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Abstract: ATM kinase is becoming an important therapeutic target for tumor radiosensitization.
Radiation is known to cause neuro-inflammation and neurodegeneration; however, the effects of
small molecule ATM inhibitors (ATMi’s) and radiation on normal tissue, including healthy brain, are
largely unexplored. Therefore, we examined the mouse CNS after ATMi radiosensitization with a
focus on the fate of neurons. We used several approaches to assess the effects on the DNA damage
response (DDR) and apoptosis of neurons using immunostaining. In vivo, a significant decrease in
viable neurons and increase in degenerating neurons and apoptosis was observed in mice treated
with radiation alone. On the other hand, an ATMi alone had little to no effect on neuron viability
and did not induce apoptosis. Importantly, the ATMi’s did not further increase radiation toxicity.
In fact, multiplex immunostaining showed that a clinical candidate ATMi (AZD1390) protected
mouse neurons from apoptosis by 90% at 4 h after radiation. We speculate that the lack of toxicity to
neurons is due to a normal ATM–p53 response that, if blocked transiently with an ATMi, is protective.
Altogether, in line with previous work using ATM knockout mice, we provide evidence that ATM
kinase inhibition using small molecules does not add to neuronal radiation toxicity, and might, in
fact, protect them from radiation-induced apoptosis at least in the short term.
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1. Introduction

ATM kinase plays a critical role in the response to DNA damage and is a pivotal
regulator of the cell cycle, DNA damage response (DDR), and other important cellular
processes such as inflammation, senescence, insulin resistance, and aging [1–4]. During the
past decade, we have explored the basic biological and therapeutic effects of various ATMi’s
as radiosensitizers for treating brain cancers such as glioblastoma multiforme (GBM) and
demonstrated impressive radiosensitization in preclinical tumor models [5–12]. Our early
findings were recently recapitulated by others using patient-derived xenografts [13]. GBM
standard-of-care (SOC) is surgical resection followed by chemo-radiation [14]. Radiation of
the brain is known to cause neuro-inflammation and neurodegeneration in rodents and
humans [15,16]. Therefore, it is of critical importance to determine the effects of ATMi’s
and radiation on healthy brains even though today’s glioma SOC uses conformal radiation,
considerably reducing the damage to surrounding healthy brain tissue.

Early work on an ATM knockout (KO) mouse demonstrated resistance to apoptosis
in the developing mouse central nervous system (CNS) after ionizing radiation that was
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mediated by p53 in brain regions known to harbor neurons such as the hippocampus
and cerebellum [17]. However, the identity of these cells was not conclusively shown
to be neurons by immunostaining. Subsequently, the same group found that astrocytes
(GFAP+) from the ATM KO mouse did not show such ATM-dependent radioresistance
compared with normal astrocytes and that ATM cooperated with Bax, resulting in apop-
tosis via caspase-3 activation [18,19]. Along the same line, rat neurons cultured in vitro
and challenged with various DNA-damaging agents including radiation re-entered the
cell cycle via G0→G1→S and then died during mitosis that required Cdc25A. Neurons
were protected against apoptosis when also treated with caffeine or wortmannin, which
are both nonspecific ATM inhibitors [20]. Thus, contrary to aggressive tumors such as
GBM, terminally differentiated neurons are not radiosensitized when ATM is inactivated,
suggesting that rat neurons also require ATM to die. Based on these studies, one might
argue that specific small molecule ATM inhibitors would radiosensitize gliomas and protect
neurons, thus being a cancer-specific treatment [5].

