separated on 7.5 to 12.5% v/v
sodium dodecyl sulfate (SDS) gels. The SDS-PAGE
gels were transferred onto nitrocellulose membranes to
probe for proteins. Next, the nitrocellulose membranes
were incubated with the following primary antibodies:
Mt-ATP6 (Santa Cruz Biotechnology, sc-81886),
COX2 (Santa Cruz Biotechnology, sc-514489), COX3
(Santa Cruz Biotechnology, sc-23986), HSP90 (Santa
Cruz Biotechnology, sc-13119), GRP78 (Santa Cruz
Biotechnology, sc-13539), Calnexin (Santa Cruz
Biotechnology, sc-23954), Pinkl (Santa Cruz
Biotechnology, sc-517353), PRK8 (Santa Cruz
Biotechnology,  sc-32282), Fst (Santa  Cruz
Biotechnology, sc-365003), ActivinA (Novus, NBP1-
30928) and B-actin (Sigma-Aldrich, A5441) overnight
at 4° C with agitation. Following primary antibody
incubation, membranes were washed three times with
IXTBST before incubating with horseradish peroxidase
(HRP)-conjugated secondary antibodies (Goat Anti-
Rabbit — Cell Signaling Technology, Danvers, MA,
USA; Goat Anti-Mouse — Sigma-Aldrich, St. Louis,
MO, USA,; Goat Anti-Rat — GE Healthcare Life
Sciences, Little Chalfont, UK) for 1 hr at 24° C with
agitation. Following secondary antibody incubation,
membranes were washed three times with 1XTBST,
each time for 10min. The substrate for HRP, enhanced
chemiluminescence (ECL) (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) was applied before the membranes
were imaged using the ChemiDocXRS+imaging system
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Quantification of proteins was conducted using Image J
software (Version 1.46; National Institute of Health,
Bethesda, MD, USA), where protein densitometry was
expressed relative to the densitometry of the
corresponding B-actin.
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SUPPLEMENTARY MATERIALS

Supplementary Figures
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Supplementary Figure 1. Hierarchical clustering analysis of all 11 differentially expressed genes in 030D compared to OSham
mice. There were no significant DEGs in 07D compared to OSham mice and hence is not represented in the heatmap. Upregulated gene
expression is represented in red and downregulated gene expression in blue. The colour scale represents the logl0 (average FPKM+1) value.
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Supplementary Figure 2. Significant GO terms in Y7D vs YSham mice (q < 0.05). The horizontal axis represents the -log10 scale for

g-value of each GO term.
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Supplementary Figure 3. KEGG pathway enrichment analysis between Y7D and YSham mice. The size of the dots represents the
gene ratio involvement and the colour represents the significance. Red represents most significant and purple represents the least significant
with the gradient showing the g-value range.

www.aging-us.com 14672 AGING



postsynapse (n=32)

smooth endoplasmic reticulum (n=7)

ion channel complex (n=20)

protein serinefthreonine kinase activity (n=29)
transporter complex (n=20)

dendritic spine (n=13)

transmembrane transporter complex (n=20)
cation channel complex (n=14)

neuron spine (n=13)

regulation of cell ... (n=23)

postsynaptic specialization (n=16)
postsynaptic density (n=16)

regulation of cell morphogenesis (n=31)
axon initial segment (n=4)

excitatory synapse (n=16)

small GTPase binding (n=20)

phospholipid binding (n=22)

GTPase binding (n=21)
phosphatidylinositol binding (n=16)

axon extension (n=13)

GO terms_Y30D vs YSham

own

o -
-
N -

3

FS

~log10(padij)

GO terms_Y30D vs YSham

skeletal muscle cell differentiation (n=9)

cofactor binding (n=16)

coenzyme binding (n=11)

transcriptional activator activity, ... (n=13)
organelle inner membrane (n=19)

transcription factor activity, ... (n=16)
mitochondrial inner membrane (n=17)
transcriptional activator activity, ... (n=15)
endoplasmic reticulum lumen (n=5)

generation of precursor ... (n=14)

reactive oxygen species metabolic process (n=12)
cellular response to growth factor stimulus (n=20)
regulation of cellular ... (n=9)

regulation of release ... (n=5)

mongsaccharide metabolic process (n=12)
regulation of cellular ... (n=15)

cellular response to corticosteroid stimulus (n=5)
cellular response to glucocorticoid stimulus (n=5)
glucose metabolic process (n=11)

cytoplasmic sequestering of protein (n=5)

