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DISCUSSION

Dr. Vishal Bansal (San Diego, California): Thank you very much to the AAST and thank you very much to the Penn group for
presenting a very nice paper.

I would like to remind everyone that traumatic brain injury remains one of the most lethal causes of injury, mortality and disability that
we, as trauma surgeons, face.

Nevertheless, traumatic brain injury management has really not changed much in the past several decades. Research like this still
needs to be conducted and hopefully can garner more clinical trials.

The data is very solid in the Penn group; however, | do have a few questions.

Number 1, especially in the first experimental cohort with leukocyte rolling and vascular permeability, there seems to be larger than
expected statistical variance. Despite the fact that this is statistically significant, | am wondering if the authors can explain that
variation.

Number 2. How, exactly, were the time points determined for desulfated heparin? In other words, if desulfated heparin could have
been given earlier, could that have actually improved outcomes just as much with the dosing as the authors conducted? This, of course,
from a clinical standpoint would be very relevant.

Number 3. There is data showing that neutrophil migration occurs in even mild traumatic brain injury models. Have the authors — and
if not | would encourage the authors — to perhaps adjust for a mild TBI model in the corticol impactor to see if in fact there would be
any reduction in neutrophil aggregation or vascular permeability and leakage.

And, finally, even though the authors cited that desulfated heparin maintains only 15 percent of hypocoagulability, there are papers
showing that desulfated heparin could be as much as 50 percent hypocoagulable compared to standardized heparin and unfractionated
heparin.

If so, how would the authors ever actually manage to get this medication through an IRB because of the hypercoagulable aspects
thereof?

Again, congratulations to the authors from the University of Pennsylvania. Very clean manuscript and very, very nicely presented
research.

Dr. Lawrence N. Diebel (Detroit, Michigan): Very nice presentation. | have a couple of questions. First is the timing of the
administration of this heparinoid. If there was any delay would it have affected your outcomes?

| say that because traumatic brain injuries are known to be associated with a profound sympathetic adrenal activation, with
supraphysiologic epinephrine levels. Could this be part of what is going on that we demonstrated in our study, that is something
wrong with the endothelial barrier by this insult?

And heparinoids have been shown to protect the glycocalyx and other models so perhaps you could do that same stain we did to look
at the effect of your heparinoid on the endothelial glycocalyx inside the brain.

And | say that because if you strip off the glycocalyx, it does allow for the white cells to interact with the endothelial cells so it may be
a loss of the glycocalyx battle barrier in your model.

And, finally, you can study the blood brain barrier using microfluidics. Thank you.

Dr. Katsuhiro Nagata (Philadelphia, Pennsylvania): First, | would like to thank Dr. Bansal for his insightful comments and | will try
to respond the best as possible.

With respect to the variability in the microscopy results, I think this might have been normal viability in brain leukocyte interactions
with endothelium. Similar variability has been seen in other previous publications from our lab and others. Also, it must be
remembered that error bars in all our graphs, were the standard deviation and not standard error of mean.

The criteria for choosing the brain vessel was that it required a diameter between 25 to 50 microns.

About the dosing strategy, 25 to 50 milligram per kilogram twice daily is a common dose of ODSH used in the literature.

We administrated ODSH as close as possible to this, approaching giving it every 12 hours, because of the availability of lab schedule
hours.

Also, we found in previous studies that leukocyte mobilization to the cerebral injury site was actually not an early event but late in the
brain.

This is different to muscle, lung and liver where mobilization of leukocytes occur immediately after tissue injury. In the brain, the
majority of leukocyte mobilization occurs more than 24 hours after injury.

About exploring mild TBI models, this is a good idea but mild TBI or concussion is very different to severe injury and our lab model
has never ventured outside of severe brain injury.

It is also unclear if mild traumatic brain injury is even producible with controlled cortical impact techniques. On the other hand, we are
directing our efforts to blast model of brain and lung injury combined.

About the anticoagulant properties of ODSH, yes, certainly when we proposed unfractionated heparin to be given hours after severe
TBI injury in humans, we saw a lot of resistance.
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But these ODHS doses have already been tested in humans and have passed FDA Safety Phase 1 trials in different disease contexts.
We are considering the launching a Phase-2 multi-center clinical trial testing these doses of ODHS in severe TBI patients in the next
few months.

