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CANCER RESEARCH | MOLECULAR CELL BIOLOGY

Glia-Selective Deletion of Complement C1q Prevents
Radiation-Induced Cognitive Deficits and
Neuroinflammation
Mineh Markarian1, Robert P. Krattli Jr1, Jabra D. Baddour1, Leila Alikhani1, Erich Giedzinski1,
Manal T. Usmani1, Anshu Agrawal2, Janet E. Baulch1, Andrea J. Tenner3, and Munjal M. Acharya1

ABSTRACT
◥

Theadverseneurocognitive sequelae followingclinical radiotherapy
(RT) for central nervous system (CNS) malignancies are often long-
lasting without any clinical recourse. Despite recent progress, the
cellular mechanisms mediating RT-induced cognitive deficits (RICD)
are poorly understood. The complement system is an immediate
sensor of a disturbed inflammatory environment and a potent medi-
ator of gliosis with a range of nonimmune functions in the CNS,
including synaptic pruning, which is detrimental if dysregulated. We
hypothesize that complement-mediated changes in glial cell function
significantly contribute to RICD. The underlying alterations in CNS
complement cascade proteins (C1q, C3), TLR4, and colabeling with
glia (IBA1, GFAP) were examined using gene expression, immuno-
fluorescence, and in silico modeling approaches in the adult mouse
brain following 9 Gy cranial RT. Three-dimensional volumetric
quantification showed elevatedmolecular signatures of gliosis at short-
and long-term post-RT times. We found significant elevations in
complement C1q, C3, and TLR4 post-RT accompanied by increased
colabeling of astrocytes and microglia. To address the mechanism of

RT-induced complement cascade activation, neuroinflammation, and
cognitive dysfunction, we used a genetic approach—conditional,
microglia-selective C1q (Flox) knockdown mice—to determine
whether a glia-specific, upstream complement cascade contributes to
RICD. C1q-Flox mice exposed to cranial RT showed no cognitive
deficits compared with irradiated WT mice. Further, irradiated C1q-
Flox mice were protected from RT-induced microglial activation and
synaptic loss, elevation of anaphylatoxin C5a receptor, astrocytic-C3,
and microglial-TLR4 expression in the brain. Our findings demon-
strate for the first time a microglia-specific mechanism of RICD
involving an upstream complement cascade component, C1q.

Significance: Clinically-relevant radiotherapy induces aberrant
complement activation, leading to brain injury. Microglia-selective
genetic deletion of CNS complement C1q ameliorates radiation-
induced cognitive impairments, synaptic loss, and neuroinflamma-
tion, highlighting the potential for C1q as a novel therapeutic target.

See related commentary by Korimerla and Wahl, p. 1635

Introduction
Clinical radiotherapy (RT) remains a first-line treatment for pri-

mary and metastatic brain cancers, along with surgery and chemo-
therapy. Unfortunately, longer-term survival comes at a cost, as there
are now numerous clinical (1, 2) and preclinical studies (3) that have
established the adverse side effects of such treatment on cognition
without any clinical recourse, imposing significant socioeconomic
burdens and impacting long-term quality of life (4). Therefore, cellular
mechanisms and strategies for preventing RT-induced cognitive def-
icits (RICD) following cancer treatments such as cranial RT are clearly
needed. Preclinical studies conducted by us and others have found that
the irradiated central nervous system (CNS) exhibits robust and
dynamic cycles of secondary reactive processes that follow complex

temporal dynamics (5, 6). Many of these changes can be linked to
increased ROS (6), reduced hippocampal neurogenesis, damaged
neuronal morphology, and elevated neuro-inflammation involving
a range of cytokines along with persistent microglial activation (7–10).
Although these factors are likely to disrupt CNS functionality, our
current knowledge regarding the cellular mechanisms of RT-induced
brain injury and neurocognitive sequelae are limited. Because cranial
RT causes microglial activation, we hypothesized that detrimental
change in the glial function leads to long-term cognitive dysfunction.
Astrocytes form complex astroglial networks and modulate synaptic
plasticity and network activity through the tripartite synapse (11).
Disruption of astrocytic function following irradiation or brain injury
may cause an imbalance in the global homeostasis of the brain, leading
to functional deficits (12). Our data and reports in the literature have
shown that radiation-induced elevation in inflammatory cytokines
and reduced synaptic adenosine accompanied by astrogliosis are
biochemical indicators of RICD (13–15). In addition, persistent
activation of microglia is implicated in chronic neurodegeneration
and spine loss in the irradiated brain (7, 16, 17). Thus, perturbations in
glial function significantly contribute to RICD.

The complement system is comprised of over 40 proteins. Activa-
tion of the complement system generates powerful effector molecules
of the immune system that protect tissues from infection, and also play
important roles during development by synaptic pruning (18). Yet, an
imbalance in complement cascades can also provoke a proinflamma-
tory response in many degenerative conditions including rheumatoid
arthritis, traumatic brain injury (TBI), and Alzheimer’s disease (AD;
refs. 18, 19). C1q synthesis is elevated as an early response to a variety of
neurodegenerative conditions in both humans and rodents (19).
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Predominant microglial synthesis of C1q affords a reparative role of
microglia to maintain normal brain function. Conversely, activation
of C1 in complex with serine proteases (C1r, C1s) initiates an
enzymatic cascade that generates C3a and C5a, both of which can
mediate inflammation that is associated with synapse and neuronal
loss, and cognitive dysfunction (20–22). As such, neuronal injury or
radiation-induced activation of the complement cascade can poten-
tially trigger collateral proinflammatory polarization, resulting in
damaging microglial activation (15). Past studies from our labora-
tory have established the damaging role of radiation-induced
chronic, elevated microglial activation in the irradiated adult
brain (14, 16, 17). Astrocytes also express C1q under pathologic
conditions including multiple sclerosis (23), temporal lobe epi-
lepsy (24), and AD (25). On the basis of these observations, we
hypothesize that cranial RT-induced aberrant activation of the
CNS complement cascade contributes to brain injury. Using gene
expression, dual-immunofluorescence, and in silico three-
dimensional (3D) reconstruction and volumetric quantification
approaches, this report addresses detrimental neuro-inflammatory
consequences of complement activation in the irradiated brain. In
addition, our data show that conditional, microglia-selective dele-
tion of C1q in the mouse brain is neuroprotective against the
detrimental neurocognitive impact of cranial irradiation, estab-
lishing a mechanistic link between RT-induced complement cas-
cade activation and cognitive dysfunction.

Materials and Methods
Detailed methods are provided in the Supplementary Information

section.

Animals, cranial irradiation, and tissue analysis
All animal use procedures and safety protocols were approved

by UCI Institutional Animal Care and Use Committee and were
consistent with NIH guidelines. Adult (5- to 6-month-old) male WT
mice (C57Bl/6J) were randomly divided into two groups: 0 or 9 Gy
head-only irradiation using a 137Cs-g irradiator at the dose rate of
1.2 Gy/min with shielding to the eyes, body, and the cerebellum. A
recent study showed that the adult female brain is protected from
RICD and neuronal damage (26), thus, as a proof of principle, we have
used male mice to determine the detrimental consequences of cranial
RT on complement cascade. Mice were divided into the following
experimental groups (8–10 mice/group): 2 hours, 24 hours, 48 hours,
1-, 2-, 3-, and 4-weeks post-irradiation. An additional, 6-month post-
RT group was also included for the gene expression analysis. Con-
current sham-irradiated controls were included at each time point. At
the select post-RT times, brains were collected after intra-cardiac
perfusion, fixed using 4% paraformaldehyde (PFA) and cryo-
sectioned (30 mm, coronal). For gene expression analysis, the micro-
dissected hippocampus was flash-frozen and stored at �80�C until
analyzed. For RT-PCR, total mRNA was extracted from micro-
dissected hippocampi (3–6 mice/group). Primers and experimental
conditions for gliosis markers were optimized and followed as
described previously (Supplementary Table T1; Supplementary Infor-
mation; ref. 27). Gene expression data are presented as 2�DDCt values.

