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Abstract

Synapse dysfunction has been definitively linked to cognitive impairments in the aging
brain, and microglial physiology has emerged as a robust regulator of synapse status and
cognitive aging outcomes. Hippocampal microglia have recently been shown to regulate
synapse function via targeted remodeling of the extracellular matrix (ECM), yet the degree to
which microglia-ECM interactions impact synapse function in the healthy aged brain remains
virtually unexplored. This study combines high-resolution imaging and ECM-optimized tissue
proteomics to examine the impact that microglial physiology has on ECM and synapse status in
the basal ganglia of healthy aging mice. Our results demonstrate that deposition of the
ubiquitous ECM scaffold hyaluronan increases during aging in the ventral tegmental area (VTA),
but not its downstream target, the nucleus accumbens, and that VTA microglial tissue coverage
correlates with local hyaluronan deposition. Proteomic mapping of core matrisome proteins
showed prominent regional differences in ECM composition across basal ganglia nuclei that
were significantly associated with abundance of chemokine receptors and synapse proteins.
Finally, manipulation of microglial fractalkine signaling through Cx3Cr1 receptor deletion
reversed age-associated ECM accumulation within the VTA and resulted in abnormally elevated
synapse numbers in this brain region by middle age. These findings indicate that microglia
promote age-related increases in ECM deposition in some, but not all, brain regions that may
restrict local excitatory synapse numbers. This microglial function could represent an adaptive
response to brain aging that helps to maintain appropriate activity patterns within basal ganglia

circuits.
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Introduction

Synapse loss and changes in plasticity are hallmark features of both normative brain
aging and preclinical phases of neurodegenerative disease (e.g., Burke and Barnes, 2006;
Tagliaferro and Burke, 2016; Terry et al., 1991). Regardless of age, individual differences in
synaptic properties predict cognitive abilities better than most neurobiological factors, and the
preservation of synapse function in healthy aged rodent and nonhuman primate brains has been
linked to better cognitive outcomes (Barnes, 1979; Burke and Barnes, 2006; Dumitriu et al.,
2010; Hara et al., 2012; Morrison and Baxter, 2012). Growing evidence suggests that
neuroimmune status is a robust predictor of neurodegenerative disease vulnerability and age-
associated cognitive decline (Felsky et al., 2019, 2018; Prater et al., 2023; Schwabe et al.,
2020; Wood, 2022). Microglia, the primary brain immune cells, regulate synapse function across
the lifespan through synapse engulfment and control of neuronal membrane excitability, in
addition to other mechanisms (Badimon et al., 2020; Cserép et al., 2020; Lewitus et al., 2016;
Miyamoto et al., 2016; Paolicelli et al., 2011; Parkhurst et al., 2013; Schafer et al., 2012;
Stevens et al., 2007; Weinhard et al., 2018). This suggests that microglial regulation of
synapses may critically shape patterns of age-associated cognitive decline and

neurodegenerative disease susceptibility.

One recently discovered way in which microglia regulate synapse function is through
targeted degradation of the brain extracellular matrix (ECM; Crapser et al., 2021; Nguyen et al.,
2020; Rowlands et al., 2018; Soria et al., 2020; Venturino et al., 2021). The ECM is not static,
but represents a dynamic network of proteins and carbohydrates that is remodeled in disease
states, during injury and repair, and to support structural plasticity (Dityatev et al., 2010; Sorg et
al., 2016). Several studies indicate that ECM composition varies substantially across brain
regions in terms of its abundance (Brickner et al., 1999, 1993; Hartig et al., 1992; Hobohm et

al., 1998; Lensjg et al., 2017), composition (Dauth et al., 2016; Fawcett and Kwok, 2022), and
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degree of remodeling during aging (Foscarin et al., 2017; Nguyen et al., 2020; Ueno et al.,
2019, 2018). In support of the idea that microglia regulate the ECM, pharmacological depletion
of microglia increases cortical ECM proteoglycan abundance in aging 5xFAD mice (Crapser et
al., 2020), and microglial densities are negatively correlated with perineuronal nets (specialized
ECM structures) in aging macaque cortex (Gray et al., 2022). Moreover, microglial release of
metalloproteinases and other ECM-degradative enzymes declines during healthy aging,
resulting in excessive ECM deposition at synapses and reduced structural plasticity in the
hippocampus (Nguyen et al., 2020). Collectively, these studies suggest that microglial
responses to aging and disease include alterations in microglial-ECM interactions, with
downstream consequences for ECM-synapse dynamics. Yet, the microglia-ECM-synapse triad

remains virtually unexamined in most brain regions in young adult and aging brains.

Microglia exhibit stark regional specializations that likely influence their interactions with
the ECM in young and aging brains (Ayata et al., 2018; De Biase et al., 2017; Grabert et al.,
2016). Such specializations in microglial phenotype are especially prominent across nuclei of
the basal ganglia dopamine system and are characterized by differences in cell density, cell
morphology, and mitochondrial and lysosome-relevant gene expression (De Biase et al., 2017;
Hope et al., 2020). Dysregulation of mesolimbic dopamine circuits is prominent during normative
aging (Backman et al., 2010, 2006; Berry et al., 2016; Dahl et al., 2023) and microglia near
dopamine neurons exhibit increases in proliferation and inflammatory factor production much
earlier in the aging progression compared to microglia in other basal ganglia nuclei (Moca et al.,
2022). Such regional specializations in microglial phenotype and responses to aging make the
basal ganglia dopamine system ideal for mapping microglial-ECM interactions during aging and
probing whether these interactions play key roles in determining age-dependent changes in

synapse function. The present study combines high-resolution imaging and quantitative tissue
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proteomics to examine relationships between synapse status, microglial aging phenotypes, and

ECM deposition across the mesolimbic dopamine system.

Results

Region- and age-dependent differences in hyaluronan matrix deposition in the aging mesolimbic

dopamine system

A critical, ubiquitous component of the brain ECM is the glycosaminoglycan hyaluronan,
which acts as a scaffold for attachment and aggregation of proteoglycans and other
glycosylated proteins. In this way, hyaluronan plays critical roles in determining the overall
tissue topology of the ECM (Perkins et al., 2017; Peters and Sherman, 2020; Soria et al., 2020;
Wilson et al., 2020). For an initial assessment of ECM structure in basal ganglia nuclei where
microglia exhibit prominent regional specialization and distinct responses to aging, high-
resolution (63x) confocal images of histochemically labeled hyaluronan were acquired in the
ventral tegmental area (VTA) and nucleus accumbens (NAc) of young adult (4 months) and late-
middle-aged (18 months), wild-type, C57BI6 mice (Figure 1A, 1B). Hyaluronan fibril density,
median size, and distribution regularity were greater in the VTA compared to NAc (ANOVA -
Density: F(1,45) = 32.18, p < 0.001, Figure 1C; Size: F(1,45) = 23.38, p < 0.001, Figure 1D;
Regularity: F(1,45) = 83.07, p < 0.001, Figure 1E). Late-middle-aged mice exhibited
significantly greater VTA hyaluronan fibril density (unpaired t-test; t(21) = 2.03, p < 0.049;
Figure 1C) and distribution regularity (unpaired t-test; t(21) = 4.16, p < 0.001, Figure 1E)
relative to young adults. In contrast, these measures of hyaluronan matrix structure were not

different between young and late-middle-aged mice in the NAc (unpaired t-test; Density: t(21)

-.31, p = 0.76; Size: t(21) = - 0.58, p = 0.57; Regularity: t(21) = -0.57, p = 0.58; Figure 1C, 1D,
1E). These data indicate that hyaluronan matrix structure varies substantially across basal
ganglia nuclei and undergoes age-dependent modifications in the same regions where microglia
show early responses to aging (Moca et al., 2022).
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Abundance of core matrisome proteins differs across the midbrain and striatum of healthy aged

mice

The histological analysis of a critical ECM scaffold described above indicates that there
is substantial regional variation in the ECM within the basal ganglia and that the impact of aging
on ECM structure also varies across regions. However, numerous additional proteins attach to
hyaluronan to make up the full matrix. For unbiased and more comprehensive analysis of this
“matrisome” at both ends of the adult lifespan, LC-MS/MS quantitative proteomic analysis was
applied to midbrain (containing VTA) and striatal (containing NAc) tissue of young (3-4 months)
and aged (22-24 months) wild-type mice (Figure 2A). Proteomic analysis of the brain’s core
matrisome has typically been hindered by the insolubility and glycosylation of ECM proteins,
which make estimations of protein concentrations using traditional chaotropic digestion
techniques difficult. Consequently, most ECM studies use combinations of histological and
biochemical assessments of individual matrix components and are unable to assess the entire
matrisome within an individual animal. Here, a tissue fragmentation and protein digestion
protocol that shows efficacy for isolating ECM proteins in different tissues throughout the body
(Naba et al., 2015) was applied to create the first proteomic map of the mesolimbic dopamine

system during normative aging.

