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Introduction
Ischemic stroke affects around 7.6 million people each year with 
global prevalence of over 77 million (1). Despite the major advanc-
es in acute stroke treatment and care, more than 50% of stroke 
survivors experience long-term sequelae, including loss of volun-
tary movement in the arm and leg, speech disturbances, depres-
sion and anxiety, cognitive deficits, epilepsy, and gait instability 
and requiring institutional care or long-term assistance (2). Under-
standing the cellular and molecular mechanisms that contribute 
to functional recovery could lead to novel treatment approaches to 
promote recovery, improve long-term outcomes, and reduce the 
socioeconomic burden of stroke (3, 4).

Reactive gliosis — a dynamic, highly orchestrated response 
of astrocytes and microglia — limits tissue loss and restores tissue 
homeostasis after ischemic injury in the central nervous system 
(CNS). Reactive astrocytes also impact ischemia-induced plasticity 
and functional recovery (5–8). Transcriptomic changes in astrocytes 
are context and region dependent and drastically change over time 
(9, 10). Within hours after the onset of ischemia, astrocytes upregulate 
their expression of glial fibrillary acidic protein (GFAP), a hallmark of 
astrocyte reactivity (4, 11). Within days, astrocytes in the peri-infarct 
region undergo hypertrophy of their cellular processes, forming a glial 
scar around the damaged area to prevent infiltrating leukocytes from 
spreading into surrounding healthy parenchyma (4, 12–14). Microg-
lia in the periphery of the ischemic lesion become activated as early 
as 30 minutes after ischemia onset (15), and the density of activated 
microglia/macrophages increases for several weeks thereafter (16). 
The expression profile of microglia/macrophages in the peri-infarct 
region suggests a dynamic transition from a neuroprotective pheno-
type in the early stage after stroke to a detrimental phenotype in the 
later stage (16, 17). Timely modulation of reactive gliosis thus appears 
to be a rational approach to promote recovery and improve outcome; 
however, the pharmacological tools to achieve that are lacking.

Despite advances in acute care, ischemic stroke remains a major cause of long-term disability. Approaches 
targeting both neuronal and glial responses are needed to enhance recovery and improve long-term outcome. The 
complement C3a receptor (C3aR) is a regulator of inflammation with roles in neurodevelopment, neural plasticity, 
and neurodegeneration. Using mice lacking C3aR (C3aR–/–) and mice overexpressing C3a in the brain, we uncovered 
2 opposing effects of C3aR signaling on functional recovery after ischemic stroke: inhibition in the acute phase and 
facilitation in the later phase. Peri-infarct astrocyte reactivity was increased and density of microglia reduced in C3aR–/– 
mice; C3a overexpression led to the opposite effects. Pharmacological treatment of wild-type mice with intranasal 
C3a starting 7 days after stroke accelerated recovery of motor function and attenuated astrocyte reactivity without 
enhancing microgliosis. C3a treatment stimulated global white matter reorganization, increased peri-infarct structural 
connectivity, and upregulated Igf1 and Thbs4 in the peri-infarct cortex. Thus, C3a treatment from day 7 after stroke 
exerts positive effects on astrocytes and neuronal connectivity while avoiding the deleterious consequences of C3aR 
signaling during the acute phase. Intranasal administration of C3aR agonists within a convenient time window holds 
translational promise to improve outcome after ischemic stroke.
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and P21 (Figure 1G). Since infarct volume was not affected by the 
genetic absence of C3aR (C3aR–/–, 1.34 ± 0.34 mm3, vs. C3aR+/+, 
1.07 ± 0.23 mm3, P = 0.124), these findings suggest a role for C3aR 
signaling in the dynamics of functional recovery.

Reduced astrocyte reactivity and increased microglia density in 
peri-infarct cortex and improved recovery in the postacute phase after 
stroke in mice overexpressing C3a in the brain. To further examine 
the role of C3a/C3aR signaling in regulating reactive gliosis, we 
used mice that overexpress C3a in the injured CNS (GFAP-C3a) 
and their WT littermates. Infarct volume at P21 did not differ 
between the groups (GFAP-C3a, 2.15 ± 0.87 mm3, vs. WT, 1.58 ± 
0.68 mm3, P = 0.085); however, GFAP expression in peri-infarct 
cortex was lower in GFAP-C3a mice (P < 0.001 for motor cortex 
and P < 0.05 for somatosensory cortex) and did not differ in the 
contralesional cortex (Figure 2, A and B). In GFAP-C3a mice, the 
density of Iba-1–positive cells was higher in peri-infarct motor and 
somatosensory cortex than in the contralesional hemisphere (P < 
0.05 and P < 0.001, respectively; Figure 2, C and D). The density 
of Iba-1–positive cells in infarct-distal somatosensory cortex was 
higher in GFAP-C3a mice than in WT controls (P < 0.01; Figure 
2D). These results further support a role for C3a/C3aR signaling 
in inhibiting astrocyte activation and stimulating microglia migra-
tion and/or proliferation in perilesional parenchyma.

The dynamics of motor function recovery differed substantial-
ly in GFAP-C3a mice and WT controls. Recovery started in the first 
week after stroke in WT mice (P < 0.05; Figure 2E) but not until 
the third week in GFAP-C3a mice (P < 0.05; Figure 2, F and G). In 
combination with the findings in the C3aR–/– mice, these results 
show that C3aR bidirectionally regulates glial responses in the pos-
tischemic brain and plays a dual role in functional recovery after 
ischemic brain injury. These results also suggest that the timing of 
potential interventions targeting C3aR is critically important.

