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ABSTRACT OF THE DISSERTATION

STRATEGIES FOR PROTECTION OF THE BLOOD BRAIN BARRIER IN RODENT
MODELS OF INTRACEREBRAL HEMORRHAGE

by
Derek Sunil Nowrangi
Doctor of Philosophy, Graduate Program in Physiology

Loma Linda University, May 2022
Dr. John Zhang, Chairperson

Intracerebral Hemorrhage (ICH) is a devastating disease that causes a cascade
of both mechanical and molecular injury to the central nervous system. It is a debilitating
disease that has no well-established treatments, thus leaving an important area to study
the pathophysiology of the disease so that new clinically translatable treatments can be
found. In the development of translational treatments in experimental ICH, several
challenges exist including the designing of studies, method to deliver drugs, proper
dosages, and development of models. In our exploration to establish new therapies for
ICH, we studied several methods and models that may help to develop treatments. We
studied the treatment efficacy of insulin-like growth factor-1 (IGF-1) and Adropin, and
inhibition of platelet-derived growth factor receptor-g (PDGFR-B) in protecting against
blood-brain barrier injury and improving hematoma resolution following ICH. Our work
showed that intranasal administration of IGF-1 and Adropin was able to reduce brain
edema, improve neurological behavior, and reduce permeability of the BBB after ICH.
We also found that inhibition of PDGFR- was able to reduce stress fiber formation and
reduce BBB permeability following ICH. Additionally, we have also reviewed and
discussed the current literature on the pathophysiology, potential intervention regions,

and future directions concerning ICH.
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CHAPTER 1
INTRODUCTION
Intracerebral Hemorrhage

Within the medical care practices, stroke is a common but debilitating
disease in which there are approximately 7.6 million incidences in the US per
year and is increasing over time. Intracerebral Hemorrhage (ICH) is debilitating
form of stroke that has a greater morbidity and mortality when compared with
ischemic stroke but accounts for only 10-15% of stroke incidences [1]. Though
stroke is now the fifth leading cause of death in the US, the incidence rates
continue to increase along with health care costs to now be approximately $38.6
billion annually [2]. ICH incidences remain the least treatable form of stroke and
leaves a mortality rate of about 40-50% in the first six months after the initial
incidence [3]. Of the patients that survive the incident 80% are unable to live
independently in the first year. In the clinical setting, the disease is treated using
emergency interventions to regulate blood pressure or to surgically relieve
intracranial pressure. However, with such a high mortality rate even after
emergency treatments, the disease is in dire need of new methods for treating
the patients. Surgical methods are not recommended as they may worsen the
outcomes through the trauma that surgery itself brings and a high post operation
hemorrhage rate [4]. Though elderly and hypertensive patients are displayed as
having the highest incidence rates, no effective screening criteria and
preventative treatments have been developed for the disease because no

underlying malformations or coagulopathy have been found.



Non-traumatic ICH can be considered either primary or secondary.
Primary ICH is a spontaneous incident that has no known underlying
malformations while secondary ICH can be associated with underlying conditions
such as arteriovenous malformations, aneurysm, neoplasia, or coagulopathies [5,
6]. The primary disease is caused when small blood vessels in the brain
parenchyma are ruptured causing blood to fill the extracellular space in the brain.
The resulting accumulation of blood results in physical damage by 1) dissection
of the brain tissue severing white matter tracts and 2) the formation of a mass
effect in the brain space, which causes mechanical stretching of the tissue which
can also produce a compressive ischemia in nearby tissue and increase
intracranial pressure. The mechanical destruction of cells releases several
cellular factors into the extracellular space, which along with the products in the
blood cause the symptoms of the secondary brain injury characteristic of the
disease including blood-brain barrier (BBB) disruption, inflammation,

excitotoxicity, and apoptosis (Figure 1).
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Figure 1. Pathophysiology of ICH showing the difference between the Acute and Delayed

phases of injury. Outcomes after the hematoma formation include cytotoxic

edema, necrosis, BBB disruption, neuronal apoptosis, and inflammation.



Preclinical and Clinical Features

Though an underlying mechanism is currently unknown as to what causes
the disease, risk factors such as hypertension, diabetes, and low serum
cholesterol are known to increase the risk with increasing evidence of ICH
secondary to anti-coagulation therapies [1, 7, 8]. In the primary form of ICH,
hypertensive arteriosclerosis and amyloid angiopathy account for 78-88% of
incidences [9]. Chronic hypertension produces a stage of vascular remodeling
that causes smooth muscle cell proliferation followed by death of these cells [10].
During this stage, the elastic tissue of the vascular wall is lost and collagen is laid
down in a reactive manner [11]. Because of the brittle nature of collagen, these
vessels become primed to break thus resulting in the hemorrhage. Alternatively,
if too much collagen is placed, this may also lead to an occlusion of the vessel.
In amyloid angiopathy associated ICH, there is an increased deposition of 3-
amyloid protein within the brain. Normally, this protein is eliminated from the
brain through bulk flow along perivascular pathways, but an egress failure can
cause an accumulation within the vessels [12]. This causes the vessels to
become less compliant and more susceptible to rupture.

ICH generally occurs in small arteriolar vessels less than 600 ym and
therefore has a slower bleed than in a rupture of larger vessels [13, 14]. Early
sealing of these leaks can help explain the occurrence of asymptomatic
hemorrhages. Additionally, this accounts for the clinical deterioration of the
disease being on a scale of hours rather than minutes [15]. Studies have shown

that most of the hematoma growth occurs within the first six hours following the



symptom onset and has a rate of 36-38% during the first three hours of the
therapeutic window [16, 17]. Hematoma expansion into the ICH occurs in 18-
38% of patients within three hours of the onset but in only 11% of patients after
suggesting that there is an acute mechanism [16, 17]. There is some debate as
to occurrence of aneurysmal bleeding in ICH. Due to the small size of the
vessels affected and the method of vessel wall thinning from hypertension, the
presence of Charcot-Bouchard aneurysms has been suggested as an underlying
structure. However, there is some debate on the existence of these aneurysms
in the disease or at all [18, 19]. These aneurysms are considered fusiform
aneurysms that occur in vessels smaller than 300 um [20] compared to a
saccular aneurysm that is found in subarachnoid hemorrhage [21].

The clinical symptoms of ICH can range from fatal to asymptomatic
(hemorrhage found during autopsy). The outcome severity of ICH is graded on
the volume of the clot and the level of consciousness of the patient measured by
the Glasgow Coma Scale (GCS). A higher volume of blood with a low GCS score
can be a predictor of higher mortality rates [22]. Other predictors of poor
outcomes following the disease include age, heart disease, diabetes mellitus,
and hyperglycemia [23, 24]. The location of a hemorrhage to classify as ICH
remains a major determinant of its etiology. ICH hemorrhages can occur in the
ganglionic (deep gray matter of thalamus or basal ganglia) and lobar (gray and
white matter of frontal, temporal, parietal, or occipital lobes) tissues [24-27].
Additionally, the widespread changes to the brain caused by the disease may

produce a recurrent hemorrhage which will likely occur in the same general



location of the first bleed, but can also produce a satellite hemorrhage in another

area with damaged vessels [28].

Preclinical Surgery Models

Preclinical ICH research has seen the development of several surgical
models to mimic the disease. However, due to their ease of use and
reproducibility, two models of surgery are most commonly utilized to demonstrate
the clinical outcomes after ICH: autologous blood injection and collagenase-
induced hemorrhage [29, 30]. The “blood” model is defined by the injection of
blood into the region of interest in the brain, whereas the “collagenase” model is
defined by the infusion of collagenase in order to produce the hematoma. Both of
these experimental models of mimicking the ICH injury are utilized the region of
the basal ganglia and as such are considered to be models of a ganglionic
hemorrhage. The procedure for both the autologous blood injection and
collagenase models utilizes a stereotactically guided needle that is inserted into a
specific region of the brain of an anesthetized animal. In order to produce a
consistent hemorrhage, a precise volume of autologous whole blood or
collagenase is infused over a particular time. Both models are commonly used
due to their ease of use and reproducibility. However, each model has
fundamental strengths and weaknesses that are inherent in their use.

The autologous blood injection model has been utilized on rodents since
the mid-1980s but has also been adapted to several other species. Whereas

issues of blood reflux along the needle track were considered issues when the



model was first developed, this has since been mostly resolved since the
introduction of the “double-injection” of autologous whole blood technique
developed by Deissberger et al. [31, 32]. The blood injection model is able to
simulate the mechanistic effects of the injury in relation to the presence of blood.
However, because it uses a direct injection of blood, it does not simulate the
small vessel rupture that is considered to be found in the vast majority of
spontaneous ICH cases in humans. Due to this, the model is not useful in
evaluating rebleeding or the effect of vascular breakdown.

The collagenase injection model was introduced by Rosenberg et al. in the
early 1990s to simulate the spontaneous rupture of the small vessels in the brain
and has since been adapted to several species [29]. The collagenase degrades
the collagen of the basal lamina and extracellular matrix around the cerebral
capillaries to cause damage to the BBB and produce a spontaneous hematoma
[33]. Unlike the autologous blood injection model, the collagenase model is able
to mimic the rebleeding and small vascular breakdown effects. However, the
collagenase model is unsuitable to study the inflammatory response of ICH due
to the collagenase itself producing an inflammatory effect unrelated to the

hematoma [34].

Blood-Brain Barrier
Inflammatory, excitotoxic, and apoptotic pathways are commonly known to
be implicated in the pathology of the disease. However, the major concern in

regard to the progression and maintenance of the disease is found from the



damage to the blood-brain barrier (BBB). When the BBB is disturbed, one of the
major results is the formation of edema in the brain. With the elevation of
edema, the swelling of the tissues further increases the mechanical stretch and
elevates the intracranial pressure, both of which can contribute towards cellular
damage [35]. It is therefore our belief that reducing damage to the BBB after ICH
will result in improved outcomes for those with the disease.

The BBB is a unique vascular structure only located in the regions of the
central nervous system where the capillary exchange of substances occurs.
Physiologically, it is considered to be a mechanism of controlling substances that
can enter the brain to protect the delicate structure inside. The basic structure of
the BBB is composed of vascular endothelial cells creating the brain capillary
system, which are surrounded by pericytes, astrocytes, and neuron foot
processes [36, 37].

Endothelial cells act as the major component of the barrier in which
substances must first encounter and as such are commonly referred to as the
BBB itself. The endothelial cells of the brain differ in comparison to those of the
systemic system due to two primary reasons [37-40]. First, no detectable
transendothelial pathways have been recognized in the BBB that utilize
intracellular vesicles. Second, there exists a continuous network of tight
junctions between the brain endothelial cells to prevent the paracellular transport
of materials. These tight junctions located between endothelial cells are
responsible for the function of the BBB, limiting the diffusion of molecules across

by both size and polar properties. The tight junction proteins play an integral part



in preventing unwanted materials from entering the brain space by preventing
transcellular transportation between endothelial cells of the brain capillary system
[41]. These proteins act as barriers anchoring adjacent endothelial cells together
reducing the space available for materials to pass.

In the pathology of ICH, reactive oxygen species, inflammatory cytokines,
and other mediators released from cellular damage signal endothelial breakdown
of these tight junction proteins [41]. With decreased tight junction interactions
between endothelial cells and mechanical stress due to the mass effect, gaps
between the endothelial cells are created and the BBB is disrupted. With the
barrier function damaged, blood products are able to enter the brain space

resulting in the primary concern of ICH: cerebral edema.

Cerebral Edema

Edema is characterized as an irregular accumulation of water in either
extracellular or intracellular spaces. In most traditional literature, edema is
categorized into two divisions: cytotoxic and vasogenic. Cytotoxic edema is a
process in which water is moved into the intracellular space from the extracellular
space to produce cellular swelling without disrupting the blood-brain barrier. On
the other hand, vasogenic edema is characterized as the movement of water
from a damaged BBB, where water travels from the blood to parenchyma [35,
42].

Within the pathology of ICH, though both types of edema are known to be

present, vasogenic edema is considered the primary issue due to its role on gap



junction protein damage [31, 40]. The initial mechanical stretch of the injury
along with the toxic breakdown elements of the blood, damage cells in the
immediate vicinity which release materials such as reactive oxygen species and
cytokines into the extracellular space. These materials spread to regions beyond
the injury site stimulating the breakdown of junction proteins that stitch together
the endothelial cells of the brain capillaries. When these junction proteins are
damaged, gaps in the endothelial layer are produced giving way for paracellular
transport of blood materials into the brain space [36]. Though water is normally
able to freely cross the BBB into the brain, the solute movement from the blood
into the brain shifts the osmotic gradient driving water into the brain thus
producing vasogenic edema. As a consequence of the vasogenic edema, the
cellular swelling produces further mechanical stretch with continued tissue
damage.

Cytotoxic edema is a consequence of changes in the extracellular
osmolarity or in conditions where there is ion redistribution between the
intracellular and extracellular brain compartments. This results in the activation
of transcapillary ion channels that cause water fluxes primarily into astrocytes
and neurons resulting in what is known as cytotoxic edema [43]. This type of
edema has been observed in several pathologies including head trauma,
ischemia, brain tumors, multiple sclerosis, and other vascular diseases. Cytotoxic
edema does not always occur with the disruption of the BBB tight junctions either

physically or functionally. However, if the barrier is affected, this can result in
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cellular, fluid, and protein leakage into the brain parenchyma resulting in

vasogenic edema.

Insulin-like Growth Factor-1 Signaling in the Brain

Insulin-like growth factor (IGF) is a family of proteins that are ubiquitously
expressed in most organisms, including humans and rodents. The name given
to this family of proteins is a consequence of their structural similarity to the
insulin family. The IGF system is composed of two ligands (IGF-1 and IGF-2),
two receptors (IGF-1R and IGF-2R), and six binding proteins (IGFBP-1 through
IGFBP-6) that collectively function in a variety of physiologic mechanisms such
as metabolism, cell growth, and cell proliferation [44, 45]. IGF-1 is the most
abundant of the ligands in circulation and has been confirmed to play a pivotal
role in several physiological functions [46]. IGF-1 is able to bind to both IGF-1R
and IGF-2R as well as insulin receptor, but has an extremely high affinity for the
IGF-1R only binding to the other receptors when concentrations of their
appropriate ligands are severely depleted.

IGF-1/IGF-1R is generally found to signal through the PI3K/AKT pathway
to exert its effects. This pathway has been previously studied to inhibit GSK33
and thus provide its protective functions [46]. GSK3 is an intracellular protein
that has a variety of effects in a cell, but after ICH has a particularly strong effect
in aiding in BBB disruption [47]. GSK3 inhibits the activity of B-catenin through

phosphorylation thus reducing production of tight junction proteins [48, 49].
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Additionally, GSK3 works in conjunction with c-Jun/JNK inflammatory
pathways to produce MMP9 [50, 51]. In its active form, GSK3p acts by
physically binding to and phosphorylating mitogen activated kinase (MEK) kinase
1 (MEKK1) an important regulator of MEK [52]. MEK phosphorylates and
activates c-Jun N-terminal Kinase (JNK) which activates activated which
degrades collagen |V found in the basal lamina. Degradation of the basal lamina
produces porous entries for materials that pass the tight junction barrier to enter

the brain.

