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ARTICLE INFO ABSTRACT

Keywords: Patients receiving cranial radiation therapy experience tissue damage and cognitive deficits that severely
Microglia decrease their quality of life. Experiments in rodent models show that these adverse neurological effects are in
Radiation part due to functional changes in microglia, the resident immune cells of the central nervous system. Increasing
:f:}‘lavior evidence suggests that experimental manipulation of microglial signaling can regulate radiation-induced changes
Proteomics in the brain and behavior. Furthermore, many studies show sex-dependent neurological effects of radiation

exposure. Despite this, few studies have used both males and females to explore how sex and microglial function
interact to influence radiation effects on the brain. Here, we used a system levels approach to examine how
deficiencies in purinergic and fractalkine signaling, two important microglial signaling pathways, impact brain
proteomic and behavioral profiles in irradiated and control male and female mice. We performed a compre-
hensive analysis of the cortical proteomes from irradiated and control C57BL/6J, P2Y12—/—, and CX3CR1—/—
mice of both sexes using multiple bioinformatics methods. We identified distinct proteins and biological pro-
cesses, as well as behavioral profiles, regulated by sex, genotype, radiation exposure, and their interactions.
Disrupting microglial signaling, had the greatest impact on proteomic expression, with CX3CR1—/— mice
showing the most distinct proteomic profile characterized by upregulation of CX3CL1. Surprisingly, radiation
exposure caused relatively smaller proteomic changes in glial and synaptic proteins, including Rgs10, Crybbl,
Clga, and Hexb. While we observed some radiation effects on locomotor behavior, biological sex as well as loss
of P2Y12 and CX3CR1 signaling had a stronger influence on locomotor outcomes in our model. Lastly, loss of
P2Y12 and CX3CR1 strongly regulated exploratory behaviors. Overall, our findings provide novel insights into
the molecular pathways and proteins that are linked to P2Y12 and CX3CR1 signaling, biological sex, radiation
exposure, and their interactions.

1. Introduction cranial irradiation can result in cognitive deficits, which are reported in
up to 90% patients that survive 6 months post radiation treatment

Cancers of the brain and central nervous system (CNS) stand as a (Greene-Schloesser et al., 2012a, 2012b). Growing evidence suggests a

formidable global health concern, with increasing incidence rates for
both sexes worldwide (Ilic et al., 2023). Cranial irradiation is a common
treatment for various malignancies, during which the normal tissue
surrounding tumors is also irradiated. Consequently, radiation exposure
is unfortunately often accompanied by normal tissue toxicities, resulting
in long lasting effects on human health and cognition. Exposure to

critical role for microglia, the resident immune cells of the brain, in
regulating cognitive function (Duggan et al, 2021). Microglia
contribute to cognitive deficits following radiation, as evidenced by
reduced radiation-associated neurological deficits in mice with depleted
(Acharya et al., 2016; Krukowski et al., 2018a; Allen et al., 2020; Feng
etal., 2016, 2018; Gibson et al., 2019) or inhibited (Jenrow et al., 2013;
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Kalm et al., 2016; Markarian et al., 2021) microglia activity.

Microglia are crucial mediators of plasticity and engage in structural
remodeling of synapses to impact cognition (Whitelaw et al., 2022;
Cornell et al.,, 2022). One prominent pathway that governs
microglia-neuron interactions (Badimon et al., 2020; Sipe et al., 2016;
Cserep et al., 2020), dendritic spine loss (Sipe et al., 2016), and response
to injury (Nimmerjahn et al., 2005; Davalos et al., 2005; Honda et al.,
2001; Haynes et al., 2006) is purinergic signaling through the microglial
receptor P2Y12. Activation of the P2Y12 receptor by ATP released
during neuronal activity triggers microglial directed motility towards
neurons and this allows microglia to inhibit overly active neurons during
seizures (Badimon et al., 2020). Additionally, preventing P2Y12 activity
inhibits microglia reactivity and has been therapeutically beneficial in
several injury models (Gu et al., 2016; Webster et al., 2013; Yu et al.,
2019). Furthermore, the loss of P2Y12 has behavioral effects in adult
mice (Badimon et al., 2020; Lowery et al., 2021; Zheng et al., 2019; Peng
et al., 2019; Uweru et al., 2024; Bollinger et al., 2023) and poly-
morphisms in P2Y12 have been linked to increased risk of epilepsy in
humans (Wang et al., 2023). Nevertheless, the understanding of P2Y12
signaling in regulating brain homeostasis and its impact on cognitive
impairment remains limited. As such, there is limited knowledge on how
deficiencies in P2Y12 signaling may impact brain proteomic and
behavioral profiles in a healthy setting as well as in the context of ra-
diation exposure.

Another pathway that regulates neuronal health under physiological
and pathological conditions is fractalkine (CX3CL1) signaling through
the receptor CX3CR1 (Rogers et al., 2011; Corona et al., 2010; Hellwig
et al., 2016; Sokolowski et al., 2014; Winter et al., 2020; Cardona et al.,
2006; Gunner et al., 2019). CX3CL1 is released by neurons and binds to
its G-protein coupled receptor, CX3CR1, which is specifically expressed
on microglia and macrophages in the brain (Harrison et al., 1998).
CX3CR1 deficient mice have defects in synaptic pruning (Gunner et al.,
2019; Paolicelli et al., 2011; Arnoux et al., 2015; Nemes-Baran et al.,
2020) and enhanced phagocytosis (Lowery et al., 2017; Milior et al.,
2016) at different stages of development. These mice also display al-
terations in behaviors involved with learning and memory (Rogers et al.,
2011; Winter et al., 2020), motor function (Rogers et al., 2011; Winter
et al., 2020), and social engagement (Zhan et al., 2014). In humans,
polymorphisms in CX3CR1 have been associated with coronary artery
disease (Moatti et al., 2001), multiple sclerosis (MS) (Arli et al., 2013),
amyotrophic lateral sclerosis (ALS) (Lopez-Lopez et al., 2014), and
age-related macular degeneration (Tuo et al., 2004), as well as autism
spectrum disorder (ASD) and schizophrenia (Ishizuka et al., 2017).
Although there is substantial evidence highlighting the importance of
both CX3CR1 and P2Y12 signaling in regulating brain health and
function, how their loss affects molecular signatures, responses to ra-
diation, and behavior have not been extensively characterized to date.

Understanding the role of microglia in modulating the effects of
cranial irradiation on the brain and behavior could provide important
insights into potential therapeutic interventions. As such, it is impera-
tive to explore how different microglial signaling pathways and re-
ceptors regulate radiation responses in the brain. Additionally, sex
differences are increasingly recognized in brain function and responses
to radiation (Hinkle et al., 2019, 2023; Parihar et al., 2020), and in fact,
interactions between sex and microglial function in radiation responses
have been demonstrated (Hinkle et al., 2019), highlighting the need to
include each of these factors in radiation exposure models. However,
many studies examining radiation effects use either males or females of a
single genotype, limiting our ability to understand how sex, microglial
function, and radiation exposure can impact cognitive outcomes.

Here, we took a systems level approach and analyzed the cortical
proteomes from male and female mice lacking receptors essential for
canonical microglial signaling, P2Y12 and CX3CR1, that were exposed
to a single dose of 10 Gy cranial irradiation and their respective controls.
Using multiple bioinformatic methods, we identified proteins and
distinct biological processes associated with sex, P2Y12 and CX3CR1
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signaling, radiation exposure, and their interactions. Our results show
that deficiencies in microglial signaling pathways had the greatest
impact on the proteome, with Cx3CR1—/— mice exhibiting the most
distinct proteome. We found expression levels of proteins impacted by
radiation exposure in our mouse model correlated with RNA expression
levels of normal-appearing non-tumor brain tissue from glioblastoma
(GBM) patients treated with radiation therapy, suggesting some findings
may have translational value. Moreover, we compiled a list of proteins
whose expression changes in response to radiation were contingent on
microglial signaling and/or sex, revealing varying sensitivity among
biological processes and cell-types to radiation exposure. In conjunction,
we assessed the behavior of these mice in the open field test and elevated
plus maze. While we found evidence of interaction between sex,
microglial function, and radiation for some locomotive behaviors, we
did not observe interactions between these factors for exploratory be-
haviors. We found reduced exploratory behavioral outcomes in both
CX3CR1-/— and P2Y12—/— mice compared to wild type mice,
demonstrating that deficiencies in microglial signaling pathways can
influence exploratory behavior. Altogether our results illuminate the
complex relationships between microglial function and biological sex in
regulating protein expression and animal behavior in the context of the
physiological brain and in response to cranial irradiation.

2. Results
2.1. Loss of CX3CR1 had a distinct effect on the cortical proteome

We analyzed behavioral outcomes and cortical proteomic expression
in adult male and female C57BL/6J, P2Y12—/— and CX3CR1—/— mice
that were exposed to 10 Gy X-ray cranial irradiation (IR) or were un-
exposed (control). Mice were subjected to behavioral tests one month
(days 38-43) following radiation exposure and cortices were harvested
the week following behavior tests for mass spectrometry analysis to
determine proteomic expression profiles (Fig. 1A). Our analysis included
a total of 12 different experimental conditions (N = 7-11 mice per
condition for behavior, N = 5 per condition for proteomics) and we
identified a total of 6863 proteins across all our samples. We first sought
to determine how loss of microglial signaling pathways (P2Y12—/— and
Cx3CR1—/—; referred to as genotype), biological sex, radiation expo-
sure, and their interactions contribute to variation in proteomic
expression (Fig. 1). Genotype had the strongest impact on the proteome
(mean F ratio from ANOVA = 10.89), followed by sex (mean F ratio from
ANOVA = 3.00), and radiation exposure (mean F ratio from ANOVA =
2.98; Fig. 1B). Principal component analysis of proteomic samples
revealed a clear separation of CX3CR1—/— mice from C57BL/6J and
P2Y12—/— mice (Fig. 1C), suggesting that loss of CX3CR1 had the
largest effect on the cortical proteome.

2.2. Co-expressed cortical proteins are influenced by sex, microglial
signaling, and radiation exposure

Next, we used a systems level approach to identify specific proteomic
signatures associated with differences in biological sex, microglial
signaling, or radiation exposure by performing a weighted protein co-
expression network analysis (WPCNA) on the cortical proteomes. In
this approach, we identified groups of proteins (modules) that exhibit
coordinated expression patterns across all samples, and then determined
which of these modules were associated with different experimental
traits. Our network consisted of 16 co-expression modules (Fig. 2A)
which, using module eigenproteins (MEs), were found to be associated
with sex (black and purple), radiation (midnight blue, yellow, magenta
and blue), P2Y12—/— (magenta, red, green, tan, pink, salmon, tur-
quoise, midnight blue, purple), and CX3CR1/- (greenyellow, brown,
turquoise, midnight blue, purple, tan, black, yellow, red, green). It is
interesting to note that a greater number of modules correlated with
microglial signaling than with either sex or radiation, corroborating that
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Fig. 1. Experimental design and characterization of the cortical proteome of IR and control C57BL/6J, P2Y12—/— and CX3CR1—/— mice of both sexes. A)
Experimental design showing the timeline of cranial irradiation, behavioral assays, and cortical dissections. B) The effects of sex, genotype, radiation exposure, and
their interactions on the proteome. C) Sample variation revealed by Principal Component (PC) analysis color-coded by sex, genotype, and radiation exposure. N =5
mice per sex/group/genotype. The values for panel B) were determined by using a linear model followed by ANOVA. The F ratio in ANOVA represents the ratio of
two mean square values. A larger F ratio indicates a higher variation among group means and generally corresponds with a lower p-value. Radiation exposure is

abbreviated as IR. PC stands for “principal component.”

microglial function (especially through CX3CR1 signaling) has the
strongest impact on the proteome (Fig. 1B &C). Additionally, many
modules were regulated by multiple traits, suggesting that these mod-
ules may reflect functional units that are co-regulated by different
conditions. We further analyzed the relationship between MEs and traits
to assess the relatedness of co-expression modules, finding strong cor-
relations between the grey and greenyellow modules, the turquoise
module and CX3CR1—-/— genotype, as well as the red module and
P2Y12—/— genotype (Pearson correlation coefficient >0.8, Fig. 2B).

