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Background: Therapeutic hypothermia (HT) is the only 
intervention that improves outcomes in neonatal hypoxic-
ischemic encephalopathy (HIE). However, the multifactorial 
mechanisms by which HT impacts HIE are incompletely under-
stood. The complement system plays a major role in the patho-
genesis of ischemia-reperfusion injuries such as HIE. We have 
previously demonstrated that HT modulates complement 
activity in vitro.
Methods: Term equivalent rat pups were subjected to uni-
lateral carotid ligation followed by hypoxia (8% O2) for 45 min 
to simulate HIE. A subset of animals was subjected to HT 
(31–32°C for 6 h). Plasma and brain levels of C3a and C5a were 
measured. Receptors for C3a (C3aR) and C5a (C5aR) along with 
C1q, C3, and C9 were characterized in neurons, astrocytes, and 
microglia.
results: We found that HT increased systemic expression of 
C3a and decreased expression of C5a after HIE. In the brain, 
C3aR and C5aR are predominantly expressed on microglia 
after HIE. HT increased local expression of C3aR and decreased 
expression on C5aR after HIE. Furthermore, HT decreased local 
expression of C1q, C3-products, and C9 in the brain.
conclusion: HT is associated with significant altera-
tion of complement effectors and their cognate receptors. 
Complement modulation may improve outcomes in neonatal 
HIE.

Brain injury in newborn infants resulting from perinatal 
asphyxia (hypoxic ischemic encephalopathy, HIE; hypoxia 

ischemia, HI) affects 1–3/1,000 live term births in the devel-
oped world (1). The incidence of HIE is much higher in devel-
oping countries, with estimates as high as 8/1,000 live term 
births (2). Therapeutic hypothermia (HT) is the only known 
intervention to improve short-term outcomes in HIE, with a 
25% reduction in death or major neurodevelopmental disabil-
ity at 18 mo of age (3,4). However, there is no significant differ-
ence in the composite primary outcome of death or IQ < 70 at 

6– 7 y of age between the hypothermia treated and untreated 
controls (5). The incidence of death and disability remains 
unacceptably high at 40% even after HT (4), highlighting the 
urgent need for adjunct therapies to further improve outcomes 
in HIE. An important step in developing new therapies is to 
first elucidate the mechanisms by which HT manifests its ben-
eficial effects.

The neuropathology of ischemia-reperfusion injuries (IRI) 
such as HIE is characterized by primary energy failure and cel-
lular dysfunction due to oxygen deprivation during the isch-
emic phase, and augmentation of tissue damage during the 
reperfusion phase due to oxidative stress and inflammatory 
mediators (6). The human complement system, comprised of 
numerous membrane-bound and plasma proteins, acts as a 
bridge between the innate and adaptive immune response (7). 
In IRI, damaged hypoxic cells express neoepitopes that bind 
to circulating IgM antibodies, thus activating the inflamma-
tory complement cascade via the classical or lectin pathways 
(8–11). Antibody-initiated complement activation appears 
to play a role in HIE by mediating inflammatory brain dam-
age through deposition of C1q and C3 in the brain and gen-
eration of proinflammatory mediators such as C5a (12,13). 
Complement activation also leads to downstream effects such 
as neutrophil and macrophage aggregation, worsening the 
injury through the release of lysosomal enzymes, oxygen free 
radicals, and proinflammatory cytokines (14).

Experimental studies in rats have shown that C1q is highly 
expressed in the brain following ischemia (15), and that clas-
sical complement pathway activation via C1 generates proin-
flammatory mediators such as C5a, which are associated with 
hypoxic-ischemic brain injury (16). Additionally, deletion 
of C1q in mice not only reduces brain infarction and neuro-
functional deficit but also results in protection of mitochon-
drial respiration, indicating a role for classical complement 
activation and brain oxidative stress (17,18). In the brain, 
C5a receptor (C5aR) is expressed on astrocytes, microglia, 
and neurons (19). Engagement of C5aR with C5a induces 
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neuronal apoptosis, and inhibition of the C5a–C5aR inter-
action significantly blocks ischemia-induced apoptosis (20). 
Recent evidence has shown that C3a can induce either pro- 
or anti-inflammatory effects and in contrast to C5a, C3a pre-
vents mobilization of neutrophils limiting their accumulation 
into tissues (21). Interestingly, signaling through C3a recep-
tor (C3aR) positively regulates in vivo neurogenesis in adult 
mouse brain (22). Importantly, the anti-inflammatory effects 
of C3a dominate the acute phase of inflammation (21). C3a–
C3aR interaction appears to ameliorate behavioral deficits 
after HIE, and C3aR has been suggested as a novel therapeutic 
target for the treatment of neonatal HIE (23).