The role of IGF-1 in Neuroprotection and Neurogenesis

The receptor has previously been found to be located in the human brain
in several regions including the hippocampus, amygdala, parahippocampal
gyrus, cerebellum, cerebral cortex, caudate nucleus, substantia nigra, red
nucleus, white matter, and cerebral pedunculus [53]. In the adult brain, the
majority of neurogenesis has been terminated besides a select few areas such
as subventricular zone and dentate gyrus of the hippocampus. Interestingly, the
progenitor cells in this area have demonstrated increased proliferation in
response to introduction of IGF-1 in both in vitro and in vivo models [54, 55].

Stress, depression, and aging have both been implicated in reduced IGF-1
levels and a decline in serum IGF-1 has been associated with age-related
cognitive decline in the elderly population [54, 56]. However, it has been
observed that brain injury stimulates an increase in neurogenesis and an

increase of IGF-1 in the brain. It has been noted that in the acute stages of
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stroke, serum IGF-1 levels are greater and that it is found in lower quantities in
the older population suggesting it is found higher in the rehabilitation phase of
stroke [54, 56, 57]. Further studies have observed that ischemic stroke patients
with high endogenous serum IGF-1 levels showed greater neurological symptom
improvement than those with low IGF-1 levels [58].

Most studies of IGF-1 regarding the central nervous system (CNS) are
related to its effects on neuroplasticity and neuronal survival, but a few have also
described its effect on the BBB. In animal models, it has been shown to reduce
ischemic size in ischemic stroke animal models [59, 60]. Given together with
EPO, it was also shown that there were improved outcomes in an MCAO model
as well [61]. In a model examining the neurotoxic effects of nanoparticles, it was
found that pretreatment with IGF-1 was able to reduce BBB breakdown and

edema formation [62].

Conclusion
ICH is a disease that has several mechanisms involved to exert its

deleterious effects. The acute severity of the injury makes treatment modalities
difficult to develop. Research shows that treating for BBB injury and edema
formation are primary focuses due to the swelling of the brain being the primary
factor in determining the severity of the disease progression. The role of IGF-1 in
stroke is a promising area of study as it has been observed in other neurological
disorders to be dysregulated. Its ability to promote synaptic plasticity and its

effects as a neurotrophic and BBB injury sparing peptide suggest that its role in
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the recovery phase of stroke is an important modulator. However, its use must be
carefully monitored as well due to its role as a tumor promotor [56]. Though it
may provide a useful target for treatments of neurological diseases including
stroke, consideration on the dosage and route of administration must be carefully
elucidated. In our study, we will examine if the BBB can be preserved with
administration of exogenous IGF-1. We will also discuss other methods that we
have utilized to show how BBB injury can be reduced including the administration

of Adropin and inhibition of PDGFR-.
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Abstract

Disruption of the blood-brain barrier results in the formation of edema and
contributes to the loss of neurological function following intracerebral hemorrhage
(ICH). This study examined insulin-like growth factor-1 (IGF-1) as a treatment
and its mechanism of action for protecting the blood-brain barrier after ICH in
mice. 171 Male CD-1 mice were subjected to ICH via collagenase or autologous
blood. A dose study for recombinant human IGF-1 (rhIGF-1) was performed.
Brain water content and behavioral deficits were evaluated at 24 and 72 hours
after the surgery, and Evans blue extravasation and hemoglobin assay were
conducted at 24 hours. Western blotting was performed for the mechanism
study and interventions were used targeting the IGF-1R/GSK33/MEKK1
pathway. rhlGF-1 reduced edema and blood-brain barrier permeability, and
improved neurobehavior outcomes. Western blots showed that rhIGF-1 reduced
p-GSK3B and MEKK1 expression, thereby increasing occludin and claudin-5
expression. Inhibition and knockdown of IGF-1R reversed the therapeutic
benefits of rhiIGF-1. The findings within suggest that stimulation of the IGF-1R is
a therapeutic target for ICH which may lead to improved neurofunctional and

blood-brain barrier protection.
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Introduction

Intracerebral hemorrhage (ICH) is one of the most dangerous forms of
stroke that currently has no effective treatments. Among the several pathological
sequelae of ICH, the hematoma-induced breakdown of the blood-brain barrier
(BBB) is one of the major concerns which plays a critical role in the
pathophysiology of the disease [1, 2]. Loss of endothelial tight junction proteins
contribute to increased permeability of the BBB leading to the formation of
vasogenic edema and a deterioration of neurological functions [3, 4]. Previous
studies have demonstrated that the protection and recovery of tight junction
proteins decreases the severity of the ICH injury with improved neurological
outcomes [5].

Insulin-like growth factor 1 (IGF-1) is highly selective for the IGF-1
receptor (IGF-1R), which is expressed on several cell types in the brain including
neurons, astrocytes, and endothelial cells [6-8]. Canonically, stimulation of the
IGF-1R causes of the phosphatidylinositol 3-kinase (PI3K)-Akt pathway thus
attenuating glycogen synthase kinase-3 (GSK3p) activation [9, 10]. Previously,
our lab demonstrated that preventing activation of glycogen synthase kinase-33
(GSK3p) reduces edema and damage to the BBB following injury through
protecting tight junction proteins [5]. GSK3p physically binds to and activates
mitogen-activated protein kinase (MAPK) kinase (MEK) kinase 1 (MEKK1), an
important stimulator of the c-Jun/JNK pathway, which has been shown to

increase MMP9 production [11, 12]. GSK3p has also been shown to reduce
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expression of the tight junction proteins occludin and claudin-5, indicating an
increase in the permeability of the barrier [13].

IGF-1 has been previously described to have protective effects in ischemic
brain injury models, however the role of this growth factor remains unexplored in
ICH. In addition, the role and mechanism by which IGF-1 and IGF-1R protects
the BBB is not completely understood. We hypothesize that IGF-1 will decrease
the permeability of the BBB and reduce edema in an ICH mouse model via IGF-
1R stimulation, reducing GSK3B/MEKK1 activation, to prevent the loss of tight

junction protein expression.

Materials and Methods
Animal Care
All procedures were done in accordance to institutionally approved
protocols and the NIH Guide for Critical Care and Use of Laboratory Animals.
Male CD-1 mice from Charles River, Wilmington, WA were housed in a light and

temperature controlled room with access to water and food.

Intracerebral Hemorrhage Surgery
Intracerebral hemorrhage was induced either by sterile collagenase type
VIl infusion or a double injection of autologous blood both which we have
previously utilized [5, 14]. Mice were anesthetized using an intraperitoneal (i.p.)
co-injection of ketamine (100 mg/kg) and xylazine (10 mg/kg). An incision on the

scalp was made to reveal the location of bregma and the mouse then positioned
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on a stereotactic head frame (Stoelting Company, Wood Dale, IL). A small burr
hole was created (coordinates from bregma: 0.2 mm anterior, 2.2 mm right
lateral) for the insertion of a 27-gauge Hamilton needle (Hamilton Company,
Reno, NV). A 10 yl or 250 pl Hamilton needle was filled with collagenase or
autologous whole blood respectively and lowered into the burr hole. For the
collagenase injection model, 0.075 U (dissolved in 0.5 ul of PBS) of collagenase
was infused into the right hemispheric basal ganglia at a rate of 0.1667 pl/min
and a depth of 3.5 mm. For the autologous blood injection model, 5 ul of blood
was first injected at a rate of 2 pl/min and depth of 3.0 mm. The needle was then
lowered to 3.7 mm where following a 5-minute wait, 25 yl was injected at a rate
of 2 yl/min. All infusions were controlled with a micro perfusion pump (Harvard
Apparatus, Holliston, MA). Following the infusions, the needle was left in place
for 5 minutes before being retracted at a rate of 1 mm/min. Sham operated
animals were only subjected to the needle insertion. Following the retraction of
the needle, the burr hole was sealed using bone wax and the scalp sutured. All
animals received subcutaneous (s.c.) injections of 0.2 ml of saline into each flank
(0.4 ml total) while the mice were placed on a warm heating pad for recovery and
observation. During the surgery, all animals were temperature regulated using a

heating pad with a rectal probe.

siRNA Intracerebroventricular Injection
Two different IGF-1R siRNAs (Cell Signaling and Santa Cruz

Biotechnology) were mixed and administered via intracerebroventricular (i.c.v.)
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injection [15]. Briefly, both siRNAs were prepared following the manufacturer’s
instructions by dissolving in sterile RNase-free water. Mice were anesthetized
with ketamine (100mg/kg) and xylazine (10mg/kg) i.p. co-injection. The IGF-1R
siRNA mixture and scramble siRNA (100 pmol) was administered via i.c.v. 24
hours before ICH induction as previously described [16, 17]. A small burr hole
was created at 1.0 mm left lateral from bregma) and a 27-gauge Hamilton needle
lowered to 2.3 mm deep and infused at 0.67 pl/min. The needle was left to rest
for 5 minutes and then retracted at a rate of 1 mm/min. Following the retraction,

the burr hole was sealed with bone wax and scalp sutured.

Experimental Groups and Pharmacological Interventions

A total of N=171 (Experimental N=168; Exclusions N=3) animals were
used in this study with 3 animals excluded due to mortality during the surgery
procedure (1 Vehicle, 1 rhIGF-1 + AG1024, 1 rhIGF-1 + scramble siRNA).
Experimental groups consisted of mice subjected to either sham surgery (N=30),
collagenase-induced ICH (n=126), or autologous whole blood-induced ICH
(N=12). Animals were randomly selected for treatments following the ICH
surgery. Recombinant human IGF-1 (rhIGF-1; Cell Signaling) was prepared in
concentrations of 10 ug (N=12) or 50 pg (N=66) in 12 ul of PBS and given
through intranasal (i.n.) administration 3 hours after the surgery [18, 19].
Alternatively, a daily dose of 50 ug rhiIGF-1 (N=6) was given starting 3 hours after
the surgery up to 72 hours after the surgery. AG1024 (Santa Cruz

Biotechnology), a specific inhibitor of the IGF-1R, was given in 40 pug/100 pl
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through i.p. injections 1 hour after the surgery [20, 21]. Preparation of scramble
siRNA and IGF-1R siRNA was previously discussed. 50 ug rhIGF-1 was given
alone or in combination with AG1024 (N=12), scramble siRNA (N=12), or mixed
IGF-1R siRNA (N=12). Temperature and heart rate were monitored for variations
throughout the surgery as well as before neurological testing and animal

sacrifice.

Neurobehavioral Assessment

A blinded investigator performed all neurological testing. The modified
Garcia Neuroscore, corner turn evaluation, and forelimb placement exam were
utilized to examine sensorimotor deficits in mice at 24 and 72 hours after the
surgery [22]. The modified Garcia Neuroscore evaluates the animals
sensorimotor abilities using 7 tests including 1) spontaneous activity, 2) side
stroking, 3) vibrissae proprioception, 4) limb symmetry, 5) lateral turning, 6)
forelimb walking, and 7) climbing [23]. Performance for each individual test was
graded on a scale of 0 (worst performance) to 3 (best performance) with the sum
of the scores (max = 21) providing the overall performance of the animal. For the
corner turn exam, animals advanced into a 30° corner and the direction rotated to
exit the corner was recorded (10 or 20 total trials). A turn was counted when the
animal completes its rotation by lifting its forepaws to the sidewall and then
returning to the ground in a direction opposite of the corner. The overall
performance was evaluated as the number of left turns/total turns x 100 (%). The

forelimb placement exam evaluates the reflex motor capabilities of the animal.
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The animal is lightly restrained, and vibrissae-stimulation provided to both
ipsilateral (10 trials) and contralateral sides (10 trials). The overall performance
was recorded as the number of times the forelimb elicited a reaching
response/number of trials x 100 (%). Mice that were sacrificed at 72 hours were

tested for neurobehavior at both 24 and 72 hours following the surgery.

Measuring Brain Water Content

Brain water content was evaluated at 24 and 72 hours after the ICH
surgery using the wet/dry method [15]. Briefly, mice were anesthetized with
isofluorane and decapitated. The brains were quickly removed, and a coronal
brain section of 4 mm centered on the needle tract was separated into ipsilateral
and contralateral cortex and basal ganglia regions as well as the cerebellum for
individual analysis. All sections were weighed on an analytical microbalance
immediately to produce a wet weight and after 24 hours (100°C) to get a dry
weight. To calculate the brain water content, the formula used was: (wet weight-

dry weight)/wet weight x 100.

Evans Blue Extravasation
Blood-brain barrier permeability was examined 24 hours after the ICH
surgery through evans blue extravasation as described before [24]. Briefly, an
|.P. injection of 2% evans blue dye was given to the mice 3 hours before a
transcardial perfusion with 100 ml PBS. The brain was separated into right and

left hemisphere, frozen with liquid nitrogen, and stored at -80°C. 1000 ul of PBS
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was added to the right hemisphere tissue, which was homogenized and
sonicated. The mixture was then centrifuged for 30 minutes at 14000 rpm and
4°C. A mixture comprised of 500 pl of supernatant and 500 ul of 50%
Trichloroacetic acid (TCA) was created and left to incubate at 4°C overnight
before centrifuging again. The resulting mixture was then transferred to the
spectrophotometer for analysis. A standard curve was created to analyze the

data. The data is represented as pg of Evans Blue Dye/g of tissue.

Hemoglobin Assay
For hematoma evaluation, the blood volume in the brain was examined
using a hemoglobin assay [24]. Briefly, 200 pl of the supernatant collected from
the Evans Blue method described above was mixed with 800 ul of Drabkins’s
reagent (Sigma Aldrich) and left to incubate for 15 minutes at room temperature.
The resulting mixture was then transferred to the spectrophotometer for analysis.
A standard curve was created to analyze the data. Values are represented as pl

of hemoglobin/hemisphere.

Western Blotting
Animals were euthanized at 0, 3, 6, 12, 24, and 72 hours for western blot
analysis. At each time, animals were heavily sedated using isofluorane and
euthanized through transcardial perfusions using 100 pl of PBS. The brain was
divided into hemispheres and then frozen in liquid nitrogen and stored at -80°C.

The right and left hemispheres were removed from -80°C storage and weighed
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before being homogenized in lysis buffer. After resting for 30 min, the samples
were centrifuged for 20 minutes at 14000 rpm and 4°C. The supernatant was
collected, and the protein concentration was analyzed using a
spectrophotometer. Western blots were done using the following primary
antibodies. Anti-B-actin (1:2000), anti-p-GSK3 (Y216; 1:500), anti-GSK3
(1:500), anti-MEKK1 (1:500), anti-Occludin (1:1000), and anti-Claudin 5 (1:1000)
were purchased from Abcam Inc. (Cambridge, MA). Anti-IGF-1 and anti-IGF-1R
were purchased from Santa Cruz Biotechnology. (Santa Cruz, CA). The optical
bands were visualized using ECL Plus (GE Healthcare Life Sciences) and

analyzed with Image J Software (National Institute of Health).