Because neurons do not cycle, they are affected differently from brain tumors. It is
possible that temporarily preventing radiation-induced neuronal apoptosis with an ATMi
could provide protection until the acute toxicity subsides. The question for some time
has been whether an ATM small molecule inhibitor would be protective in the shorter
term to achieve cancer specificity. We previously demonstrated that the p53 status of
gliomas plays a critical role in the response to ATMi-mediated radiosensitization [7–9],
and speculated on the possibility of neuronal protection by ATMi’s [5]. If gliomas with
mutant/dysregulated p53 signaling respond better to ATMi radiosensitization compared
with p53 wildtype tumors as well as normal, healthy brains [5,6], thereby providing
significant cancer specificity, then the simultaneous protection of neurons from apoptosis
would potentially spare normal brain tissue and perhaps better preserve post-treatment
cognition. In addition to the question of whether an ATMi would provide protection to
irradiated neurons, it is crucial to keep in mind that prolonged exposure to an ATMi is
likely detrimental to dividing cells since blocking the DDR, preventing DNA double-strand
break (DSB) repair and other critical cellular processes, would likely negatively affect
brain function and result in neurodegeneration and premature aging [21]. The question is
whether an ATMi would provide protection to neurons especially if applied after irradiation
and, if so, what is the inhibition time window needed post-irradiation to achieve protection?

We set out to determine the impact of ATMi’s on the mouse CNS after irradiation and
we found that inhibiting ATM kinase did not adversely affect the survival of neurons in
combination with radiation and was in fact protective in the short term.

2. Results
2.1. Effects of Radiation on Mouse Tumors and Healthy Brains—Radiation Triggers Mitotic
Catastrophe in Mouse Tumors

To determine the effect of radiation on a mouse brain with an intracranial tumor, we
irradiated only a portion of the tumor and adjacent brain tissue using conformal irradiation
delivered from a small animal radiation research platform (SARRP) [5,6]. We expected that
the tumor would serve as a positive control for the immunostaining procedure with a more
robust DDR relative to the healthy brain. After one hour, the mouse was perfused, and
the brain collected and sectioned, which was followed by multiplex immunostaining with
antibodies against γ-H2AX (marking DNA double-strand breaks), cleaved caspase 3 (CC3;
marking apoptosis), and phospho-(S10)-histone H3 (pHH3; marking mitotic cells). Together,
these antibodies identify cells undergoing mitotic catastrophe (MC) after irradiation, which
we have previously shown to occur in combination with ATMi’s in vitro [5] (Figure 1). We
assumed that the irradiated tumor would show a more pronounced DDR and we would
perhaps be able to identify cells undergoing MC [5]. Indeed, we were able to find a strong
γ-H2AX response in the half of the tumor that was irradiated (red stained cells), indicating
high levels of DNA double-strand breaks (Figure 1A). We also identified cells undergoing
mitosis (pHH3+), dying cells (CC3+), as well as double-stained cells but very few triple-
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stained cells (4/51,447; <0.008%) in the irradiated tumor. However, there was only one
triple-stained cell in the unirradiated tumor area (Figure 1B, Supplementary Table S1),
suggesting that MC increases after radiation as expected but is a rare event. The portion of
the field of the normal healthy brain (NHB) that was irradiated had cells with γ-H2AX foci
and pHH3+ mitotic cells, and very few CC3+ ones. However, no triple-stained cells were
detected at 1 h post-irradiation. Radiation increased the number of cells with γ-H2AX foci
100-150-fold in both tumor and NHB tissues as expected, whereas the CC3+ levels were
unexpectedly reduced, by about 25–60% in both. One reason could be that radiation might
already have killed many cells by the first hour post-irradiation. The opposite effect was
seen when mitotic cells (pHH3+) were examined. While the levels went down 8-fold in the
tumor after irradiation, perhaps as expected, due to triggering a G2/M checkpoint arrest,
they went up several fold in the NHB. We refrain from speculating on the possible reason(s)
for this result since we did not identify which subpopulation(s) were affected in the NHB.
In vivo, healthy brain apoptosis occurs and peaks around 4 h after 20 Gy of radiation [17],
a finding we previously documented with ATMi’s and 2 Gy of radiation [5]. The result
from this experiment established the conditions for detecting DDR markers using multiplex
immunofluorescence that sets the stage for studying radiation and ATMi effects on the
mouse brain. Since this experiment did not cover a window spanning several hours and
days after irradiation that could have generated more information, we decided to carry out
a time-course experiment on irradiated mouse brains with and without an ATMi.
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Figure 1. (A) Mitotic catastrophe documented by OPAL triple fluorescence staining of brain section 
with partially irradiated GL261 tumor. A C57bl6 mouse with a GL261 intra-cranial tumor (red 
arrow, bottom-middle panel) was partially irradiated (5 Gy) using SARRP and a 3 × 9 mm collimator; 
1 h later, the brain was fixed and triple stained with anti-γ-H2AX/CC3/pHH3 antibodies and DAPI. 
DNA-damaged cells were detected in both tumor and healthy brain tissues with a few undergoing 
mitotic catastrophe (triple-positive cells) after irradiation. (a) White square indicates area covering 
both irradiated and non-irradiated tumor that is shown at higher magnification in (d). (b) Entire 
transverse section with immunofluorescence staining with white square indicating tumor area that 
was not irradiated (magnified in (c)). The transition between irradiated and non-irradiated tumor is 
marked with a dotted line. (c) Area between tumor and NHB that was irradiated; higher 
magnification image is shown in (e). Scale bar represents 40 µm. (B) Example of triple fluorescence 
staining of a tumor cell undergoing mitotic catastrophe. GL261 section (Figure 1A) was triple stained 
with anti-γ-H2AX/-CC3/-pHH3 antibodies and counter-stained with DAPI. Scale bar represents 10 
µm. A few triple-positive tumor cells undergoing mitotic catastrophe were found, one of which is 
shown. The three fluorescence markers were sequentially added to the same field to better display 
the triple-positive cell. 