2.3. Biological processes linked to sex differences through Co-expressed
and correlated proteins

Next we performed gene ontology enrichment analysis to identify
biological processes associated with proteins in modules which were
influenced by sex, microglial signaling, and radiation (Fig. 3). To iden-
tify biological processes that differed by sex, we performed gene
ontology enrichment analysis of proteins in the black module. We found
proteins in the black module were associated with biological processes
which regulate protein structural assembly and cellular responses to
heat and stress (Fig. 3A). The black ME was significantly upregulated in
males compared to females of all genotypes, further supporting its as-
sociation with sex-differences (Fig. 3B). Hierarchical clustering of the
top 20 intramodular hub proteins for the black module did not reveal a
total separation by sex (Supplemental Fig. 1A), suggesting that other
factors may regulate these proteins (Supplemental Fig. 5A). Further
investigation using a linear model followed by ANOVA revealed a main
effect of microglial signaling (genotype) and weak evidence of an
interaction between microglial signaling and radiation for the black ME

(Supplemental Fig. 5A), suggesting these factors may also regulate the
expression of proteins in the black module.

To further identify proteins and biological processes associated with
sex differences, we also performed gene ontology enrichment analysis of
proteins whose expression patterns significantly correlated with bio-
logical sex. We found proteins whose expression patterns correlated
with biological sex were also associated with biological processes that
regulated protein assembly, in addition to cellular toxicological re-
sponses and several metabolic processes (Supplemental Fig. 6A).
Expression across all samples of the top 20 proteins that correlated with
biological sex included x-linked proteins Eif2s3x, Ddx3x, Pbdc1, which
were unsurprisingly upregulated in females (Supplemental Fig. 1B).
Additionally, these top 20 proteins included Hsp90aal, Ddx3x, Eif2s3x,
Prdx6, which were also upregulated in females aligning with the find-
ings of others (Weis et al., 2021; Wingo et al., 2023; Weickert et al.,
2009; Distler et al., 2020; Xu et al., 2006). Notably, both Selenow and
Gpxl have previously been identified to be upregulated in female
compared to male microglia across several brain regions (Barko et al.,
2022). When comparing top proteins identified through correlation
analysis with those in the black module from the WPCNA analysis, we
found several of these top 20 proteins overlapped with the top 20
intramodular hub proteins for the black module, including Ublcpl,
Rbm3, Pdia4, Mthfd1l, Hsd11b1l, HSP90a, and Cirbp (Supplemental
Figs. 1A-B). This highlights a strong link between these proteins and sex.

2.4. Co-expressed and correlated proteins linked to radiation exposure
indicate altered immune, glia, and neuronal processes

To identify biological processes influenced by radiation exposure, we



A.O. Strohm et al.

A Module-Trait Relationships
Grey | 004 018 038  -021  -017
Tand o0 0.12 n —0.47* 08
Pink{ -013  -0.06 02 -
Lo6
salmon 4  0.12 -015 038"  -042"* 004
Cyan- -0.16 0.01 036"  -0.16 -0.2 Loa
Black - | 0.6 0.1 0.28* 0.1 ~0.39"
Yellow - 012  -038*  0.29° 019 | -047"" o2
Magenta | 0.02 - —017 041"  -024
Red{ 007 015 034" 057 [0
Green-| -018  -004 034~ 05 | o2
Greenyellow | -0.03  -0.2  -037* 0.1 0.26"
Blue { 0.13 -032*  -0.02 0.01 0 [ 04
Brown | -025  -0.04  -019  -014 033"
Turquoise | -0.05 001 | -054" -0.42%" [ o°
Midnightblue 1 006 044  —04*  —0.32* 08
Purple | 043 006  -037* 03" | 067

T T T T T
Sex Radiation C57BI/6J P2Y12-/- CX3CR1-/-

Eigenprotein adjacency heatmap

. Cyan ! !
. Salmon 08
] Pink
[ | Tan 06
|| C57BI6S
|| Blue 0%
.. Greenyellow 0.2
.- Grey |
. Sex 0
. Brown
[ ] Black

.. Turquoise
[ ] CXBCR1-/-
. Purple
. Green
. Midnightblue

O Yellow

| Red
N | PaY12-/-
. Magenta
. Radiation

By
g

uekn
uowjes
Auid
ro/g.sd
an|g
mojjehusain
LS5}

xo8

umoig
oelg
asionbinp
a|ding
usaIn
anicquBIupIN
MOjjoA

poy
ejuabepy
uoijelpey

=/~LHdOEXO
—/=¢lAed

Fig. 2. Impact of sex, genotype, and radiation exposure on co-expression
networks of the mouse cortical proteome. A) The correlation between
module eigenproteins (MEs) and sex, radiation exposure, and C57BL/6J. The
values in the heatmap are Pearson’s correlation coefficients. Significant corre-
lations are defined as *p < 0.05, **<0.01, ***<0.001. Modules with positive
values (red) indicate a positive correlation, while modules with negative values
(blue) indicate a negative correlation, of MEs with male sex, radiation, C57BL/
6J, P2Y12—/— or CX3CR1—/— genotype. The Grey module represents proteins
that were not assigned to other modules. B) Heatmap of eigenprotein adjacency
matrix. Each row and column represent a module eigenprotein or trait. Red
represents a positive correlation and blue represents a negative correlation. N
= 5 mice per sex/group/genotype. Radiation exposure is abbreviated as IR.

performed gene ontology enrichment analysis of proteins in the magenta
module, finding these proteins are involved in several immune related
pathways as well as metabolic pathways and synapse pruning (Fig. 3C).
The magenta ME was significantly downregulated in irradiated mice
compared to control mice in all genotypes, further corroborating its
relation to radiation exposure (Fig. 3D). Hierarchical clustering of the
top 20 intramodular hub proteins in the magenta module showed a clear
separation of P2Y12—/— mice from C57BL/6J and CX3CR1—/— mice,
with a less clear separation based on radiation exposure (Supplemental
Fig. 2A). Interestingly, the magenta module was also significantly
positively correlated with the P2Y12—/— genotype, though the Pearson
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correlation coefficient was notably lower than that of radiation exposure
(Fig. 2A). Further analysis using a linear model followed by ANOVA
confirmed a significant main effect of genotype for the magenta ME
(Supplemental Fig. 5A), strengthening the evidence that genotype reg-
ulates the proteins in this module. However, given the magenta ME was
significantly downregulated in irradiated mice compared to control
mice in all genotypes (Fig. 3D), this likely indicates that proteins in this
module are strongly impacted by radiation exposure regardless of
genotype.

We then identified proteins that were significantly correlated with
radiation exposure and performed gene ontology enrichment analysis of
these proteins, finding that this set of proteins was associated with the
immune response as well as glial cell development (Supplemental
Fig. 6B). Expression across all samples of the top 20 proteins that
correlated with radiation exposure is shown in Supplemental Fig. 2B. We
found several of these proteins overlapped with the top 20 intramodular
hub proteins for the magenta module, including Rgs10, Crybbl, Vcan,
Ephx1, Clqa, Scrgl, Hexb, Gnaz, and Bcasl (Supplemental Fig. 2A and
B). Consistent with previous results (Markarian et al., 2021; Osman
et al., 2020), proteins in the complement pathway, including Clqa,
Clqc, and Clgb, and microglial proteins Hexb, Rsg10, Crybb1 and Ctss,
were decreased with radiation exposure. Additionally, Ephx1 and Ifit3
were upregulated, consistent with previous observations of their gene
products increasing in hippocampal microglial following radiation
exposure (Osman et al., 2020). Notably, Gfap, an intermediate filament
protein specific to astrocytes, was upregulated (Supplemental Fig. 2B),
reflecting the astrocyte activation and gliosis, which has been reported
in the hippocampus following radiation exposure (Moravan et al.,
2011). Altogether, these findings show changes in cortical proteomic
expression indicative of an altered immune and glial response, as well as
neuronal changes following radiation exposure.

2.5. Distinct biological processes are associated with proteins linked to
genetic deficiencies in microglial signaling pathways

No studies to our knowledge have characterized the cortical pro-
teomes of Cx3Crl—/— and P2Y12 —/— mice. We therefore evaluated the
proteomic profiles associated with the P2Y12—/— and CX3CR1—/—
genotypes by performing gene ontology enrichment analysis of proteins
in the red and turquoise modules. The red module proteins were asso-
ciated with biological processes related to translation and several
metabolic pathways involving Acetyl-CoA (Fig. 3E). Previous reports
demonstrate antagonistic activity of Acetyl-CoA and its derivatives at
P2Y12 receptors (Manolopoulos et al., 2008), supporting the link be-
tween Acetyl-CoA and P2Y12 signaling. The red module ME was upre-
gulated in P2Y12—/— mice compared to C57BL/6J and CX3CR1—/—
mice, confirming its association with the P2Y12—/— genotype (Fig. 3F).
Hierarchical clustering of the expression across all samples of the top 20
intramodular hub proteins in the red module showed a clear distinction
between P2Y12—/— and the other genotypes (Supplemental Fig. 3A).
Although analysis using a linear model followed by ANOVA found a
significant main effect of genotype and radiation, as well as a significant
interaction between sex, genotype, and radiation exposure on the red
ME (Supplemental Fig. 5A), post hoc analysis showed a significant
upregulation of the red ME in P2Y12—/— mice relative to the other
conditions, further confirming the association of the red module with
the P2Y12—/— genotype.

We found proteins highly correlated with the P2Y12—/— genotype
were also associated with several metabolic processes, as well as pro-
cesses related to translation, including the formation of cytoplasmic
translation initiation complex, which was associated with proteins in the
red module (Fig. 3E & Supplemental Fig. 6C). This may indicate that
P2Y12—/— impacts metabolism on a broader scale. Expression across all
samples of the top 20 proteins that correlated with the P2Y12—/— ge-
notype is shown in Supplemental Fig. 3B, with hierarchical clustering
showing a clear distinction between P2Y12—/— and the other
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abbreviated as FDR.

genotypes. We found overlap of many of the top 20 proteins that
correlated with the P2Y12—/— genotype and the top 20 intramodular
hub proteins for the red module, including P2Y12, Wdfy1, Dlat, Dld,
Kenbl, Tars3, Glud1, Acatl, Ogdh, Pdhx, Dnajc5, Slc25a24, Eif3c, and

Karsl (Supp

lemental Figs. 3A and B). This supports a robust association

of these proteins with the P2Y12—/— genotype.