Reduced stroke-induced astrocyte reactivity in mice treated 
with intranasal C3a. Given the dual role of C3aR signaling and 
the positive effect of intranasal C3a treatment on functional 
recovery in the postacute phase after stroke (27), we assessed 
the effects of pharmacological modulation of C3aR signaling 
on peri-infarct astrocyte reactivity. To this end, WT mice were 
treated with intranasal C3a or PBS daily for 2 weeks, starting 
on P7, and GFAP expression was analyzed on P21. To examine 
long-term effects of the treatment, another cohort of mice was 
treated for 3 weeks, and reactive gliosis was determined 4 weeks 
later (P56) (Figure 3, A and D). At P21, we found increased 
GFAP expression in peri-infarct motor cortex and in peri-infarct 
somatosensory cortex of PBS-treated mice (Figure 3, B and E), 
as in the C3aR+/+, C3aR–/–, and WT mice in the aforementioned 
cohorts (Figure 1B and Figure 2B). In peri-infarct motor cor-
tex, the relative GFAP-positive area was lower in C3a-treated 
mice than in PBS controls (P < 0.01; Figure 3, B and E), as in 
the GFAP-C3a mice (Figure 2B). At P56, GFAP expression was 
higher in both motor and somatosensory peri-infarct cortex 
than in contralesional cortex in both groups (Figure 3, C and 
F); the relative GFAP-positive area in the motor cortex was also 
lower in C3a-treated mice (P < 0.001; Figure 3F). Infarct volume 
did not differ between groups at P21 (PBS, 0.80 ± 0.21 mm3, vs. 
C3a, 0.89 ± 0.39 mm3, P = 0.429). Thus, astrocyte reactivity in 
peri-infarct cortex persists for at least 8 weeks after the ischemic 

The complement C3a receptor (C3aR) is a G protein–cou-
pled receptor broadly expressed in the CNS, including astrocytes, 
microglia, and neural stem cells (18). C3aR signaling has a role in 
CNS development (19–21) and exerts a range of effects on neural 
cells. In vitro, C3a, a peptide generated by proteolytic activation 
of the third complement component (C3), upregulates the expres-
sion of nerve growth factor in microglia and astrocytes (22, 23), 
increases the survival of astrocytes, and reduces their expression 
of GFAP after ischemic stress (24). C3a also regulates the prolifer-
ation, migration, and differentiation of neural progenitor cells in 
vitro (25), and C3aR signaling stimulates neurogenesis in unchal-
lenged adult mice (26). Signaling through C3aR stimulates neural 
plasticity in peri-infarct cortex after ischemic stroke (27, 28). How-
ever, C3aR can also contribute to neuropathology. C3aR has been 
implicated in Alzheimer’s disease–type neurodegeneration (29, 
30), virus-induced synapse loss and memory impairment (31), and 
blood-brain barrier dysfunction associated with aging (32).

In this study, we investigated the role of the C3a/C3aR axis in 
regulating glial responses in the peri-infarct cortex of mice sub-
jected to ischemic stroke. We also assessed functional recovery 
and used in vivo T2-weighted magnetic resonance imaging and 
diffusion tensor imaging to determine the effects of intranasal 
C3a administration on global and peri-infarct connectivity.

Results
Increased astrocyte reactivity and reduced microglia density in peri-infarct 
cortex and improved recovery in the acute phase after stroke in C3aR–/– 
mice. To assess the role of C3aR signaling in regulating astrocyte reac-
tivity after stroke, we subjected C3aR–/– and WT C3aR+/+ mice to focal 
cerebral ischemia in the left cortex at the border between primary 
motor and primary somatosensory cortical areas corresponding to the 
forelimb. Reactive astrocytes were visualized by immunostaining with 
antibodies against the astrocyte marker GFAP (33) (Figure 1A). Twen-
ty-one days after induction of ischemic injury, the GFAP-positive area 
(quantified by high-content image analysis) was larger in peri-infarct 
motor and somatosensory cortex than in the corresponding regions of 
the contralesional hemisphere in both C3aR+/+ and C3aR–/– mice (Fig-
ure 1B). GFAP expression in peri-infarct somatosensory cortex was 
higher in the C3aR–/– mice (P < 0.05). GFAP expression in the motor 
cortex did not differ between groups (Figure 1B).

Next, we assessed the density of cells positive for ionized 
calcium-binding adapter molecule 1 (Iba1), a marker of resident 
microglia and blood-derived macrophages, in peri-infarct cortex 
(Figure 1, C and D). In C3aR+/+ mice, but not C3aR–/– mice, the 
density of Iba-1–positive cells was higher in peri-infarct motor and 
somatosensory cortex than in the contralesional hemisphere (P < 
0.05). The density of Iba-1–positive cells in peri-infarct motor cor-
tex was lower in C3aR–/– than in C3aR+/+ mice (P < 0.05; Figure 1D).

These results show that signaling through the C3aR down-
regulates GFAP expression in peri-infarct astrocytes. As mono-
cyte-derived macrophages do not persist in the peri-infarct region 
beyond post-stroke day (P) 8 (34), our findings suggest that C3aR 
signaling plays a role in microglia migration and/or proliferation in 
perilesional parenchyma.

Motor function improved between P2 and P7 in C3aR–/– mice 
(P < 0.05; Figure 1E) and between P7 and P14 in C3aR+/+ mice (P < 
0.05; Figure 1F) but did not improve in either group between P14 
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Inverse correlation between GFAP expression in peri-infarct cor-
tex and functional recovery. Next, we examined a possible asso-
ciation between the extent of reactive gliosis in the peri-infarct 

event, and intranasal treatment with C3a starting on P7 reduces 
peri-infarct astrocyte reactivity. Remarkably, these effects per-
sisted for at least 4 weeks after treatment cessation.