In vitro data from our research group has demonstrated that 
HT temperatures modulate complement activation (12). We 
hypothesized that HT alters complement effectors in neonatal 
HIE. We therefore evaluated the extent to which HT after HIE 
altered systemic and local expression of C3a, C5a, and their 
receptors in an established animal model.

METHODS
Antibodies and Reagents
Primary antibodies used for assays: Goat anti-rat C3 IgG (MP 
Biomedicals, Santa Ana, CA), Chicken anti-C3/C3a (Abcam, 
Cambridge, MA), Rabbit anti-rat C9 (generously provided by 
Professor Paul Morgan, Cardiff, UK), Mouse anti-C3aR (Thermo 
Fisher Scientific, Rockford, IL), Rabbit anti-C3aR (Bioss, Woburn, 
MA), Mouse anti-C5aR (Hycult Biotech., Plymouth Meeting, PA), 
goat anti-human C1q (Complement Technology, Tyler, Texas) mouse 
anti-NeuN (EMD Millipore, Temecula, CA), chicken anti-NeuN 
(EMD Millipore), mouse anti-GFAP (Sigma-Aldrich, St. Louis, MO), 
chicken anti-GFAP (Abcam), goat anti-Iba1 (Abcam) and mouse 
anti-GAPDH (Abcam). Secondary antibodies included goat anti-
mouse horseradish peroxidase (HRP) (Sigma-Aldrich), goat antich-
icken IgY HRP (Genway Biotech, San Diego, CA), goat antirabbit 
HRP (Sigma-Aldrich), rabbit antigoat HRP (Thermo Fisher Scientific, 
Grand Island, NY), biotinylated goat antimouse IgG (H+L), biotinyl-
ated goat antichicken IgG (H+L) (Vector Laboratories, Burlingame, 
CA), Biotinylated goat antirabbit IgG (H+L) (Bioss), donkey antigoat 
IgG (H+L) Alexa Fluor (AF) 488/568, goat antichicken IgG (H+L) AF 
488, goat antimouse IgG (H+L) AF 568, goat antirabbit IgG (H+L) AF 
405/488 (Life Technologies, Grand Island, NY).

Animal Model of Unilateral Hypoxia-ischemia
All animal experiments were performed under approved protocols 
by the Eastern Virginia Medical School Institutional Animal Care 
and Use Committee. Timed pregnant Wistar rats (Charles River 
Laboratories, Wilmington, MA) were purchased at embryonic (E) day 
19, housed individually, and allowed to deliver spontaneously. Pups 
were randomized on the day of birth to control for litter effects (10/
litter). P10 is considered equivalent to a human term newborn (24). 
At P10, HI brain injury was induced using the Vannucci method of 
unilateral carotid ligation (25). Briefly, the right carotid artery was 
isolated and ligated twice with 4-0 silk suture under 2% isoflurane 
anesthesia. After recovery with the dam for 60 min, pups were sub-
jected to 8% O2/balanced nitrogen for 45 min at 37°C. Pups were then 
randomly assigned to normothermia (NT) and hypothermia (HT) 
groups. Pups in the HT group were placed in open jars in a tempera-
ture controlled chamber set to 28–30°C to maintain a target rectal 
temperature of 31–32°C for 6 h, while pups in the NT group were kept 
in a separate chamber at 37°C. Pups were rewarmed and placed back 
with the dam, and harvested at different time points (30 min – 5 d).