Proteins

in the turquoise module were associated with numerous

synaptic signaling and metabolic processes (Fig. 3G), supporting the
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robust evidence that links CX3CR1 signaling to neuronal physiology analysis using a linear model followed by ANOVA confirmed a signifi-

(Rogers et al., 2011; Corona et al., 2010; Hellwig et al., 2016; Soko- cant main effect of genotype on the turquoise module, and weak evi-
lowski et al., 2014; Winter et al., 2020; Cardona et al., 2006; Gunner dence for an interaction between genotype and radiation exposure on
et al.,, 2019). The turquoise ME was significantly upregulated in the turquoise module (Supplemental Fig. 5A). This suggests radiation
CX3CR1-/— mice compared to C57BL/6J and P2Y12—/— mice, con- exposure may impact the expression of some proteins in the turquoise

firming its association with the Cx3CR1—/— genotype (Fig. 3H). Further module. Hierarchical clustering of the top 20 intramodular hub proteins
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Fig. 4. Impact of sex and radiation exposure on differential protein expression and gene ontology enrichment analysis in the mouse cortical proteomes.
Volcano plots showing differential protein expression (Student’s t-test, Benjamin-Hochberg corrected p < 0.05) between male and female mice A) as well as irra-
diated and control mice D). The top 20 differentially expressed proteins (lowest p-value) are labeled. Red proteins are significantly upregulated and blue proteins are
significantly downregulated. Gene ontology enrichment of biological processes associated with differentially expressed proteins between sex B) and radiation
exposure E). Heatmaps showing the top 10 upregulated and top 10 downregulated proteins for sex C), radiation exposure F). ShinyGO verision 0.77 was used to
create bar plots in B and E. N = 5 mice per sex/group/genotype. Radiation exposure is abbreviated as IR. False Discovery Rate is abbreviated as FDR.
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in the turquoise module showed a clear distinction between
CX3CR1—/— and the other genotypes (Supplemental Fig. 4A).

Proteins that were significantly correlated with the CX3CR1—/—
genotype were associated with synaptic and metabolic processes, most
of which overlapped with those identified to be associated with the
turquoise module (Fig. 3G & Supplemental Fig. 6D). Hierarchical clus-
tering of the top 20 proteins that correlated with the CX3CR1—/— ge-
notype showed a clear distinction between CX3CR1—/— and the other
genotypes (Supplemental Fig. 4A). Several of the top proteins that
significantly correlated with the CX3CR1—/— genotype (Supplemental
Fig. 4B) were also identified as intramodular hub proteins for the tur-
quoise module (Supplemental Fig. 4A), including Rab2, Iars2, Cx3cll,
Nudt3, Uchll, Rab2a, Hars1, Nipsnapl, Prps2, Plcbl, Ift22, Pck2, and
Cnksr2. This highlights a strong connection between these proteins and
the CX3CR1—/— genotype. Notably, CX3CL1, the ligand for CX3CR1,
was increased in CX3CR1—/— mice relative to other genotypes, sug-
gesting a compensatory regulatory mechanism for this molecule
(Supplemental Figs. 4A and B). Overall, these results show distinct
changes in biological processes and protein signatures associated with

A

P2Y12-/- vs. C57BL/6J

CX3CR1-/- vs. C57BL/6J
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P2Y12—/— and CX3CR1—/— genotypes, highlighting different roles of
these microglial signaling pathways in regulating brain homeostasis.

2.6. Differential expression analysis reveals consistent proteins and
biological processes linked to sex and radiation exposure

While WPCNA analysis gave us a network view, identifying protein
clusters that might serve as functional modules associated with sex,
microglial function and radiation, we next performed differential
expression and gene ontology enrichment analysis which allowed us to
identify differentially expressed proteins (DEPs) across our samples
(Fig. 5 and 6). We found 234 DEPs between males and females, with 126
upregulated proteins and 108 downregulated proteins (Fig. 4A). Gene
ontology enrichment analysis of these DEPs revealed the same biological
processes as our correlation analysis with respect to sex, with the
addition of organic substance catabolic processes, furthering substanti-
ating our previous results (Fig. 4B, Supplemental Fig. 6A). Indeed, the
top 20 DEPs by sex were the same proteins found to be highly correlated
with sex (Fig. 4C, Supplemental Fig. 1B). Fifty-seven of the 234 DEPs

G

CX3CR1-/-vs. P2Y12-/—

Wafy1
o Nudt3o o
o Hars1 o
Wadfy1 20 Mt Lonp1 2, Rab2a.Rab2b Cx3c|°1 30 Lonp1
30 n2 Rab2a-Rab2a.Ral -
I gars1 m Cdc42bpb, Gls& Nipsnap1 g
3 3 15 lars2. Pleb 19, Prps2 5 Rab2a.Rab2b P2ry12
2 S Cars1 chsi > 50 Nugta. lars2 ' HarsT o o O
! ! 5 Ixnlt ° a Mo Feebza  Cxcl
a. 20 Mars1 o " i s %0, 8 ¥
£y £y o e o ars: d
g 5 TarsS%Eprs1 g 10! ©0 s e g
- P2ryi2 Gys1, _Karst Cd59a - = g ¢
= Mios Slarst S Qe A o o 2 10 Atgs” S0t 122
@ 10 Cacnatb- ke~ Sio25a24 > i 2 o
9 Uit S 5o S °
x| P = g} 1 00,
1 1 o
Lonfy g b o ¢
P énemasa o o o Y.
o] 0l
= 0 B 7 = ) T = =) 0 B T
549 proteins  Log2 (fold change) 2,456 proteins  Log2 (fold change) 2,430 proteins 092 (fold change)
NADH dehydrogenase complex assembly Quinone biosynthetic proc. TRNA aminoacylation for protein translation -
Mitochondrial respiratory chain complex | assembly Mitochondrial electron transport, NADH to ubiquinone Dicarboxylic acid metabolic proc. -
TRNA aminoacylation for protein translation TRNA aminoacylation for protein translation log10(FDR) Tissue homeostasis - —log10(FDR)
Amino acid activation —Iog150n(FDRy Cellular amino acid metabolic proc. 95 Cellular amino acid metabolic proc. - 2
Mitochondrial respiratory chain complex assembly 1 | 65 Reg. of vesicle-mediated transport :5 . I 4
. - 70 b Small molecule catabolic proc. - &
Aerobic respiration s Export from cell e X o
Cellular respiration b Secretion by cell 20 Establishment of Drg.ane\le \oca.hzanun [ ] i,
Energy derivation by oxidation of organic compounds e Secretion Oxoacid metabolic proc.
Generation of precursor metabolites and energy Small molecule metabolic proc. Carboxylic acid metabolic proc.
Mitochondrion organization Vesicle-mediated transport Small molecule metabolic proc. \
0005101520 00 25 50 7.5 100
-log10(FDR) —log10(FDR)

'Cdc42bpb
Nudt3
Plcb1

Sex

p
control M C57BL/6J
IR F Cx3CR1-/-|

Genotype

P2Y12 /-

Fig. 5. Impact of deficiencies in microglial signaling pathways on differential protein expression and gene ontology enrichment analysis in the mouse
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were recently also identified with sex-biased expression by Wingo et al.
(2023) in human tissue (Supplemental Table 1).

We found 212 DEPs between irradiated and control mice, with 72
upregulated and 140 downregulated proteins (Fig. 4D). These proteins
were linked to the same biological processes as our correlation analysis
with respect to radiation exposure, including glial cell development,
myelination, ensheathment of neurons, response to wound healing, cell
activation, and the immune response (Fig. 4E, Supplemental Fig. 6B). All
top 10 downregulated DEPs were the same proteins shown in Supple-
mental Fig. 2B to be highly correlated with radiation exposure (Scrgl,
Clqa, Rgs10, Cst3, Ctss, Hexb, Rras, Bcasl, Vcan and Crybbl, Fig. 4F).
Most of the top 10 upregulated DEPs were also identified in Supple-
mental Fig. 2B to be highly correlated with radiation exposure, with the
addition of Syngr3 (Fig. 4F). Altogether, our identification of proteins
and processes from differential expression analysis by sex and radiation
exposure corroborate our findings from the WPCNA and correlation
analysis with respect to these conditions.

Next, we sought to determine whether the radiation effects on pro-
tein expression in mouse cortical tissue may be evident in human pa-
tients treated with radiation therapy. We compared the change in
expression levels of DEPs impacted by radiation exposure in our mouse
model to the change in RNA expression levels of normal-appearing non-
tumor brain tissue from glioblastoma (NAGBM) patients treated with
radiation therapy. We found the log,fold-change in expression of DEPs
between irradiation and control mice significantly correlated with the
logaofold-change in gene expression of the irradiated treated glioblas-
toma human tissue and region-matched brain tissue from unaffected
control individuals (Supplemental Fig. 7A). When limiting the com-
parison to the top DEPs impacted by radiation exposure in our experi-
ment, we also observed a significant correlation with expression changes
in NAGBM tissue (Supplemental Fig. 7B). However, the directionality of
the logofold-changes between humans and mice differed for some pro-
teins, possibly due to differences in the time that tissue was harvested
post-IR exposure or the inconsistency in comparing RNA to protein
expression changes. Overall, these results suggest some of our findings in
mice may have translational value.

2.7. Differential expression analysis reveals unique proteomic signatures
linked to deficiencies in microglial signaling

When examining DEPs with respect to genotype, we found 549 DEPs
in P2Y12—/— mice vs. C57BL/6J mice, with 270 upregulated and 279
downregulated DEPs (Fig. 5A). These proteins were associated with
processes involved in energy metabolism, mitochondria function, and
respiration (Fig. 5B). Notably, these processes were distinct from those
identified through WPCNA and correlation analysis. However, some of
the top 10 upregulated and downregulated DEPs overlapped with those
identified to be highly correlated with the P2Y12—/— genotype,
including P2Y12, Cacnalb, Tar3, Mios, and Karsl, indicating some
consistency between bioinformatic methods (Fig. 5C, Supplemental
Fig. 3B). Other DEPs included upregulated proteins Lonpl, Cxadr,
Lancl2, Tmem38a, Cd59a, and Ufll and downregulated proteins Larsl,
Yarsl, Gysl, Mars1, and Eprs1 (Fig. 5C).

When comparing CX3CR1—/— mice to C57BL/6J mice, we found
2456 DEPs, with 1418 upregulated and 1038 downregulated DEPs
(Fig. 5D). These were associated with metabolic biological processes, as
well as those involving cellular transport and secretion (Fig. 5E). The top
10 upregulated DEPs included Cnkrs2, Gls, Txnll, Cx3Cl1, Harsl,
Rab2a, Nipsapl, and Prps2, which were also identified as highly
correlated with the CX3CR1—/— genotype (Fig. 5F, Supplemental
Fig. 4B), as well as Rab2a.Rab2b and Echsl1. The top 10 downregulated
DEPs included Mfn2, Lonp1, Fh, Lars, Nudt3, and Plcb1, which were also
identified as highly correlated with the CX3CR1—/— genotype (Fig. 5F,
Supplemental Fig. 4B), as well as Ncl, Sars1, Carsl, and Cdc42bpb.

We found 2430 DEPs in CX3CR1—/— mice vs. P2Y12—/— mice, with
1389 proteins upregulated and 1041 proteins downregulated (Fig. 5G).
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These DEPs were associated with several metabolic processes (Fig. 5H),
and the top DEPs included Wdfy1, Lonpl, Cx3Cl1, and P2Y12 (Fig. 5I).
Notably, CX3CR1—/— mice had the greatest number of DEPs when
compared to either P2Y12—/— or C57BL/6J mice, further substantiating
our finding that mice with CX3CR1 loss have the most distinct proteome
(Fig. 1C). Different proteins and biological processes were found
through differential expression analysis than those found through
WPCNA and correlation analysis, identifying unique proteomic signa-
tures tied to specific genotype comparisons. This highlights the benefit
of using multiple bioinformatic methods to robustly characterize
proteomes.