[ |

| —

|

| —

| —

| —

| —

| —

|

| E—

| —

||

||

| —

| —

| —

| —

| —

I T T T 1
0.0 05 1.0 15 2.0

—log10(padij)

Supplementary Figure 4. Significant GO terms in Y30D vs YSham mice (q < 0.05). The horizontal axis represents the -log10 scale for

g-value of each GO term.
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Supplementary Tables
Please browse Full Text version to see the data of Supplementary Tables 1-3, 6.
Supplementary Table 1. List of all significantly (q<0.05) enriched upregulated and downregulated GO terms for

old Sham against young Sham animals.

Supplementary Table 2. List of all differentially expressed (upregulated and downregulated) genes in old Sham
against young Sham animals.

Supplementary Table 3. List of all differentially expressed (upregulated and downregulated) genes in mice
subjected to 7 and 30 days of BCAS.

Supplementary Table 4. List of all KEGG pathways under the pathway enrichment analysis for mice subjected to
7 and 30 days of BCAS.

Description 1D g-value genelD Count
MAPK signaling MMUO4010 0.002396 Gnal2/Cacnale/Hspall/Gadd45b/Fos/Gadd45g/Rasgrf2/Cacna2d3/Nrdal/Cacnalh/Dusp 2
pathway 1/Pdgfrb/Fgfr2/Ikbkb/Pla2g3/Ntf3/Prkca/Prkch/Fgfr3/Cacnb2/Mapk3

Gastric acid secretion mmu04971 0.00249 Car2/1tpr2/Gnai2/Plcb2/Kcnj2/Chrm3/Sstr2/Prkca/Ezr/Prkch 10
Long-term depression mmu04730 0.007753 Gnal2/Itpr2/Ryrl/Gnai2/Pla2g3/Plcbh2/Prkca/Prkch/Mapk3 9
Regulation of actin MMU04810 0011272 Gnal2/ltgb4/1qgap2/Pdgfrb/Fn1/Gsn/Nckapl/Fgfr2/Itgall/Itga9/Chrm4/Chrm3/Ezr/Fgfr 16
cytoskeleton 3/Mapk3/Chrm5

Calcium signaling MMUO04020 0.013768 Cacnale/Plcgl/Cacnalh/Pdgfrb/Phkgl/Itpr2/Ryrl/Phkal/Drd5/Plcb2/Chrm3/Prkca/Prkc 14
pathway b/Chrm5

Axon guidance mmu04360 0.026275 Efnb3/Sema6a/Slitl/Epha7/Sema3c/Plxnad/Srgap3/Gnai2/Epha6/Mapk3/Sema3e 11

Supplementary Table 5. List of all significantly (q<0.05) enriched upregulated and
downregulated GO terms for mice subjected to 7 and 30 days of BCAS.

Description ID Category  g-value
cellular response to growth factor stimulus G0:0071363 BP 0.007679
positive regulation of endothelial cell migration G0:0010595 BP 0.007679
regulation of endothelial cell migration G0:0010594 BP 0.009149
endothelial cell migration G0:0043542 BP 0.009149
positive regulation of neuron death G0:1901216 BP 0.009149
posttranscriptional regulation of gene expression G0:0010608 BP 0.009149
regulation of cell morphogenesis G0:0022604 BP 0.009149
protein serine/threonine kinase activity G0:0004674 MF 0.015801
negative regulation of protein phosphorylation G0:0001933 BP 0.023866
modulation of synaptic transmission G0:0050804 BP 0.023866
postsynapse G0:0098794 cC 0.026809
negative regulation of protein modification process G0:0031400 BP 0.029445
regulation of cellular amide metabolic process G0:0034248 BP 0.029445
regulation of mitochondrial fission G0:0090140 BP 0.033902
negative regulation of phosphorylation G0:0042326 BP 0.048738

Supplementary Table 6. List of all common differentially expressed (upregulated and downregulated) genes in
mice subjected to 7 and 30 days of BCAS.
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