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Abstract

Background The three-layered meninges cover and protect the central nervous system and form the interface
between cerebrospinal fluid and the brain. They are host to a lymphatic system essential for maintaining fluid
dynamics inside the cerebrospinal fluid-filled subarachnoid space and across the brain parenchyma via their
connection to glymphatic structures. Meningeal fibroblasts lining and traversing the subarachnoid space have

direct impact on the composition of the cerebrospinal fluid through endocytotic uptake as well as extensive protein
secretion. In addition, the meninges are an active site forimmunological processes and act as gatekeeper for immune
cells entering the brain. During aging in mice, lymphatic drainage from the brain is less efficient contributing to
neurodegenerative processes. Aging also affects the immunological status of the meninges, with increasing numbers
of T cells, changing B cell make-up, and altered macrophage complement.

Methods We employed RNASeq to measure gene expression and to identify differentially expressed genes in
meninges isolated from young and aged mice. Using Ingenuity pathway, GO term, and MeSH analyses, we identified
regulatory pathways and cellular functions in meninges affected by aging.

Results Aging had profound impact on meningeal gene expression. Pathways related to innate as well as adaptive
immunity were affected. We found evidence for increasing numbers of T and B lymphocytes and altered activity
profiles for macrophages and other myeloid cells. Furthermore, expression of pro-inflammatory cytokine and
chemokine genes increased with aging. Similarly, the complement system seemed to be more active in meninges

of aged mice. Altered expression of solute carrier genes pointed to age-dependent changes in cerebrospinal fluid
composition. In addition, gene expression for secreted proteins showed age-dependent changes, in particular, genes
related to extracellular matrix composition and organization were affected.

Conclusions Aging has profound effects on meningeal gene expression; thereby affecting the multifaceted
functions meninges perform to maintain the homeostasis of the central nervous system. Thus, age-dependent
neurodegenerative processes and cognitive decline are potentially in part driven by altered meningeal function.
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Introduction
Consisting of three distinct layers-dura, arachnoid and
pia mater—the meninges cover and protect the brain,

A?g;:?ﬁ:&g?gfe: the spinal cord and the optic nerve. Embedded between
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trophic factors influencing brain development [2, 3],
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perform immune surveillance of the CNS [4], and are
critically important for CSF homeostasis [5, 6].

The meninges are an important interface between the
immunologically privileged CNS and the immune sys-
tem. While pial vessels consist of endothelial cells form-
ing tight cell—cell contacts, fenestrated vessels in the dura
allow for the exchange of large molecules and plasma
components [7]. In addition, the meninges are host to a
lymphatic system [8], which drains CSF to the deep cer-
vical lymph nodes allowing for immunological surveil-
lance of this fluid compartment [9]. Interestingly, there
are strong indications that age-dependent dysfunction
of meningeal lymphatic drainage is linked to the devel-
opment of neurodegenerative diseases [10, 11]. Further-
more, the meninges are populated by a host of immune
cells including macrophages, dendritic cells, mast cells,
neutrophils, and B and T lymphocytes, the latter com-
prising CD4+, CD8+, y8 and regulatory T (T,,) sub-
populations [12—-14]. Whereas age-dependent increases
in T,,, numbers are linked to age-associated cognitive
decline [15], IL-17 secreting yOT cells, which start popu-
lating the meninges shortly after birth, are important for
behavioural development [16]. Moreover, early in life,
meningeal B cells originating from the skull bone marrow
form a subset distinct from systemic B cells [17]. During
aging, however, systemic B cells migrate into the menin-
ges, thereby changing the meningeal adaptive immunity
landscape [17].

Originating from vyolk sac precursors early dur-
ing development, meningeal macrophages (mM®) are
closely related to parenchymal microglia. These cells can
persist over long periods of time and have the poten-
tial for extensive self-renewal [18]. Like microglia in the
parenchyma, mM® are dynamic and constantly survey
their surroundings. Various mM® subsets can be distin-
guished based on their marker expression, with pia mater
enriched in Lyve-1 and MHC-II positive macrophages,
and the dura containing mainly Lyve-1~ and MHC-II"
macrophages [19].