Statistical Evaluations

Data was expressed as mean * Standard Deviation (SD) for brain water
content, corner turn, forelimb placement, Evans blue, hemoglobin assay, and
western blots. Significance analysis between groups was calculated using a
One-Way Analysis of Variance with a Tukey post-hoc. Data for Modified Garcia
neuroscore was expressed as median * Interquartile Range (IQR). Significance
analysis between groups was calculated using a Kruskal-Wallis One-Way
Analysis on Ranks with Dunn’s post-hoc test. Significance was indicated with a P
value of <0.05, unless otherwise noted. Statistical power was calculated for
determining sample size using previously published data for brain water content
in the ICH models before starting the study. Analysis was done using 3=0.80,

0=0.05, and a SD of 0.75. 6 mice were allocated to each group in the brain water
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content experiments with a minimal detectable difference in the means of 1.35.

All statistics were generated using SigmaPlot version 11.0 (Systat Software).

Results
High Dose of rhIGF-1 Reduces Brain Edema and Improves Neurobehavior
at 24 Hours after Collagenase Induced ICH
Brain water content (N=6/group) and neurofunctional deficits (N=12-

18/group) were examined at 24 hours following the surgery in the collagenase
injection model. No animals were excluded from this experiment and no
mortalities were found in any groups. All groups were compared to sham (* =
P<0.05) and vehicle (# = P<0.05) groups. For brain water content, groups in
tissue regions were compared independently. Mice subjected to ICH with vehicle,
low dose (10 ug) of rhIGF-1, high dose (50 pg) of rhiIGF-1, AG1024 with high
dose of rhIGF-1, or IGF-1R siRNA with high dose of rhIGF-1 displayed
significantly elevated brain water content compared with sham-operated animals
in the ipsilateral basal ganglia (*p<0.05; Figure 2A). However, the high dose of
rhIGF-1 and scramble siRNA with high dose of rhIGF-1 groups showed
significantly decreased brain water content in the ipsilateral basal ganglia
compared to vehicle (#p<0.05, Figure 2A). No significance was found with the
scramble siRNA with rhIGF-1 group compared to sham (p>0.05). No significant
differences were calculated between groups for the ipsilateral cortex,

contralateral cortex and basal ganglia, and the cerebellum (p>0.05).
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Mice subjected to ICH with vehicle (N=18) showed significant
neurobehavior deficits as compared to the sham (N=18) operated animals
(p<0.05; Figure 2B-D). The low dose of rhIGF-1 (N=12) was unable to improve
behavior scores in any test. However, the high dose of rhIGF-1 (N=18) displayed
an improvement to behavior scores as compared to the vehicle animals in all
tests (p<0.05; Figure 2B-D), but remained significantly different from the sham
group in the Corner Turn and Forelimb Placement tests (p<0.05; Figure 2C and
1D). The AG1024 (N=12) and IGF-1R siRNA (N=12) groups with the high dose
of rhIGF-1 failed to demonstrate improved neurobehavior scores in all three tests
(p>0.05). The scramble siRNA (N=12) group with the high dose of rhIGF-1
showed improved scores for all tests compared with vehicle (p<0.05: Figure 2B-
D), but remained statistical significance different from the sham group in the

Corner Turn Test (p<0.05; Figure 2C).
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Mg rhiGF-1, and IGF-1R siRNA + 50 ug rhIGF-1 groups). A, C, D: Values are
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compared with sham, #P<0.05 compared with vehicle.
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Daily Administration of 50 ug rhiIGF-1 Reduces Brain Edema and Improves
Neurobehavior at 72 Hours After Collagenase Induced ICH

Brain water content (N=6/group) and neurofunctional deficits (N=6/group)
were examined at 72 hours following the surgery in the collagenase injection
model. In this experiment, 1 mouse under the “ICH + Vehicle” group was omitted
due to mortality during the surgery procedure. All groups displayed statistically
significant elevated brain edema compared with sham-operated animals in the
ipsilateral basal ganglia (p<0.05; Figure 3A). The high dose of rhIGF-1 given
daily showed significantly decreased brain water content in the ipsilateral basal
ganglia compared to vehicle (p<0.05). No statistical differences were observed
between groups for the ipsilateral cortex, contralateral cortex, basal ganglia, and
cerebellum (p>0.05). Within the ipsilateral cortex, 10 ug of rhIGF-1 displayed a
slight elevation to edema compared to sham but did not reach significant
differences (p=0.059).

Mice subjected to ICH with vehicle, low dose of rhIGF-1, and high dose of
rhIGF-1 showed significant neurobehavior deficits as compared to the sham
operated animals (p<0.05; Figure 3B-D). However, the high dose of rhIGF-1 (50
Mg) given daily displayed improved scores in the Modified Garcia Neuroscore and
Corner Turn tests as compared to the vehicle animals (p<0.05; Figure 3B and
3C). The daily dose of rhIGF-1 group was not significant to sham or vehicle

groups in the Forelilmb Placement test (p>0.05; Figure 3D).

33



A

Brain Water Content (%)

Cc

Left Turns (%)

Figure 3.

Brain Water Content (72 Hr)
[Jsham 1 10ug rhiGF-1 [E= paily 50,1 rhIGF-1
[l Vehicle 509 rhiGF-1

85 4 *

84 — 'l' #

83 —

82

81 —
80 —
79 —
78 —
77

4
76 H 4 H H H
Basal Ganglia Cortex Basal Ganglia Cortex Cerebellum

Ipsilateral Contralateral

Corner Turn (72 Hr)
[Isham 1 10ug rhiGF-1 [E=] paily 50ug rhiGF-1
[l Vehicle 50 rhIGF-1
70 4
#
60 —
*
50 —
40
30
20 —
10 —
0

Collagenase injection ICH model at 72 hours. (A) Brain water content at 72 hours
(N=6 per group). (B) Modified Garcia neuroscore (N=6 per group). (C) Corner
turn test (N=6 per group). (D) Forelimb placement test (N=6 per group). A, C, D:

Values are expressed as meanzSD. B: Values expressed as medianzlQR.

B

Neuroscore

D

21

18 —

15 —

12 —

Modified Garcia Neuroscore (72 Hr)

* #
T T T T T
& g N N N
g © £ K £
& & & & &
o @@ 6?&
‘-b\\i

Forelimb Placement (72 Hr)
[Jsham 1101 rhiGF-1 E=] paily 50ug rhiGF-1
Il vehicle 50yg rhIGF-1

__100

Left Paw Placements (%

©
o

o
o

'S
=)

n
o

o

*P<0.05 compared with shame, #P<0.05 compared with vehicle.

34



High Dose of rhIGF-1 Reduces Brain Edema and Improves Neurobehavior
at 24 Hours after Autologous Blood Induced ICH

Brain water content (N=6/group) and neurofunctional deficits (N=6/group)
were examined at 24 hours following the surgery in the autologous blood
injection model. No animals were excluded from this experiment and no
mortalities were found in any groups. Mice subjected to ICH with vehicle
displayed significantly elevated brain water content compared to sham-operated
animals (p<0.05; Figure 4A). A mild improvement was found in the high dose of
rhIGF-1 treatment group compared to the vehicle operated group (p=0.048).
Additionally, the rhIGF-1 remained significantly different to the sham group
(p<0.05). No statistically significant differences were calculated between groups
for the ipsilateral cortex, contralateral cortex and basal ganglia, and the
cerebellum (p>0.05).

Mice subjected to ICH with vehicle showed significant neurobehavior
deficits as compared to the sham-operated animals in all exams (p<0.05; Figure
4B-D). The high dose of rhIGF-1 displayed improved neurobehavior scores
compared to vehicle in the Modified Garcia Neuroscore and Forelimb placement
exam (p<0.05; Figure 4B, D). The high dose of rhIGF-1 failed to significantly

improve scores for the Corner Turn test (p>0.05; Figure 4C).

35



A

Brain Water Content (%)

Cc

Left Turns (%)

Figure 4.

Brain Water Content (24 Hr)
[Jsham [l vehicle 50pg rhiGF-1
85 —
84 —
83 —
82 —
81—
80 —
79 —
78 —
77

Ipsilateral Contralateral

Corner Turn (24 Hr)

[CIsham [l Vehicle 23 5019 rhiGF-1

~
=
|

>
o
]
—

a2 o
s ©
1 1

w
S
1
*

N
o
|

o
|

-

o

Blood injection ICH model at 24 hours. (A) Brain water content at 24 hours (N=6
per group). (B) Modified Garcia neuroscore (N=6 per group). (C) Corner turn test
(N=6 per group). (D) Forelimb placement test (N=6 per group). A, C, D: Values

are expressed as meantSD. B: Values expressed as mediantlQR. *P<0.05

B Modified Garcia Neuroscore (24 Hr)

Neuroscore

I I
N
« <
> <Q
o &\

)

N

D Forelimb Placement (24 Hr)
[Isham [l vehicle 74 50ug rhiGF-1

100 — I

©
S
1

@
=3
1

*
#
]

7

IS
S
1

Left Paw Placements (%)
S
1

o

compared with sham, #P<0.05 compared with vehicle.

36



rhiGF-1 Decreases Blood-Brain Barrier Permeability but Does Not Change
Hematoma Volume at 24 hours after ICH

Based on the results from the previous experiments measuring brain
edema and neuroscores, the high dose of rhIGF-1 (50 pg) was used for the
following studies. No animals were excluded from this experiment and no
mortalities were found in any groups. Figure 5A displays representative images
of the hematoma formed in the collagenase induced ICH model at 24 and 72
hours following the surgery and the autologous-blood induced ICH model at 24
hours after the surgery. Animals from sham, vehicle, and rhIGF-1 treatment
groups were tested for blood-brain barrier functionality at 24 hours following the
collagenase induced ICH surgery using Evans Blue Extravasation assays
(N=6/group). The ICH with vehicle group and rhIGF-1 group exhibited a
statistically significant increase in Evans Blue content compared with sham
animals in the ipsilateral hemispheric tissue (p<0.05; Figure 5B). However,
rhlGF-1 significantly reduced the amount of Evans Blue present in the brain as
compared to the vehicle group, thus suggesting a preserved BBB integrity
(p<0.05).

Hemoglobin assays were used to determine if changes to edema and BBB
integrity outcomes were a result of a change in hematoma size (N=6/group). ICH
with vehicle animals showed a significantly greater amount of hemoglobin
content as compared to the sham animals (p<0.05, Figure 5C). rhlGF-1 also
showed significantly higher hemoglobin content than sham animals (p<0.05), but

failed to demonstrate a significant change as compared to vehicle (p>0.05).
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Figure 5. (A) Representative images of hemorrhage location and size at 24 and 72 hours

for both collagenase injections and blood injections. (B) Evans blue extravasation
at 24 hours after collagenase injection (N=6 per group). (C) Hemoglobin assay
at 24 hours after collagenase injection (N=6 per group). Evans blue and
Hemoglobin assay completed on ipsilateral hemisphere. Values are expressed

as meanzSD. *P<0.05 compared with sham, #P<0.05 compared with vehicle.
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Endogenous IGF-1 but not IGF-1R expression is decreased following ICH
Western Blot analyses of endogenous levels of IGF-1 and IGF-1R were
examined in the ipsilateral brain tissue at 3, 6, 12, 24, and 72 hours after the
collagenase induced ICH surgery and compared to sham-operated tissue
collected 24 hours after the surgery (N=6/group). No animals were excluded
from this experiment and no mortalities were found in any groups. Changes in
the expression of IGF-1 were found to exhibit an increase from 12 hours to 72
hours after the injury compared to sham results (p<0.05; Figure 6A). IGF-1R
protein expression did not exhibit any significant changes at any time point

compared to sham (p>0.05; Figure 6B).
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Figure 6. Western blot analysis of (A) IGF-1 and (B) IGF-1RB. N=6 per time point. Values
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rhiGF-1 reduces p-GSK3p and p-MEKK1 expression and increases
Occludin and Claudin 5 expression
Western Blot analyses of the ipsilateral brain hemisphere were conducted

at 24 hours following the collagenase induced ICH surgery (N=6/group). In this
experiment, 1 mouse under the “ICH + rhIGF-1 + scramble siRNA” group and 1
from the “ICH + rhIGF-1 + AG1024” group were omitted due to mortality during
the surgery procedure. Sham and vehicle samples were shared from the
previous experiment. Changes in the protein expression of p-GSK33, MEKK1,
Occludin, and Claudin 5 were quantified between groups (Figure 7A-D). p-
GSK3[ was decreased in the rhIGF-1 and rhIGF-1+scramble siRNA groups
compared to the vehicle group (p<0.05; Figure 7A). AG1024 and IGF-1R siRNA
increased expression of p-GSK3p compared to the sham group (p<0.05).
MEKK1 expression was decreased in the rhIGF-1, AG1024, and scramble siRNA
groups compared to the vehicle group (p<0.05; Figure 7B). IGF-1R siRNA
elevated MEKK1 expression so it was no longer significant compared to the
vehicle group (p>0.05). Occludin and Claudin 5 expression was decreased in the
vehicle, AG1024, and IGF-1R siRNA groups compared to the sham group
(p<0.05, Figure 7C+D), whereas expression was elevated in the rhIGF-1 and
rhlIGF-1+scramble siRNA groups so that it was no longer significant to sham

(p>0.05).
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Discussion

The first aim of this study was to investigate if IGF-1R agonist rhIGF-1
could ameliorate brain edema and behavioral deficits after experimental ICH in
mice. It is well known that basal ganglia hemorrhages lead to debilitating
neurofunctional deficits in humans [25]. The high dose of rhIGF-1 (50 pg)
significantly improved edema and neurobehavior outcomes in the Garcia, corner
turn, and forelimb placement test at 24 hours after surgery (compared to vehicle)
in the collagenase injection model while showing improvements in edema and
Garcia and forelimb placement tests in the blood injection model. Interestingly,
both doses of rhIGF-1 were unable to improve edema or neurobehavior at 72
hours in the collagenase injection model. However, giving a daily dose of 50 pg
of rhIGF-1 did show improvements 72 hours after ICH. The half-life of rhIGF-1
has been previously reported to be 10-12 hours and may suggest that the
continued injury of ICH can overpower a single dose beyond the initial 24 hours
[26]. This may help to explain our observations and this data suggests that a
continued treatment regimen may be needed for long-term studies on the use of
rhIGF-1 on neuroprotection.

Our second objective was to determine if rhIGF-1 stimulation would
decrease MEKK1/GSK3p activation thus decreasing BBB injury. Few
experimental studies have evaluated the effects of IGF-1 treatment after
ischemic stroke, but little information is given to its effect after a hemorrhagic
stroke [18, 19, 27-29]. Additionally, the role of IGF-1 in BBB preservation is not

well documented, but few studies suggest a protective effect [6, 30, 31]. The
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improvement to edema by rhiGF-1 provides the initial evidence in this study to
suggest that rhIGF-1 is able to stimulate the protection of the BBB. To further add
support, we found that rhiIGF-1 was also able to decrease permeability of the
BBB through Evans blue extravasation (Figure 5). Indeed, a previous study of
ours showed that rhIGF-1 decreased BBB permeability in a germinal matrix
hemorrhage model [32]. rhIGF-1 treatments did not, however, have any effect on
the hematoma volume. This suggests that the injury model is stable, and the
amount of bleeding is not affected by the treatment. Since the bleeding remains
consistent between the groups, this indicates that the decrease in edema and
Evans blue amount is a result of BBB permeability changes and not a result due
to the amount of blood or severity of the injury.

