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Abstract
Wild type (wt) activated protein C (APC) and cytoprotective-selective APC variants such as
3K3A-APC (< 10% anticoagulant but normal cytoprotective activity) are neuroprotective in
murine focal ischemic stroke models. Here we compared the neuroprotective effects of the
anticoagulant-selective E149A-APC variant (> 3-fold increased anticoagulant activity but
defective cytoprotective activities) to those of the cytoprotective-selective 5A-APC variant (< 10
% anticoagulant activity). After transient distal middle cerebral artery occlusion, mice received
vehicle, E149A-APC or 5A-APC at 0.2 mg/kg at 4 h after stroke. Treatment with 5A-APC was
neuroprotective, as it improved performance on forelimb use asymmetry test and foot fault test (P
< 0.05), reduced by 48% and 50% the infarct and edema volumes, respectively (P < 0.05), and was
not associated with an increased risk of bleeding as indicated by normal hemoglobin levels in the
ischemic brain at day 7. In contrast, E149A-APC treatment worsened neurological outcome
determined by foot fault tests and forelimb use asymmetry tests, and increased significantly by
44% and 60% infarct and edema volume, respectively (P < 0.05). At 7 days after treatment,
E149A-APC compared to vehicle or 5A-APC notably increased by ~5-fold the hemoglobin level
in the ischemic hemisphere suggesting it provoked significant intracerebral bleeding. Thus, the
enhanced anticoagulant activity of E149A-APC increased post-ischemic accumulation of
neurotoxic erythrocyte-derived hemoglobin which likely worsened the neurological and
neuropathological outcome after stroke. Our data emphasize that APC’s cytoprotective activities,
but not its anticoagulant activity, are key for APC neuroprotection after transient ischemic stroke.
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INTRODUCTION
Activated protein C (APC) is the active trypsin-like, serine protease derived from its
zymogen form, protein C, which is a normal component of blood [1,2]. APC exerts multiple
activities, including antithrombotic activities by downregulating thrombin generation due to
proteolysis of clotting factors Va and VIIIa and cytoprotective activities involving APC-
initiated cell signaling. The cytoprotective cell-signaling effects involve multiple cell
receptors. APC is a homeostatic blood protease that beneficially reduces morbidity and
mortality in a wide variety of preclinical injury models, including ischemic stroke and other
brain traumas [1–4]. Some initial insights into which of APC’s many activities might be
most important for its neuroprotective actions came from protein engineering of APC
variants with greatly reduced anticoagulant activity but apparently normal cytoprotective
activities, such as in the APC mutants known as 3K3A-APC and 5A-APC in which either 3
or 5 positively charged residues were replaced by Ala residues [5–7]. These cytoprotective-
selective APC mutants demonstrated normal neuroprotection [3,8–10], implying that APC’s
cell signaling actions were the primary activities responsible for APC’s neuroprotective
activities.

APC’s cell signaling actions involve multiple receptors, including but not limited to
endothelial cell protein C receptor (EPCR) and protease activated receptors 1 and 3 (PAR1
and PAR3) [1–3]. The mystery of how thrombin’s activation of PAR1 could be
proinflammatory and vasculo-disruptive when APC activation of PAR1 could be anti-
inflammatory and vasculoprotective was solved when studies showed that thrombin cleaves
PAR1 at Arg41 whereas APC cleaves PAR1 at Arg46, causing biased signaling via PAR1
[11]. In contrast to cytoprotective-selective APC variants like 5A-APC, an anticoagulant-
selective APC variant, E149A-APC, was engineered to have greatly reduced anti-
inflammatory and anti-apoptotic activities (< 10 % of normal) but greatly increased
anticoagulant activity (> 3-fold normal) [12]. When compared to 5A-APC or wt-APC, this
E149A-APC mutant failed to reduce endotoxin-induced mortality in mice [12], implicating a
primary role for APC’s robust cytoprotective activities in reducing sepsis-related mortality.
When the remarkable ability of wt APC to reduce death caused by total body radiation of
mice was recently discovered, both the E149A-APC variant and wt-APC reduced mortality
whereas the 5A-APC variant failed to reduce radiation-induced death [13]. These striking
findings for the in vivo mortality-reducing actions of the anticoagulant-selective E149A-
APC mutant in response to lethal total body radiation stimulated us to ascertain this mutant’s
neuroprotective activity compared to the well described beneficial effects of cytoprotective-
selective 5A-APC [3,8–10]. Here we show that treatment of mice with E149A-APC
following ischemic brain injury is actually neurotoxic, supporting the concept that one or
more of APC’s cytoprotective actions that is not provided by the E149A-APC variant are
key for APC’s neuroprotection after ischemic brain injury.

