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Abstract

Background  Apolipoprotein E has previously been dem-
onstrated to modulate acute brain injury responses, and
administration of COGI1410, an apoE-mimetic peptide
derived from the receptor-binding region of apoE,
improves outcome in preclinical models of acute neuro-
logical injury. In the current study, we sought to establish
the optimal dose and timing of peptide administration
associated with improved functional outcome in a murine
model of intracerebral hemorrhage (ICH).

Methods Ten to twelve-week-old C57/BL6 male mice were
injured by collagenase-induced ICH and randomly selected to
receive either vehicle or one of four doses of COG1410
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(0.5, 1, 2, or 4 mg/kg) via tail vein injection at 30 min after
injury and then daily for 5 days. The injured mice were
euthanized at various time points to assess inflammatory
mediators, cerebral edema, and hematoma volume. Over the
first 5 days following injury, vestibulomotor function was
tested via Rotorod (RR) latency. After an optimal dose was
demonstrated, a final cohort of animals was injured with ICH
and randomly assigned to receive the first dose of COG1410 or
vehicle at increasingly longer treatment initiation times after
injury. The mice were then assessed for functional deficit via
RR testing over the first 5 days following injury.

Results The mice receiving 2 mg/kg of COG1410 after
injury demonstrated reduced functional deficit, decreased
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brain concentrations of inflammatory proteins, and less
cerebral edema, although hematoma volume did not vary.
The improved RR performance was maintained when peptide
administration was delayed for up to 2 h after ICH.
Conclusions COG1410 administered at a dose of 2 mg/kg
within 2 h after injury improves functional recovery in a
murine model of ICH.

Keywords Intracerebral hemorrhage - Murine model -
Apolipoprotein E - Therapeutic - Outcome

Introduction

Intracerebral hemorrhage (ICH) is a devastating and rela-
tively common form of cerebrovascular disease associated
with a 30-day mortality rate of approximately 50% and
significant disability in many survivors. Despite this dev-
astating personal and societal impact, ICH remains an
understudied disease with little improvement in patient
outcomes over the last 20 years [1]. Preclinical data from
our and other laboratories [2, 3] illuminate a number of
inflammatory mechanisms that may play a crucial role in
the development of secondary neuronal injury, suggesting
the development of targeted anti-inflammatory approaches
may be readily translatable into human patients [4, 5].
However, at present, no intervention has demonstrated
improvement in function and mortality in humans [6].

Apolipoprotein E (apoE) is the primary apolipoprotein
synthesized in the brain in response to injury where it exerts
neuroprotective effects via multiple mechanisms including
antioxidant, anti-inflammatory, anti-excitotoxic, and neu-
rotrophic properties [7-17]. Peptides derived from apoE-
binding region mimic the anti-inflammatory properties of
the intact holoprotein, cross the blood—brain barrier (BBB),
and are protective in preclinical models of traumatic brain
injury, [18-20] stroke, [21] subarachnoid hemorrhage, [22,
23] and intracerebral hemorrhage [2]. In addition, the
molecular mechanism(s) by which apoE modifies glial
activation and the central nervous system (CNS) response to
injury is beginning to become understood [24].

In the current study, we use a preclinical model of ICH to
determine the dose—response and optimal timing of peptide
administration for COG1410, an apoE-mimetic peptide,
previously shown to reduce neuroinflammation and improve
neurologic recovery in this model [2]. We also sought to
further address its effects on neuroinflammatory pathways.

Methods

All animal procedures were designed to minimize animal
discomfort and numbers, conformed to international

guidelines on the use of animals, and were approved by
the Duke University Institutional Animal Care and Use
Committee.

Experimental Groups
Group 1

Physiologic measurements for arterial blood gas and glu-
cose at 15 min before and 1 h after COG1410 (2 mg/kg)
administration via intravenous (IV) tail vein injection with
concomitant arterial blood pressure, and rectal temperature
recorded continuously (n = 6/group).