2.8. Radiation-induced changes in cortical protein expression differ with
genetic deficiencies in microglial signaling pathways

Changes in the brain following radiation are regulated by microglial
signaling pathways in other models (Jenrow et al., 2013; Markarian
et al., 2021; Hinkle et al., 2019, 2023; Xu et al., 2015, 2016). However,
no studies to date have examined whether deficiencies in P2Y12 and
CX3CRI1 signaling regulate radiation-induced changes in the cortical
proteome. We first evaluated whether co-expression modules linked to
radiation exposure from our WPCNA were regulated by genotype. We
used a linear model followed by ANOVA to assess the impact of geno-
type, sex, radiation exposure, and their interactions on MEs
(Supplemental Fig. 5A). There was weak evidence of an interaction
between genotype and radiation for the black and turquoise MEs, but a
significant interaction between sex, genotype, and radiation exposure
for the red ME and the tan ME (Supplemental Figs. 5A,D,E). However,
post-hoc analysis revealed no significant differences between irradiated
and control mice within genotype or within genotype and sex
(Supplemental Figs. 5B-E), suggesting radiation-induced changes in
co-expression modules identified in our WPCNA did not significantly
differ by sex or genotype.

To identify specific proteins whose radiation-induced changes in
expression were affected by changes in microglial signaling, we used a
linear model followed by ANOVA to identify 530 proteins with a sig-
nificant interaction between genotype and radiation exposure. From
there, we identified 185 proteins whose radiation-induced changes in
expression were dependent on genotype, specifically examining differ-
ences between irradiated and control mice within each genotype. Eleven
of these proteins had effects that were sex-dependent (ANOVA BH cor-
rected p-value<0.05 for the interaction between sex, genotype, and
radiation exposure followed by Tukey’s post hoc comparisons p-value p
< 0.05, specifically examining differences between irradiated and con-
trol mice within each genotype and within each sex). This left 174
proteins whose radiation-induced changes in expression were genotype,
but not sex, specific (Fig. 6A). Of these proteins, 103 proteins were
specifically altered between irradiated and control C57BL/6J mice. 9
proteins changed with radiation in C57BL/6J mice and either P2Y12—/
— or CX3CR1—/— mice. Five proteins were altered in both C57BL/6J
mice and CX3CR1—/— mice with irradiation, but not P2Y12—/— mice,
including Dctnl, Sash1, Cltc, Camsap3, and P2Y12. Four proteins were
altered in both C57BL/6J mice and P2Y12—/— mice with irradiation,
but not CX3CR1—/— mice, including Selenbpl, Nt5c2, Phgdh, and
Wasf2. Gene ontology enrichment analysis revealed the 112 proteins
altered between irradiated and control C57BL/6J mice were associated
with biological processes involving synapses and neuronal cellular
components (Fig. 6A and B). This result may reflect the synaptic loss and
altered neuronal function following radiation exposure shown in other
models (Hinkle et al., 2019; Parihar et al., 2013; Zhang et al., 2018,
2020). The top 5 proteins whose expression was changed following ra-
diation in C57BL/6J mice and differed by genotype were P2Y12,
Mrps24, Raplgap.Raplgap2, Acss1, and Wasf2 (lowest Tukey’s post hoc
comparison p-value, Fig. 6E-I). Mrps24 and Acssl were downregulated
and Raplgap.Raplgap2 was upregulated only in C57BL/6J mice
following radiation. Wasf2 was downregulated with irradiation in both
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Fig. 6. Identification of genotype-dependent proteomic expression changes between irradiated and control mice. A linear model followed by ANOVA was
used to identify 530 proteins with a significant interaction between genotype and radiation exposure (ANOVA BH-corrected p-value<0.05). From there, Tukey’s post
hoc comparisons (p-value <0.05) was used to identify 185 proteins with differences between irradiated and control mice within each genotype. A) Venn diagram
showing the number of proteins with significantly changed expression between irradiated and control C57BL/6J, P2Y12—/— and CX3CR1—/— mice, as well as
overlapping proteins. Biological processes (top; blue) and cellular components (bottom; pink) associated with proteins that were specifically changed between
irradiated and control C57BL/6J B), P2Y12—/— C) and CX3CR1—/— D) mice. The top 5 proteins (lowest Tukey’s post hoc comparison p-value) whose expression was
altered in C57BL/6J mice with irradiation and were dependent on genotype were P2RY12, Mrps24, Raplgap.Raplgap2, Asscl, and Wasf2 (E-I). Significance was
determined by a linear model followed by ANOVA and Tukey’s post hoc testing (p < 0.05). J) The percent of proteins with significantly changed expression between
irradiated and control C57BL/6J, P2Y12—/— and CX3CR1—/— mice for the following cell types: astrocytes, endothelial cells, microglia, oligodendrocyte progenitor
cells (OPCs), newly-formed oligodendrocytes, myelinating oligodendrocytes, neurons, or nonspecific. N = 5 mice per sex/group/genotype. Radiation exposure is

abbreviated as IR. False Discovery Rate is abbreviated as FDR.

C57BL/6J and P2Y12—/— mice, but not CX3CR1—/— mice. P2Y12 was
downregulated in irradiated C57BL/6J and CX3CR1—/— mice (Fig. 6E),
aligning with previous reports of decreased P2Y12 expression in irra-
diated hippocampal microglia isolated from wild type female mice
(Osman et al., 2020). Most of the 112 proteins altered between irradi-
ated and control C57BL/6J mice are not predominantly expressed by
one cell type (non-specific, 62.5%, Fig. 6J). Of those that are predomi-
nantly expressed in certain cell types, most of were expressed by
microglia (10.7%), or neurons (9.82%, Fig. 6J).

35 proteins were altered by irradiation in P2Y12—/— mice, with 24
proteins changing only between irradiated and control P2Y12—/— mice.
Proteins altered by irradiation in P2Y12—/— mice were associated with
biological processes involving exocytosis and cellular components
involving DNA and synapses (Fig. 6A—C), and were largely not specific to
a single cell type (non-specific, 51.4%, Fig. 6J). Cell-specific proteins
were expressed by newly formed oligodendrocytes (14.3%), microglia
(11.4%), and neurons (8.57%, Fig. 6J). 43 proteins were altered by
irradiation in CX3CR1—/— mice, with 31 proteins being unique to this

genotype. Proteins altered by irradiation in CX3CR1—/— mice were
associated with biological processes involving ion transport and cellular
components of GABA receptors (Fig. 6A-D), and 48.8% were not pre-
dominantly expressed by one cell type (non-specific, 48.8%, Fig. 6J).
Cell-specific proteins were expressed by astrocytes (18.6%), neurons
(11.6%) and microglia (6.89%, Fig. 6J). This may represent a sensitivity
or possibly protective response of astrocytes to radiation specifically in
CX3CR1—/— mice. Seven proteins were altered by irradiation in both
P2Y12—/— and CX3CR1—/— mice, but not C57BL/6J mice, including
Ncaml, Ass1, Becan, Dglucy, Syngr3, Psatl, and Pex14 (Fig. 6A). Given
that fewer proteins were altered by irradiation in P2Y12—/— and
CX3CR1—/— mice (24 and 31, respectively) compared to C57B1/6J mice
(103), it is possible that loss of these microglial signaling pathways
confers some resistance to radiation exposure. Collectively, these result
show radiation-induced changes in protein expression differ in mice
with genetic deficiencies in microglia signaling pathways.
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2.9. Radiation-induced changes in cortical protein expression differ by sex
and genotype

As males and females can display different radiation responses, we
also wanted to determine whether radiation-induced changes in cortical
proteomic expression differed by sex and genotype (Hinkle et al., 2019,
2023; Parihar et al, 2020). To identify proteins whose
radiation-induced changes in expression differed among both sex and
genotype, we used a linear model followed by ANOVA to identify 321
proteins with a significant interaction between sex, genotype, and ra-
diation exposure (ANOVA BH corrected p-value<0.05). From there, we

A

Intersection Size

FP2Y12

FCX3CR1

. MP2Y12
mmmm MC57BL6J
I FC57BL6J
MCX3CR1

15 10 5 0
Set Size

Difference . M:Cx3CR1-/-
M:C57BL/6J F:Cx3CR1-/-

I F:C57BL/6J M:C57BL/6J, F:C57BL/6J
M:P2Y12 -/- M:C57BL/6J, F:C57BL/6J, F:P2Y12 —/-
F:P2Y12 /- F:C57BL/6J, M:P2Y12 —/-

Brain, Behavior, & Immunity - Health 43 (2025) 100911

identified 45 proteins whose radiation-induced changes in expression
differed among sex and genotype (Tukey’s post hoc comparisons p-value
<0.05, specifically examining differences between irradiated and con-
trol mice, within each genotype, within each sex, Fig. 7A and B). Of
these, most protein expression changes were between irradiated and
control CX3CR1—/— mice (Fig. 7A and B), with 19 proteins changed in
males and 4 changed in females. In C57BL6/J mice, radiation altered the
expression of 13 proteins in females and two proteins (Alkbh5 and
Mrpsll) in males. In P2Y12—/— mice, 4 proteins (Vpsl3d, Mocs2,
Ovca2, and Dcps) were changed in males, and two (Safb2 and Wdr7) in
females. Overall, these findings identify a subset of proteins whose
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Fig. 7. Identification of sex and genotype-dependent proteomic expression changes between control and irradiated mice. A linear model followed by
ANOVA was used to identify 321 proteins with a significant interaction between genotype and radiation exposure (ANOVA BH-corrected p-value<0.05). From there,
Tukey’s post hoc comparisons (p-value <0.05) was used to identify 45 proteins with differences between irradiated and control mice within each genotype, within
each sex. A) Upset plot showing the number of proteins with significantly changed expression between irradiated and control male and female C57BL/6J, P2Y12—/—,
and CX3CR1—/— mice. The number of proteins that were altered by irradiation are shown on the y-axis for each comparison. Black dots underneath the bars reflect
the corresponding comparison. Multiple dots are present under bars where proteins were changed by irradiation for multiple comparisons. Set size is the number of
proteins that differed for each denoted comparison. B) Heatmap showing the 45 proteins whose expression was dependent on sex and genotype. The horizontal
legend shows sample information, whereas the vertical legend shows which samples were significantly different in that row. N = 5 mice per sex/group/genotype.

Radiation exposure is abbreviated as IR.
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radiation-induced changes in expression differed by both sex and
genotype.

2.10. Locomotive behavioral outcomes differ by genotype, sex, and
radiation exposure

Alterations in behaviors following radiation are reported in rodent
models, with many showing response differ among males and females
(Hinkle et al., 2023; Parihar et al., 2020; Krukowski et al., 2018b; Liu
etal., 2019; Roughton et al., 2012). Furthermore, mice with deficiencies
in receptors critical for microglia-neuronal communication or injury
response exhibit altered behavioral responses to radiation (Kalm et al.,
2016; Markarian et al., 2021; Xu et al., 2015; Belarbi et al., 2013; de
Guzman et al., 2022). Some of these changes are also reported to be
sex-dependent, demonstrating an interaction effect between sex and
genotype (de Guzman et al., 2022). We therefore sought to determine
how sex, radiation exposure, deficiencies in CX3CR1 and P2Y12, and
their interactions impact behavioral outcomes. Before collecting tissue
for the proteomic analysis described above, we performed the open field
test (OFT) to assess locomotor activity of adult male and female
C57BL/6J, P2Y12—/— and CX3CR1—/— IR and control mice. By using a
linear model followed by ANOVA, we examined the effects of genotype,
sex, radiation exposure, and their interactions on behavioral outcomes
(Table 1&2).

