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SUMMARY

The corpus callosum, a major white matter region central to cognitive function, is vulnerable to aging. Using
zeitgeber time (ZT) aligned with environmental light/dark cycles, we investigated temporal gene expression
patterns in the corpus callosum of young (5-month-old) and aged (24-month-old) mice using RNA-seq.
Comparative analysis revealed more differentially expressed genes across ZT pairs in young mice than
aged mice. In addition, complement pathway genes, including C4b, C3, C1qa, C1gb, and C1qc, were consis-
tently upregulated in aged mice regardless of ZT. Furthermore, genes such as Etnppl, Tinagl1, Hspa12b,
Ppp1r3c, Thbd, Pla2g3, and Tsc22d3 exhibited ZT-dependent rhythmicity in young mice, but their rhythmic
patterns were altered with age. This study provides an important dataset of the interplay between aging,
diurnal rhythms, and gene expression in the corpus callosum, highlighting potential molecular mechanisms
mediating white matter aging. Further investigation is warranted to dissect these gene’s specific roles in

neurological health during aging.

INTRODUCTION

The corpus callosum, one of the largest white matter structures
in the brain connecting the left and right cerebral hemispheres,
plays a critical role in cognitive function due to its enrichment
in oligodendrocyte precursor cells (OPCs) and oligodendro-
cytes. Aging, a major risk factor for neurodegenerative diseases
associated with dementia and motor disorders, significantly af-
fects the corpus callosum, making it one of the most vulnerable
brain regions in age-related neurological disorders, such as
stroke, Alzheimer’s disease, or vascular dementia.’ Structural
examinations of age-related white matter degeneration suggest
disruptions in the normal interactions between brain regions.”
These disruptions may contribute to cognitive decline during
normal aging.” Studies using diffusion tensor imaging have re-
vealed disruptions in white matter integrity and reduced correla-
tions within higher-order brain systems that correlate with cogni-
tive deficits in various regions.® This evidence underscores the
critical role of white matter in age-related cognitive decline.
Circadian/diurnal rhythms have emerged as important players
in neurological disease and neuroprotection.*® Recent studies
increasingly suggest a link between circadian clocks and the
process of normal aging.'®~'? While the central nervous system
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is regulated by the master circadian clock, the suprachiasmatic
nucleus (SCN),"®'® distinct circadian oscillation of clock gene
expression in different regions of the central nervous system,
such as the SCN, hippocampus, cerebral cortex, and spinal
cord, suggest potential tissue-specific effects.'” Despite exten-
sive research on circadian gene expression profiles in various or-
gans and cell types, including the liver,'® cerebral cortex,'® brain
endothelial cells,>® and OPCs/oligodendrocytes,?’ there remains
a gap in studies specifically addressing circadian and diurnal
gene expression changes in white matter tissues. Therefore,
the present study aims to fill this gap by investigating gene
expression profiles in the corpus callosum at different zeitgeber
time (ZT) points in both young and aged mice.

RESULTS

Isolation of the corpus callosum from young and aged
mice and gene expression profiling using zeitgeber time
zeitgeber time (ZT) is a standardized 24-h notation system used
in circadian biology, where ZT0 corresponds to the onset of the
light phase, and ZT12 corresponds to the onset of the dark
phase in a 12:12 light/dark cycle. For example, ZT1 corresponds
to 1 h after lights are turned on in a 12:12 laboratory-controlled
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Figure 1. Tissue sampling at specific time points and preparation for RNA-seq analysis

(A) Samples were collected from the anterior part of the corpus callosum (CC) of young (5 months old) and aged (24 months old) mice. The isolated RNA was then
used for RNA-seq analysis. Three samples were collected at each of the four ZTs (ZT1/ZT7/ZT13/ZT19) for a total of 24 samples.

(B) Violin plots showing the expression of oligodendrocyte markers (Mbp and Mobp) and cortical neuron markers (Reln for layer |, Rasgrf2 for layer II/1ll, Pou3f2 for

layer 1I-V, and Foxp2 for layer IV).

environment, while ZT13 corresponds to 1 h after lights are
turned off. In this study, we examined gene expression profiles
at different ZTs to identify potential temporal patterns using
bulk RNA sequencing (RNA-seq). The corpus callosum was
collected from young (5 months of age) and aged (24 months
of age) male mice at each of the four time points: ZT1, ZT7,
ZT13, and ZT19 (Figure 1A). To validate the successful isolation
of the corpus callosum, we examined the gene expression of
cellular markers for oligodendrocytes and neurons in each
cortical layer. This confirmed that the samples were indeed white
matter tissue, as evidenced by the high expression of oligoden-
drocyte markers (Figure 1B).