Figure 1. C3aR–/– mice have increased astrocyte reactivity and reduced density of microglia in peri-infarct cortex. (A) Representative images of 
ipsilesional and contralesional cortex of C3aR+/+ and C3aR–/– mice in which astrocytes are visualized with antibodies against GFAP on P21. Scale bar: 100 
μm. (B) Schematic of cortical regions chosen for analysis (left) and relative GFAP-positive area in proximal peri-infarct and contralesional cortex (right). 
C3aR+/+, n = 8; C3aR–/–, n = 10. Ctx, cortex; CC, corpus callosum; Str, striatum; contra, contralesional; ipsi, ipsilesional; M, motor cortex; S, somatosensory 
cortex. (C) Representative images of ipsilesional and contralesional cortex of C3aR+/+ and C3aR–/– mice stained with antibodies against Iba-1 on P21. Scale 
bar: 100 μm. (D) Schematic of cortical regions chosen for analysis (left) and density of Iba-1–positive cells in the proximal peri-infarct and contralesion-
al cortex (right). C3aR+/+, n = 8; C3aR–/–, n = 8. (E–G) Recovery of motor function of C3aR+/+ (n = 10) and C3aR–/– (n = 14) mice as assessed by changes in 
distance walked in the beam test between P2 and P7 (E), P7 and P14 (F), and P14 and P21 (G). Bar plots represent mean ± SEM. Two-way ANOVA with 
Šidák’s planned comparisons (B and D): *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 for ipsilesional vs. contralesional comparisons; #P < 0.05 for 
between-genotype comparisons. Two-way ANOVA with repeated measures and Šidák’s planned comparisons (E and F): *P < 0.05.
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farct cortex at 8 weeks (P56) after stroke and the improvement 
in motor performance between P7 and P56. We found that the 
relative GFAP-positive area in peri-infarct motor cortex correlat-
ed negatively with functional improvement in the grid walk test 

cortex and functional recovery. Interrogating our previously pub-
lished functional recovery data (27) for WT mice that received 
3 weeks of daily intranasal treatment with C3a or PBS, we cal-
culated the correlation between GFAP expression in peri-in-

Figure 2. Overexpression of C3a reduces astrocyte reactivity but increases microglia density in peri-infarct cortex. (A) Representative images of ipsilesional and 
contralesional cortex of WT and GFAP-C3a mice in which astrocytes are visualized with antibodies against GFAP on P21. Scale bar: 100 μm. (B) Relative GFAP-pos-
itive area in proximal peri-infarct and contralesional cortex. WT, n = 9; GFAP-C3a, n = 9. Contra, contralesional; ipsi, ipsilesional; M, motor cortex; S, somatosensory 
cortex. Regions for analysis were chosen as shown in Figure 1B. (C) Representative images of ipsilesional and contralesional cortex of WT and GFAP-C3a mice 
stained with antibodies against Iba-1 on P21. Scale bar: 100 μm. (D) Density of Iba-1–positive cells in proximal peri-infarct and contralesional cortex. WT, n = 9; 
GFAP-C3a, n = 9. Regions for analysis were chosen as shown in Figure 1D. (E–G) Recovery of motor function of WT (n = 13) and GFAP-C3a (n = 12) mice assessed by 
changes in distance walked in the beam test between P2 and P7 (E), P7 and P14 (F), and P14 and P21 (G). Bar plots represent mean ± SEM. Two-way ANOVA with 
Šidák’s planned comparisons (B and D): *P < 0.05, ***P < 0.001, ****P < 0.0001 for ipsilesional vs. contralesional comparisons; #P < 0.05, ##P < 0.01, ###P < 0.001 
for between-genotype comparisons. Two-way ANOVA with repeated measures and Šidák’s planned comparisons (E and G): *P < 0.05.
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toxic microglia (10), and C-type lectin domain containing 7A (Cle-
c7a), a marker of disease-associated microglia (35), at P14 (after 
7 days of treatment) and P28 (after 21 days of treatment). At both 
P14 and P28, C1q immunoreactivity was higher in peri-infarct 
cortex than in the contralesional hemisphere, with no difference 
between the treatment groups (Supplemental Figure 1). At P14, 
15% ± 3.9% and 18% ± 2.6% of Iba-1–positive cells in the peri-in-
farct motor cortex expressed Clec7a in the PBS- and C3a-treated 
mice, respectively; in both groups the density of Clec7a-positive 
cells was higher than in the contralesional hemisphere. At P28, 
the density of Clec7a-positive cells in the peri-infarct cortex was 
increased only in C3a-treated mice, with 23% ± 8.7% of Iba-1–pos-

(Figure 3G). Thus, GFAP-expressing reactive astrocytes appear 
as important negative regulators of neuronal functioning in the 
chronic phase after stroke.

No increase in microglia density in peri-infarct cortex of 
C3a-treated mice. Next, we assessed the density of Iba-1–positive 
cells in peri-infarct cortex of the short- and long-term cohorts of 
C3a-treated mice. At both P21 and P56, the density of Iba-1–pos-
itive cells was significantly higher in peri-infarct cortex than in 
the contralesional hemisphere, with no differences between 
C3a-treated mice and PBS controls (Figure 4, A–D). To deter-
mine the effect of C3a treatment on the phenotype of peri-infarct 
microglia, we quantified the expression of C1q, a marker of neuro-

