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ABSTRACT

Brain aging is accompanied by cell type-specific changes in gene expression and chromatin state that bulk tissue
profiling cannot resolve, and the transcription factor programmes driving these changes across individual neuronal
and glial populations remain incompletely mapped. Here we applied joint single-nucleus RNA and ATAC
sequencing (10x Multiome) to cortical and hippocampal tissue from young (3-month) and aged (24-month) mice to
profile cell type-resolved chromatin accessibility and transcriptional change across brain aging. Clustering identified
14 major cell types, and differential accessibility analysis showed that microglia exhibited the largest number of
age-related accessibility changes of any cell type, with a strong gain of accessibility at loci encoding
pro-inflammatory and phagocytic genes. Chromatin variability analysis of transcription factor motifs (chromVAR)
identified increased NF-kB and PU.1 motif accessibility specifically in aged microglia, closely tracking increased
expression of their target genes, while these same motifs showed no significant accessibility change in neurons or
astrocytes from the same tissue. Neurons showed a smaller but significant set of age-related accessibility changes
concentrated at synaptic and neuronal identity genes, with a directional bias toward loss of accessibility, and this
neuronal accessibility loss correlated at the single-cell level with reduced expression of the same genes within
individual aged neurons. Cross-cell-type comparison showed minimal overlap between the accessibility changes
defining aged microglia and aged neurons, indicating that brain aging engages substantially distinct chromatin
remodeling programmes in different cell types rather than a shared, tissue-wide ageing signature. These results
provide a cell type-resolved chromatin accessibility map of brain aging and identify NF-kB/PU.1-driven microglial
activation and synaptic gene silencing in neurons as the two dominant, largely independent chromatin remodeling
programmes underlying the aged brain phenotype.

Keywords: brain aging; single-nucleus multiome; chromatin accessibility; microglia activation; transcription factor motif;
neuroinflammation

Received: November 30, 2025 | Accepted: March 9, 2026 | Published: June 13, 2026

Citation: Virtanen N, Jonsdottir B, Steiner E. Single-Cell Multi-Omic Profiling of Chromatin and Transcriptome in Aging Brain Tissue.
Chromatin. 2026;4(1):1-6. DOI: 10.5281/zenodo.22757178

© 2026 Virtanen et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution and reproduction in any medium, provided the original author and source are credited.

1
Chromatin | ISSN 2989-5421 (Online) | https://trpubonline.org/index.php/Chromatin


https://trpubonline.org/
https://trpubonline.org/index.php/Chromatin
https://orcid.org/0000-0001-8185-9201
https://orcid.org/0000-0002-1246-8001
https://orcid.org/0000-0001-5422-1974
https://trpubonline.org/index.php/Chromatin
https://doi.org/10.5281/zenodo.22757178
https://doi.org/10.5281/zenodo.22757178

DOI: 10.5281/zenod0.22757178  Virtanen et al. (2026)

1. INTRODUCTION

Aging of the mammalian brain is accompanied by a
well-characterised set of functional changes, including
microglial activation, synaptic loss and reduced neuronal
plasticity, that together contribute to age-related
cognitive decline, yet the cell type-specific chromatin and
transcriptional programmes underlying these changes
have been difficult to resolve using bulk tissue profiling,
which averages signal across dozens of molecularly
distinct cell populations with potentially opposing
age-related  trajectories  [1,2].  Single-cell and
single-nucleus transcriptomic studies have begun to
catalogue cell type-specific gene expression changes in
the aging brain, consistently identifying microglial
activation as one of the most pronounced signatures, but
transcriptional change alone does not establish whether
these shifts are driven by altered chromatin accessibility
at the relevant regulatory elements or by other
post-transcriptional mechanisms [3,4].

Joint profiling of chromatin accessibility and gene
expression from the same nucleus, using technologies
such as 10x Multiome, offers a way to directly link cell
type-specific accessibility change to its transcriptional
consequence within the same cell, rather than relying on
separately profiled bulk or single-modality datasets that
must be computationally integrated after the fact [5,6].
This approach has been applied productively to
development and disease contexts, but its application to
normal brain aging across multiple cell types within the
same tissue has been comparatively limited, leaving
open how broadly shared versus cell type-specific the
chromatin remodeling programmes of brain aging are.

A related question concerns the transcription factor
programmes driving age-related accessibility change:
microglial activation is known to engage NF-kB and
PU.1-dependent transcriptional programmes in the
context of injury and neurodegenerative disease models,
but whether these same factors underlie the chromatin
changes of normal aging, in the absence of overt
pathology, has not been directly tested by joint
accessibility and expression profiling in aged but
otherwise healthy brain tissue [7,8].