Group 2

Determination of therapeutic window through functional
performance of the mice treated with COG1410 (2 mg/kg)
or vehicle administered via IV injection at 30 min, 1 h, 2,
or 4 h after ICH and continued daily via IV injection for
5 days; an additional cohort of mice received COG1410
(4 mg/kg) via IV injection at 1 h after injury and continued
daily IV injection for 5 days to determine if increased dose
could extend the therapeutic window; testing included RR
every other day over first 5 days (n = 12/group).

Group 3

Measurement of brain water content and hematoma lesion
volume at 24 h after ICH in the mice treated with
COG1410 (2 mg/kg) or vehicle administered via IV
injection at 30 min after injury (n = 8/group).

Group 4

Analysis of intracellular signaling proteins using Western
blot at 2 and 6 h after ICH in the mice treated with
COG1410 (2 mg/kg) or vehicle administered via IV
injection at 30 min after injury (n = 3/group).

Group 5

Quantitative stereology for F4/80 (microglia) and Flouro
Jade B (FJB; degenerating neurons) positive cells at 5 days
after ICH in the mice treated with COG1410 (2 mg/kg) or
vehicle administered via IV injection at 30 min after injury
and continued daily for 5 days (n = 6/group).

Group 6

Functional performance of the mice treated with COG1410
(0.5, 1, 2, or 4 mg/kg) or vehicle administered via IV
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injection at 30 min after ICH and continued daily for
5 days; testing included Rotorod (RR) latencies every other
day over the first 5 days (n = 12/group).

Physiologic Measurements

The mice were anesthetized in a chamber with 5% isoflu-
rane in 30% O,/70% N,. The trachea was intubated with a
20-gauge Insyte-W intravenous catheter (Becton—Dickinson,
Sandy, UT). The inspired isoflurane concentration was
reduced to 1.6%, and the lungs were mechanically venti-
lated at a rate of 105 breaths/min with a delivered tidal
volume of 0.75 ml. Rectal temperature was monitored and
servoregulated with a surface heating/cooling system to a
target of 37.0 £ 0.2°C. The right femoral artery was
cannulated (PE10 catheter; Becton—Dickinson, Sparkes,
MD) to monitor arterial blood pressure and to collect
arterial blood samples. The right jugular vein was cannu-
lated with a PE10 catheter for drug delivery. Arterial blood
gases and glucose were measured at 15 min before and at
1 h after drug delivery by ABL800 FLEX (Radiometer
copenhagen, Denmark). Arterial blood pressure and rectal
temperature were recorded continuously before, during,
and after treatment for 1 h using Chart V3.3.8 program
(MacLab, ADInstruments Pty Ltd, Australia).

Intracerebral Hemorrhage Model

Our murine injury model [3] was adapted from a previously
described model of ICH in rats [25]. Ten to twelve-week-
old male mice, C57-BL/6, were used in these experiments.
The trachea was intubated after anesthesia induction with
4.6% isoflurane, and the lungs were mechanically ventilated
with 1.6% isoflurane in 30% O,/70% N,. Rectal tempera-
ture was maintained at 37 &+ 0.2°C by underbody warming
system. The animal’s head was secured in a stereotactic
frame, local anesthetic injected, and the scalp incised. After
exposure of the skull, a burr hole was created 2 mm left
lateral to bregma, and a 0.5 pl syringe needle (Hamilton,
Reno, NV, USA) was advanced to a depth of 3 mm from
cortex. Type IV-S Clostridial collagenase (Sigma, St. Louis,
MO, USA) was injected over 5 min (0.1 U in 0.4 pul NS)
with the needle being held motionless for an additional
5 min. After slowly withdrawing the needle, the incision
was closed, and animals were allowed to recover sponta-
neous ventilation with subsequent extubation. Following
recovery in a warm non-stimulating environment, the mice
were allowed free access to food and water.