For the OFT, we first examined behavioral outcomes from the whole
session (OFT:WS), finding sex had the strongest impact on most
behavioral outcomes, followed by genotype (Fig. 8A). Indeed, principal
component analysis of behavioral outcomes revealed a visible distinc-
tion between males and females (Fig. 8B). For ambulatory activities and
resting time, there was a main effect of genotype (Table 1). Post hoc
analysis revealed P2Y12—/— mice had greater ambulatory time, counts,
distance, and episodes compared to CX3CR1—/— mice, as well as lower
resting time compared to C567Bl/6J mice and CX3CR1—/— mice
(Fig. 8C, Supplemental Figs. 8A-C). There was a trend towards higher
ambulatory counts and episodes in P2Y12—/— mice compared to
C567Bl/6J mice as well, though this did not reach statistical significance
(p < 0.1). Additionally, there was a significant interaction between sex
and genotype for the average speed and total speed of ambulatory epi-
sodes (Table 1; Supplemental Figs. 8D and E). Post hoc analysis revealed
P2Y12—/— males had significantly higher average and total speed
during ambulatory episodes than P2Y12—/— female mice. Overall, these
findings suggest P2Y12—/— mice have increased ambulatory activity,
with P2Y12—/— males specifically exhibiting increased ambulatory
activities for some outcomes.

Examining stereotypic activity, we found a significant main effect of
sex (Table 1; Fig. 8D), where males had greater stereotypic counts and
time. There was a significant interaction between sex and genotype for
vertical time and counts (Table 1; Fig. 8E). Post hoc analysis revealed
significant differences in vertical time between sexes among all geno-
types, with P2Y12—/— males exhibiting the highest and CX3CR1—/—
females exhibiting the lowest vertical time. For jump time and counts,
there was a main effect of sex, genotype, and radiation, but not their
interactions (ANOVA p-value<0.05; Table 1; Fig. 8F). Males had
significantly lower jump time and counts than females and P2Y12—/—
mice had higher jump time and jump counts than C57BL/6J and
CX3CR1—/— mice. Irradiated mice had lower jump time and jump
counts than control mice. Overall, these results indicate that genotype
and sex had a significant impact on most locomotor outcomes, while the
effects of radiation were minimal.

As sex had an overwhelming impact on ambulatory behavior in the
OFT:WS and behavioral outcomes in mice are often sex-dependent, we
decided to further examine behavioral outcomes in the OFT for males
and females separately, as well as both sexes combined (Table 2). This
analysis allowed us to assess locomotive behavior with respect to time
(OFT:TC), where each bin represents a 5-min interval. We used a
repeated-measures linear mixed-effects model followed by ANOVA and
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Table 1

Summary of statistical outcomes from the open field test (whole session) and
elevated plus maze. A linear model followed by ANOVA was used for statistical
analysis. Bolded ANOVA p-values are <0.05. All other listed ANOVA p-values
are <0.1. Factors not listed had ANOVA p-values >0.1. Radiation exposure is
abbreviated as IR.

Behavioral Outcome Factor F Ratio ANOVA P-
value
Ambulatory Counts Genotype 7.11851427  1.26E-03
Sex X Genotype 3.02104403  5.30E-02
Ambulatory Distance Genotype 5.3074574 6.36E-03
Ambulatory Episodes Genotype 4.68400326  1.12E-02
Ambulatory Episodes Sex X Genotype 6.14377284  2.99E-03
Average Speed Genotype X 2.43674241 9.23E-02
Radiation
Ambulatory Episodes Total ~ Genotype 3.39127939  3.74E-02
Speed Sex X Genotype 4.72718945 1.08E-02
Ambulatory Time (sec) Genotype 5.59481688  4.90E-03
Jump Counts Sex 69.442362 3.06E-13
Genotype 7.94084617  6.12E-04
Radiation 6.40432945  1.29E-02
Sex X Genotype 2.50813061 8.62E-02
Jump Time (sec) Sex 59.2358873 7.69E-12
Genotype 16.7361791 4.82E-07
Radiation 4.61522285  3.40E-02
Resting Time (sec) Genotype 8.86252905  2.76E-04
Stereotypic Counts Sex 22.243436 7.36E-06
Stereotypic Time (sec) Sex 50.2496466  1.57E-10
Vertical Counts Sex 10.1789426 1.87E-03
Genotype 15.7003554  1.07E-06
Sex X Genotype 4.34879964  1.53E-02
Vertical Time (sec) Sex 56.1138939 2.15E-11
Genotype 26.2989927  5.31E-10
Sex X Genotype 5.37653271 5.97E-03
Elevated Plus Maze
Mean Duration in Center Genotype 10.0328348  1.06E-04
(s) Sex X Genotype X 4.15024889  1.85E-02
Radiation
Mean Duration in Closed Genotype 7.50309031  9.16E-04
(s) Sex X Genotype 4.85880768  9.67E-03
Sex X Radiation 2.86640201  9.35E-02
Mean Duration in Open (s) ~ Genotype 11.0671843  4.51E-05
Percent Entries in Open Sex 10.5243946 1.60E-03
Genotype 33.3734603  7.47E-12
Percent Entries in Closed Sex 10.5243946  1.60E-03
Genotype 33.3734603 7.47E-12
Percent Time in Center Genotype 15.1625378  1.74E-06
Hub Genotype X 2.39762036  9.61E-02
Radiation
Sex X Genotype X 3.63427718  2.99E-02
Radiation
Percent Time in Closed Sex 3.02134703  8.52E-02
Genotype 32.4187614  1.33E-11
Genotype X 2.52010411 8.55E-02
Radiation
Sex X Genotype X 2.45264596 9.12E-02
Radiation
Percent Time in Open Sex 3.13511846 7.96E-02
Genotype 26.139729 7.10E-10
Ratio of Open to Closed Sex 10.3497822 1.74E-03
Entries Genotype 32.6503342 1.16E-11
Ratio of Open to Closed Genotype 25.047614 1.47E-09
Time
Time in Center Genotype 14.0580973  4.11E-06
Genotype X 2.47054042  8.96E-02
Radiation
Sex X Genotype X 3.76082299  2.66E-02
Radiation
Time in Closed Genotype 33.6336411  6.39E-12
Sex 3.16997481  7.80E-02
Time in Open Genotype 26.1326209  7.13E-10
Total Closed Entries Genotype 4.16901454  1.82E-02
Sex X Genotype 5.08818875  7.85E-03
Sex X Radiation 3.31881958  7.15E-02
Total Entries Genotype 10.8992514 5.18E-05
Sex X Genotype 3.79934581 2.57E-02

(continued on next page)
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Table 1 (continued)

Behavioral Outcome Factor F Ratio ANOVA P-
value
Total Open Entries Sex 8.55611075 4.25E-03
Genotype 30.3157736  4.87E-11

found several behavioral outcomes were impacted by genotype, radia-
tion, bin, or their interactions (Table 2). Unsurprisingly, as animal
ambulatory behavior in the OFT changes over time (Sobolewski et al.,
2020), bin had the strongest impact on all behavioral outcomes in the
OFT:TC for females, males and both sexes combined (Fig. 9A-C). Ge-
notype had the second strongest impact on behavior for all sexes and
combinations, mirroring the results from the OFT:WS analysis. When
combining sexes, PCA analysis showed a distinction between bin 1 and
the rest of the timepoints (Fig. 9D), while genotype and radiation
showed relatively little distinction (Fig. 9E and F). Regarding radiation
exposure, we found a significant interaction between bin, radiation
exposure, and genotype on ambulatory counts and ambulatory time in
male mice, as well as a main effect of radiation on ambulatory episode
average speed and jump counts in female mice (Table 2). These findings
support the conclusion that sex and genotype have a stronger influence
on locomotor behaviors compared to radiation in our model, but also
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show some radiation effects when separating by sex and examining
outcomes over time.

2.11. Reduced exploratory behaviors are linked to genetic deficiencies in
microglial signaling pathways

We next performed the elevated plus maze (EPM) to examine
exploratory behavioral outcomes. By using a linear model followed by
ANOVA, we examined the effects of microglial signaling, sex, and ra-
diation exposure on behavioral outcomes (Table 1). Genotype had the
strongest impact on EPM behavior (Fig. 10A), with PCA analysis indi-
cating a subtle shift between C57BL6/J mice and both P2Y12 —/— and
CX3CR1-/— mice (Fig. 10B). There was also a significant interaction
between sex, genotype, and radiation exposure (Table 1) on the percent
time (Fig. 10C) and mean duration (Supplemental Fig. 9A) in the center
hub. However, post hoc analysis did not show significant differences
with radiation exposure in males or females of any genotype.

There was a significant main effect of genotype (Table 1) on the
percent time (Fig. 10D and E), mean duration, and total entries into the
open and closed arms (Supplemental Figs. 9B-E), suggesting exploratory
behaviors differ among genotypes. For the EPM, more time spent in the
open arms relative to the closed arms is indicative of greater exploratory
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Fig. 8. Behavioral Outcomes in the Open field test: whole session (OFT:WS) are regulated by sex, genotype, and radiation exposure. A) The effects of sex,
genotype, radiation exposure and their interactions on behavioral outcomes in the OFT:WS. B) Sample variation revealed by PCA analysis color-coded by sex, ge-
notype, and radiation exposure. C-F) Locomotive behavioral outcomes across sex (males and females), genotype (C57BL/6J, CX3CR1—/—, P2Y12—/—) and radiation
exposure (IR and control). The top and bottom lines in the box plots represent the upper and lower quartile values, and the center lines represent the median. Group
means with the same letter, symbol, or shape are not significantly different, whereas group means with different letters, symbols, or shapes are significantly different.
Significance was determined by a linear model followed by ANOVA and Tukey’s post hoc testing (p < 0.05). N = 9-11 mice per sex/group/genotype. Radiation
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Table 2

Summary of statistical outcomes from the open field with respect to time. A
linear model followed by ANOVA was used for statistical analysis. Radiation
exposure is abbreviated as IR. Listed factors have a p-value<0.05. ~ indicates p-
value <0.1.

