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Abstract

Background. More than 70% of cancer patients who underwent cranial radiotherapy have cognitive problems,
suggesting that they might undergo accelerated brain aging due to the cancer treatment. Radiotherapy is known
to induce cellular senescence in tumors and in various cell types in vitro. Therefore, we hypothesized that cranial
radiotherapy induces cellular senescence in the brain.

Methods. We treated male C57BL/6 mice with various dosages of (fractionated) CT-guided cranial radiotherapy.
The brains were analyzed for various senescence and glial markers using immunohistochemistry, histochemistry,
CosMx SMI and RT-gPCR. To contextualize the findings regarding cranial radiotherapy in young animals and assess
whether these changes parallel natural aging, we studied the brains from 77-week-old female mice, which is con-
sidered middle-aged to old representing early aging.

Results. Surprisingly, we found no increase in markers for cellular senescence in the brain after cranial radio-
therapy. However, we did detect profound changes in different types of glia. In early-aged mice we again did not
detect an increase in senescence markers, but we observed the same directionality in the effects on glia. These
effects on glia were milder compared to those upon cranial radiotherapy.

Conclusion. Overall, cellular senescence in the healthy brain seems a rather uncommon phenomenon and not
induced upon cranial radiotherapy, but profound changes in different types of glia were detected upon cranial
radiotherapy.
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Importance of the Study

Cranial radiotherapy (RT) induces neurotoxicity in the
healthy brain that likely underlies the cognitive impair-
ments experiences by brain cancer patients and sur-
vivors. The underlying molecular mechanisms are not
completely understood and there is no successful phar-
macological treatment available. Cancer therapies in-
cluding RT are known to induce cellular senescence in
the tumor and here we assessed whether this also hap-
pens to the healthy brain as a consequence of RT using

Irradiation causes DNA damage in the receiving cells,
which will induce the DNA damage response (DDR) and
non-homologous end joining (NHEJ) to attempt to repair
the double strand breaks. How well the damage can be re-
paired determines the fate of the cell, including apoptosis
and senescence.! Senescence is a state of permanent cell
cycle arrest accompanied by a senescence-associated se-
cretory phenotype (SASP) and resistance to apoptosis.
Initiation of senescence requires activation of p53/p21 and
p16/NKA tumor-suppressive pathways. DDR will stabilize
p53, which in turn increases p21 transcription leading to
cell cycle arrest.? Persistence of this arrest is facilitated by
p16'NK4A  Senescent cells display B-galactosidase activity
at pH 6.0 (SA-B-gal), widely used as a readout for senes-
cence. Since SA B-gal can occur in other contexts a panel of
hallmarks of senescence is essential to characterize a cell
as being senescent. Senescence hallmarks include SASP
markers, reduced lamin B1, relocated HMGB1, prolonged
DNA damage signaling, enlarged cell size, telomere short-
ening, epigenetic changes, induction of anti-apoptotic
BCL-2 family members and increased autophagy.? In tu-
mors it is well known that irradiation induces cellular se-
nescence. However, in the tissue surrounding the tumor
cellular senescence is also thought to occur.

Irradiated human brain material from regions close to
the tumor was found to contain senescent astrocytes.*
Moreover, several rodent studies showed cellular senes-
cence in the brain after radiotherapy, although the senes-
cent cell types are inconsistent between studies showing
senescent post-mitotic neurons,® neural stem cells in the
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mice. We extensively assessed a variety of markers for
cellular senescence after various radiation dosages and
timings after treatment and were unable to find induc-
tion of cellular senescence in the brain. This stresses
the idea whether cellular senescence is important in
RT-induced neurotoxicity. Importantly we identified
changes in neurogenesis, oligodendrocyte progenitor
cells, microglia and astrocytes, of which some showed
resemblance between early aging and radiation effects.

dentate gyrus,>® astrocytes”® and endothelial cells.® The
latter two papers rely solely on the P16-3MR reporter con-
struct or P16 as a readout for cellular senescence,®® even
though it is well known that P16 is not a marker specific
to cellular senescence.'®" In addition, cranial radiotherapy
induces an inflammatory response involving mainly astro-
cytes and microglia. Astrocytes gain a hypertrophic phe-
notype characterized by GFAP induction.'?'3 Microglia, the
resident macrophages of the brain, respond by phagocy-
tosis of apoptotic cells and gaining a reactive status with
an altered morphology.’*"® Microglial reactivity can be
observed by changes in their morphology, either showing
excessive branching or acquiring an ameboid phenotype
with shorter branches and somatic hypertrophy.'” Other
IHC markers for microglial reactivity are the expression
of CD68 and the loss of the homeostatic microglia specific
marker P2RY12.18-20