Here we apply 10x Multiome joint single-nucleus RNA
and ATAC sequencing to cortical and hippocampal tissue
from young and aged mice to generate a cell
type-resolved map of chromatin accessibility and
transcriptional change across brain aging. We report that
microglia show the largest and most concentrated set of
age-related accessibility changes, driven by increased
NF-kB and PU.1 motif accessibility at pro-inflammatory
and phagocytic genes, while neurons show a smaller,
largely non-overlapping set of changes concentrated at
synaptic genes with a bias toward accessibility loss,
together indicating that brain aging engages substantially
distinct chromatin programmes across cell types.
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2. MATERIALS AND METHODS

Experiments used cortical and hippocampal tissue
dissected from young (3-month-old) and aged
(24-month-old) C57BL/6J mice, profiled by joint

single-nucleus RNA and ATAC sequencing using the 10x
Genomics Multiome platform.
| 2.1 Tissue dissociation and nuclei isolation

Cortical and hippocampal tissue was dissected from
young (n=4) and aged (n=4) male C57BL/6J mice,
flash-frozen, and nuclei isolated by mechanical dounce
homogenisation in a nuclei isolation buffer optimised for
chromatin accessibility preservation, followed by
density-gradient purification and fluorescence-activated
sorting to remove debris prior to library preparation.

I 2.2 10x Multiome library preparation and sequencing

Joint single-nucleus RNA and ATAC libraries were
prepared from purified nuclei using the 10x Genomics
Multiome kit according to the manufacturer's protocol,
targeting recovery of 8,000-10,000 nuclei per sample,
and sequenced on an lllumina NovaSeq 6000 to a
minimum of 20,000 read pairs per nucleus for the gene
expression library and 25,000 read pairs per nucleus for
the ATAC library.

I 2.3 Clustering and cell type annotation

Joint gene expression and accessibility data were
processed with the 10x Cell Ranger ARC pipeline and
analysed using a weighted nearest-neighbour integration
approach to define clusters from both modalities
simultaneously; clusters were annotated to major brain
cell types using canonical marker gene expression
(neuronal, astrocytic, microglial, oligodendrocyte and
vascular markers) cross-referenced against published
mouse brain single-cell atlases.

I 2.4 Differential accessibility and motif analysis

Differential chromatin accessibility between young and
aged nuclei was assessed within each annotated cell
type using a pseudobulk generalized linear model
framework  with  Benjamini-Hochberg  correction.
Transcription factor motif accessibility was quantified per
cell using chromVAR, and differential motif accessibility
between age groups was assessed within each cell type
using a linear mixed model accounting for animal of
origin as a random effect.

I 2.5 Statistical analysis

Cell type proportions were compared between age
groups by two-tailed Fisher's exact test; cross-cell-type
overlap of differentially accessible regions was assessed
by hypergeometric test against a matched randomised
background; correlation between accessibility and
expression at the single-cell level used Spearman's rank
correlation. All analyses were performed in R version 4.3.
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3. RESULTS

Weighted nearest-neighbour clustering of the combined
young and aged Multiome dataset identified 14 major
brain cell types, including excitatory and inhibitory neuron
subtypes, astrocytes, microglia, oligodendrocytes,
oligodendrocyte precursor cells and vascular cell types,
with broadly consistent proportions between young and
aged tissue except for a significant increase in the
microglial  fraction in aged samples. Differential
accessibility analysis within each cell type showed that
microglia exhibited by far the largest number of
age-related accessibility changes of any cell type,
concentrated at loci encoding pro-inflammatory cytokines
and phagocytic receptor genes. Table 1 summarises the
number of differentially accessible regions identified in
each of the four most affected cell types.

Table 1. Number of differentially accessible regions
identified between young and aged tissue, by cell type.
Differentially

Nuclei

Cell type rofiled accessible Direction
yp ?n) regions (adj. (gain:loss)
P<0.05)
Microglia 3,842 1,206 41:1
Excitatory neurons 18,650 418 1:3.2
Astrocytes 5,120 287 13:1
Oligodendrocytes 6,340 194 11:1

Values pooled across n=4 young and n=4 aged mice; differential
accessibility assessed by pseudobulk generalized linear model
with Benjamini-Hochberg correction.

chromVAR motif accessibility analysis identified a
significant, cell type-specific increase in NF-kB and PU.1
motif accessibility in aged microglia, with no significant
change in either motif's accessibility in neurons or
astrocytes from the same tissue (Figure 1). Within aged
microglia, increased NF-kB and PU.1 motif accessibility
correlated significantly with increased expression of their
established target genes at the single-nucleus level,
directly linking the accessibility change to its
transcriptional ~ consequence  within  the  same
joint-profiled nuclei.