Figure 3. Intranasal C3a reduces astrocyte reactivity in peri-infarct cortex. (A) Study design. (B and C) Representative images of ipsilesional and contral-
esional cortex of mice treated with PBS or C3a. Astrocytes were visualized with antibodies against GFAP on P21 (B) and P56 (C). Scale bars: 100 μm. (D) 
Schematic of cortical regions chosen for analysis. Ctx, cortex; CC, corpus callosum; Str, striatum; ipsi, ipsilesional; M, motor cortex; S, somatosensory cor-
tex. (E and F) Relative GFAP-positive area in proximal peri-infarct and contralesional cortex of mice treated with PBS or C3a on P21 (E) or P56 (F). PBS, n = 
9; C3a, n = 8–9. (G) Association between GFAP expression in ipsilesional motor cortex on P56 and improvement in grid walk test, defined as the difference 
in percentage of right (affected) front paw foot faults, between P7 and P56. r, Pearson’s correlation coefficient; rho, Spearman’s correlation coefficient. 
Line represents the linear regression fit. Bar plots represent mean ± SEM. Two-way ANOVA with Šidák’s planned comparisons: **P < 0.01, ***P < 0.001, 
****P < 0.0001 for ipsilesional vs. contralesional comparisons; ##P < 0.01, ###P < 0.001 for between-treatment comparisons.
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itive cells expressing Clec7a (Figure 4, E–H). Intranasal treatment 
with C3a starting on P7 does not affect microglia density or C1q 
expression in peri-infarct cortex but may extend the time interval 
during which these cells exhibit the disease-associated phenotype.

Since C3a/C3aR signaling regulates endothelial VCAM1 
expression associated with blood-brain barrier dysfunction 
in aged mice (32), we next examined the effects of C3a treat-
ment on the expression of VCAM1. While we detected abundant 

Figure 4. Intranasal C3a does not affect the density of microglia in peri-infarct cortex. (A and B) Representative images of contralesional and ipsilesional 
cortex stained with antibodies against Iba-1 on P21 (A) and P56 (B). Cortical regions were chosen for analysis as shown in Figure 3D. Scale bars: 100 μm. (C 
and D) Density of Iba-1–positive cells in the proximal peri-infarct and contralesional cortex of mice treated with PBS or C3a on P21 (C) or P56 (D). PBS, n = 
8–9; C3a, n = 9–10. (E and F) Representative images of contralesional and ipsilesional motor cortex stained with antibodies against Iba-1 and Clec7a on P14 
(E) and P28 (F). Cortical regions were chosen for analysis as shown in Figure 3D. Scale bars: 100 μm. (G and H) Density of Clec7a-positive cells in the proxi-
mal peri-infarct and contralesional cortex of mice treated with PBS or C3a on P14 (G) or P28 (H). P14: PBS, n = 6; C3a, n = 6. P28: PBS, n = 10; C3a, n = 10. Bar 
plots represent mean ± SEM. Contra, contralesional; ipsi, ipsilesional; M, motor cortex; S, somatosensory cortex. Two-way ANOVA with Šidák’s planned 
comparisons: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 for ipsilesional vs. contralesional comparisons.
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(DAAs), originally described in a mouse model of Alzheimer’s 
disease, aged mice, and aging human brain (36), in peri-infarct 
cortex on P7 and P14 (P < 0.0001 and P < 0.05, respectively, vs. 
naive mice; and P < 0.0001 and P < 0.05, respectively, vs. contral-
esional cortex). This DAA or DAA-like subpopulation, character-
ized by high expression of Gfap, Vim, and C3ar1 (Supplemental 
Figure 3, D–F), was reduced in C3a-treated mice (P < 0.05). The 
subpopulation of homeostatic Gfaplo astrocytes (36) was reduced 
on P14 only in PBS-treated mice (P < 0.01; Figure 5, E and F). The 
expression profile of the DAA fraction in peri-infarct cortex was 
enriched in genes that regulate the inflammatory response and the 
responses to virus and wounding, whereas the expression profile 
of the Gfaplo astrocyte fraction was enriched in genes involved in 
neural plasticity (Figure 5G and Supplemental Figure 3, F and G). 
On brain sections from the 2-week treatment cohort, the fraction 
of GFAP-positive cells that coexpressed vimentin was reduced in 
peri-infarct cortex of C3a-treated mice (P < 0.001; Figure 5H), 
while the overall immunoreactivity of vimentin was not altered 
(Supplemental Figure 3H).

These results show that stroke leads to the appearance of 
Gfaphi DAAs or DAA-like cells in the peri-infarct region, suggesting 
GFAP as a highly useful marker of this astrocyte subtype in pos-
tischemic cortex, and provide detailed insight into the effects of 
C3a treatment on astrocyte responses to ischemic injury.

Increased structural connectivity in the post-stroke cortex of 
C3a-treated mice. Degeneration and regeneration of white mat-
ter have been proposed as important mechanisms of sensorim-
otor deficits and recovery after clinical and experimental stroke 
(37, 38). Water diffusion properties of tissue measured by in vivo 
diffusion tensor imaging (DTI) correlate with microstructural 
integrity and white matter density (39, 40). The integrity of the 
corticospinal tract, as determined by DTI in the acute phase, 
and diffusion properties in intrahemispheric primary, premotor, 
and supplemental motor cortex tracts predict long-term motor 
function outcome (41, 42). Since C3aR signaling helps regulate 
peri-infarct Gfap expression, which is associated with expres-
sion of neural plasticity–related genes (Figure 5G) and function-
al improvement (Figure 3G), we next sought to assess the effects 
of C3a treatment on stroke-induced changes in structural con-
nectivity. To this end, we used DTI in a separate cohort of WT 
mice that were subjected to ischemic stroke and treated intrana-
sally with C3a or PBS for 3 weeks (Figure 6A). We found that the 
2 treatment groups did not differ in lesion location, infarct vol-
ume (Figure 6, B–D), or loss of fibers, indicative of loss of neuro-
nal connections of the injured somatosensory and motor cortex 
in the first 7 days after stroke induction (Figure 6, E–G). How-
ever, on P56 structural connectivity between peri-infarct prima-
ry motor cortex and somatosensory cortex was 31% greater in 
C3a-treated mice (P < 0.05; Figure 6H). In more distant brain 
regions that were not directly affected by stroke (e.g., secondary 
somatosensory cortex), both C3a- and PBS-treated mice showed 
a pronounced loss of connectivity to stroke-affected regions (P < 
0.001; Figure 6I). Moreover, in C3a-treated but not PBS-treated 
mice, DTI global density — a measure of overall fiber density in 
the whole brain indicative of white matter reorganization — was 
greater on P28 (i.e., at the end of the treatment) than at P7 and 
on P56 than at baseline (P < 0.05; Figure 6J).

