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Abstract
OBJECTIVE—The complement cascade has been implicated in cerebral ischemia/reperfusion
injury. To develop clinically useful therapies that successfully manipulate the complement
cascade, the individual roles of its components must be clearly defined. Previous studies have
shown that C5 inhibition improves outcome after experimental stroke. In this study, we
investigated the role of C5a in stroke injury by inhibiting its activity at the receptor level.

METHODS—C5a receptor antagonist or vehicle was administered to mice before temporary
middle cerebral artery occlusion. Stroke outcomes were assessed 24 hours later in all mice using
both neurological deficit scores and cerebral infarct volumes.

RESULTS—Animals treated with C5a receptor antagonist experienced significantly decreased
infarct volume and demonstrated an improving trend in neurological function.

CONCLUSION—These findings demonstrate that modulation of C5a receptor activity
significantly alters the degree of neurological damage after experimental reperfused stroke.
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Ischemic stroke is the leading cause of disability and the third leading cause of death in the
United States and other industrialized nations (10). Its burden is experienced through the
loss of quality years of life and health care resources (10, 12–14). As a result, efforts have
aimed to discover therapeutic strategies that limit the adverse effects of ischemic stroke.

After cerebral ischemia, reperfusion exacerbates tissue damage by inducing an inflammatory
response. One important mediator of this inflammatory event is the complement cascade.
Complement activation has been implicated in ischemia/reperfusion injury in various organ
systems, including the myocardium, gut, and limb, and has also received attention as a
possible target for stroke therapy (3, 5, 6, 9).

Investigations have targeted various components of the complement cascade in an effort to
determine their individual roles and contributions to the pathogenesis of cerebral ischemic
injury (17). We have previously shown that C3 and C3a play a critical role in the
inflammatory cascade after murine reperfused stroke and that deficiency of C3 or inhibition
of C3a resulted in significantly improved outcome (17). At the same time, we found that
genetic C5 deficiency offered no neuroprotection (17). In contrast, other groups have
reported significant reductions in infarct volume after treatment with anti-C5 antibody in a
rat model of stroke (8). One possible explanation for this difference is that lifelong
deficiency of C5 may confer a constitutionally detrimental effect that masks any potential
benefit that acute C5 blockade may have in the context of stroke. It is likely, therefore, that
focal C5 inhibition alone, during the peri-ischemic time period, offers neuroprotection in the
absence of long-term C5 deficiency.

C5 itself, however, is not the mediator of proinflammatory effects but undergoes cleavage
into C5a and C5b by either classic or alternative pathway C5 convertase (1). C5b joins C6 to
C9 to form the membrane attack complex, which can cause lysis of cells and bacteria (1).
C5a, an anaphylatoxin, is a potent instigator of inflammatory cell recruitment and activation
and, therefore, represents an attractive target for modulation of inflammation (1). We
hypothesized that the neuroprotective effect of C5 inhibition is attributable, in large part, to
the prevention of C5a formation and function. To specifically investigate the role of C5a
during cerebral ischemia and reperfusion, we blocked C5a function at its receptor by
administering a C5a receptor antagonist (C5aRA) to mice just before transient middle
cerebral artery occlusion and compared their outcomes with those of vehicle-treated
controls.

MATERIALS AND METHODS
Mice

All experiments were conducted in a humane manner under the supervision and approval of
the Columbia University Institutional Animal Care and Use Committee. All experimental
animals were male C57Bl/6 mice aged 8 to 10 weeks and weighing between 22 and 26 g at
the time of surgery. They were housed in certified animal care barrier facilities in
microisolator cages with free access to food and water on a 12-hour light/dark cycle.

Murine Model of Focal Cerebral Ischemia
These studies used the intraluminal filament model described previously, with minor
modifications (7). Briefly, mice were anesthetized, intubated, and maintained under general
inhalational anesthesia on a mechanical ventilator. Middle cerebral artery occlusion was
performed by advancing a heat-blunted, silicon-coated, 7–0 nylon suture via the external
carotid artery to the origin of the middle cerebral artery. After 60 minutes of ischemia, the
occluding suture was withdrawn to establish reperfusion.
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Transcranial measurements of cerebral blood flow (CBF) were made with laser-Doppler
flowmetry (Periflux System 5000; Perimed AB, Järfälla, Sweden) as previously described
(7), using 0.5-mm flexible fiberoptic Doppler probes (Perimed AB) attached with tissue
adhesive to the intact skull over previously published landmarks (2 mm posterior to the
bregma, 6 mm to each side of midline). Relative CBF measurements were obtained after
anesthesia, immediately after occlusion, before reperfusion, and immediately after
reperfusion to confirm proper suture placement and adequate reperfusion. Strict criteria were
used to prospectively exclude animals that did not experience significant CBF drop-off
(>70%), did not maintain consistent levels of CBF decrease, or did not demonstrate adequate
reperfusion (>50%). Rectal temperature was monitored and held constant during surgery
using a heating lamp. After surgery, normothermia was maintained in an animal incubator
for 150 minutes after induction of ischemia.