Preparation and Administration of COG1410

COG1410 were synthesized by Polypeptide Labs (San
Diego, CA) to a purity of 95%. COG1410 is acetyl-AS-
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Aib-LRKLAib-KRLL-amide, which is derived from apoE
residues 138-149 with Aib (amino isobutyric acid) sub-
stitutions at positions 140 and 145. For all experiments,
peptides were dissolved in sterile saline immediately
before use, and the mice were injected via the tail vein with
varying doses of COG1410 peptide in 100 pl of sterile
saline or 100 pl of sterile saline (vehicle) at predefined
time points after injury, and then at 24 h intervals for
5 days. The mice were randomized to treatment or vehicle
groups at the time of their first dose.

Neurological Functional Testing

An automated RR (Ugo Basile, Comerio, Italy) was used to
assess vestibulomotor function [26]. On the day before ICH
induction, the mice underwent two consecutive condition-
ing trials at a set rotational speed (16 revolutions/min) for
60 s followed by three additional trials with an accelerating
rotational speed. The average time to fall from the rotating
cylinder in the final three trials was recorded as baseline
latency. The mice underwent testing with three trials of
accelerating rotational speed (inter-trial interval of 15 min)
on days 1, 3, and 5 after injury. The average latency to fall
from the rod was recorded. The mice that were unable to
grasp the rotating rod were given a latency value of O s.
Neuroseverity scoring was assessed on days 1-7 after
injury by means of a neurobehavioral examination (scoring
scale 7-21) as previously described [27]. Motor score
[4-12] was derived from spontaneous activity, symmetry
of limb movements, climbing, balance, and coordination.
Sensory score [3-9] was derived from body proprioception,
vibrissae, visual, and tactile responses. Sensory tests
examined function from both cerebral hemispheres.

Measurement of Hematoma Volume

The mice were anesthetized with 4.6% isoflurane in 30%
0,/70% N, and euthanized. The brains were removed and
frozen at —20°C. Coronal sections of 20 pm thickness
were taken at 320-um intervals over the rostral-caudal
extent of the lesion. The sections were stained with
hematoxylin and eosin, and lesion volume measured by
digitally sampling stained sections with an image analyzer.
Lesion volumes (mm®) were computed as running sums of
lesion area multiplied by the known interval (e.g., 320 pum)
between sections over the extent of the lesion expressed as
an orthogonal projection.

Measurement of Brain Water Content
The mice were anesthetized with 4.6% isoflurane in 30%

0,/70% N, and euthanized. Brains were sectioned in
the mid-sagittal plane, and each hemisphere weighed



Neurocrit Care (2012) 16:316-326

319

immediately (“wet” weight). Hemispheres were allowed to
dehydrate over 24 h at 40°C and then re-weighed (“dry”
weight). Inter-hemispheric water weight differences were
then recorded and used for analysis [28]. To compare
among the treatment groups, the percentage of water
weight due to cerebral edema of the injured hemisphere
was determined and used for analysis.

Western Analysis

Frozen mouse brain samples were ground to a fine powder
using a mortar and pestle cooled with liquid nitrogen.
Extracts were prepared by suspending 100 pg of brain
powder in NP40 buffer and performing a freeze—thaw
cycle. Equal amounts of cellular protein were added to 4 x
laemmli buffer and heated to 60°C for 10 min. Proteins
were separated by SDS PAGE and blotted onto nitrocel-
lulose membranes (Bio-Rad). After the proteins were
transferred to nitrocellulose membranes, the membranes
were blocked using Odyssey Blocking Buffer (LiCor,
Lincoln, NE) for 3 h and incubated overnight at 4°C in a
phospho-p38 or total p38 antibodies (cell signaling). The
membranes were washed thoroughly and incubated with
IRDye®-labeled secondary antibodies (LiCor) and protein
bands were visualized and quantified using an Odyssey
Infrared scanner (LiCor). Similar blots were incubated with
phospho-nuclear factor kappa B (NFkB) or total-NFxB
antibodies (cell signaling).