Dr. Jose L. Pascual (Philadelphia, Pennsylvania): Thank you, very much, Dr. Diebel, that is an essential point. It’s not an ODSH
effect on neutrophils or leukocytes, alone, but also on endothelium and their interactions with neutrophils.

And the in vivo data suggests that their interactions are increased by the injury and reduced by ODSH which has not previously been
demonstrated in the brain.

We have shown in the past that injury changes the endothelial expression of adhesion receptors and counterligans, affecting both
leukocyte rolling and adhesion as well as transmigration into tissue.

We and others previously looked in another injury model how ICAM-1 and VCAM-1 as counterligans to the Sialyl LewisX complex
and CD11b and C. So we still have to do that work. But | agree with you, it is certainly not and effect isolated to the activation or
priming of neutrophils. It’s probably a combination of the two. Thank you.
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Abstract

BACKGROUND: Unfractionated heparin administered immediately after traumatic brain injury
(TBI) reduces brain leukocyte (LEU) accumulation, and enhances early cognitive recovery, but
may increase bleeding after injury. It is unknown how non-anticoagulant heparins, such as 2,3-O
desulfated heparin (ODSH), impact post-TBI cerebral inflammation and long-term recovery. We
hypothesized that ODSH after TBI reduces LEU-mediated brain inflammation and improves
long-term neurologic recovery.

METHODS: CD1 male mice (n = 66) underwent either TBI (controlled cortical impact [CCI])
or sham craniotomy. 2,3-O desulfated heparin (25 mg/kg [250DSH] or 50 mg/kg [500DSH]) or
saline was administered for 48 hours after TBI in 46 animals. At 48 hours, intravital microscopy
visualized rolling LEUs and fluorescent albumin leakage in the pial circulation, and the Garcia
Neurologic Test assessed neurologic function. Brain edema (wet/dry ratio) was evaluated post
mortem. In a separate group of animals (n = 20), learning/memory ability (% time swimming in
the Probe platform quadrant) was assessed by the Morris Water Maze 17 days after TBI. Analysis
of variance with Bonferroni correction determined significance (p < 0.05).

RESULTS: Compared with CCI (LEU rolling: 32.3 £ 13.7 LEUs/100 pm per minute,
cerebrovascular albumin leakage: 57.4 + 5.6%), both ODSH doses reduced post-TBI pial LEU
rolling (250DSH: 18.5 £ 9.2 LEUs/100 um per minute, o= 0.036; 500DSH: 7.8 + 3.9 LEUs/100
pm per minute, p < 0.001) and cerebrovascular albumin leakage (250DSH: 37.9 + 11.7%, p=
0.001, 500DSH: 32.3 £ 8.7%, p < 0.001). 500DSH also reduced injured cerebral hemisphere
edema (77.7 £ 0.4%) vs. CCI (78.7 £ 0.4 %, p=0.003). Compared with CClI, both ODSH doses
improved Garcia Neurologic Test at 48 hours. Learning/memory ability (% time swimming in
target quadrant) was lowest in CCI (5.9 £ 6.4%) and significantly improved in the 250DSH group
(27.5 £ 8.2%, p=0.025).

CONCLUSION: 2,3-O desulfated heparin after TBI reduces cerebral LEU recruitment,
microvascular permeability and edema. 2,3-O desulfated heparin may also improve acute
neurologic recovery leading to improved learning/memory ability weeks after injury.

Keywords
ODSH,; TBI; leukocyte; Morris Water Maze; heparin
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Traumatic brain injury (TBI) is a leading cause of morbidity and mortality in young patients
with over 10 million patients affected every year.12 In the past few decades, despite intense
efforts invested in developing neuroprotective therapies for TBI, none has been consistently
implemented at the bedside. In predicting outcome following TBI, the initial cerebral tissue
deforming impact is of utmost importance. However, the host and the environment the host
is exposed to after injury have also been implicated in promoting the ongoing tissue injury
and destruction that persist days and even weeks after severe TBI. This ongoing process is
thought to be driven by multiple cellular, metabolic and molecular processes.3-6