C1q-flox mice and behavior testing
Microglia-selective deletion of the C1qa gene was achieved by crossing

C1qaFl/Fl and microglia-specific deleter strain (Cx3cr1CreERT2/WganJ) to
generate C1qaFL/FL:Cx3cr1CreERT2/WganJ (C1q-Flox) mice as described
previously (28). We have shown previously that C1q-Flox display CNS

and microglia-specific depletion of C1q, without the need of tamox-
ifen treatment, by the age of 8 weeks. The ablation of the C1qa gene
did not impact peripheral or circulating C1q levels, thereby enabling
the mechanistic determination of CNS C1q-mediated events in the
irradiated brain. Adult (4-months old, male) littermate control (WT)
and C1q-Flox mice were randomly divided into 0 or 9 Gy head-only
irradiation groups (12–16 mice/group). Our past studies have shown
that the group size of 8 to 10 mice/group for behavior and 4 to 6mice/
group for the molecular or tissue analyses achieved sufficient power
(a¼ 0.05) to reach the statistical significance (15, 16, 29). One-month
post-RT, animals were administered a light–dark box (LDB) test to
assess anxiety and a spatial memory testing using the novel place
recognition (NPR) task as described previously (30, 31). The NPR
task depends on animal’s inherent preference to explore a novel
location of an object and relies on intact hippocampal func-
tion (32, 33). Time spent interacting with the familiar versus novel
object location was recorded and the data calculated as the discrim-
ination index (DI): ([Novel location exploration time/Total explo-
ration time] – [Familiar location exploration time/Total exploration
time]) � 100. For the LDB, the time spent in light and dark chamber
and number of transitions between compartments was assessed. A
separate cohort of mice was also administered the fear extinction
memory test as described (see Supplementary Information). All tests
were scored by observers blind to the experimental groups to avoid
bias. After conclusion of behavior testing, mice were euthanized via
intra-cardiac perfusion and brains were fixed using 4% PFA for IHC.

Dual-immunofluorescence staining, confocal microscopy, 3D
algorithm-based volumetric quantification, and cytokine
analysis

PFA-fixed brains from each treatment group underwent dual-
immunofluorescence staining (3–4 sections/brain, 6–8 brains/group)
including GFAP, IBA1, C1q, C3, C5aR1, TLR4, CD68, synaptophysin,
and SV2a. We used unbiased, 3D blinded deconvolution and volu-
metric quantification of glial surfaces, complement, and receptor
puncta using AutoQuant X3 and Imaris modules. Details of primary
and secondary antibodies, immunostaining, and in silicomodeling are
provided in the Supplementary Information. We did not observe
significant differences between control groups (0 Gy) from each
post-irradiation time point (2 hours to 4 weeks); thus, pooled control
data from48hours and 4weekswere used for all the comparisons. Data
were expressed as mean percent immunoreactivity relative to the
unirradiated control group. For the cytokine analysis, freshly dissected
hemi-brains (3–6 brains/group) were homogenized in presence of
protease inhibitor, centrifuged, and supernatants were assayed for
cytokines using a Magnetic Bead-Based Customized Kit (Thermo
Fisher Scientific).

Data analysis
Statistical analyses were performed using one-way ANOVA

to confirm overall significance (GraphPad Prism, v8.0, RRID:
SCR_002798). All data are expressed as the mean � SEM. For
comparisons between the controls (0 Gy) and irradiated groups,
nonparametric, two-tailed unpaired t tests were performed with
Holm–Sidak’s correction. For the analysis of C1q deletion and cranial
irradiation, two-way ANOVA along with Bonferroni’s multiple com-
parisons test were performed. TheKruskal–Wallis test was used for the
analysis of cytokine and synaptic proteins data. Wilcoxon matched-
pairs signed rank test was used to compare exploration of familiar
versus novel places by the same animals. All analyses considered a
value of P ≤ 0.05 to be statistically significant.

C1q Knockdown Ameliorates RT-Induced Cognitive Dysfunction
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Results
Cranial irradiation elevates astrogliosis

To determine the impact of cranial RT on the hippocampal
neuroinflammation status as a function of time, gene expression
(RT-PCR, Fig. 1A) for gliosis and neuroinflammation-related genes
and astrocytic morphology were characterized at early and delayed
post-irradiation times (Fig. 1B and C). A subset of these genes and
gene products are shown to be linked with inflammation-mediated
microglial and astrocytic cross-talk, leading to synaptic damage (e.g.,
IL1a, Lcn2, Serping1, Serpina3n, Amigo2, C1q, and Tnfa; ref. 27). RT
significantly increased expression (2- to 6-fold) of gliosis-related genes
Serping1, P21, Amigo2, Tnfa, andC1q at early post-RT times (24 hours
to 1 week, Fig. 1A). IL1a, Lcn2, and Serpina3n were increased (1.5- to
3-fold) at the delayed 6-month post-RT time, indicating a long-term
effect of cranial RT that coincides with cognitive impairments (16, 17).
Lcn2 expressionwas also reduced at 48 hours and 1month post-RT. To
determine the dynamics of astrocyticmorphology as a function of time
post-RT, the volume and area of individual astrocytes were quantified
using 3D algorithm-based blinded deconvolution of high-resolution
confocal z-stacks and unbiased volumetric quantification of recon-
structed GFAPþ astrocytic surface (Fig. 1B and C). We found 1.3- to
1.7-fold increases in astrocytic immunoreactivity in the hippocampus
as early as 48 hours that remained elevated at 4 weeks post-RT
(Fig. 1B). The morphology of astrocytes showed longer and thicker
processes in the irradiated brain compared with controls that is
characteristic of astrocytic hypertrophy (Fig. 1C; ref. 34). Together,
analysis of gene expression and astrocytic morphology indicated RT-
induced persistent gliosis, which is coincident with cognitive defi-
cits (16, 17), indicating elevated neuroinflammation.

Radiation exposure increases glial levels of complement C1q
In the murine brain, resident microglia are the major source of

C1q (28). Moreover, C1q also colocalized with astrocytes in multiple
sclerosis (23), temporal lobe epilepsy (24), and AD (25, 35). Interest-
ingly, the status of C1q has not been characterized in context of normal
tissue responses following cranial RT. Therefore, we characterized the
time-dependent microglial (Fig. 2) and astrocytic (Fig. 3A and B)
immunoreactivity of C1q at early and delayed post-irradiation times in
the hippocampus. RT elicited a 2-fold increase in the total immuno-
reactivity of C1q at 2 and 24 hours post-exposure (P < 0.01 and 0.001,
respectively; Fig. 2A) that reached a peak level at 48 hours (2- to 3-fold,
P < 0.02). However, by 2 to 3 weeks post-RT, the gross C1q immu-
noreactivity dropped to control levels and to less than control levels by
4 weeks post-irradiation (63%, P < 0.01). The volume of IBA1þ

microglial immunoreactivity did not change except decreases at
48 hours and 2 weeks post-exposure (66% and 73% of controls,
respectively; P < 0.02; Fig. 2B). Importantly, volumetric quantification
of C1qþpuncta colocalizedwithin 0.5mmof IBA1þmicroglial surfaces
indicated a 1.3-fold increase at 2 hours post-irradiation (P < 0.01,
Fig. 2C). The colabeling with IBA1þ microglia reached a peak level at
48 hours post-RT (2.3-fold, P < 0.001) and then declined at 1 through
3 weeks (1.3- to 1.6-fold) and dropped below the control level by
4 weeks post-exposure (67%, P < 0.02; Fig. 2C and D). Concurrently,
quantification of C1qþ puncta colocalized with GFAPþ astrocytic
surfaces (Fig. 3A) followed a similar pattern as that observed for
microglia. Increased colabeling of C1q with GFAPþ astrocytes was
observed at 2 hours post-exposure that peaked between 24 to 48 hours
(P < 0.002) and then declined in weeks 1, 2, and 3 post-RT (P < 0.002)
before returning to control levels at 4 weeks post-exposure. As shown
above (Fig. 1C), astrocytic hypertrophy was also evident in the C1qþ

GFAPþ ramified processes of astrocytes in the irradiated brain
(Fig. 3B).

Elevated astrocytic expression of complement C3 in the
irradiated brain

In the brain, complement C3 is primarily expressed by astro-
cytes (36–38) and a recent report suggested that complement receptor
3 (CR3) knockout mice were protected against radiation-induced
neuronal damage (26). Thus, we characterized the astrocytic expres-
sion of complement C3 via C3d chain immunoreactivity in the
hippocampus following cranial RT as a function of time (Fig. 3C–E).
We found a significant elevation in total C3 protein levels as early as
2 hours that remained elevated for over 4 weeks post-irradiation
(2.5-fold, P < 0.002; Fig. 3C). Quantification of astrocyte-specific
C3 similarly showed a 2.5- to 3.5-fold increase in expression from
2 hours to 4 weeks post-radiation exposure (P < 0.002; Fig. 3D).
Typical C3þ immunofluorescent puncta were colocalized with the
GFAPþ astrocytic processes in both control and irradiated cohorts
(Fig. 3E).

Increased glial expression of TLR4 in the irradiated brain
Toll-like receptor 4 (TLR4) plays important roles in innate and

acquired immune responses, particularly triggering microglial activa-
tion in the brain (39). The foregoing data showed peak increase in
complement proteins (C1q, C3; Figs. 2 and 3) and astrogliosis
(Fig. 1B) at 48 hours post-exposure.We showed a correlation between
microglial activation and RICD 1 month later (16). On the basis of
these observations, we assessed TLR4 at key post-irradiation time
points 48 hours and 1 month (Fig. 4). We found a 2-fold elevation in
total TLR4 immunoreactivity in the hippocampus at 48 hours and
1-month post-irradiation (P< 0.04;Fig. 4A). Further, quantification of
glial-specific TLR4 indicated a 3.5- to 4-fold increase in microglial and
astrocytic TLR4 expression (IBA1þ and GFAPþ, respectively; P <
0.001; Fig. 4B and C) at 48 hours post-exposure. TLR4 expression
remained high in astrocytes (3-fold, P < 0.001) and microglia at
1-month post-irradiation (3- and 1.5-fold, respectively; P < 0.001).
Typical TLR4þ immunofluorescent puncta were colocalized with the
IBA1þmicroglial and GFAPþ astrocytic processes in both control and
irradiated cohorts (Fig. 4D and E). Such persistent TLR4 elevation
may contribute significantly to glial activation in the irradiated brain.