  

Figure 1. Cont.
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Figure 1. (A) Mitotic catastrophe documented by OPAL triple fluorescence staining of brain section
with partially irradiated GL261 tumor. A C57bl6 mouse with a GL261 intra-cranial tumor (red arrow,
bottom-middle panel) was partially irradiated (5 Gy) using SARRP and a 3 × 9 mm collimator; 1 h
later, the brain was fixed and triple stained with anti-γ-H2AX/CC3/pHH3 antibodies and DAPI.
DNA-damaged cells were detected in both tumor and healthy brain tissues with a few undergoing
mitotic catastrophe (triple-positive cells) after irradiation. (a) White square indicates area covering
both irradiated and non-irradiated tumor that is shown at higher magnification in (d). (b) Entire
transverse section with immunofluorescence staining with white square indicating tumor area that
was not irradiated (magnified in (c)). The transition between irradiated and non-irradiated tumor is
marked with a dotted line. (c) Area between tumor and NHB that was irradiated; higher magnification
image is shown in (e). Scale bar represents 40 µm. (B) Example of triple fluorescence staining of
a tumor cell undergoing mitotic catastrophe. GL261 section (Figure 1A) was triple stained with
anti-γ-H2AX/-CC3/-pHH3 antibodies and counter-stained with DAPI. Scale bar represents 10 µm.
A few triple-positive tumor cells undergoing mitotic catastrophe were found, one of which is shown.
The three fluorescence markers were sequentially added to the same field to better display the
triple-positive cell.

2.2. Time Course of Radiation-Induced Apoptosis in Healthy Brains

The mice were orally dosed with vehicle or AZD1390 [6], a clinical ATMi candidate
that is currently in a human trial (NCT03423628), and then conformally irradiated (5 Gy)
in a 5 × 5 mm field in the right hemisphere. The brains were collected at 4 h, 1 week, and
1 month after irradiation. Thus, each transverse brain section had an internal control, i.e.,
(1) unirradiated/irradiated and (2) unirradiated/irradiated in the presence of AZD1390.
We then immunostained the brain sections with anti-γ-H2AX, -CC3, and -GFAP (marking
gliosis) antibodies (Supplementary Figure S1), and semi-quantified the number of positive
cells after IHC/DAB staining, which is summarized in Table 1. Briefly, and as expected,
the number of γ-H2AX-positive cells increased after radiation and peaked at 4 h, subsided
at 1 week, and disappeared by 1 month. With the AZD1390 treatment, the γ-H2AX levels
were clearly reduced at 4 h, suggesting a partial inhibition due to ATM kinase activity,
and were no longer detectable at 1 week, in line with that other PIKK-related kinases
such as ATR and DNA-PK also phosphorylate H2AX at S139 [22]. On the other hand,
the number of CC3-positive cells was moderate at 4 h and gone at 1 week and with the
addition of AZD1390, the number of CC3-positive cells increased compared to 1 week after
radiation alone. It is important to note that cells positive for CC3 staining will disappear,
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especially if apoptosis occurs during mitosis, which only lasts about an hour. Furthermore,
in this experiment we did not distinguish between CNS sub-populations or whether cells
were mitotic or terminally differentiated. Finally, when examining possible inflammatory
responses (gliosis, activated microglial/astrocytes, and GFAP+ staining), we barely noticed
any signs of inflammation with the radiation alone treatment except at 1 month, whereas
dosing with AZD1390 and radiation seemed to elevate gliosis further (Supplementary
Figure S1C).

