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Microparticles Impair Hypotensive Cerebrovasodilation
and Cause Hippocampal Neuronal Cell Injury
after Traumatic Brain Injury
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Abstract

Endothelin-1 (ET-1), tissue plasminogen activator (tPA), and extracellular signal-regulated kinases-mitogen activated
protein kinase (ERK-MAPK) are mediators of impaired cerebral hemodynamics after fluid percussion brain injury (FPI) in
piglets. Microparticles (MPs) are released into the circulation from a variety of cells during stress, are pro-thrombotic and
pro-inflammatory, and may be lysed with polyethylene glycol telomere B (PEG-TB). We hypothesized that MPs released
after traumatic brain injury impair hypotensive cerebrovasodilation and that PEG-TB protects the vascular response via
MP lysis, and we investigated the relationship between MPs, tPA, ET-1, and ERK-MAPK in that process. FPI was induced
in piglets equipped with a closed cranial window. Animals received PEG-TB or saline (vehicle) 30-minutes post-injury.
Serum and cerebrospinal fluid (CSF) were sampled and pial arteries were measured pre- and post-injury. MPs were
quantified by flow cytometry. CSF samples were analyzed with enzyme-linked immunosorbent assay. MP levels, vaso-
dilatory responses, and CSF signaling assays were similar in all animals prior to injury and treatment. After injury, MP
levels were elevated in the serum of vehicle but not in PEG-TB—treated animals. Pial artery dilation in response to
hypotension was impaired after injury but protected in PEG-TB—-treated animals. After injury, CSF levels of tPA, ET-1,
and ERK-MAPK were all elevated, but not in PEG-TB—treated animals. PEG-TB—treated animals also showed reduction
in neuronal injury in CAl and CA3 hippocampus, compared with control animals. These results show that serum MP
levels are elevated after FPI and lead to impaired hypotensive cerebrovasodilation via over-expression of tPA, ET-1, and
ERK-MAPK. Treatment with PEG-TB after injury reduces MP levels and protects hypotensive cerebrovasodilation and
limits hippocampal neuronal cell injury.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) is the leading cause of injury-
related death in children.! While the effects of TBI have been
investigated extensively in adult animal models, less is known in
the newborn/infant. TBI can cause uncoupling of blood flow and
metabolism, resulting in cerebral ischemia or hyperemia. Although
hyperemia was historically considered the cause of diffuse brain
swelling and secondary injury after TBI in the pediatric setting,
more recent evidence suggests that hypoperfusion is the dominant
derangement.>* Cerebral autoregulation is often impaired after TBI
and concomitant hypotension ischemia may ensue, leading to poor
outcome.*” Since ethical considerations constrain mechanistic
studies in children with TBI, we have used an established porcine
model of fluid percussion injury (FPI) that mimics TBI to corrob-

orate clinical observations regarding autoregulation after TBI®
Indeed, we have found that FPI constricts pial arteries, reduces
cerebral blood flow (CBF), and disturbs cerebral autoregulation in
piglets.® Piglets offer the unique advantage of a gyrencepahalic
brain containing substantial white matter, which is more sensitive
to ischemic damage, similar to the human.

Microparticles (MPs) are 0.1-1.0 yum diameter anucleoid cell
membrane vesicles that are released after shear stress, trauma,
apoptotic activation, or inflammation. MPs have been shown to be
highly thrombogenic have been identified as biomarkers in a
number of human diseases and implicated in the pathogenesis of a
subset therein.>~'> MPs have been recently shown to be elevated in
the serum and cerebrospinal fluid (CSF) of patients with TBI,
though not yet convincingly linked to injury severity or out-
come.'®!” However, in patients with both stroke and subarachnoid
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hemorrhage, levels of MPs are elevated and correlated with is-
chemic events.'®2° Because of the enrichment of phosphatidyl
serine on their external membranes, as well as their capacity as a
source of soluble tissue factor, MPs are capable of being highly
thrombogenic. Previous work in mice in a model of decompression
injury has shown that MPs may be lysed in vivo with polyethylene
glycol telomere B (PEG-TB; a fluorinated hydrocarbon surfactant)
and that PEG-TB-induced MP-lysis may reverse the pathologic
effects of MP elevation. '