Cranial radiotherapy is a central modality in the treat-
ment of brain tumors and brain metastases. However,
from six months after radiotherapy patients can experi-
ence progressive cognitive problems which significantly
affect their daily lives.?' These effects are often seen in
patients receiving whole brain radiation, and at a lower
number in patients receiving stereotactic radiation surgery
(SRS).?2223These radiotherapy-induced cognitive problems
often consist of impaired (verbal) learning and memory,
information processing speed, and executive function.
Various symptoms are reminiscent of those seen in aging-
related neurodegenerative conditions where cellular se-
nescence has been observed.?* Cranial radiotherapy is
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known to induce other neurotoxic effects such as loss of
neurogenesis,?® oligodendrocyte precursor cell loss,?526
inflammation'?’” and reactive gliosis,?®® showing overlap
with neurodegenerative conditions. We hypothesized that
cranial radiotherapy induces cellular senescence and ac-
celerated aging of the healthy brain, which may underlie
the cognitive impairment that occurs after treatment.To as-
sess this, we used non-tumor bearing mice, irradiated their
brains and searched for indications of cellular senescence
using a combination of readouts and assessed the effects
on various other cell types.To contextualize the findings re-
garding cranial radiotherapy in young animals and assess
whether these changes parallel natural aging, we included
early-aged mice as a comparative group.

Materials and Methods
Experimental Animals

Experiments  were  approved by the Animal
Experimentation Committee of the Netherlands Cancer
Institute (NKI) and all were carried out in accordance with
the approved protocols. The principles of laboratory an-
imal care, Dutch law and the guidelines for care and the
Code of Practice of lab animals used in oncology were fol-
lowed. The number of mice per group were determined
based on previous experience with immunohistochemistry
analysis. All methods are reported in accordance with
ARRIVE guidelines. C57BI/6JRj mice were housed with 3-5
animals in clear cages containing wood shavings, food
and water ad libitum on a fixed 12:12 h light:dark cycle.
Dose and duration experiment: 12-week-old males (n = 24).
6 sham-control, 3 per experimental group. Single dose
versus fractionated dose: 6-week-old males (n=9), 3 per
group. The animals were arbitrarily (random) selected for
radiotherapy or sham-treatments. Aging experiment: fe-
male C57BI/6JRj mice of 10-24 weeks of age (n=8) or of 77
weeks of age (n = 10), the animals did not undergo any kind
of treatment. All animals were sacrificed by CO, asphyxia-
tion followed by isolation of the brain (Fig. 1B).

Cranial Irradiation

X-RAD SmART (Small Animal Radiotherapy) Ct-guided
cranial irradiation under isoflurane anesthesia using a S10
collimator. Two animals were paired and one animal was
left in the induction chamber (sham-control) and the other
was irradiated. The irradiation beam was targeted at the
cerebrum dorsal to the skull base between the cerebellum
and olfactory bulb (Fig. 1A). The animals received half the
daily dose from one lateral side and the other half from the
other lateral side, immediately after each other. Dose de-
termination experiment: From previous studies it is known
that cognitive impairment is induced by fractionated radi-
otherapy using fractions of 0.5 to 8.67 Gy with a total dose
of 5 to 45Gy.2? Senescence was found with doses between
5 and 40 Gy.5%30 The planned follow-up was 1 week, 4
weeks and 8 weeks after irradiation using two doses (20
Gy/day and 4Gy/day for 3 consecutive days, translating to
a BED of 660Gy and 36Gy, respectively). However, the high

dose animals showed problems with their skin around the
eyes 5 weeks after RT and therefore the high dose (60 Gy)
animals were sacrificed at 1 and 5 weeks after irradiation
instead. The last group was adjusted to 30 Gy (10 Gy/day,
BED 180Gy) and followed up for 10 weeks (Fig. 1B). Single
and fractionated dose experiment: 10 Gy/day for either
one (single dose, BED 60Gy) or for three consecutive days
(fractionated dose, BED 180Gy) follow-up of 30 days.

RT-gPCR

RNA was isolated from irradiated tissue around the midline
(Figs. 1B and 3A; 15-20 mg per animal) with the Purelink
RNA mini kit (Invitrogen) with an on-column DNA removal
step. cDNA was generated with the iScript cDNA synthesis
kit (BIO-RAD). Primers are listed in table S1. Bimake 2x
SYBRgreen qPCR mastermix was used for the qPCR reac-
tion. Various housekeeping genes (Gapdh, Bactin, Gusb
and Oaz1) were tested and Oaz1 was found to be most
stable and insensitive to radiotherapy treatment and used
for normalization.

X-gal Staining

For the visualization of SA-B-gal activity, the histochemical
staining kit by Sigma (CS0030) was used using OCT em-
bedded material cut in 8 pm sections. Sections were coun-
terstained using nuclear fast red.

Immunohistochemistry

Mouse brains were fixed in 4% formaldehyde for 48 hours
at room temperature and embedded in paraffin by the
animal pathology core facility of the Netherlands Cancer
Institute. All slides were stained with DAB chromogen
antibodies, with slight differences for each staining, high-
lighted in table S2. Slides are scanned on a Panoramic
P1000 slidescanner.