The IGF-1R is located ubiquitously in several cell types including BBB
forming endothelial cells [33, 34]. Stimulation of the IGF-1R has been shown to
activate PI3K-Akt signaling [35]. Additionally, Akt has been reported to reduce
MEKK1 and GSK3p activation [36, 37]. GSK3p activation (phosphorylation at
Tyr216) has been correlated to loss of tight junction expression including
occludin and claudin-5 [5, 38]. In connection with this theory, we found that there
was greater p-GSK33 and MEKK1 expression and decreased occludin and
claudin-5 expression in the brains of ICH animals, but that rhiIGF-1 administration
reversed these levels.

In order to ensure stimulation of the IGF-1R produced beneficial effects
through this pathway, we administered AG1024 (a pharmaceutical competitive

inhibitor of the receptor) and IGF-1R siRNA (to decrease the availability of the
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receptor) to try preventing the effects of the rhIGF-1 treatments [39, 40]. Both
interventions reversed the beneficial effects on edema and neurobehavior by
rhiIGF-1 at 24 hours in the collagenase injection model. Additionally, both also
inhibited the effects of rhIGF-1 on protein expression levels of p-GSK3p,
occludin, and claudin 5. However, AG1024 was unable to reverse the effect on
MEKK1. Several reasons may explain why AG1024 was unable to change the
levels of MEKK1 significantly. First, it could be that MEKK1 is not a major
signaling molecule in the pathway we initially hypothesized. MEKK1 is a protein
that is part of a signaling pathway activated by p-GSK3[ and is involved in the
activation of JNK and NFkB pathways [41, 42]. However, GSK3[3 has been
demonstrated to signal several other downstream pathways that may have led to
the change in occludin and claudin proteins [38, 43-46]. However, because IGF-
1R siRNA was able to change the levels of MEKK1, this suggests there is a
relationship with IGF-1R stimulation and MEKK1. Another possibility is that the
toxic environment from the hemorrhage produced may prevent AG1024 from fully
being able to produce its effect. IGF-1R siRNA was given 24 hours before the
induction of the hemorrhage to decrease the available receptors that signaling
can occur through, while AG1024 was given after the hemorrhage has been
induced. Further studies are needed to determine the pathway that rhiIGF-1 may
confer its protective effects.

Interestingly, though we demonstrated that the high dose of rhIGF-1
improves edema and neurofunctional outcomes at 24 hours in the collagenase

injection model, the protein expression of MEKK1 and occludin were only mildly
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improved. Additionally, there was only a mild improvement of edema and
behavior in the blood injection model. Several factors can contribute to these
results. First, rhIGF-1 may also effect cytotoxic edema [47]. We utilized both
brain water content and Evans blue extravasation to evaluate BBB integrity.
While brain water content can account for both cytotoxic and vasogenic brain
edema, the Evans blue assay only observes BBB permeability through means of
vasogenic brain edema [48, 49]. It is generally accepted that both forms of brain
edema are present 24 hours after ICH [50]. Second, the pathophysiological
mechanisms of edema formation may be different between the collagenase and
blood injection models. The collagenases infused are proteolytic enzymes that
may have a greater effect on the BBB than the autologous blood [51]. In
addition, the edema formed from the blood injection model may also be more
associated from the clot retraction causing serum extrusion [52, 53]. As the
mechanism of IGF-1 protection in this study is more appropriate to treating
vasogenic edema, this may account for the milder improvements observed in the
blood injection model. Third, treatments with rhIGF-1 may also improve
outcomes through mechanisms of anti-inflammation and anti-apoptosis, which
were not evaluated in this study [19, 54-56]. Finally, this may be a result of a
difference in the sample sizes. Though the N values were consistent between the
brain water content experiments, the changes in the sample size varied in the
neurobehavioral outcomes as more experiments were done using the

collagenase model.
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Previous ischemic studies have shown that IGF-1 treatments can reduce
the injury development promoting its use as a potential clinical treatment [19, 21].
However, some debate exists if IGF-1 will cross the blood-brain barrier effectively
to exert its role on the cerebral tissues. Previous studies have therefore utilized
the intranasal administration route to effectively deliver the drug to the brain [18].
Utilizing this method, it was shown to effectively cross-the blood-brain barrier and
protect against neuronal apoptosis. Though our study aims to study the blood-
brain barrier and we would have no need to directly bypass it, we also applied
the intranasal administration method to provide the maximum effectiveness to the
cerebral tissues. We decided to use 50 ug of rhIGF-1 due to previous studies in
neuroprotection showing positive effects using this dose [19]. Being wary of the
tumorigenic properties that high levels of IGF-1 can stimulate, we decided to
observe if a lower dose (10 ng) can also stimulate the neuroprotective qualities
as lower doses have shown positive effects in other models of brain injury [18].
Our recording of physiological parameters did not show significant variations to
temperature and heart rate with administration of rhIGF-1, AG1024, scramble
siRNA, or IGF-1R siRNA (data not shown).

Some limitations exist for this study that suggest a need for further
studies. Though we were able to show that 50 pg of rhIGF-1 was able to show a
certain level of neuroprotection, it still showed statistical significance in
comparison to sham in several of the experiments including brain water content,
neurobehavioral assessments, and Evans blue extravasation. Though Evans

blue extravasation is a marker for blood-brain barrier permeability, it examines
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permeability based on the size of the openings that allow for the dye to infiltrate
the brain [57]. Newer techniques such as albumin extravasation and histological
analysis using fluorescent markers may provide more insight [58]. Other
histological studies are needed to determine if there was a neuroprotection of the
other cell populations by rhIGF-1. Furthermore, this study only viewed rhIGF-1
treatments given up to 3 days daily. Though an improvement in edema and
neurobehavior can be seen up through that time, it is uncertain if continued
treatments beyond this period of time will continue to show benefits to edema or
for other potential protective effects from conditions of apoptosis or inflammation.
In summary, IGF-1R agonist rhIGF-1 reversed ICH-produced edema and
neurobehavior deficits in both collagenase and blood injection models of ICH. In
addition, these outcomes were paralleled by improved BBB integrity and
molecular elevation of occludin and claudin-5 expression. However, IGF-1R
antagonism by AG1024 and IGF-1R siRNA reversed the treatment effects on
edema, behavior, and molecular expression. Based on these findings, we
conclude that IGF-1R induced activation of the PI3K-Akt pathway resulted in the
inhibition of p-GSK3p and MEKK1, thereby increasing occludin and claudin-5

expression and preserving the BBB.
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Abstract

Adropin is expressed in the central nervous system (CNS) and plays a
crucial role in the development of stroke. However, little is currently known about
the effects of Adropin on the blood-brain barrier (BBB) function after intracerebral
hemorrhage (ICH). In this study, the role of Adropin in collagenase-induced ICH
was investigated in mice. At 1-h post ICH, mice were administered with
recombinant human Adropin by intranasal. Brain water content, BBB
permeability, and neurological function were measured at different time intervals.
Proteins were quantified using Western blot analysis, and the localizations of
Adropin and Notch1 were visualized via immunofluorescence staining. It is
shown that Adropin reduced brain water content and improved neurological
functions. Adropin preserved the functionality of BBB by increasing N-cadherin
expression and reducing extravasation of albumin. Moreover, in vivo knockdown
of Notch1 and Hes1 both abolished the protective effects of Adropin. Taken
together, our data demonstrate that Adropin constitutes a potential treatment
value for ICH by preserving BBB and improving functional outcomes through the

Notch1 signaling pathway.
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Introduction

Intracerebral hemorrhage (ICH) constitutes a severe public health issue
that leads to high mortality and morbidity [1] and its global incidence is increasing
annually. Blood-brain barrier (BBB) disruption is the hallmark of ICH-induced
brain injury. From both animal models and human studies, it has been shown
that BBB disruption occurs in the acute phase after ICH [2, 3]. The development
of vasogenic brain edema from increased BBB permeability has been regarded
as an important contributor to high mortality after ICH [4, 5]. Thus, elucidating the
mechanisms underlying BBB dysfunction in ICH is critical for developing methods
to prevent and treat this major form of stroke [6].

Adropin is encoded by the Energy Homeostasis Associated gene, which is
expressed in the liver and brain [7, 8]. In the brain, the immunoreactivity of
Adropin showed that it is expressed in the vascular area, pia matter, neuroglial
cells, Purkinje cells, granular layer, and neurons [9, 10]. An in vitro study also
found that Adropin reduced endothelial monolayer permeability and greater cell
proliferation in Adropin-treated human umbilical vein and coronary artery
endothelial cells [11]. In addition, pretreatment with Adropin has been
demonstrated to attenuate hypoxia/low glucose-induced endothelial barrier
damage in a concentration-dependent manner [12]. However, the precise effects
of Adropin on BBB after ICH have not yet been evaluated.

In Adropin knockout mice, it is found that Adropin regulates locomotor
activity and motor coordination by the NB3/Notch signaling pathway and plays an

important role in cerebellum development [13]. Treatment with Adropin achieves
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the effect on glucose tolerance and substrate utilization with Notch1 signaling
pathways in diet-induced obese mice [14]. Notch1 signaling performs an
essential function in CNS development, which was conserved as an
evolutionarily pathway [15]. It has been recently reported that the Notch1
signaling pathway regulates neurogenesis, neuronal networks, synaptic plasticity,
learning, and memory in adult brains [16]. In a neonatal ICH study, it was shown
that smad4 stabilized cerebrovascular EC-pericyte interactions by regulating the
transcription of N-cadherin through associating with the Notch intracellular
complex at the RBP-J binding site of the N-cadherin promoter [17]. The activation
of Notch results in the sequential proteolytic cleavage of the Notch receptor,
which releases Notch intracellular domain (NICD) into the nucleus, which in turn
activates downstream transcription of several genes, including Hes and Hey [18,
19].

In the present study, our aim was first to test whether Adropin treatment
can counteract the effects of ICH-induced BBB disruption, and then determine
whether it is dependent on Notch1 signaling activation, thus presenting a

potential therapy for ICH.

Materials and Methods
Animals
A total of 170 CD1 mice (male, eight-weeks-old, weight 305 g, Charles
River, Wilmington, MA) were used. All of the procedures applied to animals

complied with the Guide for the Care and Use of Laboratory Animals and were
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approved by the Institutional Animal Care and Use Committee at Loma Linda
University. All mice were housed in filter-top cages under controlled temperature
and humidity with a 12-h light/dark cycle. Free access to food and water were
supplied. The mice were arbitrary divided into different experiment groups.
Animals died before endpoint were excluded and replaced with new animals. A

total of 2 mice died because of anesthesia.

ICH Models

The time-line of the study design was shown in Fig. 8. A collagenase-
induced ICH model in mouse was established as previously reported [20]. Briefly,
ketamine (100 mg/kg) and xylazine (10 mg/kg, intraperitoneal, ip injection) were
used for anesthesia for the mice. Bacterial collagenase (0.075 units, Type VII-S,
Sigma-Aldrich, St. Louis, MO, U.S.A.) was dissolved in 0.5 pL saline, and infused
into the right basal ganglia at a rate of 0.1667 pyL/min, using an infusion pump
(Stoelting, Wood Dale, IL, USA). The needle was left for an additional 10 min to
prevent possible leakage of the collagenase solution, and withdrawn slowly at a
rate of 1 mm/min. The cranial burr hole was sealed with bone wax, the skin was
sutured, and 0.4 mL of normal saline was injected subcutaneously. Animals were
allowed to recover fully under observation. The sham operation was performed

with needle insertion only.
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Figure 8. Time-line of study design. ICH: Intracerebral Hemorrhage. BBB: blood-brain
barrier.
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Drugs and RNA Administration

Adropin was dissolved in saline and tested at three different doses (0.5
Mg, 1.5 ug, and 5.0 ug per mouse), which were administered by intranasal 1 h
after ICH. Both Notch1 and Hes1 small interfering RNA (siRNA), as well as
scrambled RNA (scRNA), were dissolved in sterile RNAse free resuspension
buffer according to the manufacturer's instructions (OriGene, Rockville, MD,
U.S.A.). They were administered via intracerebroventricular injection (i.c.v.) 48 h
prior to ICH-induction [21]. SIRNA or scRNA (100 pmol) was delivered into the
ipsilateral ventricle (1.0 mm lateral of the bregma, 2.3 mm deep) at a rate of 0.67
uL/min. After waiting for 8 min, the needle was removed over a 3 min period. The

burr hole was sealed with bone wax.

Brain Water Content

Brain water content was measured at 24 h and 72 h after ICH, according
to previous literature [22]. Mice were decapitated under deep anesthesia, and the
brains were removed immediately. Then, the brains were divided into five parts
(ipsilateral and contralateral cortex, ipsilateral and contralateral basal ganglia,
and cerebellum). All brain samples were weighed on an analytical microbalance
(APX-60 Denver Instrument, Bohemia, NY, U.S.A.) to obtain the wet weight
(WW). Samples were dried at 100 °C for 48 h to obtain the dry weight (DW).
Brain water content was calculated using the following formula: (WW-DW)/WW x

100%.
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Neurobehavioral Function Assessment
Neurobehavioral functions were assessed by an independent investigator
who was blinded to the treatment groups. Modified Garcia, Forelimb placement,
and Corner turn tests were used to evaluate neuro-deficits at 24 and 72 h after
ICH. For long-term evaluation of spatial learning, a Morris Water Maze test was

employed.

Evaluation of BBB Permeability and Hematoma Volume

BBB permeability evaluation involves the staining of serum albumin,
known as the Evans Blue assay. Evans Blue dye extravasation assay was
conducted by I.P. injection of a 4% solution of Evans Blue dye in PBS 24 h after
ICH [23, 24]. The dye was allowed to circulate for 3 h, and then the mice were
transcardially perfused with cold PBS. The brains were then removed and
divided into left and right hemispheres. The samples were homogenized in 1,100
uL of PBS, sonicated and centrifuged separately. Trichloroacetic acid (500 uL)
was added to 500 pL of the supernatant layer and incubated overnight at 4 °C.
Evans Blue dye absorbance was determined by spectrophotometry (Thermo
Fischer Scientific Inc., Waltham, MA, U.S.A.) with wavelengths at 610 nm.
Results are presented as ug of Evans Blue dye per g of brain tissue.

The hemoglobin assay was performed as previously described [24]. The
supernatant was collected as above, and Drabkin's reagent (800 uL, Sigma) was
added to 200 uL of the supernatant and allowed to stand for 15 min at room

temperature. Absorbance of hemoglobin was measured at 540 nm.
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Western blot

Brain samples were collected at 24 h after ICH. Mice were perfused
transcardially with 40 mL PBS, and proteins of the ipsilateral hemispheres were
extracted by homogenizing in RIPA buffer (Santa Cruz Biotechnology). Western
blotting was performed as previously described [25] using primary antibodies,
such as Adropin (ProSci Inc., RRID: AB_2316252), Notch1 (Santa Cruz
Biotechnology, RRID: AB_650336), NICD (Abcam, RRID:AB_306863), Hes1
(Santa Cruz Biotechnology, RRID: AB_647992), p-Akt, Akt (Cell Signaling
Technology, RRID AB_329825, RRID: AB_329827), ZO-1(Santa Cruz
Biotechnology, RRID: AB_628459), Claudin-5(Santa Cruz Biotechnology, RRID:
AB_2260866), N-cadherin (Santa Cruz Biotechnology, RRID: AB_647794), and

Albumin (Cell Signaling Technology, RRID: AB_2225785).