Several reports have demonstrated that heparinoids may reduce tissue inflammation

after injury by blunting the activation of circulating leukocytes (LEUS) regionally and
reducing their sequestration in injured tissue. For example, both unfractionated heparin
(UFH) and low molecular weight heparin (LMWH) reduce neutrophil and endothelial

cell (EC) activation and adhesion receptor expression.”:8 Specifically in TBI models,
heparinoids evidence similar effects on activation of cerebral endothelium and circulating
LEUs but also, concurrently reduce microvascular permeability and improve subsequent
neurologic recovery.%-12 Unfortunately, heparinoids are invariably withheld when managing
patients early after TBI as their anticoagulant effects may augment cerebral hemorrhage.
Manipulating the sulfation of heparin may eliminate the majority of heparin’s anticoagulant
effects, a process that has been leveraged to use heparin’s anti-LEU effects in other

contexts including in the formulation of chemotherapeutic agents addressing liquid and
bone marrow tumors.13-14 One such compound, 2,3-O desulfated heparin (ODSH) exerts
less than 15% the anticoagulant properties of UFH.8:15:16 Nonetheless, some heparin-related
anti-inflammatory effects appear to be preserved with this manipulation, at least with respect
to the ability to inhibit complement activation, as well as binding to certain adhesion
molecules.817 In several injury models, including central nervous system (CNS) infection
and stroke, ODSH reduces brain tissue edema, and improves neurologic recovery.

To our knowledge, no published studies have evaluated whether ODSH affects
microvascular cerebral inflammation after TBI nor subsequent neurologic recovery. In

the current study, we sought to determine whether ODSH specifically reduced /n vivo
LEU-mediated cerebrovascular inflammation after TBI and hypothesized that early, repeated
administration of ODSH following TBI reduces pial EC/LEU interactions and decreases
microvascular permeability and cerebral edema. We further postulated that ODSH treatment
would lead to enhanced neurologic recovery beyond 2 weeks after injury.

MATERIALS AND METHODS

Reagents

Normal saline (0.9%, NS) was purchased from Baxter Healthcare Corporation (Deerfield,
IL), ketamine from Hospira (Lake Forest, IL), xylazine from Akorn (Decatur, IL)

and acepromazine from Boehringer Ingelheim (St. Joseph, MO). Bovine fluorescein
isothiocyanate (FITC)-labeled albumin and 0.3% rhodamine 6G were purchased from
Sigma-Aldrich (St. Louis, MO). 2-O, 3-O desulfated heparin (ODSH) was supplied

J Trauma Acute Care Surg. Author manuscript; available in PMC 2022 August 16.
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from Cantex Pharmaceuticals (Weston, FL) and per the company is manufactured as a
pharmaceutical grade compound under Good Manufacturing Practices.

Experimental Design

All experimental procedures were conducted with approval of the University of
Pennsylvania Institutional Animal Care and Use Committee (Fig. 1). CD1 adult male mice
(25-30 g) (Charles River Laboratories, Wilmington, MA) were kept in standard housing
with water and chow ad /ibitum, for 5 days to 7 days before experiments. On day 1, all 66
animals were anesthetized with intraperitoneal ketamine (100 mg/kg), xylazine (10 mg/kg),
and acepromazine (1 mg/kg). As described below, animals were subjected to controlled
cortical impact (CCI) or sham craniotomy and then received subcutaneous injections of
ODSH (25 or 50 mg/kg) or an equal volume of 0.9% saline (vehicle [VEH], 1 mL/kg) at 2
hours, 10 hours, 26 hours, and 36 hours after CCI. This regimen was used to reflect human
UFH dosages as well as per the manufacturer's recommendations to mirror prior ODSH
dosing regimens.11:12 Series 1 animals (n = 46) underwent the 48-hour intravital microscopy
protocol while series 2 animals (n = 20) were kept in their cages with unimpeded mobility
for 14 days to 17 days when they were subjected to the Morris Water Maze protocol (Fig.
1). Overall, 66 animals were randomized into four groups: negative control (no CCI + VEH:
noCCl), positive control (CCI + VEH: CCI), CCI + 25 mg/kg ODSH (250DSH), and CCI +
50 mg/kg ODSH (500DSH).

