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INTRODUCTION:

The work funded by this grant has been focused on the development and testing of novel resuscitation
approaches to the combination of traumatic brain injury (TBI) and hemorrhagic shock (HS) (TBI+HS) using an
experimental model in mice. The problem of TBI + HS has taken on great importance in the wars in Irag and
Afghanistan, where blast-induced TBI has become a leading cause of morbidity and mortality for our soldiers.
The novel nitroxide-based resuscitation fluids—polynitroxylated albumin (PNA) and polynitroxylated
pegylated hemoglobin (PNPH) combine—in a single molecule—the potential contributions of efficient volume
expansion by a colloid- or hemoglobin (Hb)-based solution along with the potent antioxidant effects of multiple
nitroxide moieties. The program project had four key components, #s 1-3 at the University of Pittsburgh School
of Medicine/Carnegie Mellon University, Pittsburgh, PA and #4 at Synzyme Technologies, Irvine, CA. The
research sites include 1) the Safar Center for Resuscitation Research, University of Pittsburgh (site of the
experimental TBI+HS model, Patrick M. Kochanek, MD, PI), 2) the Pittsburgh NMR Center for Biomedical
Research, Carnegie Mellon University (site of in vivo testing of the effects of TBI+HS and resuscitation on
cerebral blood flow (CBF) using magnetic resonance imaging (MRI), Chien Ho, PhD, PI), 3) the Pittsburgh
Center for Free Radical and Antioxidant Health, University of Pittsburgh (using a battery of markers of
oxidative stress applied in brain injury), Valerian Kagan, PhD, Pl and Hulya Bayir, MD, Co-I), and 4) SynZyme
Technologies, Irvine, CA (developer of the nitroxide-based solutions, Carleton Hsia, PhD and Li Ma, PhD, PIs).

In year 1, a reproducible model of TBI+HS in mice was established. Using this model, HS (90 min) after TBI
markedly increased hippocampal neuronal death.

In years 1-2, we also established oxidative lipidomics methods. In year 2 we studied CBF and showed that it
was critically reduced during TBI+HS. In year 2, we also tested several small volume resuscitation fluids
including Hextend (HEX), hypertonic saline (HTS), and PNA. Both PNA and HEX required smaller
resuscitation volumes to achieve the desired target mean arterial blood pressure (MAP) than Lactated Ringers
(LR) or HTS, and although this finding could be valuable in reducing the amount of field resuscitation fluid
required for a medic, neither agent reduced neuronal death.

In year 3 we explored the novel Hb PNPH in our TBI + HS model and observed exciting neuroprotective
effects, in a number of preliminary and definitive studies.

In year 4, we completed an extensive battery of work focused on PNPH—with both in vivo studies of survival,
hemodynamics, neuropathological outcomes, and brain tissue oxygen levels (PbtO;), and in vitro studies, all
showing remarkable neuroprotective effects of this novel agent.

We published three manuscripts (1-3), have a fourth in revision (4), presented 20 abstracts related to this work
at meetings including ATACCC, the Society of Critical Care Medicine, the 12" Symposium on Blood
Substitutes, the International Society of Magnetic Resonance and Medicine, and the National and International
Neurotrauma Societies Congress, among others (11-30). We are completing work for 5 additional manuscripts
in preparation related to this project (6-10). A complete list of publications and abstracts is provided.

Based on this work we submitted to the CDMRP a grant application to support IND development for
PNPH for TBI resuscitation which received a remarkable scientific score of 1.0. It was not funded.
However, in this most recent cycle, we (P. Kochanek, MD, PI) have submitted a revision of that
application again to the CDMRP, carefully addressing the critique. Given the highly promising nature of
the findings, we also partnered with SynZyme (C. Hsia, PhD, PI) to submit to the NIH, an SBIR (U44)
grant to support acquisition of an IND for PNPH for TBI resuscitation. We are hopeful that these will
be successful since we believe that PNPH is a strong candidate for clinical development for TBI
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resuscitation, and we believe that it is important to be able to develop PNPH through to IND for combat
casualty resuscitation of severe TBI victims. This progress report describes all of the work accomplished
during the entire 4 year funding period (Feb 13, 2008-Feb 12, 2010).

BODY:

A complete listing of the studies carried out in this project is provided in Table 1. For the convenience of

Table 1. Matrix of work carried out in years 1-4

Study

Year

Study composition

Outcomes

M1

1-2

Model development—TBI +
volume controlled HS (MAP
35-40 mmHg)

Fluid requirements; physiology;
7 d neuropathology

M2

MRI assessment

CBF

T1

PNA vs HEX, LR, or HTS

Fluid requirements; physiology;
7 d neuropathology

T2

PNA vs HEX, LR, albumin
or PNA+Tempol

Markers of oxidative stress

T3

PNA vs HEX, LR, albumin,
or PNA+Tempol

Fluid requirements; physiology;
7 d neuropathology

T4

PNPH vs HEX or LR

Fluid requirements; physiology;
7 d neuropathology

T5

Top load; PNPH vs stroma
free Hb

MAP

M3

Naive, TBI, and TBI+HS

PbtO,

M4

More severe insult—TBI +
pressure controlled HS
(MAP 25-27 mmHg)

Neuropathology and PbtO,

PNPH vs LR

PbtO, and 24 h neuropathology

MRI; naive, TBI alone,
TBI+HS

Brain edema

TBI alone PNPH vs LR

Physiology; 7 d neuropathology

Naive, TBI, and TBI+HS

ICP

In vitro TBI; PNPH, PegHb,
stroma free Hb

Neuronal death/neurotoxicity
from Hb exposure (LDH, MTT)

In vitro TBI; PNPH, PegHb,
stroma free Hb

Glutamate/Glycine
excitotoxicity (LDH, MTT)

In vitro TBI; PNPH, PegHb,
stroma free Hb

Neuronal stretch (LDH, MTT,
propidium iodide labeling,
MAP-2 immunofluorescence

Mechanistic studies on
oxidative stress and effects
of nitroxides and PNPH

Oxidative lipidomics, in vitro
studies of oxidative stress related
to PNPH

M8

Functional outcome, long-
term 21d neuropathology
after TBI+HS in mice

Morris water maze, Lesion
volume, hemispheric tissue loss
assessments

M=Model; T=Treatment; TBI = traumatic brain injury; HS=hemorrhagic shock;
MAP=mean arterial pressure; PNA=polynitroxylated albumin; HEX=Hextend;
PNPH=polynitroxylated pegylated hemoglobin; Hb=hemoglobin; CBF=cerebral
blood flow; PbtO,=brain tissue oxygen concentration; ICP=intracranial pressure;
LDH=Lactate dehydrogenase; MTT =(3-[4, 5-dimethylthiazol-2-yl-]-2, 5-
diphenyltetrazolium bromide); MAP-2=Microtubule-associated protein-2

the reader, we have categorized
studies as “M” mechanistic or
“T” treatment.

Study M1. Modeling combined
TBI + HS in mice

Much of the work in years 1-2
was devoted to developing a
reproducible mouse model of
combined TBI + HS. That work
was presented in abstract form at
several major scientific meetings
(11-15) and the model was
published as a full manuscript in
the Journal of Neurotrauma in
2009 (1). Of note, Critical Care
Medicine fellow Dr. Alia Dennis
received the In training award
from the Society of Critical Care
Medicine in 2007 for her work on
that paper recognizing her as the
top trainee at the congress. We
then used this mouse model of
TBI + HS in years 2 through 4 for
studies of both PNA and PNPH.
We also developed a more severe
pressure controlled HS model of
combined  TBI+HS—discussed
later. One of the surprising but
important finding of this work
was that 90 min of HS at the level
of mean arterial pressure (MAP)
35-40 mmHg was necessary to
produce an exacerbation of
neuronal death in hippocampus
after TBI. A period of 60 min of
HS was insufficient. The general
paradigm, thus, for the in vivo
studies that we performed that
were funded by this grant are

provided in Figure 1—where a HS phase is followed by a “Pre-hospital” phase, where the test solution is
administered, followed by a “Hospital” or “Definitive Care” phase, where the shed blood is returned and 100%
oxygen is administered, mimicking care in the emergency department or corps area support hospital (CASH).



Study M2. Serial non-invasive assessment of CBF after combined TBI + HS in mice
We also studied the combined effect of HS on cerebral blood flow (CBF) after experimental TBI using this

TBI: Hemorrhage:

CClI 5m/s velocity, 2.0ml/100g
1mmdepth over 15 min
Re-infuse

o Shed Blood
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Figure 1. Diagram depicting the time course of the experimental protocol used
for studies T1-T. CCl, controlled cortical impact; TBI, traumatic brain injury;
MAP, mean arterial blood pressure; ABG = Arterial blood gas.

model as assessed by serial magnetic
resonance imaging (MRI) using
arterial spin labeling. In collaboration
with scientists at the Pittsburgh NMR
Center for Biomedical Research at
Carnegie Mellon  University we
applied the state-of-the-art non-
invasive arterial spin labeling (ASL)
to assess regional CBF serially in each
phase of the model. ASL uses
endogenous arterial water as a tracer
by labeling the water proton spins via
a low power radio frequency field.
Control and labeled images are
subtracted and a CBF map is
calculated based on known constants.
We carried out a comprehensive
study showing its utility in
combined TBI + HS in our model
and demonstrated that HS indeed
produces critical CBF levels after

TBI —particularly in cortex and hippocampus. This allows the study of CBF after combined TBI plus
HS, as proposed in this application. CBF was quantified in cortical, hippocampal, thalamic, and hemispheric
regions of interest. The advantages of this method are that 1) it is non-invasive, 2) can be performed serially,

Shock
60 Min

Shock  Pre-Hospital Definitive
90 Min Care

Hemorrhagic
Shock

CCI +
Hemorrhagic
Shock

mL/100g/min

Figure 2. Effect of HS on CBF after TBI in mice assessed
via MRI. CBEF is stable over time in naives. After TBI
(CCI) a CBF reduction is seen only in the contused left
cortex. HS alone produces a mild global CBF reduction,
while TBI+HS produces a marked CBF reduction (arrow)
after HS. Contusional swelling is seen after resuscitation
with HEX—the military standard of care for TBI+HS.

and 3) provides a map of CBF rather than assessing a
single region. Our data (Figure 2) show that HS at an
MAP of ~35-40 mmHg for 90 min exacerbates the
CBF reduction after CCI, consistent with the
histopathology. HS alone for 60 min at this BP level
produced only a modest CBF reduction—consistent
with the lack of neuronal death seen for HS alone at
this shorter interval. Our findings were presented at
three scientific meetings (12, 14, 15) and a full
manuscript of this work is in preparation (6).

Studies _T1-T3. Novel colloid-based resuscitation
strategies using PNA: We showed that resuscitation in
our mouse model of TBI+HS using PNA or HEX
significantly reduced fluid requirement vs either LR or
HTS. The T1 study compared LR, HEX, HTS, and
PNA in our model, while the T2 and T3 study
compared HEX, LR, 10% albumin, PNA, and PNA+
the antioxidant tempol, assessing oxidative stress
markers (T2) and neuropathology (T3), respectively.
In each case the colloids outperformed the crystalloids
with regard to fluid volume required after TBI+HS.

These findings bring into question the conclusions of the recent SAFE study comparing albumin and normal
saline in TBI resuscitation (Myburgh et al, N Engl J Med, 2007). The SAFE study did not evaluate field use of
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colloids, rather only ICU use after resuscitation. Also, it did not focus on patients with TBI+HS, and did not
target patients either in shock or with low serum albumin values. Our work suggests that there is merit to
colloids in resuscitation of victims of TBI+HS and is supported by recent work both in the lab (Baker et
al, J Trauma, 2008) and ICU (Bernard et al, J Trauma, 2008). This is important in that the current
standard of care for combat casualty care field resuscitation of TBI+HS is the colloid HEX (Holcomb, J
Trauma, 2003). However, although we found the colloids PNA and HEX to require smaller volumes than LR
or hypertonic saline to achieve target MAP during a simulated “Pre-hospital” resuscitation phase, we did not
observe added neuroprotection by the antioxidant colloid PNA in our model of TBI+HS. That work was
presented at several scientific meetings by Critical Care Medicine Fellow Dr. Jennifer Exo (16, 19, 23) and was
also published in 2009 as a manuscript in the Journal of Neurotrauma (2). Data from this work in year two
were presented in piror reports and are not presented in lieu of the full publication of this work (2). The
inability of either colloid to enhance neuroprotection prompted us to
test the novel Hb PNPH in our model.

PNPH: In addition to the colloid-based approach with PNA that we
8 et B " studied, we also explored a Hb-based nitroxide. Several blood

=i TEE substitutes have shown potential in experimental TBI+HS. TBI+HS
may represent a special opportunity for resuscitation with Hb
solutions in that benefit on intracranial pressure (ICP), PbtO,, or
neuropathology can be achieved with an optimized blood substitute

PegHb PN PegHb

Figure 3. Schematic of PNPH. Poly

nitroxide (PN, yellow) and polyethylene
glycol (Peg, blue) moieties decorate the Hb
surface. The nitroxides mitigate reactive
oxygen species, attenuating nitric oxide
(NO) consumption, and oxidative injury to
the microcirculation and the Hb molecule
itself. PNPH has 12-14 nitroxides per Hb.
Pegylation yields super colloid effects
increasing endothelial NO production and
enhancing volume expansion with less brain
edema.

(Patel et al, J Trauma, 2006; Rosenthal J Neurosurg, 2008).
However, clinical testing of blood substitutes has failed to show
benefit; these trials have actually shown increases in mortality
(Natanson et al, JAMA, 2008). A better Hb-based resuscitation
solution would represent a significant advance. The data
presented in this report show remarkable neuroprotective
properties of PNPH both in vitro and in vivo and support our
desire to move PNPH to an IND for TBI resuscitation. There are
problems with first generation Hbs, i.e., 1) binding and consumption

of nitric oxide (NO) resulting in arterial hypertension and a
compromised microcirculation, 2) inability to optimize tissue oxygen delivery, and 3) auto-oxidation and pro-
oxidant potential, with exacerbation of oxidative stress. Nevertheless, in TBI+HS, the huge tactical
advantages of being able to use an optimized, single dose, small volume resuscitation solution in austere
environments or during combat cannot be underestimated. There is a vital need to develop second or third
generation blood substitutes (Alayash, Nat Rev Drug Discov, 2004)—and, based on the need for a small
volume, neuroprotective, and antioxidant resuscitation solution that also restores oxygen delivery, minimizes
brain edema, improves CBF, and exhibits favorable effects in the microcirculation, blast-induced TBI+HS
defines a key target for such an agent in combat casualty care. As shown in Figure 3, PNPH with its
nitroxide and Peg moieties has advantages over conventional Hb solutions. Each component of PNPH confers
potential benefit. Nitroxides are synthetic, highly stable free radicals that react with biological free radicals in
vivo and protect cells from oxidative insults. The nitroxide free radical (Tempol) reduced brain damage in rats
subjected to weight drop TBI (Beit-Yannai et al, Brain Res, 1996). The PN-colloid, PNA in combination with
the free nitroxide Tempol, improved survival in a model of HS in rats (Kentner et al, J Trauma, 2002), and PNA
was a small volume resuscitation solution in our TBI+HS model as described above (2). Pegylated Hb (Peg-
Hb) is an excellent platform upon which to build an optimized resuscitation solution. Vasoactive effects of free
Hb may be caused by NO depletion (Resta et al, J Appl Physiol, 2002), excess oxygen delivery at the Hb-
endothelial interface, or both (Tsai et al, Am J Physiol, 2003). Pegylation reduces P50 of the Hb from ~28
mmHg in whole blood to between <8 and 15 mmHg (Winslow, Respir Physiol Neurobiol, 2007). This could
compensate for potential excess tissue oxygen delivery from free Hb—with microcirculatory dysfunction
(Winslow, Biochem Biophys Acta, 2008). Pegylation confers other favorable properties including a colloid
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effect—enhancing fluid flux out of the brain interstitial space, reducing Hb degradation, and prolonging half-

life. Details on the properties and production of
PNPH are provided in the Progress Report
from SynZyme Technologies.

Study T4. Preliminary assessment of PNPH as a
novel pre-hospital resuscitation fluid in
experimental TBI+HS: In this initial study in our
TBI+HS mouse model, we evaluated the effect of
PNPH (n=6), LR (n=8) and HEX (n=5) in pre-
hospital resuscitation. Isoflurane anesthetized
C57BL6 mice were subjected to CCI (5 m/s, 1
mm depth) followed by HS (2cc/100g, [~30%
blood volume], MAP 35-40 mmHg) for 90 min.
MAP was then maintained >50 mmHg for 30 min
with PNPH, LR, or HEX. After 30 min, shed
blood was infused. We apportioned mice to each
treatment in order to generate 5 survivors to 7 d.
MAP was monitored. Resuscitation volumes were

Figure 4. Time course of the response in MAP to resuscitation

fluid during the 30 min Pre-hospital resuscitation phase for each
group. Data indicate mean +/- SEM at each time point, n=5 per
group. (* p<0.05, ANOVA)

recorded. Mice were allowed to recover and 7 d neuropathology was examined using hematoxylin and eosin

60+

40+

*+ *

FJC+ Neurons (#)

20 1

(H&E) and Fluoro-Jade C (FJC)
staining of coronal brain sections
taken through the lesion at the level of
the dorsal hippocampus. Mortality did
not differ significantly between
groups. Resuscitation with PNPH
(0.18 £ 0.05 ml) required less
volume than LR (0.96 £ 0.28 ml) (p
< 0.05). This represented a 5-fold
reduction in the resuscitation
volume required to achieve target
MAP (50 mmHg) in the pre-
hospital phase comparing PNPH vs
LR. PNPH (64.4 £ 2.9 mmHg) but
not HEX (58.8 £ 2.9) also produced
higher pre-hospital mean MAP vs LR
(50.4 £ 2.9, p<0.05). Similarly,
PNPH but not HEX exhibited a higher
pre-hospital peak MAP vs LR (p<

Resuscitation Fluid

Figure 5. Photomicrographs of representative sections of CA1 stained with PNPH
Fluoro-Jade C depict degenerating neurons in mice resuscitated with (A) PNPH, . . :
(B) HEX, or (C) LR. Plot (D) of number of FJC positive neurons in CAl and regusmtaﬂon SOIl_Jt'On In TBIH__'S
CA3 for each group with median shown. (p<0.05, PNPH vs. *HEX, and tLR) (Figure 5). This neuroprotective

resuscitated mice also had fewer
FJC+ degenerating neurons in the
CAL1 region of the hippocampus vs
HEX or LR (p<0.05), suggesting
important neuroprotective effects of
as a pre-hospital

—g— 0.05) (Figure 4). PNPH-
?'_b
&©

effect of PNPH seen on FJC-

staining in this initial study was also suggested in H&E-stained brain sections, although our sample size
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was limited and a trend toward reduced damage was seen in the PNPH group vs LR or HEX. The
neuroprotective effect of PNPH in our model may have resulted from enhanced oxygen delivery to the injured
brain, improved MAP during the pre-hospital phase, a reduction in brain edema related to the small
resuscitation volume required with its use, or other effects. In addition, PNPH is prepared in the carboxy-(CO)
Hb form and some studies have suggested beneficial effects of low doses of carbon monoxide against apoptosis

1 a SR |
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Figure 6. Top-load study: MAP (% baseline) over time after
infusion of 10% blood volume study solution (PNPH or
stroma-free human Hb) to healthy C57/BL6 male mice (p =
0.07, n=3/group).

consumption by Hb and possibly local hyperoxia with compensatory vasoconstriction.