Immunofluorescence Staining

Immunofluorescence was performed using a previously described method
[4]. Coronal slices (10 um) were sectioned using a cryostat (CM3050S; Leica
Microsystems) and permeabilized with 0.3% Triton X-100 in PBS for 10~30 min.
Sections were blocked with 5% donkey serum for 2 h, and incubated overnight at
4 °C with primary antibodies: Adropin (ProSci Inc.), Notch1 (Santa Cruz
Biotechnology, RRID: AB_650336), CD13 (Abcam, AB_726095), GFAP (Abcam,
RRID: AB_880202), and vVWF (Abcam, RRID: AB_298501). Afterwards, sections

were washed with PBS and incubated with appropriate secondary antibodies for
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2 h at room temperature. Photographs were then taken using LASX software with

a Leica DMi8 fluorescence microscope (Leica Microsystems, Germany).

Statistics

In this exploratory study, all tests were done two-sided. Normal distribution
and similar variation between experimental groups were inspected for
appropriateness before statistical tests. Parametric data was analyzed using one-
way ANOVA with Tukey's post-hoc test and is expressed as mean (standard
deviation, SD). Non-parametric data was analyzed with Kruskall-Wallis with
Dunn's post-hoc tests and are presented as the median and the interquartile
range (25th percentile, 75th percentile). This longitudinal data was also analyzed
using repeated measures two-way ANOVA with Tukey post-hoc test. P values of
less than 0.05 were considered statistically significant. On the basis of the results
of the pilot preliminary study for brain water content, neurobehavioral function,
Evans Blue Dye extravasation and hemoglobin assay, 6 animals were required to
achieve 80% power to detect a difference, with a probability of p < 0.05.

GraphPad Prism 6 and SPSS18.0 were used for graphing and analyze all data.
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Results
ICH Transiently Changed the Level of Adropin and Notch1
expression
The protein expression of Adropin was transiently decreased at 3 h, 6 h
and 12 h, and increased at 24 h, after ICH. However, the protein expression of
Notch1, NICD, and Hes1 all increased at 24 h after ICH (Fig. 9). Double
immunostaining of Adropin and Notch1 with CD13 (pericytes), vVWF (endothelial
cells), and GFAP (astrocytes) showed that Adropin and Notch1 are intensely
expressed and co-localized with pericytes, endothelial cells, and astrocytes at 24

h after ICH (Fig. 10A and 10B).
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(endothelial cell), and GFAP (astrocytes) at 24 hours after ICH. Scale bar = 50

um.

66



Intranasal Administration of Adropin Decreased Brain Edema and Improved
Neurological Functions at 24 h and 72h After ICH

Three different dosages of Adropin (0.5, 1.5, and 5.0 pg) were
administered by intranasal 1 h after ICH. Brain water content and neurological
scores were measured at 24 h after ICH. It was found that Adropin at 1.5 pg
decreased brain water content (Fig. 11A; p< 0.05, vs. ICH +vehicle), and
improved Modified Garcia scores and Limb placements (Fig. 11B and 4C; p<0.05
vs. ICH+vehicle) at 24 h after ICH; however, there was no change in the Corner
turn test. The results indicated that the middle dosage of Adropin was more
effective as a treatment for early brain injury. Thus, this dosage was selected to
further determine the effects at 72 h and to elucidate Adropin's mechanism of
action.

Adropin treatment significantly improved performance on Modified Garcia,
Forelimb placement, and Corner turn tests at 72 h after ICH, as compared to the
vehicle group (p<0.05, Fig. 12B, C, and D). In the ipsilateral basal ganglia, brain
water content was significantly higher in the vehicle group than the sham animals
(p<0.05 vs. sham, Fig. 12A), and Adropin treatment reduced brain edema

significantly (p<0.05, compared to ICH+vehicle, Fig. 12A).
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Administration of Adropin decreased brain water content and

neurobehavioral performance at 24 h after intracerebral hemorrhage (ICH). (A)
Brain water content; (B) Modified Garcia test; (C) Limb placement test, and (D)
Corner turn test. Administration of Adropin decreased blood-brain barrier

permeability (E). N = 6 mice/group. *p<0.05 vs. sham, #p<0.05 vs ICH+vehicle.

Values are expressed as mean + SD.
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Figure 12. Administration of Adropin decreased brain water content and improved

neurobehavioral performance at 72 h after intracerebral hemorrhage (ICH). (A)
Brain water content; (B) Modified Garcia test; (C) Limb placement test; and (D)
Corner turn test. N = 6 mice/group. *p<0.05 vs. sham, #p<0.05 vs ICH+vehicle.

Values are expressed as mean + SD.
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Adropin Improved Long-Term Neurological Function at Four Weeks Post
ICH

To test the effects of Adropin treatment on the long-term neurological
impairments neurological function was assessed by water maze at four weeks
post ICH. It was found that vehicle group performed significantly worse compared
to sham group on water maze test. Adropin treatment showed significant memory
function recovery compared to vehicle group in reduced swimming distance to
platform (Fig. 13A), reduced escape latency (Fig. 13B), and spent more time

during target quadrant. (Fig. 13C).

Adropin Treatment Attenuated ICH-induced Disruption of BBB Without
Having an Effect on the Hematoma Volume
The Evans Blue assay revealed significant BBB disruption at 24 h after
ICH. A significant accumulation of Evans Blue dye in the ipsilateral hemisphere
of vehicle-treated animals compared to sham animals was observed at 24 h after
ICH (Fig. 11E, p<0.05 vs. sham). Adropin significantly decreased ICH-induced
dye accumulation (Fig. 11E, p<0.05 vs. ICH +vehicle), but there was no effect on

hematoma volume (Fig. S1).
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Figure 13. Administration of Adropin improved long-term neurological function at four weeks

post ICH. Adropin treatment group showed significant memory function recovery
compared to vehicle group in reduced swimming distance to platform (A),
reduced escape latency (B), and spent more time during target quadrant (C). N =

8-10 mice/group. *p<0.05 vs. ICH+vehicle. Values are expressed as mean + SD.
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Knockdown of Notch1 or Hes1 Increased Brain Edema and Brain Levels of
Albumin, and Decreased Neurological Scores

To investigate the potential mechanisms of Adropin, Notch1 siRNA, Hes1
siRNA, or scramble siRNA were administered along with Adropin treatment in
ICH mice. Administrations of Notch1 siRNA and Hes1 siRNA significantly
increased brain water content (Fig. 14A; p<0.05 vs. ICH + Adropin + Scramble
siRNA) and decreased neurological scores when compared with ICH + Adropin +
Scramble siRNA group at 24 h after ICH (Fig. 14B and 25C; p<0.05 vs. ICH +
Adropin + Scramble siRNA). The level of albumin was measured by Western blot
at 24 h after ICH. Results from Western blot indicated that Adropin treatment
significantly reduced the expression of albumin compared with the vehicle group
after ICH (Fig. 14E; p<0.05 vs. vehicle). Knockdown Notch1 or Hes1 reversed

these effects of Adropin (Fig. 14; p<0.05 vs. ICH + Adropin + Scramble siRNA).
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Administration of Notch1 siRNA and Hes1 siRNA increased brain edema (A),

Figure 14.

reduced Modified Garcia scores (B), Limb placements (C) and Corner turn test

6/group in

(D), and increased the expression of albumin (E) in the ICH brain. N

A, B, C, and D; N = 4 for each group in E. *p<0.05 vs sham, #p<0.05 vs

ICH+vehicle, @p<0.05 vs. ICH+Adropin+Scramble siRNA. Values are expressed

as mean + SD.
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Adropin Treatment Increased the Expression of BBB Integrity Through a
Notch1/Hes1- Dependent Mechanism

Administration of Adropin increased the protein levels of Notch1, NICD,
Hes1, phosphorylated Akt, and BBB Integrity at 24 h after ICH, compared with
the vehicle group (Fig. 15B, C, D, E, F, G and H; p<0.05 vs. vehicle). Knockdown
of Notch1 with Notch1 siRNA remarkably decreased the expression of Notch1,
NICD, Hes1, and p-Akt in Adropin- treated animals (Fig. 15; p<0.05 vs. ICH +
Adropin + Scramble siRNA). Notch1 knockdown also abolished the effect of
Adropin on BBB Integrity. Knockdown of Hes1 produced similar effects, reversing
the Adropin-induced increase of BBB Integrity, and reducing the expression of

Hes1 (Fig. 15; p<0.05 vs. ICH + Adropin + Scramble siRNA).
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Effects of Adropin, Notch1 siRNA, and Hes1 siRNA on the expression of Notch1,
NICD, Hes1, p-Akt, and BBB Integrity after ICH. Administration of Adropin
increased protein level of Notch1 (B), NICD (C), Hes1 (D), p-Akt (E), and BBB
integrity (F,G, and H). Silencing Notch1 by siRNA reduced the expression of
Notch1 (B), and abolished the effect of Adropin on N-cadherin (F). Silencing
Hes1 by siRNA reduced the expression of Hes1 (D), and also abolished the
effect of Adropin on BBB integrity (F,G, and H). N = 4 mice/group. *p<0.05 vs

sham, #p<0.05 vs. ICH+vehicle, @p<0.05 vs. ICH+Adropin+Scramble siRNA.

Values are expressed as mean + SD.
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Discussion

ICH is a fatal stroke subtype characterized by extensive blood-brain
barrier disruption [26]. Currently, there is a lack of effective treatment options for
ICH. In the present study, we demonstrated that administration of exogenous
Adropin reduced brain edema, minimized BBB disruption, and improved
neurological function in mice after ICH at 24 h and 72 h, also improved long- term
neurological function as assessed by water maze. Adropin, with a molecular
weight of 4.5 kDa, is critical for the maintenance of metabolic and non-metabolic
homeostasis. However, little is currently known about its ability to cross the BBB.
In the extant literature, utilizing intranasal administration has enabled many drugs
to bypass the BBB, and reach the CSF and olfactory bulb via olfactory sensory
neurons [27]. Thus, in the present study, we administered Adropin intranasally.
We found that Adropin expression in the brains of treated animals was increased
after treatment, compared to Vehicle animals (Fig. S2).

BBB disruption is correlated with poor outcomes after ICH [28, 29]. The
interaction between pericytes and endothelial cells with other cells is vital for BBB
maintenance [30]. In this study, Adropin and Notch1 co-localized with pericytes,
endothelial cells and astrocytes after ICH, indicating that Adropin may play a
significant role in maintaining BBB permeability and stability after ICH, as it
interacts with its receptor on these cell types known to function in BBB
preservation.

Prospective treatments that stabilize adherens junctions may reduce

vasogenic brain edema, and therefore attenuate brain injury after ICH [4]. In the
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present study, treatment with Adropin resulted in a significant reduction of brain
water content, with concomitant improvements in neurological functions. We
found that Adropin treatment also decreased BBB permeability, as Evans Blue
dye extravasation and albumin levels in the brain of Adropin-treated animals
were reduced in comparison to vehicle. This reduction coincided with the
improvement in neurobehavioral scores.

The Notch1 signaling pathway has been established as one of the
downstream effectors of Adropin [13, 14]. In the pathogenesis of CNS disorders,
the role of Notch1 signaling remains controversial. However, modulation of
Notch1 signaling may restore neurogenesis and cognitive functioning in animal
models of Alzheimer's Disease [31]. In addition, the Notch1/Hes1 signaling
pathway participates in melatonin-mediated cardioprotective effects in both in
vivo and in vitro models of myocardial ischemia—reperfusion injury [32, 33].
Notch1 is cleaved by y-secretase to release the NICD, which translocates to the
nucleus and binds to a transcription factor [34]. Previous studies have
demonstrated that administration of a Notch1 activator reduced infarct volumes
and improved neurological deficits in aged rats after focal cerebral ischemia [35].
Yet, whether Notch1 signaling is involved in the protective effects of Adropin in
ICH remains undetermined. We found that, after Adropin treatment in ICH mice,
the expression of Notch1 and NICD was significantly increased, while
administering Notch1 siRNA and Hes1 siRNA reversed these effects of Adropin,
suggesting that the neuroprotection of Adropin is mediated by the Notch1/Hes1

signaling pathway. Furthermore, Notch1 signaling is dynamically regulated during
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brain development and disease processes via crosstalk with numerous signaling
pathways [15, 16]. Therefore, additional studies are needed to elucidate the
precise mechanism of Adropin in Notch1 signaling modulation after ICH.

Adropin treatment also induced phosphorylation and activation of Notch1
and Akt, leading to increased BBB Integrity. N-cadherin is a candidate molecule
which could be involved in endothelial commitment to blood—retina and blood-
brain barrier phenotype [36]. Moreover, N-cadherin is required for pericyte
recruitment and vessel stabilization [37]. Previous studies have shown that
knockdown of N-cadherin by siRNA resulted in increased permeability and
influenced capillary tube formation in EC-pericyte co-culture systems [17].
Notch1 signaling in ECs promotes adhesion by upregulating N-cadherin
expression [38]. Our findings corroborate these previous studies, further verifying
Adropin's role in BBB maintenance following ICH.

However, there are some limitations in the current study. Since we only
focus on BBB function, we cannot exclude the possibility that antiapoptosis, anti-
inflammatory, preservation of axonal integrity, or other effects of Adropin also
play neuroprotective roles after ICH. Thus future studies are needed to
investigate the other protective functions, as well as signaling mechanisms.