Tissue Processing and Histological Methods

After induction of anesthesia and intracardiac perfusion
with phosphate-buffered saline (PBS), mouse brains were
rapidly removed and dissected in the mid-sagittal plane.
Hemispheres were sectioned sagittally and flash-frozen in
liquid nitrogen and stored at —80°C; the other hemisphere
was immersion-fixed in 10% formaldehyde for 24 h,
transferred into 1x PBS and stored at 4°C. Frozen sagittal
sections (40 pm) were collected on a freezing sliding
microtome. For immunostaining, tissue was incubated in
1% hydrogen peroxide, permeabilized by 0.1% saponin,
and blocked with 10% goat serum. When possible, to
minimize background resulting from the use of monoclonal
antibodies and for antigen retrieval purposes, brain sections
were first microwaved in SSC and antigen retrieval buffer
(Vector Labs, Burlingame, CA, USA) according to manu-
facturer’s instructions. Brain sections were mounted on
slides, dehydrated, cleared, and cover-slipped using DPX
mounting media (Fluka, Milwaukee, WI, USA). Fluoro-
Jade B (FIB) staining [29] and anti-rat F4/80 antibody
specific for activated microglia and cells of the monocyte
lineage (rat monoclonal, 1:10,000; Serotec, Raleigh, NC)
[30] were performed using standard protocols.

Stereological Analysis

Cell counting was conducted using a Nikon 218912 light
microscope interfaced with the Stereolnvestigator software
package (MicroBrightField, Williston, VT, USA). The
number of stained cells per mm® of hippocampus was
estimated by the optical fractionator method [31]. The
optical fractionator is an unbiased counting method, which
is independent of the size, shape, and orientation of the
cells to be counted. The parameters of the fractionator-
sampling scheme were established in a pilot experiment
and were uniformly applied to all animals. Before count-
ing, all the slides were coded to avoid experimenter bias.
As determined by Stereolnvestigator, we chose six sagittal
sections (40 um thick) spaced eight sections apart along
the dorsal hippocampal formation by systematic random
sampling. This number of sections proved sufficient to
provide a coefficient of error (CE) between 0.09 and 0.11.
On each section, the whole hippocampal area was delin-
eated. For microglial quantification, the sampling grid was
399.027 (X) x 367.92 (Y) um, and cells were counted
within a probe volume defined by the counting frame
(80 x 80 um) and the dissector height (11 pm). For neuron
quantification, the sampling grid was 168.36 (X) x 111.84
(Y) pm, and cells were counted within a probe volume
defined by the counting frame (50 x 50 pm) and the dis-
sector height (11 pm). Only cells within the counting frame
or overlapping the right or superior border of the counting
frame, and for which nuclei came into focus while focusing
down through the dissector height, were counted. The
total number of F4/80 or FJB immunopositive cells
was calculated per hippocampal volume of 1920-pm
thickness.

Statistical Analysis

RR performances and neuroseverity scoring were compared
with two-way repeated-measures analysis of variance with
day as the repeated variable. The F values were calculated,
and if the probability distribution of F with the appropriate
degrees of freedom suggested a significant group effect,
pairwise testing was performed between groups using
Scheffe’s post-hoc method to correct for multiple compar-
isons. The numbers of FIJB and F4/80 cell counts were
compared between groups by the Mann—Whitney U statis-
tic. Student’s ¢-test was used to compare hemorrhage
volume and brain water content. Neuroseverity scores on
day 7 after injury and brain protein concentrations as
measured by Western blots were compared by Chi-square.
Statistical significance was assumed with P < 0.05. All
values were expressed as mean =+ standard error of the
mean (SEM) and measurements were performed on JMP
(v8.0.1, SAS, Cary, NC).
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(2 mg/kg) did significantly reduce mean arterial pressure
(MAP) at 10-60 min after treatment compared with baseline
(P < 0.05). MAP in the COG1410 (2 mg/kg)-treated group
started at 76.31 £ 2.38 mmHg before injection and
decreased to 63.28 + 2.14 mmHg at 10 min and then stea-
dily to 59.79 + 5.41 mmHg at 60 min after injection of
collagenase, which represented a 22.4 + 10.2% change
from baseline at 60 min after injury. MAP in vehicle-treated
animals started at 78.99 £ 2.44 mmHg before injection and
did not change during the hour of monitoring.