Potassium channels play a central role in resting cerebrovascular
tone and in vasodilation in response to hypotension.>' > In contrast
to the adult state, where nitric oxide predominates, prostaglandins
are a critical mediator of autoregulatory dilation in response to
hypotension in children and neonates.>*® After TBI, this auto-
regulatory response to hypotension is blunted, resulting in sec-
ondary ischemic insults to the injured brain.?” Several key
mediators in the pathway of this dysfunctional cerebrovascular
autoregulation after TBI have been identified, including tissue
plasminogen activator (tPA), endothelin-1 (ET-1), and activation
of the extracellular signal-regulated kinases (ERK) isoform of a
family of mitogen-activated protein kinases (ERK-MAPK).>*25-3!

We therefore hypothesized that MPs released after TBI impair
hypotensive cerebrovasodilation, PEG-TB protects this vascular
response via MP lysis, and investigated the relationship between
MPs, tPA, ET-1, and ERK-MAPK in that process.

Methods
Closed cranial window technique

Newborn pigs (1-5d; 1.0-1.4kg) of either sex were studied. All
protocols were approved by the Institutional Animal Care and Use
Committee of the University of Pennsylvania. Animals were
anesthetized with isoflurane by mask (1-2%), maintained with a-
chloralose (50-80 mg/kg supplemented with 5 mg/kg/h, intrave-
nously). A catheter was inserted into a femoral artery to monitor
blood pressure. The trachea was cannulated, and the animals were
ventilated with room air. A water circulating heating blanket was
used to maintain the animals at 37 -39°C, monitored rectally.

The closed cranial window technique for measuring pial artery
diameter and collection of CSF for enzyme-linked immunosorbent
assay (ELISA) analysis has been previously described.?” This
window consisted of three parts: a stainless steel ring, a circular
glass coverslip, and three ports consisting of 17-gauge hypodermic
needles attached to three precut holes in the stainless steel ring. For
placement, the dura was cut and retracted over the cut bone edge.
The cranial window was placed in the opening and cemented in
place with dental acrylic. The volume under the window was filled
with a solution, similar to CSF, of the following composition (in
mM): 3.0KCl, 1.5MgCl,, 1.5 CaCl,, 132 NaCl, 6.6 urea, 3.7 dex-
trose, and 24.6 NaHCO5. This artificial CSF was warmed to 37°C
and had the following chemistry, which is similar to that of en-
dogenous CSF: pH, 7.33; pCO,, 46 mm Hg; and pO,, 43 mm Hg.
Pial arterial vessel diameter was measured with a microscope, a
camera, a video output screen, and a video microscaler.

The method used to induce brain FPI has been described pre-
viously.*> A device designed by the Medical College of Virginia
was used. A small opening was made in the fronto-parietal skull
contralateral to the cranial window. A metal shaft was sealed into
the opening on top of intact dura and fluid coupled to the brain
injury device (i.e., the shaft was connected to the transducer
housing, which was in turn connected to the fluid percussion de-
vice). The device itself consisted of an acrylic plastic cylindrical
reservoir 60 cm long, 4.5 cm in diameter, and 0.5 cm thick. One end
of the device was connected to the transducer housing, whereas the
other end had an acrylic plastic piston mounted on O-rings. The
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exposed end of the piston was covered with a rubber pad. The entire
system was filled with 0.9% saline. The percussion device was
supported by two brackets mounted on a platform. FPI was induced
by striking the piston with a 4.8 kg pendulum. The intensity of the
injury (usually 1.9-2.3atm, with a constant duration of 19—
23 msec) was controlled by varying the height from which the
pendulum was allowed to fall. The pressure pulse of the injury was
recorded on a storage oscilloscope triggered concurrently with the
fall of the pendulum. The amplitude of the pressure pulse was used
to determine the intensity of the injury.

Protocol

Pial small arteries (resting diameter, 120-160 um) were exam-
ined. Vessel diameters were examined in all animals pre-FPI and
1h post-FPI in response to hypotension (moderate, severe), pa-
paverine (10 M, 107° M), and prostaglandin E2 (PGE2; 1 ng/mL,
10ng/mL). Hypotension was induced by the rapid withdrawal of
either 5-8 or 10-15mL blood/Kg to induce moderate or severe
hypotension (decreases in mean arterial blood pressure of 25% and
45%, respectively). Such decreases in blood pressure were main-
tained constant for 34 min by titration of additional blood with-
drawal or blood reinfusion.