Core matrisome protein abundance was higher in aged mice compared to young in both
soluble and insoluble tissue fractions (ANOVA; F(1,31) = 5.32, p = 0.029; Figure 2B). Core
matrisome protein abundance was also greater in the midbrain compared to striatum (ANOVA;
F(1,31) = 7.6, p = 0.01; Figure 2B), consistent with greater abundance of hyaluronan observed
in this region histologically. Volcano plots of overall protein abundance (pooled across solubility
fractions) show that most core matrisome proteins were more abundant in aged brains (positive
logo(ratio)), and that similar numbers of matrisome proteins were differentially expressed during

aging in the midbrain and striatum (Figure 2C).
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Core matrisome proteins fall into 3 subclasses — collagens, glycoproteins, and
proteoglycans. Examination of each subclass revealed similarities as well as differences in
midbrain and striatum ECM composition and aging-induced modifications. One striking regional
difference was that there were eight distinct collagens detected in the midbrain compared to just
two in the striatum (Figure 2D). Moreover, several of these collagens increased in abundance
within the midbrain during aging (Figure 2D). The most pronounced regional difference in ECM
glycoprotein abundance with age was observed in the Laminin family of proteins, which showed
significant age-related increases specifically in the striatum (unpaired t-test; Laminin-a5: t(6) =
2.50, p = 0.04; Laminin-a2: t(6) = 3.1, p = 0.02; Laminin-B2: t(6) = 2.68, p = 0.03; Laminin-
gammai: t(6) = 3.54, p = 0.01; Figure 2E). Finally, regional differences in ECM proteoglycans
were also observed. In the midbrain, age-related increases in protein abundance were observed
in 3 of the 4 major chondroitin sulfate proteoglycans (unpaired t-test; versican: t(6) = 3.71, p =
0.009, neurocan: t(6) = 2.57, p = 0.04 , aggrecan: t(6) = 3.74, p = 0.009; Figure 2F), and 2 of 3
hyaluronan and proteoglycan link proteins (unpaired t-test: HAPLN 1: t(6) = 2.79, p = 0.03;
HAPLN2: t(6) = 11.01, p < 0.001; Figure 2F). Many of these proteoglycans were also generally
more abundant in the midbrain compared to in the striatum, in both young and aging mice. In
contrast, in the striatum, the only differentially expressed proteoglycan was the basement
membrane-specific heparan sulfate proteoglycan core protein (HSPG; unpaired t-test: t(6) =
2.48, p = 0.04; Figure 2F). These observations demonstrate that regional differences in ECM

composition and ECM modulation during aging extend to all three subclasses of ECM proteins.

Nonetheless, several key similarities in the impact of aging on the ECM were shared
across regions. The glycoprotein tenascin C, which is a proteoglycan link protein, decreased
significantly with age in both the midbrain and the striatum (unpaired t-test; midbrain: t(6) = -
2.52, p = 0.04; striatum: t(6) = - 3.8, p = 0.01; Figure 2E). The glycoproteins Von Willebrand

Factor A (VWA1; unpaired t-test; midbrain: t(6) = 3.11, p = 0.02; striatum: t(6) = 2.85, p = 0.03)
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and Nidogen 2 (unpaired t-test; midbrain: t(6) = 5.15, p = 0.002; striatum: t(6) = 4.80, p = 0.003;
Figure 2E) increased significantly with age in both midbrain and striatum. Figure 2G
summarizes core matrisome proteins found to be significantly altered by aging in the midbrain or

striatum only, as well as those that were significantly altered by aging in both brain regions.
Extracellular matrix profiles are linked with synapse function in the healthy aged basal ganglia

To relate the observed regional and age-associated changes in the matrisome with other
features of the local tissue proteome, Weighted Gene Coexpression Network Analysis
(WGCNA; Langfelder and Horvath, 2008)) was used for unsupervised clustering and unbiased
identification of protein expression patterns. This analysis identified 12 modules of covarying
proteins (non-grey modules; Figure 3A). The majority of core matrisome proteins (~82%) were
members of either the yellow, brown, or tan modules and most innate immune proteins were
members of the turquoise module (33%), yellow module (15%), or brown module (12%),
highlighting these modules as warranting further analysis. Examination of module eigengenes
for these 4 modules revealed stark regional differences between the midbrain and striatum for
the brown, yellow, and tan modules that were not present for the turquoise module (Figure 3B).
Pathway analysis (Metascape) was used to identify biological processes associated with each
module (Figure 3C). The brown module was enriched in proteins associated with numerous
metabolic processes, neuron projection development, and cell junction organization. Yellow
module proteins were associated with the regulation of various aspects of chemical synaptic
transmission and synapse structure. Proteins in the tan module were associated with metabolic
pathways, insulin receptor signaling, and extracellular matrix organization. Finally, the turquoise
module was enriched in proteins associated with RNA and amide metabolism, regulation of

translation, and membrane trafficking.

Additional pathway analysis focused on module proteins that were significantly altered
by age revealed clusters of proteins in the brown/yellow/tan modules associated with ECM
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organization, ECM-receptor interactions and synapse organization (p < 0.05; Figure 3D, 3E).
These clusters of proteins were directly interconnected, meaning that functional annotation
predicts that these ECM proteins and specific synaptic proteins can interact with and/or
influence one another. Age-modulated proteins from the brown/yellow/tan modules also
included proteins associated with neutrophil degranulation and fatty acid metabolism, but these
proteins are not predicted to have direct functional interactions with ECM- and synapse-relevant
proteins. Although similar functional annotations were observed in both the midbrain and
striatum, a greater number of brown/yellow/tan module proteins were altered with aging in the

midbrain (Figure 3F).

Pathway analysis of significantly altered proteins in the turquoise module revealed a
group of proteins associated with antibody-mediated complement system activation (C1gA,
C1qgB, C1qC, C1gBP, C9) in the midbrain that was not observed in the striatum (Figure 3G,
3H). This included proteins implicated in microglial pathogen phagocytosis and synapse
pruning. No clusters of proteins were shared between the midbrain and striatum, suggesting
that while there were no regional differences in the abundance of turquoise module proteins
(Figure 3B), the impact of brain aging uniquely modifies turquoise module proteins in the two
regions. Again, roughly twice as many turquoise module proteins were altered during aging in
the midbrain compared to striatum (Figure 3l). These observations indicate that complement

system activation is more prominent in the aging midbrain than striatum.

Synapse status is associated with ECM proteoglycan abundance in the aging mesolimbic

dopamine system

The analysis above suggests that there are key regional differences in the status of ECM
proteins, synaptic proteins, and complement proteins across the midbrain and striatum. It further
suggests that the status of synaptic proteins is more tightly linked to status of local ECM than
local complement signaling. To evaluate these relationships further, the abundance of specific

9
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ECM, synapse, and complement proteins were treated as “traits” and the degree to which each
“trait” is correlated with module eigengenes across samples was assessed. Abundance of the
hyaluronan binding proteins HAPLN1-4 each showed significant relationships with brown,
yellow, tan modules supporting the idea that hyaluronan plays a prominent role in orchestrating
the behavior of the overall matrisome (Figure 4A). Negative correlations between HAPLNs and
the yellow module, which was most enriched in proteins associated with chemical synaptic
transmission and synapse structure, suggests that greater hyaluronan matrix abundance may
restrict synapse protein abundance. In contrast, complement proteins C1gA and C1gB exhibited
significant correlations with the turquoise module eigenegene and no significant relationships
with the brown/yellow/tan module eigengenes (Figure 4A), again suggesting that local
complement deposition is not related to local ECM deposition. Abundance of numerous
excitatory and inhibitory synaptic proteins were also significantly associated with
brown/yellow/tan module eigengenes (p < 0.05), whereas no synapse proteins showed
significant correlations with turquoise module eigengenes (Figure 4B, 4C). These observations
suggest that regional variation in ECM status plays a more critical role in regulating regional

differences in synapse status than complement system signaling.