(Jin and Choi, Proc Am Thorac Soc, 2005). To place
our findings in context, we have evaluated HTS, LR,
and HEX in this model in the T1 study and found
that none of these fluids showed benefit on CAl
neuronal survival in hippocampus after TBI+HS.
This suggested special neuroprotective benefit of
PNPH. This work was presented at several
scientific meetings (21, 22) and also in a plenary
presentation at the 12" Symposium on Blood
Substitutes (24). It is in revision as a manuscript
in the journal Critical Care Medicine (4) and was
carried out by Critical Care Medicine fellow Dr.
David Shellington who is currently an officer in
the United States Navy.

Study T5, Effect of PNPH on MAP in naive
mice—classical top-loading studies: A concern with
stroma free Hb relates to what has been termed its
“vasoactivity.” This effect likely results from NO
Although there is

controversy over the etiology, it is believed that this property is deleterious and contributed to the failure of
clinical translation of hemoglobin blood oxygen carriers (HBOCs). We carried out pilot studies with PNPH,
examining its effect on MAP in a conventional 10% top load study in isoflurane anesthetized naive mice.

Hypertension was sustained after top-loading with stroma free human control Hb.

In contrast, hypertension

Pre-hospital Definitive care ‘

Time (h)

Figure 7. Hippocampal PbtO, vs time in mice. The naive (blue)
was anesthetized but not exposed to either TBI or HS. Normal PbtO,
values on room air of ~50 mmHg were seen. During the “definitive
care” phase, FiO, was increased to 1.0 producing a robust response.
CCl alone (red) produced a moderate PbtO, reduction to ~30 mmHg.
CCI+HS (orange) reduced PbtO, below the critical threshold (~10
mmHg). The response to raising FiO, to 1.0 was blunted after TBI.

was only transient after PNPH suggesting less
NO consumption and a safer microcirculatory

300 profile for resuscitation (Figure 6).
5 250
E 200 Study M3, Continuous monitoring of
< 150 Naive hippocampal PbtO, in mice: To compliment
% 153 TBI only the assessment of CBF during HS and
g % resuscitation in our model, it will be important

to monitor the effect of resuscitation with
various therapies on PbtO,. Normalization of
both CBF and PbtO, during pre-hospital
resuscitation is a goal. We carried out pilot
studies in  our model implanting a
microelectrode (Unisense, 50 uM) through the
cortex into the underlying hippocampus
(bregma -2.5 AP, -2.0 ML, depth 2.0 mm) in
naive mice, and in mice after either CCI or CClI
plus HS. This approach is feasible in mice
(Figure 7). Anticipated PbtO, levels for

normal (naive) mice are seen (~50 mmHg). We

also noted PbtO, levels of ~25-30 mmHg on the side ipsilateral to the contusion after CCI alone. That level of



PbtO,, which is less than naive—but above the critical threshold of ~10 mmHg (24), agrees with the observed
histopathology at this level of injury severity—i.e., CCI alone does not produce neuronal death in hippocampus.

1.0%
_

Much more severe but shorter HS
Pressure controlled at 25-27 mmHg

Longer pre- hospltal phase

Initial bolus: LR or

Hbs 20 ml/kg;

CC| . Continuous LR
@20ml/kgh; Shed blood

M +  Additional LR

g 10ml/kg/5min if

I v MAP<70 mmHg

_

Pre-Hospital | Hospital

35m|n 15min | To24h

Figure 8. Protocol for pressure controlled model of TBI+HS in mice. This model is more

severe than the volume control model shown in Figure 1 with an MAP of 25-27 mmHg and
produces critical PbtO, levels in hippocampus during the HS phase. This model provided a
perfect target to test PNPH vs LR (as shown in study T6).

our mouse model of TBI+HS as described in study T6 below.

Studies M4 and T6.

In contrast, PbtO, is
further reduced after TBI
by HS in our model—to a
level below the 10
mmHg critical threshold
(Figaji et al,
Neurosurgery, 2008).
This is consistent with
the fact that combined
injury results in CAl
neuronal death. We have
used PbtO, in >50 mice,
and it has performed
consistently with the data
shown. We then built
upon these pilot studies
to compare the effects of
resuscitation with LR vs
PNPH in our model, i.e.,
we evaluated the effect
of PNPH vs LR on
recovery of PbtO, in

Effect of

90 4

80 4

70 4

60 4

50 4

MAP (mmHg)

40

T

Y

Time (min)

Figure 9. MAP during HS and resuscitation in mice treated with LR or PNPH.
MAP was nearly normalized in PNPH group at all time points during the pre-
hospital phase (p< 0.05 PNPH vs LR).

MAP PNPH vs LR on recovery of
100 hippocampal PbtO, after severe
pressure controlled TBI+HS in
mice: With brain tissue monitoring
in place, we carried out another
study assessing the effect of PNPH
vs LR on systemic physiology,
hippocampal
neuropathology after TBI+HS. For

PbtO, and 24 h

k I this work, we increased the
TR & PNPH severity of our model to a very
201 severe MAP target during HS—
ol _ namely severe pressure

HS Phase Pre Hospital Phase onase controlled HS clamping MAP at
S A A A A S S S S 25-27 mmHg for 35 min. In pilot

studies we showed that this results
in a more severe acute decline in
PbtO,
neuropathological
discussed later, we have followed

and greater
damage. As

up to also fully characterize this more severe pressure controlled model of TBI+HS in mice as described in
study M7. To better define the effect of PNPH vs LR on both hippocampal PbtO, during resuscitation, and
neuropathological damage after recovery in this more severe model, we used a 90 min pre-hospital resuscitation
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phase as outlined in the protocol in Figure 8. Resuscitation with PNPH produced significantly higher MAP
than LR (Figure 9)—with near normalization during the entire pre-hospital phase despite a dramatically
lower resuscitation volume requirement with PNPH (50+4 mL/kg) vs LR (205£20 mL/kg). Also, systemic
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Figure 10. Effect of PNPH on recovery of hippocampal PbtO, after TBI+HS in mice.
PNPH better normalized PbtO, during the final 30 min of resuscitation (P<0.05 vs LR).

variables such as arterial pH,
base deficit and lactate
improved better in the PNPH
vs LR groups (data available

upon request). This is a
favorable hemodynamic
resuscitation  profile  for

PNPH that argues strongly
against deleterious
extracerebral consumption
of NO by PNPH. In this study
we also continuously
monitored hippocampal PbtO,
during HS and resuscitation,
and PNPH again appeared to
confer  favorable effects,
improving PbtO, during the
final ~30 min of the pre-
hospital resuscitation phase
(p<0.05 vs LR, Figure 10).
Finally, PNPH also attenuated
hippocampal neuronal death in

CALl assessed at 24 h after the insult, replicating the neuropathological benefit shown in the more mild HS
insults carried out in study 4 (Figure 11). Thus, improved oxygen delivery is one mechanism by which
PNPH may be neuroprotective after combined TBI+HS. Other mechanisms that should be pursued to
more fully understanding the mechanistic underpinnings of the neuroprotection of PNPH include
antioxidant effects, vascular (blood-brain barrier) damage, CBF, reduced brain edema, sparing of NO

with improved microcirculatory flow and reduced systemic
derangements, and possibly effects of the CO moiety. This
study was carried out by Safar Center fellow Dr. Xianren Wu
who presented the work at the meetings of the American
Society for Anesthesiology and the National Neurotrauma in
2009 (26, 29) and it is currently being written up for
publication (8).

Study T7. Effect of PNPH in the setting of TBI alone. Given
its potent antioxidant properties and neuroprotective properties
in both our in vivo and in vitro (see below) models of TBI, we
have also carried out a complete study examining PNPH vs LR
in the setting of TBI alone. In that study we administered a
single bolus of PNPH vs LR early after the injury, followed
acute physiology (MAP, blood gases, plasma Hb concentration)
and 24 h neuropathology. MAP was nearly normalized early
after TBI by PNPH vs mild hypotension with CCI alone (see
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Figure 11. Hippocampal neuronal survival in

CAl at 24 h after resuscitation from TBI+HS in
mice. PNPH significantly reduced neuronal death
vs LR—confirming our prior findings with regard
to neuropathology in study T4.

Figure 12); neuropathology is being processed. This study will be important to determine if PNPH is either
beneficial in the setting of TBI alone—which would even further broaden its potential utility in TBI
resuscitation. Our data strongly suggest a beneficial hemodynamic effect of PNPH even in the setting
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TBI alone.
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Figure 12. Study of the effect of PNPH vs LR in the setting of TBI
alone without HS. Time course of MAP in mice after CCI treated with
1) no resuscitation fluid, 2) normal saline (20 mL/kg) or PNPH (20
mL/kg). Thus, PNPH exhibits a favorable hemodynamic profile even in
the setting of TBI alone. Neuropathology is pending.

Data analysis of the neuropathology is ongoing and specifically includes FJC staining assessed at

24 h after the injury.  This study was
carried out by Clayton Lewis, a medical
student at the University of Pittsburgh
School of Medicine and is currently being
prepared as a full manuscript (9).

Studies M5and M6. Assessment of brain
edema and ICP after TBI+HS in mice: We
also assessed brain edema after resuscitation
in LR treated mice subjected to combined
TBI+HS wusing MRI methods (at 4.7
Tesla)—quantifying brain edema, regional
CBF, and blood-brain barrier permeability.
Data from our study of the effect of
TBI+HS on brain edema by MRI is
currently being analyzed and will represent
a separate future publication. In that study,
we compared LR, PNPH, and a recombinant
octameric Hb (25, 28). We also explored
another key facet of monitoring relevant to
TBI+HS, namely ICP monitoring. We
completed a small series of mice in which

ICP monitoring was carried out in naive,

TBI alone, and TBI+HS using parenchymal placement of a 1-French Mylar catheter. Details of those studies

are currently being analyzed, and although
we did not feel that given the technical
challenges in mice, ICP could represent a key
outcome parameter in our studies--we
believe that it is important to know—for the
discussion section of our publications—what
the time course and general magnitude of
ICP changes are in our murine model.

Study T8. PNPH is a non-toxic Hb in
vitro: We were concerned about the

possibility of direct toxicitiy from PNPH to
neurons—if extravasation of PNPH occurred
into brain tissue after TBI resuscitation,
since—as discussed—it is well known from
the classic studies of Regan and Panter
(Neurosci Lett, 1993; J Neurotrauma, 1993)
that cell free Hb is neurotoxic in neuronal
cell culture models. For example, in severe
TBI, there is important blood-brain barrier
disruption, and thus, if one were to
resuscitate severe TBI victims in HS with
PNPH, despite important benefits on cerebral
hemodynamics, direct toxicity of the Hb
moieties could be problematic.  Thus, we
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Figure 13. Effect of Hbs on LDH release from primary rat cortical
neurons in culture. Hbs were added to the culture medium for 24 h at
concentrations from 0.625-12.50 pM. Cytotoxicity (LDH release
relative to Triton exposure) is graphed. Native bovine Hb (Hb) showed
dose-dependent neurotoxicity. Polyethylene glycol (Peg) conjugated
bovine Hb (Peg-Hb) showed less toxicity vs native Hb while PNPH was
devoid of toxicity across concentrations. Data are mean+SEM. *p<0.05
vs all Hb and Peg-Hb concentrations; °p<0.05 vs Hb at the 12.50 and
6.25 UM; °p<0.05 vs Hb at 12.50 uM; *p<0.05 vs Hb at 6.25uM.
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also carried out comprehensive in vitro studies evaluating PNPH in cultured rat primary neurons. We compared

1004

90

80

70

60

50

40 1

MTT (% control)

30

204

104

[—Hb
U Peg-Hb
I PNPH

12.50 6.25 1.25

Hemoglobin tetramer concentration (ULM)

Hb (Hb) showed dose-dependent toxicity.

0.62

Figure 14. Effect of Hbs on cell viability accessed via the MTT assay in
primary rat cortical neurons in culture. Hbs were added to the medium
for 24h at 0.625-12.50 uM. MTT (% baseline) is shown. Native bovine
Polyethylene glycol-
conjugated bovine Hb (Peg-Hb) showed less toxicity vs native Hb while
PNPH was devoid of toxicity across concentrations.
mean+SEM. %<0.05 vs all Hb and Peg-Hb at all concentrations;
Pp<0.05vs Hb at all concentrations; p<0.05 vs Hb at 12.50 and 6.25 pM.

Data are
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the effects of PNPH to two other logical
control Hbs, namely, native bovine Hb (the
base molecule for Peg-Hb), and bovine
Peg-Hb (Prolong Pharmaceuticals), the
specific parent molecule for PNPH. Recall
that Peg-Hb is nitroxylated at ~14 sites to
produce PNPH. First, unlike either control
bovine Hb or bovine peg-Hb (which were
neurotoxic), we observed a lack of toxicity
of PNPH in rat primary neurons across a
wide range of concentrations, with a
marked reduction in neuronal death—
reflected by two independent assays, 1)
LDH release (Figure 13), and 2) MTT
(Figure 14). As expected, native bovine
cell free Hb was highly neurotoxic in a dose
dependent fashion. In contrast, PNPH was
totally devoid of neurotoxicity across the
entire  concentration  range  tested.
Interestingly, Peg-Hb showed intermediate
protection. This important  finding
indicated that PNPH may have special
properties that are quite favorable for TBI

esuscitation. These findings were presented at the 12" International Symposium on Blood Substitutes and the
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2009 National Neurotrauma Society
Congress (24, 26) and are in revision
as a full manuscript (along with our in
vivo work addressing neuroprotection)
in the journal Critical Care Medicine
(4). We believe that this is another
important finding supporting future
development of PNPH.

Study T9. PNPH is neuroprotective
against excitotoxic brain injury in
vitro. Given the surprising lack of
neurotoxicity of PNPH vs native cell
free Hb in neuronal culture, and in
light of the potent neuroprotection that
we observed in our in vivo studies of
TBI+HS in mice, it was logical to

Figure 15. Effect of Hbs on LDH release in a primary rat cortical neuron
culture model of glutamate/glycine (Glu/Gly)-induced excitotoxicity. The test
Hb was added to the culture medium and 30 min later Glu/Gly (10 uM each)
exposure was begun and continued for 24 h. Hb concentrations ranged from
0.625-12.50 uM. Neurotoxicity (LDH release relative to Triton exposure) is
graphed. PNPH showed surprising neuroprotection at all concentrations. Peg-
Hb showed intermediate protection, while native bovine Hb (Hb) was not
protective. Data are mean+SEM. *p<0.05 vs Glu/Gly and both respective Hb
and Peg-Hb; "p<0.05 vs Glu/Gly and respective Hb; °p<0.05 vs Glu/Gly.
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explore the possibility that PNPH
might show direct neuroprotective
effects in in vitro models of TBI. First,
we studied the effect of PNPH in a
classic model of excitotoxic neuronal
death produced by exposure to
glutamate and glycine. The findings
were remarkable. Unlike control



bovine Hb, which at high concentrations exacerbated neuronal death, PNPH consistently attenuated
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Figure 16. Effect of Hbs on cell viability (MTT assay) in a primary rat
cortical neuron culture model of glutamate/glycine (Glu/Gly)-induced
excitotoxicity. The test Hb was added to the culture medium and 30 min
later GIu/Gly (10 uM) exposure was begun and continued for 24 h. Hb
concentrations ranged from 0.625-12.50 pM. MTT (% baseline) is graphed.
PNPH showed surprising neuroprotection at all concentrations. Peg-Hb
showed intermediate protection, while native bovine Hb (Hb) exacerbated
Glu/Gly toxicity at the highest concentrations.
p<0.05 vs Glu/Gly and both respective Hb and Peg-Hb; °p<0.05 vs
Glu/Gly and respective Hb; °p<0.05 vs Glu/Gly.

Data are mean+SEM.

neuronal death in culture as assessed
using both LDH and MTT assays.
These studies suggest direct
neuroprotective effects of PNPH. Of
note, once again Peg-Hb showed
intermediate neuroprotection.  Thus,
unique properties of PNPH such as its
antioxidant  effects, along  with
beneficial effects of either the Peg
moieties or the CO (both of which are
common to both PNPH and Peg-Hb)
appear to be acting synergistically to
confer potent neuroprotection to
PNPH. Oxidative stress is known to play
an important role in excitotoxicty. That
may, thus, represent the key way in which
PNPH is showing direct neuroprotection.
Currently, we are studying the
mechanistic ~ underpinnings  for  the
neuroprotection by PNPH in our
laboratory.  These findings were also
presented at the 12" International
Symposium on Blood Substitutes and the
2009 National Neurotrauma Society
Congress (24, 26) and are also part of the
work in revision as a manuscript in the
journal Critical Care Medicine (4). We

believe that these extremely novel and unique neuroprotective properties of PNPH also strongly support
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future development of PNPH.