Severe TBI Model

SERIES 1

As we described previously, a validated CCI model was used to establish severe TBI.18:19

In brief, prone anesthetized animals were secured in a stereotactic frame, and using a 4-mm
trephine, a left-sided craniotomy was created between the bregma and lambda sutures to
expose the dura overlying the parieto-temporal cortex. The CCI device (AMS 201; AmScien
Instruments, Richmond, VA) was armed with a 3-mm diameter impactor tip, discharged at
an impact velocity of 6 m/s which created a 1.0-mm cortical deformation.1® The resultant
cerebral injury is reproducible and consistent with severe TBI.

Intravital Microscopy

Forty-six (46) animals were randomized as follows: noCCI (n = 13), CCI (n = 13),
250DSH (n = 10), 500DSH (n = 10) (Fig. 1A). After receiving the above regimen

of ODSH or VEH for 36 hours, /n vivo pial intravital microscopy assessment of the
cerebral microcirculation was conducted as described elsewhere.®11 Animals were again
anesthetized with the same regimen; the right internal jugular vein was cannulated for the
administration of rhodamine and FITC-labeled albumin, and the animal was again secured
in the stereotactic frame before the second craniotomy. This second 2.5-mm craniotomy was
created adjacent to the first using a dental drill (Henry Schein, Melville, NY) and was then
covered with a 5-mm coverslip (Fisher Scientific, Waltham, MA). Live animals were then
transferred to an intravital microscope (ECLIPSE FN1; Nikon Instruments, Melville, NY)
and received a slow 50-pL intrajugular injection of 0.3% rhodamine 6G to fluorescently
label circulating LEUs visible at a 590-nm epi-illumination emission exposure. In each

J Trauma Acute Care Surg. Author manuscript; available in PMC 2022 August 16.
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animal one, randomly selected, non-branching pial venules measuring 25 pm to 50 pm in
diameter was videorecorded for 1 minute using a digital camera (QuantEM; Photometrics,
Tucson, AR). Intravenous FITC-labeled albumin (100-mg/kg) was then administrated for
visualization of albumin leakage as a surrogate for microvascular permeability. The same
venule was observed under a different, 488-nm fluorescent filter and 10-second footage was
captured and recorded for offline determination of microvascular permeability.

Microcirculatory Analysis

Video recordings and still images were imported into a digital analysis software (NIS-
Elements, Nikon Instruments Melville, NY) and LEU-EC interactions were quantified by a
blinded observer documenting the following parameters: (1) PMN rolling: mean number of
labeled cells crossing a 100-pum venular segment per 60 s; (2) PMN adhesion: number of
PMN stationary for at least 30 seconds during the recording period. Fluorescently labeled
spherical cells measuring 7 pm to 12 um were counted as LEU, and interactions were
reported as number of cells/100 um per minute (Fig. 2A). Images captured under the 488-nm
filter were evaluated for FITC-labeled albumin fluorescence intensity. This was measured
in three distinct regions within the vessel (venular intensity) and outside the vessel wall
(perivenular intensity) (Fig. 2B). The ratio of mean venular intensity to mean perivenular
intensity was averaged to determine the permeability index for a given vessel indicating the
degree of vessel wall leakage.

Body Weight Loss, Neurologic Recovery

Body weight loss after injury is a widely used marker of illness and physical impairment.
Animal body weights (W) were obtained before (WO0h) and 24 hours and 48 hours after CCI
with weight loss expressed as the ratio [(WOh — W24h or 48 hours)/W0h x 100%].

Animal neurologic function as assessed by the modified Garcia Neurologic Test (GNT) was
determined 24 hours and 48 hours after TB1.20:21 This validated scale scores the animal’s
motor, sensory, reflex, and balance ability to a maximum sum score of 18 points.

Brain and Lung Water Content

SERIES 2

After 48-hour intravital microscopy, animals were sacrificed; their brains were excised and
divided into injured (ipsilateral) and contralateral hemispheres. In the same setting, the left
lung was excised via sternotomy. Organs were immediately weighed (wet weight, WW) and
again after 72 hours of drying at 70°C (dry weight, DW). Tissue water content in each organ
was calculated using wet-to-dry ratios (% water content =100 x [WW — DW]/WW).