Direct examination of excitatory and inhibitory synapse protein abundance revealed that
the majority of individual synaptic proteins did not differ between young-adult and aged mice.
Exceptions include Homer2, which was decreased significantly in the aged striatum (unpaired t-
test; t(6) = -2.88, p = 0.03; Figure 4D). A similar non-significant trend was observed in the
midbrain (unpaired t-test; t(6) = -1.96, p = 0.08; Figure 4D). Abundance of the metabotropic
glutamate receptor subunit mGIluR1 also decreased significantly in the aged midbrain (unpaired
t-test; t(6) = -2.74, p = 0.03), whereas abundance of the NMDA receptor subunits GluN-1 and
GluN-2A increased significantly in the aged striatum (unpaired t-test; GIuN-1: t(6) = 2.8, p =

0.03; GIuN-2A: 1(6) = 2.74, p = 0.03; Figure 4D). No significant age-associated differences in
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inhibitory synapse protein abundances were observed in either the midbrain or striatum (Figure
4E). These findings suggest that, in these brain regions and at these ages, substantial loss of
functional synapses is not occurring. Furthermore, the close association between synaptic
protein “traits” and ECM-prominent protein modules (Figure 4B,4C), as well as links between
ECM status and synapse status among proteins significantly altered during aging (Figure 3D-
3F) supports the idea that ECM abundance in the healthy aging brain plays a key role in

maintaining stable numbers of synapses across the lifespan.
Hyaluronan deposition patterns correlate spatially with microglial tissue coverage

Microglia express numerous receptors that could mediate direct “sensing” of the local
matrix, multiple degradative enzymes that can impact ECM components, and a potential
capacity to synthesize some ECM components (Crapser et al., 2021; Tewari et al., 2022).
Microglia also possess multiple mechanisms for regulating synapse status (Basilico et al., 2019;
Gunner et al., 2019; Paolicelli et al., 2011; Schafer et al., 2012), including via modification of the
ECM (Nguyen et al., 2020). To begin exploring how the state of basal ganglia microglia relates
to local ECM and synapse structure, tissue from young (3-4 months), middle-aged (12-17
months) and aged (18-22 months) Cx3Cr1E¢ P+ mice, which enable precise visualization of
microglial morphology, was analyzed. Tissues were histochemically labeled for hyaluronan, and
spatial correlations between these signals and EGFP+ microglia were examined in 20x confocal
images (Figure 5A, 5C, 5E). In the VTA, field-of view microglial tissue coverage was
significantly correlated with greater hyaluronan matrix deposition across ages (Robust
regression; t(44) = 4.45, p < 0.001; Figure 5B). This relationship was also significant in both
young and aged mice when individual age groups were assessed separately (Robust
regression; young: t(13) = 2.65, p = 0.02; middle-aged: t(12) = 1.81, p = 0.09; aged: t(13) =
2.86, p = 0.012; Figure 5B). Microglia densities were also significantly associated with greater

hyaluronan matrix deposition, (Robust regression; t(44) = 2.57, p = 0.013; Figure 5B), and this
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relationship was also significant when analyzing only the aged mice (Robust regression; young:
t(13) = 0.87, p = 0.4; middle-aged: t(12) = 1.25, p = 0.23; aged: t(13) = 2.19, p = 0.045; Figure
5B). In contrast, in the NAc, microglia tissue coverage and hyaluronan abundance showed no
relationship at any age (Robust regression; All: 1(43) = 0.1, p = 0.92; Young: t1(12) = 0.34, p =
0.74; Middle-Aged: t(12) = 0.44, p = 0.67; Aged: t(15) = 0.57, p = 0.57; Figure 5D). Generally,
NAc microglia densities were also not associated with hyaluronan deposition (Robust
regression; t(43) = 1.04, p = 0.3; Figure 5D), although a significant positive relationship
between microglia density and hyaluronan deposition was observed in young mice (Robust
regression: Young: t(12) = 2.18, p = 0.049; Middle-Aged: t(12) = -0.08, p = 0.94; Aged: t(15) = -

0.61, p = 0.55; Figure 5D).

Since variation in hyaluronan matrix distribution was evident even within a field of view,
more localized analysis of hyaluronan-microglia relationships was carried out by overlaying a
10x10 grid on each 20x confocal image. The abundance of the hyaluronan and GFP signals
within each square of the grid was quantified and grid values were plotted to obtain a correlation
coefficient for each 20x confocal image (Figure 5E). Correlation coefficients between
hyaluronan and microglia tissue coverage were between r = 0.4 and r = 0.75 in the VTA of
young adult (3-4 months), middle-aged (12-15 months), and aged (17-24 months) mice, and did
not differ with age (ANOVA (F,2,15) = 0.12, p = 0.89; Figure 5F). Correlation coefficients
between NAc microglia and hyaluronan coverage were between r = -0.1 to r = 0.3 in young mice
and increased to between r = 0.25 and r = 0.78 in middle-aged and aged mice (ANOVA; t(2,15)
= 4.88, p = 0.26; unpaired t-test: young-middle aged: t(8) = 2.8, p = 0.023; young-aged: t(9) =
2.63, p = 0.027; Figure 5F). However, overall hyaluronan-microglia spatial correlations
remained significantly lower in the NAc compared to the VTA (ANOVA; t(1,31) = 15.98, p <
0.001; Figure 5F). These data suggest that local microglial status impacts hyaluronan matrix

distribution patterns, or vice versa.
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Given the high correlation between local tissue coverage of VTA microglia and
hyaluronan deposition, 63x confocal images and reconstruction of microglia and hyaluronan
was carried out in Imaris to determine whether VTA microglia make direct contact with the
hyaluronan matrix (Figure 5G). VTA microglia in young mice made relatively regular putative
contacts with hyaluronan fragments, both along their processes and proximal to microglial
somas. Quantification of the density of hyaluronan contacts normalized to GFP signal revealed
an age-associated decrease in microglia-hyaluronan contacts in the VTA (ANOVA; F(2,15) =
5.53, p = 0.019; Figure 5H). The size of hyaluronan fibrils in contact with microglia was not
different with age, however (ANOVA; F(2,15) = 0.55, p = 0.59; Figure 5l). This raises the
intriguing possibility that loss of ability of VTA microglia to interact directly with hyaluronan

networks is related in some way to greater hyaluronan deposition within the tissue.

Microglia regulate ECM abundance and excitatory synapse numbers in the aging VTA

The ECM has been shown to regulate various aspects of synapse function through
direct ECM-synapse interactions and by regulation of neuronal excitability patterns that
influence plasticity thresholds (Dityatev et al., 2010; Nguyen et al., 2020). To relate hyaluronan
matrix structures to local synapse status, densities of Homer2, a postsynaptic excitatory
synapse protein, were quantified in the VTA and NAc (Figure 6A). Homer2 densities were
greater in the NAc compared to the VTA (ANOVA; F(1,31) = 123.9, p < 0.001; Figure 6B), but
were not different between young adult and late-middle-aged mice in either the VTA (ANOVA;
F(1,15) = -0.1.55, p = 0.24; Figure 6B) or NAc (ANOVA; F(1,15) = -0.74; p = 0.41; Figure 6B),
consistent with proteomics data suggesting minimal overt synapse loss in these brain regions at

these ages (Figure 4D,E).

To further assess the contribution of microglia to hyaluronan deposition and excitatory
synapse numbers, the VTA and NAc of young adult (3-4 months) microglia-deficient mice were
histochemically examined. Microglial deficiency was achieved via deletion of the fmrs-intronic
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response element (FIRE) within the Csfr1 locus (Csf1rAFIREAFIRE) (Rojo et al., 2019; Figure 6C,
6D). As in wild-type mice, hyaluronan densities were greater in the VTA than the NAc (ANOVA;
F(1,11) = 32.85, p < 0.001; Figure 6E). However, compared to control mice, Csf1rAFREAFIRE mice
exhibited higher hyaluronan densities in the VTA (unpaired t-test; t(4) = 5.03, p = 0.007; Figure
6E), similar to what was observed in aging wild-type mice (Figure 1). Absence of microglia did
not alter hyaluronan fibril densities in the NAc (unpaired t-test; t(4) = 1.11, p = 0.33; Figure 6E).
Notably, a significant region-by-genotype interaction in hyaluronan density was observed
(ANOVA; F(1,11) = 5.88, p = 0.04), suggesting that microglia differentially regulate hyaluronan
matrix deposition patterns in the VTA and NAc. As was observed in wild-type mice, excitatory
synapse densities were significantly higher in the NAc compared to the VTA in Csfr1++ and
Csf1rAFIREAFIRE mice (ANOVA; F(1,11) = 69.99, p < 0.001; Figure 6F). However, Homer2 puncta
densities were not different between Csfr1++ and Csf1rAFIREAFIRE mjce in either the VTA or NAc
(unpaired t-test; VTA: t(4) = -0.53, p = 0.63; NAc: t(4) = 0.87, p = 0.44; Figure 6F). All together,
these observations suggest that microglia attenuate ECM deposition in the VTA, and this
microglial function may be diminished with aging. While this elevated hyaluronan deposition was
not associated with changes in excitatory synapse numbers in either aging wildtype mice or
microglia-deficient mice, these hyaluronan changes are likely to alter proteoglycan deposition

around synapses and modify capacity for structural remodeling of synapses.