In conclusion, our study demonstrated that Adropin was protective in the
early injury stages after ICH, maintained BBB integrity, and improved functional
outcomes via the Notch1/ Hes1 signaling pathway. These findings indicate that

Adropin may constitute a particularly promising treatment for ICH.
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Abstract

Intracerebral hemorrhage (ICH) represents the deadliest subtype of all
strokes. The development of brain edema, a consequence of blood—brain barrier
(BBB) disruption, is the most life-threatening event after ICH. Pathophysiological
conditions activate the endothelium, one of the components of BBB, inducing
rearrangement of the actin cytoskeleton. Upon activation, globular actin
assembles into a filamentous actin resulting in the formation of contractile actin
bundles, stress fibers. The contraction of stress fibers leads to the formation of
intercellular gaps between endothelial cells increasing the permeability of BBB. In
the present study, we investigated the effect of ICH on stress fiber formation in
CD1 mice. We hypothesized that ICH-induced formation of stress fiber is
triggered by the activation of PDGFR-f3 and mediated by the
cortactin/RhoA/LIMK pathway. We demonstrated that ICH induces formation of
stress fibers. Furthermore, we demonstrated that the inhibition of PDGFR-f3 and
its downstream reduced the number of stress fibers, preserving BBB and
resulting in the amelioration of brain edema and improvement of neurological

functions in mice after ICH.
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Introduction

Intracerebral hemorrhage (ICH) represents the deadliest subtype of all
strokes. Brain edema, a life- threatening consequence of ICH, significantly
contributes to a high mortality after ICH. The most common type of brain edema,
vasogenic edema, results from increased blood-brain barrier (BBB) permeability
[1-4]. The BBB permeability is regulated by adherens and tight junctions. While
the function of adherens junctions is to hold neighboring primary epithelial cells
together, the tight junctions mediate the gate functions of the BBB and prevent
solutes from paracellular diffusion [5, 6]. Under pathophysiological conditions, the
endothelium, one of the components of BBB, is activated, inducing re-
arrangement of the actin cytoskeleton. Actin in resting endothelium is present as
a monomeric globular actin (G-actin). Upon activation, G-actin assembles into a
filamentous actin (F-actin) and the shift from G-actin to F-actin results in the
formation of contractile actin bundles called stress fibers [7]. Stress fibers anchor
to adherens junctions on the membranes of neighboring endothelial cells [8].
Under stress, the contraction of stress fibers results in the formation of
intercellular gaps between endothelial cells, increasing the permeability of the

BBB [8].

The platelet-derived growth factor receptors (PDGFRs) are a possible
trigger of the BBB disintegrity. PDGFRs exist in two isoforms (a and 3) and are
expressed in all cells of the neurovascular unit, including endothelial cells [9].
While the detrimental role of the a-isoform in the development of secondary brain

injury after stroke has been established [10, 11], the role of the B-isoform is

85



controversial. Some studies suggest that PDGFR-[3 signaling is crucial for
maintaining BBB integrity and tissue repair [12], and others demonstrate that
PDGFR-[ activation causes fibrosis after brain injury [13] and stress fiber

formation [14, 15].

One of the possible mechanisms that PDGFR-3 activation contributes to
BBB disruption is formation of stress fibers via activation of the
cortactin/RhoA/LIMK pathway. Cortactin is a regulator of cytoskeleton and is
downstream of PDGFR-3 [16]. Upon activation, cortactin transmits a signal from
PDGFR to RhoA and re-arranges the cytoskeleton [17, 18]. RhoA is able to
interact directly with LIM kinase (LIMK), another potent regulator of actin
dynamics that is abundantly expressed in the CNS [19-21]. There are clear
indications that F-actin accumulation and stress fiber formation are critically

dependent on the LIMK activation [22].

After brain injury, the activation of RhoA is accompanied by BBB
disruption, and inhibition of RhoA preserves BBB after ICH [23, 24]. Even without
stroke, activation of RhoA in animals increases BBB permeability [25]. However,
the effects of stroke on the activation of cortactin or LIMK and the consequences
of this activation have not been evaluated yet. In this study, we tested the
hypothesis that ICH induces formation of stress fibers triggered by activation of
PDGFR-f that is mediated via the cortactin-RhoA-LIMK pathway. We postulated
that stress fiber formation causes degradation of adherens/tight junction and

consequently disruption of BBB. Most importantly, we tested whether PDGFR-3
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inhibition counteracts the effects of BBB disruption by ICH thus presenting itself

as a potential therapy for ICH patients.

Materials and Methods
Animals

A total of 166 male CD1 mice (eight-week-old, weight 30g+5g; Charles
River, Wilmington, MA) were housed in a vivarium for a minimum of 3 d before
surgery with a 12 h light/dark cycle and ad libitum access to food and water. All
procedures in this study were approved by the Institutional Animal Care and Use
Committee at Loma Linda University and comply with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals, and the manuscript
adheres to the ARRIVE (Animal Research: Reporting of In Vivo Experiments)
guidelines for reporting animal experiments. Animals were randomly divided into
different experimental groups. Animals, which died before final assessment, were
replaced. There were no significant differences in the mortality rate between the

different experimental groups.

Intracerebral Hemorrhage Mouse Model
Experimental ICH was induced by intrastriatal injection of bacterial
collagenase. We adopted the collagenase-induced intracerebral hemorrhage
model in mice as previously described [10]. Briefly, mice were anesthetized with
ketamine (100 mg/kg) and xylazine (10 mg/kg, intraperitoneal (I.P.) injection) and

positioned prone in a stereotaxic head frame. An electronic thermostat-controlled
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warming blanket was used to maintain the core temperature at 37° C. The
calvarium was exposed by a midline scalp incision from the nasion to the
superior nuchal line, and the skin was retracted laterally. With a variable speed
drill (Fine Scientific Tools, Foster City, CA, USA) a 1 mm burr hole was made 0.9
mm posterior to bregma and 1.4 mm to the right of the midline. A 26-G needle on
a Hamilton syringe was inserted with stereotaxic guidance 4 mm into the right
deep cortex/basal ganglia at a rate 1 mm/min. The collagenase (0.075 units in
0.5 yl saline, VII-S; Sigma, St Louis, MO, USA) was infused into the brain at a
rate of 0.25 pl/min over 2 minutes with an infusion pump (Stoelting, Wood Dale,
IL, USA). The needle was left in place for an additional 10 minutes after injection
to prevent the possible leakage of the collagenase solution. After removal of the
needle, the incision was closed, and the mice were allowed to recover. The sham

operation was performed with needle insertion only.

Drugs and RNAs Administration
The PDGFR-B antagonist CP-673451 (Selleckchem, Inc.) was dissolved in
0.1% DMSO and tested at two different concentrations: 15 and 50 mg/kg of body
weight. The LIMK inhibitor, LIMKi 3 (Tocris Bioscience), was dissolved in 0.1%
DMSO and tested at two different concentrations: 0.3 and 1 mg/kg of body
weight. Both drugs were administered via |.P. injection in 500 pl. Vehicle treated
animals received equal amounts of 0.1% DMSO. Both PDGFR- and LIMKi

antagonists were administrated one hour after ICH induction
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Both the PDGFR-f and cortactin small interfering RNA (si-RNA), as well
as scrambled RNA (sc-RNA), were dissolved in sterile RNAse free resuspension
buffer according to the manufacturer’s instructions (OriGene). They were
administrated via intraventricular injection (i.c.v.) to the right hemisphere twice
(24 hrs prior to and 24 hrs after ICH) at 0.9 mm and 3.3 mm lateral from bregma.
Si-RNA or sc-RNA (100 pmol) was delivered in 2 uyl with a Hamilton syringe over
2 minutes. The needle was left in place for an additional 5 minutes after injection
to prevent possible leakage and then slowly withdrawn over 4 minutes. After the
needle was removed, the burr hole was sealed with bone wax, the incision was
closed with sutures, and the mice were allowed to recover. Vehicle treated
animals received an injection of suspension buffer. Recombinant PDGF-D
(Abcam) was injected into the right basal ganglia of naive mice (200 ng/2ul PBS

per mouse) using the same coordinates as the collagenase injections.

Evaluation of BBB Permeability and Hematoma Volume
Evaluation of BBB permeability

BBB permeability was evaluated by brain water content measurement and
the Evans Blue assay. For brain water content measurement, the dry/wet method
was used. Briefly, mice were euthanized under deep anesthesia. Brains were
removed immediately and divided into five parts: ipsilateral and contralateral
basal ganglia, ipsilateral and contralateral cortex, and cerebellum. The
cerebellum was used as an internal control for brain water content. Tissue

samples were weighed on an electronic analytical balance (model AE 100;
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Mettler Instrument Co., Columbus, OH, USA) to the nearest 0.1 mg to obtain the
wet weight. The tissue was then dried at 100°C for 24 hours to determine the dry
weight. Brain water content (%) was calculated as [(wet weight - dry weight)/wet
weight] x 100.

The Evans Blue assay was conducted by injecting |.P. a 2% solution of
Evans Blue in normal saline (4 ml/kg of body weight), and the stain was then
allowed to circulate for three hours[26, 27]. Afterwards, the mice were
transcardially perfused with 100 ml of ice-cold PBS, the brain tissue was
removed and divided into right and left hemispheres, frozen in liquid nitrogen,
and stored at —80°C until analysis. The samples were homogenized in 1100 pl of
PBS, sonicated and centrifuged (30 minutes, 15,000 rcf, 4° C). The supernatant
was collected in aliquots. To each 500 pl aliquot, an equal amount of 50%
trichloroacetic acid was added, incubated over night at 4° C, and then centrifuged
(30 min, 15,000 rcf, 4 °C). Evans Blue stain was measured by spectrophotometer
(Thermo Spectronic Genesys 10 UV, Thermo Fischer Scientific Inc., Waltham,
MA, USA) at 610 nm and quantified according to a standard curve. The results

are presented as (ug of Evans Blue stain)/(g of tissue).

Evaluation of hematoma value (hemoglobin assay)
Initially, a standard curve was obtained using a “virtual” model of
hemorrhage. Brain tissue was obtained from naive mice subjected to complete
transcardial perfusion to remove intravascular blood. Incremental volumes of

homologous blood (0, 2, 4, 8, 16, and 32pl) were added to each brain tissue
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sample with PBS to reach a total volume of 1100 pl, followed by homogenization
for 30 seconds, sonication on ice for 1 minute, and centrifugation at 15,000 rpm
for 30 minutes (4° C). Drabkin’s reagent (0.4 ml, Sigma) was added to 0.1 ml
supernatant aliquots and allowed to stand for 15 minutes at room temperature.
Optical density was measured and recorded at 540 nm with a spectrophotometer
(Thermo Spectronic Genesys 10 UV, Thermo Fischer Scientific Inc.,
Waltham,MA, USA). These procedures yielded a linear relationship between
measured hemoglobin concentrations in perfused brain and the volume of added
blood.

For hematoma evaluation, supernatant was collected as described above
(see evaluation of BBB permeability). For standard curve generation, Drabkin’s
reagent (0.4 ml, Sigma) was added to 0.1 ml supernatant aliquots and allowed to
stand for 15 minutes at room temperature. Optical density was measured and
recorded at 540 nm with a spectrophotometer (Thermo Spectronic Genesys 10

UV, Thermo Fischer Scientific Inc., Waltham, MA, USA)

Neurobehavioral Function Test
Neurological scores were assessed by an independent researcher blinded
to the procedure 23 and 71 hours after ICH as previously described [24]. Two
tests were used to evaluate neurological deficits: 1) The modified Garcia test, in
which mice were given a score ranging from 0 to 21. The scoring system consists
of 7 tests (spontaneous activity, axial sensation, vibrissae proprioception, limb

outstretching, lateral turning forelimb walking and climbing), with possible scores
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of 0-3 (O=worst; 3=best) for each. 2) The limb placement test, in which the
animals were held by their trunk positioned parallel to a table top and slowly
moved up and down, allowing the vibrissae on one side of the head to brush
along the table surface. Refractory placements of the impaired (left) forelimb
were evaluated, and a score was calculated as the number of successful forelimb
placements out of 10 consecutive trials.

For long-term evaluation of spatial learning, a Morris Water Maze test was

employed as described in our previous publication.?

Sample Preparation, Western blot and RhoA activity evaluation
Mice were perfused transcardially with 40 ml of cold PBS. Hemispheres

were isolated and stored at (-80° C) until analysis.

Western blot analysis

Protein extraction and Western blots were performed according to the
manufacturer’'s recommendation, as previously reported [28]. Whole-cell lysates
were obtained by gently homogenizing in RIPA lysis buffer (Santa Cruz
Biotechnology, Inc., sc-24948) and centrifuging (14,000 g at 4° C for 30 minutes).
The supernatant of the extract was collected, and the protein concentration was
determined using a detergent compatible assay (Bio-Rad, Dc protein assay).
Equal amounts of protein (50 pg) were loaded and subjected to electrophoresis
on an SDS-PAGE gel. After being electrophoresed and transferred to a

nitrocellulose membrane, the membrane was blocked and incubated with the
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primary antibody overnight at 4° C. Following antibody were used: For an internal
control, the same membrane was probed with an antibody against B-actin (Santa
Cruz, 1:1000) after being stripped. Secondary antibodies (Santa Cruz
Biotechnology) were incubated for one hour at room temperature. Immunoblots
were then probed with an ECL Plus chemiluminescence reagent kit (Amersham
Biosciences, Arlington Heights, IL) and visualized with an imaging system (Bio-

Rad, Versa Doc, model 4000). Data was analyzed using Image J software.

Evaluation of RhoA activity
RhoA activity was evaluated using a commercially available kit
(Cytoskeleton Inc., Denver Co.). Two equal aliquots of each sample were taken.
One aliquot was processed according to the manufacturer's recommendations
and used for RhoA activity evaluation. The second aliquot was probed with an

antibody against -actin for the loading control.

Immunofluorescence Study
Seventy-two hours after ICH, the mice were perfused under deep
anesthesia with cold phosphate-buffered saline (PBS, pH 7.4), followed by
infusion of 10% paraformaldehyde. Brains were then removed and fixed in
formalin at 4 °C overnight. Samples were then dehydrated with 30% sucrose in
phosphate-buffered saline (PBS, pH 7.4), and the frozen coronal slices (10 ym
thick) were then sectioned using a cryostat (CM3050S; Leica Microsystems).

Immunofluorescence was performed as previously described?. Briefly, samples
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were incubated with phospho-LIMK antibody (1:50, Abcam) at room temperature
for one hour. Afterward samples were washed three times with PBS and
incubated with the secondary antibody (1:1000) in a cocktail with Alexa Fluor-
phalloidin (100 nM, Cytoskeleton, Inc.). The slides were viewed and images were
taken using LAS X software with a Leica DMi 8 fluorescence microscope (Leica

Microsystems, Germany).

Statistics
Analysis was performed using SigmaStat software, and data are
expressed as mean * standard error of the mean. Statistical differences were
analyzed with one-way analysis of variance (ANOVA) followed by Fisher LSD

Method. Statistical significance was defined as p < 0.05.

Results
Mortality
A total of 16 animals died before the end point as listed in the following:
24-h study: sham (N 14 0), vehicle (N 14 2), CP 673,451 (15 mg/kg) (N
14 1), LIMKIi (0.3 mg/kg) (N 14 1), CP 673,451 (50 mg/kg) (N 14 1).
72-h study: sham (N 14 0), vehicle (N 14 3), CP 673,451 (15 mg/kg) (N
14 2), LIMKi (0.3 mg/kg) (N 14 1), CP 673,451 (50 mg/kg) (N 14 1), LIMKIi (1.0

mg/kg) (N141).
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28-day study: sham (N 14 0), vehicle (N 14 2), CP 673,451 (50 mg/kg) (N
14 1).
The mortality (7.7%) of ICH animals was calculated and no statistical

difference was obtained between experimental groups in this study.

ICH activated cortactin-LIMK pathway
ICH did not affect the expression of total cortactin or LIMK, induced,
however, phosphorylation forms of these proteins at 24 and 72 hours after ICH
(Fig. 16A-B). At the same time points, activation of RhoA (Fig. 16C) was

observed.
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Figure 16.
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Time-dependent effects of ICH on cortactin-RhoA-LIMK pathway activation.