Materials and methods
Reagents

5A-APC and E149A-APC were characterized and produced as described previously
[7,12,14].
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Animals
Procedures were approved by the Institutional Animal Care and Use Committee. Male
C57Bl6 mice (22–26 g; Jackson Laboratory, Bar Harbor, Maine) were anaesthetized with
100 mg per kg body weight intraperitoneal ketamine and 10 mg per kg body weight
xylazine. Rectal temperature was maintained between 36.5 and 37.0°C using a feedback-
controlled heating system.

Transient distal middle cerebral artery occlusion
Transient distal middle cerebral artery occlusion (MCAO) was performed using a modified
technique [15,16]. In brief, the left common carotid artery was isolated through a neck
incision and ligated using a 5–0 silk (Roboz surgical instrument Co.). A skin incision was
made between the left orbit and tragus, the temporal muscle was retracted laterally. A 2-mm
burr hole was made with a high-speed micro-drill through the outer surface of the
semitranslucent skull, just over the visually identified middle cerebral artery (MCA). The
dura was carefully opened and the MCA was ligated with a 10–0 nylon suture (S & T AG,
Neuhausen, Switzerland). Interruption of blood flow was confirmed under the microscope.
The right common carotid arteries were transiently occluded for 20 min and then released.
The MCA remained occluded for 60 min, at which time the blood flow to the MCA territory
was restored by removing the suture. The wound was sutured and rectal temperature was
controlled until mice regained full consciousness.

Treatment with APC variants
Mice were randomly assigned to the vehicle-treated group, E149A-APC-treated group, 5A-
APC-treated group and sham-operated control group. E149A-APC, 5A-APC and vehicle
were administered via the tail vein 4 h after stroke. E149A-APC and 5A-APC at 0.2 mg/kg
were given intravenously 50% as a bolus and 50% as a 60 min infusion. Vehicle-treated
group received saline.

Functional tests
The following behavioral tests were performed in mice at 0, 1 and 7 days after stroke: (i)
forelimb use asymmetry test, for sensorimotor activity [17,18]; and (ii) foot-fault test, for
locomotor assessment [19–21].

Neuropathological Analysis
The mice were sacrificed at 7 days after MCAO and the brains were removed and rapidly
frozen in CO2 snow. Brains were cut into serial 20 μm cryostat sections. Every 10th section
was stained with cresyl-violet and the lesion area determined using an image analysis system
(Image J, Bethesda, MD, USA). On these sections, the areas of infarction, brain swelling
and infarct volume were determined, as previously described [17,22].

Hemoglobin Assay
Hemoglobin levels were determined by a spectrophotometric assay using Drabkin’s reagent
(Sigma) [23,24].

Protease Activated Receptor 1 Cleavage Assays
Secretory alkaline phosphatase (SEAP)-PAR1 constructs were made and transfected into
HEK293 cells and were used for studies of the ability of APC to cleave SEAP-PAR1 at
Arg41 or Arg46 as described [11]. The SEAP reporter is an N-terminal extension on PAR1
such that cleavage at either Arg41 or Arg46 can release the SEAP reporter enzyme into the
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cell supernatant following cleavage. When either Arg is replaced by Gln, then cleavage can
be ascribed to a unique Arg residue.

Statistics
Data are presented as mean ± standard error of the mean. One-way analysis of variance
(ANOVA) followed by Tukey post hoc test was used to determine statistically significant
differences. P < 0.05 was considered statistically significant.