In summary, these data describing the time-dependent dynamics of
astrogliosis (Fig. 1), complement component C1q and C3 (Figs. 2
and 3), and TLR4 (Fig. 4) expression in the irradiated brain clearly
indicate elevated neuroinflammation. Radiation-induced neuroin-
flammation has been shown to be detrimental to neuron and synaptic
structure and cognitive function (17). Our newdata on astrogliosis and
complement activation thus provide functional relevance to our past
data showing that cranial RT (9 Gy)-induced significant impairments
in cognitive function and microglial activation (CD68; ref. 16). Alto-
gether, these data strongly suggest that RT-induced activation of the
CNS classical complement cascade triggers neuroinflammation lead-
ing to functional impairments in the CNS.

Microglia-selective deletion of C1q prevents RT-induced
cognitive impairments

To determine whether RT-induced CNS complement cascade
activation leads to cognitive decrements, microglia-specific C1q
knockdown mice (C1q-Flox) were exposed to cranial irradiation
(Fig. 5A). C1q-Flox mice show a complete depletion of CNS C1q in
the absence of tamoxifen by the age of 8 weeks without alteration in
circulating C1q (28). Analysis of C1q expression (qPCR) in the
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hippocampus showed nearly complete ablation (<2–4%) in the 0 or 9
Gy irradiatedC1q-Flox groups (Fig. 5B). One-month post-irradiation,
C1q-flox and littermate control (WT)mice were habituated and tested
on the hippocampal-dependent NPR task (Fig. 5C and D). Compar-
ison of the exploration of familiar and novel location exploration times
revealed significant differences between the WT (0 Gy, P ¼ 0.0001),
C1q-Flox (0 Gy, P¼ 0.02), and irradiated C1q-Flox (P¼ 0.001) mice,
but not for the WT mice exposed to cranial irradiation (WT–IRR),
indicating reduced exploration of the novel spatial location (Fig. 5C).
We also found significant overall group differences between the
cohorts for the discrimination index (Fig. 5D; F(3, 48) ¼ 6.31, P ¼
0.001). IrradiatedWTmice (WT–IRR) showed a significantly reduced

preference for the novel location compared with the 0 Gy WT (P ¼
0.001), 0 Gy C1q-Flox (P¼ 0.02), and irradiated C1q-Flox (P¼ 0.001)
mice. Importantly, irradiated C1q-Flox mice did not show reductions
in the discrimination index and the novel place exploration was
comparable with the unirradiatedWT andC1q-Floxmice. In addition,
a significant interaction for the genetic knockdown of C1q was found
(F(1, 48)¼ 8.42; P¼ 0.01). For the LDB test, we did not find significant
overall differences between groups for the time spent exploring the
open compartment (Supplementary Fig. S1). Moreover, for the fear
extinction test, WT–IRR mice showed elevated freezing compared
with WT–0 Gy mice (P¼ 0.03, Supplementary Fig. S2). Interestingly,
both 0 and 9 Gy irradiated C1q-Floxmice showed elevated freezing on

Figure 1.

Cranial irradiation elevates expression of complement and inflammation-related genes and astrogliosis.A,Microdissected hippocampi from the irradiated (IRR) and
control mice were analyzed for mRNA levels at early (24 hours, 48 hours, and 1 week) and delayed (1 and 6 months) post-irradiation times. Elevated expression for
inflammation (IL1a, C1q, Tnfa, Tlr4), gliosis (Lcn2, Serping1, Serpina3n, Amigo2), and apoptosis (P21)-related genes was found at short-term post-irradiation.
B,Volumetric analysis of GFAPþhippocampal astrocytes (dentate hilus, dentate gyrus, andCA1) showed elevated immunoreactivity at early (2, 24, and48 hours) and
delayed (1, 2, 3, and 4 weeks) post-IRR as compared with controls, indicating ongoing astrogliosis. C, 3D algorithm-based z-stack deconvolution, surface
reconstruction, and volumetric quantification of GFAPþ astrocytes showed thicker and longer stelae, indicating IRR-induced astrocytic hypertrophy. Mean � SEM
(3–4 observations per group, A; 6–8 observations per group, B). P values were derived from one-way ANOVA, unpaired, two-tailed t test with Holm–Sidak’s
correction. � , P ≤ 0.05; �� , P < 0.03; ��� , P < 0.01 vs. control. Scale bar, 5 mm.
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the extinction test (P ¼ 0.03 and 0.001 respectively; Supplementary
Fig. S2). In summary, genetic depletion of microglial C1q is neuro-
protective against cranial radiation-induced, hippocampal-dependent,
cognitive impairments.

Microglial C1q knockdown reduced neuroinflammation
To determine if microglia-specific knockdown of C1q prevents

radiation-induced neuroinflammation, we evaluated cytokine levels
(Fig. 5E), CD68 (microglial activation marker; Fig. 6A), C5aR1 (a
downstream complement or anaphylatoxin receptor; Fig. 6B),
astrocytic C3 (GFAP-C3; Fig. 6C), and microglial TLR4 (IBA1-
TLR4; Fig. 6D). Exposure to cranial RT significantly increased
levels of proinflammatory cytokines in the WT–IRR brains (e.g.,
TNFa, IL1b, IL6, IL1a, CCL2, and IL18; Fig. 5E) as compared with
irradiated C1q-Flox mice. Further, we found significant overall
group effects for the quantification of CD68 (F(3, 20) ¼ 33.57,
P < 0.0001). CD68 expression in the WT–IRR group was signifi-
cantly greater than that of the 0 Gy WT, 0 Gy C1q-Flox, and

irradiated C1q-Flox mice (P < 0.0001; Fig. 6A). A significant overall
group effect was found for C5aR1 immunoreactivity (F(3, 28) ¼
13.52; P < 0.0001). C5aR1 expression was significantly elevated in
the WT–IRR hippocampus compared with WT–0 Gy (P ¼ 0.002),
C1q-Flox 0 Gy (P ¼ 0.0001), and C1q-Flox IRR (P ¼ 0.002) groups
(Fig. 6B). Radiation exposure did not increase CD68 or C5aR1 in
C1q-Flox mice. Cranial irradiation significantly elevated astrocytic
colabeling of C3 in the WT–IRR brains (P ¼ 0.001), whereas C3
expression was comparable in the WT–0 Gy, C1q-Flox 0 Gy, and
C1q-Flox IRR mice. Similarly, quantification of microglial TLR4
immunoreactivity indicated radiation-induced elevation in the
WT–IRR group (P ¼ 0.04 and 0.002 compared with WT–0 Gy
and C1q-Flox 0 Gy, respectively). Conversely, irradiated C1q-Flox
mice showed a significant decrease in microglial TLR4 expression
compared with the WT–IRR group (P ¼ 0.04). Overall, these data
show that microglia-specific deletion of C1q prevented cranial
RT-induced neuroinflammation and gliosis that was coincided with
intact cognitive function.

Figure 2.

Elevated microglial expression of com-
plement component C1q in the irra-
diated brain. A, 3D algorithm-based
volumetric quantification of the total
overall immunoreactivity of C1qþ

puncta in the irradiated hippocampus
(dentate hilus, dentate gyrus, and CA1)
showed increased C1q short-term post-
exposure (2–24hours) that reached the
peak at 48 hours and subsequently
declined to control levels by 3 weeks
post-irradiation. B, Radiation exposure
reduced IBA1þ microglial immunoreac-
tivity at 48 hours and 2-week post-
exposure. C, Volumetric analysis of
IBA1þ microglia showed a significantly
elevated expression of complement
component C1q from 2 to 48 hours
post-irradiation that gradually declined
from 1 to 4 weeks post-irradiation. D,
The confocal z stacks (top) for micro-
glia (IBA1, red) and C1q (green), and 3D
surface and spot reconstruction (bot-
tom) for the microglial (IBA1, red) cola-
belingwith C1q (sky blue) are shown for
the control and irradiated groups at the
48hours timepoint. Data are presented
as mean � SEM (N ¼ 4–8 observations
per group). P values were derived
from one-way ANOVA and unpaired,
two-tailed t test with Holm–Sidak’s
correction. �, P < 0.02; �� , P < 0.01;
��� , P < 0.001 compared with control.
Scale bar, 5 mm (D).
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C1q knockdown protects against radiation-induced synaptic
loss

C1q has been shown to play an important role in synapse
elimination in pathologic conditions (18). To determine the down-
stream impact of deleting microglial C1q expression in the irra-
diated brain, we quantified immunoreactivity of synaptic markers
synaptophysin and SV2a (Fig. 7A and B). Exposure to cranial
RT significantly reduced synaptophysin and SV2a immunoreac-
tivity in the CA1 stratum radiatum (Fig. 7, a1–a4 and b1–b4) in
WT–IRR mice compared with the unirradiated WT controls (P ¼
0.01 and 0.03, respectively). In contrast, irradiated C1q-Flox mice
did not show decreased syanptophysin or SV2a immunoreactivity,

indicating a neuroprotective role of CNS C1q ablation against
radiation-induced synaptic loss.