C5aRA Treatment Experiment
The C5aRA is a cyclic hexapeptide AcF[OpdChaWR] that was synthetically designed from
the carbolic acid terminus of C5a (11). Peptide synthesis and cyclization were performed as
described previously (11). The antagonist has been shown to specifically block C5a-
mediated effects in various rodent disease models (19). The reagent was analyzed for
lipopolysaccharide content using a limulus assay (Pyrochrome; Associates of Cape Cod,
Inc., East Falmouth, MA) and was found to be below 1.5 ng/mg of protein. A single 1-mg/
kg intraperitoneal injection of C5aRA (n = 18) or an equal volume of vehicle (sterile
phosphate-buffered saline with 10% ethanol) (n = 17) was administered in a blinded fashion
to male C57Bl/6 mice 45 minutes before the onset of ischemia.

Infarct Volume and Neurological Function Assessment
Stroke outcomes were assessed in all mice at 24 hours after ischemia by ascertaining both
cerebral infarct volume and neurological deficit. Neurological deficit was quantified using a
four-tiered grading system, as described previously (7). All assessments were conducted by
an observer (SAS) blinded to the identity of individual animals.

After the neurological examination, mice were sacrificed. Brains were perfused with
phosphate-buffered saline via intracardiac injection to remove residual blood products. The
brains were then removed intact and sliced into 1-mm sections. Sections were immersed in
2% triphenyltetrazolium chloride in 0.9% saline and incubated for 25 minutes at 37°C.
Infarcted brain was identified as an area of unstained tissue (Fig. 1). Infarct volumes were
calculated by two blinded independent observers (SAS, MR) from planimetric analysis of
digitized images of serial cerebral sections and expressed as the percentage of the ipsilateral
hemisphere occupied by infarcted tissue.

Statistical Analysis
Between-group differences (infarct volume and neurological deficit scores) were analyzed
using two-tailed unpaired Student’s t tests. All values are expressed as means ± standard
error, with a P value of less than 0.05 considered statistically significant.

RESULTS
Infarct Volume

C5aRA-treated mice experienced a significant reduction in infarct volumes. The treated
mice demonstrated a 24% decrease in infarct volume (vehicle, 34 ± 2.6%, n = 18; C5aRA,
25.3 ± 2.8%, n = 17; P = 0.02) when compared with vehicle-treated mice (Fig. 2).
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Neurological Function
C5aRA-treated mice demonstrated an improving trend in neurological deficit scores
(vehicle, 2.5 ± 0.12, n = 18; C5aRA, 2.1 ± 0.17, n = 17; P = 0.09) compared with controls
(Fig. 3).

DISCUSSION
Inflammation has been shown to play a crucial role in the propagation of injury after
experimental stroke. The complement cascade contributes to this process through up-
regulation of adhesion molecules, neutrophil recruitment, platelet activation, and generation
of reactive oxygen species. Whereas nonspecific inhibition of the complement cascade has
demonstrated neuroprotection in the context of stroke, targeted inhibition of specific
complement components in experimental stroke models has helped identify which
components are primarily responsible for exacerbation of postischemic injury (3). We have
recently demonstrated the importance of C3 in the development of injury after acute stroke
by showing that C3 knockout mice experience reduction in infarct volumes compared with
their wild-type controls. Reconstitution of C3 knockout mice with exogenous C3, in turn,
reversed this protection. Moreover, treatment with C3a receptor antagonist resulted in
similar attenuation of postischemic injury (17).