Results
To define the neuroprotective activity of E149A-APC, a murine ischemia reperfusion injury
model was used. After transient distal MCAO, mice received vehicle, E149A-APC or 5A-
APC at 0.2 mg/kg at 4 h after stroke (given intravenously 50% as a bolus and 50% as a 60
min infusion). Within 7 days of treatment, E149A-APC compared to vehicle notably
increased by ~5-fold the hemoglobin level in the ischemic hemisphere (p < 0.01) suggesting
significant intracerebral bleeding (Fig. 1). In the absence of MCAO, neither E149A-APC
nor 5A-APC had any effect on hemoglobin leakage (Fig. 1). Compared to vehicle control,
E149A-APC worsened neurological outcome determined by foot fault tests and forelimb use
asymmetry tests, and increased significantly by 44% and 60% infarct and edema volume,
respectively (P < 0.05) (Figs. 2a and 2b). In contrast, compared to vehicle control, treatment
with 5A-APC improved performance on forelimb use asymmetry test and foot fault test (P <
0.05) (Figs. 2a and 2b), reduced by 48% and 50% the infarct and edema volumes,
respectively (P < 0.05) (Figs. 3a and 3b), and was not associated with an increased risk of
bleeding as indicated by normal hemoglobin levels in the ischemic brain (Fig. 1).

The ability of E149A-APC to cleave PAR1 at Arg46, which generates a novel
cytoprotective N-terminal peptide sequence [11], was studied using three SEAP-PAR1
constructs which contained the normal wt Arg41 and Arg46 residues or a R41Q or a R46Q
mutation. Based on dose-response comparisons, E149A-APC cleaved each SEAP-PAR1
construct with the same efficacy as the control wt APC (Fig. 4). Specifically, E149A-APC
cleaved PAR1 at Arg46 as well as did wt APC. For the negative control, the active site
Ser360Ala-APC mutant which lacks all proteolytic activity did not cleave any SEAP-PAR1
constructs (Fig. 4).

Discussion
Protein engineering using site-directed mutagenesis is a powerful tool to decipher the
molecular properties that are responsible for the biologic activities of agents, such as APC,
which manifest multiple activities derived from interactions with multiple molecular
partners. Comparisons of two APC variants, cytoprotective-selective 5A-APC and
anticoagulant-selective E149A-APC, for their neuroprotection show that the former reduced
infarct and edema volumes and improved neurologic outcome. The implications of these
observations extend our previous studies of recombinant human and murine 3K3A-APC [8–
10] and further establish that cytoprotective selective-APC variants form the basis for
second generation biologics that offer neuroprotective activities [3]. This emphasis on the
protective properties of APC for its neuroprotective benefits mirrors the implications from
studies of APC variants in murine sepsis models [14,25,26] or in murine amyotrophic lateral
sclerosis models [27] or acute traumatic brain injury models [28] which show that
cytoprotective actions provide the primary actions that reduce mortality or promote recovery
from serious injury.

The failure of E149A-APC to provide neuroprotection in mice mirrors its failure to reduce
mortality in murine endotoxemia [12]. This is not due to a failure to cleave PAR1
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specifically at Arg46 which is a recently discovered mechanism that helps explain some of
APC’s cytoprotective actions [11]. The E149A variant was previously shown to lack anti-
inflammatory and anti-apoptotic activities when tested using cultured cells [12], but the loss
of these activities is unlikely to explain the toxicities observed here. The enhanced
anticoagulant activity of E149A-APC increased post-ischemic accumulation of neurotoxic
erythrocyte-derived hemoglobin which likely worsened the neurological and
neuropathological outcome after stroke. In mice, following controlled cortical impact,
treatment with wt APC but not 3K3A-APCcaused excess intracerebral bleeding [28].
Another possibility to account for toxicity in the current study is that infusion of
nonprotective E149A-APC may competitively block the beneficial actions of the protective
endogenous protein C pathways involving EPCR, thereby exacerbating the injury due to
ischemia reperfusion. It was shown that infusion of proteins, such as inactivated-APCi or
inactivated-factor VIIai, that compete with endogenous protein C for binding to EPCR can
actually increase the plasma levels of protein C by two-to three-fold [29]. Moreover, if
endogenous neuroprotective APC which is known to be generated in response to cerebral
ischemia [30] needs to bind simultaneously to two or more receptors on target cells and if
the E149A mutation interferes with binding to only one of those targeted receptors, then this
mutant could be toxic by blocking endogenous APC protection. It is also possible that the
Glu to Ala mutation promotes off-target interactions that result in neurotoxicities in this
injury model.