Discussion
Over the past two decades, numerous studies have shown cranial

RT-induced early and delayed neuropathologies, which culminate in
long-term cognitive impairments (3, 7) linked with elevated
neuroinflammation (7, 16, 17, 40–42). This study sought to address
the underlying radiation-induced proinflammatory signalingmechan-
isms, leading to the brain injury. In the CNS, complement factors C1q
and C3 serve not only as mediators of innate immunity, but also

Figure 3.

Increased glial C1q andC3 colabeling in the irradiated brain.A,Quantification of C1qþ puncta on the surface of GFAPþ astrocytes showed radiation-induced elevation
in the hippocampus (dentate hilus, dentate gyrus, and CA1) at 2 and 24 hours post-exposure that peaked at 48 hours and declined with time to the control levels by
4 weeks post-irradiation. B, The confocal z stacks (top) for astrocytes (GFAP, red) and C1q (green), and 3D surface and spot reconstruction (bottom) for the
astrocytic C1q (GFAP, red; C1q white) are shown for the control and irradiated groups at the 48 hours time point. C, Volumetric quantification of the overall total C3
immunoreactivity (C3d) in the irradiated hippocampus showed consistently increased C3 expression levels at all post-exposure times. D, Volumetric analysis of
GFAPþ astrocytes showed significantly elevated levels of complement component C3 at all post-irradiation times. E, The confocal z stacks (top) and 3D surface
and spot reconstruction for astrocytic C3 (GFAP, magenta; C3, green) are shown for the control and irradiated groups at the 48 hours time point. Data are
presented as mean � SEM (N ¼ 5–8 observations per group). P values were derived from one-way ANOVA and unpaired, two-tailed t test with Holm–Sidak’s
correction. � , P < 0.002; ��P < 0.001 compared with control. Scale bar, 5 mm (B and E).
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coordinate microglia-mediated synapse pruning during circuit devel-
opment (18, 43). In the diseased or injured state, activation of the
complement system is linked with the loss of spines and increased
neuroinflammation (6–9). To the date, two studies have shown the
adverse effects of hippocampal C3 or CR3 signaling in radiation-
induced brain injury models (26, 44). We characterized radioresponse
of complement C1q and C3 that may, in presence of injured cells,
induce tagging of damaged or “weak” synapses for pruning or elim-
ination by microglia and trigger long-term neuroinflammation (via
C3a or C5a). Importantly, microglia-selective deletion of the upstream
complement C1q allowed us to study the CNS-specific contribution of
classical complement cascade activation in the RICD, neuroinflamma-
tion, and synaptic loss.

Radiation exposure induces astrogliosis
Preclinical experimental models and clinical cases have provided

sporadic evidence that astrocytes play a role in neuropathologic

conditions (27, 45). However, unlike microglial activation, astrogliosis
is still an understudied area of research in CNS radiobiology. Our past
data and the literature have shown that radiation-induced elevation in
inflammatory cytokines, and reduced synaptic adenosine accompa-
nied by astrogliosis, are functional indicators of radiation-induced
brain injury and cognitive deficits (5, 14). Moreover, Barres and
colleagues showed that microglia-mediated astrocytic activation via
C1q, IL1a, and TNFa upregulated the production of C3 and neuro-
toxins that were destructive to synapses (27). Themolecular signatures
of astrogliosis were substantiated by acute and delayed alterations
morphologic characterization of individual astrocytes (Fig. 1B), as
illustrated by elongation and thickening of the astrocyte intermediate
filaments (GFAP). Acute reactive astrogliosis observed within hours
after irradiation is thought to be neuroprotective by repairing BBB
integrity, detoxifying ROS, reducing peripheral immune cell infiltra-
tion and slowing down neurodegeneration (34). However, persistent
astrogliosis at delayed times has been shown to be neurotoxic where

Figure 4.

Glial expression of TLR4 is increased in the irradiated brain.A,Volumetric quantification of the overall TLR4 immunoreactivity in the irradiated hippocampus (dentate
hilus, dentate gyrus, andCA1) showed increasedTLR4 at early (48 hours) anddelayed (4weeks) post-exposure times.B andC,Volumetric analysis of IBA1þmicroglia
and GFAPþ astrocytes showed a significantly elevated glia-specific TLR4 expression at 48 hours and 4 weeks post-irradiation. D and E, The confocal z stacks (top)
and 3D surface and spot reconstruction for microglial (IBA1, green; E) and astrocytic (GFAP, green; D) colabeling with TLR4 (white) are shown for the control and
irradiated groups at the 48 hours time point. Data are presented asmean� SEM (N¼ 5–8 observations per group). P valueswere derived from one-wayANOVA and
unpaired, two-tailed t test with Holm–Sidak’s correction. � , P < 0.04; ��, P < 0.001; ��� , P < 0.0001 compared with control. Scale bar, 8 mm.
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elevated levels of proinflammatory cytokines, complement compo-
nents, and activated microglia limit regenerative neuronal, synaptic,
and glial responses.

We characterized in vivo gliosis, inflammation, and apoptosis/
cell-cycle arrest (P21)-related gene expression in the hippocampus
from 24 hours to 6 months post-irradiation (Fig. 1). We found
increased expression of Serping1, Amigo2, P21, TNFa, and C1qa
genes at early (24 hours to 1 week) times, suggesting an early trigger for
radiation-induced inflammation. Serping1 (encoding C1-INH) reg-
ulates complement cascade activation by inhibiting activated C1r and
C1s (46). A recent report showed that knockdown of circulating
C1-INH caused upregulation of CNS C1-INH that led to neurovas-
cular impairment and loss of BBB integrity, elevated astrogliosis, and
hippocampal-dependent cognitive deficits (47). The latter two degen-
erative characteristics have also been observed in the irradiated
brain (14, 16). Amigo2 regulates the PDK1–Akt signaling pathway
that regulates cell survival, adhesion, neurite development, axon tract
formation, and angiogenesis (48). In the irradiated hippocampus,
elevated expression of Serging1 and Amigo2 (24 hours post-RT) was
synchronized with increased P21 and C1q genes, suggesting an
adaptive CNS response that may facilitate the removal of apoptotic
cells, cellular debris, and facilitate repair of the irradiated tissue bed at
24 hours post-exposure time, but at 48 hours elicits persistent and
damaging inflammation (TNFa). Elevated classical complement path-
way proteins (C1, C4, and C3) were implicated in neurodegeneration,
synapse elimination, and cognitive impairments (43). Our present and
past studies on late CNS radio-responses (16, 17) found similar
increases in proinflammatory gene expression and gliosis along with
behavioral deficits at 1 and 6 months post-irradiation respectively,
linking CNS activation of the complement cascade with cognitive
impairment. In fact, we found long-term hippocampal elevation in
cytokine IL1a and lipocalin 2 (Lcn2). Secretion of Lcn2 by reactive
astrocytes was shown to damage neurons and elicit neurodegenera-
tion (49). McBride and colleagues characterized a sharp elevation in
proinflammatory cytokines including TNFa and IL1a 4 hours post-
exposure to high acute dose cranial-RT (25 Gy) with recurrent cyclic
upregulation between 48 hours and 1 month post-RT (5, 50). We also
found elevated proinflammatory cytokines (TNFa, IL1b, IL6, IL1a,
CCL2, and IL18; Fig. 5E) 1 month post-RT, coinciding with RICD.
Those data provided premise to characterize time-dependent changes
in gliosis and complement cascade proteins at early post-irradiation
times. While the resultant short- and long-term gene expression
profiles (Fig. 1A) remain to be validated at the protein level, they do
suggest a radiation-induced proinflammatory astrocytic response that
may lead to neurotoxic events in vivo.

Taken together, our new data and the literature suggest two key
points in the context of the CNS radio-response: (i) early upre-
gulation of inflammation, apoptosis, complement-related geneFigure 5.