In addition to the extensive complement of immune
cells [20], the meninges also house a large population of
fibroblast-like meningothelial cells (MECs). Reflecting
the multiple functions of the meninges, these cells rep-
resent a transcriptionally diverse spectrum of cell types
[21]. Within the dura, outer periosteal dural fibroblasts
and inner dural border cells form a barrier towards the
cranial bone and the arachnoid, respectively. Immedi-
ately adjacent to the inner dural border, arachnoid bar-
rier cells form a tight layer separating the CSF filled
subarachnoid space from the dura with its fenestrated
vessels. The arachnoid extends across the subarachnoid
space with arachnoid fibroblasts either as in the mouse
by directly making contact with the pia underneath or by
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covering collagenous septae and pillars as in humans and
rats. Finally, pial fibroblasts delimiting the subarachnoid
space opposite of the arachnoid form a basement mem-
brane with direct contact to the brain parenchyma [20,
22]. Along with their different location, these fibroblasts
express various cell-cell contact proteins [23] explain-
ing differences in barrier formation on the dural, arach-
noid and pial level. One important function of MECs is
maintaining the CSF and the microenvironment of the
subarachnoid space. MECs are highly active facultative
phagocytes capable of ingesting neurotoxic peptides such
as AP and a-synuclein [24], gram-positive and gram-neg-
ative bacteria [25], as well as apoptotic bodies [26]. Dur-
ing inflammation, MECs are also involved in T and B cell
recruitment and activation [27]. In addition, and further
connecting these cells to the meningeal immune sys-
tem, MECs react to pyrogenic signals by secreting pro-
inflammatory cytokines [20, 28, 29]. Furthermore, MECs
are a major source of extracellular matrix components for
maintaining meningeal integrity and function [30].

Using RNASeq, we analysed the effects of aging on
this complex anatomical structure. We identified aging-
induced changes to the meningeal transcriptional pro-
file consistent with a pro-inflammatory phenotype that
includes the accumulation of T and B lymphocytes as
well as changes in the activation status of mM®. Fur-
thermore, our data indicate that aging not only affects
the complement system, but also impinges on chemokine
and cytokine signalling. Finally, we also observed age-
related changes in meningeal transport mechanisms
involving solute carriers and endocytosis. As meninges
are critically important for maintaining CNS function,
these changes might play a role in the context of neuro-
degenerative processes associated with aging.

Results

To understand the effect of aging on meninges, we per-
formed transcriptome analysis of this tissue isolated
from young (n=9, 13.24+2.7 weeks) and aged (n=12,
87.8+5.1 weeks) female C57BL/6JRj mice. Following
perfusion of animals to remove blood, meninges were
isolated from the calotte [31]. No meninges were dis-
sected from the surface of the brain to minimize sample
contamination with neural tissue.

Following total RNA isolation, RNAseq was performed
to obtain 300 bp long paired sequences, which were
aligned to the mouse reference genome using subread
(Table S1). Count data were filtered against lowest level
expressed genes (counts per million<1), normalized
using edgeR and prepared for linear modeling using voom
([32]; Additional file 1: Fig. S1). Multidimensional scaling
clearly separated between the two age groups (Fig. 1A).
Differential gene expression analysis revealed that 177
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Fig. 1 Comparing gene expression in meninges isolated from young
and aged mice. A Meninges were isolated from mice at different
ages, total RNA was isolated, and gene expression was determined by
RNASeq. Shown is a multi-dimensional scaling analysis of 21 samples
based on the top 250 differentially regulated genes. B Volcano-plot of
differential gene expression plotted as log, fold change vs. statistical
significance of observed differential gene expression expressed as
-log, of the Benjamini-Hochberg adjusted p-value

out of 18240 identified genes were downregulated in
aged compared to young animals, while 429 genes
were upregulated Fig. 1B and Additional file 1: Fig. S1).
To exclude that aging altered the physical properties
of meninges to an extend interfering with unbiased
sampling, we compared expression of known meningeal
cell marker genes [21] between young and aged animals.
We found no significant difference in expression of the
dural markers Fxyd5 and Mgp, the dural/arachnoid
marker Crapb?2, the arachnoid marker Aldhla2 (Raldh2)
and Cdhl (E-cadherin), the arachonoid/pial marker
S§100a6, and the pial marker Lama2. Similarly, the
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lymphatic marker Lyvel was not differentially expressed
between the age groups (Additional file 1: Fig. S2). Based
on these data, aging did not cause bias in our sample
preparation and our sample likely contains to some
extent fibroblast from all three meningeal layers despite
preparing sample only from the calvaria bone.