Typically, 2-3mL of artificial CSF were flushed through the
window over a 30 sec period, and excess CSF was allowed to run
off through one of the needle ports. For sample collection, 300 uL
of the total cranial window volume of 500 uL was collected by
slowly infusing artificial CSF into one side of the window and
allowing the CSF to drip freely into a collection tube on the op-
posite side. Eight CSF samples were removed for each animal (four
prior to FPI and four starting 50 minutes after FPI). Two 3 mL blood
samples were taken from the left femoral arterial line into a Cyto-
chex BCT (Streck; Omaha, NE) vacutainer tube. CSF samples were
stored at —20°C and blood samples were stored at 4°C.

Three experimental groups were studied, vehicle control,
FPI + vehicle, and FPI1+ PEG-TB. In vehicle control animals, vas-
cular responses were obtained initially, the vehicle administered,
and the vascular responses obtained again 1 h later (time control).
In TBI animals, vascular responses were similarly obtained ini-
tially, vehicle or PEG-TB administered, and the vascular responses
obtained again at 1 h post injury. PEG-TB-treated animals (n="7)
were given 0.7 uLL per gram of piglet weight of a 0.3% PEG-TB
solution (weight/volume; Sigma Aldrich; St. Louis, MO) intrave-
nously at 30 min post-FPIL. FPI + vehicle animals (n=6) were given
a similar volume of saline at 30 min post-FPI. Vehicle control an-
imals (n=6) were surgicated, and vascular responses recorded
initially and then again 1 h later after receiving a similar volume of
saline at the 30 min time-point, but were not injured.

ELISA and radioimmunoassay

Commercially available enzyme-linked immunosorbent assay
(ELISA) kits were used to quantify CSF, tPA, and ERK-MAPK
(Assay Designs, Farmingdale, NY) concentration, while radioim-
munoassay kits were used to quantify ET-1 (Phoenix Pharmaceu-
ticals, Burlingame, CA). Phosphorylated ERK-MAPK enzyme
values were normalized to total form and then expressed as percent
of the control condition.

MP isolation and analysis

All reagents were from Sigma Aldrich unless otherwise stated.
Blood samples were mixed via gentle inversion 15-20 times and
1 mL aliquots were then centrifuged at 2300 g for 15 min to prepare
platelet-poor plasma and the supernatant carefully removed. Cen-
trifugation was performed at room temperature.

MP analysis was performed using three sets of antibodies for
each sample. Each aliquot of sample was combined with 200 uL of
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FIG. 1. Influence of fluid percussion injury on microparticles

(MPs; mean MP/mL) in blood in absence (vehicle) and presence
of polyethylene glycol telomere B (PEG-TB), n=6-7. *p<0.05,
compared with corresponding pre-injury value. 4+p <0.05, com-
pared with corresponding vehicle value.

Annexin buffer (diluted 1:10 in de-ionized water), 5 uLL of each an-
tibody (below), as well as 5 uL of 3 um reference counting beads (final
concentration 105/mL; Spherotech). The diluted annexin buffer was
filtered prior to use through a 0.1 um sterile low-protein-binding filter
(Millipore, Danvers, MA). Annexin-V-FITC (BD Bioscience, Sparks,
MD) antibody was used to identify annexin + MPs. All MP isolations
were performed in triplicate and the average of the three values ob-
tained for each specimen was used for analysis.

Flow cytometry was performed on a 10-color FACSCanto (BD
Biosciences). A previously described flow rate-based method was
used to quantify MPs in the sample.>* MPs were defined according
to size and positive expression of Annexin V.