Microglia-selective deletion of complement C1q protect against radiation-
induced cognitive impairments and elevated proinflammatory cytokines.
A, Four-month-old C1q-Flox (C1qaFL/FL:Cx3cr1CreERT2) and littermate control
(WT) mice were exposed to 0 or 9 Gy cranial irradiation and one month
post-irradiation mice were administered hippocampal-dependent NPR task.
B, Quantification of C1q expression (qPCR) in vivo showed a significant reduc-
tions (96–98%, P ¼ 0.0001) in the C1q-Flox 0 and 9 Gy irradiated brains.
C, Irradiated (IRR) WT mice spent significantly less time exploring novel spatial
location. Time spent exploring the novel placements of objects during the test
phase of the NPR task showed that 0 Gy WT, 0 Gy C1q-Flox and irradiated C1q-
Flox mice spent significantly more time exploring novel versus familiar location,
whereas irradiated WT mice spent comparable time exploring both locations.
D, The tendency to explore novel spatial location was derived from the
Discrimination Index, calculated as ([Novel location exploration time/Total
exploration time] – [Familiar location exploration time/Total exploration time])

� 100. Cranial irradiation significantly impaired cognitive function in the WT
mice as shown by the reduced preference towards the novel place compared
with the 0 Gy WT, 0 Gy C1q-Flox, and irradiated C1q-Flox mice (P ¼ 0.01;
P¼ 0.02; P¼ 0.001, respectively). Importantly, irradiated C1q-Flox mice did not
showadecline on the spatial exploration.E,Multiplex quantification of cytokines
showed radiation-induced elevations in the proinflammatory factors TNFa, IL1b,
IL6, IL1a, CCL2, and IL18 in the WT-IRR brains, whereas irradiated C1q-Flox mice
did not show increases in the cytokine levels. Data are presented asmean� SEM
(N¼ 4 observations per group, B;N¼ 16 observations per group, C andD;N¼ 3
to 5 observations per group, E). P values were derived from Kruskal–Wallis test
(B and E), Wilcoxon-matched pairs signed rank test (C) and, two-way ANOVA
and Bonferroni’s post hoc test (D). NS, not significant; � , P ¼ 0.03; �� , P ¼ 0.02;
��� , P ¼ 0.01; ����, P ¼ 0.001; ###, P ¼ 0.0001.
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expression, and gliosis are suggestive of an adaptive, reparative
radio-response, but that (ii) persistent inflammation and reactive
astrogliosis are detrimental responses to RT that may lead to
functional deficits in cognition.

Radiation elevates glial colabeling of complement cascade
proteins

We found a sharp elevation in C1q immunoreactivity in the
early phases (hours) of the radiation response, which preceded by
1 month (Fig. 2), consistent with mRNA expression (Fig. 1). Our
past genetic study using the microglia-selective C1q-Flox mouse,
with intact peripheral C1q levels, showed that resident microglia
are the prominent source of C1q in the CNS (28). Indeed, dual
staining for IBAþ and microglial C1q showed similar patterns of
C1q upregulation that peaked at 48 hours and declined by 1 month
post-irradiation. These data indicate that radiation-induced com-
plement activation may synergize with elevated cytokine signaling
at a short-term (2–48 hours) post-irradiation interval. Radiation-
induced brain injury may also induce activation of other com-
plement proteins, including C3a, iC3b, and C5a, leading to the
proinflammatory polarization of microglia and astrocytic hyper-
trophy. We found elevated C3 in the irradiated brain (Fig. 3) that
coincides with elevated expression of the danger recognition
receptor TLR4 and proinflammatory cytokine signaling (Fig. 4
and microglial activation in the short-term and, subsequently
long-term cognitive deficits (1 month; Fig. 5C and D). These
data suggest RT-induced complement cascade activation lead to
long-term inflammatory injury.

Interestingly, we found elevated C1q also associated with astrocyte
intermediate filaments (GFAP, Fig. 3). Recent studies using LPS-
induced CNS insult have suggested that microglia-mediated astro-
gliosis via C1q, IL1a, or TNFa increased the production of C3 and
neurotoxins that were destructive to synapses (27). Similarly, we and
others have shown persistent microglial activation that may share
some commonalities with the LPS-induced inflammatory cas-
cade (7, 17, 41). C3 gene expression was found to be elevated following
20Gy RT in the juvenile brain (51), but genetic C3 knockout prevented
radiation-induced learning disabilities and gliosis (44). Further,Hinkle
and colleagues showed neuroprotective effects of the CR3 knockdown
against radiation-induced damage to neuron structure, spine loss, and
microglial activation (26), further suggesting a neurotoxic role of iC3b
in RICD. A caveat of this study is that the global knockdown of CD11b
gene to produce mutant CR3 that does not allow mechanistic char-
acterization of peripheral- versus CNS-specific effects of complement
cascade-mediated signaling in vivo. Nonetheless, this study revealed
that radiation-induced detrimental complement signaling leads to
synaptic damage. In total, radiation-induced glial elevation in com-
plement cascade proteins are linked with cognitive impairments and
neuroinflammation.

Microglial C1q knockdown protects against cranial RT-induced
cognitive deficits

RT-induced complement cascade activation, commencingwithC1q
(Fig. 2), triggers detrimental microglial activation in the irradiated
hippocampus that may lead to cognitive decline as shown in other
neurodegenerationmodels. Thus, to validate the proinflammatory role
of complement system in the irradiated brain, we utilized conditional
C1q-Flox mice. We have shown selective knockdown of microglial
C1q by 8 weeks of age, in absence of tamoxifen treatment (28) and,
established microglia as a major source of C1q in the brain. Our study
also showed selective depletion of C1q in the brain without altering

C1q in the blood (28), thus allowing the delineation of CNS-specific
C1q-mediated events in the irradiated brain. Indeed, cranially irradi-
ated C1q-Flox mice did not exhibit cognitive impairments on the
hippocampal-dependent NPR task, as indicated by comparable behav-
ior with the 0 Gy control and C1q-Flox mice (Fig. 5C and D). In
contrast, littermate controls exposed to cranial RT showed significant
decrements on a hippocampal-dependent novel spatial recognition
task. Using a fear extinction test, we found increased freezing behavior
by the WT-IRR mice, indicating RT-induced disruption in the disso-
ciative learning process (Supplementary Fig. S2), whereas WT-0 Gy
micewere able to show reduced freezing. Interestingly, both 0 and 9Gy
irradiated C1q-Flox mice showed elevated freezing on the extinction
test. To address this finding, we quantified cytokines in the WT and
C1q-Flox brains exposed to cranial RT. Activated microglia and
elevated proinflammatory cytokines play a disruptive role in fear
memory consolidation (52–56). Our multiplex data (Fig. 5E; Supple-
mentary Fig. S2) showed significant elevations in TNFa, IL1b, IL6,
IL1a, CCL2, and IL18 in the WT-IRR brains that suggest proinflam-
matory cytokine-mediated disruption in dissociative learning. How-
ever, we did not observe significant differences in the cytokine levels in
the 0 or 9 Gy irradiated C1q-Flox brains. Additional cytokine analyses
in the brains of WT and C1q-Flox mice with or without experiencing
foot shock and after fear extinction training also did not show any
significant differences (Supplementary Fig. S3). These behavior and
cytokine data may indicate that cytokines are not playing any role in
the elevated freezing observed in the C1q-Flox mice and that possible
impact of the C1q gene inactivation on the dissociative learning and
memory consolidation processes in the brain. In fact, a recent study,
using CD55-mediated inhibition of classical CNS complement path-
way, suggested the dependency of dissociative learning or memory
consolidation processes on the microglial C1q (57).

Importantly, analysis of irradiated C1q-Flox mouse brains (with
undetectable C1q, Fig. 5B) did not show microglial activation
(CD68, Fig. 6A), C5aR1 (Fig. 6B), astrocytic-C3 or microglial-TLR4
(Fig. 6C andD) elevation compared with irradiated littermate control
mice providing evidence that deletion of microglial C1q protected the
brain from the detrimental downstream effects of cranial RT. Acti-
vation of the complement cascade, starting form C1q, produces
effector anaphylatoxins, C3a and C5a, which are chemotactic for
microglia (37, 58). Of these, C5a is more potent in triggering neuroin-
flammation and C5aR1 signaling also synergizes with the danger
recognition TLRs (19, 59). C1 complex, along with C3b and iC3b,
also play important roles inmicroglia-mediated synaptic pruning (43).
Radiation-induced aberrant activation of complement cascade may
also facilitate overzealous synaptic pruning, leading to functional
impairments. Importantly, cranial RT-induced loss of synaptic pro-
teins synaptophysin and SV2a (Fig. 7) was not found in the irradiated
C1q-Flox mice, indicating neuroprotective effect of ablating C1q.
These data also show that microglia-selective targeting of C1q pre-
vented radiation-induced downstream damaging events.