CD31-positive endothelial cells expressing VCAM1 on sections of 
mouse spinal cord with motor neuron disease, we did not detect 
any such VCAM1-positive endothelial cells in the brain of C3a- or 
PBS-treated mice 28 days after stroke (Supplemental Figure 2). 
Thus, in non-aged mice neither ischemic stroke nor C3a treatment 
leads to endothelial cell activation.

Altered stroke-induced responses of peri-infarct astrocytes in 
C3a-treated mice. To determine the effects of C3a treatment 
on gene expression in peri-infarct cortex, we used bulk RNA 
sequencing (RNA-Seq) on tissue collected from WT mice on 
P7 and P14 and corresponding cortical tissue from naive WT 
mice (Figure 5A). We found that after 7 days of daily treatment 
(P14), the astrocyte reactivity markers Gfap and Serpina3n and 
the microglial marker Cx3cr1 were differentially expressed in 
peri-infarct cortex of PBS- and C3a-treated mice (Figure 5B). 
Functional enrichment analysis revealed in the C3a-treated 
group downregulation of genes involved in inflammatory pro-
cesses and a trend toward upregulation of genes involved in syn-
aptic function (Figure 5C).

Because Gfap expression differed most between C3a- and 
PBS-treated mice (Figure 5B), we applied cellular deconvolution 
analysis using a published single-nucleus RNA data set (36) to 
examine the effects of stroke and C3a treatment on individual cell 
types and on astrocyte subpopulations. The deconvolution analy-
sis estimates the relative proportions of cell types in the bulk RNA-
Seq sample, using a known reference gene expression profile for 
individual cell populations (Supplemental Figure 3A). We found 
an increase in the microglial fraction in peri-infarct cortex at P7 
and P14 (P < 0.001 and P < 0.01, respectively, vs. naive mice; and 
P < 0.0001 and P < 0.05, respectively, vs. contralesional cortex); 
this response was mitigated in C3a-treated mice (Figure 5D and 
Supplemental Figure 3B). The relative contribution of astrocytes 
was not altered by stroke or by C3a treatment (Figure 5D and 
Supplemental Figure 3C). However, a substantial subpopulation 
of cells showed characteristics of disease-associated astrocytes 