Table 1. Immunostaining of partially irradiated mouse brains. C57bl6 mice were partially irradiated
(5 Gy) using SARRP with a 5 × 5 mm collimator and the brains collected at 4 h, 1 week, and 1 month
after irradiation. Sections were stained with anti-γ-H2AX, -CC3, and -GFAP antibodies followed
by horseradish peroxidase (HRP/DAB) IHC and counter-staining with hematoxylin. The cells
were assessed for DAB+ and semi-quantitatively scored as absent (−), few (+), moderate (++), or
dense (+++).

Treatment Antibody

γ-H2AX CC3 GFAP (gliosis)

5 Gy - + - + - +

AZD1390 - + - + - + - + - + - +

Ti
m

e

4 hrs - - +++ +(+) - - +(+) ++ - - - -

1 week - - ++ - - - - -/+ - - - -

1 month - - - - - - - - - - -/+ ++

2.3. ATM Kinase Inhibition Protects against Radiation-Induced Neuronal Apoptosis

To determine the effects of inhibiting ATM kinase on the mouse CNS, and more
specifically on neurons, we administered an early ATM inhibitor (ATMi), KU-60019 [8,9],
by convection-enhanced delivery (CED) [7], immediately followed by a single 3 Gy dose
of conformal radiation to the brain using the SARRP. Twenty-four hours later, the mice
were perfused and brains then processed for immunofluorescence imaging. To identify
degenerating neurons, we used Fluorojade B (FJ) staining [23] and counter-stained with
DAPI nuclear stain. Quantifying FJ+/DAPI cells in multiple sections and fields showed that
neuronal degeneration after irradiation increased >20-fold over unirradiated brain tissue
(p < 0.01). However, KU-60019 did not significantly add to radiation toxicity (Figure 2A).
To corroborate this result, we quantified the number of neurons using immunostaining
(NeuN+) of sections from control and irradiated mice (Figure 2B). Radiation reduced the
number of neurons by ~60% (p < 0.01) at 24 h regardless of treatment with the ATMi. In
this assay, the ATMi alone seemed to reduce the number of neurons by ~30%, a result
which needs to be interrogated further since we have not seen such pronounced reduction
when another ATMi (AZD1390) was administered by oral gavage. It is possible that the
reduction in the number of neurons is the result of physical damage resulting from the
process of inserting the cannula and the delivery by CED [7,24,25], an effect that might not
be as evident when combined with radiation.
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Figure 2. ATMi does not add to radiation-induced neuronal degeneration and cell death. 
Experimental outline (left). C57bl6 mice without tumors were injected with KU-60019 by CED 
followed by 137-Cs irradiation (3 Gy) and 24 h later, the brains were perfused and fixed. Coronal 
sections were obtained close to the CED injection site in the cerebral cortex of treated mice and 
processed as described in the Materials and Methods. (A) Staining with Fluorojade B and DAPI 
indicates degenerating neurons. (B) Immunostaining with anti-NeuN antibody and DAPI. Ctrl, 
unirradiated control; KU, KU-60019; IR, 3 Gy irradiation. Scale bar represents 100 µm. p-values are 
indicated. NS, non-significant. 
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Figure 2. ATMi does not add to radiation-induced neuronal degeneration and cell death. Experi-
mental outline (left). C57bl6 mice without tumors were injected with KU-60019 by CED followed
by 137-Cs irradiation (3 Gy) and 24 h later, the brains were perfused and fixed. Coronal sections
were obtained close to the CED injection site in the cerebral cortex of treated mice and processed
as described in the Materials and Methods. (A) Staining with Fluorojade B and DAPI indicates
degenerating neurons. (B) Immunostaining with anti-NeuN antibody and DAPI. Ctrl, unirradiated
control; KU, KU-60019; IR, 3 Gy irradiation. Scale bar represents 100 µm. p-values are indicated.
NS, non-significant.