Conclusion
This study provides novel insights into induction of complement

cascade components by radiation exposure that impact brain function
and lead to cognitive impairments. Our studies linking activation of
the complement cascade shortly post-radiation exposure to the long-
term neuroinflammation and cognitive dysfunction have a unique
potential for impacting the quality of life for cancer survivors. Par-
ticularly, our genetic approach, microglia-selective deletion of C1q,
addresses the contribution of an upstream CNS complement cascade
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mechanism playing a detrimental role in RICD. Importantly, our
strategy to target the CNS complement cascade also needs to be
confirmed in presence of tumor, as activation of the complement
cascade has been proposed to promote glioma stem-like cell prolif-
eration, decreased apoptosis, immunosuppression and angiogenesis

within tumor vasculature, thereby promoting invasion (60–64).More-
over, the impact of fractionated RT should be studied to evaluate the
nature of complement and microglia activation in the normal tissue
bed. Nonetheless, our study establishes the link between radiation-
induced gliosis, neuroinflammation, and cognitive dysfunction (16)

Figure 6.

Microglial C1q knockdown prevents radiation-induced neuroinflammation. Immunofluorescence staining, confocal microscopy, and 3D algorithm-based, volumetric
quantification for the CD68 (A) and C5aR1 (B) immunoreactivity (CD68 and C5aR1, red; blue, DAPI nuclear counterstain; a1–a4 and b1–b4, respectively) showed
that cranial irradiation (IRR) significantly elevated CD68 (P ¼ 0.001; A) and C5aR1 (P ¼ 0.002; B) in the WT hippocampus (DH, dentate hilus; DG, dentate gyrus)
compared with unirradiated controls. Exposure of C1q-Flox mice to the cranial IRR did not elevate CD68 or C5aR1 immunoreactivity, indicating prevention of
inflammation (A and B). Similarly, volumetric analysis for C3-GFAP (C, c1-c4) and IBA1-TLR4 colocalization (D, d1-d4) showed radiation-induced elevation in the
colabeling of GFAPþ astrocytic surfaceswith C3 (GFAP surface rendering,magenta; C3 spot rendering, yellow, c1–c4) and IBA1þmicroglial surfaceswith TLR4 (IBA1,
green; red, TLR4; blue, DAPI, d1–d4) in the hippocampal DH. Irradiated C1q-Flox brains did not show elevated C3-GFAP or IBA-TLR4, indicating reduced
neuroinflammation. Data are presented as mean � SEM (N ¼ 6–8 observations per group). P values were derived from ANOVA and Bonferroni’s post hoc test.
Scale bars, 40 mm (a1–a4 and b1–b4) and 5 mm (c1–c4 and d1–d4).
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with complement activity. These data highlight the intricacies of the
aberrant glial responses following radiation exposure in the brain and
provide a unique opportunity to develop pathway branch point-
specific therapeutics that may not need to directly affect neuronal
function in the irradiated brain.
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SUPPLEMENTAL INFORMATION 

Markarian et al., “Glia-selective deletion of complement C1q prevents radiation-induced 

cognitive deficits and neuroinflammation” 

 

 

Supplemental Figure S1. 

 

 

Supplemental Figure S1. Cranial irradiation did not affect anxiety-like behavior. No significant 

differences were observed between littermate controls (WT) and C1q-flox mice exposed to 0 or 9 

Gy cranial irradiation (IRR) on anxiety-like behavior measured by light-dark box test. Time spent 

(percentage) in the open compartment (A) and number of transitions between the dark and light 

compartment (B) did not show significant differences one month post-irradiation. Data are 

presented as mean ± SEM (N = 12 for WT 0 Gy, C1q-flox IRR, C1q-flox IRR and, N = 8 for C1q-

flox 0 Gy). 
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Supplemental Figure S2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure S2. Behavior of 0 or 9 Gy irradiated WT and C1q-Flox mice on the fear 

extinction memory task. Freezing behavior of WT-IRR on the extinction test showed a significant 

elevation compared to the WT - 0Gy group (P = 0.03) indicating the adverse impact of radiation 

exposure on the dissociative learning process. Both C1q-Flox groups of mice (0 and 9 Gy 

irradiated) showed elevated freezing compared to the WT – 0 Gy controls (P = 0.03 and 0.001 

respectively). Data are presented as mean ± SEM (N = 16 mice per group). P values were derived 

from ANOVA and Bonferroni’s post hoc test.  

 

 

 

 

 



Supplemental Figure S3. 



 

Supplemental Figure S3. Cytokine analyses of 0 or 9 Gy irradiated WT and C1q-Flox mice. 

Multiplex cytokine analysis was carried out in mice brains exposed to no foot shock, 30 minutes 

after experiencing 3 pairs of foot-shocks (0.6 mA for 1 sec) and auditory stimulus (16 kHz tone, 

80 dB, lasting 120 sec) or 30 minutes after completion of extinction training (experiencing just the 

tone for 3 days). Significant elevation in the pro-inflammatory cytokines (TNFα, IL-1β, IL-6, IL-1α, 

CCL2, and IL-18) was observed in the WT-IRR mice (no foot shock) compared to WT-0Gy (no 

foot shock) group (as shown in Fig. 5E). No significant differences were found for the cytokine 

profile in the C1q-Flox mice exposed to no foot shock, experiencing foot shock or the tone 

(extinction training). Data are presented as mean ± SEM (N = 3 to 6 mice per group).  *, P < 0.05 

compared with WT-0Gy (no foot shock) group (as in Fig. 5E).  



SUPPLEMENTAL METHODS 

 

Animals and irradiation procedure: 

Animals were maintained in standard housing conditions (20 °C±1 °C; 70% ± 10% humidity; 

12h:12h light and dark cycle). At the select post-RT time, WT mice (C57Bl/6J, Jackson 

Laboratories, Cat#000664, RRID:IMSR JAX:000664) were anesthetized using isoflurane and 

euthanized via intra-cardiac perfusion (30 mL of saline with heparin, 10 U/mL, and 75 mL of 4% 

paraformaldehyde, PFA, Sigma).  Dissected brains were kept in 4% PFA overnight and 

transferred to PBS with 0.02% sodium azide (pH 7.5, Sigma). Sucrose gradient infiltration steps 

(10 to 30% w/v, Sigma) were used for each brain to protect and cryosection (30 µm, coronal) 

using a cryostat (Leica Microsystems). For the gene expression analysis (RT-PCR), the 

hippocampus was micro-dissected from saline-heparin perfused brains, flash-frozen in liquid 

nitrogen and stored at -80 C° until analyzed. 

 

Supplemental Table T1. Primers used for the gene expression analysis as in Fig. 1A. 

Gene Forward primer Reverse primer 

Il1a CAGTGAGACCTTCACTGAAG TTGTCCACATCCTGATATATAG 

Lcn2 CATTTGTTCCAAGCTCCAGG  CTCCTTGGTTCTTCCATACAG  

Serping1 CCAAAGCACCAACTTAAAGATG  AAAGAATTCCAGTTTCTCCATG 

Serpina3n TTAAAGCCAAATGGAAGGTGC  CATTTCCTGTGTACTTCAGC 

P21 ACCAGCCTGACAGATTTCTATC CAGCGTATATACAGGAGACGTT 

Amigo2 ATTACGGAATAACTCTAACGG CAGTGTGTGGAACCTTAACG 

C1qa TCTCTAACACCAACAACAAGG  TGAGGAATCCGCTGAAGATG 

Tnfa ATGAGCACAGAAAGCATGATC CCATTTGGGAACTTCTCATC 

Cd14 AATCTACCGACCATGGAGCGT CCAAACAATTGAAAGCGCTGGA 

 

Gene expression analysis 

Dissected hippocampi from each brain (3 to 6 mice per group, 24 h, 48 h, 1-week, 1- and 6-

months post-irradiation) were placed in RNAlater solution (Ambion, LifeTechnologies, CA, USA) 

and stored at -20°C. Tissues were lysed in RNA extraction buffer and Trizol (Ambion) for 

homogenization followed by treatment with BCP reagent (1-bromo-3-chloropropane, Molecular 

Research Center, OH, USA) to separate the RNA layer from DNA and protein. The extract was 

centrifuged (12000 × g, at 4°C for 15 minutes), and RNA was precipitated using isopropanol, 

washed twice (75% ethanol), and dried (vacuum centrifugation). The RNA pellet was re-

suspended in 20μL of nuclease-free water (Ambion). RT-PCR was carried out using Applied 



Biosystems Step One RT-PCR machine with a 48-well plate format. Primers and experimental 

conditions for the astrogliosis markers were optimized and followed as described (1). The primer 

sequence for each gene is provided in the Supplement Table T1. Gene expression data is 

presented as 2^-(ΔΔCt) values. 

 

Cytokine analysis 

For the cytokine analysis, freshly dissected hemi-brains (3-6 brains/group) were homogenized in 

presence of protease inhibitor cocktail (Thermo Fisher Scientic), centrifuged (500g, at 4°C for 10 

min), washed using sterile PBS (15000g, 4°C for 5 min) and supernatants were assayed for 

cytokines (TNFα, IL-1β, IL-6, IL-1α, CCL2, CCL5, IL-10 and IL-18) using a magnetic bead-based 

customized kit (Thermo Fisher Scientific).  