CX3CR1 deficiency has been suggested to accelerate microglial aging (Gyoneva et al.,
2019; Moca et al., 2022) and impact synaptic plasticity (Basilico et al., 2019; Gunner et al.,
2019; Kim et al., 2020). In other bodily tissues, CX3CR1 signaling has also been shown to
impact both ECM synthesis and ECM degradation (Rivas-Fuentes et al., 2020; Song et al.,
2013). To explore whether CX3CR1 signaling impacts ECM-synapse interactions, hyaluronan
and Homer2 were analyzed in young (3-4 months) and middle-aged (12-15 months) Cx3Cr1-het

(Cx3Cr1E%FP*) and Cx3Cr1-knockout (Cx3Cr1EGFPEGFP) mice (Figure 6G, 6H). In both
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genotypes, hyaluronan fibril densities were higher in the VTA compared to the NAc (ANOVA;
F(1,31) = 152.51, p < 0.001; Figure 6l), as observed in wild-type mice. However, Cx3Cr1-
knockout mice exhibited lower hyaluronan fibril densities in the VTA compared to Cx3Cr1-het
mice (ANOVA; F(1,15) = 5.59, p = 0.035; Figure 6l1). Surprisingly, VTA hyaluronan fibril
densities were lower in middle-aged mice compared to young for both genotypes (ANOVA;
F(1,15) = 9.45; p = 0.009; Figure 6l), which is the opposite of what was observed in aging
wildtype mice. This finding suggests that, while microglia in aging wildtype mice shift toward a
state that allows increased hyaluronan deposition, deficiency in Cx3Cr1 signaling pushes them
into a state that actively reduces hyaluronan deposition, perhaps a hyper-phagocytic state. In
the NAc, hyaluronan fibril densities were not different as a function of age or genotype (ANOVA,;

Age: F(1,15) = 0.68, p = 0.42; Genotype: F(1,15) = 0.83, p = 0.38; Figure 6l).

In both Cx3Cr1-het and Cx3Cr1-knockout mice, homer2 puncta densities were higher in
the NAc compared to VTA (ANOVA; F(1,31) = 59.04; p < 0.01; Figure 6L), consistent with
findings in wild-type mice. Intriguingly, within the VTA Cx3cr1-knockout mice had more
excitatory synapses in middle age compared to Cx3Cr1-het mice (ANOVA; F(1,15) =11.17,p =
0.006; post-hoc t-test: t(6) = 3.04, p = 0.023; Figure 6L). Homer2 puncta densities were not
different as a function of age or genotype in the NAc (ANOVA; Age: F(1,15) = 0.03, p = 0.86;
Genotype: F(1,15) = 0.67, p = 0.42; Figure 6L). Together these results indicate that deficits in
microglial Cx3Cr1 receptor signaling reduce hyaluronan matrix deposition during aging, and
these changes are associated with higher excitatory synapse numbers in the VTA by middle
age. This pattern differs from the phenotype observed in middle-aged wild-type mice where

synapse numbers remained stable alongside increases in hyaluronan matrix abundance.

Hyaluronan, microglia, and synapse properties are similar between male and female mice

Sexual dimorphism in numerous aspects of immune function have been demonstrated
across the lifespan (Klein and Flanagan, 2016; Mangold et al., 2017). Therefore, potential sex
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differences in hyaluronan, microglia, and excitatory synapse status were evaluated. Hyaluronan
fibril density, size, and distribution regularity were not different as a function of biological sex
(ANOVA; Density: F(1,45) = 1.95, p = 0.17; Size: F(1,45) = 1.59, p = 0.21; Regularity: F(1,45) =
0.49, p = 0.49; Figure 1C, 1E). Similarly, Homer2 puncta densities were similar between male
and female mice (ANOVA; VTA: F(1,15) = 2.78, p = 0.12; NAc: F(1,15) = 0.02, p = 0.88; Figure
6B). Correlation coefficients between hyaluronan and microglia tissue coverage were not
different between male and female mice (ANOVA; VTA: F(1,15) = 1.03, p = 0.33); NAc: F(1,15)
= 0.37, p = 0.55; Figure 5H), and microglia-hyaluronan contact densities and sizes were also
not different as a function of biological sex (ANOVA; Density: F(1,15) = 0.92; p = 0.36; Size

F(1,15) = 0.87, p = 0.37; Figure 5H, 5).
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Discussion

Numerous deficits associated with normative brain aging implicate dysfunction in the
mesolimbic dopamine system (Backman et al., 2006; Berry et al., 2016; Dahl et al., 2023), and
microglia, the primary immune cell of the brain parenchyma, exhibit accelerated aging
phenotypes in the VTA that have been proposed to impact dopamine circuit function. The
findings in this study indicate that age-associated increases in ECM deposition patterns occur
alongside VTA microglial aging phenotypes and are associated with stable excitatory synapse
numbers. Perturbations of microglial Cx3Cr1 receptor signaling reduced ECM deposition and
was accompanied by excess numbers of excitatory synapses. Together these observations
suggest that healthy microglial aging phenotypes in the mesolimbic dopamine system may help
orchestrate adaptive or compensatory responses characterized by greater ECM deposition that
works to maintain synaptic drive across the healthy adult lifespan. This study provides critical
observations that implicate glial-matrix interactions in differentiating healthy versus pathological
brain aging states and identifies potential mechanisms by which the healthy aging brain works
to maintain synaptic and neuronal network excitability patterns relatively constant across the

lifespan.

Increased ECM deposition is associated with stable excitatory synapse numbers in the aged

ventral tegmental area

The ECM can regulate synapse function through direct ECM-synapse interactions,
control of extracellular ion concentrations, and by regulating access of phagocytic cells to
synaptic elements (Soles et al., 2023; Soria et al., 2020; Tewari et al., 2022). Here we show that
age-associated increases in VTA hyaluronan abundance (Figure 1) arise alongside no change
in Homer2 densities or deposition of hyaluronan at excitatory synapses (Figure 6B, 6C).
Multiple lines of evidence indicate that inverse relationships exist between ECM abundance and
synapse stability that can either be beneficial or detrimental depending on the context. For
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example, under healthy physiological conditions microglia respond to neuronal cytokines with
targeted release of matrix metalloproteinases and similar degradative enzymes that locally
degrade ECM proteoglycans to facilitate structural plasticity (Nguyen et al., 2020). On the other
hand, degradation of ECM proteoglycans results in diffusion of AMPA receptors from
postsynaptic active zones and instability in extracellular plasticity-associated proteins such as
neuronal pentraxins (Chang et al., 2010; Frischknecht et al., 2009; Frischknecht and
Gundelfinger, 2012). Enzymatic removal of hyaluronan in particular has been shown to elevate
neuronal network excitability in 3-dimensional cortical spheroid systems by increasing excitatory
synapse numbers and decreasing inhibitory synapse numbers (Wilson et al., 2020). In this study
we demonstrate that the NAc has significantly more excitatory synapses compared to the VTA
and that hyaluronan levels show the opposite regional trend. This may implicate that the NAc is
a more malleable network as the ECM is generally thought to restrict plasticity since, for
example, the closing of the developmental critical period is associated with drastic increases in
ECM abundance across the brain (Lensjo et al., 2017; Pizzorusso et al., 2006, 2002; Rowlands
et al., 2018). Furthermore, it may suggest that despite numbers of excitatory synapses in the
VTA not changing with advanced age, these synapses may be more rigid compared to VTA

synapses in younger animals.

Alterations in neuronal network excitability have been observed across numerous
neuronal circuits in healthy and pathological brain aging contexts, and these changes have
been linked to plasticity deficits and age-associated cognitive decline (Burke and Barnes, 2006;
Haberman et al., 2017; Kaczorowski and Disterhoft, 2009; Norris et al., 1996; Oh et al., 2010;
Wilson et al., 2005). Evidence from mouse models of Alzheimer’s and Parkinson’s disease, as
well as brain tissue from human patients, indicates that ECM structures are less abundant in the
diseased brain (Baig et al., 2005; Crapser et al., 2020; Soria et al., 2020). Similar reductions in

ECM abundance have also been observed in certain vulnerable regions of the healthy aged
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brain including the hippocampus and retrosplenial cortex, although many more brain regions do
not exhibit these differences (Gray et al., 2023, 2022; Ueno et al., 2019, 2018). The present
observation that greater hyaluronan abundance in the VTA occurred alongside no change in
excitatory synapse networks may therefore reflect an adaptive or compensatory response
engaged to help maintain synaptic drive onto dopamine neurons within a healthy physiological
range. If increased hyaluronan matrix abundance does have the effect of making these
synapses more rigid, as discussed above, then this response may reflect a tradeoff that the

aging brain must make to avoid more drastic circuit dysfunction in the VTA.