Immune-related pathways are affected by aging

Using Ingenuity Pathway Analysis (IPA), we found several
regulatory networks influenced by the aging process
(Fig. 2). This analysis revealed a clear impact of aging on
meningeal gene expression related to immune response-
related signaling. Among the affected pathways are T and
B cell receptor signaling, pathways targeting dendritic
cells, natural killer cells, macrophages and monocytes.
In addition, aging affects inflammasome and interleukin
signaling as well as signaling from pattern recognition
receptors.

Next, we performed cluster analysis on the results
reported by the IPA to identify genes shared between
the identified pathways allowing for a more detailed
subanalysis (Additional file 1: Fig. S3). We found Pik3r2
(93/116 pathways) and Pik3r5 (89/116 pathways) cod-
ing for phosphoinositide-3-kinase regulatory subunits
2 and 5 as well as Pik3Cd (92/116 pathways, coding for
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit §) which is central to most identified pathways.
Phosphoinositide 3-kinases and their regulators are criti-
cal immune response signaling molecules, as are mem-
bers of the integrin family Itgb2 (24/116 pathways), Itgal
(20/116 pathways), Itgam (19/116 pathways), and Itgax
(18/116 pathways) or members of the MHC class II com-
plex (13-15/116 pathways). Other highly relevant genes
include Relb (56/116 pathways) coding for an NF-xb
regulatory factor and Plcg2 (51/116 pathways) coding for
phospholipase C gamma?2 involved in immune receptor
signal transduction.

Most prominent and with highest activation score,
pathways related to T lymphocytes were affected by
aging. Among the regulated genes most commonly
connected to these pathways are Cd3d/e/g and Cd28
coding for the T cell receptor and its co-stimulator,
Pik3cd, Pik3r2, Pik3r5 and Vavl involved in T cell
receptor signal transduction. In addition, genes coding
for MHC class II complexes expressed on antigen
presenting cells for T cell stimulation are also upregulated
(Fig. 3A).

Pathways related to B lymphocytes were less affected
by aging. Prominent genes related to these four B cell-
related pathways are Blnk involved in B cell activation,
Syk important for B cell receptor signaling and Relb
critical for B cell maturation and survival (Fig. 3B).
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Fig. 2 Ingenuity analysis — Canonical pathways. Ingenuity canonical pathway analysis was performed on the young vs. aged meningeal genes
data set. The bar graph shows canonical pathways differentially regulated in meninges between young and aged mice. Only pathways with
log,o Benjamini-Hochberg adjusted p-value > 2 and z-score >|2| are shown (** adjusted p-value <0.01, *** adjusted p-value < 0.001; **** adjusted
p-value <0.0001)
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Similarly, pathways related to myeloid cells such as
macrophages and neutrophils were influenced by aging.
Of note here are Lyz2 coding for lysozyme found in
macrophages and granulocytes, and Nc¢f1/2/4 coding
for neutrophil cytosolic factors (Fig. 3C).

Since the analysis of canonical pathways suggested a
strong impact of aging on cellular signaling pathways
of the innate as well as the adaptive immune system,
we also performed an Ingenuity-based diseases and
function analysis. Interestingly, when categories of
immune cells vs. reported functions were plotted, a
clear divide in activation between functions associated
with cells of the adaptive immune system versus cells of
the innate immune system is evident (Fig. 4A). Of note,
while T and B cell functions are clearly influenced,
functions related to myeloid cells show more widely
ranging activation. When further comparing adaptive
and innate immunity, the quantity of B and T
lymphocytes but not of myeloid linage cells seemed to
- carors be increased. Nevertheless, several functions (such as
g o adhesion, binding, movement, chemotaxis, homing,
infiltration, migration and recruitment) seemed to
be affected by the aging process in granulocytes and
neutrophils. Moreover, functions associated with
macrophages such as engulfment and response are also
activated, although by a comparably lesser degree.