Although ICH had no effect on expression of total cortactin (Fig. 16A), ICH
significantly activated the cortactin and induced its phophorylation as early as
three hours after ICH. The difference to time point 0 became statistically
significant 24 and 72 hours after ICH. ICH had no effect on the expression of the
total LIMK (Fig. 16B) but activated it, via phosphorylation of the protein, at 24 and
72 hours after ICH. ICH activated RhoA 24 and 72 hours after ICH (Fig. 16C).
n=5 per time point; * p<0.05 vs. time point 0, + p<0.05 vs. time point 72 hours.

Values are expressed as meant SEM.
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ICH caused degradation of adherens/tight junction proteins
ICH caused degradation of the adherens junction protein VE-cadherin at
3, 24 and 72 hours (Supplemental Fig. 2A). Significant degradation of tight
junction proteins, occludin and claudin-3 were observed 72 hours after ICH

(Supplemental Fig. 2B-C).

PDGFR-$ inhibition attenuated ICH-induced disruption of BBB and
improved neurological function, without having an effect on the hematoma
volume

No toxic effect of the PDGFR-f inhibition was observed in this study.

A collagenase injection at 24 hours resulted in a significant elevation of
brain water content in the ipsilateral basal ganglia of ICH (collagenase
injected) animals compared to sham operated (needle trauma) animals
(79.26£0.25% vs. 83.55+0.49% respectively, p<0.01 Fig. 17A). While low
concentrations (15 mg/kg) of the PDGFR-f inhibitor CP-673451 showed only
a tendency to decrease ICH-induced increases of brain water content, the
high concentration (50 mg/kg) significantly reduced post-ICH brain edema
(83.55£0.79 vs. 81.55+0.5; p=0.012 Fig. 17A). Seventy-two hours after ICH,
we observed an increase in brain water content in both the ipsilateral and
contralateral basal ganglia of ICH compared to the sham animals (ipsilateral
83.69+0.47 vs 79.26+0.25 p<0.001; contralateral 80.73+£0.33 vs 78.92+0.3
respectively p=0.005, Fig. 17B). High concentrations of CP-673,451

decreased brain edema in the ipsilateral (81.53+0.24, p<0.001) and showed a
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none significant tendency to decrease brain water content in the contralateral

basal ganglia (p=0.546) (Fig. 2B).

In agreement with that, PDGFR-f inhibition improved ICH-impaired
neurological function as evaluated by the modified Garcia test (Fig. 17C left
panel vehicle vs CP-673,451 (50 mg/kg), p=0.004) and limb placement tests
(Fig. 17D left panel, vehicle vs CP-673,451 (50 mg/kg), p=0.006). Amelioration
of ICH-induced brain edema was accompanied with improvement of
neurological function evaluated 72 hours after ICH (Fig. 17C-D right panel,
vehicle vs CP-673,451 (50 mg/kg): modified Garcia, p=0,002: Limp Placement

test p=0.004).

In long-term study, we observed significant impairment of spatial
learning of ICH compared to vehicle animals evaluated on Morris Water Maze
Test (Figure 17(E)). CP-673,451 (50 mg/kg) ameliorated ICH-induced

impairment of spatial learning (Figure 2(e)).

The Evans Blue assay revealed significant BBB disruption after ICH.
The accumulation of Evans Blue stain in the ipsilateral hemisphere of ICH
compared to the sham animals was observed both at 24 and 72 hours after
ICH induction (Fig. 17E). PDGFR- inhibition significantly decreased ICH-
induced stain accumulation at 72 hours and showed a tendency to decrease

stain accumulation at 24 hours after ICH (Fig. 17E).

PDGFR-B inhibition did not affect hematoma volume (data not shown).
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Figure 17.
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PDGFR-B inhibition preserved BBB integrity and improved neurological functions
after ICH. Collagenase injection caused significant increase of brain water
content in the ipsilateral basal ganglia of ICH-animals (n=7) compared to sham-
operated animals (n=6) at both 24 and 72 hours after ICH (Fig. 17A and B).
Although a low concentration of the inhibitor (n=6) showed only tendency to
attenuate the ICH induced brain edema, a high concentration (n=7),
administrated one hour after ICH, significantly reduced this parameter both at 24
(A) and at 72 (B) hours after ICH. PDGFR-B inhibition improved neurological

function according to performance on the modified Garcia (Fig. 17C) and limb
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placement (Fig. 17D) tests. Compared to sham animals (n=6), ICH-induced
disruption of BBB resulted in significant accumulation of Evans Blues stain in the
ipsilateral hemisphere of ICH animals (24 hours n=6, 72 hours n=7) (Fig. 17E). A
high concentration of PDGFR-f inhibitor attenuated this effect without effecting of
hematoma volume (24 hours n=6, 72 hours n=7) (Fig. 17F). Ip=ipsilateral;
Cont=contralateral; Cx=Cortex; BG=Basal Ganglia; Cerebel=Cerebellum* p<0.05
vs. sham, # p<0.05 vs. vehicle, + p<0.05 vs. low concentration. Values are

expressed as meant SEM.
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PDGFR-B knock-down attenuated both ICH-induced activation of cortactin-

RhoA-LIMK pathway and degradation of adherens/tight junction proteins

To rule out non-specific effects of the PDGFR-[ inhibitor, we used si-RNA

for the receptor to investigate the molecular mechanisms that underlie the
protective effects of the receptor inhibition. Administration (I.c.v).of si-RNA
decreased the expression of the receptor (Fig. 18A, vehicle vs si-RNA p<0.001).
This was accompanied by attenuating activation of the cortactin-RhoA-LIMK
pathway (Fig. 18B vehicle vs si-RNA pCort P=0.039, aRhoA=0.02, pLIMK
p<0,001) and by decreased degradation of adherens/tight junction proteins (Fig.
18C, vehicle vs si-RNA, Ve-Cadherin p=0.017, Occludin p=0.002, Claudin 3

p=0.002)). Administration of sc-RNA did not affect these parameters.
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Figure 18.
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Knockdown of PDGFR-B attenuated ICH induced activation of the cortactin-
RhoA-LIMK pathway and preserved BBB. l.c.v. administration of si-RNA for
PDGFR-B (si-RNA) significantly decreased expression of the receptor when
evaluated 72 hours after ICH. Sc-RNA administration did affect the receptor
expression (sc-RNA) (Fig. 18A). Decrease of the PDGFR-B expression was
accompanied with significant attenuation of ICH induced activation of the
cortactin-RhoA-LIMK pathway (Fig. 3B) and resulted in preservation of
adherens/tight junction proteins (Fig. 18C) 72 hours after ICH. (n=6 per group, *
p<0.05 vs. sham, # p<0.05 vs. vehicle, + p<0.05 vs. scrambled RNA). Values are

expressed as meant SEM.
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Knock-down of PDGFR-8 downstream, cortactin attenuated both ICH-
induced activation of RhoA-LIMK pathway and degradation of
adherens/tight junction proteins

Administration (l.c.v.) of cortactin si-RNA decreased the expression of this
protein (Fig. 19A, vehicle vs si-RNA p=0.021). Decreased expression of the
cortactin corresponded both with diminished activation of the RhoA-LIMK
pathway (Fig. 19B, vehicle vs si-RNA: pLIMK p=0,031, RhoA p<0.001) and with
decreased degradation of adherens/tight junction proteins (Fig. 19C, vehicle vs
si-RNA: Occludin p<0.001). Administration of sc-RNA did not affect these

parameters.
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Figure 19.
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Knockdown of PDGFR-B downstream, cortactin, attenuated ICH induced
activation of the RhoA-LIMK pathway and preserved BBB. l.c.v. administrations
of si-RNA for cortactin (si-RNA) significantly decreased expression of the protein
72 hours after ICH. Scrambled RNA administration did affect the receptor
expression (sc-RNA) (Fig. 19A). At 72 hours the decrease of the cortactin was
accompanied with significant attenuation of ICH induced activation of RhoA-LIMK
pathway (Fig. 19B) and resulted in preservation of adherens/tight junction
proteins (Fig. 19C). n=6 per group, * p<0.05 vs. sham, # p<0.05 vs. vehicle, *

p<0.05 vs. scrambled RNA. Values are expressed as meant SEM.
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LIMK inhibition preserved BBB and attenuated neurological deficits after
ICH
Compared to vehicle treated animals, animals treated with high
concentrations of the LIMK inhibitor LIMKi 3 (1 mg/kg) had significantly
decreased brain water content at both 24 and 72 hours after ICH (24 hours:
83.271+0.412 vs. 81.730+0.34, p=0.007; 72 hours: 83.77+0.44 vs. 81.92+0.37,
p=0.003; vehicle vs. treatment respectively (Fig. 20A1-A2)). Correspondingly,
high concentrations of LIMKIi 3 significantly improved post-ICH neurological
functions as evaluated by the modified Garcia(vehicle vs treatment 24 hours
p=0.002, 72 hours p=0.02) and Limb placement tests (vehicle vs treatment 24
hours p=0.011, 72 hours p=0.003) (Fig. 20B1-B2).
Seventy-two hours after ICH, a high concentration of LIMKi 3 decreased
ICH-induced phosphorylation of LIMK in treated compared to untreated animals
(Fig. 20C, p=0.008). This was accompanied by attenuation of adherens/tight

junction protein degradation (Fig. 20D vehicle vs treatment occludin p=0.021).
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Figure 20.
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LIMK inhibitor, LIMKi 3, both reduced ICH-induced phosphorylation of LIMK and
preserved BBB as well as improved post ICH neurological function. Fig. 20A1 24
hours after ICH, LIMK inhibition (one hour after ICH) decreased ICH-induced
brain edema dose dependently (sham n=6, ICH n=6; LIMKi 3 low concentration
n=6, LIMKi3 high concentration n=7). Fig. 20A2 72 hours after ICH, LIMK
inhibition decreased ICH induced brain edema (sham n=6, ICH n=9; LIMKi3 high
concentration n=7). Fig. 20B In agreement with brain water content evaluation,
LIMK inhibition improved neurological functions at both 24 (Fig. 20B1) and 72
hours (Fig. 20B2) after ICH. Fig. 7C: LIMKi 3 (1 mg/kg n=6) attenuated ICH-
induced LIMK activation (ICH n=6) evaluated 72 hours after ICH. Fig. 20D A
high dose of LIMK inhibitor attenuated ICH degradation of adherens/tight junction
proteins (n=6 per group) evaluated 72 hours after ICH. * p<0.05 vs. sham, #
p<0.05 vs. vehicle, + p<0.05 vs. scrambled RNA. Values are expressed as

mean+ SEM.
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The endogenous PDGFR-B agonist PDGF-D induced activation of cortactin-
RhoA-LIMK pathway and degradation of adherens/tight junction proteins in
naive animals

Seventy-two hours after injection of the recombinant PDGF-D into the
brains of naive animals, we observed significant activation of the RhoA-LIMK
pathway (sham vs PDGF D: pCortactin p=0.002, pLIMK p=0.008) and a tendency
to activate cortactin (p=0.071; Fig. 21A). The activation of the pathway resulted

in degradation of VE-cadherin (p=0.012) and occludin (p=0.041= (Fig. 21B).
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Figure 21.
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The endogenous agonist of PDGFR-B, PDGF-D, partly induced activation of the
RhoA-LIMK pathway and degradation of adherens/tight junction proteins. 72
hours after administration of PDGF-D into the basal ganglia of naive animals,
partial activation of the cortactin-RhoA-LIMK pathway was observed (Fig. 21A).
That was accompanied with degradation of adherens/tight junction proteins (Fig.
21B). n=6 per group, * p<0.05 vs. sham, # p<0.05 vs. vehicle, + p<0.05 vs.

scrabble RNA. Values are expressed as meant SEM.
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ICH and PDGF-D induced formation of stress fibers, inhibition of PDGFR-f3,
cortactin or LIMK resulted in decreased stress fiber formation after ICH

Immunostaining revealed that ICH caused a dramatic increase of
phalloidin-positive cells (Figure 22) in ICH versus sham-operated animals,
indicating stress fiber formation. Most of the stress fibers were posi- tive for
phosphorylated LIMK (pLIMK), demon- strating the importance of pLIMK in the
formation of stress fibers. Inhibition of the proposed pathway considerably
decreased the amount of both stress fiber and pLIMK-positive cells. Sc-RNA did
not affect this parameter. Recombinant PDGF-D increased the number of stress
fibers compared to sham animals.

Morphology of F-actin stress fiber and their colocalization with
phosphorylated LIMK in the higher magnification is demonstrated in

Supplemental Figure 3.
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Figure 22,
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ICH induced activation of LIMK and intensive formation of F-actin stress fibers.
Stress fibers were visualized with Alexa Fluor-phalloidin kit. Phalloidin has a high
affinity to the F-actin and stress fibers appear green (column “F-actin”). Cells
positive for the activated LIMK appear red (column “p-LIMK”). The ICH
significantly increased the number of both activated LIMK-positive (red) and
phalloidin-positive (green) cells as well as double-positive phalloidin/pLIMK
stress fibers (first column “Merge”). While treatment with siRNA for both PDGFR-
B and cortactin as well as LIMK inhibition resulted in fewer LIMK positive stress
fibers, scrambled RNA did not have such effect. Injection of PDGF-D into the
brain of naive animals resulted in activation of LIMK and formation of stress fiber

compared to sham-operated animals. The second “Merge” column show the

detailed morphology of pLIMK positive stress fiber in more details.
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Discussion

In the present study, we investigated for the first time the effects of ICH on
stress fiber formation. We demonstrated that (1) ICH induced formation of stress
fibers that were associated with degradation of BBB components, BBB
disruption, and the consequent development of brain edema, and (2) these post-
ICH events were mediated, at least partly, by PDGFR- activation via the
cortactin/RhoA/LIMK pathway. Furthermore, we established that inhibition of the
PDGFR-B pathway is beneficial and protects BBB integrity after ICH.

We demonstrated previously that ICH induced a time-dependent increase
of both PDGF production and PDGFR expression [10]. The expression of
PDGFR-f3 increased at 6 h, peaked at 12 h, remained upregulated at 24 h, and
returned to the baseline 72 h after ICH. In the present study, we demonstrated
that ICH caused rapid activation of cortactin/RhoA/LIMK, in a manner similar to
PDGF-p activation. Compared to baseline, these proteins became activated six
hours after ICH. The difference from baseline became statistically significant at
24 hrs and remained upregulated 72 hrs after ICH. RhoA activation was
observed at the same time points, consistent with the previous study [24].

Next we investigated whether activation of cortactin/RhoA/LIMK would be
accompanied with degradation of BBB components as a consequence of stress
fiber formation. The BBB’s permeability is regulated by adherens junctions, which
in turn, play an important role in stabilizing tight junctions [29]. There are

indications that pathophysiological conditions activate endothelia, changing
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endothelial cytoskeletons in the BBB. This process forms stress fibers that create
gaps between intact endothelial cells and promote tissue edema [7, 30].