Study  T10. PNPH s
neuroprotective against in vitro
TBI produced by neuronal stretch.
The effect of the three Hb
preparations was also assessed in a

PNPH-Stetch24n | Neuronal stretch model at the

7.49%

P1 Staining

Figure 17. Effect of bovine Hb, Peg-Hb and PNPH (1.25 pM) on rat cortical
neurons in culture exposed to in vitro trauma produced by neuronal stretch. Flow - .
cytometric analysis of propidium iodide (PI)-labeled cells at 24 h showing | Stretch neurons at a defined strain
increased PI staining in stretched vs. control neurons (22.2 vs. 3.6%, respectively). | magnitude and rate was used.
Neuronal death after stretch injury is exacerbated by Hb (29.9%), unaffected by Briefly, primary cortical neurons
Peg-Hb (17.6), and reduced by PNPH (7.5%).

1.25uM concentration, with cell
death assessed at 24 h quantitatively
via flow cytometry using propidium
iodide (PI) labeling (Figure 17), and
qualitatively using  microtubule-
associated  protein-2  (MAP-2)
immunofluorescence (Figure 18).
A computer controlled apparatus to

were grown on silicone membranes

(0.002-0.005 inch thick, Specialty Manufacturing) secured to stainless steel rings that were polished and
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passivated prior to use. At 8 days in vitro, cultures were pre-treated with varying concentrations of Hb for 30
min. The membranes were then placed over a hollowed platform in a custom-made, sealed stainless steel
chamber. The membranes were then stretched with a pre-set strain rate (10 s*) and membrane deformation
(50%) using an air pressure pulse. The pressure waveform is measured and collected on a data acquisition
system to verify the degree of insult. Severe stretch was chosen in order to simulate a strain field similar to that
seen in animal models of TBI. Neuronal cultures were then returned to the incubator. Cultures were pre-treated
with varying concentrations of Hb for 30 min. In the stretch model, both analyses showed a reduction in
neuronal death by PNPH, again with an intermediate effect of Peg-Hb and no benefit from bovine Hb. These
data were also part of the aforementioned presentations (24, 26), and the manuscript currently in revision (4).
Taken together, the in vivo data showing neuroprotection and improved PbtO,, and the exciting
and unique data from in vitro experiments (T8-T10) showing neuroprotection, PNPH may represent an
agent that produces a paradigm shift in potential utility of HBOCs in TBI resuscitation; namely, PNPH is
a novel Hb that confers direct neuroprotective rather than neurotoxic effects. In addition, it is tempting
to speculate that this cytoprotection

Gl | Stretch 24h could potentially be operating in
| " any tissue in which there is

» 4 hemorrhage or vascular

« : disruption—and where an HBOC

would be proposed for use (i.e.,

trauma  resuscitation). If

confirmed with additional studies,
PNPH has the potential to produce
a paradigm shift for the entire
blood substitute field with regard
to the cellular toxicity of Hb—and
PNPH may thus represent a much
less cytotoxic HBOC than a
conventional non-nitroxylated and
non-pegylated Hb. The data
generated from this grant strongly

Figure 18. Effect of bovine Hb, Peg-Hb and PNPH (1.25 uM) on rat cortical ; S
neurons in culture exposed to in vitro TBI produced by neuronal stretch. su_pport this hypothesis in TBI and
Microtubule-associated protein-2 (MAP-2) immunofluorescence (green) at 24 h thls may r(?ﬂe(_:t the fact that as
showing loss of neurons and neurite damage after stretch injury. Unlike control | discussed oxidative stress plays a key
bovine Hb or Peg-Hb, PNPH appears to reduce neuronal death. Nuclei were | role in excitotoxicity, which is an

labeled with bisbenzimide (blue). established Secondary injury
mechanism in TBI. Beneficial effects

of PNPH on other secondary injury mechanisms could also be important.

Study M7. Mechanistic studies of the effect of nitroxides on oxidative stress including use of oxidative
lipidomics. Included in the studies evaluating the effect of these novel nitroxide containing colloids and Hb
(i.e., PNA and PNPH) in our in vivo and in vitro models of TBI and TBI+HS, we assessed a battery of markers
of oxidative stress including (for in vivo studies) glutathione, low molecular weight thiols, total antioxidant
reserve, and oxidative lipidomics. In addition, our collaborative team at the Pittsburgh Center for Free Radical
and Antioxidant Health (Drs. Bayir and Kagan). In year 4, based on the exciting in vitro findings showing
unique neuroprotection of PNPH in vitro, effects of PNPH on oxidative stress in vitro were also explored.
Details of these studies were provided in prior reports. A manuscript on in vivo application of the oxidative
lipidomics technique to studying oxidative injury to mitochondrial lipids in the CCI model of TBI was
published as previously described (4). These data were presented in prior reports and are not presented in
lieu of the full publication of this work (4). A report describing in vitro effects of PNPH on oxidative stress
in our cell culture model is also in preparation.
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Study M8. Assessment of functional outcome deficits after combined TBI plus HS in mice:

We also

characterized functional outcome in our more severe pressure controlled version of combined TBI plus HS.
Given that improvement in behavioral outcome will ultimately be needed to move PNPH to achieving an IND
for a new agent to be used for TBI resuscitation, we carried out a full characterization of functional outcome
and 21 day neuropathology in the model. Morris water maze (MWM) latency to find the between 14 and 21
days after injury was the primary outcome for these studies using a traditional spatial memory acquisition

paradigm (hidden platform). These studies were

carried out in collaboration with Dr. C. Edward Dixon,
an authority on functional outcome testing in
experimental TBI models. Despite using a mild CCl,
a level that in and of itself produces no significant
MWM deficit in our laboratory, combined CCI plus
35 min of severe HS (MAP=25 mmHg)—showed an
obvious impairment (~doubling of latency to find
the hidden platform) in functional outcome that can
readily serve as the primary outcome for future
studies to bring PNPH to IND (Figure 19). In
addition, we will be carrying out studies on severe
DOD-related grants (DARPA PREVENT II, a
consortium grant under the direction of Dr. James

Figure 19. Functional outcome in mice in a spatial
memory acquisition paradigm in the Morris water maze.
Latency to find the hidden platform was prolonged during
testing on d 14-18 after combined TBI+HS using the
pressure controlled HS model described in Figure 8 (solid
circles) vs sham (open circles). Visible platform testing
was performed to rule out nonspecific deficits on d 19-20.
These studies show utility of this model for future studies
to acquire an IND for PNPH and for screening other
potential therapies for TBI resuscitation in combat casualty

Atkins at WRAIR, and a multi-center drug
screening grant titled Operation Brain Trauma
Therapy funded by the US Army. Thus, this new
model will be perfect for future testing of novel
therapies for blast TBI/polytrauma in these DOD-
supported initiatives. This work was carried out in
part by University of Pittsburgh Medical Student
Joseph Hemerka and will be submitted to the 2010

care (see text for details).

meeting of the National Neurotrauma Society as an

abstract and is in preparation as a full manuscript
(10).

KEY RESEARCH ACCOMPLISHMENTS

This was a pressure

1. Established the first experimental model of TBI+HS in mice. This was a volume controlled HS model
with 90 min of HS (~30% blood volume with MAP of ~35-40 mmHg) superimposed upon TBI
produced by relatively mild CCI (1 mm depth and 5 m/sec velocity).

2. Established a second more severe experimental model of TBI+HS in mice.
controlled HS model with 35 min of severe HS (MAP clamped at 25-27 mmHg) superimposed upon
TBI produced again by relatively mild CCI.

3. Serial non-invasive MRI assessment of CBF in the volume controlled HS model of TBI+HS
demonstrating that exacerbation of brain damage in hippocampus between 60 and 90 min of HS is
associated with deterioration of CBF in the hippocampus.

4,

Demonstration in both our murine volume controlled and pressure controlled TBI+HS models that the
novel colloid PNA or the current standard of care agent in combat casualty care HEX represent small
volume resuscitation solution that have favorable effects on MAP vs LR or hypertonic saline. However
despite these favorable properties, neither PNA nor HEX were neuroprotective in the TBI+HS model.
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5. Demonstration in both our volume controlled and pressure controlled TBI+HS models that the novel
HBOC PNPH represents an extremely small volume resuscitation solution that has a favorable effect on
MAP vs LR or HEX and that this is also accompanied by favorable effects on blood lactate and pH.

6. Demonstration in both our volume controlled and pressure controlled TBI+HS models that the novel

HBOC PNPH confers neuroprotective effects — ameliorating hippocampal neuronal death at both 24 h

and 7 d after resuscitation.

Establishment of PbtO, and ICP monitoring in our mouse models of combined TBI+HS.

8. Demonstration in our pressure controlled model of TBI+HS that PNPH improves PbtO, vs LR when
used for 90 min during resuscitation.

9. Demonstration in an in vitro primary neuronal culture system that PNPH is unique non-neurotoxic,
unlike either native bovine Hb or Peg-Hb (which showed intermediate toxicity).

10. Demonstration in an in vitro primary neuronal culture model of in vitro TBI produced by neuronal
stretch that PNPH is unique neuroprotective Hb, unlike either native bovine Hb (which exacerbates
toxicity) or Peg-Hb (which showed intermediate toxicity).

11. Use of standard and novel markers of oxidative stress to assess the effect of secondary HS after TBI on
oxidative stress and study the role of the nitroxide moieties in PNPH in vivo and in vitro. This included
development of oxidative lipidomics methods for in vivo application in TBI and TBI+HS, specifically
showing early selective oxidation of the mitochondrial lipid, cardiolipin which is linked to apoptosis.

12. Characterization of functional outcome (assessed by Morris water maze testing) in our combined
TBI+HS model in mice, which should be extremely useful to take PNPH to IND and for a number of
newly funded initiatives for the US Army and DARPA to screen novel therapies for blast TBI and
polytrauma.

~

REPORTABLE OUTCOMES

1. Publication of our first paper supported by this grant (1) titled “Hemorrhagic Shock after Experimental
Traumatic Brain Injury in Mice: Effect on Neuronal Death,” describing our mouse model of TBI+HS in
the June 2009 issue of the Journal of Neurotrauma. This model was very useful for studying the effects
of both PNA and PNPH in TBI resuscitation as described in this report. It will also be very useful for
future DOD funded studies to screen new potential therapies for TBI resuscitation in combat casualty
care.

2. Publication of a second paper supported by this grant (2) titled “Resuscitation of Traumatic Brain Injury
and Hemorrhagic Shock with Polynitroxyl Albumin: Effects on Acute Hemodynamics, Survival, and
Hippocampal Histology,” in the Dec 2009 issue of the Journal of Neurotrauma describing the efficacy
of the novel compound polynitroxylated albumin (PNA) as a small volume resuscitation solution with
similar efficacy as HEX and a favorable profile vs either LR or HS in our experimental model of
TBI+HS. However, none of these solutions (including PNA) conferred neuroprotection against neuronal
death in the CA1 or CA3 regions of the hippocampus, which are important targets for TBI victims.

3. Publication of a third paper supported by this grant describing successful development and application
of a novel oxidative lipidomics method to assess mitochondrial oxidative stress including early, selective
oxidation of the mitochondrial lipid cardiolipin after experimental TBI in rats. That work was titled
“Selective Early Cardiolipin Oxidation after Brain Trauma: A Lipidomics Analysis,” and is published as
a full paper in Annals of Neurology (3). It is already a highly cited paper.

4. Preparation, submission, revision and re-submission of our fourth paper supported by this grant (4) titled
“Polynitroxylated Pegylated Hemoglobin: A Novel Neuroprotective Hemoglobin for Acute VVolume-
Limited Fluid Resuscitation after Combined Traumatic Brain Injury and Hemorrhagic Hypotension in
Mice” to the journal Critical Care Medicine. This manuscript describes both our in vivo and in vitro
work showing unique neuroprotection of the novel HBOC PNPH both in our mouse model of TBI+HS
and in three in vitro model systems, namely, 1) primary rat neuronal culture, 2) glutamate/glycine-
induced neuronal death in culture, and 3) neuronal stretch injury in culture. We also reported that in
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vivo, PNPH acts as a small volume resuscitation solution, but as indicated it has unique neuroprotective
properties, unlike PNA, HEX, LR, or hypertonic saline. In the in vitro studies, PNPH was compared to
the parent unmodified bovine Hb which was actually neurotoxic, and pegylated (Peg) Hb (Peg-Hb),
which showed intermediate neuroprotection. We believe that these findings are important to the
blood substitute, TBI, and resuscitation fields, and represent a seminal finding.

5. Demonstration that PNPH improves PbtO, vs LR in experimental TBI+HS resuscitation and
presentation of that work at two international meetings (26, 29).

6. Demonstration that PNPH also improves hemodynamics in the setting of experimental TBI without
HS—a finding which would potentially allow safe use of PNPH in the broader application of TBI
resuscitation—when hypotension after injury may be present even without obvious hemorrhage.

7. Establishment of an in vitro neuronal stretch model using primary neuron culture in our center for study
of in vitro TBI. This model was used to confirm the unique direct neuroprotective effects will be used in
our future DOD supported work to aid in screening drugs for potential neuroprotection in TBI for
combat casualty care.

8. Establishment and complete characterization including hemodynamic and PbtO, monitoring, functional
outcome testing (Morris water maze), and long-term neuropathology of a severe pressure controlled HS
model of combined TBI+HS in mice. This model was very useful for studying the effects of PNPH in
TBI resuscitation as described in this report. It will also be very useful for future DOD funded studies to
screen new potential therapies for TBI resuscitation in combat casualty care.

9. A total of 20 national and international presentations of this work were made including plenary
presentations at ATACCC, the National Neurotrauma Society and to the NIH (18, 20, 30).

10. A total of 8 trainees worked on this project, including three fellows, a resident, a PhD candidate, and
three medical students. One of the trainees received the In Training Award from the SCCM, one
received a Scientific Award from the SCCM, and one trainee was an officer in the US Navy.

Please note that Co-investigators Drs. Li Ma and Carleton Hsia at SynZyme Technologies, have synthesized
and provided PNA and PNPH for all of the studies that were carried out over the 4 years of funding. Please see
report from work by Synzyme Technologies.

CONCLUSIONS

Taken together, our exciting and considerable work accomplished in this 4-year funding period suggest
that initial pre-hospital resuscitation with PNPH could have significant and unique benefit to soldiers and
civilians with TBI who experience hypotension and/or HS. Our data suggest that PNPH is a very unique
and exciting neuroprotective Hb that may represent a paradigm shift in the blood substitute field. It
appears to have very great potential in TBI resuscitation. We are, thus, poised to develop further PNPH
as a therapeutic drug candidate moving forward to an IND for TBI resuscitation in both combat casualty
care and civilian TBI.

Manuscripts resulting supported by this funding

1. Dennis AM, Haselkorn L, Vagni VA, Garman R, Janesko-Feldman K, Bayir H, Clark RSB, Jenkins
LW, Dixon CE, Kochanek PM: Hemorrhagic shock after experimental traumatic brain injury in mice:
Effect on neuronal death. J Neurotrauma 26:889-899, 2009.

2. Exo J, Shellington D, Bayir H, Vagni V, Feldman K, Ma L, Hsia C, Clark RSB, Jekins LW, Dixon CE,
Kochanek PM: Resuscitation of traumatic brain injury and hemorrhagic shock with polynitroxyl
albumin: effects on acute hemodynamics, survival, and hippocampal histology. J Neurotrauma 26:2403-
2408, 20009.
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Abstract

Traumatic brain injury (TBI) from blast injury is often complicated by hemorrhagic shock (HS) in victims of
terrorist attacks. Most studies of HS after experimental TBI have focused on intracranial pressure; few have ex-
plored the effect of HS on neuronal death after TBI, and none have been done in mice. We hypothesized that
neuronal death in CA1 hippocampus would be exacerbated by HS after experimental TBI. C57BL6] male mice
were anesthetized with isoflurane, mean arterial blood pressure (MAP) was monitored, and controlled cortical
impact (CCI) delivered to the left parietal cortex followed by continued anesthesia (CClI-only), or either 60 or
90 min of volume-controlled HS. Parallel 60- or 90-min HS-only groups were also studied. After HS (=CClI),
6% hetastarch was used targeting MAP of =50 mm Hg during a 30-min Pre-Hospital resuscitation phase. Then,
shed blood was re-infused, and hetastarch was given targeting MAP of =60 mm Hg during a 30-min Defini-
tive Care phase. Neurological injury was evaluated at 24 h (fluorojade C) or 7 days (CA1 and CA3 hippocam-
pal neuron counts). HS reduced MAP to 30-40 mm Hg in all groups, p < 0.05 versus CCl-only. Ipsilateral CA1l
neuron counts in the 90-min CCI+HS group were reduced at 16.5 = 14.1 versus 30.8 = 6.8, 32.3 = 7.6, 30.6 =
2.2, 28.1 = 2.2 neurons/100 um in CCl-only, 60-min HS-only, 90-min HS-only, and 60-min CCI+HS, respec-
tively, all p < 0.05. CA3 neuron counts did not differ between groups. Fluorojade C staining confirmed neu-
rodegeneration in CA1l in the 90-min CCI+HS group. Our data suggest a critical time window for exacerba-
tion of neuronal death by HS after CCI and may have implications for blast injury victims in austere
environments where definitive management is delayed.