COG1410 Improves Neurological Function after ICH

In order to inform the critical variables necessary to per-
form an early clinical trial using COG1410 in ICH, we
investigated the optimal dose of peptide required for
maximal neurological improvement after ICH in our mur-
ine model. One of the four doses of COG1410 (0.5, 1, 2, or
4 mg/kg) or vehicle was delivered by tail vein injection at
30 min after injury. Following this initial administration,
additional doses were given at 24-h intervals for 5 days.
The mice were then subjected to RR testing on days 1, 3,
and 5 following injury. We found that administration of all
doses of COG1410 resulted in improved functional per-
formance as measured by RR latencies during all the days
tested when compared with their vehicle-treated counter-
parts (Fig. 1; P < 0.01). On further analyses, equivalent
functional improvement was demonstrated with COG1410
at doses of 0.5 or 1 mg/kg; however, the mice treated with
COG1410 at doses of 2 or 4 mg/kg demonstrated func-
tional improvement in RR latency compared with animals
treated with COG1410 0.5 or 1 mg/kg (P < 0.05). Neu-
roseverity scoring mirrored the RR findings as the mice
treated with COG1410 attained higher scores over the
7 days of testing (P < 0.05) with significant differences
between COG1410-treated mice and their vehicle-treated
counterparts on day 7 (COG1410 vs. vehicle: 17.4 + 1.7
vs. 11.1 & 3.2; P < 0.05). However, neuroseverity scores
did not differ between the mice treated with different doses
of COG1410. Interestingly, mortality was decreased in all
COG1410 groups compared with vehicle (COG1410 vs.
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Fig. 1 Mice treated with 0.5, 1, 2, or 4 mg/kg of COG1410 via tail
vein injection at 30 min after ICH injury demonstrated increased RR
latencies when compared with their vehicle-treated counterparts.
(* represents P < 0.05; ** represents P < 0.01) This effect was
maximal in the group treated with 2 mg/kg after ICH

vehicle: three of 48 animals (6.25%) vs. three of 12 animals
(25%); P < 0.05). However, mortality was not different
between the COG1410 groups (one of 12 animals (8.3%) in
COG1410 (0.5 mg/kg) vs. one of 12 animals (8.3%)
in COG1410 (1.0 mg/kg) vs. one of 12 animals (8.3%) in
COG1410 (2.0 mg/kg) vs. zero of 12 animals in COG1410
(4.0 mg/kg).

COG1410 Decreases the Amount of Cerebral Edema
after ICH

In order to assess the effect of the optimized dose of
COG1410 (2 mg/kg) on the evolution of cerebral edema
following ICH, we measured brain water content at 24 h
after injury in the mice treated with COG1410 (2 mg/kg) or
vehicle. Brain water content was quantified by comparison
of the “wet-to-dry” weight measurements of brain hemi-
spheres. We found that COG1410 (2 mg/kg) decreased
brain water content at 24 h after ICH when compared with
their vehicle-treated counterparts (COG1410 (2 mg/kg) vs.
vehicle: 77.06 = 0.01% vs. 78.96 + 0.01%, respectively;
P < 0.05). The decrease in brain water content was
independent of hematoma volume measured at 24 h after
injury (COG1410 (2 mg/kg) vs. vehicle: 0.577 £ 0.098 vs.
0.585 + 0.011 mm®, respectively).

COG1410 Reduces Activation of Inflammatory
Signaling Pathways and Cytokine Production after ICH

To assess whether the improvement in neurological func-
tion and associated decrease in cerebral edema after
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administration of COG1410 (2 mg/kg) following ICH was
related to decreased inflammation, the phosphorylation
status of proteins in inflammatory signal transduction
pathways were analyzed by quantitative Western blotting.
The mice were treated with COG1410 (2 mg/kg) or vehicle
at 30 min following injury, and brains were harvested at 2
and 6 h following injury. The phosphorylation status of
p38 and NFkB in brain extracts were determined using