Tissue Harvest and Processing
Animals were deeply anesthetized with a fatal dose of pentobarbital 
(FatalPlus). After drawing blood, animals were perfused with ice-
cold PBS (followed by 10% neutral buffered formalin for perfusion 

fixation if being harvested for histopathology). Harvested brains were 
separated into right and left hemisphere and stored in liquid nitro-
gen until use. Complete mini EDTA-free protease inhibitor cock-
tail (Roche) was dissolved in homogenization buffer (300 mmol/l 
sucrose, 0.05 mmol/l CaCl2, 0.1 mmol/l MgCl2, 0.1 mmol/l NaHCO3, 
1 mmol/l Na3VO4) immediately before use, and each brain lobe was 
homogenized on ice. Whole cell and membrane protein fractions 
were extracted using a series of centrifugation steps, aliquoted and 
stored at −80oC until use. Protein concentration was determined 
using a bicinchoninic acid assay (BCA) according to the manufac-
turer’s recommendations (Thermo Fisher Scientific). For histopathol-
ogy, 10% neutral buffered formalin was used for perfusion-fixation, 
brains were removed, processed and paraffin embedded (Excalibur 
Pathology, Norman, OK) and 5 µm coronal sections were cut using a 
RM2125 rotary microtome (Leica Microsystems, Wetzlar, Germany). 
To isolate plasma, blood collected from cardiac puncture in EDTA 
tubes was incubated at room temperature for 45 min, incubated on 
ice for 45 min, centrifuged and supernatant collected, aliquoted, and 
stored at –80oC.

Fluorescent Western Blotting
40 µg of whole cell lysate in 1× Tris-buffered saline (TBS) with 0.1% 
Tween 20 (TBST) were separated on a 4–20% Mini-PROTEAN TGX 
precast gradient gel (Bio-Rad) under reducing conditions and trans-
ferred to a 0.2 µm Immun-Blot PVDF membrane (Bio-Rad, Hercules, 
CA). After washing, the membrane was blocked overnight with 5% 
normal donkey serum (NDS) in TBST, followed by probing with rab-
bit anti-C3aR, followed by a 1 : 500 goat anti-rabbit IRDye 680 sec-
ondary antibody. The membrane was then blocked with 5% normal 
goat serum (NGS), followed by probing with mouse antiglyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) (1 : 500), followed by a 1 
: 500 goat anti-mouse IRDye 800 secondary antibody. The membrane 
was imaged using a LICOR Odyssey imaging system using both 700 
and 800 nm fluorescent channels.

Enzyme-Linked Immunosorbent Assay
The C3a and C5a levels from serum samples were measured accord-
ing to the manufacturer’s instructions (rat C3a ELISA kit (TSZ ELISA, 
Waltham, MA) and rat C5a ELISA kit SEA388Ra (Cloud-Clone; 
Houston, TX)) using a 1 : 10 dilution of each serum sample or 100 µg 
of whole cell lysate in 1× PBS from the processed right hemisphere 
brain tissues.

Immunohistochemistry
About 5 μm paraffin-embedded coronal brain sections on slides were 
incubated (1 h; 60oC), deparaffinized with xylene, and rehydrated with 
ethanol (100, 95, and 70%; RT). Endogenous peroxidase activity was 
blocked (0.3% H2O2/MeOH; 10 min; RT), and heat induced antigen 
retrieval was performed using 10 mmol/l sodium citrate, pH 6.0. 10% 
normal serum (from the same species as the host of the secondary 
antibody) was used to block and to dilute antibodies. Sections were 
incubated with primary antibody (overnight, 4oC), washed, and then 
incubated with biotinylated secondary antibody (2 h; RT), followed 
by incubation with avidin-biotin complex (Vectastain ABC Elite kit, 
Vector) (45 min, RT). Sections were developed with diaminoben-
zidine (DAB substrate kit, Vector), counterstained in 20% Harris 
modified hematoxylin solution (Sigma), dehydrated with ethanol and 
cleared in xylene before mounting (Cytoseal XYL, Thermo Fisher 
Scientific), and coverslipping.

Fluorescent Immunohistochemistry
After hydration, antigen retrieval, and blocking as described, sec-
tions were incubated in both the primary antibodies together 
(overnight, 4oC). Sections were washed, incubated with one Alexa 
Fluor-conjugated secondary antibody (from the same host species 
as the blocking serum, targeting the host species of one of the pri-
mary antibodies) (2 h, RT), washed, incubated with the second Alexa 
Fluor-conjugated secondary antibody (targeting the host species of 
the other primary antibody), mounted with aqueous mounting media 
with 4′,6-diamidino-2-phenylindole (Vectashield antifade mounting 
medium with DAPI, Vector) and coverslipped.
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Laboratory Methods
See the Supplementary Methods online section for other detailed 
experimental procedures, including Fluorescent ELISA, Tetrazolium 
chloride (TTC) Staining, Fluoro-Jade Staining, Hematoxylin and 
eosin (H&E), and Cresyl Violet Staining.