This study indicates that one or more properties of APC that is strongly influenced by
mutation of Glu149 is relevant for APC’s neuroprotective actions. A protein C gene (PROC)
mutation involving deletion of Lys150, the residue following Glu149, is associated with
increased risk for ischemic stroke in the Han Chinese population (Odds Ratio = 2.56, 95 %
CI 1.45–4.52, p = 0.001) [31]. Plasma from a homozygous carrier of the Lys150 deletion
had 26 % protein C anticoagulant activity, but no information is available about the
cytoprotective activities of the Lys150del-APC molecule [31]. APC residues 142 to 155 in
the light chain comprise a functional exosite in APC that is important for APC’s
anticoagulant activity [12,32]. Keeping in mind the hydrophilic residues 142 to 155 that
likely mediate binding of substrates and receptors, there remains much to be deciphered
about the mechanisms for APC’s beneficial or toxic actions in different preclinical injury
models in the course of translational research on the protein C pathways.
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Fig. 1. Effects of E149A-APC and 5A-APC on post-ischemic hemoglobin levels after transient
distal MCAO
Vehicle, E149A-APC (0.2 mg/kg) and 5A-APC (0.2 mg/kg) were administered via tail vein
4 h after transient distal MCAO. Hemoglobin levels in the ischemic hemisphere of animals
subjected to MCAO or in brains of control animals that did not have MCAO but received
APC mutants or vehicle were determined at 7 days after stroke. Mean ± SEM, n = 5 mice
per group.
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Fig. 2. Effects of E149A-APC and 5A-APC on behavior after transient distal MCAO
Vehicle, E149A-APC (0.2 mg/kg) and 5A-APC (0.2 mg/kg) were administered via tail vein
4 h after transient distal MCAO. Foot-fault test (a) and forelimb asymmetry test (b) were
applied prior to MCAO (“0”), after one Day (“1”) or after 7 days (“7D”). Mean ± SEM, n =
5 mice per group. P values were as indicated.
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Fig. 3. Effects of E149A-APC and 5A-APC on infarct and edema volumes after transient distal
MCAO
Vehicle, E149A-APC (0.2 mg/kg) and 5A-APC (0.2 mg/kg) were administered via tail vein
4 h after transient distal MCAO. Infarct volume (a) and edema volume (b) were determined
7 days after stroke. Mean ± SEM, n = 5 mice per group. P values were as indicated.
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Fig. 4. E149A-APC cleaves PAR1 normally at Arg46
Concentration-response curves are shown for the cleavage of wt-SEAP-PAR1 (upper panel)
and of the R41Q mutant (middle panel) or of the R46Q mutant (lower panel) by human APC
species. Curves are seen for wt-plasma-derived APC (circles), anticoagulant-selective
E149A-APC variant (squares), and enzymatically dead, S360A-APC (triangles). The
ordinate denotes SEAP activity (Vmax 405 nm/min) that was released into the supernatant
from SEAP-PAR1-transfected cells caused by APC’s cleavage of the PAR1 N-terminal
polypeptide tail. The upper panel reported cleavage at either Arg41 or Arg46 (wt-PAR1
containing Arg41 and Arg46) while the middle and lower panels reported cleavage at Arg46
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(R41Q indicating PAR1 has Gln41) or at Arg41 (R46Q indicating PAR1 has Gln46),
respectively. See Methods section for details.
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