P/T P38

100 1

80

60 -

40 +

20 -

Sal COG

o

T-p38

Fig. 2 Western blot of inflammatory proteins at 2 h after ICH in
mice treated with COG1410 (2 mg/kg) or vehicle. The ratio between
relative fluorescence units of the phospho-protein to the total protein
for p38 (a) and NF«xB (b), and IL-6 in (c) were significantly down-
regulated after administration of COG1410. Phosphorylation of IKB
kinase (IKK) (d) nearly reached statistical significance (P < 0.06).

phospho- and total-antibodies. At the 2-h post-injury time
point, we demonstrated significant decrease in the ratio of
the phosphorylated p38 and NFxB protein divided by the
total amount in the mice treated with COG1410 (2 mg/kg)
relative to vehicle-treated animals (Fig. 2a, b; P < 0.05).
Further, reduced phosphorylation of p38 and NFxB was
associated with reduced production of IL-6 in COG1410-
treated mice relative to vehicle-treated mice (Fig. 2c,

P/T NFKB

e»“b
'
D '
0.08 - plKK/bactin
0.06
0.04 4
-
0.02 4 .
- - ql =
0.00 - st
é"b
R

con

Representative blots (e) of phospho-p38 and total p38 in the
ipsilateral hemisphere of a vehicle-treated mouse (Sal) and a
COG1410-treated (COG) mouse and in the ipsilateral (ips) and
contralateral (con) hemispheres of a vehicle-treated mouse 2 h after
ICH
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P < 0.05). No differences were found between groups in
these proteins at 6 h after injury.

COG1410 Reduces Microglial Activation after ICH

To determine whether this functional effect and associated
decrease in inflammatory brain protein concentration was
related to microglial recruitment and activation, F4/80
staining of bilateral hippocampi was performed at 5 days
after injury (Fig. 3). Though contralateral cell counts were
similar, there was substantial reduction in F4/80 immuno-
positive cells in ipsilateral hippocampi of COG1410-
treated mice at this 5-day timepoint (COG1410 (2 mg/kg)
vs. vehicle: 20.72 £ 1.78 vs. 33.82 + 1.46 cells/mm?>;
P < 0.001). In addition, in an attempt to quantify neuronal
injury at 5 days after hemorrhage, FIB staining was per-
formed; however, no FJB-positive cells were found in the
hippocampi of either treatment group.

COG1410 Improves Neurological Function
when Initiated at 2 h after ICH

To determine if initial administration of COG1410 could
be extended beyond 30 min after ICH, we randomized the
mice to receive the initial dose of COG140 (2 mg/kg) or
vehicle via tail vein injection at 30 min, 1, 2, or 4 h after
injury and then daily for 5 days. To determine if the
therapeutic window could be further extended through

Fig. 3 F4/80
immunocytochemical staining
of microglia at 5 days after ICH
in mice treated with vehicle

(a) or COG1410 (2 mg/kg) (b).
(** represents P < 0.01)
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administration of a higher dose of COG1410, an additional
cohort of mice in the same experiment received COG1410
(4 mg/kg) via tail vein injection at 1 h after ICH and then
daily for 5 days. The mice were then subjected to RR
testing on days 1, 3, and 5 following injury. The mice
receiving the initial dose of COG1410 (2 mg/kg) at either
30 min, 1 h, or 2 h or COG1410 (4 mg/kg) at 1 h after
injury exhibited longer RR latencies over the days of
testing when compared with their vehicle-treated counter-
parts (Fig. 4; P < 0.01) There were no differences in RR
latencies between vehicle-treated animals and the mice
receiving their initial dose of COG1410 (2 mg/kg) at 4 h
after ICH. Finally, while initiation of COG1410 (2 mg/kg)
treatment at 30 min after injury resulted in superior RR
performance compared with all groups (P < 0.05), no
differences in RR latencies were demonstrated between the
mice receiving their initial dose of COG1410 (4 mg/kg) at
1 h or COG1410 (2 mg/kg) at 1 h or 2 h after ICH. On
post-injury day S, the mice treated with COG1410 (2 mg/
kg) initiated at 30 min had equivalent RR latencies
(139.85 + 22.7 s) to the mice treated with COG1410
(2 mg/kg) initiated at 2 h after injury (117.6 £ 12.7 s) and
COG1410 (4 mg/kg) initiated at 1 h after injury (106.7 +
10.8 s) but had longer RR latencies than the mice treated
with COG1410 (2 mg/kg) initiated at 1 h after injury
(98.9 £ 9.3 5), COG1410 (2 mg/kg) initiated at 4 h after
injury (85.0 £ 17.5 s). and vehicle-treated mice (72.8 £
10.0 s; P < 0.05).
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Fig. 4 Mice with initiation of treatment at 30 min, 1, or 2 h after ICH
with COG1410 (2 mg/kg) demonstrated improved rates of recovery
when compared to vehicle-treated animals after ICH injury.
(* represents P < 0.05; ** represents P < 0.01) No improvement
was demonstrated in mice when COG1410 treatment was initiated at
4 h after ICH compared with vehicle-treated mice, nor was any
increased efficacy demonstrated when the dose of COG1410 was
increased to (4 mg/kg) compared with mice treated with COG1410
(2 mg/kg) with treatment initiation at 1 h after injury (data not shown)