Open Field Test: Time course

Behavioral Male Female Combined (Male +
Outcome Female)
Ambulatory Bin X IR X Bin X Bin X Genotype,
Counts Genotype Genotype ~Bin X IR X
Genotype
Ambulatory Bin X Genotype, Bin X Bin X Genotype
Distance ~Bin X IR X Genotype
Genotype
Ambulatory Bin, ~Bin X IR IR, Bin X IR, Bin X Genotype,
Episodes Genotype ~Bin X IR, ~ IR X
Average Speed Genotype
Ambulatory Bin X Genotype, Bin Bin X Genotype
Episodes ~Bin X IR X
Genotype
Ambulatory Bin X Genotype Bin Bin X Genotype
Episodes Total
Speed
Ambulatory Time Bin X IR X Bin X Bin X Genotype
Genotype Genotype
Jump Counts Bin, Genotype Bin, IR, ~BinX  Bin, Genotype, ~IR
Genotype
Jump Time Bin, Genotype Bin X Bin X Genotype
Genotype,
~Bin X IR
Resting Time Bin, Genotype Bin X Bin X Genotype
Genotype
Stereotypic Counts  Bin X Genotype Bin X Bin X Genotype
Genotype
Stereotypic Time Bin X Genotype Bin X Bin X Genotype
Genotype

Vertical Counts
Vertical Time

Bin X Genotype
Bin X Genotype

Bin, Genotype
Bin, Genotype

Bin X Genotype
Bin X Genotype

behavior in rodents, as they naturally prefer enclosed spaces. There was
a main effect of genotype on the ratio of time spent in the open to closed
arms, (Table 1, Fig. 10F), with CX3CR1—/— and P2Y12—/— mice —/—
spending relatively less time in the open arms compared to C57BL/6J
mice. For the ratio of open to closed entries, there was a significant main
effect of genotype and sex (Table 1, Fig. 10G). Both CX3CR1—/— and
P2Y12—/— mice had a lower number of entries into the open arm
relative to the closed arm compared to C57BL/6J mice, with CX3CR1—/
— mice exhibiting the lowest ratio of open to closed entries. Females also
had a higher number of entries into the open arm relative to the closed
arm compared to males. In summary, these findings suggest mice with
genetic deficiencies in CX3CR1 and P2Y12 signaling exhibit reduced
exploratory behavior.

3. Discussion

Microglial signaling pathways are of interest in the context of radi-
ation injury, where microglia are believed to mediate changes in
structure and function. Sex differences in responses to radiation are also
important to consider when modeling radiation effects. Here, we per-
formed a comprehensive analysis of the cortical proteomes from irra-
diated and control C57BL/6J, P2Y12—/—, and CX3CR1—/— mice of
both sexes, coupled with measurements of locomotive and exploratory
behaviors. We show proteomic profiles and exploratory behaviors
mostly differed by genotype, while locomotor behavior mostly differed
by sex (Fig. 11). We utilized multiple bioinformatics methods to identify
proteins and biological processes associated with different experimental
conditions. Our findings provide novel insights into the biological pro-
cesses and proteins strongly linked to microglial P2Y12 and CX3CR1
signaling, sex, radiation exposure, and their interactions.
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3.1. Mice with loss of microglial signaling receptors have distinct
proteomes and behavioral profiles

To our knowledge, there has been no comprehensive analysis on
either P2Y12—/— or CX3CR1—/— mice cortical proteomes. We there-
fore provide new insights into proteins and biological pathways that are
associated with these genotypes with respect to one another, and with
respect to C57BL/6J controls. We found most variation between pro-
teomes was attributable to the CX3CR1—/— genotype, with differences
observed in metabolic and synaptic biological processes, in line with the
role of CX3CR1 signaling in orchestrating responses to injury and syn-
aptic development (Camacho-Hernandez et al., 2023). We found that
Cx3Cl1, the ligand for CX3CR1, was highly upregulated in CX3CR1—/—
mice, illustrating a potential compensatory mechanism of the
CX3CL1/CX3CR1 axis. A previous study using RNA-sequencing of hip-
pocampal tissue from CX3CR1—/— mice compared to wild type mice
found transcriptional differences in immune regulation, cell growth,
proliferation, and migration (Rimmerman et al., 2017). We identified
biological processes associated with CX3CR1 related to metabolism and
synapses (synaptic signaling, anterograde, trans synaptic signaling,
chemical synaptic transmission, oxoacid metabolic processes, carboxylic
acid metabolic processes, and small molecule metabolic processes),
which could highlight regional differences in the adaptation to CX3CR1
loss between the hippocampus and cortex.

Given the important role of P2Y12 in microglial function both during
homeostasis and pathology (Lin et al., 2020), it is surprising that
P2Y12—/— mice did not show as many changes in their proteome as
CX3CR1—/— mice when compared to C57BL/6J mice. Loss of P2Y12
resulted in changes in pathways governing cytoplasmic translation,
suggesting that P2Y12 signaling may be involved in subcellular regu-
lation of local protein synthesis within microglia. In fact, P2Y12 is likely
to be locally translated (Vasek et al., 2023) and further experiments on
local microglial translation in P2Y12—/— mice might elucidate its role
in this process. Loss of P2Y12 also impacted metabolic pathways,
especially those involving Acetyl-CoA. Given the strong impact of
reactive state on microglial metabolism (Fairley et al., 2021) and the
high expression of P2Y12 in homeostatic microglia, this may suggest
that P2Y12 expression regulates microglial metabolism in a way that
relates to the demands of the roles of microglia in homeostasis versus
pathology.

We also found that genotype had the strongest impact on behavior in
the EPM, suggesting genetic deficiencies in canonical microglial
signaling pathways are linked to alterations in exploratory behaviors.
P2Y12—/— mice had a lower duration and number of entries in the open
arms compared to C57BL/6J mice, mirroring the findings of others
(Zheng et al., 2019; Peng et al., 2019). Previous reports show altered
exploratory behaviors (Mendez-Salcido et al., 2022) or no impact of
CX3CR1 deficiency on behaviors in the elevated plus maze (Rogers et al.,
2011; Hellwig et al., 2016). In contrast, we found both the ratio of time
spent and the number of entries in the open versus closed arms was
decreased in P2Y12—/— and CX3CR1—/— mice compared to C57BL/6J
mice. These results indicate alterations in exploratory behavior in both
P2Y12 and CX3CR1 deficient mice, highlighting how deficiencies in
microglia signaling by different mechanisms can impact cognitive
function. Though exploratory behavior was altered in both P2Y12 and
CX3CR1 deficient mice, proteomic differences were more robust in
CX3CR1 deficient mice. Future experiments examining more complex
behaviors could uncover behavioral changes that are specific to
CX3CR1—/— mice and possibly relate those behaviors to the biological
processes which were altered in our proteomic analysis.

3.2. Radiation impacts cortical protein expression with limited effects on
behavior

As cancer therapies improve, the surviving population grows,
increasing the importance of understanding possible mechanisms
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underlying radiation-induced cognitive decline. Previous studies have
concentrated on the effects of radiation on the hippocampus and neu-
rogenesis, reporting dysregulated microglial function and synaptic loss
(Hinkle et al., 2019, 2023; Osman et al., 2020; Parihar et al., 2013;
Monje et al., 2002; Raber et al., 2004). In agreement with these results,
our study found immune and synaptic biological processes were
impacted by irradiation, further demonstrating the vulnerability of the
cortex to cranial irradiation exposure. Indeed, reports of deficits in
cortical plasticity in mice following radiation exposure have been re-
ported (Zhang et al., 2018). We also identified cortical proteins associ-
ated with radiation exposure whose RNA transcripts were reported to be
impacted by radiation in the hippocampus, including those in the
complement pathway (Markarian et al., 2021) and several microglial
proteins (Hexb, Rsgl0, Crybbl, Ctss, Ephx1 and Ifit3) (Osman et al.,
2020). We found astrocytic Gfap, which previously was identified to
increase in expression with radiation in the hippocampus (Moravan
et al.,, 2011), was similarly increased with radiation exposure in the
cortex. While most of the changes in expression we identified were
relatively small, the fact that they agree with those reported using other
methods, suggests that radiation damage may be mediated through
similar mechanisms (glial activity and synapse loss) in different brain
areas. Furthermore, our changes in protein expression in irradiated mice
correlated with RNA expression levels of normal-appearing non-tumor
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brain tissue from glioblastoma (GBM) patients treated with radiation
therapy. Differences between our results and observations from Ainslie
et al. could be due to the temporal response of radiation therapy, gene to
protein differences, or human to mouse differences. For example, we
found complement protein C1QA downregulated, while Ainslie et al.,
found C1QA was upregulated. In mice, expression of complement pro-
teins can increase or decrease depending on the time elapsed since
irradiation (Markarian et al., 2021), which could explain the differences
in directionality between our results.

While we only assayed two behavioral modalities - the OFT and EPM
- our analyses suggested that radiation had limited effects on these be-
haviors compared to sex and genotype. The only significant main effect
of radiation exposure on behavioral outcomes in the OFT for the whole
session was jumping behavior, where radiation exposure reduced jump
time and jump counts. We found no main effect of radiation on ambu-
latory behaviors for the OFT-WS, consistent with previous findings at 1-
month post-radiation exposure, where no differences in the total dis-
tances traveled were observed between control and irradiated mice
(Parente et al., 2020). We also found no significant effects of radiation
on exploratory behaviors in the EPM. Previous reports in the literature
using this test are mixed. At 12 days post irradiation, Tome et al. found
no change in exploratory behavior in the EPM (Tome et al., 2015), while
Njamnshi et al. (2020) found a decrease in time spent in the open arms,
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Fig. 10. Behavioral Outcomes in the Elevated Plus Maze (EPM) are regulated by sex and genotype, but not radiation. A) The effects of sex, genotype, ra-
diation exposure and their interactions on behavioral outcomes in the EPM. B) Sample variation revealed by PCA analysis color-coded by sex, genotype, and radiation
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sex/group/genotype. Radiation exposure is abbreviated as IR. PC stands for Principal Component.

with a trend starting around 3 weeks post-irradiation. Because molec-
ular effects can often be detected earlier than apical effects, it is possible
that the proteomic changes we describe precede changes in behavior. In
line with this, the number of entries into the open arm were reported to
increase at 120 days post cranial irradiation (Constanzo et al., 2020), but
decrease at 3 months (Lee et al., 2022) and 6 months (Montay-Gruel
et al., 2021) post irradiation exposure. Collectively, our findings indi-
cate proteomic changes may precede gross behavioral changes following
radiation exposure.

3.3. Genetic deficiencies in Cx3CR1 and P2Y12 regulate radiation-
induced proteomic expression

As our findings and those of others strongly suggest glia are impacted
by radiation, it is important to examine microglial signaling pathways as
a therapeutic target throughout the brain. In response to insults,
microglia respond to chemotactic signals to migrate towards site of
injury, identify damaged components of their environment, and
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phagocytose damaged cells and debris (Yu et al., 2022). Microglial
signaling pathways are known to govern radiation responses through
regulation of microglial survival, chemotaxis, and phagocytic activity.
For example, targeting components of the complement pathway can
attenuate radiation-associated neurological deficits and neuro-
inflammatory changes (Kalm et al., 2016; Markarian et al., 2021; Hinkle
etal., 2019, 2023). The purinergic receptors P2Y6 and P2X7 expression
are both upregulated following radiation exposure and regulate micro-
glial radiation responses (Xu et al., 2015, 2016). However, while P2X7
plays a role in mediating radiation-induced damage, P2Y6 may be
neuroprotective against radiation injury (Xu et al., 2015, 2016). These
studies offer compelling evidence that modulating microglial function
can influence radiation responses within the brain. We identified pro-
teins whose radiation-induced changes were dependent on P2Y12 and
CX3CR1 signaling, providing further evidence that these pathways
shape the proteome. Interestingly, loss of either microglial receptor
reduced the effects of radiation on the cortical proteome suggesting that
microglia modulate the brain’s response to irradiation. Of the proteins
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altered by radiation in CX3CR1—/— mice that were predominantly
expressed by a certain cell type, most were highly expressed in astro-
cytes, suggesting a potential role of CX3CR1 in regulating astrocytic
responses to radiation exposure. Radiation-induced changes in CX3CL1
expression were also genotype dependent, with significant down-
regulation observed in male CX3CR1—/— mice with radiation exposure.
Decreases in P2Y12 expression were also reported in both C57BL/6J
mice and CX3CR1—/— mice exposed to radiation. Reports of changes in
microglial P2Y12 expression following irradiation are somewhat
controversial. Belcher et al., found no differences in P2Y12 protein
levels at 48 h post irradiation with 20 Gy, whereas Osman et al. (2020),
found decreases in P2ry12 transcript at 2- and 6-h post-irradiation with
8 Gy. Our results show differences in the expression of P2Y12 in cortical
tissue in both males and females 1 month after irradiation, demon-
strating a long-lasting impact of irradiation on this microglia homeo-
static marker. This downregulation of P2Y12 could reflect a change in
the reactivity of microglia after radiation exposure or could be the result
of a radiation-driven loss of the microglial population (Whitelaw et al.,
2021; Strohm et al., 2024). The radiation-induced changes in P2Y12
expression, also increase the importance of examining radiation-driven
responses in the absence of P2Y12. Of the proteins altered between
irradiated and control P2Y12—/— mice that are predominantly
expressed in certain cell types, most were expressed by newly formed
oligodendrocytes or microglia. This may indicate that P2Y12—/— defi-
ciency causes newly formed oligodendrocytes or microglia to be more
vulnerable to radiation exposure.