Morris Water Maze

Twenty animals were evaluated in the second Morris Water Maze (MWM) series and were
randomized equally (n =5 in each) into the same four groups (CClI, noCCl, 250DSH,
500DSH) as for series 1 (Fig. 1B) and underwent either CCI or sham craniotomy and then
received subcutaneous injections of ODSH (25 or 50 mg/kg) or an equal volume of 0.9%
saline at 2 hours, 10 hours, 26 hours, and 36 hours after CCI. Animals were then returned

J Trauma Acute Care Surg. Author manuscript; available in PMC 2022 August 16.
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to their cages in standard housing and were monitored for 14 days after which they were
first introduced to daily spatial learning and memory exercises using a MWM (until day 17).
The MWM consists of a standard construct with a 100-cm diameter circular pool divided
into 4 equal quadrants with a surrounding 50-cm wall (Fig. 6, view from above). The pool

is filled with 21°C water and is fitted with a 23.5-cm cylindrical plexiglass platform placed
1.0 cm below the water surface at the center of the northwest (target) quadrant for animals
to rest from swimming. Visual cues are displayed on the surrounding walls to aid spatial
learning and memory. Starting on day 14 after CCI, mice underwent six trials per day for
four consecutive days. Each time, they were placed in the water, facing the wall in one of
four starting locations (north east, south west, east, south) and allowed a maximum of 60
seconds to find and mount the submerged platform. If the mouse failed to reach the platform
within this time frame, it was lifted onto the platform by the operator and left there for 15
seconds to allow the animal to form memory of its location. Mice were then warmed under a
heating lamp until the next trial. Latency to the platform (time needed to reach the platform),
and swimming velocity (average in max of 60 s of swimming time) were recorded using

an overhead video-tracking system (Ethovision, Noldus, Leesburg, VA). On the 17th day,
after the final trial, a probe trial was performed to assess spatial memory by removing the
submerged platform and allowing mice to swim freely for 60 seconds. Spatial memory was
assessed by the time animals spent in the quadrant where the platform had been previously
located with improved performance indicated by a greater proportion of time spent in the
target quadrant.

Statistical Analysis

RESULTS

Series 1

All data are presented as mean + SD. Statistical analyses were performed using SPSS
(version 19, SPSS, Chicago, IL). Differences between group means were compared using
analysis of variance with Bonferroni correction. A pvalue less than 0.05 determined
significance.

In Vivo LEU-EC Interactions and Microvascular Permeability (48 hours)—
Forty-eight hours after CCI, the number of rolling LEUs and degree of microvascular
permeability was directly visualized in the penumbral pial brain surface /in vivo. CCI
animals demonstrated the greatest number of rolling LEUs and microvascular leakage,
while noCClI controls demonstrated the lowest levels of both parameters (Fig. 2). Leukocyte
rolling in CCI animals (32.3 £ 13.7 LEUs/100 um per minute) was significantly reduced
with both 250DSH (18.5 £ 9.2 LEUs/100 um per minute, p = 0.036) and 500DSH (7.8

+ 3.9 LEUs/100 pm per minute, p< 0.001). There were no significant differences in LEU
rolling between ODSH groups. Leukocyte adhesion was rare without any differences among
any of the groups (noCCl: 1.0 + 1.3LEUs/100 um per minute, CCI: 2.8 + 2.6LEUS/100 pm
per minute, 250DSH: 1.1 + 1.0LEUs/100 pm per minute, 500DSH: 1.4 + 2.0 LEUs/100 pm
per minute, p> 0.05 for all comparisons).

J Trauma Acute Care Surg. Author manuscript; available in PMC 2022 August 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nagata et al.

Series 2

Page 8

Live cerebrovascular FITC-albumin leakage was significantly greater in CCl animals (57.4
+ 5.6%) compared with low-dose (37.9 £ 11.7%, p = 0.001), high-dose (32.3 £ 8.7%, p

< 0.001) ODSH groups or noCClI animals (23.3 £ 4.2%, p< 0.001) (Fig. 2C). High-dose
ODSH microvascular permeability was similar to that of uninjured animals.

Brain and Lung Edema (48 Hours)—Compared with positive controls (78.7 £ 0.4%),
500DSH (77.7 £ 0.4%, p=0.003) reduced injured cerebral hemisphere edema to that of
negative control levels (77.6 + 0.1%, p=0.004 vs. CCl) (Fig. 3A). There were no significant
differences between 250DSH (78.2% + 0.5%) and positive controls. Contralateral cerebral
hemisphere edema was low and similar in all groups. Lung edema was similar in all groups
(Fig. 3B).