Discussion

Given the paucity of therapeutic interventions for ICH,
there is an important unmet clinical need for new approa-
ches to treat this devastating condition. The present study
demonstrates that COG1410, a novel apoE-derived peptide,
improves neurological function in the mice injured with
ICH when administered as an IV injection at a dose of
2 mg/kg given up to 2 h after injury. This improvement in
neurological function was associated with decreased cere-
bral edema, microglial activation, and neuroinflammatory
proteins concentration.

COG1410 represents a second-generation apoE-based
therapeutic in which the helicity and anti-inflammatory
potency of the peptide was enhanced by the introduction of
two non-naturally occurring amino-isobutyric acid residues
[19]. Although apoE does not cross the BBB, many of its
adaptive properties appear to be mediated by signaling
cascades initiated by specific interaction with cell surface
receptors [32, 33]. Based on these receptor interactions, a
series of peptides derived from the receptor-binding
domain of apoE were created and demonstrated many of
the same adaptive functional effects as the intact holo-
protein [12]. These studies were extended to preclinical
models of traumatic brain injury, where a peptide derived
from the receptor-binding region was well tolerated,
crossed the BBB, and was associated with improved
functional and histological outcomes [20]. Finally, the use

of apoE-mimetic peptides to improve neurological func-
tion after acute CNS injury was extended to ICH. We have
previously demonstrated that COG1410 has pharmacoge-
nomic interactions as a function of APOE genotype after
ICH in the mice [2].

The current study sought to build on the basis of this
body of research. Using the RR task, we performed dose-
escalation and timing trials to lay the framework for
translation of COG1410 into potential clinical trial. The
RR task is considered to be the most sensitive and reliable
test of vestibulomotor function in the acute phase (days
1-5) of post-ICH recovery [26]. Measurement of vestibu-
lomotor function is a clinically relevant outcome as it
models everyday skills relevant to human ICH patients
(e.g., balance, coordination, and walking). These results
validate our previous report [2] of COG1410 showing
improved outcome following ICH and demonstrate that the
functional improvement following COG1410 is dose and
timing dependent. Furthermore, COGI1410 (2 mg/kg)
treatment exhibited significant reduction in cerebral edema,
microglial activation, and neuroinflammatory protein con-
centrations in the brain after ICH in our murine model—
findings that are consistent with its palliative effects in
other models of acute CNS injury [20, 22, 34]. Although
we utilize both a collagenase-induced and autologous
blood injection models of ICH in our laboratory [5], we
chose the collagenase-induced model for these experi-
ments. Each model represents different aspects of the
human condition [35], and in general, both models may be
used to validate efficacy of different therapies [36]. The
collagenase-induced ICH model results in a more severe
neurological deficit that is of use when performing dose-
finding studies, was used in prior experiments with this
compound [2], and more closely represents the aspects of
the human condition that are of interest with COG1410,
namely neuroinflammation and cerebral edema [37].