In line with the age-associated increase in meningeal
immunological activity, IPA also suggested increased
interleukin and chemokine signaling with aging. To fur-
ther elucidate this, we generated a gene list of cytokines
and chemokines as well as their cognitive receptors
using GO term analysis (GO:0008009, GO:0004950,
GO:0005125, and GO:0004896 for "chemokine activ-
ity", "chemokine receptor activity", "cytokine activity",
"cytokine receptor activity"). In addition, we assigned
labels for pro- and anti-inflammatory action to this gene
list based on associated GO terms. Based on this list of
197 genes, we found 19 genes to be upregulated in aged
meninges of which twelve were annotated with pro- and
five with anti-inflammatory action, while two genes had
both pro- and anti-inflammatory annotation. In young
animals, only one of these genes with ambiguous annota-
tion was expressed at higher levels as compared to aged
animals (Fig. 4B). Collectively, these data point to an
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Fig. 4 Agingimpacts number and activation state of cells of the innate and adaptive immune system. A Based on Ingenuity “disease and function”
analysis, functions related to cells of the immune system were selected and their activation z-score as well as the number of genes for each affected
function were plotted. B Using GO term analysis, a list of genes related to cytokines and chemokines was assembled and functionally annotated.

Shown are genes differentially expressed betwe

en young and aged meninges
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Fig. 5 Impact of aging on meningeal transport mechanisms. A A
gene list containing 334 genes coding for solute carrier proteins
expressed in meninges was generated. The volcano plot highlights
eight down- and five upregulated solute carrier genes. B Using

GO term analysis, a list of genes coding for proteins involved in
endocytosis was assembled. The volcano plot highlights differentially
expressed gene of this group of genes

age-dependent increase of pro-inflammatory signaling
in the meningeal compartment. Together with the appar-
ent increase in B and T cells, it seems that the meningeal
innate and adaptive immune systems enter a heightened
activity state during aging.

Page 7 of 14

Meningeal transport mechanisms and aging

As part of the blood-CSF barrier, the meninges play
important roles in maintaining CSF homeostasis. In
addition to meningeal lymphatic vessels draining CSEF,
direct uptake but also secretion by MECs and resident
immune cells contributes to CSF composition. Thus, we
first analyzed the class of solute carriers, some of which
were previously shown to be active in meninges. Out
of 334 identified candidates, we found thirteen solute
carrier genes to be differentially regulated between
young and aged animals (Fig. 5A). Among these, Slc13a5,
mediating the cellular uptake of citrate is of special
interest, as loss-of-function mutations are linked to
seizures and epileptic encephalopathy [33]. Other solute
carriers found to be upregulated in an age-dependent
manner are Slcl1lal and Slc28a2, linked to iron uptake by
macrophages or nucleoside transport, respectively.

Among the solute carriers found to be downregulated
in aged mice (Fig. 5A), Slc16a9, which transports lactate,
pyruvate and ketone bodies, is of note.

Next, we assessed age-dependent regulation of genes
associated with endocytosis. Out of 351 genes associ-
ated with GO terms containing “endocytosis’, 20 genes
were upregulated in aged meninges, while two genes
were downregulated Fig. 5B). Of the upregulated genes,
nine are linked to immunological processes, including in
particular B cell specific Ighm (logFC 2.94), Cd22 (logFC
2.24) and Cd209d (logFC 2.02). This data supports the
increased presence of B cells in aged meninges, as also
suggested by our analysis shown in Fig. 4.

Aging influences meningeal protein secretion

In addition to cellular uptake, protein secretion by
meningeal cells is important for CSF homeostasis by
maintaining its proteome. Therefore, we evaluated the
contribution of protein secretion by meningeal cells to
CSF composition. Using the UniProt knowledge data-
base, we assigned subcellular localization data to 12751
gene products expressed in meninges. Out of these 12751
genes, 1105 code for a protein annotated with cellular
localization “secreted” Interestingly, and supporting the
notion that meningeal cells contribute to the CSF pro-
teome, mean gene expression was about 3-times higher
in the group of secreted proteins compared to the mean
expression of all genes.