Key words: blast; controlled cortical impact; delayed neuronal death; hippocampus; hypotension; mouse; poly-
trauma; resuscitation; secondary insult; selective vulnerability

Introduction

HE IMPORTANT ROLE of secondary insults in increasing

morbidity and mortality after traumatic brain injury
(TBI) is widely recognized, both experimentally and clini-
cally. The combination of TBI and hemorrhagic shock (HS)
has taken on special importance in both military and civil-
ian settings as the result of terrorist attacks with improvised
explosive devices, which inflict TBI and other extracerebral
injuries (Gawande, 2004; Gutierrez de Ceballos et al., 2005).
The report of Chesnut et al. (1993), reviewing the NIH Trau-
matic Coma Databank, correlated hypotension and hypox-
emia with doubled morbidity and mortality after TBI in hu-
mans, identifying hypotension as the single most critical

parameter. Subsequent work has confirmed the critical detri-
mental role of secondary insults after TBI in the intensive
care unit (ICU) (Gopinath et al., 1994). The marked deleteri-
ous effects of secondary insults have been confirmed in the
setting of blast polytrauma (Nelson et al., 2006). Early re-
ports of exacerbation of brain injury by secondary insults in
experimental TBI included work in the cats by Nelson et al.
(1979), Jenkins et al. (1986), and Barron et al, (1988), and af-
ter fluid percussion injury (FPI) in rats by Ishige et al.
(1987a,b), where brief periods of hypoxemia were used. Ex-
acerbation of hippocampal neuronal death in the CA3 region
by a secondary hypoxic insult was later observed by Clark
et al. (1997) using a hypoxic admixture to achieve a PaO, of
~40 mm Hg after controlled cortical impact (CCI), and ex-

1Department of Critical Care Medicine, 2Department of Neurological Surgery, 3Safar Center for Resuscitation Research, Consultants in
Veterinary Pathology, Inc., and 5University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania.
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acerbated hippocampal neuronal death in CA1 was reported
by Jenkins et al. (1989) with transient carotid occlusion and
hemorrhagic hypotension (producing forebrain ischemia) af-
ter FPI in rats. In rodent models of experimental TBI alone,
neurons in the CA3 and hilar sectors of the hippocampus
generally exhibit the greatest vulnerability (Lowenstein et al.,
1992), while pyramidal neurons in the CA1 sector of the hip-
pocampus are classically selectively vulnerable to ischemia
or hypoxemia (Kirino, 1982). Both CA1 and CA3 hippocam-
pal neuronal death are often identified on post-mortem ex-
amination after fatal TBI in humans (Kotapka et al., 1994).
And these patients typically had secondary insults.

The post-TBI milieu is characterized by primary injury,
cascades of secondary injury and repair, and less well rec-
ognized perturbations of normal homeostatic mechanisms.
Considerable evidence supports the existence of marked vul-
nerability of the traumatically injured brain early after in-
sult. A number of mechanisms are proposed to mediate this
enhanced vulnerability including hypoperfusion and re-
duced oxygen delivery, disturbed autoregulation of cerebral
blood flow (CBF), excitotoxicity, and mitochondrial failure,
among others (DeWitt et al., 1995). These mechanisms may
create an environment in the acutely injured brain that ren-
ders it vulnerable to a level of hypotension and anemia from
HS that would otherwise be tolerated. In addition, secondary
injury mechanisms during resuscitation and reperfusion
may further exacerbate the evolution of damage. Given that
HS produces maximal vasoconstriction in the splanchnic cir-
culation (while the brain is relatively protected), visceral
ischemia with resultant release of pro-inflammatory media-
tors and/or translocation of intestinal flora may also play a
role in amplifying secondary brain damage (Vatner, 1974;
Myers et al., 1994). This complex secondary injury cascade
in the setting of combined TBI and HS is poorly understood.

Previous experimental models of combined TBI and HS
have focused on hemodynamics and the effect of fluid re-
suscitation on intracranial pressure (ICP) and related in-
tracranial dynamics using large animals (DeWitt et al.,
1992a,b; Glass et al., 1999). Few studies have explored the ef-
fect of HS on neuronal death mechanisms after TBI in ro-
dents (Matsushita et al., 2001), but none, to our knowledge,
has specifically examined the impact of HS on hippocampal
neuronal death in selectively vulnerable brain regions. There
has also been a paucity of investigation of combined TBI and
secondary insults in mice, a species ideal for mechanistic and
therapeutic investigation due to ready availability of tar-
geted mutant strains.

We report the characterization of a clinically relevant
mouse model of combined TBI and HS, and resuscitation in-
cluding physiologic monitoring and neuropathologic evalu-
ation. We hypothesized that a level of HS that alone pro-
duces no neuronal damage (Carrillo et al., 1998) would
increase neuronal death after experimental TBI in the CA1
ischemia-vulnerable region of the hippocampus.

Methods

Study groups and experimental protocol

The Institutional Animal Care and Use Committee of the
University of Pittsburgh School of Medicine approved all ex-
periments. Male C57BL6] mice (Jackson Laboratories, Bar
Harbor, ME), 12-15 weeks of age and weighing 27 = 1.8 g,
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were housed under controlled environmental conditions and
allowed ad libitum food and water until study.

Anesthesia was induced with 4% isoflurane in oxygen and
maintained with 1% isoflurane in 2:1 N,O/O, via nose cone.
Inguinal cut-down and insertion of central femoral venous
and arterial catheters was accomplished under sterile con-
ditions using modified polyethylene (PE)-50 tubing. After
placement of the mouse in a stereotaxic frame, a 5-mm cran-
iotomy was performed over the left parietotemporal cortex
with a dental drill, and the bone flap was removed. A brain
temperature micro-probe (Physitemp, Clifton, NJ) was in-
serted through a left frontal burr hole, and a rectal probe
placed to monitor body temperature. Immediately after cran-
iotomy, the inhalational anesthesia was changed to 1%
isoflurane and room air for a 10-min equilibration period
prior to beginning the injury protocols.

While brain temperature was maintained at 37 = 0.5°C,
mild-moderate CCI was performed with a pneumatic im-
pactor (Bimba, Monee, IL) as previously reported with mod-
ifications (Sinz et al., 1999; Whalen et al., 1999). A 3-mm flat-
tip impounder was deployed at a velocity of 5 m/sec and a
depth of 1 mm. This injury level for CCI was specifically cho-
sen to produce a contusion but no appreciable loss of hip-
pocampal neurons in any subfield, in the absence of HS,
based on prior work with this model in mice by our group
(Kochanek et al., 2006; Foley et al., 2008), along with addi-
tional pilot studies.

A diagram of the experimental paradigm for TBI, shock,
and resuscitation is provided in Figure 1. To model a level
of HS that was clinically relevant, we performed a series of
pilot experiments to determine the amount of hemorrhage
volume necessary to reduce the mean arterial blood pressure
(MAP) to achieve a stable MAP of ~35-40 mm Hg in all
groups. Based on prior studies, we did not anticipate that
this level of HS alone would produce brain injury (Carillo et
al., 1998). Similarly, based on prior studies of the effect of
HS on MAP in rodents with or without TBI (Yuan and Wade,
1992), and by a series of pilot experiments, it was determined
that in mice subjected to HS alone, a volume of 2.7 mL /100
g was needed to achieve this target MAP range. In contrast,
but as anticipated, after CCI, a smaller volume of 2.0/100 g
was required, consistent with the well-described enhanced
sensitivity to the hypotensive effects of hemorrhage after TBI
(Yuan and Wade, 1992; Law et al., 1996). In all mice, HS was
induced over 15 min in a decelerating fashion, with 50% of
the total volume removed over the first 5 min, 25% over the
next 5 min, and the final 25% over the last 5 min. Mice re-
mained in unresuscitated HS for an additional 45 or 75 min
for a total Shock phase of either 60 or 90 min, to study the ef-
fect of HS duration on neuropathological outcome after CCI.
After completion of the blood withdrawal, mice transiently
auto-resuscitated to a MAP of ~45-55 mm Hg, but then
rapidly re-equilibrated and maintained MAP in the target
range for the remainder of the desired 60-90-min Shock
phase. After completion of the HS interval, a 30-min Pre-Hos-
pital phase was initiated, and 6% hetastarch (Hextend, Hos-
pira, INC., Lake Forest, IL) was rapidly infused in 0.1-mL
aliquots to achieve a MAP of =50 mm Hg. To simulate ar-
rival at more Definitive Care, mice were then switched from
1% isoflurane in room air to 1% isoflurane in oxygen. For
this 30-min interval, shed blood was first rapidly re-infused,
and a goal MAP of =60 mm Hg was maintained with addi-
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tional 6% hetastarch, again administered in 0.1-mL aliquots.
At completion of the Definitive Care phase, catheters were re-
moved, anesthesia discontinued, and mice recovered in sup-
plemental oxygen for 30 min before being returned to their
cages.

Mice were randomized to one of five study groups (n =
10 per group), and underwent procedures or equivalent
anesthesia and monitoring as designated: (1) CClI-only, (2)
60 min of HS only [60HS-only], (3) 90 min of HS-only [90HS
only], (4) CCI followed immediately by 60 min of HS
[60CCI+HS], or (5) CCI followed immediately by 90 min of
HS [90CCI+HS]. Mice in the CCI-only group underwent CCI
without HS, but were maintained under identical anesthesia
and monitoring to the combined injury groups for a 60-min
interval. Mice in the HS-only group underwent either 60 or
90 min of HS without craniotomy or CCI, but again were
maintained under identical anesthesia and monitoring as the
combined injury groups. Mice in the CCI+HS groups un-
derwent CCI followed by HS of either 60 or 90 min duration
as described above.

Monitoring protocol

MAP was continuously monitored via the femoral artery
and recorded at baseline, after CCI, and every 5 min during
HS and resuscitation; heart rate was continuously monitored
and recorded at baseline and once during each phase. Lab-
oratory evaluation with arterial blood gas determinations,
and blood lactate, glucose, hematocrit, sodium, potassium,
ionized calcium, and ionized magnesium was obtained at
baseline, 30 min into the Shock phase, and at the end of the
Definitive Care phase.

Histology protocol

At 24 h (n = 4 per group) or 7 days (n = 6 per group) af-
ter experiments, mice were re-anesthetized with 4% isoflu-
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rane and killed by ice-cold saline transcardial perfusion, fol-
lowed by 10% buffered formalin phosphate perfusion and
fixation of brains with subsequent embedding in paraffin at
2 weeks. Multiple 5-um sections, 200 um apart, from bregma
—1.86 to —2.26, were prepared from each brain, and stained
with hematoxylin and eosin (H&E; Thermo Scientific, Pitts-
burgh, PA). Additional 5-um sections were obtained from
the interval tissue and stained with Fluoro-Jade C (FJC;
Chemicon, Temecula, CA) to evaluate for neuronal degen-
eration at 24 h (Schmued et al, 2005). Sections stained
with FJC were assessed qualitatively. Hippocampal neuronal
damage was quantified with 7-day cell counts in H&E
sections by blinded evaluator using Image ] (http://rsb.
info.nih.gov/ij/). Cell counts were quantified in CA1 and CA3,
and are reported as the average number of normal appear-
ing neurons per 100-um hippocampal pyramidal cell layer
length. The 5-um H&E sections taken from bregma —1.86 to
—2.26 were also qualitatively evaluated by a neuropatholo-
gist (R.H.G.) blinded to treatment group.

Statistical analysis

Physiologic parameters and cell counts were compared be-
tween groups using one-way analysis of variance (ANOVA)
and post-hoc tests with appropriate correction for multiple
comparisons. All data are provided as mean = standard er-
ror of the mean (SEM). The primary outcome parameter of
the study was neuron counts in CA1 hippocamus ipsilateral
to CCI (or in the left hippocampus in HS-only). Significance
was determined by a p value of =0.05.

Results
Physiology

Table 1 provides a summary of important physiologic
variables. MAP (the mean of all values for each group dur-

00
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FIG.1. Diagram depicting the overall scheme and timen course of experiment protocol used in this study (CCI, controlled cor-
tical impact; HS, hemorrhagic shock; FJC, Fluoro-Jade C; H&E, hematoxylin and eosin; MAP, mean arterial blood pressure).
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TaBLE 1. PHysioLoGiC DATA (MEAN ARTERIAL BLOOD PRESSURE,
HeMATOCRIT, LACTATE, AND BASE DEFICIT)
Baseline Shock Definitive care
MAP (mmHg)
CCI only 854 * 6.6 80.2 =+ 4.0 77.0 £ 2.5
60 HS only 90.2 = 3.6 355 *3.6 745 *54
90 HS only 89.8 £5.3 39.3 £4.1 72.8 43
60 CCI + HS 88.5 = 84 343 £5.0 69.9 £ 5.0
90 CCI + HS 854 =55 363 64 69.9 = 6.9
HCT (%)
CCI only 38.7 £ 4.6 363 £45 324 43
60 HS only 36.6 =14 276 = 1.8 30.1 £1.9
90 HS only 357 1.1 26.6 £ 1.7 29.3 £ 1.8
60 CCI + HS 371 x37 27.7 = 3.7 28524
90 CCI + HS 36.8 2.6 283 2.0 283 2.0
Lactate (mmol/L)
CCI only 25*01 24 +0.3 1.8 0.2
60 HS only 22*01 40=*=04 1.6 0.1
90 HS only 23 *+0.1 32=*02 1.6 0.1
60 CCI + HS 26 *+0.2 35*0.3 1.9 =02
90 CCI + HS 25*+02 42 +04 22=*0.1
Base deficit (mmol/L)
CCI only —47+*04 —-52+04 -57=*15
60 HS only —4.7 £ 0.7 —-69 +*04 —48 +0.2
90 HS only 47 +0.3 —6.6 0.2 —-54+04
60 CCI + HS —47*=03 —81=0.6 —49 =05
90 CCI + HS —47 04 -72+03 -51=*05

MAP, mean arterial blood pressure; HCT, hemocrit; CCI, controlled cortical impact; HS, hemorrhagic shock.

ing the HS interval) was significantly lower during Shock in
all groups with HS compared to CCI only (60HS-only, 90HS-
only, 60CCI+HS, and 90CCI+HS, respectively, all p < 0.05
versus CCl-only). In addition, the MAP during HS for all
groups was within the target range of 3040 mm Hg. Dur-
ing Pre-Hospital resuscitation, MAP increased into the target
range of =50 mm Hg in all groups and was 50-60 mm Hg
in all of the HS groups (with or without TBI, data not shown).
In contrast, MAP in the CClI-only group was higher, as an-

ticipated, at 77.3 * 3.0 mm Hg. During Definitive Care resus-
citation, MAP recovered to =70 mm Hg in the HS-only
groups, while 60CCI+HS and 90CCI+HS were nearly 70
mm Hg at 69.9 = 5.0 and 69.9 = 6.9 mm Hg, respectively.
Hematocrit decreased by ~30% in mice subjected to HS
and CCI+HS during Shock and Pre-Hospital phases; hemat-
ocrit partially recovered in all groups in Definitive Care (Table
1). Ostensibly, lack of complete recovery resulted from he-
modilution from volume resuscitation, with hetastarch re-

TaBLE 2. PrysioLocic Data (pH, PaCO,, and PaOy)

Baseline Shock Definitive care
pH
CCI only 7.34 = 0.01 7.37 = 0.01 7.33 = 0.02
60 HS only 7.38 = 0.01 7.40 = 0.01 7.35 = 0.01
90 HS only 7.36 = 0.01 7.41 = 0.01 7.33 = 0.01
60 CCI + HS 7.36 = 0.01 7.36 = 0.02 7.34 = 0.01
90 CCI + HS 7.37 = 0.01 7.38 = 0.01 7.31 = 0.02
paCO; (torr)
CCI only 370+ 34 31.7 £39 352 +47
60 HS only 31.6 +24 253+ 1.6 358 +22
90 HS only 33.6 3.1 253 +15 36.7 +34
60 CCI + HS 33.5 39 269 +1.8 364 +42
90 CCI + HS 333+43 269 +1.9 40.0 = 6.6
paO, (torr)
CCI only 1623 7.9 794 +9.0 4464 + 25.0
60 HS only 163.0 £ 17.0 99.9 + 85 441.1 +10.5
90 HS only 157.6 = 13.7 932 +6.8 432.3 + 184
60 CCI + HS 154.2 + 14.3 87.6 9.9 444.6 +27.2
90 CCI + HS 168.7 = 12.3 922 +10.7 465.9 = 19.9

CCI, controlled cortical impact; HS, hemorrhagic shock.
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TaBLE 3. PnysioLocic DAtA (Sobrum, GLUCOSE, AND OXMOLALITY)
Baseline Shock Definitive care

Sodium (mmol/L)

CCI only 142.1+0.3 142.6 = 0.6 142.6 = 0.7

60 HS only 142.6 = 0.3 140.8 = 0.2 1435 = 0.3

90 HS only 1424 + 04 140.2 = 0.5 143.3 = 0.2

60 CCI + HS 142.7 = 04 1404 = 04 143.1 £ 0.5

90 CCI + HS 1421+ 05 140.5 = 0.5 144.0 = 0.5
Glucose (mg/dL)

CCI only 88.8 = 10.9 134.0 = 19.9 87.1+6.7

60 HS only 929+72 169.0 = 11.0 74.8 = 8.1

90 HS only 101.9 =9.3 151.1 = 12.2 71.6 = 5.8

60 CCI + HS 94.7 £9.7 148.5 = 20.6 73.8 = 4.2

90 CCI + HS 87.6 =119 179.9 = 10.2 85.4 = 6.7
Osmolality (mOsm/kg)

CCI only 290.0 £ 1.1 2948 = 1.7 2923 +13

60 HS only 2899 + 1.2 2932+ 1.2 293.5 0.9

90 HS only 2932 + 1.3 2934 + 1.8 296.3 + 1.8

60 CCI + HS 291.2 £ 1.3 2919 1.7 293.0+1.3

90 CCI + HS 2919 2.7 2934 + 1.8 296.3 = 1.8

CCI, controlled cortical impact; HS, hemorrhagic shock.

quired to maintain MAP. Fluid requirements during Pre-Hos-
pital and Definitive Care were 0.29 = 0.1, 0.24 £ 0.1, 0.34 =
0.1, and 0.34 £ 0.1 mL of 6% hetastarch in 60HS-only and
90HS-only versus 60CCI+HS and 90CCI+HS groups, re-
spectively, and did not significantly differ between groups.