Clinical data suggest that the inflammatory response in
the CNS begins within hours of ICH and correlates with
poor functional recovery of the patient [38]. The inflam-
matory response is characterized by activation of astrocytes
and microglia, invasion of peripheral immune cells, and
production of inflammatory cytokines and matrix metallo-
proteases [39]. In the case of ICH, inflammation is
associated with disruption of the BBB and loss of neurons
in the tissues at the peripheral edge of the hematoma [40].
Production of pro-inflammatory cytokines is mediated by
glial cells and may be involved in secondary brain injury
after ICH. As previously demonstrated, the expressions of
cytokines including IL-1 and IL-6 increase in the ipsi-
lateral striatum of collagenase-injected rats relative to sham
animals that received no collagenase injection [40]. In this
report, we have shown that COG1410 treatment signifi-
cantly reduced the production of IL-6 in the ipsilateral
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hemisphere following ICH relative to vehicle-treated
animals.

The production of inflammatory cytokines is at least
partially regulated by activation of signal transduction cas-
cades that involve the mitogen-activated protein kinases
(MAPKSs) and nuclear factor kappa B (NFxB) activation.
Evidence of a role of MAPK activation in the loss of neurons
was suggested by demonstration that extracellular signal-
regulated kinases (ERKs) and p38 MAPKs were phos-
phorylated in the area of the hematoma following ICH [41].
Ohnishi et al. [42] used immunofluorescence co-localization
techniques to show that both neurons and microglia within
the hematoma area exhibit immunoreactivity for phospho-
ERK after collagenase injection. Reduced neuronal loss
upon treatment with inhibitors specific for ERK, p38, and
jun N-terminal kinases (JNKs) provided further support for
MAPK activation playing a critical role in neuron loss fol-
lowing ICH [41]. These data were also recapitulated in the
clostridial collagenase model of ICH where inhibitors of
MAPKSs reduced the neuronal loss that normally accompa-
nies formation of a hematoma [42].

Unfortunately, the MAPK inhibitors do not penetrate the
BBB and, thus, have limited clinical utility in the man-
agement of acute CNS injury. However, we have recently
reported that COG1410, related apoE-mimetic peptides,
and the apoE holoprotein may bind to the SET protein, also
known as inhibitor #2 of protein phosphatase 2A (I2PP2A)
[43]. In a set of experiments, binding of COG1410 to SET
was related to activation of PP2A activity in the brains of
the mice [24]. Because the phosphorylations of p38 [44],
JNK [45], ERK [46], and IxK [47] are downregulated by
PP2A, activation of PP2A in the brain may result in
reduction in the phosphorylations of p38 and IxK. Indeed,
our results showed a significant reduction in p38 phos-
phorylation in the ipsilateral hemisphere of COG1410-
treated mice relative to vehicle-treated animals. COG1410
treatment also reduced the phosphorylation of NFxB,
which is consistent with our previous reports that COG112,
an apoE-mimetic peptide closely related to COG1410,
inhibited NFxB activation through inhibition of IxK sig-
naling [48, 49]. Finally, evidence suggests that both the
intact apoE holoprotein and peptides derived from the
receptor-binding region reduce glial activation and blunt
neuroinflammatory responses in vivo [15]. Cumulatively,
these results suggest that apoE-mimetic peptides represent
a promising, novel therapeutic strategy for the potential
treatment of acute neurological diseases associated with
glial activation and neuroinflammation, including ICH [20,
22, 50, 51].

In summary, we provide data demonstrating that
administration of COG1410 (2 mg/kg) reduces pro-inflam-
matory events in the CNS following induction of ICH. This
was associated with a reduction in microgliosis, cerebral

@ Springer

edema, and improved functional outcome. Moreover,
administration of COG1410 was not associated with any
overt toxicity, and the beneficial effects were retained when
administered up to 2 h after injury, suggesting a reasonable
potential for clinical translation into a pilot trial for patients
with ICH.
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