Quantification of Slides

Manual quantification of cell numbers was performed to
quantify the number of microglia (IBA1 and P2RY12) and
OPCs (PDGFRA) in 2-6 ROIs of 500 x 500 1 m per brain
region using Qupath V0.3.2 (Fig. 1B). Only counting the
positive cells of which the nucleus was present on the
slide. A quantification method developed by Finney et al.
was adapted for use in this project to assess glial staining
(if not manually counted). First, stain vectors for color de-
convolution were set using the automatic estimation func-
tion in Qupath. Then the region annotations were defined,
after which positive pixel identification was done. For the
nuclear localized proteins the positive cell detection func-
tion in Qupath was used for quantification after regions
were annotated. For the nuclear membrane marker Lamin
B1 the build in H-scoring of Qupath was used.

To detect radiation-induced DNA damage, the
subcellular detection feature in Qupath was used to de-
tect yH2AX + spots. After stain deconvolution, nuclei were
detected with the automatic cell detection feature, which
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Figure 1. Dose and time determination experiment assessing markers for cellular senescence. (A) Axial and sagittal view of the Ct scans gen-
erated to aim the radiation beam depicted by the blue target aimed at the cerebrum above the skull base and between the olfactory bulb and
cerebellum. (B) Timeline of the irradiation experiments, color coded for the total dose which was given on three consecutive days (colored lines).
The brain shows the regions isolated for RNA, frozen sections and FFPE. In the sagittal section the quantified areas are depicted as well as the ir-
radiated and non-irradiated regions. (C, F, G) Representative images of g-gal (C), P21 (F) and LaminB1 (G) staining in the cortex and graph showing
the quantification. (D) Graphs showing RT-qPCR results for senescence markers. (E) Graphs showing RT-qPCR results for SASP markers. Scale
bar = 50um. Gray box in graphs = variation of the control group and each dot represents one animal for IHC and for gPCR dots represent mean
27-(ddCT) with confidence intervals (2A-(ddCT + SDccCT)) and (22-(ddCT-SDccCT)) where SD is standard deviation. Gray box represents the con-
fidence interval of the control group. * P < .05, ** P< .01, *** P < .001, **** P < .0001. Panel B Created in BioRender. Van tellingen, 0. (2025) https://
BioRender.com/y91e306.
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Figure 2. Dose and time determination experiment assessing effects on glia. (A) Representative images of IBA1 staining (microglia) in the
cortex and graph showing the quantification. (B) Sholl analysis graph, stars represent significant difference of the AUC compared to controls.
(C) Relative contribution of each cluster to total microglia assessed using cluster analysis. (D) Heatmap showing various microglial parameters
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of which the colored dots represent the significance compared to controls for each group. (E) Representative images of single IBA1 + microglia
(after color deconvolution) used as input for mGlia analysis revealing morphological changes after RT showing hypertrophy of the cytoplasm and
enhanced branching. (F) Representative images of Pdgfra staining (OPCs) in the cortex and graph showing the quantification. (G) Representative
images of OLIG2 staining (oligodendrocyte lineage cells) in the cortex and graph showing the quantification. (A, F, G) Scale bar = 50pm. Gray box
in graphs = variation of the control group and each dot represents one animal. * P < .05, ** P < .01, *** P <.001, **** P < .0001.

was followed by the subcellular detection feature to detect
spots between 0.5 and 2 microns in size. DNA damage in a
ROI was assessed by determining the ratio of total spots/
total cell detections in the ROI.

For microglial morphological analysis the mGlia pipeline
was used as described by van Weering et al.3! 20 squared
500 pixel thalamic microglial images per mouse were
selected in Qupath, exported as JPEG and color deconvolu-
tion in ImageJ was used to remove the hematoxylin coun-
terstain. AUC calculations were performed on the sholl
data using the LinearTrapezoidal Method in R (4.4.1).

CosMx

Three tissue microarrays (TMAs) per paraffin block were
generated capturing the cortex, thalamus and hippo-
campus. 5 ym slices put on slide for spatial single cell
transcriptomics using the CosMx Technology Access
Program (Nanostring) according to manufacturer’s re-
commendations with the Mouse RNA Neuroscience panel
(1.0), the CosMx Mouse Neuroscience Cell Segmentation
Kit, Mouse Neuroscience Supplemental Segmentation kit
and MmCD68. Bioinformatic analysis is described in the
Supplemental Materials and available on Github (https://
github.com/Prekovic-Lab/Kuil2025).