Analysis of diurnal gene expression patterns in the
corpus callosum of young and aged mice

To understand the diurnal regulation of genes in the corpus cal-
losum, we first examined the expression patterns of circadian
genes in both young and aged mice (Figure 2A). Our results indi-
cated that Nr1d1, Nr1d2, Amntl (also known as Bmal1), CryT,
Per2, and Per3 maintained their daily periodicity with ZT
in both young and aged mice (Figures 2B and 2C; one-way
analysis of variance [ANOVA], p < 0.05). In addition, using
compareRhythms,?>*® we confirmed that these genes retained
their diurnal patterns across the two groups. However, Rora,
Clock, Cry2, and Per1 did not show a daily rhythm in both young
and aged mice (Figure 2C).

We then examined whether the diurnal periodicity of other
genes was affected by age. Looking at young mice, as shown
in the Venn diagrams and UpSet plots, the number of detected
differentially expressed genes (DEGs) was smaller in the ZT1
vs. ZT7 and ZT13 vs. ZT19 pairs, compared to the ZT1 vs.
ZT13, ZT1 vs. ZT19, ZT7 vs. ZT13, or ZT7 vs. ZT19 pairs
(Figures S1A and S1B). To further investigate whether diurnal
patterns are attenuated by aging, we compared DEGs at six-
time point pairs (ZT1 vs. ZT7, ZT1 vs. ZT13, ZT1 vs. ZT19, ZT7
vs. ZT13, ZT7 vs. ZT19, and ZT13 vs. ZT19) between young
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and aged mice (Figure 3A). Young mice exhibited 1, 76, 106,
22, 78, and 36 DEGs at the respective time point pairs, whereas
aged mice exhibited 4, 19, 32, 14, 9, and 14 DEGs, respectively
(Figure 3B), indicating an overall decrease in ZT-dependent gene
expression patterns as mice age. Notably, the total number of
DEGs was significantly different, with 200 genes identified in
young mice and 70 genes in aged mice, with 20 genes shared
between the two groups (Figures 3C and 3D; Table S1).

Transcriptome analysis of the corpus callosum in aging
While the expression levels/patterns of key circadian genes in
the corpus callosum were not significantly altered by age (Fig-
ure 2), our initial analyses so far suggested age-related changes
in the transcriptome profile of the mouse corpus callosum (Fig-
ure 3). Therefore, before further investigating age-related
changes in diurnal patterns, we performed a time-independent
analysis on all samples (Figure 4A; n = 12 per group, regardless
of ZT) to determine whether aging affects the overall transcrip-
tome profile of the mouse corpus callosum. We identified
DEGs (|fold change| > 1.5, adjusted p-value [padj] < 0.05,
mean base >50) between young and aged mice, with signifi-
cantly increased (159 genes) and decreased (46 genes) expres-
sion in aged mice compared to young mice (205 DEGs in total)
(Figure 4B). To assess whether the inclusion of temporal informa-
tion would significantly affect the finding, we also performed a
Midline Estimating Statistic of Rhythm (MESOR)-based analysis
by averaging gene expression across the four ZT points for each
group (n = 3 per group and per ZT point; Table S2). This MESOR
analysis identified 161 DEGs, of which 146 overlapped with the
DEGs from the time-independent analysis (Figure S2). This sub-
stantial overlap may indicate that the majority of age-related
gene expression changes are consistent regardless of temporal
consideration.

We next conducted a gene ontology (GO) analysis using the
205 DEGs identified from the time-independent analysis. The
GO analysis revealed that several GO terms among the top 10
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Figure 2. Alterations in circadian rhythm-associated gene expression patterns in the corpus callosum due to aging

(A) Schematic illustration shows the pathways of major circadian rhythm-related genes.

(B) Heatmap showing the various genes associated with diurnal rhythm in the corpus callosum of young and aged mice.