Body Weight Loss, Neurologic Function (24 and 48 Hours)—At 24 hours and 48
hours after TBI, animal weight loss was similar in all injured animals with an average of 9.3
+ 2.9% of body weight.

Neurologic functional recovery (GNT) was complete (max points = 18) in negative controls
and significantly better than any of the injured animals at both 24-hour and 48-hour
timeframes (Fig. 4). Compared to GNT scores in positive controls (CCl, 24 h; 14.85 +

1.1, 48 hours; 15.7 = 0.9), both ODSH regimens significantly improved GNT scores at both
time frames (250DSH 24 hours; 15.9 = 0.9, 48 hours; 16.6 + 1.0 p < 0.05 for both, 500DSH
24 hours; 16.0 £ 0.7, p<0.01, 48 hours; 16.7 + 0.8 p< 0.01). There were no differences
between 250DSH and 500DSH animals at either time frame.

Morris Water Maze

Swimming Velocity (Motor Function): There were no differences among groups in the
velocity with which animals swam to find and locate the hidden submerged platform on

day 14 (Fig. 5). On days 15, 16, and 17, however, uninjured (noCCl) animals consistently
showed greater swimming velocity compared with untreated, injured (CCI) animals. On day
17, noCCl animals also swam faster (44.9 £+ 23.5 cm/s) than both ODSH-treated injured
groups. High-dose 500DSH animals swam more rapidly than untreated (CCI) animals on
both day 16 (33.6 £ 10.1 cm/s vs. 23.7 + 9.2 cm/s, p=0.012) and day 17 (34.0 + 15.1 cm/s
vs. 22.3 £ 7.8 cm/s, p=0.021).

L atency to the Platform (L earning): Mean latency to reach the platform steadily decreased
in NoCCl animals from day 15 (35.6 + 24.9 seconds), day 16 (26.2 + 21.2 seconds) to day
17 (21.8 £ 21.3 seconds). At both days 16 and 17, this was a significantly lower latency time
than that of any of the injured (treated or untreated) animals. On both days 16 and 17 after
injury, 500DSH animals (d16: 41.0 + 21.7 seconds; d17: 43.9 + 21.5 seconds) demonstrated
a significantly shorter latency time than that of CCI animals (d16: 56.5 + 11.6 seconds, p <
0.05 vs 500DSH; d17: 59.4 + 3.4 seconds, p < 0.05 vs. 500DSH). Though this may suggest
improved learning ability in 500DSH animals over CCI controls, this finding is difficult to
interpret in light of the greater swimming velocities observed in 500DSH animals over CCI
counterparts during 2 days.

J Trauma Acute Care Surg. Author manuscript; available in PMC 2022 August 16.
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Percent Swimming Time Spent in Target Quadrant (Probe Trial): Both noCClI negative
controls (34.7 £ 11.6%) and 250DSH animals (27.5 + 8.2%) spent more time swimming
in the target quadrant than untreated CCI animals (5.9 * 6.4%), indicating greater memory
ability (Fig. 6).

DISCUSSION

In the present study, we report how early administration of a non-anticoagulant heparin
preparation reduces /n vivo pericontusional LEU mobilization 48 hours after TBI,
concurrently reducing local microvascular permeability. While both ODSH doses improved
48-hours neurologic recovery, only high-dose ODSH reduced cerebral edema. Furthermore,
ODSH also improved animal learning and memory 17 days after TBI. Our data suggests
that ODSH administration after TBI mitigates against the functional deficits that accrue from
secondary brain injury after cortical impact.

While the nature of the initial deforming force caused by TBI on cerebral tissue is
undeniably the utmost determinant of ultimate neurologic recovery, the pervasive tissue
swelling and disruption that follows in the subsequent hours and days is thought to have
an equally profound effect on recovery. Indeed, it is during the hours and days after

TBI that injured brain tissue may hemorrhage further and/or progressively swell leading
to intracranial hypertension, cerebral herniation and sometimes brain death.22 A well-
known initiating event in the development of cerebral edema relates to cerebrovascular
disruption and subsequent loss of microvascular integrity. The blood-brain barrier (BBB)
may temporarily become more porous or “leaky” and allow extravasation of fluid and
activated immune cells into the adjacent cerebral parenchyma.23 In the brain injured

host, locally activated circulating LEUs may act both as a cause and an effect in the