Figure 6A secreted: 170.11 transcripts per million
(TPM); all: 58.19 TPM). Among the genes coding for
secreted proteins, 65 genes were differentially expressed
with 50 genes upregulated in aged compared to young
meninges (Fig. 6B). Using Reactome pathway analysis
(Fig. 7A), affected pathways involving these differentially
regulated genes coding for secreted proteins were
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Fig. 6 Aging alters the transcriptional profile of secreted proteins.
A Based on average transcription of all samples irrespective of age,
transcripts per million (TPM) were calculated and shown as violin
plot for all identified genes (left panel) and for a list of genes coding
for“secreted proteins” (right panel). The black line marks the mean
gene expression in TPM. B A volcano plot highlighting differentially
expressed genes from above gene list secreted proteins”

centered on extracellular matrix (3/10), complement
activation (3/10) and chemokine activity (1/10).

Extracellular matrix and aging

As the meninges form the physical barrier surrounding
and protecting the CNS, extracellular matrix composi-
tion is critical as it provides the structural basis for this
function—reflected by the name dura (latin for hard,
thick) for the outermost, collagenous layer of the menin-
ges. Among the 542 genes associated with “extracellular
matrix’, ten were upregulated while 13 were downregu-
lated in aged compared to young meninges. Among
these, genes coding for structural ECM components are
affected with downregulation of collagen-coding genes
Col3al and Col8al, suggesting an altered collagen com-
position of the extracellular matrix (Fig. 7B). In fact, we
found 44 collagen genes expressed in meninges with lev-
els averaged across all samples ranging from 1584 TPM
for Colla to 0.4 TPM for Col6a6 (Additional file 1: Fig.
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S4A). Interestingly, expression of most collagen genes
seemed to be affected by aging with borderline signifi-
cance, further suggesting an impact on the collagenous
ECM of aged meninges. With upregulation of Lamb3
(coding for laminin (3), another structural compo-
nent of ECM and in particular of the basal membrane is
affected by aging. The impact of increased Lamb3 expres-
sion, however, is unclear. The major laminin -subunit,
laminin B2, is more abundantly expressed in meninges
by a factor of 250 (Additional file 1: Fig. S4B). However,
as laminins are determining factors for cell invasion and
migration, increased laminin B3 levels might contribute
to the above described potential increase in B cell popu-
lation in aged meninges. ECM composition is not only
determined by structural proteins such as collagens, but
also by ECM remodeling enzymes. The observed upreg-
ulation of Mmp12 (coding for the matrix metallopepti-
dase Mmp12) suggests age-related changes to the ECM
of meninges. In addition, Mmp12 is also known as mac-
rophage elastase, indicating that the observed Mmpl2
upregulation might also reflect age-dependent changes to
the meningeal macrophage population. Downregulation
of Adamsts5 and Adamsts17 coding for proteases acting
on proteoglycans and fibrillin, respectively, further sup-
ports age-dependent meningeal ECM remodeling. The
upregulation of Hpse coding for heparanase active on
proteoglycans, and Mfap2 coding for Microfibril-Associ-
ated Protein 2, both connected to increased cell migra-
tion and invasion, might also link age-dependent ECM
remodeling with changes to the meningeal immune cell
population.

Complement activation is impacted by aging

In addition to altered extracellular matrix, Reactome
analysis suggested altered complement activation.
Among 106 genes connected to complement activation,
expression of 25 genes was increased in aged compared
to young meninges (Fig. 7C). With Clga, Clgb, Clgc, C2,
C4b, C6 and Cfb, seven core components of the classical
and alternative complement system are upregulated. In
addition to genes coding for complement components,
the genes with the highest upregulation in this group are
immune globulin genes linked to B cells and important
for triggering complement activation.