As a follow-up experiment to determine the effects of radiation and ATM inhibition
on a mouse without a tumor, we re-examined the 4 h sections from the time-course exper-
iment described above after staining with Akoya’s Opal Polaris 7 Color IHC Multiplex
Detection kit; the slides were scanned and viewed in PhenoChart and the cell numbers
were quantified using QuPath [26]. We analyzed the mouse brain sections in the irradiated
and unirradiated areas treated with and without the ATM kinase inhibitor to determine the
response in neurons (NeuN+) and changes in a combination of biomarkers: phosphory-
lated KRAB-associated protein 1 (pKAP1; marks the DDR, which is dependent on ATM),
phosphorylated histone H2AX (γ-H2AX; marks double-stranded DNA breaks but is not a
specific ATM kinase target), phosphorylated histone H3 (pHH3; marks cells in mitosis),
and cleaved caspase 3 (CC3; marks cells undergoing apoptosis). Additionally, we looked
for NeuN+ cells co-stained with γ-H2AX, pKAP1, and CC3, i.e., DDR+ neurons under-
going apoptosis [20] in response to radiation and AZD1390 (Supplementary Figure S2).
We found that over a period of 4 h after 5 Gy of irradiation, AZD1390 protected mouse
neurons from dying by 90% (Table 2, Supplementary Table S2). It can clearly be seen that
AZD1390 blocked KAP1 phosphorylation after 5 Gy (NeuN:pKAP1 column) demonstrating
AZD1390’s specificity for the ATM kinase. Apoptosis in neurons (NeuN:CC3 column) is
known to occur spontaneously in the brain, events that should be subtracted from those
seen after treatment to truly reflect the impact of AZD1390. Spontaneous apoptosis likely
results from reactive-oxygen species, etc. In doing so, all NeuN columns align at approx-
imately 90% inhibition of radiation-induced neuronal apoptosis by AZD1390 regardless
of co-marker combination. Altogether, these results suggest that ATM kinase negatively
regulates the survival of neurons after radiation.
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Table 2. Immunostaining of a partially irradiated mouse brain. C57bl6 mice were partially irradiated
(5 Gy) in the right hemisphere using SARRP and a 5 × 5 mm collimator and the brains were collected
at 4 h after radiation. The sections were stained with anti-NeuN, γ-H2AX, pKAP1, and CC3 antibodies
following the Akoya multiplex immunostaining protocol. Cell events were quantified using the
QuPath image analysis software (QuPath (0.1.2)).

DDR in NeuN+ cells DDR-Induced Apoptosis

Treatment Cell
Numbers

Antibody

NeuN:
pKAP1

NeuN:
γ-H2AX: pKAP1

NeuN:
CC3

NeuN: CC3:
pKAP1

NeuN: CC3:
γ-H2AX

NeuN: CC3:
γ-H2AX: pKAP1

Untreated 8480 0 0 447 0 10 0
AZD1390 9064 1 0 104 0 0 0

5 Gy 9504 89 30 918 184
(1.9%) 108 (1.1%) 161 (1.7%)

AZD1390 +
5 Gy 9425 1 5 458 0 14 (0.15%) 16 (0.17%)