3.4. Implications of sex differences in proteomic expression and behavior
on radiation responses

Biological sex is a risk factor for several neurodegenerative diseases
(Levine et al., 2021), and can impact cognitive function in healthy adults
(McCarrey et al., 2016; Jockwitz et al., 2021). As such the prevalence of
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cognitive disorders differs between males and females across different
diseases. For example, there is a higher prevalence of Alzheimer’s dis-
ease, major depressive disorder, and MS in females (Cao et al., 2020;
Walton et al., 2020; Kessler et al., 2005), while Parkinson’s disease, ALS,
and ASD are more common in males (Baldereschi et al., 2000; Marras
et al., 2018; Fontana et al., 2021; Goldblum et al., 2023). Furthermore,
sex differences in microglia morphology, density, and transcriptional
profiles exist throughout adolescence and into adulthood (Guneykaya
et al., 2018; Hanamsagar et al., 2017; Thion et al., 2018; Villa et al.,
2018; Schwarz et al., 2012), which could contribute to both the risk and
progression of neurological disease. There is an ongoing need for un-
derstanding microglial contributions to sex differences in cognitive
functioning and the underlying molecular pathways affected by bio-
logical sex. Sex can have a profound effect on gene expression and
behavior through both genetic and hormonal mechanisms. Importantly,
several of our findings regarding sex-differences support those from
other behavioral models and brain areas that used RNA-based or his-
tological methods. We identified proteins with higher expression in fe-
males, aligning with previous reports from others, including Hsp90aal,
Ddx3x, Eif2s3x, Prdx6 (Weis et al., 2021; Wingo et al., 2023; Weickert
et al., 2009; Distler et al., 2020; Xu et al., 2006), as well as several that
are X-linked (Eif2s3x, Ddx3x, Pbcd1). Fifty-seven of the cortical proteins
we identified to have sex-biased expression were also identified by
Wingo et al. (2023) as sex-biased in humans, two of which (Prdx6 and
Fam8la) have been associated with schizophrenia. These findings
bolster the hypothesis of inherent sex-based differences in protein
composition between males and females.

3.5. Interaction effects between sex, genotype, and radiation exposure
Increasing evidence suggests males and females have differential

sensitivity to radiation exposure (Hinkle et al., 2019, 2023). These dif-
ferences could be in part due to subtle basal differences in tissue
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structure and protein composition between males and females, as
described above. In our analysis, we identified 45 proteins whose
radiation-induced changes in expression were dependent on both sex
and genotype. This provides some evidence of varying sensitivity to
radiation exposure between males and females with and without ca-
nonical microglial signaling receptors.

As behavioral outcomes in mice are often sex-dependent (Sobolewski
et al., 2020), we assessed behavioral outcomes of both males and fe-
males of our three genotypes. Though sex had the greatest impact on
locomotive behaviors in the open field test, many of these effects were
also dependent on genotype. The exception to this was stereotypic be-
haviors, which were greater in males than females regardless of geno-
type. We did observe sex and genotype dependent effects on ambulatory
episode speed, vertical activity, and jumping activity that have not been
previously reported to our knowledge, demonstrating how the in-
teractions of these factors can shape behavior. Our analysis revealed that
sex had a significant effect on locomotor behavior. However, we did not
observe sex-specific differences in behavior after irradiation.

We did observe significant interactions between sex, genotype, and
irradiation on endpoints in the center hub of the maze in the EPM. We
also report weak evidence of an interaction between either radiation and
sex, or radiation, sex, and genotype on behaviors in the closed arm,
though none of these were significant. Furthermore, when separating by
sex and analyzing by time intervals (bin) in the OFT, we found a sig-
nificant interaction between bin, radiation exposure, and genotype on
ambulatory counts and ambulatory time in male mice, as well as a main
effect of radiation on ambulatory episode average speed and jump
counts in female mice, suggesting these factors may shape ambulatory
behavior differently in males and females. To our knowledge, there are
no reports on how CX3CR1 or P2Y12 regulates behavior in the context of
radiation injury with either the OFT or EPM. However, Wang et al. found
a neuroprotective effect of exogenous fractalkine on microglia and
found that fractalkine lentivirus treatment could ameliorate radiation-
induced memory deficits in the Morris water maze, demonstrating the
utility in targeting fractalkine in the context of radiation exposure
(Wang et al., 2021). Some of our results in the EPM may be affected by
differences in locomotor behavior that we described in OFT. However,
the overall conclusions about the effects of sex, genotype, and irradia-
tion appear to hold in measures that normalize for locomotion such as
the percentage of time spent in open or closed arms.

3.6. Study limitations and future directions

Molecular pathways are commonly characterized by changes in
gene-products through methods that assay RNA expression (Osman
et al., 2020; Lee et al., 2022; Li et al., 2015). Consequently, little is
known regarding effects of sex, microglia signaling, and radiation
exposure on the brain proteome compared to the transcriptome (Wingo
et al., 2023; Leszczynski, 2014). mRNA expression levels do not always
correspond with protein levels because mRNA gene products undergo
post-transcriptional and translational regulation, and there are different
rates of degradation between mRNA and proteins (Wingo et al., 2023;
Maier et al., 2009; Jung et al., 2017; Vogel et al., 2012; Sharma et al.,
2015). Additionally, proteomic methods can identify proteins whose
corresponding RNA gene products were not identified (Wingo et al.,
2023; Jung et al., 2017; Vogel et al., 2012; Sharma et al., 2015),
potentially identifying novel targets not detected using RNA-based
methods. As such our study is novel in using a bioinformatics
approach on the protein level to address radiation-induced changes in
the context of altered microglial function. However, while our study
provides novel insights into the interplay between sex, microglial
signaling, and radiation exposures, several limitations must be dis-
cussed. Despite mass spectrometry being a powerful technique, one
advantage of RNA-based methods is the ability to measure cytokine
expression, which are not always reliably detected with proteomic
methods (Stenken et al., 2015). Indeed, others have examined the RNA
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profiles of the brain after radiation in isolated microglia (Osman et al.,
2020; Li et al., 2015) and whole tissue, demonstrating the neuro-
inflammatory impacts of irradiation. It is also important to note that the
changes we identified in protein expression for both sex and radiation,
though significant, were small (<2-fold), whereas those between geno-
types were greater. We did however use a relatively low radiation dose,
and it is plausible that the small changes we observed in the cortex
would be more pronounced at higher radiation doses or at different
timepoints. Our observations are also limited to the cortex, and basal
and pathological changes in proteomic expression differ by brain region
(Distler et al., 2020; Jung et al., 2017; Sharma et al., 2015), suggesting
that proteomic studies should be performed in other brain areas. Though
we did not determine the extent to which there may be infiltration of
peripheral macrophages in our study, others have found no evidence of
this at similar timepoints following irradiation with doses of 5, 8, or 10
Gy (Moravan et al., 2011, 2016; Han et al., 2016; Lee et al., 2013). In
agreement with this, we did not detect peripheral macrophage markers
CD163 and CCR2 in our proteomic profiling.

Additionally, the behavioral assessments we performed only provide
insights in basic locomotor and exploratory behaviors, and it is likely
that more complex memory and learning behaviors are impacted by the
factors in our study. Though our study provides some evidence that
microglial signaling through P2Y12 and Cx3CR1 may regulate behavior
after radiation exposure, further studies are needed to determine
whether targeting these pathways would be truly beneficial in
combating radiation-induced cognitive decline. Moreover, as we only
examined behavior at one timepoint, it is also possible that sex and
genotype may impact radiation-induced changes in behavior at later or
earlier timepoints post-irradiation. Therefore, further experimentation
is needed to determine how sex, CX3CR1 and P2Y12 signaling, and ra-
diation regulate the proteome and behavior differentially at other doses,
timepoints and brain regions. Lastly, we used mice with global de-
ficiencies of P2Y12 and CX3CR1. Although conditional microglial
knockouts of P2Y12 largely replicate behavioral deficits of global
P2Y12—/— mice (Peng et al., 2019), it is possible that there are devel-
opmental and systemic compensatory mechanisms which alter the
biology of these mice and impact the interpretation of our results. Future
experiments should therefore aim to provide more mechanistic insights
into how these pathways regulate radiation responses by using phar-
macological or temporally genetically controlled alterations in P2Y12
and CX3CR1 activity.

4. Methods
4.1. Animal husbandry

Experiments were performed in accordance with the University of
Rochester Committee on Animal Resources according to National In-
stitutes of Health Guidelines. All procedures involving animals were
approved by the Institutional Animal Care and Use Committee (IACUC)
at the University of Rochester. Wild type C57BL/6 (Jax Strain
#:000664), CX3CR1—/— (Taconic Biosciences), P2Y12—/— (André
et al., 2003) male and female mice 8-12 weeks old were used for the
experiment. The latter two strains were maintained on a C57BL/6
background. All mice were exposed to 12 h of light and 12 h of dark and
provided chow and water ad libitum. We estimated the sample size based
on previous studies using similar analyses that detected significant dif-
ferences in the parameters measured in our study (Sobolewski et al.,
2020; Cubello et al., 2024; Merrill et al., 2022; Boeddrich et al., 2023;
Shukla et al., 2015).

4.2. X-ray cranial irradiation
A small animal radiation research platform (SARRP) x-ray irradiator

(225 kVp XStrahl) was used to perform computed tomography (CT)
image guided whole-brain radiation therapy as previously described
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(Whitelaw et al., 2021; Strohm et al., 2024). Briefly, mice were sub-
jected a single 10 Gy dose from two parallel opposed beams using a 10 x
10 mm? beam collimator, given at 220 kV and 13 mA with a dose rate of
3.1 Gy/min, while under isoflurane anesthesia. Control mice were
exposed to isoflurane and were not placed in the SARRP irradiator or
exposed to radiation. A single dose of 10 Gy was chosen based on
literature reporting cognitive deficits, transcriptional changes, and al-
terations of microglia dynamics in mice following a single dose of 8-10
Gy (Acharya et al., 2016; Allen et al., 2020; Markarian et al., 2021;
Hinkle et al., 2023; Osman et al., 2020; Strohm et al., 2024; Bhat et al.,
2020).