Not surprisingly, compared to CClI-only, groups subjected
to HS or CCI+HS had higher lactate levels and greater base
deficits during Shock; all measurements were taken at the
same protocol time-point. These values were significant at
p = 0.05 for CCI versus 60CCI+HS and 90CCI+HS groups
for base deficit during Shock. For blood lactate levels, there

was a predictable rise and fall during Shock and both resus-
citation phases in 60HS, 90HS, and 60CCI+HS groups com-
pared to CCl-only (p = 0.05); however, lactate levels in the
90CCI+HS group continued to be significantly albeit mildly
higher during Definitive Care as well, likely reflecting contin-
ued lactate “wash-out” with resuscitation after prolonged HS.

All groups had similar trends in PaO, (Table 2); there was
appropriate equilibration after room air administration and
the expected increase with initiation of 100% oxygen during
Definitive Care. PaCO, decreased in HS-only and CCI+HS
groups during Shock, while pH did not, a difference likely

Surviving CA1 Hippocampal Neurons

50

# Neurons per 100 micrometers

60HS only 90HS only

CCI only

Experimental Group
M Contralateral [ Ipsilateral

60CCI+HS 90CCI+HS

FIG. 2. Average number of surviving CAl hippocampal neurons per 100-um length for each experimental group, both
ipsilateral (light bars) and contralateral (dark bars). Data are mean and SEM, n = 6 for each group. *p < 0.05 compared to
all other groups (HS, hemorrhagic shock; CCI, controlled cortical impact).
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related to compensatory hyperventilation. There were no sig-
nificant differences between groups with regard to glucose,
osmolality, sodium, potassium, ionized calcium, or ionized
magnesium at any of the sampling times (Table 3, all data
not shown).

Neuropathology

Hippocampal neuron counts. Surviving CAl neuron
counts in dorsal hippocampus ipsilateral to injury in the
90CCI+HS group were significantly reduced compared to
all other study groups (Fig. 2). Average ipsilateral CA1 neu-
ron counts 90CCI+HS were 16.5 + 14.1 versus 30.8 *= 6.8,
323 *£76, 30.6 £ 2.2, and 28.1 £ 2.2 neurons per 100-um
pyramidal cell layer length (CCl-only, 60HS-only, 90HS-
only, and 60CCI+HS, respectively, all p < 0.05). There were
no significant differences between groups for hippocampal
neuron counts in CA3 ipsilateral to injury (Fig. 3) or in ei-
ther CA1 or CA3 contralateral to injury, suggesting that CCI-
only at this relatively mild level, HS-only, or combined in-
jury did not produce significant neuronal loss in these
hippocampal subfields. Examples of mice from the four in-
sult groups are shown in Figure 4.

H&E neuropathologic survey. Review of 7-day H&E sec-
tions from 90CCI+HS mice consistently demonstrated hem-
orrhage and focal, full-thickness necrosis of the parietal cor-
tex overlying the dorsal hippocampus ipsilateral to injury.
Moderate acute eosinophilic degeneration was observed in
the hippocampal neurons of the underlying dorsal subicu-
lum, CA1, CA4, and dentate gyrus, particularly the dorsal
blade. Occasional eosinophilic neurons were noted in CA3
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of the hippocampus as well as in the dorsal thalamus. Scat-
tered microglial and neutrophil infiltrates were present, as
was neuropil vacuolation. The contralateral sides lacked ab-
normal histologic alterations in the 90CCI+HS group, as well
as in all other study groups. Sections from the CCI-only and
60CCI+HS groups demonstrated identical full-thickness
necrosis of the injured parietal cortex. However, unlike
90CCI+HS, eosinophilic neuron degeneration in CAl and
dentate gyrus was more mild in quality, and eosinophilic
change in thalamic neurons was rare. HS-only sections re-
vealed no evidence of neuronal damage. Additional selected
images from the neuropathological survey are presented in
Figure 5.

FluoroJade-C staining at 24 h post-insult. FJC positivity at
24 h was seen predominantly in CA1 and dentate gyrus and
largely restricted to mice in the 90CCI+HS group (Fig. 5).
This corresponded with regions of CA1 neuron loss at 7 days
as assessed by H&E staining, corroborating neuronal de-
generation in the observed areas of subsequent neuron loss.
Rare FJC-positive neurons were seen in 60CCI+HS mice.

Discussion

We specifically chose a level of TBI that produced a cor-
tical contusion that was just below the threshold for overt
neuronal loss in the underlying dorsal hippocampus. We
also selected a clinically relevant level of HS, based on the
work of Carillo et al. (1998), with a MAP that we anticipated
would not produce neurological injury in mice subjected to
HS-only at the durations studied in our protocol. We were,
however, surprised that 90 min rather that 60 min of HS was

Surviving CA3 Hippocampal Neurons

50

# Neurons per 100 micrometers

60HS only

90HS only

CClI only

Experimental Group

B Contralateral [ Ipsilateral

60CCI+HS 90CCI+HS

FIG. 3. Average number of surviving CA3 hippocampal neurons per 100-um length for each experimental group, both
ipsilateral (light bars) and contralateral (dark bars). Data are mean and SEM, n = 6 for each group. There were no differ-
ences between groups (HS, hemorrhagic shock; CCI, controlled cortical impact).
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FIG. 4. Representative microphotographs (original magnification, X20), stained with hematoxylin and eosin (H&E), de-
picting the CA1 hippocampal subfield in 90HS-only (A), CClI-only (B), 60CCI+HS (C), and 90CCI+HS (D). 60HS is not
shown. Pyramidal neuron loss is evident within the medial region of CA1 in the 90CCI+HS group. HS, hemorrhagic shock;

CdI, controlled cortical impact.

required to exacerbate neuronal death after the chosen level
of CCI. When Shock duration was extended to 90 min, we
observed a neuronal loss pattern previously well-defined in
experiments of ischemia and hypoxemia, namely, ~60% loss
of selectively vulnerable CA1 pyramidal neurons in the dor-
sal hippocampus by 7 days after the insult. Whether or not
additional neuronal loss would be seen at longer outcomes
remains to be determined. The duration of HS required to
produce hippocampal neuronal death after TBI was longer
than anticipated, since in studies of CCI in rats, addition of
30 min of hypoxemia (PaO, ~ 40 mm Hg) was sufficient
(Clark et al., 1997). However, systemic hypoxemia in those
studies resulted in the development of hypotension after
~15-20 min, and combined hypoxemia and hypotension is
likely to be particularly deleterious (Siesjo, 1978). The fact
that hypotension often develops in TBI models where sec-
ondary hypoxemia is superimposed is, in our opinion, un-
derappreciated. In addition, those studies with hypoxemia
in rats used a relatively greater injury severity level than
used in our study, which could also importantly increase the
level of vulnerability of the injured hippocampus to a sec-
ondary insult. Given that the normal MAP in mice anesthe-
tized with isoflurane in our model was ~85-90 mm Hg, our

studies indicate that HS to a MAP that is 50-60% below base-
line can be tolerated for 60 min after TBI, suggesting that
there may be a greater than anticipated therapeutic time win-
dow for successful resuscitation to mitigate deleterious con-
sequences of a secondary insult in the traumatically injured
brain. This finding is similar to the work of Stern et al. (2000),
who reported that acute cerebral hemodynamic parameters
were preserved in pigs after FPI, despite HS to a MAP of 30
mm Hg for a period of 60 min. Longer periods of shock were
not studied in that model.

In pilot studies, to produce an identical level of hypoten-
sion in mice subjected to either HS or CCI+HS, it was nec-
essary to use a greater degree of hemorrhage in HS-only mice
(2.7 mL/100 g blood withdrawal versus 2.0 mL/100 g in HS-
only and CCI+HS groups, respectively). This relationship
between TBI and reduced tolerance to HS has been reported
(Law et al., 1996; Yuan and Wade, 1992) and suggests a sys-
temic consequence of CNS trauma on blood pressure regu-
lation. Chesnut et al. (1998) observed hypotension in humans
with isolated TBI and without significant extracerebral in-
jury. Mahoney et al. (2003) confirmed and expounded on this
observation, citing possible brainstem involvement, altered
autonomic tone, or massive catecholamine surge with ensu-
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ing transmitter depletion, receptor saturation, and conse-
quent myocardial depression and cardiovascular collapse.
Using a rat model of FPI and HS, Law et al. (1996) showed
that rodents subjected to either isolated brain injury or HS
were able to adjust vascular tone to maintain MAP; however,
when these insults were combined, compensatory vasocon-
striction during shock failed to occur. Yuan et al. (1992)
showed both suppression of spontaneous MAP recovery in
rats subjected to combined injury and attenuation of the
MAP response to fluid resuscitation. We initially attempted
to use higher MAP resuscitation goals in pilot studies, =60
mm Hg MABP in the Pre-Hospital phase and =80 mm Hg
(normotension) MAP in the Definitive Care phase. However,
targeting these goals resulted in uniform mortality in unin-
tubated, spontaneously breathing mice. We observed frank
pulmonary edema, possibly neurogenic in origin or due to
myocardial depression. The possibility of cerebral edema in
the face of aggressive fluid resuscitation also cannot be ex-
cluded, as we have not yet measured ICP in this mouse
model. In this initial study, we were concerned that addition
of invasive ICP monitoring would potentially compromise
long-term survival in these small rodents. Future studies of
this important parameter are needed. Nevertheless, our data
clearly confirm that the cardiovascular system is sensitized
to the hemodynamic consequences of HS by a preceding TBI.

We chose to use hetastarch as our resuscitation fluid in
this model, since it is the current standard of care in the U.S.
Army for combat casualty resuscitation (Holcomb, 2003).
Other resuscitation fluids will need to be tested in this model,
since they may exhibit differing efficacies in neuroprotection
even if the same MAP targets are used.

While we did not evaluate CBF in these mice, the litera-
ture is replete with evidence of cerebrovascular dysregula-
tion and regional blood flow reductions after TBI. Posttrau-
matic hypoperfusion after CCI in rats has been reported
across laboratories and assessment techniques (Bryan et al.,
1995; Hendrich et al., 1999), and loss of blood pressure au-
toregulation of CBF after TBI has been reported (Lewelt et
al., 1980), potentially allowing exacerbation of cerebral hy-
poperfusion with even modest reductions in MAP. In injured
regions with increased metabolic requirements, small re-
ductions in CBF, or perhaps simply the failure to increase
CBF and substrate delivery to match demands could be suf-
ficient to damage vulnerable neurons when thresholds of en-
ergy failure are reached. Currently, we are using perfusion
magnetic resonance imaging to study CBF in this model
(Dennis et al., 2006).

In the CCI model in rodents, marked cerebral hypergly-
colysis has been reported in the hippocampus underlying the
contusion (Hovda et al., 1995; Statler et al., 2003). In HS, ane-
mia accompanies the reduction in MAP, and we observed a
significant reduction in HCT; therefore, the anticipated re-
duction in oxygen and substrate delivery produced by hy-
poperfusion would be amplified. The contribution of anemia
to the exacerbation of neuronal injury in combined TBI and
HS, however, remains to be defined.

We used isoflurane anesthesia in our model. Isoflurane by
inhalation provides a consistent level of anesthesia that can
be readily titrated and promptly discontinued. However,
isoflurane reduces cerebral metabolic demands, provides
some degree of CBF promotion (particularly in subcortical
structures), and is neuroprotective after TBI (Statler et al.,
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2000, 2006). Severe TBI in humans is generally not treated
with sedatives or anesthetics in the field. Nevertheless, it is
necessary to provide anesthesia in animal models of TBI, and
thus our model may underestimate the amount of damage
that a similar level of TBI and HS would produce in the clin-
ical setting. Studies of combined TBI plus HS in this model
using less protective and more clinically relevant anesthet-
ics and/or analgesics such as fentanyl are warranted.

Most studies of combined experimental TBI and HS have
been carried out in large animals and have been focused on
the influence of resuscitation fluids on intracranial dynamics,
including ICP and CBF (Gibson et al., 2002; Shackford, 1997;
Bedell et al., 1998). Long-term outcomes in these models are
extremely expensive and have generally not been investigated;
thus, the impact of HS on delayed neuronal death has been
subjected to limited investigation. There have been a few stud-
ies in rodent models, however, that are noteworthy.

In rats, using combined mild-moderate FPI and HS to a
MAP of 50-60 mm Hg for 30 min, Schiitz et al. (2006) did
not observe either an increase in cerebral edema or an exac-
erbation of cortical tissue loss when FPI+HS was compared
to FPI alone. They did, however, observe a delay in cogni-
tive recovery in FPI+HS rats, suggesting subtle cerebral in-
jury not necessarily related to edema or cortical tissue dam-
age alone. They used a milder level of hypotension compared
to our model, as well as a shorter shock duration, and with-
out re-infusion of shed blood in the resuscitation phase, clin-
ical extrapolation may be limited. Failure to treat the marked
anemia that accompanies HS after TBI would be deemed to
be outside of the current standard of care in TBI manage-
ment. Matsushita et al. (2001) performed a similar protocol
in rats also using moderate FPI and HS to a MAP of 60 mm
Hg for 30 min. However, they observed exacerbated contu-
sion size in the posterior parietal cortex in FPI+HS rats when
compared to FPI alone; they did not report assessment of the
hippocampus. Similarly, with a different experimental TBI
mechanism, impact acceleration, Ito et al. (1996) added 30
min of hypoxemia and hypotension (a PaO, of 40 mm Hg
and MAP of 30 mm Hg, respectively) and used diffusion-
weighted imaging to discern apparent diffusion coefficients
(ADCs) and extrapolate cytotoxic versus extracellular
edema. Combined injury rats demonstrated marked and sus-
tained increases in ICP and reduced CBF as well as reduced
ADC, consistent with cytotoxic edema, despite resuscitation,
when compared to controls. When Barzé et al. (1997) used
this identical protocol but added an additional combined in-
jury group of impact acceleration, hypoxemia to a PaO, of
40 mm Hg and hypotension with a MAP of 40-50 mm Hg,
they observed recovery of both ADC and clinical condition
in the MAP 40-50 mm Hg combined insult group, while the
MAP 30-40 mm Hg group did not recover, and progressed
to death. This suggested a critical MAP threshold of 3040
mm Hg, which was the MAP seen in our study during HS
in all groups exposed to shock. Similar to the work of Clark
et al., using CCI and secondary hypoxic insult in rats, the
earlier work of Ishige et al. (1987c) in FPI used 2,3,5-triph-
enyltetrazolium chloride to reveal an ischemic area sur-
rounding the contusion not seen with either isolated FPI or
hypoxemia alone. They also used MRI to confirm extension
of the contusion and surrounding edema in combined insult
rats versus TBI alone and observed a decrease in CBF in the
entire ipsilateral cortex in these rats. Further work by Ishige
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FIG. 5. (A) Representative medium-high-power micrograph (X20 objective) of a 90CCI+HS mouse hippocampus demon-
strating normal pyramidal neurons (arrowhead) stained blue with DAPI and degenerating neurons stained yellow-green
with Fluoro-Jade C (FJC; long arrow) within the CA1 subfield at 24 h. (B) High-power micrograph (x40 objective) of a
hematoxylin and eosin (H&E)-stained section demonstrating normal pyramidal neurons (arrowheads) interspersed with
degenerating eosinophilic neurons (long arrows) at 7 days in the CA1 hippocampal subfield of a 90CCI+HS mouse. (C)
Low-power microphotograph (X4 objective) of the most severe spectrum of hippocampal damage sustained by several mice
in the 90CCI+HS group. Robust microglial and PMN infiltration is noted along the superior aspect (arrows), and there is
substantial loss of neurons in the CA1 subfield (asterisks). (D) Higher magnification (X20 objective) of the boxed region in
C demonstrates the absence of viable pyramidal neurons and loss of architecture within much of the CA1 subfield in this

example. CCI, controlled cortical impact; HS, hemorrhagic shock; PMN, polymorphonuclear leukocyte.

et al. (1988) used phosphocreatine (PCr)/inorganic phos-
phate ratios obtained by in vivo phosphorus-31 magnetic res-
onance spectroscopy as evidence for changes in high-energy
metabolite concentrations and observed that depletion of
high-energy metabolites was markedly accelerated by com-
bined FPI and hypoxemia in a dose-dependent fashion, ver-
sus FPI alone. They added a hypotensive insult (MAP 30-40
mmHg) to the combination of FPI and hypoxemia, and ob-
served even further depletion of high-energy phosphates in
the brain, again consistent with the MAP used in our study.
These studies support the possibility that HS exacerbated en-
ergy failure in the pericontusional brain regions, including
hippocampus, thus triggering neuronal death in our model.

We re-infused autologous shed blood, which would not
be available for clinical use. It is recognized that massive
transfusion of packed red blood cells can produce a number
of unwanted side effects (i.e., immunosuppression, hyper-
kalemia, coagulopathy) and that complications from trans-
fusion are generally related to the duration of blood storage
prior to use. Thus, one might anticipate that secondary in-
jury and complications are underestimated in our mouse

model relative to the human condition. Recently, in the set-
ting of massive blood loss in combat casualty care, greater
emphasis has been placed on the use of fresh whole blood.

Finally, we focused our histopathological examination to
hippocampal neuronal counts given the anticipated vulner-
ability of that brain region to secondary ischemic insults.
However, further studies are needed to assess cortical dam-
age and other brain regions, given the fact that our qualita-
tive survey suggested the possibility of enhanced damage in
other structures.