(C) Line plot shows the expression patterns across ZTs for selected circadian rhythm-associated genes in young and aged mice. Data are represented as mean +/—
standard error of the mean (SEM). The p-values for young mice (blue) and aged mice (red) are derived from one-way ANOVA.

were associated with glial cells and immune responses (Fig-
ure 4C). These included microglia pathogen phagocytosis
pathway (WP3626), Tyrobp causal network in microglia
(WP3625), innate immune response (GO: 0045087), positive
regulation of immune response (GO: 0050778), immune effector
process (GO: 0002252), and regulation of innate immune
response (GO: 0050776) (Figure 4C). We then used public data-
bases of RNA-seq data from brain cells®**° to further investigate
in which cell types the age-associated DEGs are expressed. The
results showed that many of these genes were highly expressed
in microglia, oligodendrocyte lineage cells, and astrocytes (Fig-
ure 4D). Indeed, a violin plot of glial cell markers showed a ten-
dency for OPC and oligodendrocyte cell markers to decrease
with age, while markers for microglia and astrocytes increased
(Figure S3).

In addition, the top 10 DEGs that increased with age were
Cd44, Serpina3n, C3, A2m, Lgals3bp, Cd84, Nirp5-ps, Hbb-bs,
Hba-a2, and C4b (Figures 4B and S4A). Conversely, the top 10
DEGs that decreased with age were Kif19a, Col11al, Tnc,
Mki67, Cacna2d4, Mdgal, H1f1, Gpr17, Chst3, and Sox11
(Figures 4B and S4B). Since two complement-related genes
(C3 and C4b) were included in the top 10 DEGs that increased
with age, we investigated the top 5% of genes that showed
high expression exclusively in aged mice and confirmed that

those genes were highly associated with the complement
pathway (Figures S5A and S5B). Furthermore, in addition to
C4b and C3, complement pathway-related factors, such as
Ci1ga, Ci1gb, and C1qc, showed significant upregulation in
aged mice (Figures S5C, and S5D). Among these genes, C4b,
C3, C1qa, and C1qgc were identified as common DEGs at ZT1,
ZT7, ZT13, and ZT19 between young and aged mice
(Figures SBA and S6B). Furthermore, complement pathway-
related genes such as C3, C1qga, C1gb, and C1qc showed signif-
icant upregulation in aged mice, with no ZT-related changes in
expression observed in either young or aged mice (Figure 5).
Although C4b exhibited a slight rhythm in young mice (one-
way ANOVA, p = 2.742E-02), its expression was significantly
increased in aged mice regardless of ZT.

Effects of aging on rhythmic gene expression in the
corpus callosum

We finally examined how rhythmic gene expression was altered
by aging in the mouse corpus callosum. Using one-way ANOVA
analysis (threshold: p < 0.05), we first identified 1,745 rhythmi-
cally expressed genes in young mice and 1,262 rhythmically ex-
pressed genes in aged mice (a total of 2,837 genes; Table S3).
As expected, GO analysis of the rhythmically expressed genes
in young mice ranked a circadian/diurnal rhythm-related term
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Figure 3. Transcriptome profiling in the corpus callosum using pairwise comparisons among ZTs

(A) Pairwise comparisons among the four ZTs (ZT1, ZT7, ZT13, ZT19) were used to detect DEGs in young and aged mice.

(B) Bar graph shows the number of DEGs identified in each pairwise comparison between ZTs for young and aged mice.

(C) Venn diagram shows the overlap between DEGs from all pairwise comparisons in young and aged mice.

(D) Heatmap of DEGs organized according to the overlapping and non-overlapping regions in (C), showing genes common to both age groups and those unique
to either young or aged mice. The cutoff for DEGs was set at adjusted p-value (padj) <0.05 and | Fold Change | >1.5.

(mmu04710)
(Figure 6A).