Proteomic analysis reveals key regional differences in matrisome composition in the aging brain

To our knowledge, this report presents the first comprehensive proteomic mapping of
brain ECM composition during healthy aging and reveals several key regional differences in
ECM status in the aging midbrain and striatum. First, more ECM proteoglycans were detected in
the midbrain compared to the striatum, and a greater number of proteoglycans were significantly
more abundant in the midbrain. Of note, hyaluronan binding proteins (HAPLN1-4), which anchor
proteoglycans to hyaluronan scaffolds, were increased in the aged midbrain, and not in the
striatum. The HAPLNZ isoform, which is enriched in hindbrain regions including the midbrain
compared to the cerebral cortex (Hirakawa et al., 2000; Wang et al., 2019), exhibited the
greatest age-associated increase in abundance with over a 3-fold increase. This further
confirms that healthy brain aging is associated with an accumulation of the hyaluronan matrix
(Cargill et al., 2012; Sugitani et al., 2021; Figure 1) and suggests that the midbrain is

particularly impacted by this change compared to other regions.

The only core matrisome protein to exhibit decreases in abundance with age was the
proteoglycan link protein tenascin C. Tenascins are multimeric ECM proteins that modulate cell
adhesion throughout the body, and in the brain these proteins are thought to stabilize
interactions between elements of the ECM (Chiquet-Ehrismann, 2004; Mueller-Buehl et al.,
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2022; Suttkus et al., 2014). Tenascin-C deficient mice exhibit impairments in hippocampal
plasticity and abnormal axon conductance velocities (Evers et al., 2002; Weber et al., 1999),
suggesting this protein plays important roles in regulating neuronal network functioning.
Tenascin-C promotes cellular tension and regulates various other mechanical properties of the
ECM (Midwood and Schwarzbauer, 2002; Miroshnikova et al., 2016; Saupe et al., 2013).
Mechanosensitive ion channels like Piezo receptors, which microglia express, respond to
mechanical activation with changes in Ca** ion influx that alter intracellular second messenger
pathways (Proceés et al., 2022; Zheng et al., 2023), and this signaling axis has been shown to
promote microglia phagocytosis of amyloid plaques (Hu et al., 2023). The observation that
tenascin C was the only matrisome protein to significantly decrease in the aged midbrain and
striatum may suggest that it is a driver of secondary increases in other ECM protein and
hyaluronan abundance, possibly through changes in mechanical sighaling associated with

tenascin deficiency.

A greater number of ECM collagens were detected in the midbrain compared to striatum.
Brain collagens have been shown to interact with hyaluronan and HAPLNSs in the developing
brain to modulate tissue stiffness properties (Long et al., 2018), which may suggest that the
greater abundance of collagen in the midbrain is directly associated to regional differences in
hyaluronan abundance. Collagen alpha-2 isoforms, which are associated with the basement
membrane of brain vasculature (Kuo et al., 2012; Neyazi et al., 2020), were found to be more
abundant with age in both brain regions and may reflect neurovascular dysfunction that is
known to arise during brain aging (Banks et al., 2021; Verheggen et al., 2020). Finally, laminin
glycoproteins were initially found at lower levels in the striatum but were significantly increased
during aging compared to the midbrain. Laminins are also a key structural component of the
ECM basement membrane (Hamill et al., 2009; lorio et al., 2015), suggesting that age-

associated neurovascular deficits in the midbrain and striatum may arise from distinct
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mechanisms. Alternatively, our histological data suggests that the abundance of striatal
hyaluronan is much lower compared to the midbrain (Figure 1), and since hyaluronan also
localizes to brain vasculature (Reed et al., 2019, 2017), increased laminin abundance in the

aged striatum may help stabilize neurovascular function in the relative absence of hyaluronan.

ECM and synapse status are linked in the aging mesolimbic dopamine system

Leveraging weighted gene correlation network analysis (Langfelder and Horvath, 2008)
and downstream pathway analysis (Metascape) revealed three protein modules (yellow, brown,
tan; Figure 3) that were strongly associated with the status of HAPLNs and other
proteoglycans. Protein expression patterns of these modules were related to brain region,
providing complementary evidence for observed regional differences in ECM composition
between the VTA and NAc in our histological examination (Figure 1). The majority of excitatory
and inhibitory synapse proteins showed similar abundances in young adult and aged mice,
suggesting that robust synapse loss is not a feature of healthy midbrain or striatal aging.
Homer2 abundance, which was found to not change by late middle-age (18 months) in
histological experiments (Figure 1), did show significant reductions in this dataset. This
difference could be related to the older ages used for proteomic analysis (22-24 months), or
may reflect changes in Homer2 abundance at the post-synaptic density of individual synapses

that are detectable with quantitative proteomic approaches but not light microscopy.

A critical finding from this analysis was that the abundance of numerous excitatory and
inhibitory synaptic proteins was aligned with similar modules as matrisome proteins, but not with
modules that contain proteins of the complement cascade. Microglial synapse engulfment
through complement tagging has been implicated in declining synapse integrity and microglial
phagocytic removal of synapses in numerous developmental and disease contexts (Morgan,
2018; Schafer et al., 2012; Stevens et al., 2007; Wilton et al., 2023). The absence of significant
correlations between synapse and complement protein abundances in healthy aged brains
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supports the hypothesis that aberrant complement-dependent synapse regulation may
specifically be associated with synapse pathology in the context of age-associated disease.
Conversely, these results suggest that the local status of the ECM plays more prominent roles

in determining synapse numbers in the healthy aged brain.

An important note regarding this proteomic dataset is that inflammatory factors
associated with microglia (e.g. TNFa and IL-6) were not detected. This is likely due to the
fractionation protocol used specifically to enrich ECM and synaptic proteins. Previous reports
indicate that microglial production of such inflammatory factors increases with age in the
mesolimbic dopamine system; however, these differences are small and were detected using
high-sensitivity ELISA protocols (Moca et al., 2022), which may be more sensitive to such
cytokines compared to the fractionation approach used here. Future experiments in which
inflammatory cytokines and ECM proteins are detected within the same samples will illuminate
potential roles that inflammatory signaling plays in modulation ECM and synapse status in the

aging brain.

Regional microglial aging phenotypes coincide with regional changes in hyaluronan matrix

architecture

Previous work has demonstrated that VTA and NAc microglia show prominent regional
differences in multiple physiological and transcriptional properties, as well as in their response
to healthy aging (De Biase et al., 2017; Moca et al., 2022). Microglia densities in the NAc are
roughly 30 percent higher compared to the VTA in young adult mice and increases in microglial
proliferation and inflammatory factor production are evident by early middle age specifically in
the VTA (Moca et al., 2022). The present observation that VTA microglial densities correlate
with hyaluronan matrix distribution patterns suggests that these microglial aging phenotypes are
associated with increases in the abundance of the ubiquitous ECM scaffold hyaluronan. This
finding aligns with biochemical assessments of aged mouse brains that also demonstrate
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greater hyaluronan abundance with age (Sugitani et al., 2021) and increased gene-expression
of hyaluronan synthase molecules in the cerebral cortex of aged nonhuman primates (Cargill et

al., 2012).

Further research will be needed to determine if VTA microglia primarily impact the ECM,
or whether these interactions are bidirectional. Microglia express numerous cell surface
receptors such as integrins and similar proteins that can sense the ECM (Bennett et al., 2016;
Milner, 2009; Milner and Campbell, 2002; Zhang et al., 2014) and they may use this information
to regulate production of degradative enzymes that would impact ECM abundance and
structure. Hence, decreases in microglia-hyaluronan contacts (Figure 5H) within the aging VTA
may represent decreased microglial ability to sense the local matrix, resulting in less local

degradation or engagement of other mechanisms to promote local hyaluronan accumulation.

On the other hand, microglia may use adhesive interactions with the ECM scaffold to
remodel their processes and interact with neurons, synapses, and other glial cells around which
ECM structures accumulate. In support of this hypothesis, VTA microglia in aged mice exhibit
reduced morphological complexity relative to young adult mice (Moca et al., 2022), which may
be a consequence of VTA microglia making fewer contacts with the hyaluronan matrix in aging
mice (Figure 5H). Furthermore, hyaluronan can regulate the inflammatory profiles of immune
cells by binding to and sequestering proinflammatory receptors such as CD44 and Toll-like
receptors, which microglia also express (Austin et al., 2012; Avenoso et al., 2019; Campo et al.,
2010; Peters and Sherman, 2020; Soria et al., 2020; Tavianatou et al., 2019). This raises the
possibility that certain aspects of microglial aging phenotypes may emerge due to changes in

ECM-to-microglia signaling via immune receptors.

Constitutive microglial ablation increases hyaluronan deposition in the VTA
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Microglial ablation through constitutive deletions of the FIRE enhancer of the Csfr1 locus
resulted in greater hyaluronan matrix deposition in the VTA of young-adult mice. This finding
suggests that microglia have a net antagonistic effect on ECM deposition, which aligns with
previous reports demonstrating increases in cortical perineuronal net densities following
transient microglial depletions using the Csf1r inhibitor PLX5622 in a 5xFAD model of
Alzheimer’s Disease (Crapser et al., 2020). Therefore, in a pathological context the presence of
microglia reduces ECM deposition patterns with age, which is a phenotype that has also been
observed in the substantia nigra pars compacta of a mouse model of Parkinson’s Disease
(Soria et al., 2020). The present study suggests that a key differentiating feature between
healthy and pathological brain aging states is that, despite the presence of microglia,
mesolimbic ECM deposition increases rather than decreases in the absence of pathology.
Whether healthy microglial aging phenotypes actively facilitate increases in ECM abundance or
rather are simply not as degradative as disease-associated microglia is not clear. Microglia do,
however, produce hyaluronadherin molecules like TSG-6 that crosslink hyaluronan fibrils and

promote matrix stability (Coulson-Thomas et al., 2016; Li et al., 2018).