While technically challenging in mice, an experimental
model of combined TBI plus HS is feasible with reasonable
clinical fidelity. This initial study characterizes a new model
which, given the ready availability of genetic variant mice,
is unique in its potential for application to mechanistic and
therapeutic study of this injury combination.
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Short Communication

Resuscitation of Traumatic Brain Injury and Hemorrhagic
Shock with Polynitroxylated Albumin, Hextend, Hypertonic
Saline, and Lactated Ringer’s: Effects on Acute
Hemodynamics, Survival, and Neuronal Death in Mice

Jennifer L. Exo)? David K. Shellington,? Hulya Bayir]"*2 Vincent A. Vagni] Keri Janesco-Feldman] Lil Ma,’
Carleton J. Hsia® Robert S.B. Clark?® Larry W. Jenkins** C. Edward Dixon)** and Patrick M. Kochanek'234*

Abstract

Outcome after traumatic brain injury (TBI) is worsened by hemorrhagic shock (HS), but the optimal resuscitation
approach is unclear. In particular, treatment of TBI patients with colloids remains controversial. We hypothe-
sized that resuscitation with the colloids polynitroxylated albumin (PNA) or Hextend (HEX) is equal or superior
to resuscitation with the crystalloids hypertonic (3%) saline (HTS) or lactated Ringer’s solution (LR) after TBI
plus HS in mice. C57/BL6 mice (n=30) underwent controlled cortical impact (CCI) and 90 min of volume-
controlled HS (2mL/100 g). The mice were randomized to resuscitation with LR, HEX, HTS, or PNA, followed
by 30 min of test fluid administration targeting a mean arterial pressure (MAP) of >50 mm Hg. Shed blood was
re-infused to target a MAP >70mm Hg. At 7 days post-insult, hippocampal neuron counts were assessed in
hematoxylin and eosin—stained sections to quantify neuronal damage. Prehospital MAP was higher, and pre-
hospital and total fluid requirements were lower in the PNA and HEX groups (p < 0.05 versus HTS or LR). Also,
7-day survival was highest in the PNA group, but was not significantly different than the other groups. Ipsi-
lateral hippocampal CAl and CA3 neuron loss did not differ between groups. We conclude that the colloids
PNA and HEX exhibited more favorable effects on acute resuscitation parameters than HTS or LR, and did not
increase hippocampal neuronal death in this model.

Key words: colloid; head injury; nitroxide; oxidative stress; secondary insult

Introduction bral blood flow (CBF) (Giri et al., 2000) and increased

hippocampal neuronal loss (Cherian et al., 1996) versus is-

ECONDARY INSULTS AFTER TRAUMATIC BRAIN INJURY (TBI)

increase morbidity and mortality, and the combination
of TBI plus hemorrhagic shock (HS) is particularly deleteri-
ous. Miller and Becker (1982) first reported that hypo-
tension (systolic blood pressure <90mm Hg) worsened
outcome after TBI. Chesnut and associates (1993) reported
a correlation between hypotension and hypoxemia and in-
creased morbidity/mortality after TBI in humans, with
hypotension being the most critical parameter. These obser-
vations have been confirmed in experimental studies, in which
secondary insults also worsened brain injury. Controlled cor-
tical impact (CCI) with superimposed ischemia reduced cere-

chemia alone. Jenkins and colleagues (1989) noted increased
CA1 neuronal death by combining hemorrhagic hypotension
with TBI in rats, and Matsushita and co-workers (2001) re-
ported an increase in contusion area by hemorrhagic shock
after fluid percussion injury in rats. Thus clinical and experi-
mental evidence supports an association between secondary
insults and increased morbidity and mortality after TBI.

The optimal fluid for resuscitation of TBI plus HS remains
unclear. Characteristics of the ideal resuscitation fluid include
ease of transport and administration in the pre-hospital set-
ting, small infusion volumes to minimize cerebral edema,
prevention of acute causes of mortality, and attenuation of
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secondary injury. Traditional acute resuscitation solutions
for TBI plus HS include lactated Ringer’s solution (LR) or
Hextend® (HEX; Hospira, Lake Forest, IL). More novel re-
suscitation solutions under evaluation include hypertonic
(3%) saline (HTS) and polynitroxylated albumin (PNA; Syn-
Zyme Technologies, Irvine, CA), among others. Isotonic
crystalloids, particularly LR, are used for resuscitation in ci-
vilian trauma, but often require large volumes to maintain the
desired blood pressure. HEX is the preferred fluid for resus-
citation in combat casualty care. In several animal models,
resuscitation with HEX required less volume and improved
cerebrovascular function versus resuscitation with crystalloid
(Crookes et al., 2004; Kelly et al., 2003; King et al., 2004). With
regard to more novel solutions, there is extensive pre-clinical
and clinical experience evaluating the use of HTS for resus-
citation. Prough and associates (1991) and others have shown
that use of HTS in experimental hemorrhagic hypotension
restores hemodynamics and improves microcirculation. In
animal models of TBI, HTS also improved CBF and lowered
intracranial pressure (ICP) versus LR (Walsh et al., 1991;
Shackford et al., 1992). Finally, PNA is a novel compound
composed of 55 nitroxide moieties covalently linked to albu-
min that is administered as a 10% solution. Its stable nitroxyl
radicals mimic superoxide dismutase (SOD) and catalase, and
detoxify reactive oxygen species (Li et al,. 2002). PNA im-
proved survival in a rat HS model and reduced lesion size in
experimental stroke (Kentner et al., 2002; Beaulieu et al., 1998).
It has not, however, been evaluated in combined TBI plus HS.

Recently, controversy about the optimal resuscitation fluid
in TBI was raised by the SAFE study (Myburgh et al., 2007),
which included a post-hoc analysis of the use of albumin
versus saline in TBI victims. It suggested that the use of al-
bumin in patients with TBI increased mortality versus saline,
but no mechanism for the increased mortality seen with col-
loid use was presented. A recent report by Baker and col-
leagues (2008) in experimental TBI in rats challenged this
finding, and showed enhanced electrophysiological recovery
with albumin versus saline resuscitation, although the neu-
ropathology was not assessed.

We recently developed a clinically relevant mouse model of
TBI plus HS that allows us to evaluate acute hemodynamics,
7-day survival, and long-term neuropathology (Dennis et al.,
2009). At the injury level used, CA1 neuronal death was seen
only in combined CCI plus HS, but not in CCI or HS alone. We
now use this model to evaluate the resuscitation of TBI plus
HS using several traditional and novel fluids. We hypothe-
sized that resuscitation with the colloids PNA or HEX would
require smaller volumes than the crystalloids HTS or LR to
reach resuscitation goals and produce higher mean arterial
pressures (MAPs) in the resuscitation phase. We also hy-
pothesized that the colloids PNA or HEX versus the crystal-
loids HTS or LR would not worsen 7-day survival or
hippocampal neuronal death.

Methods

The Institutional Animal Care and Use Committee of the
University of Pittsburgh School of Medicine approved this
study. Male C57 /BL6 mice (Jackson Laboratories, Bar Harbor,
ME), 12-15 weeks of age and weighing 22-29 grams, were
housed under controlled environmental conditions and al-
lowed ad libitum food and water until the study began.

EXO ET AL.

Anesthesia was induced via nose cone with 4% isoflurane
in oxygen, and maintained with 1% isoflurane in a 2:1N,O/
oxygen mixture. Under sterile conditions, central femoral
venous and arterial catheters were placed using modified
PE-50 tubing. The mouse was placed in a stereotaxic frame, a
5-mm craniotomy was performed over the left parietal cortex
using a dental drill, and the bone flap was removed. A brain
temperature micro-probe (Physitemp, Clifton, NJ) was then
inserted through the burr hole. Body temperature was also
monitored by rectal probe. Immediately after craniotomy, the
inhalational anesthesia was changed to 1% isoflurane and
room air for 10 min before CCI and onset of HS. A mild to
moderate CCI was performed with a pneumatic impactor
(Bimba, Monee, IL) as previously reported with modifica-
tions. A 3-mm flat-tip impounder was deployed at a velocity
of 5m/sec and a depth of 1mm. Brain temperature was
maintained at 37°+0.5°C throughout the experiment. To
achieve a clinically relevant level of HS, 2mL of blood /100 g
of body weight was removed via the venous catheter.
This hemorrhage volume resulted in a decrease in MAP to
35-40 mm Hg. The mice remained in the HS phase for 90 min,
mimicking the time between injury and the first field provi-
sion of medical attention. After the HS phase, the mice were
randomized to one of four treatment groups (n=38 for each
group), including resuscitation with (1) LR, (2) HEX, (3) HTS,
or (4) PNA.

After completing the HS phase, the mice entered the pre-
hospital phase, corresponding to arrival of medical personnel
and initiation of fluid resuscitation. This phase lasted 30 min.
The mice were given boluses of test fluid to achieve a
MAP >50mm Hg (totaling between 1.0 and 1.5mL). Subse-
quently, 0.1-mL aliquots of test fluid were administered for
every minute the MAP remained less than the pre-hospital
MAP target of 50 mm Hg. To simulate arrival at a definitive
care setting, the mice entered the in-hospital phase. During
this 30-min period, shed blood was rapidly re-infused, and a
goal MAP of >70mm Hg was maintained by the adminis-
tration of additional 0.1-mL aliquots of test fluid for every
minute that the MAP remained less than the in-hospital target
of 70mm Hg. During this phase inhalational anesthesia was
also changed from 1% isoflurane in room air to 1% isoflurane
in oxygen, which was maintained for the duration of the
study. At completion of the in-hospital phase, the catheters
were removed, anesthesia was discontinued, and the mice
were returned to their cages. They were allowed free access to
food and water, and observed for up to 7 days.

Mice were excluded from analysis by criteria defined be-
fore breaking randomization if they died during the HS phase,
or if they did not reach the pre-hospital phase target MAP of
>50 mm Hg with the initial boluses.

Brain temperature was monitored with a temperature
probe placed in the right parietal cortex, and was maintained
at 37° 4+ 0.5°C throughout the experiment. MAP was contin-
uously monitored via a catheter placed in the femoral artery,
and was recorded at baseline, after CCI, and every 5min
during all three phases of the study. Baseline heart rate was
continuously monitored and recorded at baseline and once
during each phase. Arterial blood gas, blood lactate, and
glucose levels were obtained at baseline, after 30 min of shock,
and at the end of the in-hospital phase.

At 7 days after the experiment, surviving mice were re-
anesthetized with 4% isoflurane and killed by ice-cold saline
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transcardial perfusion, followed by 10% buffered formalin
phosphate perfusion and fixation of brains with subsequent
embedding in paraffin at 2 weeks. Multiple 5-um sections,
125 pym apart, from the bregma —1.82 to —2.06 were prepared
from each brain, and stained with hematoxylin and eosin
(H&E; Thermo Scientific, Pittsburgh, PA). Hippocampal
neuronal damage was quantified with 7-day cell counts in the
H&E-stained sections by a blinded evaluator (J.E.) using a
Nikon Eclipse E600 microscope (Melville, NY), and Image |
software (http://rsb.info.nih.gov/ij/).

Statistical analysis

Physiologic measurements and neuron counts were com-
pared between treatment groups using one-way analysis of
variance (ANOVA), and post-hoc tests with appropriate cor-
rection for multiple comparisons. All data are provided as
mean +SEM. Seven-day survival was compared between
treatment groups using Fisher’s exact test. Significance was
determined by a p value <0.05.

Results

MAP did not differ significantly between groups at the end
of the shock phase (p =0.31) (Fig. 1). In contrast, the PNA and
HEX groups achieved higher MAP in the pre-hospital phase
than the LR or HTS groups (p < 0.05). MAP did not differ
significantly between groups during the in-hospital phase
(p=0.20). The PNA and HEX groups required substantially
less fluid to achieve resuscitation goals in the pre-hospital
phase (p <0.05) (Fig. 2). There was no difference between
groups in volume required to achieve resuscitation goals in
the in-hospital phase (p=0.63). The PNA and HEX
groups also required significantly smaller total fluid vol-
umes to achieve resuscitation goals than the LR or HTS group
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FIG. 1. Mean arterial pressure (MAP) for the experimental
groups during each phase of the model (*p <0.05 for the
PNA and HEX groups versus the LR and HTS groups). Data
are mean and SEM (n =8 for the LR and HEX groups; n="7
for the HTS and PNA groups; LR, lactated Ringer’s solution;
HEX, Hextend; HTS, hypertonic saline; PNA, polynitro-
xylated albumin).
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FIG. 2. Fluid requirements for the experimental groups
during each phase of the model (*p <0.05 for the PNA and
HEX groups versus the LR and HTS groups). Data are mean
and SEM (n=38 for the LR and HEX groups; n=7 for the
HTS and PNA groups; LR, lactated Ringer’s solution; HEX,
Hextend; HTS, hypertonic saline; PNA, polynitroxylated al-
bumin).

(p <0.05). At the end of the shock phase, arterial lactate levels
in the LR, HEX, HTS, and PNA groups were 3.48+1.29,
2.784+0.47,2.89 +0.84, and 3.40 £+ 0.80 mmol/L, respectively,
and did not differ significantly (p=0.35). Arterial lactate
levels at the end of the in-hospital phase also did not differ
between groups (LR 2.00+0.93mmol/L, HEX 196+
0.78 mmol/L, HTS 2.99+2.04mmol/L, and PNA 150+
0.24 mmol/L; p =0.15). Seven-day survival did not differ be-
tween groups (p = 0.33) (Fig. 3). H&E-stained sections of the
hippocampus were also evaluated (Fig. 4). A pattern of neu-
ronal death in the hippocampus was evident, predominantly
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FIG. 3. Kaplan-Meier survival curve for 7-day survival
probability for the four study groups.
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FIG. 4. Representative 40xH&E microphotographs depicting the ipsilateral hippocampus in the four study groups. (A) LR.
(B) HEX. (C) HTS. (D) PNA. Pyramidal neuron loss is evident within the medial region of CA1 in all groups (LR, lactated
Ringer’s solution; HEX, Hextend; HTS, hypertonic saline; PNA, polynitroxylated albumin).

in the CA1 subfield, mirroring the work of Dennis and asso-
ciates (2009). Evaluation of ipsilateral CAl neuron loss (as
a percentage of the contralateral hemisphere) revealed that
a ~35% loss of CA1 neurons was seen at the injury level
selected, which did not differ significantly between groups

100
m=mCA1
==CA3
80 +
L]
1]
S
®
5
S 60+
@
z
©
a
E -—
® 40
o
[= 8
=3
pix;
ES 1 i
20 4

PNA

HTS

LR HEX

FIG. 5. Average amount of ipsilateral hippocampal neuron
loss (as percentage of the contralateral hippocampal neuron
count) in four study groups. Data are mean and SEM of all
mice surviving to day 7 (n=6 for the LR and PNA groups,
n =3 for the HEX group, and n =4 for the HTS group). There
was no significant difference between the four groups (LR,
lactated Ringer’s solution; HEX, Hextend; HTS, hypertonic
saline; PNA, polynitroxylated albumin).

(p=0.81) (Fig. 5). Similarly, ipsilateral CA3 neuron loss (as a
percentage of the contralateral hemisphere), although much
more modest than that seen in CA1, did not differ between
groups (p = 0.86).

Discussion

Our findings show that resuscitation with the colloids PNA
or HEX, in our mouse model of CCI plus HS, required less
fluid volume to reach the target MAPs, and achieved and
maintained higher MAPs in the pre-hospital phase, caused no
adverse effects on recovery of lactate levels, and had compa-
rable 7-day survival rates. Resuscitation with PNA or HEX
also did not worsen hippocampal neuron survival versus HTS
or LR. These findings are noteworthy, as the merits of resus-
citation with colloids are the subject of intense debate.

Current fluid resuscitation strategies for TBI patients ad-
vise infusion of isotonic crystalloid solutions to normalize
blood pressure (to maintain systolic BP > 90 mm Hg) (Badjatia
et al., 2008). This recommendation has been challenged by
numerous researchers who investigated the use of colloids,
hypertonic fluids, vasopressors, and blood substitutes for
post-TBI resuscitation. Recently, the authors of the SAFE
study reported increased mortality of TBI patients treated
with albumin (Finfer et al., 2004; Myburgh et al., 2007). Al-
though no mechanism was offered to account for these find-
ings, others have proposed the development of a dilution
coagulopathy, which in the context of severe TBI worsens
outcome (Billota and Rosa, 2007; Schirmer-Mikalsen et al.,
2007). This subset of patients received more frequent blood
transfusions early in their ICU course, but no information on
the incidence of bleeding complications after enrollment in the
SAFE study was provided. We did not observe excessive
bleeding in our study animals. Alternatively, it is possible
colloids move across the damaged blood-brain barrier, and
remain trapped in brain tissue once the barrier is repaired.
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After degradation to protein components, an osmotic gradient
could be created, promoting edema formation and worsening
brain injury (Kawamata et al., 2007). We did not evaluate
brain edema in our study, but we found that resuscitation
with PNA or HEX offered considerable benefit in terms of
volume requirement and hemodynamic status, and did not
worsen hippocampal neuronal death versus LR. The SAFE
study also did not evaluate the performance of albumin in the
early, acute resuscitation of TBI plus HS, making it difficult to
draw comparisons with our findings.

PNA is a colloid with beneficial effects across numerous
experimental paradigms. It has been shown to reduce infarct
size in experimental stroke in rats (Beaulieu et al., 1998; Su-
gawara et al., 2001), attenuate damage in experimental myo-
cardial ischemia in rats (Li et al., 2002) and in murine models
of sickle cell crisis (Kaul et al., 2006), and highly germane to
our work, it reduces mortality in experimental HS in rats
(Kentner et al., 2002). These beneficial effects may result from
the potent intravascular antioxidant and nitric oxide-sparing
effects conferred by the covalently linked nitroxide moieties in
PNA. Nitroxides have potent SOD and catalase mimetic ef-
fects, and the free nitroxide tempol is neuroprotective in ex-
perimental TBI in rats (Trembovler et al., 1999; Leker et al,,
2002; Deng-Bryant et al., 2008). Beneficial effects of PNA could
also be mediated by its rheologic properties (Russell et al.,
1998). Any or all of these effects could contribute to the pos-
itive hemodynamic effects we observed in the PNA group.
PNA and HEX could also share beneficial oncotic effects with
albumin that could enhance CBF, or as a relatively small
volume of the resuscitation fluid, limit edema (Tu et al.,
1988a,b; Ohtaki et al., 1993). Also, the fact that mice resusci-
tated with PNA or HEX showed more normalized MAP levels
despite significantly lower resuscitation volumes, strongly
supports their putative oncotic effects.