Histologic preparation

The brains were prepared for histopathology at 4 h post FPI. Pigs
were transcardially perfused with heparinized saline, followed by
4% paraformaldehyde. The brains were then carefully removed
from the skull and coronal sections were prepared at 0.6 cm inter-
vals for gross examination and photography. For histopathology,
staining was performed on parafiin-embedded slides and serial
sections were cut at 30 um intervals from the front face of each
block and mounted on microscope slides. The sections (6 um) were
stained with hematoxylin and eosin (HE). Mean number of de-
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generating neuorns (tstandard error of the mean [SEM]) in CAl
and CA3 hippocampus in vehicle control, FPI+vehicle, and
FPI+ PEG-TB-treated animals were determined, with data dis-
played for the side of the brain contralateral to the site of injury (the
side where pial artery reactivity was investigated). To determine
the extent of neuron degeneration in the hippocampal CA1l and
CA3 subfields, six HE-stained sections from each animal were
examined and the number of degenerating neurons were counted
manually. Three frames (1x1.2mm per frame) encompassing a
total area of 3.6 mm? in each slide from each hippocampal CA1 and
CA3 region were analyzed at x 100 magnification.

Statistical analysis

All statistical analyses were performed with Stata v11.2
(StataCorp, College Station, TX). Pial artery diameter values were
analyzed using analysis of variance. If the value was significant, the
data were then analyzed by Fisher’s protected least significant
difference test. MP concentrations were not normally distributed
and thus a non-parametric test, the Wilcoxon Mann-Whitney test,
was used. CSF signaling assay values and counts of degenerating
neurons were analyzed with Student’s 7-tests. An a level of p <0.05
was considered significant in all statistical tests. Values are re-
presented as mean* SEM of the absolute value or as percentage
changes from control value.

Results
Treatment with PEG-TB reduces MP levels

Prior to FPI, total levels of Annexin+ MPs in serum were not
significantly different between the FPI + vehicle and FPI1+PEG-TB
groups (Fig. 1). However, after injury there was a significant dif-
ference in total serum MP levels between groups, with MPs in the
FPI +vehicle group being markedly elevated and MPs in the
FPI + PEG-TB-treated group being suppressed (p=0.02).

Treatment with PEG-TB restores cerebral
hemodynamics after TBI

Prior to FPI (and treatment), both the vehicle and PEG-TB-
treated groups exhibited pial artery dilation in response to papav-
erine (positive control), hypotension, and PGE2. There were no
significant differences in baseline response to hypotension and
PGE2 between groups ( p>0.05). Pial artery dilation in response to
papaverine was maintained after FPI in the vehicle and PEG-TB—
treated groups and not significantly different between vehicle and
PEG-TB-treated animals (p>0.05; Fig. 2). After FPI, pial artery
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Influence of papaverine (10-8, 10-6 M), hypotension (moderate, severe), and prostaglandin E2 (PGE2; 1, 10 ng/mL) on pial

artery diameter before and after fluid percussion injury in absence (vehicle) and presence of polyethylene glycol telomere B (PEG-TB;
n=5-7). ¥*p<0.05, compared with corresponding pre-injury value. +p <0.05, compared with corresponding vehicle value.
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dilation during hypotension was blunted in the vehicle group.
Treatment with PEG-TB protected pial artery dilation during hy-
potension (p<0.0001, Fig. 2). Similarly, after FPI, pial artery di-
lation to PGE2 was markedly reduced in vehicle animals but
protected in PEG-TB-treated animals (p <0.0001, Fig. 2).

Treatment with PEG-TB prevents elevation
in tPA, endothelin, and pERK after FPI

CSF tPA levels were significantly elevated after FPI in vehicle,
but not PEG-TB-treated, animals (p <0.0001; Fig. 3). ET-1 levels
were not significantly different pre-injury, but after injury, ET-1
was significantly elevated in vehicle, but not PEG-TB-treated,
animals (p<0.0001; Fig. 3). Phosphorylated ERK (pERK) as a
percent of total ERK was not significantly different between ve-

CA1

Vehicle control

FPI + vehicle

hicle and PEG-TB-treated animals pre-injury. After injury, pERK
increased in vehicle animals, which was blocked in PEG-TB-
treated animals (p <0.0001; Fig. 3).

Treatment with PEG-TB prevents neuronal cell death
in CA1 and CA3 hippocampus

FPI increased the number of degenerating neurons in CA1 and
CA3 hippocampus, which was blunted by PEG-TB (p <0.0001 for
both regions; Fig. 4 and Fig. 5).