Increased NF-kB and PU.1 motif accessibility in aged microglia
(mean =+ SD across profiled nuclei)
0.9+
s NF-kB motif
- mmm PU.1 motif

deviation z-score (microglia)
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Figure 1. chromVAR NF-kB and PU.1 transcription factor motif
accessibility deviation z-scores (mean + SD across profiled nuclei)
in young and aged microglia, illustrating the cell type-specific
increase in motif accessibility associated with microglial activation
during brain aging.

Neurons showed a smaller but statistically robust set of
age-related accessibility changes, concentrated at loci
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encoding synaptic vesicle and postsynaptic density
genes, with a pronounced directional bias toward loss
rather than gain of accessibility. At the single-cell level,
reduced accessibility at these loci in individual aged
neurons correlated significantly with reduced expression
of the corresponding genes within the same nuclei,
consistent with a direct chromatin-level contribution to
the well-established transcriptional signature of synaptic
gene downregulation in the aging brain.

Table 2. Overlap between differentially accessible regions
across the four most affected cell types.

Shared
differentially
accessible
regions (n)

Overlap P value
(hypergeometric)

Cell type pair

Microglia vs excitatory

12 0.71 (n.s.)
neurons
Microglia vs astrocytes 34 0.02
Excitatory neurons vs 9 0.86 (n.s.)
astrocytes
Astrocytes vs 21 0.04

oligodendrocytes

Cross-referencing the sets of differentially accessible
regions defining aged microglia and aged neurons
showed minimal overlap, significantly less than expected
from a shared tissue-wide aging programme, and
astrocytes and oligodendrocytes each showed distinct,
smaller sets of age-related changes largely
non-overlapping with either the microglial or neuronal
signature. Table 2 reports the overlap between
differentially accessible regions across the four most
affected cell types.

4. DISCUSSION

These results provide a cell type-resolved chromatin
accessibility map of brain aging and show that the two
most pronounced age-related chromatin programmes,
NF-kB/PU.1-driven microglial activation and synaptic
gene accessibility loss in neurons, are largely
independent at the level of chromatin state within the
same aging tissue. This supports a model in which brain
aging reflects the superposition of multiple,
cell-type-autonomous remodeling programmes rather
than a single shared aging signature propagating across
cell types, refining prior bulk and single-modality profiling
studies that could not directly test this distinction [3,4].

The direct, within-nucleus correlation between
NF-kB/PU.1 motif accessibilty and target gene
expression in aged microglia extends prior work

implicating these factors in microglial activation during
injury and neurodegenerative disease [7,8] to the context
of normal aging in the absence of overt pathology,
suggesting that a related chromatin remodeling
programme may operate across a spectrum of microglial
activation states rather than being specific to disease.
Whether this age-related microglial chromatin signature
represents an early, physiological precursor to the more
pronounced activation seen in neurodegenerative
disease models, or a distinct process with only superficial
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molecular overlap, would require direct comparison
within the same joint-profiling framework used here.

The finding that neuronal accessibility loss at synaptic
genes correlates with reduced expression within the
same aged neurons provides direct single-cell evidence
linking chromatin-level change to the transcriptional
signature of synaptic gene downregulation previously
reported from bulk and single-cell RNA-sequencing
studies of the aging brain, and suggests that at least part
of this transcriptional decline originates at the chromatin
accessibility level rather than solely through
post-transcriptional mechanisms.

Several limitations should be considered. First, our study
profiled two age points (3 and 24 months) and cannot
resolve the trajectory of chromatin change across
intermediate ages. Second, our tissue dissection
combined cortex and hippocampus, and region-specific
aging trajectories within each structure could not be
separately resolved at current cell numbers. Third, our
study used only male mice, and sex-specific differences
in brain aging chromatin programmes, previously
reported at the transcriptional level, remain to be tested
in this joint-profiling framewaork.

5. CONCLUSION

Joint single-nucleus RNA and ATAC sequencing of
young and aged mouse cortex and hippocampus
generates a cell type-resolved chromatin accessibility
map of brain aging, identifying NF-kB/PU.1-driven
microglial activation and synaptic gene accessibility loss
in neurons as the two dominant, largely independent
chromatin remodeling programmes underlying the aged
brain phenotype. Direct within-nucleus correlation
between accessibility and expression change in both cell
types links these chromatin programmes to their
transcriptional consequences at single-cell resolution.
Extending this joint-profiling approach across additional
ages, brain regions and sexes would help establish a
more complete map of the cell type-specific chromatin
architecture of brain aging.
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