The target MAP for resuscitation of TBI plus HS remains
unclear. We chose a pre-hospital MAP target of >50 mm Hg
and in-hospital MAP target of >70 mm Hg as a compromise
between optimized cerebral perfusion pressure, exacerbation
of bleeding that can occur in the setting of uncontrolled HS,
and volume overload with pulmonary edema. Dennis and
colleagues (2009) reported mortality associated with pulmo-
nary edema in mice rapidly fluid-resuscitated to normoten-
sion after CCI plus HS. Despite modest MAP targets, the mice
in the LR and HTS groups still received >60 mL/kg versus the
31-34mL/kg given to mice in the HEX and PNA groups,
which is a clinically meaningful difference. The potential
contribution of aggressive fluid resuscitation to the degree of
cerebral edema cannot be overlooked (Earle et al., 2007).

We analyzed neuronal survival in the hippocampus, an-
ticipating its enhanced vulnerability to TBI plus HS. We did
not find a significant difference in ipsilateral hippocampal
CA1 and CAS3 neuron counts between the groups. However,
the colloids (PNA or HEX) did not worsen neuronal survival
versus the crystalloids (HTS or LR). One might have expected
deleterious effects based on the results of the SAFE study. The
decision to perform neuron counts at 7 days post-insult may
bias our results against any possible protective effect of PNA,
as mice that died before 7 days may have had more extensive
hippocampal neuron loss, and survival was numerically
greatest in the PNA group.

Our study has several limitations. It would be useful to
compare the effects of albumin versus PNA in our model, and
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we are currently examining albumin in a new protocol.
However, PNA may represent a colloid quite different from
albumin—with a different molecular weight, charge, and
other properties. Albumin may thus not represent the perfect
control. Second, our study was not powered to detect differ-
ences between treatment groups in 7-day survival. The PNA
group had the highest numeric 7-day survival rate. Compar-
ison of survival between groups yielded a p=0.33 with a
power of 0.5; increasing the number in each group to 15 would
be needed to address this hypothesis with a power of 0.8.
Third, lactate levels may not represent an optimal marker of
tissue perfusion and HS in our model. Despite 90 min ata MAP
~35mm Hg (<50% of the baseline MAP), lactate levels did
not increase significantly from baseline to the end of HS. In-
vestigation of a more severe level of HS is needed. Fourth, we
did not measure intracranial pressure in our mouse model.
This is technically difficult in mice, and could worsen brain
injury. However, we recognize that intracranial pressure is
important in our understanding of changes in MAP and ce-
rebral perfusion pressure, and it is part of our ongoing work.
Fifth, we did not regulate fluid balance in the mice beyond
the initial monitoring period. Free access to water could limit
the duration of effects of colloids or HTS. Long-term intensive
care would be required to address this issue. Finally, we did
not study resuscitation in the setting of uncontrolled bleeding.

The combination of TBI plus HS is deleterious, and the ideal
fluid for resuscitation of this insult has yet to be identified. We
have reported that resuscitation with PNA and HEX can be
accomplished with smaller volumes than with either LR or
HTS, and that despite smaller volumes, higher MAPs are
achieved. In addition, in contrast to the SAFE study, we did
not observe adverse effects of colloids on mortality, nor did
we find that colloids worsened neuronal death. Further study
of resuscitation with colloids, including the antioxidant colloid
PNA, with assessment of effects on both acute cerebral hemo-
dynamics and functional outcome, iswarranted in TBI plus HS.
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Selective Early Cardiolipin Peroxidation after
Traumatic Brain Injury: An Oxidative
Lipidomics Analysis
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Objective: Enhanced lipid peroxidation is well established in traumatic brain injury. However, its molecular targets, identity of
peroxidized phospholipid species, and their signaling role have not been deciphered.

Methods: Using controlled cortical impact as a model of traumatic brain injury, we employed a newly developed oxidative
lipidomics approach to qualitatively and quantitatively characterize the lipid peroxidation response.

Results: Electrospray ionization and matrix-assisted laser desorption/ionization mass spectrometry analysis of rat cortical mito-
chondrial/synaptosomal fractions demonstrated the presence of highly oxidizable molecular species containing C,,. fatty acid
residues in all major classes of phospholipids. However, the pattern of phospholipid oxidation at 3 hours after injury displayed
a nonrandom character independent of abundance of oxidizable species and included only one mitochondria-specific phospho-
lipid, cardiolipin (CL). This selective CL peroxidation was followed at 24 hours by peroxidation of other phospholipids, most
prominently phosphatidylserine, but also phosphatidylcholine and phosphatidylethanolamine. CL oxidation preceded appearance
of biomarkers of apoptosis (caspase-3 activation, terminal deoxynucleotidyltransferase—mediated dUTP nick end labeling—posi-
tivity) and oxidative stress (loss of glutathione and ascorbate).

Interpretation: The temporal sequence combined with the recently demonstrated role of CL hydroperoxides (CL-OOH) in in
vitro models of apoptosis suggest that CL-OOH may be both a key in vivo trigger of apoptotic cell death and a therapeutic

target in experimental traumatic brain injury.
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Polyunsaturated lipids have long been recognized as
molecules indispensable for the structural and func-
tional organization of the brain. Their roles as signaling
molecules, as participants and coordinators of responses
to physiological regulations, and as danger signals in
injury, are not well known."? Because of their high
susceptibility to attack by reactive oxygen species and
oxidative modifications, peroxidation of polyunsatu-
rated phospholipids is implicated in different types of
brain damage. Yet, the specific functions and signaling
roles of oxidized polyunsaturated phospholipids remain
ill defined.” With the advent of mass spectrometry
(MS)-based lipidomics, new perspectives in the identi-
fication of individual molecular species of phospholip-
ids in brain functions have emerged.4’5 However, MS
analysis of oxidized phospholipids and their role in brain

metabolic pathways, that is, oxidative lipidomics, is still
poorly developed. This is mostly due to a large variety
of low abundant species of peroxidized phospholipids
combined with their relatively low stability during MS
protocols.6 With this in mind, we initiated oxidative
lipidomics studies of brain injury. We were particularly
interested in traumatic brain injury (TBI) using con-
trolled cortical impact (CCI) model where spatial and
temporal relationships between the initial damage and
subsequent reactions and inflammatory/oxidative stress
response are quite well-defined.”"®

TBI is an important contributor to the mortality
and morbidity after trauma, which is the leading cause
of death in infants and children.” TBI has been com-
monly associated with enhanced production of reactive
oxygen species and reactive nitrogen species, antioxi-
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dant depletion, and resulting oxidative stress.'® We re-
ported that TBI in children caused depletion of the
major water-soluble antioxidant, ascorbate, and accu-
mulation of S-nitrosylated thiols in cerebrospinal
fluid."""* Among different biomarkers of oxidative
stress, enhanced lipid peroxidation is one of the most
prominent.’” Accumulation of end products of lipid
peroxidation has been documented in brain and cere-
brospinal fluid after experimental and clinical TBI in
both adults and children, respectively.”'"'*!> How-
ever, essential information on molecular targets, partic-
ularly specific polyunsaturated molecular species of
phospholipids undergoing oxidation, is lacking.

Assessment of isoprostanes and neuroprostanes has re-
liably established involvement of lipid peroxidation in
central nervous system injury.'® This approach, how-
ever, defines the fatty acid composition of modified sub-
strates but leaves the origin and identity of oxidized
phospholipids sepulchered. This deficiency makes it dif-
ficult to identify causal links among lipid peroxidation,
oxidative phospholipid signaling, and mechanisms of cell
injury and death. Attempts have been made to define
individual phospholipid classes undergoing oxidation.
Cardiolipin (CL), a mitochondria-specific phospholipid,
has been suggested to be a preferred oxidation substrate
in neuronal injury."” " However, these assessments
were mostly based on the use of nonspecific fluorescent
techniques utilizing nonyl acridine orange as a CL-
binding reagent. The validity of this protocol has been
criticized.”**" Tt has been demonstrated that cells lack-
ing CL-synthase, completely devoid of CL, displayed a
similar pattern of nonyl acridine orange responses as
wild-type cells.”* Moreover, the fluorescence response of
the probe is obscured by its membrane potential-driven
partition into different mitochondrial compartments and
the respiration state.””

We recently developed an oxidative lipidomics ap-
proach that includes quantitative assessments of hy-
droperoxides in different major classes of phospholipids
combined with their MS characterization. We discov-
ered that oxidation of a CL catalyzed by cytochrome ¢
was an early characteristic of mitochondrial response to
proapoptotic challenges in vitro.”> Accumulation of CL
oxidation products was essential for the release of pro-
apoptotic factors, including cytochrome ¢. The role of
CL oxidation in the execution of the apoptotic pro-
gram in vivo has not been addressed.

In this study, we applied oxidative lipidomics to an-
alyze phospholipid oxidative modifications after TBI in
vivo. We used our established CCI model in 17-day-
old rats*® in which the formation of functioning syn-
apses in neuronal development is analogous to devel-
opmental processes in the young child.”> By comparing
oxidized molecular species and classes of phospholipids

with their abundance, we identified the species of
phospholipids most susceptible to peroxidation. We es-
tablished that CL, predominantly its molecular species
containing C,,., is a specific, early, and prominent
target for TBI-induced oxidative injury. This suggests
that CL oxidation products may signal apoptotic cell
death in brain in vivo, and thus represent both a pu-
tative early biomarker of apoptosis and a key acute
therapeutic target.

Materials and Methods
Controlled Cortical Impact Model

Seventeen-day-old male Sprague-Dawley rats were anesthe-
tized with 3.5% isoflurane in O,. The trachea was intubated
with a 14-gauge angiocatheter. Anesthesia was maintained
with 2% isoflurane in N,O/O, (2:1). A rectal probe was
inserted for temperature monitoring. The head was fixed in a
stereotactic device. A craniotomy was made over the left pa-
rietal cortex with a dental drill, using the coronal and inter-
parietal sutures as margins. A microprobe (Physitemp Instru-
ments, Clifton, NJ) was inserted through a burr hole into
the left frontal cortex to monitor brain temperature. Rats
were warmed using a heat lamp to a brain temperature of
37 * 0.5°C, isoflurane was decreased to 1%, and they were
then allowed to equilibrate (30 minutes). For all studies, a
6mm metal pneumatically driven impactor tip was used; ve-
locity was 4.0 £ 0.2m/sec, depth of penetration was 2.5mm,
and duration of deformation was 50 milliseconds. After TBI,
the bone flap was replaced, sealed with dental cement, and
the scalp incision was closed. After a 1-hour monitoring pe-
riod, rats were weaned from mechanical ventilation, extu-
bated, and returned to their cages until further study. A mor-
tality rate of =5% is routinely observed with this protocol
by our group.**

ISOLATION OF CRUDE MITOCHONDRIAL/SYNAPTOSOMAL
(P2) FRACTION.  The crude brain mitochondrial fraction
was prepared as described previously.”® In brief, rats were
perfused transcardially with ice-cold saline and then decapi-
tated, brains (minus cerebellum) were rapidly removed, and
ipsilateral pericontusional cortex was isolated and placed in
10 volumes of ice-cold 0.32M sucrose in 10mM tris(hy-
droxymethyl)aminomethane buffer (pH 7.4). The tissue was
homogenized in a Teflon/glass homogenizer (clearance, 0.1-
0.15mm) by 10 gente up-and-down strokes. The homoge-
nate was spun at 1,000¢ for 10 minutes to remove nuclei and
cell debris. The resulting supernatant was centrifuged at
10,000¢ for 20 minutes to obtain the crude mitochondrial
pellet. The final pellet was washed and centrifuged (4 min-
utes, 10,000g, 4°C). It has been shown that this protocol
yields P2 fraction with relatively high content of synaptoso-
mal mitochondria.?” In addition, P2 fraction contains non-
synaptosomal mitochondria, synaptosomal membranes, and
plasma membranes,*® as evidenced by relatively high content
of phosphatidylserine (PS; see later). We chose to use crude
mitochondrial/synaptosomal fraction in the study to prevent
selective isolation of only undamaged mitochondria from
CCI samples.
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LIPID EXTRACTION AND TWO-DIMENSIONAL HIGH-
PERFORMANCE THIN-LAYER CHROMATOGRAPHY ANALY-
SIS.  Total lipids were extracted from mitochondria using
the Folch procedure.”” Lipid extracts were separated and an-
alyzed by two-dimensional high-performance thin-layer chro-
matography (2D-HPTLC) on silica G plates (5 X 5cm;
Whatman, Florham Park, NJ).*® The plates were first devel-
oped with a solvent system consisting of chloroform/metha-
nol/28% ammonium hydroxide (65:25:5 vol/vol). After the
plate was dried with a forced N2 blower to remove the sol-
vent, it was developed in the second dimension with a sol-
vent system consisting of chloroform/acetone/methanol/gla-
cial acetic acid/water (50:20:10:10:5 vol/vol). The
phospholipids were visualized by exposure to iodine vapors
and identified by comparison with authentic phospholipid
standards. Lipid phosphorus was determined by a micro-
method.”’!

Phospholipid  hydroperoxides were determined by fluores-
cence high-performance liquid chromatography (HPLC) of
products formed in microperoxidase-11—catalyzed reaction
with Amplex Red, N-acetyl-3,7-dihydroxyphenoxazine (Mo-
lecular Probes, Eugene, OR) as described previously.23 Oxi-
dized phospholipids were hydrolyzed by porcine pancreatic
phospholipase A, (2U/pl) in 25mM phosphate buffer con-
taining 1.0mM Ca, 0.5mM EDTA, and 0.5mM sodium do-
decyl sulfate (pH 8.0 at room temperature for 30 minutes).
After that 50uM Amplex Red and microperoxidase-11
(1.0pg/pl) was added and samples were incubated at 4°C for
40 min. The reaction was terminated by addition of 100wl
stop reagent (10mM HCI, 4mM butylated hydroxytoluene
[BHT] in ethanol). After centrifugation at 15,000¢ for 5
minutes, aliquots of supernatant (5ul) were injected into
Eclipse XDB-C18 column (5pum, 150 X 4.6mm). The mo-
bile phase was composed of 25mM NaH,PO, (pH 7.0)/
methanol (60:40 vol/vol). The flow rate was 1ml/min.
Resorufin (an Amplex Red oxidation product) fluorescence
(Nex 560nm, N, 590nm) was measured by Shimadzu LC-
100AT vp HPLC system equipped with fluorescence detec-
tor (RF-10Axl) (Shimadzu, Kyoto, Japan) and autosampler
(SIL-10AD vp). Data were processed and stored in digital
form with Class-VP software.

Mass spectra of phospholipids were analyzed by direct infu-
sion into a triple-quadrupole mass spectrometer (Finnigan
MAT TSQ 700; ThermoFisher Scientific, San Jose, CA), a
Quattro II triple quadrupole mass spectrometer (Micromass,
Manchester, United Kingdom), or a quadrupole linear ion
trap mass spectrometer (LXQ; ThermoFisher Scientific). Af-
ter 2D-HPTLC separation samples were collected, evapo-
rated under N,, resuspended in chloroform/methanol 1:2
vol/vol (20pmol/pl), and used for acquisition of negative ion
electrospray ionization (ESI) mass spectra at a flow rate of
Swl/min. The electrospray probe was operated at a voltage
differential of —3.5 to 5.0kV in the negative or positive ion
mode. Source temperature was maintained at 70°C in the
case of triple-quadrupole mass spectrometers and 150°C for
capillary temperature of ion trap LXQ. In addition, MS anal-
ysis was performed on a Finnigan LTQ mass spectrometer
with MALDI source (ThermoFisher Scientific). Lipid sam-
ples were dissolved in chloroform/methanol 1:1 vol/vol. One
microliter of lipid solution was spotted directly onto a
MALDI plate and dried. A total of 0.5ul of 2,5-
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dihydroxybenzoic acid (25mg/ml in chloroform/methanol
1:1 vol/vol) was added to each spot as matrix. Spectra were
acquired in negative ion mode using full-range zoom (m/z
500-2,000) or ultrazoom (SIM) scans. Tandem mass spec-
trometry (MS/MS) analysis of individual phospholipid spe-
cies was used to determine the fatty acid composition.
Collision-induced dissociation spectra on triple-quadrupole
instruments were obtained by selecting the ion of interest
and performing daughter ion scanning in Q3 at 400Da/sec
using Ar as the collision gas. MS" analysis on ion trap in-
struments was conducted with relative collision energy
ranged from 20 to 40%, and with activation ¢ value at 0.25
for collision-induced dissociation and 0.7 for pulsed-Q dis-
sociation technique.

Clusters of signals with a mass difference of 16 known to
represent two forms of glycerophospholipids, alkenyl-acyl
and diacyl species, were detectable in ESI-MS spectra.’
MS/MS fragmentation of ether-linked alkenyl (plasmalogen)
species resulted in the formation of two typical product ions
formed after loss of fatty acyl in sn-2 position: mono-lyso-
alkenyl species and mono-lyso-acyl species. To further con-
firm the identity of glycerophospholipids, we exposed them
to HCI fumes known to hydrolyze alkenyl-acyl glycerophos-
pholipids to yield their lyso-acyl derivatives. The reaction
products were subjected to HPTLC, and spots corresponding
to glycerophospholipids were analyzed by ESI-MS. This
treatment resulted in disappearance of molecular ions corre-
sponding to molecular species of alkenyl-acyl glycerophos-
pholipids, whereas those of diacyl phospholipids remained
unchanged. MS/MS fragmentation of ether-linked alkyl-acyl-
glycerophospholipids in negative mode yielded two typical
deprotonated product ions formed after the loss of fatty acyl
in sn-2 position: mono-lyso-alkyl species and acyl species.
Product ions representing mono-lyso-alkyl species have mass
differences of 14 compared with the product ions of corre-
sponding mono-lyso-acyl species. Finally, chemical structures
of glycerophospholipids were confirmed by Lipid Map Data
Base using ChemDraw format (www.lipidmaps.org).