Next, we asked how aging affected these rhythmically ex-
pressed genes. Among a total of 2,837 diurnal rhythm genes
identified in young and aged mice, we identified 97 genes that
showed significant changes in rhythmicity between the two
groups (compareRhythms FDR <0.05; Figure 6B). Among these
97 genes, 35 genes were included among the DEGs (padj <0.05)
at either ZT1, ZT7, ZT13, or ZT19 in the comparisons between
young and aged mice: at ZT1 (Ddah2, Etnppl, Col11a1, Cdh8,
Insc, C4b, Nkain1, Gm11611, and Rps7-ps3); at ZT7 (Col11al,
Pcdh20, C4b, Al593442, and Gm18517); at ZT13 (Slc24a3, mt-
Nd5, Ppp1r3c, and C4b); and at ZT19 (Aif1l, Arrdc2, Nes,
Bcl2l1, Piezo1, Notch4, Cdkn1a, Sic2al, Tinagl1, Map3k6, Errfil,
KIf15, Tsc22d3, Pla2g3, Cdh8, Dennd3, Adgri4, C4b,
Ehd2, Thbd, Hspal2b, and Gm45461) (Figures 6B and S6;
Table S4). We then checked if these 35 genes were included in
the Circadian Expression Profiles Data Browser (CircaDB:
http://circadb.hogeneschlab.org/).?® Of these, 3 of these genes
(Tsc22d3, Kif15, Aif1l) were previously characterized as circa-
dian in the brain-related datasets (JTK-q value <0.05), such as
those derived from the mouse brainstem, cerebellum, hypothal-
amus, SCN, and pituitary gland.?”°

Furthermore, 24 of these 35 genes lost rhythmicity with age
(one-way ANOVA: young p < 0.05; aged p > 0.05): Arrdc2, Nes,
Ddah2, Bcl2I1, Piezo1, Notch4, Etnppl, Cdkn1a, Sic2at, Tinagl1,

among the top 10 highly enriched terms
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Map3k6, Errfi1, Pla2g3, Cdh8, Dennd3, Adgri4, Pcdh20, Sic24a3,
C4b,Ehd2, Thbd, Hspa12b, Gm45461 and Gm18517 (Figures 6C
and S7A). Six genes maintained rhythmicity in both groups but
showed changes in their patterns with age (one-way ANOVA:
young p < 0.05; aged p < 0.05, compareRhythms: FDR <0.05):
Aif1l, KIf15, Tsc22d3, Insc, Ppp1r3c, and Al593442 (Figures 6C
and S8A). Five genes gained rhythmicity with age (one-way
ANOVA: young p > 0.05; aged p < 0.05): Col11al, mt-Nd5,
Nkain1,Gm11611, and Rps7-ps3 (Figures 6C and S9A). In partic-
ular, some genes such as Etnppl, Tinagl1, Hspa12b, Ppp1r3c,
Thbd, Pla2g3, and Tsc22d3 showed dynamic changes in expres-
sion levels between inactive and active periods (i.e., between ZT7
and ZT13, and between ZT1 and ZT19) in young mice (Figure 6D).
Finally, we examined these 35 genes using publicly available sin-
gle-cell RNA-seq data from the adult mouse brain.>’ Several
genes such as Nes, Piezo1, Notch4, Cdknla, Sic2al, Tinagl1,
Map3k6, Dennd3, Adgrl4, Ehd2, Thbd, Hspa12b, and Tsc22d3
were predominantly expressed in vascular cells (Figures S7B,
S8B, and S9B). On the other hand, Etnppl is highly expressed
in astrocytes, and Nkain1 and Col711a1 are highly expressed in
the oligodendrocyte lineage cells (Figures S7B, S8B, and S9B).

DISCUSSION

Our study provides an RNA-seq dataset of the mouse corpus
callosum at different ZT and sheds light on the intricate
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Figure 4. Transcriptomic analysis of the corpus callosum between young and aged mice

(A) lllustration of the groups to detect the DEGs between young and aged mice.

(B) Volcano plot of DEGs (total 205 genes) between young (n = 12; 5 months old) and aged (n = 12; 24 months old) mice. The DEGs cutoff was set at padj <0.05 and

| Fold Change | > 1.5.

(C) Top 10 GO terms enriched among genes upregulated (young < aged; red) and downregulated (young > aged; blue) in aged mice.

(D) Classification of the DEGs using cell markers from previously published public RNA-seq data.

relationships between diurnal rhythms, aging, and gene expres-
sion in a brain region widely considered critical for cognitive
function. Our results show that () these diurnal differences in
gene expression are attenuated in aged vs. young mice, (ji) rhyth-
mically expressed genes are present in white matter and change
with aging, and (iii) complement pathways are elevated in aged
white matter independent of time of day.