 

Behavior testing 

One month post-irradiation, littermate controls and C1q-flox mice receiving 0 or 9 Gy cranial RT 

were administered an anxiety-related light-dark box test and a spatial memory testing using novel 

place recognition (NPR) task as described previously (2,3). The LDB arena consisted of a light 

compartment (30 x 20 x 27 cm, 915 lux) connected to a dark compartment (15 x 10 x 27 cm, 4 

lux) via a small opening (7.5 x 7.5 cm). Thus, the LDB test contrasts the natural propensity of 

mice to explore new environments with their degree of anxiety to be in a well-lit space. Mice were 

placed in the arena for 10 minutes, and the time spent in each chamber and number of transitions 

between compartments were recorded by a blind observer. NPR task depend on animal’s inherent 

ability to explore novel object location and reply on the intact hippocampal function (4,5). Briefly, 

mice were habituated to 3 days (15 min per day) to a dimly lit (48 lux) custom-made empty arena  

(30 × 30 × 30 cm) with a layer of fresh bedding and recorded using a ceiling-mounted digital USB 

COMS camera (Imaging Source, North Carolina, US). In between familiarization and test phases, 

all bedding was replaced and the arena was thoroughly cleaned with 10% ethanol. The following 

testing day, two plastic objects (duplo blocks, similar size and shape) were magnetically affixed 

16 cm apart in the arena and the mouse was allowed 5 min to explore the objects. The mouse 

was then returned to the home cage for 5 min while the location of one object was move to a 

novel spatial location after cleaning the objecting using 10% ethanol. The mouse was then 

returned to the arena for 5 min of further exploration. All trials were scored by observers blind to 

the experimental groups to avoid bias. Time spent interacting (nose within 2 cm radius) with 

familiar versus novel object location was recorded and the data was calculate as the 

discrimination index (DI): ([Novel location exploration time/Total exploration time] – [Familiar 

location exploration time/Total exploration time]) × 100. 



To determine if cranial irradiation microglial C1q gene knockdown affects amygdala-

hippocampal circuit-dependent fear conditioning learning and fear memory consolidation, we 

performed fear extinction behavior reliant on hippocampal function (6,7) . Testing occurred in a 

behavioral conditioning chamber (17.5  × 17.5  × 18 cm, Coulbourn Instruments) with a steel shock 

floors (3.2 mm diameter slats, 8 mm spacing).  Throughout the conditioning, memory 

consolidation (extinction training) and extinction testing phases, the bottom acrylic collection plate 

was scented with a spray of 10% acetic acid in water. For the initial fear conditioning phase (day 

1), mice were allowed to habituate to the chamber for two minutes. Three pairings of an auditory 

conditioned stimulus (16 kHz tone, 80 dB, lasting 120 sec; CS) co-terminating with a foot shock 

unconditioned stimulus (0.6 mA, 1 sec; US) were presented at two minute intervals. On the 

following two to three days of extinction training, mice were initially habituated to the same context 

for two minutes before being presented with 20 non-US reinforced CS tones (16 kHz, 80 dB, 

lasting 120 sec, at 5 sec intervals). On a final day of fear testing mice were presented with only 

three non-US reinforced CS tones (16 kHz, 80 dB, lasting 120 sec) at two minute intervals in the 

same context. Freezing behavior was recorded with a camera mounted above the chamber and 

scored by an automated measurement program (FreezeFrame, Coulbourn Instruments).  

FreezeFrame algorithms calculate a motion index for each frame of the video, with higher values 

representing greater motion. An investigator blinded to the experimental groups set the motion 

index threshold representing immobility for each animal individually, based on identifying a trough 

separating low values during immobility and higher values associated with motion. Freezing 

behavior was defined as continuous bouts of one second or more of immobility. The percentage 

of time each mouse spent freezing was then calculated for the final day of extinction test. 

 

Immunohistochemistry 

PFA-fixed brains were collected from each treatment group for dual-immunofluorescence staining 

(3 to 4 sections per brain, 6 to 8 brains per group). Primary antibodies included: rabbit anti-IBA1 

(1:200, ionized calcium binding adapter molecule 1, Wako Cat# 019-19741, RRID:AB_839504), 

goat anti-IBA1 (1:200, Novus Cat# NB 100-1028, RRID:AB_521594), rabbit anti-C1q (1:100, 

clone 4.8, Barres B. A., RabMAb, Abcam Cat# ab182451, RRID:AB_ 2732849), mouse anti-C3d 

(1:750, C3d chain, Quidel Cat# A207, RRID:AB_452479), rat anti-mouse CD68 (1:200, Bio-Rad 

Cat# MCA1957GA, RRID:AB_324217), mouse anti-TLR4 (1:100, toll-like receptor 4, Novus Cat# 

NB100-56566, RRID:AB_2205129), rat anti-C5aR1 (1:500, Abcam Cat# ab117579, 

RRID:AB_10902319), mouse anti-GFAP (1:500, glial fibrillary acidic protein, Biolegend Cat# 

840001, RRID:AB_2565444), mouse anti-SV2 (1:750 DSHB Cat# SV2, RRID:AB_2315387), 



mouse anti-synaptophysin (1:1000 Sigma-Aldrich Cat# S5768, RRID:AB_477523). For the 

fluorescence detection, following secondary antibodies were used: donkey anti-rabbit and anti-

mouse Alexa Fluor 647 (1:500, Thermo Fisher Scientific Cat# A-31573, RRID:AB_2536183 and 

Thermo Fisher Scientific Cat# A32787, RRID:AB_2762830), donkey anti-goat Alexa Fluor 488 

(1:400, Invitrogen, (1:400, Thermo Fisher Scientific Cat# A-11055, RRID:AB_2534102), donkey 

anti-rabbit and anti-mouse Alexa Fluor568 (1:400, Abcam, Cat# ab175470, RRID:AB_2783823 

and Thermo Fisher Scientific Cat# A10037, RRID:AB_2534013),), donkey anti-goat Alexa Fluor 

568 (1:400, Thermo Fisher Scientific Cat# A-11057,RRID:AB_2534104), horse anti-goat 

biotinylated (1:200, Vector Laboratories Cat# BA-9500, RRID:AB_2336123), Texas Red 

Streptavidin (1:200, Vector Laboratories Cat# SA-5006, RRID:AB_2336754 ).  

Tissue sections for each staining procedure were washed three times in the phosphate 

buffered saline (PBS, 100 mM, pH 7.4, Gibco) and antigen retrieval was facilitated by citrate buffer 

incubation (10 mM, pH 6.0 with 0.05% Tween-20, Sigma) at 70°C for 45 minutes. Tissues were 

then recovered by borate buffer (pH 8.5, 100mM, 10 minutes) and PBS incubation (3 washes, 5 

min each). Prior to the primary antibody incubation, tissues were blocked with serum (certified, 

pathogen free; Jackson Immuno Research) from the respective secondary antibody host (10% 

normal donkey, goat or horse serum, NDS, NGS or NHS respectively in PBS with 0.01% Triton 

X-100 (NDS, Jackson ImmunoResearch Labs Cat# 017-000-121, RRID:AB_2337258; NGS, 

Jackson ImmunoResearch Labs Cat# 005-000-121, RRID:AB_2336990; NHS, Jackson 

ImmunoResearch Labs Cat# 008-000-121, RRID:AB_2337040) . After the blocking step, tissues 

were incubated in the primary antibodies for glial and complement components or receptors. 

Primary antibody solutions were made in PBS containing 0.01% Triton X-100 (Sigma) and 3% 

NDS, NGS or NHS. Tissues were incubated overnight at 4°C in a shaker incubator (Enviro-Genie 

Scientific). After 24 hours, the tissues were washed with PBS and incubated in the secondary 

antibody for one hour to visualize the target antigens (dual immunofluorescence). Lastly, all the 

sections were counterstained with DAPI nuclear dye (1 µmol/L, Thermo Fisher Scientific Cat# 

D1306, RRID:AB_2629482, in PBS for 15 min). Immunostained sections were washed with PBS 

and mounted on super-frost slides (Fisher Scientific) using SlowFade Anti-Fade Gold mounting 

medium (Thermo Fisher Scientific Cat# A10037, RRID:AB_2534013). 