3. Discussion

Our interim study using several ATMi’s and immunological assays showed that
neurons are protected against radiation-induced apoptosis for up to several hours after
radiation. Our result is in line with the conclusions from several previous rodent in vivo and
in vitro studies demonstrating that when ATM is absent or inhibited, neurons are protected
from radiation-induced apoptosis [17–20]. Other models, such as Drosophila, have been
used to investigate the role of ATM in the CNS and whether neurons depend on ATM for
cell death; these results agree with the results from rodents even though there are some
differences [27–30]. Additionally, AZD1390 promotes significant neuron neurite outgrowth
of dorsal root ganglion in mice [28]. Genetic and small molecule inhibition of ATM in
mouse and Drosophila models of Huntington’s disease protect striatal neurons against
hydrogen peroxide-generated stress and the triggering of a neurotoxic DDR [31], again
supporting the idea that ATM negatively regulates the survival of neurons when challenged
by radiation and DNA damage. Importantly, every kinase, including ATM, has a designated
phosphatase that, at some point, dephosphorylates the target(s) when cellular conditions
change. Protein phosphatase 2A (PP2A) is considered a major co-regulator of the DDR
by dephosphorylating many proteins phosphorylated by ATM kinase thereby reversing
the DDR back to normalcy [32–34]. PP2A also plays a critical role in neurodegenerative
diseases such as Alzheimer’s where it is downregulated or inhibited, resulting in increased
Tau phosphorylation [35]. Therefore, PP2 and ATM need to be considered together when
it comes to DDR effects on the brain. A remaining question is whether neurons recover
from irradiation and survive after the ATMi is no longer present. In other words, how long
would ATM kinase need to be inhibited after radiation for neurons to survive? Therefore,
it is important to carefully examine the long-term effects of radiation with and without
AZD1390 over several months to determine the impact on neurodegeneration.

4. Material and Methods
4.1. Animals

C57bl6 mice were obtained from the Jackson Laboratory and bred in the Virginia
Commonwealth University Massey Comprehensive Cancer Center (MCCC) vivarium.
The experiments were conducted following a protocol (AM10197) approved by the VCU
Institutional Animal Care and Use Committee (IACUC). The animals were maintained
in an environment with constant temperature and humidity on a 12 h light/12 h dark
schedule, and with ad libitum access to water and chow.
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4.2. Cells, Cell Culture, and Treatments

Mouse GL261 glioma cells were cultured as monolayer in DMEM supplemented with
10% fetal bovine serum and penicillin/streptomycin. Intra-cranial cell injections were
performed as described previously [5–7]. Mice were injected with ~105 GL261 glioma cells
to generate intra-cranial tumors at the age of 8–10 weeks and irradiated approximately
3 weeks later. The irradiation of the mice was conducted using an MDS Nordion Gammacell
40 research irradiator with a Cs-137 source, delivering a dose rate of 1.05 Gy/min. The
mice were shielded with lead blocks so that only the brain was irradiated. Mice with or
without GL261 gliomas were conformally irradiated using a small animal radiation research
platform (SARRP), as described previously [5–7]. The SARRP delivers up to 225 kV with a
copper filter (0.15 mm) at an approximate dose rate of 1 Gy/min.

4.3. Antibodies and Reagents

The antibodies used for immunohistochemistry were rabbit anti-γ-H2AX (Millipore),
NeuN, cleaved caspase-3, Alexa Fluor 594 goat anti-mouse immunoglobulin G (IgG), Alexa
Fluor 594 goat anti-rabbit immunoglobulin G (IgG), Alexa Fluor 488, DAPI stain, and
Fluorojade B (Millipore). Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) was used for
tumor cell implantation. KU-60019 and AZD1390 were purchased from Selleck Chemicals
LLC (Houston, TX, USA).

4.4. Imaging and Microscopy

Following KU-60019 administration by convection-enhanced delivery (CED) and
whole brain irradiation from a Nordion Gammacell 40 137-Cs source, the mice were
transcardially perfused with 3% paraformaldehyde after 3 h, followed by post-fixing, as
previously described [7]. The brains were cut coronally through the CED injection site
(2 mm left lateral and 1 mm posterior to the bregma to a depth of 3 mm), and the posterior
portion was embedded in Tissue-Tek OCT compound (Sakura Finetek, Torrence, CA, USA),
frozen on dry ice, and stored at −20 ◦C. Coronal cryo-sectioning was carried out on a
Leica CM1850 cryostat to a 6 µm thickness and the slides were stored frozen until staining.
The sections were permeabilized with 1% Triton-X-100/PBS before exposure to rabbit
anti-NeuN antibody (Cell Signaling Technology, Inc., Danvers, MA, USA) followed by
secondary Alexa Fluor-594 goat-anti rabbit antibody and DAPI. Fluorojade B (FJ) staining
was carried out on the frozen sections. The sections were treated sequentially with 1%
NaOH in 80% ethanol, potassium permanganate to suppress background fluorescence,
stained with FJ, washed with distilled water, cleared with Histoclear, and mounted with
coverslips using Permount (Fisher Scientific, Waltham, MA, USA). For co-staining with
antibodies and FJ, the sections were exposed to the antibodies first, followed by incubation
in potassium permanganate for 5 min and then treatment with FJ for 5 min. The sections
were then rinsed in distilled water, stained with DAPI, and mounted with coverslips. The
sections were imaged using the Ariol SL-50 system (Applied Imaging Corp, San Jose,
CA, USA).