Microglial fractalkine signaling promotes hyaluronan deposition and restricts excitatory synapse

numbers in the aging ventral tegmental area

Previous reports have linked CX3CL1/CX3CR1 signaling with synapse numbers and
ECM proteoglycan abundance in cortical and hippocampal regions, (Bolés et al., 2018), as well
as ECM composition in a variety of tissues throughout the body (Rivas-Fuentes et al., 2020;
Song et al., 2013). A critical finding from this study was that unlike wild-type mice that exhibited
greater hyaluronan deposition with age, aging mice with a single copy of the Cx3Cr1 allele
(Cx3Cr1ECFP+) showed less hyaluronan matrix abundance, and Cx3Cr1-knockout mice
(Cx3Cr1EGFPEEGFP) showed lower levels still. One consequence of these changes was that VTA

microglia from Cx3Cr1-het mice made fewer contacts with the hyaluronan matrix with advanced
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age (Figure 5H). Isolated Cx3Cr1-knockout microglia from young adult mice express elevated
levels of inflammatory factors such as Tnfand /I6 and exhibit transcriptional patterns that more
closely match aging microglia from Cx3Cr1-sufficient mice compared to microglia from age-
matched controls (Gyoneva et al., 2019). Furthermore, Cx3Cr1-het mice exhibit accelerated
VTA microglial aging phenotypes characterized by increases in proliferation, inflammatory factor
production, and lysosome swelling earlier in the lifespan (~13 months) compared to wild-type
mice in which these changes are evident later in life (~18 months; Moca et al., 2022). The
observation that accelerated microglial aging phenotypes in Cx3Cr1-het and Cx3Cr1-knockout
mice are associated with decreased hyaluronan matrix deposition raises the possibility that
ECM glycosaminoglycans play roles in buffering VTA microglia from further increases in

proliferation and inflammatory factor production in aging wild-type mice (Moca et al., 2022).

Cx3Cr1 knockout resulted in greater homer2 puncta densities by middle age in the VTA,
suggesting that microglial fractalkine signaling help prevent excess synaptic drive in this region.
Gene expression of the CX3CL1 ligand is enriched in neurons compared to other cell types, and
CX3CL1/CX3CR1 signaling has been shown to regulate synapse function in numerous contexts
through mechanisms of targeted synapse pruning and control of neuronal membrane excitability
(Basilico et al., 2019; Gunner et al., 2019; Kim et al., 2020). Young mice deficient in
CXBCL1/CX3CR1 signaling exhibit significant deficits in synapse elimination following whisker
lesions, which is a manipulation known to attenuate neuronal activity in sensory cortex (Gunner
et al., 2019). The present data extend these observations by showing that knockout of microglial
Cx3Cr1 receptors may elicit similar deficits in synapse elimination in the aging brain. Additional
research is needed to determine whether changes in hyaluronan matrix deposition are causally

involved in this synapse phenotype.
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Material and Methods
Mice

This study uses C57BI6 wild-type mice, CX3CR1E¢ P+ and CX3CR1ECFPEGFP mice, and
Csf1r** and Csf1rAFIREAFIRE mice (Rojo et al., 2019). C57BI6 wild-type mice were purchased
from the National Institutes on Aging (NIA) colony (Bethesda, Maryland) or Jackson Laboratory
(Bar Harbor, ME; stock #000664). CX3CR1ECGFPEGFP hreeders on a C57BI6 background were
originally purchased from the Jackson Laboratory (stock #005582) and crossed with C57BI6
wild-type mice to obtain heterozygous (CX3CR1EG P+) mice and CX3CR1ECGFPEGFP mice to
obtain homozygous mice (CX3CR1EGFPEGFP) '|n these mice, EGFP is knocked into the
fractalkine receptor (CX3CR1) locus, which is a receptor expressed specifically by most
myeloid-lineage cells, including microglia (Haskell et al., 2001; Jung et al., 2000). Previous work
has demonstrated that EGFP expression in these mice is specific to microglial cells in the basal
ganglia (De Biase et al., 2017). Csf1rAFIREAFIRE hreeders on a BGCBAF1/J background were
originally purchased from Jackson Laboratory (stock # 032783) and crossed with C57BL/6 mice
after which their offspring were interbred. These mice carry CRISPR/Cas9 generated deletion of

the fms-intronic regulatory element (FIRE) of the Csfir gene (Rojo et al., 2019).

For immunohistochemical and histochemical experiments in wild-type mice, a total 12
young-adult (4 months; 6 male, 6 female) and 12 late-middle aged mice (18 months; 6 male, 6
female) were used. Imaris reconstructions were performed on images obtained from 5 young
adult (3-4 months; 3 female, 2 male), 5 middle-aged (13-18 months, 3 female, 2 male), and 6
aged (21-24 months, 4 female, 2 male) CX3CR1ESFP+ mice. Histochemical quantifications of
synapse and hyaluronan abundance in Cx3Cr1-deficient and knockout mice utilized 4 young-
adult Cx3Cr1EGFP+ (3-4 months; 2 male, 2 female), 4 young-adult Cx3Cr1EGFPEGFP (3.4 months;
2 male, 2 female), 4 middle-aged Cx3Cr1E¢FP+ (12-15 months; 2 male, 2 female), and 4 middle-
aged Cx3Cr1ECGFPEGFP mjce (12-15 months; 2 male, 2 female). Histological examinations
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comparing microglia-deficient mice with controls utilized 3 young-adult Csf1rAFIREAFIRE mice (3-4
months, 2 females, 1 male) and 3 young-adult Csf1r** mice (3-4 months, 1 female, 2 males).
Quantitative proteomic experiments included 4 young-adult (3-4 mo; 2 male, 2 female) and 4
aged (22-24 mo; 2 male, 2 female) wild-type mice. All mice within a given experiment were
housed in the same vivarium with a normal light/dark cycle and were provided ad libitum access
to food and water. Experiments adhered to protocols approved by the Animal Care and Use

Committee and UCLA.
Transcardial perfusion, immunohistochemistry, and histochemistry

Mice were deeply anesthetized in a covered beaker containing isofluorane and perfused
transcardially with 1M phosphate buffered saline (PBS; pH 7.4) followed by ice-cold 4%
paraformaldehyde (PFA) in 1M PBS. All perfusions were performed between 8:00 am and 12:00
pm to minimize the contribution that circadian changes may have on ECM, synapse, and
microglial properties (Hayashi et al., 2013). Brains were extracted immediately following
perfusions and were allowed to post-fix for ~4 hours in 4% PFA and then stored in 1M PBS with

0.1% sodium azide until tissue sectioning.

Coronal brain sections were prepared using a vibratome in chilled 1M PBS solution and
stored in 1M PBS with 0.1% sodium azide until histochemical labelling. Sections containing the
ventral tegmental area (VTA) and nucleus accumbens (NAc) were selected using well-defined
anatomical landmarks at 3 distinct anterior-posterior locations per mouse. Free-floating brain
sections were briefly rinsed in 1M PBS (5 minutes) and then permeabilized and blocked in a
solution of 1% bovine serum albumin (BSA) and 0.1% saponin for 1 hour. Sections were then
incubated with a biotinylated HABP lectin (1:250; Sigma-Aldrich cat: 385911) in the 1% BSA
and 0.1% saponin block solution overnight at 4°C with mild agitation. Sections were washed in
1M PBS (4x10 minutes) and then incubated with streptavidin-conjugated AlexaFluor-647 in the
1% BSA and 0.1% saponin block solution for 2 hours. The tissue underwent another 4x10
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minute wash in 1M PBS, and then was blocked again in 5% normal donkey serum with no
additional permeabilization agent for 1 hour and then was incubated overnight with mild
agitation in a solution containing different combinations of goat anti-GFP (1:1000; Frontier
Institute cat: GFP-go-Af1480), rabbit-anti-IBA1 (1:500; Wako cat: 019-19741), chicken anti-TH
(1:500; Aves cat: TYH), rabbit anti-Homer2 (1:2000; Synaptic Systems cat: 160 003), and the
biotinylated HABP lectin in 5% NDS solution. Sections were again washed in 1M PBS (4x10
minutes). Prior to secondary antibody incubation, all sections were treated with TrueBlack
lipofuscin autofluorescence quencher (5%; Biotium cat: 23007) for 90 seconds followed by a
3x5 minute rinse in 1M PBS. Sections were then incubated in a secondary antibody solution
containing combinations of chicken AlexaFluor-405 or chicken AlexaFluor-594, goat AlexaFluor-
488, rabbit AlexaFluor-488 or rabbit AlexaFluor594, and streptavidin-conjugated AlexaFluor-647
in 5% NDS for 2 hours at room temperature with mild agitation. The sections were again
washed in 1M PBS (4x10 minutes) and were then mounted and coverslipped with coverslips of

#1.5 thickness using Aqua-Poly/Mount (Polysciences cat: 18606).