Imaging
For histopathology, a digital camera (DP70, Olympus Center, Valley 
Forge, PA), mounted on a BX50, Olympus microscope was used. 
Adobe photoshop CS5 was used to merge fluorescent IHC images and 
Image J (National Institutes of Health) was used for analysis.

Statistical Analysis
Means and SEMs were calculated from independent experiments. 
Statistical comparisons were made using the paired t-test and ANOVA 
where appropriate. Statistical analysis was performed with OpenEpi 
(Emory University) and SAS V9.3 (Cary, NC).

RESULTS
HT is Neuroprotective in Neonatal HIE
In the Vannucci rat model, we assessed whether HT (decreas-
ing body temperature to 31–32°C) after HIE is neuroprotec-
tive as demonstrated by decreased brain infarct size on TTC 

staining. HT animals displayed a decrease in infarct size by an 
average of 40% (±3.2% SEM) compared with normothermia 
(NT) animals (P = 0.01) (Figure 1a). H&E and Cresyl violet 
staining were performed for qualitative assessment of brain 
injury. H&E staining demonstrated a greater degree of neu-
ronal necrosis, pyknosis, and karyorrhexis in the cortex of NT 
animals when compared HT animals (Figure 1b–d). Cresyl 
violet staining shows profound neuronal loss in NT animals, 
with relative preservation of Nissl substance in the cortex of 
the HT group (Figure 1e–g). Quantitation of Fluorojade B 
staining demonstrated greater numbers of degenerating neu-
rons in the cortex, hippocampus, and thalamus of NT ani-
mals compared with HT animals (P = 0.04) (Figure 1h–j). 
Neuroprotection was consistently reproducible in HT animals.

HT Modulates Systemic and Brain Levels of C3a and C5a
C3a has been shown to have an anti-inflammatory role, espe-
cially in the acute phase of the inflammatory processes such as 
IRI (26). We assessed C3a levels in the plasma of both NT and 

Figure 1. Therapeutic hypothermia (HT) is neuroprotective in neonatal hypoxic-ischemic encephalopathy (HIE). (a) Tetrazolium chloride (TTC) staining 
shows that HT decreased brain infarct size by an average of 40% (±3.2% SEM) compared with normothermia (NT) animals (n = 5 per group, representa-
tive example shown). (b-d) H&E staining of the ipsilateral cortex reveals a greater degree of neuronal necrosis, pyknosis and karyorrhexis (arrows) in NT 
animals compared with HT animals (40X magnification). (e-g) Cresyl Violet staining of the ipsilateral cortex shows significantly greater preservation of 
neuronal architecture and Nissl substance in the HT brain compared with NT animals. (h–j) Fluorojade B staining of the ipsilateral cortex, hippocampus, 
and thalamus demonstrated a 2.5-fold decrease in the number of degenerating neurons (arrows) in the HT animals compared with the NT animals. (10X 
magnification, n = 3 per group, P = 0.04). (Control - b, e, h; NT – c, f, i; HT – d, g, j).
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HT animals exposed to HIE by ELISA. As previously reported 
in rats (27), C3a is present systemically in no intervention con-
trols. In this model of HIE, systemic C3a expression in the HT 
group was increased at 1, 8, and 16 h after the hypoxic insult, 
when compared with time-matched NT controls, reaching a 
maximum twofold difference at the 16 h time point (P = 0.03) 
(Figure 2a). C3a levels decreased in both groups by 48 h after the 
hypoxic insult (Figure 2a). In contrast to C3a, C5a is known to 
exacerbate IRI such as HIE by enhancing the release of inflam-
matory cytokines from activated microglia and astrocytes (28). 
To assess systemic C5a levels in NT and HT animals, plasma 
samples at various time points after intervention were analyzed 
by ELISA. Systemic C5a expression increased in NT animals 
at 8 and 16 h relative to early time points after brain hypoxia 
(Figure 2b). However, hypothermia significantly decreased 
C5a levels at 4, 8, and 16 h after the hypoxic insult (Figure 2b). 
C5a levels in NT animals increased 1.8-fold compared with 
HT at 8 h and 1.6-fold compared with HT at 16 h (P = 0.04) 
(Figure 2b). Measurement of C3a levels in brain homogenates 
by ELISA showed a sixfold increase in C3a levels in the HT 
group 48 h after the hypoxic insult when compared with NT 
animals (P = 0.001) (Figure 2c). Relative quantification of C5a 

in brain homogenates by fluorescent ELISA showed a signifi-
cant decrease in C5a levels at 48 h after hypoxic insult in the 
HT animals when compared with NT (P = 0.001) (Figure 2d). 
These data demonstrate that HT after brain hypoxia increases 
systemic and brain C3a levels compared with normothermia 
controls, suggesting that C3a may contribute to hypothermia-
mediated neuroprotection. Systemic C5a levels are decreased 
by hypothermia after brain hypoxia, suggesting that hypother-
mia moderates complement-mediated inflammation in this 
setting.