Diurnal and circadian rhythms are regulated by master clock
genes. In general, clock genes in aged tissues tend to have
dampened oscillation magnitudes and may be slightly phase-
shifted compared to young tissues in a wide variety of or-
gans.?’*° In the brain, age-related disruptions in rhythmicity of
Per1/2, Cry1/2, Arntl, and Clock were observed in the hypothal-
amus when comparing 6-month-old versus 26-month-old
mice.®" In the human prefrontal cortex, the rhythmicity of Per1/
2 and Cry1 was disrupted in the brains of patients greater than
60 years old compared with those under 40 years old.*® Within
the sensitivity limits of our present study, one-way ANOVA anal-
ysis did not detect significant differences in the rhythmicity of
clock genes in the corpus callosum of 5-month-old versus
24-month-old mice. Furthermore, rhythms were not detected
for, Clock, Cry2, Per2, and Rora even in white matter from young
mice, in contrast to significant rhythms that have been reported
in the hypothalamus.®® Previous studies have indicated that var-
iations in phase and amplitude of rhythmic clock genes exist
across different brain regions.®” For instance, unlike the
robust rhythmicity observed in hypothalamic regions, the me-

24,25

dian septum within white matter and the dentate gyrus of the hip-
pocampus may show arrhythmic patterns.®® Additionally, a
recent work analyzing the human prefrontal cortex in two areas,
Brodmann’s area 11 (BA11) and BA47, revealed that while
ARNTL in BA11 showed no impairment in rhythmicity with aging,
ARNTL in BA47 displayed a significant shift in its rhythmic
pattern, indicating that even within the same brain area, different
sub-regions might exhibit distinct responses to aging.®* Recent
scRNA-seq analysis now suggests that different cell types within
the SCN may exhibit unique temporal patterns of clock genes.*°
Further investigation is needed to examine whether different cell
types in mouse white matter may show different clock gene re-
sponses to aging.

In addition to light stimulation, fluctuations/oscillations in gene
expression are expected to be influenced by factors such as diet
and sleep.*'™* Therefore, although no robust changes in the
rhythmicity of key clock genes in the corpus callosum were
observed in our study, age-related sleep disruption*® and/or
age-related changes in diet**™*° and exercise®® may contribute
to age-related changes in gene profiles. Our data that Etnppl
shows different expression dynamics between young and aged
mice would support this idea. Etnppl expression increases
upon exposure to dexamethasone, an anti-inflammatory drug
that binds to the glucocorticoid receptor and is known to be a
fasting-induced factor that plays a role in astrocyte lipid homeo-
stasis.®’ A recent large-scale transcriptomic study using mouse
striatum during the day suggests that genes with a ZT12
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Figure 5. Age-related changes in genes associated with complement activation in the corpus callosum
Line plot illustrating the genes (C4b, C3, C1qga, C1gb, and C1qc) associated with complement activation in young and aged mice. Data are represented as mean +
SEM. The p-values for young mice (blue) and aged mice (red) are derived from one-way ANOVA.