Alzheimer’s disease related changes to meningeal
transcription

We previously reported on the neuroprotective
function of MECs and their role in amyloid beta (Af)
uptake linking these cells to Alzheimer’s disease (AD).
Using Medical Subject Headings (MeSH) term analysis
(Fig. 8), we analyzed our data set for age-related
changes linked to AD. Based on this, we identified
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1237 genes connected to AD. Of these genes, 12 were
downregulated, while 57 genes were upregulated in
aged compared to young animals (Fig. 8A, B). Among
the highly regulated genes are Cd79A (logfC=1.85)
part of the B-cell antigen receptor complex, Cst7
(logfC=1.77), Il1b (logFC=1.74), and Trem2
(logFc=1.16). Of particular interest are Cst7 and
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Fig. 7 Reactome analysis of differentially regulated genes coding for secreted proteins. A Using the gene list “secreted proteins” from Fig. 6,
reactome pathway analysis was performed using the Bioconductor ReactomePA package [55]. B A volcano plot of genes expressed in meninges
and annotated with “extracellular matrix”. C A volcano plot of genes expressed in meninges and annotated with GO terms containing “complement”

Trem2, known microglial markers associated with
AD. Unlike the brain parenchyma, where microglia
represent the predominant phagocytic cell type,
the meninges are home to a specific subgroup of
macrophages. We therefore used MeSH term analysis
and found 61 out of 69 differentially regulated genes
to be annotated with “microglia” and/or macrophages
(Fig. 8C). This suggests an altered activation status of
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macrophages in the meninges during aging potentially  Discussion

connected to protective mechanisms involved in Aging is accompanied by profound physiological

neurodegenerative processes. changes. With its very limited regenerative capacity,
the brain is especially affected by the effects of aging.
The meninges, of minuscule volume compared to the
large amount of neuronal and glial tissue of the CNS,
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are critical to maintaining brain function. In particular,
the meninges are crucial to the immune-privileged
status of the CNS and are clearly a first line of defense
for the brain [36]. Connected to this, meninges are
essential for maintaining CSF homeostasis through
lymphatic drainage [37], but also through protein and
small molecule secretion into as well as endocytotic
uptake from the CSF [24].

To understand better the effect of aging on meningeal
function, we compared meningeal transcriptional profiles
between young and aged mice. We found prominent age-
related changes in immunological landscape, structural
integrity, and processes modulating CSF composition.
Our data point to a clear shift towards a pro-inflamma-
tory meningeal immune response as aging progresses.
We find clear indication for increased numbers of T and
B lymphocytes in the meninges of aged mice. This is in
line with the single cell-resolution immune cell atlas of
the dural sinus of young and aged mice [38]. There, aging
was accompanied by increased numbers of CD4 and CD8
T cells. Furthermore, our observations of increased T and
B lymphocytes are also in line with reports showing an
age-dependent increase in meningeal T cells and in par-
ticular Foxp3* T, while at the same time levels of T cells
positive for the chemokine receptor Ccr7 were decreased
[15, 19]. Interestingly, diminished Ccr7 expression was
linked to an observed increase of the T, population, and
exacerbated disease phenotype in 5XFAD Alzheimer mice
[15]. In our data set, neither Ccr7 nor Foxp3 expression
were found to be significantly altered. However, we found
the several genes encoding chemokines connected to T
cell attraction and homing including Ccl3, Ccl5, Ccl7, and
Ccl8 [39] to be upregulated in aged animals. These find-
ings support an age-dependent impact on T cell homing
and retention in the meninges.

Similar to T cells, we found increased expression of B
cell-related pathways in line with Brioschi et al. [17], who
recently discovered the meningeal B cell population to
originate from the calvaria bone marrow, consistent with
a specialized B cell subset tuned to the needs of the CNS.
During aging, peripheral B cells and plasma cells were
shown to invade the meninges potentially threatening
the CNS immune privilege. In our data set, we indeed
detected expression of plasma cell markers Cxcr4, Cd93,
Il6R and Cd44 [40] supporting the presence of plasma
cells in aged meninges.