C5a, like C3a, is a potent anaphylatoxin that functions as a chemoattractant for neutrophils.
C5a stimulation of neutrophils leads to the production of reactive oxygen species and
proteinase release, both of which contribute to tissue damage. C5a also stimulates the
secretion of proinflammatory cytokines from monocytes and macrophages, further
amplifying the inflammatory response (3). Given the efficacy of C3/C3a receptor inhibition
in limiting tissue damage after stroke, we expected that C5/C5a receptor inhibition would
demonstrate similar benefit. However, previous work from our group revealed that C5
deficiency actually affords mice no neuroprotection after stroke when compared with wild-
type controls (17). An obvious explanation for these findings is that C5 is not a critical
mediator of cerebral ischemia/reperfusion injury. Alternatively, the lack of neuroprotection
in C5-deficient mice might be better explained by phenotypic disadvantages that predispose
these mice to enhanced cerebral injury and neurodegeneration. For instance, C5-deficient
mice have previously been shown to be more susceptible to intraventricular kainate toxicity
through the overproduction of proinflammatory cytokines and alterations of Ca2+ influx
(21). In addition, C5-deficient mice subjected to intracerebral hemorrhage exhibited
increased cerebral edema (20).

In contrast, animal models using targeted, nongenetic anti-C5 strategies have demonstrated
attenuation of neurotoxicity. Administration of anti-C5 monoclonal antibody in a rat model
of reperfused stroke resulted in a decrease in cerebral infarct size and edema and an
improvement in neurological function (8). Similarly, C5 has been implicated in other organ
systems of reperfusion injury. In the kidney, preischemic administration of C5aRA
substantially inhibited ischemia/reperfusion-induced renal damage (2). In addition, both
anti-C5 antibody and C5aRA have been shown to attenuate reperfusion injury in the
ischemic rat intestine (15, 22). These findings suggest that, in contrast to genetic deficiency,
modulation of C5 or C5a activity during the peri-ischemic period more specifically targets
acute inflammation, thereby limiting reperfusion injury.

In the present study, we sought to define the role of C5a in reperfused stroke. A role for C5a
in postischemic cerebral injury has been suggested by previous demonstration of up-
regulation of C5aR expression after permanent focal ischemia (4). Both constitutive neural
expression and up-regulation on infiltrating leukocytes accounted for the increase in receptor
density (4). In addition, human stroke patients have been shown to exhibit a marked increase
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in C5a plasma levels after cerebral ischemia (18). Therefore, we hypothesized that focal C5a
inhibition with C5aRA would limit reperfusion injury and improve neurological outcome
after murine stroke. As expected, C5aRA-treated mice experienced smaller stroke volumes
and improved neurological scores when compared with vehicle-treated controls.

In comparison with previous investigations of C3a receptor blockade, however, C5a receptor
blockade resulted in a smaller reduction in infarct volume; and whereas C3a receptor
inhibition led to statistically significant improvements in neurological score, C5a receptor
blockade did not (17). Further efforts to determine the distinct contributions of C3a and C5a
will require dosing experiments and trials of various permutations of C5a and C3a blockade
to see whether more comprehensive suppression of anaphylatoxin activity offers further
benefit.

CONCLUSION
Although C3a has been shown to mediate ischemia/reperfusion injury in the brain by
recruiting and activating neutrophils, the exact mechanisms by which the C5a receptor
mediates its effects are still unknown. We monitored temperature and CBF, but
physiological changes in blood pressure, heart rate, or arterial blood gas levels could have
affected stroke volume without our knowledge. Similarly, our control solution of phosphate-
buffered saline and ethanol leaves the possibility that the C5aRA solution may work by
means of a mechanism other than inhibition of C5a receptor. Future studies are necessary to
elucidate the mechanism by which the C5a receptor is up-regulated in the brain after
ischemia/reperfusion injury and the specific targets through which it mediates its effects. In
addition, efforts to validate postischemic efficacy should be pursued. Defining the
therapeutic window for C5a receptor inhibition in stroke will be of critical importance in
assessing its potential as a clinically relevant target of stroke therapy. Moreover, in light of
the recently characterized clinical efficacy and safety of anti-C5 therapies in subgroups of
myocardial ischemia patients (16), investigation of the role of C5a in cerebral ischemia has
the potential to lead to profound and expedient advances in the treatment of stroke.
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FIGURE 1.
Brain sections immersed in 2% triphenyltetrazolium chloride in 0.9% saline. Infarcted brain
was identified as an area of unstained tissue in the vehicle-treated (A) and C5aRA-treated
(B) specimens.
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FIGURE 2.
Mice treated with C5aRA demonstrated a significant decrease (asterisk) in infarct volume
after experimental stroke compared with mice treated with vehicle (P = 0.02).
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FIGURE 3.
Mice treated with C5aRA demonstrated a trend toward improvement in neurological
function after experimental stroke when compared with mice treated with vehicle (P = 0.09).
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