Microglia are the Predominant Cell Type Expressing Receptors 
for C3a and C5a in the Neonatal Rat Brain Cerebral Cortex
Receptors for C3a (C3aR) and C5a (C5aR) are known to be 
expressed on neurons, astrocytes, and microglia in most areas 
of the central nervous system including the cerebral cortex, 
hippocampus, thalamus, and cerebellum (13,29,30). In the 
neonatal rat brain subjected to HIE, we observed widespread 
reactive astrocytosis, neuronal necrosis, and microglial activa-
tion, as described in the literature (31). Given the changes in 
plasma and brain C3a and C5a levels in NT and HT animals 
subject to HIE, we were interested in identifying the specific 

Figure 2. Therapeutic hypothermia modulates systemic and brain levels of C3a and C5a. (a) Systemic plasma C3a levels in normothermia (NT) and 
hypothermia (HT) animals were quantified by enzyme-linked immunosorbent assay (ELISA) at the indicated time points (n = 4–7 per time point). P < 0.05 
at 1, 8, and 16 h. (b) Systemic plasma C5a levels in NT and HT animals were quantified by ELISA at the indicated time points (n = 4–7 per time point). P < 
0.05 at 4, 8, and 16 h. (c) C3a levels in ipsilateral whole brain homogenates of NT and HT animals were quantified by ELISA at 24 and 48 h (n = 3). P = 0.001 
at 48 h. (d) Relative quantification of C5a in ipsilateral whole brain homogenates of NT and HT animals at 24 and 48 h by fluorescent ELISA normalized to 
no-intervention controls (n = 3). P = 0.002 at 48 h. Asterisks represent statistically significant results; error bars represent SEM. Measurements in ng/mg 
brain protein. Solid lines/black bars represent NT and dotted line/white bars represent HT.
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CNS cell types expressing their cognate receptors C3aR and 
C5aR. Using multicolor fluorescent immunohistochemistry, at 
48 h postintervention, the C3aR and C5aR were assessed for 
colocalization with activated microglia in the cerebral cor-
tex. Baseline C3aR expression and ramified microglia with 
scant colocalization in no intervention controls is shown 
in Figure  3a–c. After hypoxic insult, colocalized staining 
for C3aR and microglia is observed, less in the NT animals 
(Figure 3d,e) when compared with HT animals (Figure 3g–
i). Low baseline C5aR expression and ramified microglia are 
shown in Figure 3j–l. While robust colocalized staining for 
C5aR and microglia is seen in the NT cortex (Figure 3m–o), 
low levels of C5aR in the HT brain leads to scant colocaliza-
tion with microglia (Figure 3p–r). Thus, C3aR and C5aR show 
robust colocalization with microglia after HIE. In contrast, 
there was relatively scant colocalization with astrocytes and 
neurons in areas of reactive gliosis (shown below, quantitation 
in Supplementary Figure S1 online). There was no significant 
difference in the relative number of NeuN, GFAP, and Iba1 
positive cells in the measured fields between the NT and HT 
groups (Supplementary Figure S2 online)

Hypothermia Increases C3a and C3aR Expression in the Brain
Next, we sought to evaluate whether changes in C3a plasma 
levels corresponded with changes in C3aR levels in the brain. 
As demonstrated by western blotting, C3aR is expressed in the 
normal neonatal rat brain with increased levels of C3aR signal 
detected in HT treated animals at 24 and 48 h compared with 
NT animals (Figure 4a). To quantify C3aR from the fluorescent 
IHCs (C3aR/GFAP, C3aR/Iba1, and C3aR/NeuN), 10 random 
fields per animal per assay (n = 3–4 animals per intervention 
per time point) at 40X magnification were photographed from 

the cortex, hippocampus and thalamus on the right side. Image 
J was used to threshold these images and the integrated den-
sity was compared between groups, and plotted as a graph. 
Quantification of fluorescent IHC images showed that expres-
sion of C3aR was 2.5-fold higher in HT brains compared with 
NT brains (P = 0.01) (Figure 4b). There was scant colocaliza-
tion of C3aR with astrocytes (Figure 4c–e), and almost no colo-
calization with neurons (Figure 4f–h). These data demonstrate 
that HT increased C3aR expression after brain hypoxia com-
pared with NT. Given that C3a–C3aR interactions are believed 
to play a positive role in neurogenesis, these data suggest that 
increased C3a–C3aR interactions may be one of the mecha-
nisms by which hypothermia mediates neuroprotection (32).