While our analysis supports altered meningeal popu-
lations of T and B lymphocytes, our data does not hint
towards a marked increase in meningeal macrophages.
Consistent with this, we do not find increased expres-
sion of the meningeal macrophage marker Mrc1/Cd206
[41]. However, in IPA a clear trend towards altered activ-
ity of these cells is apparent. Interestingly, genes with
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age-dependent regulation related to AD can mostly be
attributed to macrophages and microglia. In this context,
the highly significant increase of Trem2 expression dur-
ing aging is of special interest. Trem2 is a transmembrane
receptor found on cells of myeloid origin. Rare partial
loss-of-function variants of Trem?2 are linked to increased
risk to develop AD. Engagement of Trem2 induces a sign-
aling cascade leading to increased cellular activity via Syk
and PI3 kinase [42]—also upregulated in aged meninges.
Thus, our data supports a heightened state of activity for
meningeal macrophages in response to aging. In line with
this, we also find upregulation of genes related to endo-
cytosis/phagocytosis, further supporting increased toxic
metabolite clearance with age. Similarly, the observed
upregulation of complement components in aged menin-
ges might be connected to increased macrophage activity.
Complement activation is linked to various age-related
neurodegenerative disorders and is known to regulate
microglial activation [43]. Among others, the comple-
ment receptor Vsig4 is upregulated in aged meninges
about sixfold compared to young meninges. As Vsig4 is
mainly found on monocytes/macrophages, this further
supports a more active meningeal macrophage popula-
tion in aged mice.

The complex meningeal architecture suggests an
equally complex meningeal immune system. Indeed,
meningeal immune cells show distinct sub-meningeal
distribution. For example, barrier macrophages are
mainly found in high densities in the dura and the pia
mater, but less so in the subarachnoid space [44]. Simi-
larly, y8-T cells are more prevalent in the dura than the
arachnoid [16]. While our data set provides insight
into potential age-dependent changes to the menin-
geal immune system, it remains unclear whether these
changes affect all meningeal layers or are limited to indi-
vidual meningeal layers. To answer these questions, sin-
gle cell sequencing with sub-meningeal resolution would
be necessary.

Meningeal extracellular matrix remodeling seems
to be a consequence of aging. We found differences in
the expression of various ECM components including
laminins and collagens, but also proteases responsible
for ECM proteolysis. An altered ECM composition
would not only impact the mechanical properties of the
meninges, but could potentially contribute to differences
in immune cell populations associated with age. Also, the
observed eightfold increased expression of Mmpl12, also
known as macrophage metalloelastase, likely reflects age-
related changes to the meningeal macrophage activity
status. In addition, decreases in collagen expression
points to a MEC-driven ECM remodeling. Based on the
high expression level of various collagens, only MECs
can conceivably produce these large amounts of ECM.
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Whether this attenuation of collagen expression extends
also to other MEC functions remains unclear. In fact, we
did not find indications for a substantial loss of secretory
capacity of these cells. When looking at the top ten
genes coding for secreted proteins including Apoe, B2m,
Chgb, Cst3, Ctsd, Gpx3, Igfbp5, Mgp, Enpp2, and Ttr—
responsible for 6.5% of total transcription—we did not
find significant differences between young and aged mice.

Our analysis of solute carrier gene expression
revealed among others differential expression of
Slc13a5 and Slc16a9 involved in the transport of citrate
or lactate, pyruvate and ketone bodies, respectively.
These metabolites are critical for energy metabo-
lism and differential expression of their transporters
might be linked to age-related changes metabolomic
changes in the CSF [45-47]. Produced by astrocytes,
citrate is released into the CSF at a concentration of up
to 0.4 mM [34] and seems to be involved in the chela-
tion of divalent ions such as Ca®* and Zn*". Slc13a5
is significantly upregulated in aged compared to young
mice (by 1.8 fold) suggesting increased citrate clear-
ance from the CSF by meningeal cells. In addition,
lactate is important in neuronal energy metabolism
[35]. At the level of the astrocyte—neuron lactate shut-
tle, astrocytes release lactate to surrounding neurons,
enabling efficient neuronal ATP generation. However,
whether MECs or other meninges-resident cells are
directly involved in contributing lactate for neuronal
consumption is unknown.