We confirmed that activation of the proposed pathway leads to time-
dependent degradation of adherens/tight junction proteins. We investigated the
effects of ICH on VE-cadherin, occludin and claudin-3. VE-cadherin is an
endothelial-specific cell-to-cell adhesion protein in the adherens junction that is
essential for endothelial cell permeability [31]. Genetic or pharmacologic
inactivation of the VE-cadherin decreases vascular integrity and facilitates
transmigration of leukocytes [32]. Moreover, decreased VE-cadherin expression
was accompanied by increased permeability of the BBB to Evans Blue stain in
different models of brain injury [33]. VE-cadherin directly controls expression of
the tight junction protein claudin-5 [34]. The degradation of claudin-5 after ICH
has been demonstrated previously [35, 36]. Claudin-3, another protein of the
claudin family, is expressed in brain endothelia [37] and its degradation
compromises BBB under pathological conditions [38]. Additionally, we
investigated the time-dependent effects of ICH on occludin, another tight junction
protein playing a key role in BBB integrity[39]. In our study, VE-cadherin
degradation was detectable 24 and 72 hours after ICH, and degradation of
claudin-3 and occludin was detected 72 hours after ICH.

The degradation of BBB proteins corresponded to the activation of the
cortactin-RhoA-LIMK pathway after ICH. Importantly, we were able to
demonstrate that ICH-induced degradation of the BBB components was

accompanied by formation of stress fibers. We investigated this parameter 72
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hours after ICH, the time point of maximal degradation of adherent-tight junction
proteins. For visualization of stress fibers, we used phalloidin staining. Phalloidin,
a bicyclic peptide with high affinity for F-actin, is commonly used to visualize F-
actin stress fibers [40, 41]. We observed a significant increase in phalloidin-
positive cells in the brain after ICH, indicating endothelial activation and stress
fiber formation.

Furthermore, we investigated whether inhibition of PDGFR-3 would
decrease ICH-induced stress fiber formation and BBB disruption, leading to
improved neurological functions. For the PDGFR-f inhibition, we used a
commercially available receptor antagonist, CP-673,451 that is a selective
inhibitor of PDGFRs, having 10 fold more selectivity for the B-isoform as
compared to its selectivity for the a-isoform of the receptor [42]. The drug
concentrations used in this study were chosen according to previous
publications. In agreement with prior reports, no toxic effect of the drug was
observed [42-44]. We demonstrated that the inhibition of the receptor attenuated
ICH-induced brain edema and improved ICH-impaired neurologic functions at
both 24 and 72 hours post-ICH. These findings agree with our previous study,
demonstrating that a selective, si-RNA-induced, in-vivo knock-down of PDGFR},
decreased brain water content and improved neurological functions 24 and 72
hours after ICH [45]. Additionally, we investigated the effect of PDGFR-f3
inhibition on BBB integrity using the Evans Blue assay. Although PDGFR-3
inhibition only slightly decreased the amount of Evans Blue stain in the brain at

24 hours, PDGFR-f inhibition significantly decreased ICH-induced accumulation
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of the stain after 72 hours. That differed from the results on none-selective
PDGFR inhibition [10]. We demonstrated previously that none-selective inhibition
of both a and (3 isoform of the PDGFR by Gleevec was able to decrease Evan
Blue stain accumulation both at 24 and at 72 hours after ICH significantly [10].
Both brain water content and the Evans Blue assays are used to evaluate BBB
integrity, the two approaches revealed different outcomes. While brain water
content accounts for both cytotoxic and vasogenic brain edema, the Evans Blue
assay evaluates permeability of BBB to high molecular weight proteins, which is
a sign of vasogenic brain edema. The mechanism of edema formation after ICH
is not completely understood. Most of the investigators, however, postulate that
both cytotoxic and vasogenic brain edema is present after ICH [46].

Whereas cytotoxic edema is prominent in the early stages of ICH,
vasogenic edema follows later with the disruption of BBB. Twenty-four hours
after ICH, both cytotoxic and vasogenic edema are simultaneously present.

We previously demonstrated that ICH induced a quick activation of the
PRGFRa isoform as early as 3 hours after ICH. The activation peaked (6-fold
compared to sham operated animals) 6 hours after ICH. Although PRGFRa
remained activated 12 hours after ICH, the activation declined rapidly (2.5-fold)
[10]. The B-isoform became activated more slowly. The activation of B-isoform
peaked at 12 hours and remained on the same level 24 hours after ICH [45].
None-selective inhibition of both PDGFR isoforms via Gleevec decreased ICH
induced increase of brain water content and Evan Blue stain accumulation 24

and 72 hours after ICH and obviously attenuated the development of both
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cytotoxic and vasogenic form of brain edema at this time points [10]. 24 hours
after ICH the treatment, inhibiting mostly the B-isoform of the receptor, was also
able to attenuate the development of cytotoxic edema, evaluated be brain water
content calculation (the molecular pathways underlying the receptor inhibition on
cytotoxic brain edema remain to be investigated). That was, however, not
sufficient for attenuation of vasogenic edema. We are postulating that at this time
point (due to low affinity of our drug to the a-isoform of the receptor and only
minor activation of B-isoform) CP-673,451 was unable to inhibit the receptor
completely. The partly inhibition of the PDGRs did not lead to the amelioration of
the vasogenic edema in the early stage of ICH. However in the time point of the
maximal PDGFR- activation (72 hours post ICH), the inhibition of the PDGFR
via a B-isoform inhibitor (CP-673,451), resulted in amelioration of BBB disruption,
and attenuation of vasogenic edema, as evaluated by Evans Blue. These facts
let us to the conclusion that a further, a head-to-head, investigation of the
advantages of none-selective vs selective inhibition of the different PDGFR
isoform need to be done.

There are the indications in the literature that PDGFR-[3 is a positive
regulator of tissue repair and angiogenesis after ischemic stroke [47, 48]. The
inhibition of the receptor might have undesirable effects and affect the post-ICH
recovery process negatively. In order to investigate this option we conducted a
long-term study. Our results demonstrated that the receptor inhibition significantly

improved neurological functions after ICH. We believe therefore that the drug,
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used in the study did not have adverts effects on angiogenesis und recovery after
ICH.

Although CP-673451, the PDGFR- inhibitor used in this study, is 10-fold
more selective for the B-isoform as compared to the a-isoform of the PDGFR, it is
challenging to rule out effects of the drug on the a-isoform in an in vivo study. To
determine the effects of the B-isoform, we used si-RNA for the PDGFR-B. l.c.v
administration of the si-RNA decreased expression of PDGFR-3 and diminished
the amount of phalloidin positive F-actin stress fibers. Furthermore, si-RNA for
PDGFR-f significantly reduced ICH-induced activation of cortactin-RhoA-LIMK
pathway and attenuated degradation of adherens/tight junction proteins.

To investigate the role of cortactin on the induction of stress fibers after
ICH, we used si-RNA for cortactin. Similar to PDGFR-f3, si-RNA for cortactin
significantly decreased expression of the protein. This reduction was
accompanied by deactivation of RhoA and LIMK, decreased number of stress
fibers, and the stabilization of adherens/tight junction proteins.

To investigate of the effects of LIMK inhibition, we used a commercially
available inhibitor, LIMKi 3 [49]. First, we established a dose dependent response
of the drug on ICH- induced elevation of brain water content and neurological
deficits in the short time study. The drug, at a dose of 1 mg/kg, decreased brain
edema and improved neurological function 72 hours after ICH. At 72 hours, this
dose of LIMKi 3 significantly attenuated of ICH-induced LIMK phosphorylation in
brain tissue, indicating that LIMKi 3 can penetrate the BBB after ICH and has

effects on the CNS. The results of the Western blot study were confirmed by
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immunostaining, which also revealed a decrease of pLIMK positive cells in ICH
animals treated with LIMKi 3- compared to vehicle-treated animals. The effects of
LIMKi 3 on post-ICH LIMK phosphorylation were associated with fewer stress
fibers and preservation of adherens-tight junction proteins.

Finally, we investigated whether the injection of recombinant PDGF-D into
the brain of naive animals would result in activation of the proposed pathway and
in the degradation of BBB proteins. PDGF-D is the endogenous agonist of the
PDGFRs. Although there are some indications that PDGF-D has some affinity for
the a-isoform of the receptor [50], most investigators consider PDGF-D as a
selective agonist for the PDGFR-[3 isoform [51-55]. Accordingly, PDGF-D
administration should primarily activate PDGFR-. We demonstrated that PDGF-
D administration increased the amount of stress fibers, which was accompanied
by RhoA-LIMK activation and degradation of VE-cadherin/occludin.

The current study has limitations. The drug used in the study has not been
approved for patients. Intraperitoneal administration of the drug is untypical for
patient. It is, however, worth to mention that intra- peritoneal administration is
very common for in small animals [56]. The pharmacokinetic partially mimics oral
administration in human patients [57].

In conclusion, our findings suggest that PDGFR-3 contributes, at least
partly, to ICH-induced stress fiber formation, BBB impairment, and impairment of
neurological functions via the cortactin-RhoA-LIMK pathway. PDGFR-[3 inhibition
had no toxic side effects and did not increase mortality after ICH. Although the

PDGFR-B inhibition was not able to completely pre- vent brain injury after ICH, it
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attenuated significantly ICH-induced brain injury and improved neurological
function after ICH. Our results, however, demonstrated that targeting PDGFR-3

signaling may pave the way for a new therapeutic strategy for ICH patients.
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CHAPTER FIVE

GENERAL DISCUSSION AND CONCLUSIONS

Summary of Key Findings

In the previous chapters we were able to demonstrate that IGF-1, Adropin,
and PDGFR-B inhibition were able to preserve BBB integrity following ICH. We
also reviewed and discussed the pathophysiology and models of ICH surgeries
including cerebellar hemorrhage.

Our research was designed to determine if there was potential for
development of clinical treatments in animal models of ICH. We determined if
certain medical interventions were capable of improving outcomes in these
animals, if different methods of drug delivery affected treatments, and if there

were molecular mechanisms that can be targeted to produce these results.

How Our Findings Advance the Field

Our scientific experiments have been able to significantly contribute to the
field of Intracerebral Hemorrhage. In our publications, we were able to effectively
show how different treatments may be useful in protecting against BBB injury and
edema formation in ICH models. Our research identified targets for treatments,
neuroprotective molecules, and potential future translational research directions
for clinical settings. We explored the effect of IGF-1 on the BBB in an ICH mouse
model and determined its ability to improve outcomes of edema and

neurobehavior [1]. Our findings showed that IGF-1 was able to reduce edema

124



found in both models of collagenase and blood-injection. Additionally, we
characterized the treatment mechanism occured through activation of the
PISK/AKT pathway thus inhibiting the pGSK3p/MEKK1 pathway. Our study was
the first to discover the effects of IGF-1 treatments after ICH and was also the
first to determine if intranasal IGF-1 was effective in treatment of the BBB in a
stroke model. Previous studies of IGF-1 suggest it plays a role in the protection
of neurons and development in injury models [2-7]. This is the first time to our
knowledge that we have studied IGF-1 as a protective against edema formation
in a brain injury model.

We were also able to show that Adropin was effective in reducing injury to
the BBB in a mouse model of ICH. In our study we discovered that this protection
occurs through a mechanism the Notch1 signaling pathway, which has previously
been seen to regulate neurogenesis [8]. We find that this suggests that this
pathway is important in relation to the integrity of the BBB and a further therapy
option. Additionally, this is the first time that Adropin has been given intranasally
to our knowledge. Little knowledge was given on the ability of Adropins ability to
cross the BBB [9-11]. In this study, we tracked Adropin expression in the brain
and found that it was effective in reaching the brain tissues via the intranasal
method.

We also observed the impact of PDGFR- on outcomes in ICH. We
demonstrated that stress fiber formation is partially activated by PDGF-Rf and
the cortactin/RhoA/LIMK pathway [12]. The inhibition of the receptor caused

reduced edema formation and BBB permeability along with reducing the number

125



of stress fibers after ICH. We showed that this mechanism is present in both the

short- and long-term outcomes following ICH.

Limitations To Neuroprotective Strategies after ICH
Significance of Edema formation in BBB injury following ICH

Edema formation generally occurs via two separate mechanisms. The first
is the release of fluids from the cells that are injured. The second is through
movement of fluids from the vessels to the parenchymal space via a leaky BBB
[13-15]. In both cases, edema formation can be considered the critical factor in
determining outcomes following a hemorrhagic stroke. The cranium is a limited
space that has little room for growth within a hard barrier of bone. As there is
increase in fluid in the parenchyma and swelling of the tissue, the skull serves as
an obstacle to limit the expansion of tissue thus increasing the pressure within
the space. Besides the area of damaged tissue directly surrounding a
hemorrhage, further swelling of the brain tissues results in tissue near the skull to
be compressed and damaged further.

Several factors have been suggested to induce BBB damage following
ICH. This can occur through mechanisms of mechanical stress, inflammation, or
direct toxic injury to the cells that compose the BBB [16]. Because of the BBB
injury and its subsequent edema formation is of critical importance to the
outcomes following a hemorrhagic stroke, it is a highly researched strategy to
reduce edema formation via preventing the injury to the BBB. However, reducing

BBB injury within the first few hours after a stroke is difficult to achieve for most
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hospitals due to limitations of transportation and diagnosis, early edema
formation is difficult to treat. Additionally, besides blood pressure control, the only
other effective methods of treatment are considered invasive to relieve pressure
or remove the hematoma. By providing treatment options that are non-invasive,
the barriers to early protection following a stroke can be improved upon to allow

for time for other treatment methods to be explored.

Central Nervous System Drug Delivery

In the case of ICH, clinical translation is difficult when in regards to drug
administration. Besides the control of hypertension, no other pharmacological
developments have been approved for the treatment of cerebral hemorrhage.
The huge variability of patients and their access to stroke treatment centers
makes developing strategies difficult. Additionally, medical treatments generally
take more time to have an effect. It generally takes a while for patients to arrive
at the hospital after their symptoms appear, leaving little room to initiate
treatments before cerebral tissues begin to degrade.

The inherent difficulty of delivery of medications to the brain tissues is
worsened by the presence of the BBB. The BBB provides an inbuilt protective
mechanism to filter out toxins and prevent damage. However, when developing
medical treatments it serves as an obstacle that prevents particular treatments
from reaching the cerebral tissues. The need for drugs that can either
successfully pass the BBB to directly protect the neuronal tissues or affect the

BBB directly should be highly prioritized. Additionally, drugs should be developed
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that can have an effect within the early stages of ICH when assessments are still
being made for the use of surgical treatments. Therefore, the goal of treatments
should be to have non-invasive drug therapies that can be administered early in

the course of the disease in lieu of invasive methods.

Conclusion and Future Prospects

Although there have been significant strides in basic science research to
develop new therapeutic strategies for protecting against ICH, there is still a
great deal more research needed to be done in order to understand the impact of
the disease and produce effective therapies that can be translated for humans.
Several gaps of knowledge exist concerning the pathophysiology and cellular
mechanisms involved in the injury. The timing of important endogenous
neuroprotective mechanisms are still being explored. Basic science research in
the field of stroke research aims towards making a translational approach to
clinical relevance. As such, there is a need to further explore cellular
mechanisms and studies involving combinational therapies. The study of ICH has

many promising prospects in relating science to translational research.
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