Hypothermia Decreases C5a Receptor Expression in the Brain
In order to test, if the significantly increased systemic C5a expres-
sion in the NT group translated into increased C5aR expression in 
the brain, we performed a series of IHC experiments probing for 
C5aR. A qualitatively greater C5aR expression in the NT group 
48 h after intervention when compared with the HT group was 
observed by IHC (Figure 5a–c). Fluorescent IHCs were quanti-
fied as described above for C3aR assays. Quantification of fluo-
rescent IHC showed that expression of C5aR was 2.5-fold higher 
in NT brains compared with HT brains (P = 0.04) (Figure 5d). 
There was scant C5aR expression in the no-intervention neona-
tal brain (Figure 5a,e,h). Increased C5aR expression in the NT 
group was primarily seen in microglia (Figure 3o) and, to a lesser 
extent, astrocytes (Figure 5e–g). There was almost no colocal-
ization of C5aR with neurons (Figure 5h–j). C5aR signaling has 
been shown to regulate astrocyte proliferation, and subsequent 
scar formation (33). These data show that HT may mediate neu-
roprotection by decreasing C5aR expression after HIE.

Figure 3. Microglia express receptors for C3a (C3aR) and C5a (C5aR) in the infant rat brain. Coronal brain sections for normothermia (NT) and Therapeutic 
hypothermia (HT) animals (ipsilateral cortex) harvested at 48 h, were stained for microglia with antibody to microglial marker Iba-1, C3aR, and C5aR for 
analysis by fluorescent immunohistochemistry at 40X magnification. (a–c) show cortical brain tissue stained with Iba-I and C3aR (no intervention control), 
(d–f) show cortical brain tissue stained with Iba-I and C3aR (right side, NT), (g–i) show cortical brain tissue stained with Iba-I and C3aR (right side, HT), (j–l) 
show cortical brain tissue stained with Iba-I and C5aR (no intervention control), (m–o) show cortical brain tissue stained with Iba-I and C5aR (right side, 
NT), (p–r) show cortical brain tissue stained with Iba-I and C5aR (right side, HT). (C3aR – a,d,g; C5aR – j,m,p; Iba1 – b,e,h,k,n,q; Merged – c,f,i,l,o,r). Arrows 
indicate colocalization of C3aR or C5aR with activated microglia.
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Hypothermia Decreases Total C1q, C3, and C9 Expression in the 
Brain Cortex
The classical complement pathway initiator molecule C1q has 
been shown to enhance apoptosis in IRI through microglia, 
and enhance release of MCP-1 and IL-6 (34). Additionally, 
increased C3 and C9 expression in the brain after HIE has 
been previously described (35). In order to determine the rela-
tive levels of these complement factors in NT and HT animals 
subject to HIE, brain sections were analyzed by IHC 48 h after 
intervention. The level of staining for total C3/C3-fragment 
expression in NT cortex was much greater than that observed 
in HT animals (Figure 6a–c). Quantification of fluorescent 
IHCs (C3/Neun, C3/GFAP, C3/Iba1, as described above) 
showed a trend toward decreased C3/C3-fragment staining in 
the HT group compared with NT (P = 0.06) (Figure 6d) Total 
C9 expression in brain cortex was greater in NT compared 
with HT animals (Figure 6e–g). Quantification of fluorescent 
IHCs showed that C9 expression decreased by twofold in the 
HT group compared with NT (P = 0.04) (Figure 6h). For C1q, 
there appeared to be greater expression of C1q in the NT brain 

cortex compared with the HT group (Figure 6i–k). C1q levels 
were measured in whole brain lysates by fluorescent ELISA, 
and showed that C1q expression decreased by twofold in the 
HT group compared with NT (P = 0.04) (Figure 6l). C3 and 
C9 were expressed on microglia and neurons (Supplementary 
Figure S3 online), whereas C1q was predominantly expressed 
on microglia (data not shown). These data demonstrate that 
hypothermia after brain hypoxia decreased expression of 
critical complement effectors C3-fragments (i.e., opsonins), 
C9 (i.e., membrane attack complex), and C1q (i.e., apoptotic 
cell clearance) compared with normothermia. Increased C1q 
binding together with increased C3-fragment and C9 expres-
sion suggests that classical pathway activation may be a major 
contributor to the generation of these effectors.