expression peak may be under the control of the adrenocortical
hormone glucocorticoid,”® and in our data, Etnppl/ expression
appears to peak between ZT7 and ZT13 in young mice. As per-
turbations in circulating glucocorticoids and their regulatory hor-
mones have been observed in older humans and aged mice,****
the perturbations in the adrenocortical hormone pathway may
influence the observed changes in the expression pattern of
Etnppl. However, our study is largely descriptive and does not
provide the functional validation of the observed gene expres-
sion changes. Future experiments using genetic manipulations,
pharmacological interventions, or behavioral assays are needed
to establish the functional significance of these age-related tran-
scriptomic changes. These studies would elucidate the mecha-
nisms by which age-related changes in sleep and dietary habits
affect the transcriptome profile of the mouse corpus callosum.
Our study also suggests an important effect of aging on inflam-
matory pathways, particularly the complement system, in the
corpus callosum. The complement system is a major component
of innate immunity and has been implicated in neuroinflamma-
tory processes associated with aging and neurodegenera-
tion.>>" For example, C3 is known to exacerbate lipopolysac-
charide-induced neuroinflammation,®® and in our study, C3
was among the top 10 genes that showed age-related increases.
C1qg was also found to be highly upregulated in the aged corpus
callosum in our study. Previous studies show that complement-
dependent synaptic pruning by the C1q complex is important
during neural development®® and that uncontrolled comple-
ment-mediated synaptic pruning has been reported to be asso-
ciated with Alzheimer’s disease and aging.®®®" Therefore, the
persistent upregulation of complement pathway genes may indi-
cate a chronic inflammatory response or dysregulation associ-
ated with aging, which would contribute to age-related cognitive
decline and neurodegenerative processes. In addition, Ser-
pina3n functions as a secretory serine protease inhibitor involved
in complement activation, and again, Serpina3n showed the sec-
ond highest log2 change between young and aged groups in this
study. These changes in the complement system may possibly
be due to a gradual breakdown of the blood-brain barrier and
are related to general immune activation in the corpus callosum.
Interestingly, publicly available transcriptome profiling datasets
show that C4b and Seripina3n are highly expressed in astrocytes
and oligodendrocyte lineage cells®® and that C4b is increased in
the corpus callosum of aged mice.®”®* In addition, a recent
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scRNA-seq dataset using the brains of Alzheimer’s disease
mice (5xFAD mice) also revealed increased expression of C4b
and Serpina3n in amyloid-beta reactive oligodendrocytes.®
Although there have been reports that Serpina3n was not upre-
gulated in age-related transcriptome data using the mouse hip-
pocampus,®® our study focused on the corpus callosum (oligo-
dendrocyte-enriched region), which may partly explain the
discrepancy.

In summary, this study provides an RNA-seq dataset for un-
derstanding the complex interplay between aging, diurnal
rhythms, and gene expression within the corpus callosum. By
identifying genes influenced by zeitgeber time and character-
izing the gene expression changes in aged mice, these findings
may provide an important resource for future investigations of
how diurnal rhythms and aging intersect to influence cellular pro-
cesses that mediate neurological health.

Limitations of the study

Our current study provides a valuable resource for investigating
the mechanisms by which aging affects the transcriptome profile
of the mouse corpus callosum; however, some important ca-
veats/limitations of this study should be noted. First, our findings
are based on the analysis of RNA-level data using bulk RNA-seq,
which may mask gene expression patterns specific to individual
cell types within the corpus callosum due to the averaging of
gene expression across different cell populations. In addition,
while RNA-seq is a powerful tool for capturing gene expression
dynamics, it does not reflect the levels of active and functional
proteins within the cell. Therefore, for a more comprehensive un-
derstanding of the changes associated with ZT and aging,
further investigations incorporating single-cell RNA-seq and pro-
teomics analysis for protein-level validation are warranted. Sec-
ond, the small sample size and limited number of time points for
RNA-seq may affect the reproducibility and generalizability of
our analyses. In fact, a recent meta-analysis using publicly avail-
able time-series RNA-seq samples of mouse liver tissue high-
lighted the low reproducibility of circadian transcriptomic
studies,®” suggesting the need for further research with larger
sample sizes and additional time points. Nevertheless, the
4-time-point sampling strategy has been successfully used in
published studies to draw meaningful conclusions about gene
expression rhythms; some studies have even performed RNA-
seq analysis at 2 time points to determine time-of-day effects
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Figure 6. Diurnal rhythm-dependent gene expression in the corpus callosum of young mice and disruption of rhythmicity in aged mice
(A) Bar plots showing the top 10 enriched GO categories for 1,745 genes with diurnal expression patterns in the corpus callosum of young mice identified by one-

way ANOVA (p < 0.05).

(B) Flowchart summarizing the process of filtering diurnal genes to identify key candidates for further analysis.
(C) Heat maps of 35 genes showing changes in diurnal expression patterns in the corpus callosum between young and aged mice.