Image acquisition and analysis

Fixed-tissue was imaged using a Zeiss LSM-700 confocal microscope using a 63x
objective at a z interval of 0.3 um or a Leica STELLARIS 5 confocal microscope using 20x (z =
1.5) and 63x objectives (z = 0.3). For quantification of hyaluronan fibril deposition patterns, 63x
images were imported into Fiji image analysis software and underwent a background
subtraction (rolling-ball radius = 5) and de-speckling. The processed images were then
binarized using the ‘MaxEntropy’ setting and hyaluronan fibril densities and sizes were
assessed using the 3D Object Counter plugin in Fiji using a minimum pixel cutoff of 10.
Hyaluronan distribution regularity was quantified in the same images using the Fractal
Dimension plugin in Fiji. Homer2 and putative hyaluronan-Homer2 densities were examined

using the Analyze Puncta plugin in Fiji using stock setting as described previously in (Han et al.,
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2022). Every 3 z-planes of the confocal stacks were z-projected (max intensity) and underwent

analysis using this plugin.

Spatial correlations between microglia and hyaluronan were analyzed using 20x
confocal stacks of histochemically labelled Cx3Cr1EGFP+ tissue. To obtain field-of-view
correlations, hyaluronan and GFP channels were binarized after thresholding in Fiji and the
proportion of hyaluronan and GFP pixels above threshold within each image was correlated.
Microglia densities were calculated by manually counting microglial cell bodies within a z-stack
using the Cell Counter plugin and then normalizing these counts by the volume of the image.
More local measures of microglia-hyaluronan spatial correlations were assessed by overlaying a
10x10 grid over threshold 20x images using custom-written Fiji macros and the Pearson
Correlation Coefficient of hyaluronan and microglial signal was calculated for each image using

all 100 boxes of this grid.

Manual reconstructions of microglia and the hyaluronan matrix were done by importing
high-magnification (63x) confocal z-stack images into Imaris (Bitplane; Belfast, UK) software for
reconstruction using the surfaces module. For each channel, a threshold that most accurately
represented the signal was manually set and surfaces smaller than 1 um?® were filtered out.
Hyaluronan-microglia and hyaluronan-dopamine neuron contacts were captured by filtering the
hyaluronan surface using the GFP or TH fluorescence histograms. The number of GFP/TH-
filtered hyaluronan aggregates was normalized by the total GFP or TH signal within the field of

view.
Quantitative proteomics: sample preparation

Young and aged wild-type mice were anesthetized with isofluorane and perfused with
1M PBS. Brains were extracted and the midbrain and striatum were dissected using a scalpel,

minced, triturated, washed in 1M PBS, and stored at -80°C until further processing. Tissue was
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processed using protocols from Naba et al., 2015 using a compartment protein extraction kit
(Millipore cat: 2145). Triturated brain tissue was thawed on ice for ~30 minutes before being
homogenized in 2 ml/g of Buffer C (HEPES (pH7.9), MgCI2, KCI, EDTA, Sucrose, Glycerol,
Sodium OrthoVanadate) with protease inhibitors. This mixture was rotated on ice for 20 minutes
and then spun at 20,0009 at 4°C for 20 minutes. The supernatant was removed and stored at -
80°C until proteomic analysis. The pellet was washed in 4 ml/g of the same buffer (HEPES
(pH7.9), MgCI2, KCI, EDTA, Sucrose, Glycerol, Sodium OrthoVanadate) with protease
inhibitors, rotated for 5 minutes at 4°C, and spun at 20,000g at 4°C for 20 minutes. The
supernatant was removed and discarded. The pellet was then incubated in 1ml/g of Buffer N
(HEPES (pH7.9), MgCl2, NAcl, EDTA, Glycerol, Sodium OrthoVanadate), rotated at 4°C for 20
minutes, spun at 20,000g for 20 minutes, and the supernatant was removed and stored at -80°C
until proteomic analysis. The pellet was then washed in 1ml/g of Buffer M (HEPES (pH7.9),
MgClI2, KCI, EDTA, Sucrose, Glycerol, Sodium deoxycholate, NP-40, Sodium OrthoVanadate),
rotated at 4°C for 20 minutes, spun at 20,000g for 20 minutes, and the supernatant was
removed and stored at -80°C until proteomic analysis. The pellet was washed in 0.5 ml/g of
buffer CS (Pipes (pH6.8), MgClI2, NAcl, EDTA, Sucrose, SDS, Sodium OrthoVanadate), rotated
at 4°C for 20 minutes, spun at 20,0009 for 20 minutes, and the supernatant was removed and
stored at -80°C until proteomic analysis. The final remaining insoluble pellet was also stored at -

80°C for proteomic analysis.

Samples were resuspended in equal volume of 8M Urea, 100mM Tris-Cl, pH. This was
followed by reduction with TCEP and alkylation with IAA, followed by protein clean up with SP3
beads. Overnight digestion was done with trypsin and lysC enzymes. The peptides were
cleaned using the SP3 protocol (Hughes et al., 2019), followed by elution in 2% DMSO.

Samples were dried using a speed vacuum, and the dried peptides were resuspended in 5%
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formic acid before being sent for liquid chromatotography with tandem mass spectrometry (LC-

MS/MS).

Quantitative proteomics: analysis

MaxQuant software was used for peptide identification (Cox and Mann, 2008). These
algorithms use correlational analyses and graph theory to measure multiple mass
measurements, and then integrate across these measurements and corrects for linear and
nonlinear mass offsets. Raw intensity data from each sample was batch corrected using a
quantile normalization followed by a median centering procedure using the ComBat function in
R. This procedure uses an iterative algorithm to find the point that minimizes Euclidean distance
to all features in the dataset and adjusts the distribution from each batch to this point. The
intensity data of each identified protein was then summed across solubility fractions for each
mouse and was then log2 normalized for analysis. To be included in the analysis, a protein
needed to be detected in 75% or more of the samples within a brain region. Fold changes were
calculated as the ratio of the aged signal relative to the young signal. Statistical significance was
assessed using unpaired t-tests with an alpha-level of 0.05. Annotations for different protein
classes were downloaded from publicly available online databases. ECM protein annotations
were downloaded from the Matrisome project database (Shao et al., 2023), innate immune
system protein annotations from the InnateDB database (Lynn et al., 2008), and synapse

protein annotations from the SynGo database (Koopmans et al., 2019).

Quantitative proteomics: weighted gene correlation network analysis (WGCNA)

To examine relationships between synaptic, matrisome, and innate immune proteins,
proteomic data underwent unsupervised clustering using Weighted Gene Correlation Network
Analysis (WGCNA) in R (Langfelder and Horvath, 2008). Processed log2(intensity) data from

the midbrain and striatum were used for network construction. One striatal sample from an aged
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female mouse was identified as an outlier and was removed from this analysis. WGCNA
provides modules of covarying proteins that are agnostic to traits of the samples (i.e., age,
region, sex). The distribution of synaptic, matrisome, and immune proteins across the protein
modules was used to identify modules of interest for further analysis. Relationships between
modules and external traits or protein abundance were examined using the module-trait
relationship code provided in the WGCNA R package. Process enrichment analysis of the

protein modules was conducted in Metascape (Zhou et al., 2019) using default parameters.
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Figure 1. Increased hyaluronan matrix deposition in the ventral tegmental area (VTA) of aging
wild-type mice. A) Example photomicrographs of histochemically labelled hyaluronan (HA) in
the VTA and B) nucleus accumbens (NAc) of a young adult (4 months) and late-middle-aged
(18 months) mouse (left panels). Middle panels show zoomed in images of the areas within the
yellow squares in the left panels. The right panels depict binarized images of the hyaluronan
matrix used for quantification. C) The density of hyaluronan fibrils detected in the VTA and NAc
of young-adult (green) and aged (purple) mice. D) Median hyaluronan fibril sizes in the VTA and
NAc of the same mice. E) Measurements of hyaluronan distribution regularity assessed using
the Fractal Dimension plugin in Fiji image analysis software. Higher fractal dimension values