Figure 5. C3a treatment modulates stroke-induced astrocyte 
responses in peri-infarct cortex. (A) Experimental design. Ctx, cortex; 
CL, contralesional; IL, ipsilesional. (B) Volcano plot showing genes 
differentially expressed (adjusted P value < 0.1) in peri-infarct cortex 
of C3a- versus PBS-treated mice on P14. Green boxes indicate reactiv-
ity markers characteristic of DAAs. (C) Gene set enrichment analysis 
of differentially expressed genes in peri-infarct cortex of C3a- versus 
PBS-treated mice at P14. (D) Heatmap of cell type fractions estimated 
by deconvolution analysis. (E) Heatmap of astrocyte subpopulation 
fractions estimated by deconvolution analysis. Values in heatmap 
cells are group averages. (F) Sample variance and statistical analysis 
for the estimated contribution of the DAA and GFAPlo subpopulations. 
n = 4 per group and time point. (G) Gene ontologies for the most 
highly expressed genes (gene expression profile score > 90 counts 
per million) in DAAs (top) and GFAPlo astrocytes (bottom). FDR, false 
discovery rate. (H) Representative images of P21 peri-infarct cortex 
immunostained with antibodies against GFAP and vimentin (Vim) and 
the fraction of GFAP-positive astrocytes with overlapping Vim immu-
noreactivity in PBS- and C3a-treated mice on P21. PBS, n = 10; C3a, n = 
10. Scale bars: 50 μm (upper), 10 μm (lower). Bar plots represent mean 
± SEM. Two-way ANOVA with Holm-Šidák post hoc test (F and H): 
*P < 0.05, **P < 0.01, ****P < 0.0001 for IL vs. CL comparisons; #P < 
0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 for comparisons between 
treatments and time points.
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Figure 6. Intranasal C3a 
modulates post-stroke cortical 
connectivity. (A) Study design. 
(B) 3D illustration of T2-weight-
ed MRI (T2w-MRI) with the 
infarct (in red) and stroke 
incidence maps of PBS- and 
C3a-treated mice. (C) Infarct 
location based on quantitative 
lesion mapping using T2w-
MRI: primary somatosensory 
area (SSp) upper limb (SSp-ul), 
lower limb (SSp-ll), nose (SSp-n), 
mouth (SSp-m), barrel field 
(SSp-bfd), unassigned (SSp-un); 
primary and secondary motor 
area (MOp and MOs). (D) Infarct 
volume based on quantitative 
lesion mapping using T2w-MRI 
on P7. (E) Regions selected for 
fiber tracking analysis. (F and 
G) Number of fibers from ipsile-
sional MOp (F) and SSp-ul (G) 
to the most strongly connected 
regions before stroke (BL) and 
on P7. (H and I) Number of fibers 
from ipsilesional MOp (H) and 
supplemental somatosensory 
area (SSs) (I) to primary somato-
sensory cortex before stroke (BL) 
and on P56. (J) DTI global density 
(ratio of connections to the max-
imum possible number of con-
nections for all 96 brain regions) 
before stroke (BL) and on P7, 
P28, and P56. (K and L) Recovery 
of motor function as assessed by 
change in the frequency of foot 
faults in the grid walk test (K) 
and paw drags per touch in the 
cylinder test (L) between P7 and 
P56. (M) Representative images 
of ipsilesional motor cortex of 
PBS- and C3a-treated mice in 
which astrocytes are visualized 
with antibodies against GFAP on 
P56. Scale bar: 100 μm. Relative 
GFAP-positive area in proximal 
peri-infarct and contralesional 
cortex of PBS- and C3a-treated 
mice (P56). PBS, n = 7; C3a, n = 
10. Bar plots represent mean ± 
SEM. Two-way mixed effects 
analysis with false discovery rate 
correction (F–J); 2-way mixed 
effects analysis with Šidák’s 
corrections (K and L); 2-way 
ANOVA with Šidák’s planned 
comparisons (M); *P < 0.05, 
**P < 0.01, ***P < 0.001 for 
comparison between time points 
or ipsilesional vs. contralesional; 
#P < 0.05, ##P < 0.01, ###P < 
0.001 for between-treatment 
comparison.
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Figure 7. Intranasal C3a treatment upregulates the expression of genes encoding IGF-1 and THBS4 in peri-infarct cortex. (A) C3aR is expressed by astro-
cytes (arrows) and microglia (arrowheads) in the peri-infarct region on P7. Astrocytes are visualized by antibody against S100β; microglia are visualized by 
antibody against TMEM119. Scale bars: 100 μm (left), 20 μm (right). (B) Relative expression of Igf1 in peri-infarct and contralesional cortex of mice treated 
with PBS or C3a for 7 days starting on P7. Bar plots represent mean ± SEM. PBS, n = 5; C3a, n = 5. (C) Relative expression of Thbs4 in peri-infarct and con-
tralesional cortex of mice treated with PBS or C3a for 21 days starting on P7. PBS, n = 3; C3a, n = 3. Bar plots represent mean ± SEM. Two-way ANOVA with 
Šidák’s planned comparisons: *P < 0.05. (D and E) IGF-1 (D) and THBS4 (E) immunoreactivity (arrows) within and in the vicinity of astrocytes visualized 
by antibodies against GFAP or S100β in peri-infarct cortex on P7 (IGF-1) or P28 (THBS4). Insets show higher magnification images of cells delineated by 
dashed squares. Scale bars: 20 μm (main), 10 μm (insets).
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inantly by astrocytes (Figure 7, D and E, and Supplemental Figures 
7 and 8), and THBS4 often appeared as deposits in the vicinity of 
astrocytes (Figure 7E). Notably, expression of GFAP and expression 
of THBS4 in individual cells were inversely correlated (r = –0.3792, 
P < 0.01). The effects of C3a treatment on neuronal connectivity 
may therefore be mediated by increased expression of positive reg-
ulators of neural plasticity.

Discussion
This study shows that C3aR has a dual role in functional recovery 
after ischemic stroke: it facilitates recruitment of inflammatory 
cells in the acute phase and modulates reactive gliosis in the lat-
er stages. The improved functional recovery of mice that received 
intranasal C3a in the postacute phase was accompanied by global 
white matter reorganization, increased cortical structural connec-
tivity, and altered astrocyte reactivity in peri-infarct cortex.

The distinct effects of loss and gain of function of C3aR sig-
naling on the dynamics of motor function recovery in our study 
provide evidence that C3aR has a dual role in postischemic brain. 
In the acute phase, C3aR signaling inhibits recovery, likely by 
recruiting circulating leukocytes, whereas in later stages it pro-
motes functional improvement by stimulating neural plasticity 
(27) and white matter reorganization through direct effects on the 
neuronal compartment and/or indirectly through its effects on 
reactive gliosis. We hypothesize that the timing of any C3aR-tar-
geting intervention is critical for the outcome: delayed initiation 
of C3a treatment enables the beneficial effects on astrocytes and 
neural plasticity without the unwanted recruitment of inflamma-
tory cells and microglia.

C3aR is expressed by microglia (45), and C3a modulates 
microglial phagocytosis (46). C3aR also mediates the recruitment 
of monocytes into prefrontal cortex in mice subjected to chronic 
stress (47) and helps recruit leukocytes from the peripheral cir-
culation to the brain parenchyma during inflammation (48). Sys-
temic pretreatment with a C3aR antagonist reduces granulocyte 
infiltration and neurological impairment after ischemic stroke (49, 
50). Thus, our finding that constitutive C3aR deficiency and C3a 
overexpression have opposite effects on functional recovery in the 
first week after ischemia likely reflects the role of C3aR signaling 
in leukocyte infiltration. Further, although reactive microglio-
sis in peri-infarct cortex persisted for at least 8 weeks, intranasal 
treatment with C3a did not affect microglia/macrophage density 
in peri-infarct cortex. Since monocyte-derived macrophages do 
not persist in the peri-infarct region beyond P8 (34), the effects 
of genetic manipulation of the C3a/C3aR axis on the peri-infarct 
density of Iba-1–positive cells 3 weeks after stroke were likely 
mediated predominantly by microglia migration and/or prolifera-
tion in the acute phase. This possibility is further supported by the 
distinct effects of C3a on Iba-1–positive cell density in C3a-overex-
pressing mice versus mice that received intranasal C3a treatment 
starting on P7 (i.e., 4 days after monocyte infiltration peaks) (51).