Statistical Analysis

Data visualization and statistical analysis was done in
GraphPad Prism (version 9, GraphPad software, Boston,
MA). Students t-test or one-way ANOVA analysis with a
Dunnett’'s multiple comparison test were performed. In
case of unequal variances, a Brown-Forsythe Welch ANOVA
was performed. If the data were not normally distributed,
a Kruskal-Wallis test was performed with a Dunn’s mul-
tiple comparisons test. Pvalues below .05 were considered
statistically significant, graphs represent the means with
standard deviations.

Results

Brain-Targeted Radiotherapy Does Not Induce
Cellular Senescence in The Healthy Irradiated
Brain

We used a plethora of markers to assess the presence of
cellular senescence in the irradiated brain. SA-B-gal activity
showed a comparable number of positive cells (on average
only 10 cells/fmm?) in the different experimental irradiated
groups at various doses and times after radiation and in
the control group (Fig. 1C; Fig. S1A). We next assessed

other characteristics of cellular senescence by RT-gPCR.
Cdkn2a (P16), Lmnb1 and Mmp3 expression did not
change between any of the groups (Fig. 1D). Only Cdkn1a
(P21) was induced at 1 week after radiotherapy at both dos-
ages (12 and 60 Gy) and at 5 weeks after radiotherapy after
high dose radiotherapy (60 Gy) (Fig. 1D). Markers of the
SASP (116, I11b, Cxcl10 and Cxcl1) did not change after radi-
otherapy in any of the groups (Fig. 1E).

Next, we performed immunohistochemistry (IHC) to as-
sess available senescence markers at the protein level,
while retaining spatial information. P53 and phospho-P53
are expected to be upregulated early on after DNA damage
to induce cell cycle arrest and/or senescence.? As expected,
we observed an increase in both markers at 1 week after
radiotherapy showing significance only in the 60Gy high
dose group (Fig. S1B and C). However, in lower doses
and at later time points, there was no increase in P53 or
pP53 + cells. P53 activation is known to activate P21, but
P21 IHC did not reveal differences between any of the
groups (Fig. 1F; Fig. S2A). Lamin B1 is expressed in the nu-
clear membrane of all cells, as expected, but did not re-
veal any overall changes as determined using automated
H-scoring in Qupath (Fig. 1G). BCL-2 + cells are common
in the brain, in particular in the cortex (60%-90% of cells)
and were not changed in abundance after radiotherapy
(Fig. S2B). Activation of the DNA repair machinery can be
visualized using a YH2AX antibody. As expected, we de-
tected a large increase YH2AX positivity upon radiation,
in a seemingly dose and time dependent manner (Fig.
S2C). Over time, the number of yH2AX foci decreases, as
expected. However, even at 10 weeks after radiotherapy,
we still observed a significant increase in yH2AX foci
upon radiotherapy, suggesting that the DNA repair ma-
chinery remains activated long-term after radiotherapy in
the brain (Fig. S2C). Based on the nuclear morphology of
the cells containing persistent yH2AX foci these should be
neurons or astrocytes (Fig. S3A). Double IHC using NeuN
and YH2AX showed that the virtually all foci are located in
neurons (arrows) and double IHC using GFAP and yH2AX
shows no yH2AX localization in the nuclei of astrocytes
(Fig. S3A). Thus, the persistent DNA damage foci induced
by RT are located in neurons.