Blood chemistry

Blood chemistry values were collected before and after all ex-
periments. There were no statistically significant differences between
vehicle control, FPI + vehicle, and FPI1+ PEG-TB-treated animals.

FPI+ PEG - TB

FIG. 4. Top: Typical CAl hippocampus under conditions of (A) vehicle control, (B) fluid percussion injury (FPI)+ vehicle, (C)
FPI+polyethylene glycol telomere B (PEG-TB). Bottom: Typical CA3 hippocampus under conditions of (D) vehicle control, (E)
FPI+vehicle, and (F) FPI+PEG-TB.
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fluid percussion injury (FPI) with polyethylene glycol telomere B
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n=6-7. *p<0.05, compared with corresponding pre-injury value.
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Specifically, the values for vehicle controls were 7.45+0.03, 35+3,
and 92+10 at the beginning of the experiment and 7.44+0.04,
37+4, and 90£ 10 at the end of the experiment for pH, pCO,, and
pOs, respectively, while the values for FPI+PEG-TB—treated ani-
mals were 7.47+0.03, 34%3, and 90+ 10 at the beginning of the
experiment and 7.4510.03, 38+4, and 88+ 10 at the end of the
experiment for pH, pCO,, and pO,, respectively.

Discussion

Several new findings of translational relevance have emerged
from this study. First, this is the first study to demonstrate a cause
and effect relationship between MP elevation after TBI and im-
paired hypotensive cerebrovasodilation. MP elevations in serum
and CSF human TBI patients, compared with healthy controls,
were previously demonstrated; however, these studies could only
note the association between MP elevation and TBL'®!” Our
study, using a porcine FPI model, demonstrated that post-injury
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administration of PEG-TB reduced serum MP levels and protected
vasodilatory response to hypotension and to direct application of
prostaglandin to the pial surface. Because both control and PEG-
TB-treated animals demonstrated pial vasodilation in response to
papaverine, the effect of MPs is specific to cerebrovascular dila-
tion during hypotension and not reflective of global vasomotor
dysfunction.

Second, this study builds on past work to add a step in the
pathway that results in dysfunction of endothelial potassium chan-
nels leading to altered cerebrovascular autoregulation after TBI. We
have identified MP elevations as an important upstream event that
leads to impaired cerebrovasodilation during hypotension after FPI
via elevations of tPA, ET-1, and pPERK-MAPK. Prior work in our
lab, and others, has shown that hypotension-induced vasodilation is
prostaglandin dependent and K-channel mediated.***>® After FPI,
elevated tPA causes dysfunction of K-channels and does so through
upregulation of ERK-MAPK.* Endothelin also is involved in post-
traumatic dysfunction of endothelial K-channels.*** ERK-MAPK
has been identified as the common downstream mediator of both
tPA and ET-1.253%3435 We have recently demonstrated the role of
tPA in driving ET-1 release after FPL.>* In this study, MP elevation
leads to elevations in tPA, ET-1, and ERK-MAPK which are pre-
vented with post-injury MP-lysis by PEG-TB administration, sug-
gesting that MP elevations lead to tPA elevations which in turn drive
ET-1 release, ERK-MAPK phosphorylation, and disordered K-
channel dilation in response to hypotension and prostaglandins.
Hypotension after TBI is associated with poor outcome in obser-
vational trials of adult and pediatric patients,*” so we believe the
role of MPs after TBI is clinically relevant.

The proposed mechanism for MP-induced disorder of hypoten-
sion and prostaglandin-induced vasodilation is illustrated in Figure 6.
In the untreated state, TBI leads to release of MPs, leading to
elevations of tPA levels. tPA drives endothelin release, which in
turn leads to release of reactive oxygen. The latter activates ERK-
MAPK, which acts downstream to prevent vasodilation as an au-
toregulatory response to hypotension. PEG-TB, administered
30 min after injury, emulsifies MPs, preventing tPA and ET-1 re-
lease. Through this mechanism, PEG-TB decreases reactive oxy-
gen species, prevents activation of ERK-MAPK and thereby
protects prostaglandin-mediated vasodilation in response to hypo-
tension. PEG-TB administration did not change responses to pa-
paverine, suggesting it does not have a global effect on vasodilation