4.3. Open field test

Mice underwent behavioral testing from 32 to 36 days following
cranial irradiation. Mice first underwent the open field test, followed by
the elevated plus maze test. For the open field test, locomotor activity
was examined in automated chambers equipped with 48-channel
infrared photobeams (Med Associates) over an hour-long session. Pho-
tobeam breaks were recorded in 5-min bins resulting in 12 bins for the
hour-long locomotor activity session. Horizontal, vertical, stereotypic,
and ambulatory movements were assessed across time, as previously
described (Sobolewski et al., 2020).

4.4. Elevated plus maze

Mice underwent elevated plus maze testing as described previously
(Merrill et al., 2022). Briefly, the elevated plus maze apparatus was
made of black plastic and had two open arms (no sides; 34.9 x 6.07 cm),
two closed arms (with sides; 34.9 x 6.07 x 19.13 cm), and a central
platform (6.1 x 6.1 cm). Each mouse was placed in the center of the
apparatus to start, and exploratory behavior was video recorded for 5
min. The amount of time spent in each area of the apparatus and the
number of entries in the open arms, closed arms, and central hub was
manually scored by an observer blind to experimental group.

4.5. Cortical tissue sample preparation

The week following behavioral testing (days 38-43), adult irradiated
and control C57BL/6J, P2Y12™/~, and CX3CR1—/— mice were eutha-
nized and perfused intracardially with PBS. Hemispheres were separated
and the cortex from one hemisphere was dissected and flash frozen.
Cortical tissues were processed as described previously (Benraiss et al.,
2022). Briefly, cortical tissues underwent homogenization by adding 1
mL of 5% SDS and 100 mM TEAB, followed by sonication (QSonica), and
centrifugation to remove cellular debris. The supernatant was collected
and protein concentration was assessed using BCA (Thermo Scientific).
Samples were then diluted to 1 mg/mL in 5% SDS and 50 mM TEAB and
protein (25 pg) was reduced with dithiothreitol to 2 mM, followed by
incubation at 55 °C for 1 h. Iodoacetamide was added to 10 mM and
allowed to alkylate the proteins for 30 min in the dark at room tem-
perature. Phosphoric acid was added to 1.2%, followed by six volumes of
90% methanol and 100 mM TEAB. The resulting mixture was loaded
into S-Trap micros (Protifi) and centrifuged at 4000xg for 1 min. The
S-Traps containing trapped proteins were washed twice with 90%
methanol and 100 mM TEAB. Then, 1 pg of trypsin in 20 pL of 100 mM
TEAB was added to the S-Trap, followed by an additional 20 pL of TEAB
to maintain sample moisture. Samples were incubated at 37 °C over-
night. The following day, the S-Trap was centrifuged at 4000xg for 1
min to collect the digested peptides. Sequential additions of 0.1% TFA in
acetonitrile and 0.1% TFA in 50% acetonitrile were introduced to the
S-trap, centrifuged, and pooled. Finally, samples were frozen, dried in a
Speed Vac (Labconco), and re-suspended in 0.1% trifluoroacetic acid
before mass spectrometry analysis.
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4.6. Quantitative liquid chromatography with tandem mass spectrometry
(LC-MS/MS)

Peptides were introduced onto a self-assembled 30 cm C18 column
packed with 1.8 pm beads (Sepax) via an Easy nLC-1200 HPLC system
(Thermo Fisher), interfaced with a Fusion Lumos Tribrid mass spec-
trometer (Thermo Fisher). Solvent A comprised 0.1% formic acid in
water, while solvent B consisted of 0.1% formic acid in 80% acetonitrile.
Ions were ionized and transferred to the mass spectrometer through a
Nanospray Flex source operating at 2 kV. The chromatographic gradient
initiated at 3% B and held for 2 min, increased to 10% B over 6 min, then
further ramped up to 38% B over 65 min. Subsequently, it surged to 90%
B within 5 min and maintained for 3 min before reverting to initial
conditions over 2 min, followed by re-equilibration for 7 min, culmi-
nating in a total run time of 90 min. The Fusion Lumos operated in data-
independent acquisition mode. Full MS1 scans were conducted over a
range of 395-1005 m/z, with a resolution of 60,000 at m/z 200, an AGC
target of 4e5, and a maximum injection time of 50 ms. MS2 scans
employed higher energy dissociation (HCD) with a staggered window-
ing scheme of 14 m/z with 7 m/z overlaps, and fragment ions were
analyzed in the Orbitrap at a resolution of 15,000, with an AGC target of
4e5, and a maximum injection time of 23 ms.

The raw data underwent processing with DIA-NN version 1.8.1
(https://github.com/vdemichev/DIA-NN) (Demichev et al., 2020),
employing library-free analysis mode. For library annotation, the mouse
UniProt  ‘one  protein  sequence  per  gene’ database
(UP000000589_10090, downloaded 4/7/2021) was utilized with deep
learning-based spectra and RT prediction activated. Precursor ion gen-
eration parameters included a maximum of 1 missed cleavage, 1 vari-
able modification for Ox(M), peptide length range of 7-30, precursor
charge range of 2-3, precursor m/z range of 400-1000, and fragment
m/z range of 200-2000. Quantification settings were configured to
‘Robust LC (high precision)’ mode with RT-dependent cross-run
normalization, MBR enabled, protein inferences set to ‘Genes,” and
‘Heuristic protein inference’ disabled. MS1 and MS2 mass tolerances,
along with scan window size, were determined automatically by the
software. Subsequently, precursors were filtered based on library pre-
cursor g-value (1%), library protein group g-value (1%), and posterior
error probability (50%). Protein quantification was conducted using the
MaxLFQ algorithm via the DIA-NN R package (https://github.
com/vdemichev/diann-rpackage), while the number of peptides quan-
tified in each protein group was tallied using the DiannReportGenerator
Package (https://github.com/kswovick/DIANN-Report-Generator)
(Cox et al., 2014). Data was analyzed using Perseus before downstream
analysis in R. Due to the nature of how protein abundances were
determined, whereby proteins were only excluded if there were 2 or
more missing values across groups, P2Y12—/—mice are assigned very
low protein abundance values for P2Y12 expression, but P2Y12 was not
removed from the list of detected proteins.

4.7. Principal component analysis

Principal component analysis was performed using the prcomp
function in R studio (Version 2023.06.0+421). For PCA plots, samples
are shown as individual data points and color coded by experimental
conditions.

4.8. Weighted protein correlation network analysis

A weighted protein correlation network from the proteomic data was
derived using the blockwiseModule WGCNA function in R studio
(Version 2023.06.0+421). The following settings were used for
WGCNA: soft threshold power beta = 8.5, merge cut height = 0.25,
TOMType = signed. Module eigenproteins (ME) represent the largest/
first principal component of all proteins within a module, as previously
described (Zhao et al., 2020). Module membership (MM) was defined as
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the correlation between protein expression and MEs. The top 20 intra-
modular hub proteins are those with the highest connectivity to other
proteins, and were selected by p-value of MM. We identified the top 20
proteins that significantly correlated with each trait of interest by lowest
p-value of Pearson correlation between traits and protein expression
values (Benjamin Hochberg corrected p-value <0.05). The cor function
in R was used to calculate the Pearson correlation between protein
expression data and each trait. The corPvalueStudent function in R was
used to calculate the Student asymptomatic p-value. P-values were
corrected with the Benjamin Hochberg method. Protein accessions were
mapped to gene names using the UniProt.ws package for data
visualization.

4.9. Differential expression analysis

Differentially expressed proteins were identified using a student’s t-
test with Benjamin Hochberg corrected p-value <0.05 (with no Log2-
FoldChange cutoff due to the small changes observed). Volcano plots
showing differential expression were created using R studio ggplot2. The
top 10 upregulated and downregulated proteins (DEPs) were those with
the lowest p-value. The 234 sex-biased proteins were compared to the
1354 sex-biased proteins identified by Wingo et al. (2023) in human
brain tissue to determine proteins identified by both studies. For Sup-
plemental Fig. 7, Bulk RNA-seq data from postmortem
normal-appearing non-tumor brain tissue from glioblastoma (NAGBM)
patients that had received radiotherapy cancer treatment and
region-matched brain tissue from unaffected control individuals were
retrieved from GSE207821. Differential gene expression analysis was
performed using the DESeq2 package in R studio (Version
2023.06.0+421). Genes with less than 10 gene counts were excluded
from the analysis across all samples. Log2FoldChage was calculated with
the DESeq function. Ensemble gene IDs and protein accessions were
mapped to gene names using the UniProt.ws package. Linear regression
analysis was performed between changes in protein expression between
irradiation and control mice (IR vs. Control log2FoldChange) and
changes in RNA expression between NAGBM and control patients
(NAGBM vs. Control log2FoldChange) using the Im function. Significant
correlations were determined by p < 0.05.

4.10. Gene ontology enrichment analysis

Proteins of interest were used to create the query list for gene
ontology analysis of biological processes or cellular components using
ShinyGO (Version 0.77, http://bioinformatics.sdstate.edu/go). The
6863 proteins detected across all samples was used as a background list
for queries. Plots generated using ShinyGo were included in Figs. 2 and
3, depicting the top 10 biological processes, with FDR<0.05. Plots for
Fig. 6 were generated with data from ShinyGo queries using R studio
ggplot2 illustrating the top 5 biological processes and cellular compo-
nents, with FDR<0.2.

4.11. Predominant cell type protein expression analysis

Proteins were assigned for the following cell types: astrocytes,
endothelial cells, microglia, oligodendrocyte progenitor cells (OPCs),
newly-formed oligodendrocytes, myelinating oligodendrocytes, neurons
by using the online database (https://brainrnaseq.org/) made by Zhang
et al. (2014). From the database, cell-type gene lists were curated for
genes whose expression was predominant in the designated cell types. If
gene expression was >2X the mean expression across cell types for a
given cell type, that gene was assigned to the respective cell type. Genes
were appropriately assigned to multiple cell types if expression was >2X
the mean expression across cell types for more than one category, as
described (Carroll et al., 2020). Genes of interest were queried against
cell-type gene lists. Proteins that were not assigned a cell type were
categorized as “non specific”.
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4.12. Statistical analysis

All statistical analysis was carried out using R Studio (Version
2023.06.0+421). For behavioral data, a linear model followed by
ANOVA was used to examine the effects of sex, genotype, radiation, and
their interactions (Sex X genotype, Sex X radiation, Genotype X radia-
tion, Sex X genotype X radiation) on all parameters assessed. For time
course data, repeated-measures linear mixed-effects model followed by
ANOVA was used to examined effects of bin genotype, radiation, and
their interactions (Bin X genotype, Bin X radiation, Genotype X radia-
tion, Bin X genotype X radiation). Normality of the behavioral data were
assessed using Q-Q residual plots and residual versus fitted plots. One
Cx3CR1—/— mouse was excluded from the elevated plus maze analysis
as it was determined to be an outlier upon inspection of the residual plot.
Statistical significance was defined as p < 0.05 (bolded) or p < 0.10
(listed in Table 1 but not bolded, listed in Table 2 with ~). Post hoc
Tukey’s tests HSD were performed following ANOVA. Group means with
the same letter, symbol, or shape are not significantly different, whereas
group means with different letters, symbols, or shapes are significantly
different. Significance was determined by a linear model followed by
ANOVA and Tukey’s post hoc testing (p < 0.05). For proteomic data,
outliers were determined based on visual inspection of principal
component analysis plots resulting in no samples being excluded from
the analysis. Further statistical analysis for proteomic data is described
for different analyses in the above sections.
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