Brain Irradiation Shows Clear Effects on
Neurogenesis and Glia

It is known that various cellular processes in the brain are af-
fected after radiotherapy, such as loss of neurogenesis,? ol-
igodendrocyte precursor cell loss,?>?¢ inflammation'?’ and
reactive gliosis.?® In our model we assessed the time and
dose dependency. Ki67, a proliferative marker was used as a
proxy for neurogenesis in the subventricular zone (SVZ), one
of the neurogenic regions in the mouse brain. We showed a
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Figure 3. Assessing differences between single dose exposure and fractionated exposure assessing markers for cellular senescence. (A)
Timeline of the single dose versus fractionated dose experiment with depiction of the brain regions used for sectioning and RNA isolation. In
the sagittal section the quantified areas are depicted as well as the irradiated and non-irradiated regions, created in BioRender. Van tellingen,
0. (2025) https://BioRender.com/y91e306. (B) Representative images of p-gal staining and quantification (whole brain). Scale bar = 50um. (C)
Representative images of P21 IHC and quantification. Scale bar = 50um. (D) Representative images of P2RY12 IHC and quantification. Scale
bar = 100pm. (E) Representative images of Pdgfra IHC and quantification. Scale bar = 100um. (B—E) Each dot represents one animal error bars
represent standard deviation. * P < .05, ** P< .01, ** P < .001, *** P < .0001. C = control, SD = single dose (10Gy), FD = fractionated dose (total
dose 30Gy).
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significant loss of neurogenesis in all groups, that retained  in non-neurogenic regions of the brain was induced in the
over time (Fig. S3B). It can be appreciated that the higher dose  cortex at 5 weeks and thalamus at 1 week in the 60 Gy group
group show a more severe loss of Ki67 + cells. Proliferation ~ and was not affected in the lower dose groups (Fig. S3B).
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Next, we assessed GFAP, a gene expressed by astrocytes
that is upregulated during reactive gliosis. Upregulation of
Gfap RNA was observed in the high dose group (60 Gy) at 5
weeks after treatment (Fig. S3C). GFAP IHC showed hyper-
trophy of astrocytes in the hippocampus, cortex and mPFC
in the 60Gy 1 week group and the 30Gy 10-week groups
(Fig. S3D). Astrocyte cell numbers (SOX9) did not increase
upon radiotherapy (Fig. S4A). Aif1 (Ibal) is expressed by
microglia in the brain and its expression is induced during
inflammation/reactivity to disease.3?3% Ajf1 RNA was only
significantly upregulated the high dose group (60 Gy) at
5 weeks after treatment (Fig. S3C). Analysis of microglia
using IBA1 IHC, labeling microglia and macrophages
regardless of activation status, showed a decrease in
IBA1 + cells in hippocampus and cortex in all groups ex-
cept for 1 week after 12 Gy (cortex and hippocampus) and 5
weeks after 60 Gy (cortex), in the mPFC reduced cell num-
bers are found 4 and 8 weeks after 12Gy (Fig. 2A; Fig. S4B).
We assessed the morphology of thalamic microglia using
the mGlia tool developed by van Weering et al. (2023). Sholl
analysis shows that the irradiated cells show more inter-
sections, in particular at larger distances to the soma in the
12Gy 4 and 8 week groups and the 60Gy groups compared
to controls (Fig. 2B). Cluster analysis shows increased pres-
ence of cells with higher complexity upon radiotherapy in
all groups except for 12Gy 1 week (Fig. 2C). Assessment
of various features extracted in the pipeline showed sig-
nificant effects of irradiation on various branch param-
eters, cell size/spread parameters, nodes, sholl and branch
area parameters (Fig. 2D). Moreover, it can be appreciated
from the individual images that the microglia after RT have
thicker branches and a hypertrophic appearance (Fig. 2E).
Altogether, this shows that upon radiotherapy microglia
show increased complexity and extended branching, sug-
gesting their reactivity to radiotherapy.

PDGFRa is a gene expressed specifically by oligoden-
drocyte precursor cells and not in neuronal stem cells or
oligodendrocytes. Pdgfra RNA expression was lower after
high dose radiotherapy, albeit not reaching significance
(Fig. S3C). PDGFRa IHC showed a loss of PDGFRa+ OPCs
1 week after RT irrespective of dose, but whereas the low
dose animals showed a recovery in the number of OPCs,
the high dose animals showed a persistent significant loss
of OPCs (Fig. 2F; Fig. S4C). Analysis of the oligodendro-
cyte lineage using OLIG2 as a marker showed no changes
in overall number of OLIG2 + cells, suggesting that the
radiosensitivity is restricted to OPCs (Fig. 2G; Fig. S5A).
MBP is expressed in mature myelinating oligodendrocytes
specifically.3* We did not detect changes in expression of
Mbp RNA, nor did we detect changes in MBP protein in
the myelinated area of the cortex at the time points as-
sessed (Fig. S5B).

Single Dose Radiotherapy Does Not Induce
Cellular Senescence

To rule out that fractionation or age hampered the detec-
tion of cellular senescence in the brain, we subjected young
mice (6 weeks of age) to single dose radiation (10Gy), frac-
tionated radiotherapy (3 fractions of 10Gy) or sedation
only (sham-controls) (Fig. 3A). We showed no changes in
senescence markers SA-B-gal, Cdkn1a, Cdkn2a, 116, Mmp3,

Cxcl1, and Lmnb1 upon either single dose or fractionated
dose radiotherapy in young animals (Fig. 3B and C, Fig.
S5C, S6A, S6C) (Table 1). Only the pro-inflammatory che-
mokine Cxcl10 was induced upon radiotherapy, in partic-
ular after fractionated radiotherapy (Fig. S5C). As expected,
increased yH2AX staining was found in the hippocampus
(sign.) and thalamus (n.s.) after radiotherapy (Fig. S6B).
The cortex of the sham-controls surprisingly contained
YH2AX + staining. In line with the first experiment, there is
no induction of cellular senescence upon radiotherapy, re-
gardless of fractionation and dose.