DISCUSSION
This study modeling HIE in full-term neonates demonstrates 
previously unknown changes in C3a and C5a and their respec-
tive receptors in the pathophysiology of ischemia- reperfusion. 
HIE increased systemic expression of C5a and the local 

Figure 4. Hypothermia increases C3a receptor (C3aR) expression in the brain. (a) Brain C3aR levels in normothermia (NT) and Therapeutic hypothermia 
(HT) animals were analyzed by western blot in ipsilateral brain homogenates at the indicated time points. A no intervention control (No Int) was included 
to provide a baseline level of C3aR. (b) Brain C3aR expression at 48 h: Quantification of C3aR in fluorescent IHCs (n = 3–4 per group per assay, C3aR/
Iba-1, C3aR/GFAP, C3aR/NeuN, 10 fields per animal including the ipsilateral cortex, hippocampus, and thalamus at 40X magnification (P = 0.01). (c–e) 
Fluorescent IHC simultaneously staining for astrocytes (GFAP) and C3aR in the ipsilateral cortex in no-intervention controls (c), 48 h after NT (d) and HT (e). 
Arrows indicate C3aR expression on astrocytes in HT animals (f–h) Fluorescent IHC simultaneously staining for neurons (NeuN) and C3aR in the ipsilateral 
cortex in no-intervention controls (f), 48 h after NT (g) and HT (h). Black bars represent NT and white bars represent HT.
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(microglia and astrocytes) expression of C5aR in the brain. 
Activation of the C5a–C5aR axis has been shown to increase 
astrogliosis and glial scar formation, inducing chemotaxis 
and activation of granulocytes, with subsequent chemokine 
and cytokine production, release of reactive oxygen species 
and enhancement of apoptosis (33). Hypothermia appears to 
mediate its anti-inflammatory action, in part, by inhibiting 
the C5a–C5aR axis. Hypothermia also increases systemic C3a 
expression and local (microglia and astrocytes) expression of 
C3aR in the brain. To our knowledge, this is the first study 
describing the complex changes in complement effectors in 
neonatal HIE.

There is evidence demonstrating that C3a regulates neuro-
genesis by directly affecting the properties of neural progeni-
tor cells, and thus has a role in repair and regeneration of the 
brain (22). Another study showed that prolonged exposure 
to C3a reduced HI-induced hippocampal tissue loss and that 
single dose C3a treatment of wild-type mice 1 h after hypoxic 
ischemia ameliorated hypoxic ischemia-induced memory 
impairment by acting through its canonical receptor C3aR 

(23). In a mouse model of intestinal ischemia-reperfusion, 
the elimination of C3aR led to greater numbers of neutro-
phils infiltrating the intestine, thus exacerbating tissue dam-
age (26). Our data suggest that increased C3aR expression and 
increased C3a–C3aR interactions during hypothermia after 
brain hypoxia may contribute to decreased inflammation and 
tissue damage.

In our model of neonatal HIE, C3aR, and C5aR in the 
brain were predominantly expressed on microglia. Previous 
investigators have shown that neuroinflammation after kai-
nite administration led to microglial activation in the brain 
by regulating the expression of the complement C5a recep-
tor genes in microglia (36). C5a and C5aR have been shown 
to be upregulated in other microglia mediated inflammatory 
processes (37). Additionally, blockade of C5aR by the antag-
onist PMX205 has been shown to be beneficial in different 
models of neurodegeneration and neuroinfammation (38). 
Immunotherapy with a C5a peptide vaccine has been shown 
to reduce microglial activation, and thus neuroinflamma-
tion (39). Our data suggest that hypothermia decreases C5a 