For the IHC and multiplex immunofluorescence experiments, the mice were irradiated
with 5 Gy (either 5 × 5 mm or 3 × 9 mm collimator) to the frontal right hemisphere using
the SARRP and the left hemisphere was designated as the untreated control for radiation
and AZD1390, respectively. AZD1390 was administered p.o. (20 mg/kg) 1 h prior to the
irradiation procedure [6]. The brains were collected at 4 h, 1 week, and 1 month after
treatment following perfusion with 4% formaldehyde, embedding in paraffin, transverse
sectioning, treatment with EDTA for antigen retrieval, and then incubated with hydrogen
peroxide for 5 min to quench any endogenous peroxidase activity. HRP-IHC was performed
using Bond RX (Leica Biosystems, Buffalo Grove, IL, USA). Rabbit anti-γ-H2AX (H2A.X
S139 (20E3) #9718) (diluted 1:250) and cleaved caspase 3 (#9664) (diluted 1:500) antibodies,
both from Cell Signaling, and mouse anti-GFAP antibody (Abcam, Waltham, MA, USA;
#4648) (diluted 1:250) were applied followed by incubation with goat anti-rabbit IgG-HRP
and 3,3′-diaminobenzidine tetrahydrochloride hydrate (DAB). The sections were counter-
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stained with hematoxylin. For the multiplex Akoya immunofluorescence staining, the
following rabbit antibodies (Cell Signaling) and their dilutions and respective OPAL stains
were used: anti-phospho-(S10) histone H3 (1:250)/Opal 480; proliferating cell nuclear
antigen (1:2000)/Opal 520; phospho-(S824) KRAB-associated protein-1 (1:250)/Opal 570;
cleaved caspase 3 (1:250)/Opal 620; phospho-(S139) γ-H2AX (1:250)/Opal 690; NeuN
(1:250)/Opal 780; and DAPI nuclear stain (1 µg/mL).

5. Statistics

Unpaired, two-tailed t test or one-way ANOVA was performed on the data sets (with
three or more replicates) using GraphPad Prism 3.0 (Graphpad Software, Inc., Boston,
MA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/kinasesphosphatases2030017/s1, Figure S1: Immunohistochemistry
of irradiated mouse brains after dosing with AZD1390 or not. Brains were collected at 4 h, 1 week, and
1 month after irradiation. Transverse brain sections were prepared with internal treatment controls,
i.e., unirradiated/irradiated and u nirradiated/irradiated in the presence of AZD1390. Sections
were stained with antibodies against (A) γ-H2AX, (B) CC3, and (C) GFAP (marking gliosis) as well
as (D) H&E; Figure S2: Brain sections of partially irradiated mice brains that were stained with
antibodies and processed for Akoya multiplex immunofluorescence. The samples were extracted 4 h
after 5 Gy conformal radiation using SARRP. Mice administered vehicle (top section) or AZD1390
(bottom section) 1 hour prior to SARRP. Area A depicts unirradiated, B depicts irradiated, C depicts
AZD1390, and D depicts irradiated after dosing with AZD1390. Antibodies pHH3 (turquoise), PCNA
(green); staining control, pKAP-1 (yellow), CC3 (orange), γ-H2AX (red), NeuN (white), and DAPI
(blue); Table S1: Summary of multiplex immunostaining with antibodies against γ-H2AX, cleaved
caspase 3, and phospho-(S10)-histone H3, together identifying cells undergoing mitotic catastrophe
in tumor and normal, healthy brain (NHB) after radiation.
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