In line with the previous experiment Aifl (encoding
IBA1), Gfap or Mbp RNA showed no changes between
controls and the two radiotherapy groups (Fig. S7A).
However, Pdgfra showed significantly reduced expres-
sion only in the fractionated radiotherapy group (Fig. S7A).
Immunohistochemistry of P2RY12, a marker specifically la-
beling homeostatic microglia,®® showed significant reduc-
tions in P2RY12 + homeostatic microglia numbers in both
radiotherapy groups in the thalamus and hippocampus,
whereas in the cortex only the single dose group and in
the mPFC only the fractionated dose group reached signif-
icance (Fig. 3D; Fig. S7B). PDGFRo+ cells were significantly
decreased after both single dose and fractionated dose ra-
diotherapy in the thalamus (Fig. S7C) and only after frac-
tionated dose in the hippocampus (Fig. S7C). A stepwise
decrease in cell numbers was observed in the cortex and
mPFC with only significance upon fractionated RT (Fig. 3E;
Fig. S7C). Importantly, these reductions in homeostatic mi-
croglia and OPCs were found only in the irradiated areas
(Fig. S7B and C). Assessment of MBP IHC in cortex did not
show changes (Fig. S7D). GFAP IHC showed increased
presence of GFAP staining suggesting hypertrophy in the
mPFC, cortex and hippocampus of the fractionated dose
group (Fig. S7E).

To determine whether a high-resolution spatial
transcriptomics approach could detect cellular senescence
in the mouse brain, we analyzed brain slices from control
and fractionated dose-treated mice using the CosMx SMI
platform (Nanostring) (Fig. 4A). Spatial transcriptomics
is a rapidly evolving field that enables in-depth, cell-type-
specific analysis by mapping gene expression with regards
to tissue architecture. CosMx SMI is an imaging-based
technique that relies on accurate cell segmentation to as-
sign transcripts. Inadequate segmentation could lead to
transcripts being wrongfully assigned to cells, thereby
increasing experimental noise and compromising data
quality.®¢ After performing quality control and optimizing
segmentation, we observed a significant upregulation
of Gfap and B2m in the total dataset, suggestive of in-
creased inflammation333%738 (Fig. 4A and B). In addition,
there is an upregulation of Ttr and Pcp4, which are in-
duced upon brain irradiation as described by others.3%40
Spatial transcriptomics enables in-depth analysis of cells
in their spatial context, but in this study the 1000-gene
panel and the limited detection limit, yielded count-based,
O-inflated data. In turn, this complicated cell-type identi-
fication and subsequent analysis on subsets of cell-types
or spatial regions due to lack of statistical power. Subset
analysis was only performed on the largest population in
our dataset, which were astrocytes. Astrocytes showed a
downregulation of Sparc and Nnat and upregulation of
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Table 1.

Marker se- 12 Gy 12Gy 4
nescence 1 week WEELS
SA-B-gal 1 - o -
P21 gPCR 1 1 - -
P21 IHC 1 . - as
P16 gPCR 1 o - -
Mmp3 1 - - -
qPCR

Cxcl10 1 o - -
qPCR

Cxcl1 1 - - -
qPCR

I11b gPCR 1 - - o
116 g PCR 1 - - es
P53 IHC 1 1 - -
pP53 IHC 1 1 - &5
BCL-2 IHC ! - - -
yH2AX 1 1 0 1
IHC

LmnB1 ! - o -
qPCR

LmnB1 ! o o -
IHC

Marker glia/neurogenesis 12Gy 8w

Ki67 IHC (SVZ) ! in.s i n.s.
Pdgfra gPCR - - -
Pdgfra IHC ! o o
Mbp qPCR o - .
Olig2 IHC - o -
Ibal gPCR o - -
Iba1 IHC - 0 0
P2RY12

GFAP gPCR - o o
Sox9 IHC - - -

60 Gy 1w

Overview of the effects on all measured senescence markers and glial markers for the different treatment groups and experiments

60 Gy 5

30 Gy 10 30 Gy
WEELS FD

Aged
WEELS]

60Gy5w 30Gy10w 10GySD

30GyFD Aged

- ! L*

Expected = expected change in senescent cells versus normal cells, 1 significantly upregulated/reduced, ! significantly downregulated/reduced, «

no significant difference. * only reduced in the cortex.

Gfap, Pcp4 and Slc17a7 (Fig. 4C). These changes suggest
a potential effect on neuronal synaptic plasticity and an
increase in inflammation.33.3741-43

Unexpectedly, Pdgfra expression did not show an
overall reduction. However, within the oligodendrocyte
progenitor cell (OPC) population, Pdgfra expression was
significantly lower in the irradiated group which was ex-
plained by the higher proportion of cells where no Pdgfra
expression was detected (Fig. 4D). Additionally, cells were
classified as OPCs with significantly greater certainty in the
control group compared to the irradiated group (Wilcoxon
W =79106, P=.03).

We evaluated senescence-associated genes from the
Nanostring gene panel and the Mayo Clinic’'s senescence
gene signature.**4% Using single cell gene set enrichment

analysis (ssgsea), the enrichment score of the two senes-
cence gene sets was calculated per cell. There were no
significant differences in scores between conditions.
Bootstrapping analysis, using random gene sets of equal
size, confirmed that the enrichment scores of the senes-
cence lists did not exceed what would be expected by
chance (Fig. 4E). This suggests again that cellular senes-
cence is not enriched across the dataset.