C1q mRNA is highly expressed by reactive microglia (52), and 
microglial C1q is a major regulator of astrocyte functions (10, 53, 
54). Our results support previous findings of increased C1q protein 
levels in the ipsilesional cortex after ischemic stroke (55) and show 
that C1q does not act as a mediator of the effects of C3a treatment 
in the post-stroke brain. Clec7a is a marker of disease-associated 

C3a-treated mice had better and faster recovery of motor 
function between P7 and P56 as assessed by the grid walk and cyl-
inder tests (Figure 6, K and L) and were less impaired both on P28 
(the end of treatment) and on P56. As in the previous 2 cohorts of 
C3a-treated mice (Figure 3, E and F), GFAP immunoreactivity in 
peri-infarct cortex was persistently lower in C3a-treated mice in 
this cohort (Figure 6M).

Reactive astrocytes in the perilesional cortex extend their 
processes radially in the direction of the lesion (Figure 6M). This 
alignment of astrocyte processes leads to increased DTI-based 
fractional anisotropy, an indirect in vivo measure of astrocyte 
reactivity, and consequently may artifactually influence the deter-
mination of fiber tracts (43). Similarly, higher neuronal fiber den-
sity will increase fractional anisotropy (43). Accumulation and 
activation of microglia and macrophages can also lead to changes 
in fractional anisotropy (44). We therefore determined fractional 
anisotropy in the peri-infarct region as well as the stroke-affected 
and corresponding contralesional cortical areas (Supplemental 
Figure 4, A–C). We found that stroke led to a long-lasting increase 
in fractional anisotropy in peri-infarct cortex, with no difference 
between groups (Supplemental Figure 4, D and G). Other diffusion 
measures were also unaffected by C3a treatment (Supplemen-
tal Figure 4, E and F). Peri-infarct GFAP expression did not cor-
relate with fractional anisotropy (r = 0.276, P = 0.30). Since gliosis 
beyond the direct vicinity of the peri-infarct glial scar is very limit-
ed at P56, it is unlikely that the gliosis-related changes in fractional 
anisotropy significantly affected or distorted the peri-infarct fiber 
count assessment. However, the increase in neuronal fiber den-
sity in the peri-infarct cortex may have reduced the net effect of 
C3a treatment on fractional anisotropy. Together, the comparable 
fractional anisotropy and peri-infarct Iba-1 immunoreactivity in 
PBS- and C3a-treated mice, and the reduced expression of GFAP 
and increased fiber tract density in C3a-treated mice, support the 
conclusion that intranasal treatment with C3a in the postacute 
phase after stroke promotes functional recovery at least in part by 
modulating neuronal connectivity and astrocyte reactivity.

Increased expression of Igf1 and Thbs4, positive regulators of neu-
ral plasticity, in peri-infarct cortex of C3a-treated mice. On P7, C3aR 
was expressed by peri-infarct TMEM119-positive microglia and 
S100β-positive astrocytes (Figure 7A) and to a lesser extent by neu-
rons and endothelial cells (Supplemental Figure 5). Quantitative 
reverse transcriptase PCR showed a trend toward higher C3ar1 
mRNA levels in peri-infarct than in contralesional cortex (10.63 ± 
3.83 vs. 1.09 ± 0.71, P = 0.052). On P7, P14, and P28, we measured 
the mRNA levels of genes that help regulate neural plasticity and 
are expressed in microglia and astrocytes (Supplemental Figure 6, 
A–C). We found that expression of Igf1, which encodes insulin-like 
growth factor 1 (IGF-1), was higher in peri-infarct cortex than in 
contralesional cortex of C3a-treated but not PBS-treated mice on 
P14 (P < 0.05; Figure 7B). In PBS-treated but not C3a-treated mice, 
stroke reduced the expression of Bdnf, which encodes brain-de-
rived neurotrophic factor (Supplemental Figure 6C). Expression of 
Thbs4, which encodes thrombospondin-4 (THBS4), was increased 
in peri-infarct cortex of C3a- but not PBS-treated mice on P28 (Fig-
ure 7C). These effects were absent in C3aR–/– mice (Supplemental 
Figure 6, D–F). Immunostaining of brain sections revealed that in 
the peri-infarct cortex, IGF-1 and THBS4 were expressed predom-
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only amyloid-associated but is more universal. Our findings also 
suggest that such cells help regulate inflammation and tissue 
repair in the post-stroke brain, while homeostatic Gfaplo astro-
cytes seem to be involved in neural plasticity. Notably, the relative 
abundance of these astrocyte subpopulations was affected by C3a 
treatment. Although the specific activities of DAAs in the differ-
ent phases after ischemia are unknown, our findings suggest that 
C3aR is an attractive target to dampen the negative responses of 
DAAs in the post-stroke brain.