We were able to identify several regulatory path-
ways affected by aging. And in particular our findings
regarding age-related changes to meningeal immune
responses corroborate previous reports [15, 16, 38].
However, we also want to point out that bulk RNASeq
is not able to discriminate between different cell types
present in the analyzed tissue or prove altered function
of these cells. And although the main cellular compo-
nent of our analyzed samples are MECs, we cannot
rule out that certain observations attributed here to
changes in MEC function are potentially confounded
by the presence of other cell types in our samples.
Also, it remains unclear which MEC subtype under-
goes these age-dependent changes as our sample con-
tains based on marker expression not only dural, but
also arachnoid and likely to some extent pial menin-
geal fibroblasts (Additional file 1: Fig. S2). Another
limitation of our study is the reliance on transcrip-
tional profiling. While gene expression studies paired
with knowledge-based bioinformatics analyses can
point towards affected cellular pathways such studies
cannot provide functional insight. Additional experi-
mentation would be necessary to draw functional con-
clusions about age-related changes to the meninges.
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In our study, we compared the transcriptional profile
of young and aged meninges. Our results indicate that
the meninges play an important role in the immuno-
logical defense of the CNS. In particular, we find evi-
dence for an age-related switch to a pro-inflammatory
meningeal phenotype that involves the adaptive as
well as the innate immune system. As immunologi-
cal processes in the brain are intimately linked to the
maintenance of cognitive function and as mis-directed
immune responses are connected to neurodegenera-
tive processes, our results highlight the importance of
the oftentimes overlooked meninges for CNS function.

Materials and methods

Animal experimentation

Animal experiments were approved by the Cantonal Vet-
erinary Office of Basel Stadt (licence 3023). C57BL/6]JRj
mice were bred and kept under specific pathogen-free
conditions. Young mice were between 9 and 15 weeks,
aged mice were between 80 and 97 weeks at the time of
the experiment. All mice used in this experiment were
female.

Isolation of meninges

Meninges were isolated according to Louveau et. al [31].
In short, mice were anesthetized with 100 mg/kg keta-
mine and 20 mg/kg xylazine in 0.9% saline. After reach-
ing deep anesthesia, animals were transcardially perfused
with PBS/heparin (5 U/ml, Sigma-Aldrich H3393) using
a syringe pump (PHD Ultra, Harvard Apparatus) at a
rate of 2 ml/min for at least 5 min until the liver showed
clear signs of exsanguination. Next, the head was sev-
ered above the shoulders, skin and flesh were removed
from the skull and the optic nerves were severed. After
removing the lower jaw and the nasal bone, the skull was
opened and the brain was carefully removed. Meningeal
tissue was dissected from the skull bone using forceps; no
material was obtained by dissecting mengines from the
brain itself. Meninges were immediately transferred into
buffer RLT buffer for RNA isolation (see below).

RNA isolation and NGS sequencing
RNA was isolated using RNeasy Micro Kit (Qiagen,
74004). Isolated total RNA was processed and sequenced
at Novogen (Oxford) using their low input protocol to
obtain paired sequences of 300 bp.

Bioinformatic analysis

Sequences were aligned using subread v2.0.0 [48] against
a full-index of the GRCm38 (mm10) mouse reference
genome. Features were counted using featureCounts
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v2.0.0 against the built-in annotations [49]. The compute
platform was a four node Raspberry Pi 4B 8 GB cluster
running slurm 19.05.5 scheduler under aarch64 Ubuntu
20.04 LTS.

Differential gene expression was assessed using R 4.1.0
and the Bioconductor packages limma [50] and edgeR
[51]. Following feature counting, transcripts with less
than 10 counts were filtered as described [52]. Pathway
analysis was performed using Ingenuity (Qiagen [53])
and the Bioconductor [54] package ReactomePA [55].
GO and MeSH term analysis were performed using Bio-
conductor packages biomaRt [56] and MeSH.Mmu.eg.db
[57], respectively. Plotting was done using R packages
ggplot2 [58] and circlize [59]. To account for multiple
testing, p-value adjustment was performed according to
Benjamini-Hochberg.
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