Figure 5. Hypothermia decreases C5a receptor (C5aR) expression in the brain. (a–c) Qualitative IHC staining of the ipsilateral cortex for C5aR in no-
intervention controls (a), 48 h after normothermia (NT) (b) and Therapeutic hypothermia (HT) (c). Arrows represent C5aR expression (20X magnification). 
(d) Brain C5aR expression at 48 h: Quantification of C5aR in fluorescent IHCs (n = 3–4 per group per assay, C5aR/Iba-1, C5aR/GFAP, C5aR/NeuN, 10 fields 
per animal including the ipsilateral cortex, hippocampus, and thalamus at 40X magnification (P = 0.04). Error bars represent SEM. (e–g) Fluorescent IHC 
simultaneously staining for astrocytes (GFAP) and C5aR in the ipsilateral cortex in no-intervention controls (e), 48 h after NT (f) and HT (g). Arrows indicate 
C5aR expression on astrocytes in NT animals (h–j) Fluorescent IHC simultaneously staining for neurons (NeuN) and C5aR in the ipsilateral cortex in no-
intervention controls (h), 48 h after NT (i) and HT (j).
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generation and C5aR expression after brain hypoxia poten-
tially contributing to decreased reperfusion injury.

Additionally, hypothermia inhibited the expression of C1q 
(i.e., clearance of apoptotic cells and classical pathway activa-
tion), C3-fragments (i.e., opsonins) and C9 (i.e., membrane 
attack complex) in brain tissue after hypoxia, suggesting that 
inhibition of these complement effectors plays a role in hypo-
thermia neuroprotection. We show decreased C3 expression 
with simultaneous significant elevation of C3a presence in the 
HT group. Since C3 is a converging point for classical, man-
nose binding protein and alternative pathways, this may be 
secondary to C3 consumption due to activation of all three 
pathways. There are conflicting data regarding the role of C9 in 
HIE (18,40). We show decreased C9 deposition in the brain in 
HT treated animals, but this does not prove that decreased C9 
deposition is neuroprotective.

This study demonstrates significant and consistent changes 
in C3a, C5a, and their respective receptors, but these novel 
associations do not prove causality. Moreover, one could argue 
that the changes seen are not a direct consequence of HT, but 
are a result of its nonspecific neuroprotective effects. The role of 
complement in ischemia-reperfusion is an emerging field with 
rapidly evolving understanding. Recent studies have shown 

that the previously understood roles of many complement 
effectors have been incomplete. For example, pharmacological 
blockade of C5aR during the first 7 d after spinal cord injury 
improved recovery, but continued administration of the antag-
onist beyond the acute phase of injury resulted in worse out-
comes, when compared with vehicle controls (33). Our study 
helps define role of complement in the current medical therapy 
(HT), and provides important information for future inter-
vention studies. Further investigation is needed to refine our 
understanding of the myriad complement-meditated effects of 
this single intervention (hypothermia) on HIE. Future stud-
ies will use specific modulators of the complement pathway 
that will target C3a, C5a, and their receptors selectively and in 
combination to further understand these associations. Of criti-
cal importance is determining the roles of complement in HIE 
in terms of how the timing of various effectors impact inflam-
mation, apoptosis, and healing.
SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/pr
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Figure 6. Hypothermia decreases total C1q, C3, and C9 expression in the brain. (a–c) Qualitative IHC staining for C3/C3-fragments in the ipsilateral cortex 
of no-intervention controls (a), 48 h after normothermia (NT) (b) and Therapeutic hypothermia (HT) (c) (20X magnification). (d) Quantification of C3 IHC (P 
= 0.06) (e–g) Qualitative IHC staining for C9 fragments in the ipsilateral cortex of no-intervention controls (e), 48 h after NT (f) and HT (g) (20X magnifica-
tion) (h) Quantification of C9 IHC (*P = 0.04). For C3 and C9 quantification, in fluorescent IHCs (n = 3–4 per group per assay, C3 (or C9)/Iba-1, C3 (or C9)/
GFAP, C3 (or C9)/NeuN, 10 fields per animal including the ipsilateral cortex, hippocampus, and thalamus at 40X magnification (i–k) IHC staining for C1q 
fragments in the ipsilateral cortex of no-intervention controls (i), 48 h after NT (j) and HT (k). (l). Relative quantification of C1q in ipsilateral whole brain 
homogenates of NT and HT animals at 48 h by fluorescent enzyme-linked immunosorbent assay (ELISA) normalized to no-intervention controls (n = 3). P 
= 0.04. Asterisks represent statistically significant results and error bars represent SEM.
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