Protecte
Cerebrovascular
Autoregulation

Reactive

Oxygen [ % *

Species

FIG. 6. Proposed mechanisms for (A) microparticle-induced dysfunction of autoregulatory hypotensive cerebrovasodilation after
traumatic brain injury and (B) protection of autoregulatory hypotensive cerebrovasodilation via polyethylene glycol telomere B (PEG-
TB). TBI, traumatic brain injury; tPA, tissue plasminogen activator; ET-1, endothelin-1; pPERK MAPK, phospho extracellular signal-

regulated kinases-mitogen activated protein kinase.
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and that its effect is limited to the response to hypotension and the
pathways analyzed with our experiments.

Third, this study demonstrated that PEG-TB treatment reduced
hippocampal injury. Previously, we had observed that ET-1 and
ERK-MAPK upregulation after FPI in the pig caused histopathology,
including neuronal cell necrosis in CA1l and CA3 hippocampal re-
gions.*®**¥7 New results in the present study show that PEG-TB
blocked ET-1 and ERK-MAPK upregulation after TBI and prevented
impairment of hypotensive and PGE2-induced cerebrovasodilation. In
the context of the neurovascular unit, hemodynamics are thought to
contribute to neuronal cell integrity. PEG-TB may have limited hip-
pocampal neuronal cell injury via preservation of vascular respon-
siveness to stimuli thought to be important in control of cerebral
hemodynamics.® Mechanistically, these data suggest that PEG-TB is
neuroprotective due, in part, to preservation of cerebral hemodynamics
and prevention of ERK-MAPK and ET-1 release after brain injury.

Finally, this study has potential near-term translational ap-
plications. MPs are being investigated as biomarkers in a variety
of human diseases, and this study further supports use of MP as a
biomarker for TBI. However, prior studies demonstrating MP
elevation after human TBI were small and did not show any link
to injury severity or outcome.'®!7 A further barrier to translation
as a biomarker is need for standardization of the assay, as rela-
tively minor procedural modifications have been shown to lead
to significant alterations in MP levels.*® However, MP abatement
may have value and relatively low risk as a clinical treatment
strategy for TBI. In using PEG-TB, an agent previously shown to
be safe in human echocardiography trials at a similar dose to
reduce MP levels and restore autoregulation, we have identified
an attractive possible translational therapeutic for human
use.**** PEG-TB is a fluorosurfactant, has a completely different
chemical structure, and should not be confused with the PEG-
superoxide dismutase, which was previously studied after TBI
without benefit.'® 3**! PEG-TB does not have known antioxi-
dant properties. In fact, aside from its role in stabilizing bubbles
for echocardiography or lysing MPs, it is considered relatively
pharmacologically inert with no evidence of metabolism within
the body and has a half-life of elimination of a few minutes,
cleared by the lungs. '* 3%~

This small, pilot study has several limitations. These were non-
survival experiments with pial artery reactivity, histopathology, and
biochemical analysis as end-points, rather than more clinically rel-
evant survival endpoints such as behavior. Second, we did not ana-
lyze CBF directly but used changes in pial vessel diameter as a proxy
for alterations in CBF. Prior work in our lab has shown that changes
in CBF closely mirror those observed in pial reactivity®’ "2,
however, future studies will likely involve direct CBF measurement.
Third, only a single administration of our experimental agent, PEG-
TB, was administered at a single time-point. Though the results of
this study are encouraging, the MP-lysis and physiologic changes
seen after PEG-TB administration may not be lasting, as neither the
temporal dynamics of MP elevation after TBI nor the pharmacody-
namics of PEG-TB’s effect on MPs after TBI have been adequately
studied. Finally, we cannot speculate regarding the translational
relevance of PEG-TB administration for adult TBI, given the sig-
nificant age-related differences in cerebrovascular autoregulation
and alterations thereof after TBL>#**"*> PEG-TB administration
should have value in a pediatric population, while other mechanisms
might dominate in the adult.

In conclusion, MPs are elevated after TBI, and PEG-TB ad-
ministration after injury protects hypotensive cerebrovasodilation
and limits hippocampal neuronal cell loss.
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