To investigate potential alterations in the spatial distribu-
tion of cells in the brain post-radiotherapy, we conducted a
distance analysis.*¢ The analysis of myeloid cells revealed
that the overall distribution of cell proportions over dis-
tance was similar between the two groups, indicating that
the cellular organization was largely preserved (Fig. 4F).
Distance analysis across various cell types demonstrated
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Figure 5. Experiment using early aging and young controls to assess changes in markers for cellular senescence and on glia. Representative [}
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that the overall cellular distribution was comparable be-
tween control and irradiated samples, suggesting that
the cellular organization remains largely intact after radi-
otherapy (e.g. astrocytes and oligodendrocytes in Fig. 4G
and H).

Assessment of Cellular Senescence and Glial
Changes in Middle-Aged Mice Compared to
Young-Adult Mice

We assessed brains from middle-aged to old female mice
(77 weeks of age) that resemble early aging and compared
them to young female mice (10- to 24-week-old) to com-
pare the effects of early aging to those after radiotherapy.
Markers of cellular senescence did not change between the
age groups in any of the assessed brain regions (Fig. 5A
and B; Fig. S8A-C), in line with previous studies showing
that frailty and cellular senescence becomes evident past
24 months of age.*’*® As expected, neurogenesis in the
SVZ, was reduced in the older mice (Fig. 5C), but less se-
vere compared to that observed after RT (Fig. S3B). The
cortex and hippocampus contained less Ki67 + cells in the
older mice compared to the younger controls (Fig. S8D),
which we did not see after RT (Fig. S3B). A significant reduc-
tion in OPCs (relative to total cells) was found in all regions
examined (Fig. 5D; Fig. S8E) and a decrease in the number
of microglia by either P2RY12 (marking homeostatic mi-
croglia) or IBA1 (marking all microglia/macrophages) in
the cortex, but not in the thalamus and hippocampus was
found (Fig. 5E; Fig. S8F and G). To assess changes in mor-
phology we subjected IBA1 + microglia from the thalamus
to the mGlia pipeline. Sholl analysis shows that microglia
from 77-week-old animals, contain more intersections, in
particular at larger distances from the soma compared to
young controls, showing the same directionality as ob-
served after RT (Fig. 5F and G). Significant effects of early
aging were observed on various branch parameters, soma
area, cell size/spread parameters, nodes, sholl and branch
area parameters (Fig. 5H). Moreover, the cells from the
older mice appear to contain thicker more pronounced
ramifications (Fig. 5l).

Discussion

Assessment of various senescence markers did not indi-
cate an increase in cellular senescence with radiotherapy
at the doses, ages and time intervals tested (Table 1). An in-
duction of P21 RNA, pP53 and P53 cells was detected only
one week after radiotherapy, but this is likely the result of
direct DNA damage due to the radiation, with these effects
subsiding at later time points (Table 1). Moreover, yH2AX
was observed after radiotherapy and appeared persistent
up to 10 weeks after radiotherapy, in line with a previous
report showing long-term activation of the DNA damage
response in mice irradiated at early postnatal ages*® (Table
1). However, these (early) and transient changes in P21, P53
and yH2AX likely reflect the activation of the DNA damage
machinery. This contrasts the typical sustained increase in
P21 and/or P16 observed in senescence. Our radiotherapy
findings challenge the previous studies that showed

induction of cellular senescence, albeit with inconsistent
cell types being found senescent. Differences between our
study and previous ones are 1) our irradiation method is
highly targeted, limiting exposure of surrounding tissues,
2) we used mainly fractionated radiotherapy at higher
cumulative doses. However, the dose in the single dose
group is similar to most previous studies. Others suggest
that cellular senescence observed in vitro is different from
changes in aging microglia in vivo.5%%" Moreover, the aging
microglial transcriptome does not seem associated with
any classical indicators of cellular senescence.t%2We show
no increase in traditional cellular senescence markers
during early aging nor after radiotherapy supporting the
notion that in vivo senescence in the brain differs from in
vitro and tumor cellular senescence.