BBB disruption that follows injury, otherwise termed “secondary” brain injury. In this
setting circulating LEUs interact with activated ECs a sequential process initiated by LEU
rolling on endothelium and ultimately leading to LEU migration into tissue.24-26 There
the activated LEU will continue secreting inflammatory cytokines and chemokines while
releasing activated proteinases and free oxygen radicals. This, in turn, activates local resident
astrocytes and microglia, leading to additional tissue injury and BBB disruption, and further
promote leakage of activated plasma and circulating cells into the interstitial milieu.® In
TBI, several reports have demonstrated how cerebral accumulation of LEUs is intimately
associated with ongoing secondary tissue destruction and swelling.27:28 Thus, slowing or
disrupting this self-perpetuating sequence may be a tangible opportunity for therapeutic
intervention to slow or ameliorate the progression of secondary brain injury.

We and others have previously shown that heparin, a standard anticoagulant used to

prevent venous thromboembolism, has additional, poorly elucidated anti-inflammatory

side effects. These other properties appear to particularly affect circulating LEUs and
microvascular EC activation. For example, heparin administered in hemorrhagic shock
results in improved microvascular function and rheology, directly reducing subsequent
ischemic organ injury and improving cardiac, hepatic and renal function.24:29-31 |n animal
CNS injury models, heparin preparations reduce ischemic territory size after stroke.32 In a
rodent pneumococcal meningitis model, heparin administration reduced cerebral edema and
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intracranial hypertension, and reduced LEU influx identified as fewer rolling and “sticking”
LEUs in the pial circulation.33

In TBI, our group has shown how UFH and LMWH reduced early and delayed LEU
sequestration in pericontusional tissue and subsequent cerebral edema, findings that were
associated with improved short-term animal neurologic recovery and improved activities of
daily living.%12 Unfortunately, these benefits may have a dose limitation in that higher doses
failed to yield additional neurologic gains, and in some cases, worsened outcome principally
related to hemorrhage promotion as a consequence of heparin's anticoagulant properties
(data under review for publication). Relatedly, in humans, heparinoid administration after
injury, particularly brain injury, is often withheld for fear of promoting cerebral hemorrhage,
often resulting in delayed administration for days and sometimes weeks after TBI.12

Based on the irreconcilable association of heparin and bleeding risk in the early post-

TBI period, we explored a molecularly altered heparin known to possess less than one
fifth the anticoagulant properties of UFH. The ODSH preparation has a low affinity for
antithrombin 111, low anti-Xa, and anti-lla anti-coagulant activity and does not activate
Hageman factor.8:16 The ODSH is created by removing the 2-O and 3-O sulfates of the
iduronate and glucosamine moieties of standard UFH, and replacing them with hydroxyl
groups while maintaining sulfation at the key 6-0 active locus.3# Several acute lung injury
models demonstrate reduced pulmonary thrombin/EC activation and alveolar permeability
with ODSH therapy.32:36 Myocardial reperfusion injury is also reduced with ODSH
treatment as measured by reduced infarct size in dog and pig models subjected to coronary
artery occlusion.37:38 In a rat stroke cerebral ischemia model using middle cerebral artery
occlusion/reperfusion, ODSH reduced infarct size and improved neurologic function (foot
fault performance) without an increased hemorrhage risk.34

One of the proposed mechanisms for ODSH-mediated reductions in LEU and EC interaction
is through modulation of neutrophil elastase-induced high mobility group box 1 (HMGB-1)
secretion in the perivascular space.8:39 In ALI specifically caused by TBI (neurogenic
pulmonary edema) HMGB-1 production is increased in the pulmonary circulation.40-42
Curiously, we previously demonstrated similar reductions in lung edema when either
LMWH or anti-HMGB-1 monoclonal antibody blockade is administered after TBI without
a separate direct pulmonary injury.10 In the current study, we found a trend in reduced lung
edema in animals subjected to ODSH treatment but this was not statistically significant.