Previously, we proposed that modulation of reactive gliosis 
in peri-infarct cortex, particularly in the postacute phase, is a 
mechanistic link between neural plasticity–promoting pharma-
cological interventions and functional recovery after ischemic 
stroke (4, 14). Here, we found that the modulatory effect of C3a 
on peri-infarct astrocyte reactivity is associated with upregula-
tion of Igf1 and Thbs4. IGF-1, expressed in the CNS by microglia/
macrophages, astrocytes, and neurons (54, 63), enhances axon 
outgrowth of corticospinal motor neurons in vitro and in the 
developing CNS (64), and high serum IGF-1 levels just after the 
onset of ischemic stroke are associated with better neurolog-
ical recovery in humans (65). IGF-1 expression is increased in 
peri-infarct astrocytes (66). Igf1 expression in the lungs is pos-
itively regulated by C3aR (67). THBS4 is an astrocyte-derived 
protein (68, 69) that promotes excitatory synaptogenesis (70), 
and the expression of Thbs4 increases after injury (68, 71). In 
line with a previous study (66), we found that Igf1 is upregulat-
ed in peri-infarct cortex on P7. Although the expression of C3aR 
in the brain is not limited to astrocytes and the positive effects 
of C3a on post-stroke recovery conceivably involve also direct 
modulation of the functions of neurons and microglia, the 
increased expression of Igf1 and Thbs4 in the peri-infarct cortex 
of C3a-treated mice points to IGF-1 and THBS4 as glia-derived 
mediators of the effects of C3a/C3aR signaling on neuronal 
connectivity after stroke.

We acknowledge the use of only non-aged male mice as a lim-
itation of our study. Given that sex and aging affect stroke inci-
dence and outcome (72), and C3a/C3aR signaling mediates vascu-
lar inflammation and blood-brain barrier dysfunction during aging 
(32), further investigations are needed to determine the relevance 
of our findings in females and in aged mice. The differences in 
brain size and in the distance from the nasal cavity to the cerebral 
cortex between mice and humans may limit direct inference of 
our findings to clinical stroke. This issue needs to be addressed by 
future studies using larger animals and in clinical studies. Reports 
showing that in humans, intranasally administered insulin (51 
amino acids) bypasses the bloodstream and reaches the cerebro-
spinal fluid within 30 minutes (73), modulates neuronal function 
(74), and reduces Alzheimer’s disease–associated changes in 
white matter (75) support the feasibility of using the nasal route 
for direct delivery of therapeutic peptides to the brain.

In summary, our results highlight some important features 
of ischemic injury–induced reactive gliosis and identify C3aR as 
a therapeutically relevant target to modulate glial responses after 
stroke. C3a treatment within a clinically convenient therapeutic 
window takes advantage of positive effects of C3a on astrocytes, 
white matter reorganization, and neuronal connectivity while 
avoiding the detrimental consequences of C3aR signaling during 

microglia with increased phagocytic activity and the potential to 
restrict neurodegeneration (35, 56). Since our data indicate that 
C3a treatment may extend the time interval during which microg-
lia exhibit the disease-associated phenotype, the potential modu-
lation of microglial functions in the post-stroke brain by C3a mer-
its further investigation.

In line with our previous results in untreated WT mice (57, 
58), we found that acute loss of neuronal fibers in stroke-affect-
ed cortex was still detectable at P56 in the PBS-treated group. 
The increase in DTI-detectable density of neuronal fiber tracts 
in C3a-treated mice, both globally and in tracts specific to intra-
hemispheric sensorimotor connections, strongly suggests that 
C3a stimulates stroke-induced white matter reorganization. 
Since sensorimotor function improved faster in C3a-treated 
mice, increased global connectivity, and specifically intra-
hemispheric connectivity, could be an important contributor to 
functional recovery after stroke and can be enhanced by intra-
nasal C3a administration.

In postischemic brain, astrocytes perform many functions that 
are important for remodeling of neural tissue and peri-infarct net-
works. These cells stimulate post-stroke synaptogenesis (59) and 
play a role in phagocytic clearance and brain remodeling (60). We 
reported that reduced GFAP expression in C3a-treated cultured 
astrocytes subjected to ischemic stress was associated with their 
increased survival and that C3a did not promote survival of C3aR–/– 
astrocytes (24). Combining a loss-of-function and a gain-of-func-
tion approach, we showed that signaling through the C3aR down-
regulates the expression of GFAP in peri-infarct tissue. Together, 
these results suggest that C3aR signaling modulates the function of 
astrocytes without compromising their survival. In addition, GFAP 
expression at both the protein and the mRNA level appears to be a 
robust measure of astrocyte reactivity in postischemic brain.

Using a pharmacological approach, we found that daily intra-
nasal treatment of WT mice with C3a for 2 weeks starting on P7 
had a modulatory effect on peri-infarct astrocyte reactivity that 
was similar to the effect of C3a overexpression. Moreover, astro-
cyte reactivity in peri-infarct cortex persisted for at least 8 weeks, 
and WT mice that received daily intranasal treatment with C3a 
for 3 weeks starting on P7 had reduced peri-infarct astrocyte reac-
tivity 4 weeks after treatment cessation. At this time point, GFAP 
expression in peri-infarct cortex correlated inversely with motor 
function improvement. Astrocyte activation and glial scar forma-
tion are required for axonal regeneration in the injured spinal cord 
(61) and have an important neuroprotective role in the acute phase 
after stroke (12). Nevertheless, reduced astrocyte reactivity/GFAP 
expression in peri-infarct cortex 7 days after ischemic stroke is 
associated with increased axonal sprouting and better functional 
recovery (62), consistent with the association we found between 
functional improvement and reduced peri-infarct astrocyte reac-
tivity. Delayed intranasal treatment with C3aR agonists appears to 
modulate late-phase astrocyte reactivity without interfering with 
the neuroprotective aspects of reactive gliosis and lesion demar-
cation in the acute phase.

DAAs have been identified near amyloid plaques in a mouse 
model of Alzheimer’s disease and in aged brain (36). Our results 
provide evidence that DAA-like cells are present in the post-stroke 
brains of young mice and suggest that this astrocyte state is not 
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the acute phase and accelerating functional recovery. These find-
ings provide what we believe to be novel opportunities for exper-
imental modulation of astrocyte reactivity and for development 
of effective recovery-promoting strategies for stroke and possibly 
other neurological disorders as well.
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