(D) Line plots showing the expression levels of Etnppl, Tinagl1, Hspa12b, Ppp1r3c, Thbd, Pla2g3, and Tsc22d3 at each ZT point in young and aged mice. These
genes are a subset of the 35 that exhibited significant changes in diurnal expression patterns between young and aged mice, showing dynamic expression
changes between inactive and active periods in young mice. Data are represented as mean + SEM. The p-values for young mice (blue) and aged mice (red) are

derived from one-way ANOVA.

on gene expression,®® and others have used 4 time points to
capture diurnal variations.®®”"" These studies demonstrate that
significant circadian/diurnal gene expression patterns can be
discerned with such sampling schemes. However, while our
use of 4 time points is somewhat consistent with established
methods in the field, increasing the number of time points to 6

or more would further strengthen our conclusions. Future studies
with higher temporal resolution may help to clarify the phase re-
lationships between clock genes and provide a more compre-
hensive understanding of diurnal gene expression in the aged
mouse corpus callosum. Third, it is important to acknowledge
that our study focused solely on male mice, which is a limitation.
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Investigating sex differences is crucial for a comprehensive un-
derstanding of age-related changes in the brain, as there is
growing evidence for sexual dimorphism in various aspects of
brain aging. Future studies should include both male and female
mice to address this important aspect and provide a more com-
plete picture of the aging brain transcriptome. Finally, our data
show that the dynamics of these genes in response to ZT are
partially lost in aged mice, but this resource article does not
directly answer the question of why aging attenuates the diurnal
rhythmicity of transcriptome profiles in the mouse corpus cal-
losum. The disruption of normal circadian/diurnal gene expres-
sion rhythms in the aged corpus callosum suggests a potential
age-related decline in the efficiency of circadian/diurnal regula-
tion. This decline could adversely affect cognitive function and
overall brain health, as previous studies have shown that the
disruption of circadian/diurnal rhythms can lead to cognitive def-
icits and neurodegenerative processes. Our data may support
the idea that age-related changes in the diurnal transcriptome
of the corpus callosum contribute to these pathological pro-
cesses, but further research is needed to elucidate the specific
mechanisms by which altered diurnal gene expression in the
aged brain leads to cognitive decline and neurodegeneration.
Experiments involving diurnal perturbations in young and aged
mice may provide insight into the causal relationship between
diurnal rhythms and age-related changes in brain function.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Saline (0.9 w/v% NaCl) Sigma-Aldrich Cat#S9625-5KG

Hanks’ Balanced Salt Solution (HBSS) Gibco Cat#14025-095

QIAzol Lysis Reagent QIAGEN Cat#79306

Chloroform Molecular Biology MP Biomedicals Fisher Scientific Cat#19400280

Isopropanol (2-Propanol) Sigma-Aldrich Cat#190764

RNase-free water QIAGEN Cat#129112

Deposited data

Bulk RNA-seq data derived from young/aged this paper PRJNA1011381

mice (ZT1, ZT7, ZT13, and ZT19)

Bulk RNA-seq data derived from glia, neurons, Zhang et al.>* GSE52564

and vascular cells of the cerebral cortex

Single-cell RNA-seq data from the adult mouse brain Ximerakis et al.*° GSE129788

Experimental models: Organisms/strains

Male C57BL/6J mice The Jackson Laboratory RRID:IMSR_JAX:000664

Software and algorithms

STAR Dobin et al.” v2.7.10a
RRID:SCR_004463

RSEM Lietal.”® v1.3.3
RRID:SCR_000262

R R core team v4.3.0

https://www.r-project.org/
RRID:SCR_001905

DESeq2 Love etal.”* v1.40.1
RRID:SCR_015687
compareRhythms Pelikan et al.”” and v1.0.2

Ananthasubramaniam?®
Metascape Zhou et al.”® https://metascape.org/gp/
index.html#/main/step1
RRID:SCR_016620

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All experimental procedures were in accordance with the National Institutes of Health (NIH) guidelines and were approved by the
Massachusetts General Hospital Institutional Animal Care and Use Committee. Male C57BL/6J mice were purchased from The Jack-
son Laboratory and were housed in a specific pathogen-free environment with a 12-h light/dark cycle, with free access to food and
water throughout the experiment. During the dark phase, the environment was maintained in complete darkness. However, a brief
exposure to dim red light was allowed solely for the purpose of cage retrieval prior to euthanasia at ZT13 and ZT19. In this study, a
total of 24 mice (5-month-old, n = 12; 24-month-old, n = 12) were used. We excluded female mice due to the variable effects of their
estrous cycle and the potential for differing age-related changes compared to males, given the longer lifespan of female mice. The
sample sizes were determined based on our previous experience and experimental feasibility because this study was conducted
based on an exploratory design.