Similar to our evaluation with UFH and LMWH, ODSH reduced /n vivo LEU rolling and
venular leakage in the penumbral microcirculation after brain injury.®11 These results mirror
reports by others in cerebral ischemic stroke and meningitis models where heparinoids
similarly reduced cerebral edema.334344 \We also demonstrated that ODSH directly
improved animal neurologic recovery, a finding that concurs with other investigators' results
demonstrating improved foot fault test 5 days after middle cerebral artery occlusion in
rodents receiving ODSH.34 However, in our study, we additionally identified increased
swimming velocity with high-dose ODSH, approaching that of uninjured controls indicating
a beneficial effect on functional motor recovery.
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The current report has important limitations. First, it was conducted in mice, and there is no
assurance that the pathophysiology of TBI recovery or modulation by heparins is directly
translatable to mechanisms involved in human brain injury However, pathway elucidation
leading to targeted human trials is an important prerequisite to clinical intervention. Second,
only two different doses of ODSH were used. We did not perform a dose response curve and
as such cannot be certain that 25 mg/kg or 50 mg/kg represent the optimal risk/benefit effect
on LEU-mediated cerebral edema and cognitive recovery. Nonetheless, these doses were
selected to maintain some parallel with the doses used in other trials to support comparison
across investigations. Lastly, we did not gauge bleeding risk in each group. Evaluation and
grading of injured or surgical fields for quantifiable hemorrhage would have improved the
precision analysis of the non-anticoagulant properties of ODSH in injured and uninjured
tissue. Nonetheless, several previous evaluations in cardiac, pulmonary and stroke injury
models have demonstrated ODSH to cause little to no bleeding when administered in the
doses used.

In conclusion, the current study demonstrates novel findings indicating that early, post-
TBI administration of ODSH reduces /n vivo penumbral recruitment of LEUs and local
microvascular permeability that is associated with reduced cerebral edema. Furthermore, it
demonstrates a concurrent ODSH-related improvement in cognitive recovery, learning, and
memory that persists for more than 2 weeks after injury. Additional exploration of ODSH
safety and efficacy in brain injured patients will be necessary to determine if such heparin
preparations can improve human learning and functional recovery to mitigate against the
poor outcomes frequently encountered after severe TBI.
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Figure 1.
Experimental design and procedures. (A) Timeline of SERIES 1 experimental protocol.

(B) Timeline of SERIES 2 experimental protocol. IVM, intravital microscopy; NS, normal
saline.
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Figure2.
In vivo LEU/EC interactions and microvascular permeability. (A) Representative image

showing LEU interacting with endothelium. White arrows indicate fluorescently labeled
LEU rolling on endothelium. (B) Representative image showing FITC-albumin leakage

in the cerebral microcirculation. The microvascular permeability index is expressed

as the ratio of mean fluorescence of three separate locations outside the vessel wall
(perivenular intensity, IP) to mean fluorescence of three separate locations within the venule
(venular intensity, 1V). (€) LEU rolling and FITC-albumin leakage in the pial penumbral
microcirculation 48 hours after CCl. Compared with positive controls (CCI), both ODSH
regimens reduced post-TBI LEU rolling and cerebrovascular albumin leakage. *p < 0.05,
**n< (.01 vs. CCl, #p< 0.05, #p < 0.01 vs. 250DSH.
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Figure 3.
Tissue edema. (A) High-dose ODSH (500DSH) reduced brain water content in the injured

(ipsilateral) cerebral hemisphere to levels nearing negative controls (noCCl). **p < 0.01 vs.
CCl in the ipsilateral hemisphere. Contralateral cerebral edema was similar in all groups. (B)
There were no statistical differences in lung water content among groups.
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Figure 4.
Neurologic function was normal in negative controls at both 24-hour and 48-hour

timeframes. Compared to positive CCI controls, both ODSH treatments improved GNT
at both time frames after injury. *p < 0.05, **p < 0.01 vs. CCI, #p < 0.01 vs. 250DSH, *° p
< 0.01 vs. 500DSH.
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Spacial learning and memory. (A) % animal swimming time in the target quadrant where
platform was previously (probe trial). Compared to positive CCI controls, noCCI and
250DSH animals spent significantly more time in the target quadrant. (5) Representative
image sequence of the geographical position of a CCI animal in the 60-s observation period.
Each dot is the position of the animal at 33-ms intervals. (C) Representative image sequence
of the geographical position of a noCCl animal in the 60-second observation period.
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