(D’) indicate more regularity in the hyaluronan matrix. * p < 0.05; ** p < 0.01.
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Figure 2. Proteomic mapping of age-associated changes in midbrain and striatum core
matrisome protein abundances reveals key regional differences. A) Schematic of the proteomic
workflow. The midbrain and striatum of young adult (3-4 months) and aged (20-24 months) wild-
type mice were dissected out. Tissue underwent a fractionation protocol that yielded multiple
samples of proteins with decreasing solubility, and a final insoluble pellet. All samples were then
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sent for liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis. B) The
average log2-transformed intensity values of all core matrisome proteins detected in the soluble
and insoluble midbrain and striatum samples (black axis on left). Black dots represent the
individual young-adult animals and grey dots represent the aged mice. The purple bars denote
the number of core matrisome proteins detected in the soluble and insoluble fractions for each
region (purple axis on right). C) Volcano plots of all proteins pooled across fractions for the
midbrain and striatum. The orange and blue dots denote individual core matrisome proteins
detected in each region. Fold-changes were calculated with respect to the aged mice (positive
values indicate greater with age). D) Log2-transformed intensity values (black axis on left) and
fold changes (purple axis on right) for all collagens detected in the midbrain and striatum of
young (black) and aged (grey) mice. E) Abundances and fold changes for all detected
glycoproteins in the midbrain and striatum. Figure convention as in D. Dotted purple line
represents a fold-change of 0. F) Abundance and fold changes for all detected proteoglycans in
the midbrain and striatum. Figure convention as in E. G) Venn diagram depicting all differentially
expressed core matrisome proteins found specifically in the midbrain (orange), striatum (blue),

as well as those differentially expressed in both regions. * p < 0.05
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Figure 3. Weighted gene coexpression network analysis (WGCNA) of proteomic data. A) Top:
dendrogram generated by WGCNA analysis of all midbrain and striatal proteomic samples.
Bottom: pie charts of core matrisome and innate immune protein distribution across modules.
Percentages were calculated as the proportion of all proteins within each class that were
classified by the given module. Only percentage values above 10% are depicted. B) Module
eigengenes for each of the 4 modules highlighted in A for each sample. One aged female was
classified as an outlier by the WGCNA and was removed from subsequent analyses. C) The
most enriched biological terms associated with brown, yellow, tan, and turquoise module

proteins. D) Network plot of process and pathway enrichment terms associated with all
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tan/yellow/brown module proteins whose abundances were modulated by age (p<0.05) in the
midbrain and E) striatum. Various terms associated with ECM organization, synapse
organization, and glial differentiation are highlighted with black arrows. F) Venn diagram
depicting the number of tan/yellow/brown module proteins modulated by age in the midbrain
(orange) and striatum (blue), as well as those differentially expressed in both regions. G)
Network plot of process and pathway enrichment terms associated with all turquoise module
proteins whose abundances were modulated by age (p<0.05) in the midbrain and H) striatum.
Microglia pathogen phagocytosis and synapse pruning terms that were part of a larger group of
terms associated with antibody-mediated complement activation are highlighted with black
arrows. I) Venn diagram depicting the number of turquoise module proteins modulated by age in
the midbrain (orange) and striatum (blue), as well as those differentially expressed in both

regions.
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Figure 4. Synapse status is associated with ECM proteoglycan abundance in the aging
mesolimbic dopamine system. A) Heatmaps representing correlations between brown, yellow,
tan, and turquoise module eigengenes and extracellular matrix proteoglycan and complement
protein abundances. B) Heatmaps representing correlations between the same module
eigengenes and glutamatergic and C) GABAergic synapse receptor abundances. D) Log2-
transformed intensity values (black axis on left) and fold changes (purple axis on right) for all
excitatory synapse and E) inhibitory proteins detected in the midbrain and striatum of young

(black) and aged (grey) mice. The dotted purple line represents a fold-change of 0. * p < 0.05
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Figure 5. Spatial relationships between microglial tissue coverage and the hyaluronan matrix.

A) Top row: example photomicrograph of 20x confocal images of histochemically labelled

hyaluronan (HA) and GFP-labelled microglia from the ventral tegmental area (VTA) of a young-

adult (3 months) Cx3Cr1EGFP* mouse. The image in the left panel is a zoom in on the field of

view depicted by the yellow square on the right. Bottom row: threshold images of the hyaluronan

and GFP signals used for analysis. Again, the image in the left panel is a zoom in on the field of

view depicted by the yellow square on the right. B) Scatter plots of VTA hyaluronan field of view
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tissue coverage (% FOV) against field-of-view microglial tissue coverage (top) and microglial
densities (bottom) for young-adult (3-4 months; green), middle-aged (12-17 months; yellow),
and aged (18-22 months; purple) Cx3Cr1EG P+ mice. The black line is the trend line of the
relationships when all mice are assessed together, the green for young-adult mice, yellow for
middle-aged mice, and purple for aged mice. Asterisks in the legends depict significant
correlations as assessed by linear regression analysis. C) Example photomicrograph of 20x
confocal images of histochemically labelled hyaluronan (HA) and GFP-labelled microglia from
the nucleus accumbens (NAc) of a young-adult (3 months) Cx3Cr1EGFP+ mouse. Image
conventions as in A. D) Scatter plots of NAc hyaluronan field of view tissue coverage (% FOV)
against field-of-view microglial tissue coverage (top) and microglial densities (bottom) in the
same mice. Image conventions as in B. E) Left: example of grid overlaid on 20x confocal
images to determine spatial correlations between hyaluronan and GFP signals. Images on the
bottom are zoom-ins of the areas depicted by the yellow squares on the top. Right: The
Pearson’s correlation coefficient was calculated for each image by correlating the hyaluronan
and GFP signals within each square. The top scatter plot is an example from the VTA and the
bottom from the NAc. F) Correlation coefficients of spatial relationships between hyaluronan and
microglia in the VTA and NAc for young-adult, middle-aged and aged mice. Boxplots denote the
middle 50% of the data and horizontal lines denote the median of each distribution. G) Left
panel: example 63x photomicrographs of GFP-positive VTA microglia and hyaluronan from 3-
and 22-month-old Cx3Cr1EGFP+ mice. Middle and right panels: Imaris reconstructions of
microglia and hyaluronan followed by filtering for hyaluronan fibrils contacted by microglia. H)
The density of hyaluronan fibrils in contact with microglia normalized by the total volume of the
GFP signal for young, middle-aged, and aged mice. I) The median size of hyaluronan fibrils in
contact with microglia for the same mice. Boxplots denote the middle 50% of the data and

horizontal lines denote the median of each distribution. * p < 0.05; ** p < 0.01.
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Figure 6. Microglia modulate hyaluronan and synapse abundances in the aging mesolimbic
dopamine system. A) Example photomicrographs of histochemically labelled hyaluronan and
immunohistochemically labelled Homer2 (excitatory synapses) and tyrosine hydroxylase (TH;
dopaminergic neurons/processes) in the VTA and NAc of a young-adult wild-type mouse.
Middle panels are zoomed in images of the fields of view depicted in the white squares in the
left panels, and the right panels are the zoomed in images of the fields of view depicted by the
white squares in the middle panels. Arrows highlight putative hyaluronan-Homer2 colocalized
puncta and small squares depict Homer2 puncta not associated with the hyaluronan matrix. B)
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Homer2 puncta densities in the VTA and NAc of young-adult and middle-aged mice. Boxplots
denote the middle 50% of the data and horizontal lines denote the median of each distribution.
C) Staining for IBA1-positive microglia confirmed constitutive depletion of microglia in
Csf1rAFIREAFIRE mice (photomicrographs), but not in Csf1r++ mice. D) Example photomicrographs
of histochemically labelled hyaluronan and immunohistochemically labelled Homer2 from the
VTA and NAc of Csfir** and Csf1r2FREAFIRE mice. E) Hyaluronan fibril densities in the VTA
(orange) and NAc (blue) of Csf1r++(darker triangles) and Csf1rAFIRE/AFIRE (Jighter triangles) mice.
F) Homer2 puncta densities in the VTA and NAc of Csf1r*+and Csf1rAFIRE/AFIRE mice. G) Tissue
from Cx3Cr1-deficient (Cx3Cr1EGFP+) and Cx3Cr1-knockout (Cx3Cr1EGFPEGFP) mice was
histologically examined. H) Images show example photomicrographs of histochemically labelled
hyaluronan and immunohistochemically labelled Homer2 in the VTA and NAc of young-adult (3-
4 months) and middle-aged (12-15 months) Cx3Cr1EG P+ and Cx3Cr1EGFPEGFP myjce. 1)
Hyaluronan fibril densities in the VTA and NAc of Cx3Cr1E¢FP+ (darker triangles) and
Cx3Cr1ECGFPEEGFP (Jighter triangles) mice. J) Homer2 puncta densities in the VTA and NAc of

Cx3Cr1EGFP+ and Cx3Cr1ECFPEGFP mice. * p < 0.05; ** p < 0.01.
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