We observed a major reduction of cycling cells in the
SVZ upon radiation and early aging, which is in line with
previous studies.?®%* Here, we show that the loss of neu-
rogenesis upon cranial radiotherapy is dose dependent in
severity, but persistent over time regardless of the dose.
The loss of OPC is dose-independent at 1 week after radi-
otherapy. However, at later time points, animals receiving
lower doses showed recovery of OPC numbers, where
higher dose radiotherapy (30Gy and 60Gy) showed a per-
sistent loss of OPCs (measured at 5 and 10 weeks post RT,
respectively). A previous report suggested that fractiona-
tion specifically reduces the OPC numbers,?® it seems that
this effect is dose and time dependent, as the 12Gy animals
receiving fractionated doses of 4Gy per day showed re-
covery over time in our dataset. The authors showed that
OPCs undergo apoptosis very soon after radiotherapy (8
hours), suggesting that OPCs are highly sensitive to radia-
tion and are lost through apoptosis rather than differentia-
tion into oligodendrocytes.?® Importantly, the loss of OPCs
upon cranial radiotherapy has been shown in the human
brain as well.?® Early-aged animals presented with fewer
OPCs, suggesting that OPC numbers decrease with age.
In line with a recent report showing reduced OPC num-
bers upon aging in the mouse hippocampus.®® Whereas
others showed stable OPC numbers upon aging in mice,®®
rats®” and in human.58 Interestingly, ablation of OPCs in the
mouse brain was able to induce spatial working memory
changes,®® therefore the loss of OPCs upon radiotherapy
might be an important factor in radiation-induced cogni-
tive impairment.

Reduction in microglial numbers (IBA1) upon radio-
therapy is region dependent, showing modest reductions
in cortex and hippocampus but not thalamus, and this de-
crease is persistent over time. It has previously been shown
that microglia undergo apoptosis at short term (6 hours)
after radiotherapy, however apoptotic microglia were still
found more frequently 30 days after radiation.?’ This likely
explains the reduced numbers of microglia observed after
radiotherapy, also reported by others.?”6° Microglia in the
irradiated brain presented with an altered morphology
(higher branching complexity) compared to the controls,
especially at higher doses and at later time points after the
lower dose. Microglial morphological analysis showed in-
creased branching area and complexity after radiotherapy
and upon early aging. Hyper ramification of microglia has
mainly been observed in mouse models of stress,?' but has
been shown previously upon irradiation.'® Therefore, this
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hyper ramification likely reflects microglial reactivity to ra-
diotherapy at doses and the time points assessed.

The morphological changes upon radiotherapy to-
wards an ameboid phenotype were reported to be acute
(6 hours and 24 hours) but returned to ramified in the
majority of cells already at 7 days after treatment.?’ This
is in line with the (hyper)ramified morphology observed
in our experiments. We noted that the morphology of mi-
croglia in our 60 Gy 5 weeks animals resemble by eye the
morphology of microglia in rat brains reactive to radio-
therapy.™ However, that report showed opposite changes
in sholl analysis. These differences might be explained by
the use of the mGlia tool on chromogen-based staining
that might be sensitive to expression levels of IBA1 and ef-
fects of fixation. Importantly, in our IBA1 IHC of young and
sham-controls microglial cell bodies are clearly defined,
but the protrusions are stained very lightly and are diffi-
cult to trace. Whereas in the irradiated and the aged sam-
ples the microglial soma seems enlarged and protrusions
are thicker (hypertrophy) and can therefore be traced more
easily (Figs. 2E and 5I).

During early aging we found reduced microglial num-
bers (IBA1) only in the cortex and not in the thalamus and
hippocampus and increased complexity of thalamic mi-
croglia. Others report increased microglia numbers and
reduced complexity with age in rodents®262-64 and stable
microglia numbers with reduced complexity in humans.%®
We observed an increase in soma area size upon aging
using mGlia, indicative of perinuclear cytoplasm hyper-
trophy,®8 which is in line with a previous report on aging
mice® and humans.®8 A factor of influence might be the
use of female mice in our early aging experiments. Sex
differences were observed in microglial transcriptional
changes upon aging where females show a stepwise
change in gene expression whereas males show a sudden
change in gene expression.5?

Future Directions

Interestingly, a recent study showed that accelerated aging
of microglia, induced by ablation and repopulation of mi-
croglia using an Csf1r inhibitor, results in cognitive im-
pairment in mice.>? A large body of evidence points to a
central role for microglia in neurodegenerative diseases,®
including adult-onset leukoencephalopathy with axonal
spheroids and pigmented glia (ALSP) where the patients
have reduced numbers of microglia.”%’! Some promising
mouse studies show that manipulating microglial pres-
ence can protect animals from radiation-induced cognitive
impairment.”>7* Therefore, it appears that microglia can
have major effects on brain health and their reduced num-
bers and altered morphology found in our study could be
implicated in radiotherapy-induced cognitive impairment.

Conclusion

Following cranial radiotherapy, cells in the healthy brain do
not acquire a cellular senescence state, as we know from

tumors and in vitro work. Neither the post mitotic nor the
proliferating cells (e.g. neuroblasts, OPCs and microglia)
in the brain seem to acquire a state of cellular senescence
upon radiotherapy, but rather are highly RT-sensitive (neu-
rogenic cells/OPCs) and/or show morphological changes in
response to radiotherapy (microglia/astrocytes). However,
accelerated aging as a process might still occur, as shown
by a similar directionality in glial changes and loss of neu-
rogenesis in early aging and radiotherapy-treated animals.
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