 

In silico modeling: 3D algorithm-based volumetric quantification 

Immunostained sections were imaged with a laser-scanning confocal microscope (Nikon Eclipse 

Ti C2) equipped with a 40× and 60× oil-immersion objective lens (1.4 NA) and NIS element AR 

module (v4.3, Nikon). The high-resolution (1024 to 2048p) z stacks (0.5 µm thick) were scanned 



through the 25-30 µm thick section. An adaptive, 3D blinded deconvolution method (AutoQuant 

X3, v3.2, Media Cybernetics, MD, USA, RRID:SCR_002465) was used to deconvolute images to 

improve the signal resolution with respective fluorescent wavelengths (510nm, green; 594 nm, 

red; 447 nm, UV; and 647 nm for IR range). The deconvoluted images were converted to IMS 

format for 3D algorithm-based Imaris analysis (v9.5, Bitplane Inc., Zürich, Switzerland, 

RRID:SCR_007370). In Imaris, IBA-1 and GFAP were 3D modeled using the surface-rendering 

tool to create volume of individual glial cells, and a 3D spot analysis was conducted to detect the 

complement/synaptic proteins and specific receptors (C1q, C3, C5aR1, TLR4, synaptophysin and 

SV2a). Using an unbiased, dedicated co-localization channel, the number of complement puncta 

or receptor on the surface of IBA1 and GFAP was individually calculated by selecting spots at a 

distance of -0.5 µm to 0.5 µm from the surface created. The total (gross) expression and the 

expression level of the receptor (TLR4) or complement protein (puncta) on each surface, the area 

and volume of IBA1 and GFAP, and the total number of puncta were used for quantitative 

comparison between the control and irradiated groups. Similarly, total expression level of C5aR1 

or synaptic proteins were rendered using surface tool to determine the volume of immunoreactive 

puncta. All in silico analyses were conducted using automated batch processing modules and 

criteria applied uniformly for all experimental groups to avoid bias. 
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A Complementary Strategy to Mitigate
Radiation-Induced Cognitive Decline
Navyateja Korimerla and Daniel R. Wahl

Cranial radiation activates an upstream complement cascade
component, C1q, leading to brain injury.Microglia-specific deletion
of C1q prevents astrocyte and microglial activation, synaptic loss,
neuroinflammation, and cognitive impairment. Therapeutically

inhibiting complement activation may help mitigate radiation-
induced cognitive decline.

See related article by Markarian et al., p. 1732

In this issue of Cancer Research, Markarian and colleagues define
therapeutically relevant mechanisms linking the complement cascade
to radiation-induced cognitive decline. Radiotherapy is a critical
treatment for many primary and metastatic brain tumors (1). The
efficacy of radiotherapy is counterbalanced by its capacity to cause
neurocognitive decline, which occurs to some extent in many patients
surviving more than several months after treatment. Radiation-
induced cognitive decline often presents as memory difficulties,
decreased attentiveness, and difficulty with higher-order cognitive
tasks. While these changes are often difficult to quantify without
advanced neurocognitive testing, they are frequently detrimental to
patient quality of life (2). Radiation-induced cognitive decline is often
biphasic, with reversible changes occurring several months after
radiation and more permanent decline developing later. In rare cases,
radiation-induced cognitive decline causes a progressive and fatal
dementia-like syndrome, especially when high doses of whole-brain
radiotherapy are used in combination with some cytotoxic che-
motherapies. Several strategies are currently used to mitigate radia-
tion-induced cognitive dysfunction, including using focal radiother-
apy rather than whole-brain radiation when possible, avoiding high
dose radiation to the hippocampus, and coadministering anti-
dementia drugs targeting the N-methyl-D-aspartate receptor along
with radiotherapy. While these efforts are efficacious, they have not
eliminated radiation-induced cognitive decline, and a full understand-
ing of cellular and molecular mediators of this phenomenon is needed
to design more effective mitigation strategies.

The cellular and molecular processes underlying the clinical entity
of radiation-induced cognitive change are complex. Within hours to
days after radiation, cellular components of the normal brain become
activated. Astrocytes, which are a major supporting cell type in the
brain, undergo a number of reactive changes when they are activated
by radiation or other insults. Such changes include altered morphol-
ogy, increased expression of the glial fibrillary acidic protein (GFAP),
and increased expression of proinflammatory genes. Microglia, which
are themajor resident immune cells of the central nervous system, also

undergo reactive changes following radiation. These changes include
an altered morphology and increased expression of proinflammatory
cell surface and secreted proteins. These early inflammatory changes
are followed months later by microstructural changes such as demy-
elination, vascular abnormalities, and white matter necrosis, which
temporally coincide with clinical neurocognitive decline.

Astrocyte and microglial activation are causally related to the
development of radiation-induced cognitive decline. Pharmacologic
elimination of microglia in mice prevents the development of radia-
tion-induced cognitive decline (3). Some aspects of astrocyte function
are also important for the development of radiation-induced cognitive
decline. Radiation causes astrocytes to increase the clearance of
the protective neurotransmitter adenosine, and interrupting this axis
can mitigate radiation-induced neurodegeneration and cognitive
decline (4). In vitro experiments using isolated and mixed-culture
systems have suggested that soluble factors derived frommicroglia are
required for radiation to activate astrocytes. However, such ideas
have not been explored in vivo and a full characterization of the
molecules linkingmicroglial and astrocytic activation after radiation is
lacking (5).

In this study, Markarian and colleagues investigate whether the
complement system—which is a keymediator of innate immunity and
microglia-mediated synapse regulation—is a link between radiation,
glial activation, and the development of radiation-induced cognitive
decline. Dysregulation of the complement system evokes proinflam-
matory signatures and can result in the pathogenesis of autoimmune
and neurodegenerative diseases. The authors have previously observed
elevated levels of the complement component proteins C1q (a prox-
imal component of the complement cascade) and C3 (a downstream
component of the complement cascade, which is activated by C1q) in
irradiated brains compared with nonirradiated control brains (6). C1q
is synthesized by microglia in response to radiation, while astrocytes
express C1q under pathologic conditions such asmultiple sclerosis and
temporal lobe epilepsy (6, 7).

Here, the authors provide additional evidence that the comple-
ment system links microglia and astrocyte activation after radiation
and is a critical mediator of radiation-induced cognitive decline.
The authors show that the proximal complement factor C1q
increases in abundance within 2 hours after radiation and colocal-
izes with both activated microglia and astrocytes. The more down-
stream complement component C3 also increases in abundance
within 2 hours of radiation, but primarily colocalizes with reactive
astrocytes. These findings suggest a mechanism by which radiation
activates microglia, causing them to produce C1q, which then
activates astrocytes. Notably, such a mechanism clearly exists for
other neurotoxic stimuli (7).
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The authors utilize a genetically engineered mouse model in which
C1q is deleted specifically in microglia to test this hypothesis. Mice
lacking microglial C1q produce lower levels of numerous inflamma-
tory cytokines in response to radiation than controls. Furthermore, the
deletion of C1q in microglia prevents the deposition of C3 on astro-
cytes, their upregulation of the complement receptor C5aR1, and
astrocyte activation (as assessed by CD68 expression). Deletion of
microglial C1q also prevents the radiation-induced upregulation of the
danger receptor TLR4 on microglia, suggesting that C1q may act on
microglia in addition to astrocytes.

These cellular mechanisms are relevant to neurocognition. Deletion
of microglial C1q prevents radiation-induced cognitive decline as
assessed by the novel place recognition test, which is a hippocam-
pal-dependent test of memory.Whywasmemory spared? The authors
wisely recognize the physiologic role of the complement cascade in
synaptic pruning and hypothesized that overactive complement fol-
lowing radiation could cause aberrant synaptic pruning, leading to
cognitive decline. Consistent with this hypothesis, multiple synaptic
proteins are decreased in irradiated control mice but remain at normal
levels in irradiated mice lacking microglial C1q.

In sum, the authors have described a novel mechanism by which
radiation acutely stimulates microglia to release C1q and the resulting
complement cascade mediates neuroinflammation and astrocyte acti-
vation, synapse loss, and cognitive decline. This mechanistic under-
standing has important therapeutic implications, as it suggests that
pharmacologic inhibition of the complement cascade could mitigate
radiation-induced cognitive decline. C1q-targeted complement inhi-
bitors are currently in preclinical development for a variety of neu-
rodegenerative diseases, and inhibitors of other components of the

complement system are FDA-approved for complement-mediated
diseases such as paroxysmal nocturnal hemoglobinuria (8). Whether
C1q-directed therapeutics might be useful clinically to prevent radi-
ation-induced cognitive decline will depend on whether these agents
successfully cross the blood-brain barrier to inactivate the complement
cascade intracranially. Another determinant of potential efficacy in
patients is to what extent these therapies interact with the radiation-
induced killing of cancer cells. Such interactions may vary by cancer
type. Inhibiting complement activation augments the efficacy of
radiotherapy in some cancer models (9), but reduces radiotherapy
efficacy in others (10). Thus, how microglial-derived C1q influences
the effects of radiation therapy on a variety of intracranial cancers
should be carefully studied prior to clinical investigation. While
clinical implementation of these strategies is not yet at hand, these
findings raise the possibility that targeting the complement cascade
may improve quality of life for patients receiving cranial radiotherapy,
especially when combined with some of the other mitigation strategies
currently in use. If these advances provide sufficient cognitive pro-
tection, theymay also prompt the reinvestigation of therapies thatwere
effective from an anticancer standpoint, but abandoned due to neu-
rotoxicity, such as whole-brain radiation for CNS lymphoma.
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