METHOD DETAILS
Tissue sampling

Tissue samples were collected at four different ZTs (ZT1, ZT7, ZT13, and ZT19), with three mice sampled at each time point (Fig-
ure 1A). After euthanasia, the mice were perfused with pre-chilled saline followed by decapitation. Before sacrificing the mice at
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ZT13 and ZT19, they were briefly exposed to a dim red-light environment and the cages were shaded until just before the sacrifice.
Brains were then isolated and cooled in pre-chilled Hanks’ Balanced Salt Solution (Gibco, Billings, MT, USA, #14025-095) for 1 min.
The brain was sliced into five coronal sections using a brain matrix slicer. To ensure minimal contamination from non-corpus cal-
losum, we carefully isolated the thickest sections of the corpus callosum from the 2nd and 3rd slices. This process was carried
out under direct observation using a light microscope. The collected samples were immediately transferred into RNase-free tubes
and were frozen in liquid nitrogen.

RNA extraction

Total RNA was extracted from the corpus callosum samples using QIAzol (QIAGEN, Venlo, Netherlands, #79306), according to the
manufacturer’s instructions. In brief, the tissue was sonicated and then resuspended in 1 mL of pre-chilled QIAzol. Next, 0.2 mL of
chloroform was added to the lysate and mixed well using a vortex mixer, followed by centrifugation for 15 min at 12,000 g. The su-
pernatant was then transferred to a new RNase-free tube and mixed with an equal volume of isopropanol. After centrifuging for 10 min
at 12,000 g, the pellet was washed with 1 mL of 75% ethanol. The mixture was then centrifuged for 5 min at 7,500 g, and the resultant
pellet was resuspended in RNase-free water. The quality and purity of the extracted RNA were determined by NanoDrop Spectro-
photometers. The samples were stored at —80°C until further use.

RNA-sequencing

RNA samples from each group were subjected to RNA-seq experiments. Each time point (ZT1, ZT7, ZT13, and ZT19) included three
samples (Figure 1A). The library preparation and RNA-seq were handled by MIT BioMicro Center (Cambridge, MA, United States),
employing the rRNA depletion method for library preparation (single index) and lllumina NextSeq500 (pair-end; 2 x 150 bp) for
RNA-seq sequencing. For data processing, the raw data (FASTQ) was mapped using STAR (version: 2.7.10a; mm10).”? Transcript
abundance was quantified using RSEM (version: 1.3.3).” RSEM results included both count data and transcript per kilobase million
(TPM) values. Both raw count data and TPM data obtained from the RSEM results are provided in Tables S5 and S6. For most of our
analyses, we used the normalized count data. However, for plotting, TPM values were utilized. The bioinformatics analysis was per-
formed using R (version: 4.3.0) and various packages including DESeq2 (version: 1.40.1; Wald test)’* for differential expression
analysis with a cut-off set at an adjusted p-value (padj) < 0.05 for filtering differentially expressed genes (DEGs). Metascape was
used for gene ontology (GO) analysis.”® To investigate rhythmicity, one-way ANOVA was used to assess rhythmic patterns within
each group (young and aged) using normalized count data (Table S3). To further assess rhythmic gene expression, we used the com-
pareRhythms (version: 1.0.2)?>?° to compare diurnal rhythm patterns between young and aged groups. The analysis was performed
using normalized count data from DESeqg2, with a mean expression threshold of >10 for filtering low-expressed genes. We set the
period to 24 h and used the deseq2 method in compareRhythms for RNA-seq analysis. Genes were classified based on their rhyth-
micity in young and aged mice and whether there was a significant difference in rhythm between the two groups, with a false discov-
ery rate (FDR) < 0.05. Additionally, MESOR (Midline Estimating Statistic of Rhythm) was calculated for each gene using the mean
expression at each time point, and genes with a significant difference in MESOR between young and aged groups were identified
(adjusted p-value <0.05).

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical analyses, including one-way and two-way ANOVA, were performed using R. All graphs were generated in R, and error

bars in the figures represent the standard error of the mean (SEM). Specific experimental and statistical details are provided in the
respective figure legends.
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