Histological Assessment
Neurodegeneration in the pericontusional area was assessed
using terminal deoxynucleotidyltransferase—mediated dUTP
nick end labeling (TUNEL) on 5wm paraffin sections cut
through the dorsal hippocampus as described previously.*
Caspase-3 activity was measured using Caspase-Glo assay
kit obtained from Promega (Madison, WI). Caspase-3 activ-
ity was expressed as the luminescence produced within 1
hour of incubation at 25°C using a ML1000 luminescence
plate reader (Dynatech Labs, Chantilly, VA).

FLUORESCENCE ASSAY OF REDUCED GLUTATHIONE.
Glutathione (GSH) levels were estimated in cortical homog-
enates using ThioGloTM-1** as described previously with
minimal modifications.” GSH concentrations were deter-
mined by addition of GSH peroxidase and hydrogen perox-
ide to the brain homogenates, and the resultant fluorescence
response was subtracted from the fluorescence response of
the same specimens without addition of GSH peroxidase and
hydrogen peroxide (Sigma, St. Louis, MO). A Shimadzu
spectrophotometer RF-5301PC (Shimadzu, Kyoto, Japan)



was employed using 388nm (excitation) and 500nm (emis-
sion) wavelengths.

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY ASSAY
OF ASCORBATE. Supernatant obtained after precipitation
of proteins in brain homogenates by 10% trichloroacetic acid
and sedimentation (2,000¢ X 10 minutes) was used for
HPLC measurements, as described previously.7

Mitochondrial electron transport was determined by mea-
suring the rotenone-sensitive NADH oxidase activity in an
HPLC-based assay as described previously.>>*® To provide
access of NADH to synaptic mitochondria, we treated the
aliquots of mitochondria fractions by nitrogen cavitation.””
In these experiments, CL content in mitochondria samples
was measured using an HPLC-based assay, as described pre-
viously.?®

Statistical Analysis

Data are expressed as mean * standard deviation. Brain ox-
idized phospholipid, GSH and ascorbate levels, and caspase-
3/7 activity were compared among different groups using
analysis of variance with Tukey’s posttest. Rotenone-sensitive
NADH:O, oxidoreductase activity between sham and CCI
was compared using # test. Histological sections were assessed
semiquantitatively by one of the authors masked to the study
groups.

Results

Phospholipid Composition

Mitochondria, particularly synaptic mitochondria,
are believed to play a pivortal role in oxidative brain
injury.>*~*! Therefore, we used a mitochondria-rich
synaptosomal fraction (P2) isolated from postnatal
day 17 rats for our studies.

Figure 1 shows a typical 2D-HPTLC profile of ma-
jor classes of phospholipids in the isolated P2 fractions.
The silica spots were scraped off the plate, and the
phospholipid content was quantified via the amounts
of phosphatidylinositol (Table 1). TBI did not induce
any significant change in the phospholipid composition
of P2 fractions compared with controls except for the
accumulation of lysophosphatidylcholine. This is con-
sistent with the scale of accumulation of oxidation
products not exceeding 5mol% of individual phospho-
lipids (see later).

Mass Spectroscopic Analysis of Individual Molecular
Species
We further used ESI- and MALDI-MS to characterize
individual molecular species of phospholipids in P2
fractions. We present detailed description of MS exper-
iments with CL because identification of its molecular
species is technically more challenging than of other
phospholipids.

CL possesses two anionic charges that form both sin-
gly charged [M—H] ™~ and doubly charged [M—2H] *
ions (Fig 2Aa). The identities of major CL clusters and
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Fig 1. Typical two-dimensional high-performance thin-layer
chromatography of total lipids extracted from cortical P2 frac-
tion. CL = cardiolipin; FFA = free fatty acids; LPC = lyso-
phosphatidylcholine; NL = neutral lipids; PC = phosphatidyl-
choline; PE = phosphatidylethanolamine; PI =
phosphatidylinositol; PS = phosphatidylserine; Sph =
sphingomyelin.

Table 1. Phospholipid Composition of P2 Fraction
Isolated from Ipsilateral (Left) Cerebral Cortex (%
of Total)

Phospholipid Class Control Trauma
Cardiolipin 24*0.3 1.9 +1.2
Phosphatidylethanolamine ~ 37.7 = 1.0  36.1 £ 0.7
Phosphatidylcholine 43.0*+ 1.8 433*0.7
Phosphatidylserine 124 0.7 123 *0.1
Phosphatidylinositol 34*0.3 3.3+ 04
Sphingomyelin 1.3 0.7 1.6 = 1.0
Lysophosphatidylcholine <0.5 1.4 +0.8

their structures were analyzed by tandem MS using the
approach that Hsu and Turk® described. Molecular
species of brain CL were represented by at least 12 dif-
ferent major clusters with a variety of fatty acid resi-
dues. These included polyunsaturated arachidonic
(Cy.4) and docosahexaenoic (C,,.s) (DHA) fatty acids
highly susceptible to peroxidation. As an example, Fig-
ure 2Ab shows a typical MS/MS fragmentation exper-
iment. The major CL molecular cluster of singly
charged CL ion at m/z 1,550.2, which corresponds to
doubly charged CL ion at m/z 774.5, yielded ions with
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m/z 279, 281, 283, 303, 305, 327, and 329. These
signals correspond to Cg.5, Cig.15 Cig.00 Coosr Cro.30
Cys.6 and C,,.5 fatty acids, which originate from at
least four different CL molecular species as follows:
(Cis:)1/(Ci5:0)1/(Crzip)2s (C15:0)1/(C0.4)2/(Crzi5)15
(C182)1/(Cs0.3)2/(Ci5)15 and (Ci),1/(Crg.0)1/(Cois)y/
(Cys.6)1- Complete structural characterization of major
CL clusters by multistage fragmentation (MS") using
ion trap MS identified at least two isomers in each of
the CL molecular species as summarized in Table 2.

These characterizations were confirmed by MALDI-
MS". Typical ions formed during fragmentation pro-
cess of CL (4, b, a+136, or b+136) were identified in
MS? spectra.*> Then MS® was performed on each of «
or b ions to assign fatty acids and their positions. As an
example, Figure 2Bb shows analysis of one of the pre-
cursors detected at m/z 1,472. During MALDI ioniza-
tion, both [M—H] ™ and [M—2H+Na] ™~ types of ions
and ions of adducts with DHB matrix are formed.
Three types of ions (M—H]™, [M—2H+Na] ,
[M—2H+DHB+Na] ") and seven predominant mo-
lecular species, including four isomers, (of the a/b or
(a+136)/(6+136) ion pairs) were identified from anal-
ysis of just one precursor in the MS” spectrum of the
m/z 1,472 ion (see Fig 2B,b). The most dominant ion
[M—2H+Na]  consisted of at least four isomers that
were identified as (C4.1/Ci5.1)(Ci5.0/Cho.5); (Cig.nf
C204)(Ci6:0/Crsi1)s (Ci5:2/Cis:1)(Ci6.1/Cro.)s  and
(Ci5.1/C15.2)(Ci5.5/Cg.5). These isomers of CL, corre-
sponded to doubly charged ion at m/z 724.2 (see Fig
2A). The ion [M—H] ™~ consisted of (C;5.1/C;4.1)(Ci6.0/
Cus6) and (Ci4.1/Ch0.4)(Ci5.2/Chp.5). Matrix adduct
ion [M—2H+DHB+Na]™ corresponded to (C, .o/
C140/(Ci6:0/Cre:0)-

In contrast with multiple species of CL, a single ma-
jor molecular ion of PS with m/z 834 was observed
using negative ionization mode (Fig 3A). PS fragmen-
tation yielded a strong peak with m/z 747 caused by
loss of the serine group. Molecular fragments with m/z

283 and 327 correspond to carboxylate anions of
stearic acid (C,5.,0) and DHA (C,, ), respectively.

We used ESI-MS analysis to characterize individual
molecular species of phosphatidylinositol, phosphati-
dylethanolamine (PE), phosphatidylcholine (PC), and
sphingomyelin as well. The distribution of molecular
species in these phospholipids, as well as characteristic
fragments obtained by their fragmentation, are summa-
rized in Table 3. Note that all major phospholipids
(CL, PS, PE, and PC) contained molecular species
with polyunsaturated fatty acid residues, particularly
Cy0.4 Csa.s, and C,,.6. These polyunsaturated fatty ac-
ids are known to be most susceptible to oxidative at-
tack. Thus, random oxidation should cause oxidation
of all of these phospholipid classes.

Phospholipid Oxidation and Identification of
Individual Oxidized Molecular Species

Next, we used ESI-MS to detect and identify molecu-
lar species of phospholipids that underwent oxidation
at 3 and 24 hours after CCI. Comparison of the CL
spectra from ipsilateral cortex in control and CCI rats
demonstrated an increased intensity of a peak at m/z
790.6. Detailed analysis of this peak demonstrated that
the [M—2H]?" ion corresponds to multiple CL
species with a dominant isomer of (Ci4.,/Css.)
(Css:61001/Crgo) originating from the ion at m/z
774.8 (see Fig 2C). The structural assignment of this
CL-OOH product with hydroperoxy group in C,, .4
was obtained by MS" fragmentation as described ear-
lier (data not shown). MALDI-MS analysis confirmed
this conclusion (data not shown). We performed ox-
idative lipidomics analysis of doubly charged species
for CL because the signal intensity of doubly charged
ion is higher compared with the singly charged one as
shown in Figure 2A.

MS analysis of PS in the ipsilateral cortex in control
and CCI rats detected presence of PS molecular species
with oxidized C,,.4, PS-OOH, with m/z 866 (see Fig
3B). The intensity of this signal was higher at 24 hours

Fig 2. Typical negative ion electrospray ionization (ESI) (A) and matrix-assisted laser desorptionfionization (MALDI) (B) mass
spectra of cardiolipins (CLs) obtained from cortical P2 fraction. CLs isolated by two-dimensional high-performance thin-layer chro-
matography (2D-HPTLC) were subjected to mass spectrometry (MS) analysis by direct infusion into mass spectrometer. (A) The
identities of major molecular species in CL clusters were established by tandem MS. Shown is a typical MS/IMS fragmentation ex-
periment for a major CL molecular cluster with a single charged ion at m/z 1,550. Note the formation of ions with m/z 279,
281, 283, 303, 305, 327, and 329 corresponding to C,g. Crg.0 Cra.0 Coop Copz Cone and Cs,.s fatty acids and resulting in
at least four different CL molecular species as follows: (Cy5,1)/(C15.0)1/(Cozi6) (Cr5.:0)i/(Cop.) /(Ca2.5) 15 (Cr5.2)1/(C0.3)/(Cozi5) 15
(Cr5:/(Cr5.0) /(Cop.5) /(Coss); fatty acids (A, b). (B) Structural characterization of CL molecular species consisting of multiple
isomers by Ion Trap MS" fragmentation (B, b). MS’ spectrum shows a singly charged CL ion at m/z 1,472; note the presence of
multiple a and b fragments. (B, ¢) MS’ spectrum of (a+136) ion at m/z 829 of one of the 72:7 CL isomers. The MALDI-MS’
spectrum of m/z 829 (1,472—829) ion confirmed the structure as (C,5.,)/(Cys.,). All ion assignments were performed according to
Hsu and Turk.™ (C) Typical negative ion ESI mass spectra of molecular species of CL isolated from ipsilateral cortical P2 fraction
after CCI. Identification of individual oxidized molecular species (C,,.4 containing CL-OOH). Tandem MSIMS experiments con-

firmed the structures of oxidized CL (C, a and b).
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after CCI versus control. Detailed analysis of this peak
ion at m/z
866.4 corresponds to PS with dominating product of
(Ci8.0/Caz61 00m) originating from the ion at m/z

by ESI-MS demonstrated

834 (CIS:O/CZZ:G)‘

that the  M—H] ™~

Consistent with the MS measurements, quantitative
analysis of phospholipid oxidation by HPLC showed
that CL underwent most robust and early (at 3 hours)
oxidation after CCI (Fig 4). At this time point, no
other phospholipids were oxidized. At 24 hours after
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Molecular m/z [M—2H] 2
Species

Cardiolipin

Diacyl species of major clusters

68:3 686.6
68:3 700.5
68:2 701.9
70:6 711.8
70:5 712.7
70:4 713.9
72:8 723.5
72:8 723.5
727 724.5
74:8 737.2
76:11 748.8
76:10 749.8
76:9 750.8
78:15 758.9
78:14 759.5
78:12 762.0
78:10 763.8
80:13 774.5
80:13 774.5
80:13 774.5
80:13 774.5
80:12 776.0
82:17 784.6
82:11 790.6

Table 2. Major Cardiolipin Molecular Species from P2 Fraction of Rat Brain Cortex

m/z [M—H]™ Acyl Chain Composition
Acyl/Acyl

1,374.2 (Creo/(Ci6:01/(Cig.r)a
1,402.0 (Ci6:01/(Ci6:01/(Cig.1)a
1,404.8 (Ci6:0)2/(Cis.1)s
1,424.6 (Ci6:01/(Ci6:)1/(Crg:)1/ (Cro.91
1,426.4 (Ci6:)1/(Ci52)1/(Cig.)a
1,428.8 (Ci6:1/(Cis.1)3
1,448.0 (Ci6:)1/(Ci.2)1/(Cig.)1/(Cop.0)4
1,448.0 (Cis2)4
1,450.0 (Ci6:)1/(Cig2)1/(Crg)1/(Cr0.3)1
1,476.4 (Ci8:1)2/(Ci2)1/(Crp.0)1
1,498.6 (Cig.21/(Cig.1)1/(Cro.4)2
1,500.2 (Ci:1)2/(Cyp.4)2
1,502.6 (Ci6:01/(Cig.1)1/(Cr0.01/(Cz.0)4
1,518.9 (Ci6:01/(Ci2)1/(Cang)a
1,520.0 (Cis:21/(Ca0.4)3
1,524.0 (Cig:1)2/ (Cap.01/(Cano
1,528.6 (Cig:1)2/(Ci0.4)1/(Cr.0),
1,550.0 (Ci.)1/(Ci5.01/(Cang)a
1,550.0 (Ci8:01/(Cr0.4)2/ (Crais)y
1,550.0 (C18:2)1/(C20:3)2/(C22:5)1
1,550.0 (C18:21/(Ci5.0)1/(Ca2:51/(Conioh
1,553.0 (Ci5.0)2/(Cz6)2
1,570.2 (Cis:)1/(Cr0.01/(Crai)a
1,582.7 (Cis:)1/(Ci02)2/ (Crso)

Phospholipids are designated as follows: tetra-acyl 74:8 cardiolipin (CL), where 74 indicates the summed number of carbon atoms at
both the sn-1, sn-2, and sn-1', sn-2" positions and :8 designates the summed number of double bonds at both the sn-1, sn-2, and sn-
1', sn-2" positions. Possible major species are indicated as tetra-acyl (Cg4.,),/(Cig.5),/(Cy.4) 1, Where 18, 18, 18, and 20 are the
numbers of carbon atoms in fatty acyl chains at the sn-1, sn-2 and sn-1’, sn-2" positions, respectively, and :1, :1, :2, and :4 are the
numbers of double bonds of the sn-1, sn-2 and sn-1', sn-2" fatty acyl chains, respectively. These individual CL molecular species were
detected by ESI as deprotonated species of CL in the negative ionization mode at m/z ratios of 737.2 and 1,476.4. These m/z values
indicate ratios of mass to charge for singly charged [M—H] ™ ions and doubly charged [M—2H] ? ions, respectively.

TBI, a marked oxidation of PS occurred, whereas other
phospholipids such as PE and PC were only slightly
oxidized. Importantly, the pattern of phospholipid ox-
idation was nonrandom and did not follow their abun-
dance in P2 fraction (compare with Table 1).

Cytochrome c—Catalyzed Oxidation of Tetralinoleyl-
Cardiolipin

To investigate interaction between cytochrome ¢ and
CL, we performed in vitro assessments of the ability of
cytochrome ¢ to catalyze H,O,-dependent peroxida-
ton of polyunsaturated  tetralinoleyl-cardiolipin.
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Marked accumulation CL hydroperoxides (CL-OOH)
formed in this system was detected using fluorescence
HPLC protocol (Fig 5A). We then identified the major
oxidation products by ESI-MS. We found that molec-
ular species of CL containing 1, 2, 3, 4, and 5 hy-
droperoxy groups were generated in the course of cy-
tochrome c¢—catalyzed reaction (see Fig 5B). In
addition, several hydroxy and hydroxy-hydroperoxy de-
rivatives of CL were detected by MS analysis. This
demonstrates that nonoxidized CL undergoes oxidation
to its hydroperoxides in the presence of H,O,. More-
over, these results also show that cytochrome ¢ can uti-
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Fig 3. Typical negative ion ESI mass spectra of molecular species of phosphatidylserine (PS). Phospholipids isolated by rwo-
dimensional high-performance thin-layer chromatography (2D-HPTLC) were subjected to mass spectrometry (MS) analysis by direct
infusion into mass spectrometer. (A) Shown is a typical MS/MS fragmentation experiment for the major PS with m/z 834. PS
[fragmentation yielded a strong peak with m/z 747 caused by loss of the serine group. Molecular fragments with m/z 283 and 327
corresponded to carboxylate anions of stearic (C,4.,) and docosahexaenoic (C,,.) fatty acids, respectively. (B) Typical negative ion
ESI mass spectra of PS isolated from ipsilateral cortical P2 fraction after CCL. Identification of individual oxidized molecular spe-
cies (Cy,g containing PS-OOH). Tandem MS/MS experiments confirmed the structures of oxidized PS (B, a and b).

lize CL-hydroperoxides as a source of oxidizing equiv-
alents to oxidize CL and simultaneously reduce CL-

OOH to CL-OH.

Biomarkers of Cell Degeneration and Apoptosis

To determine whether there was a correspondence be-
tween phospholipid oxidation and the appearance of bi-
omarkers of cell damage, we assessed time course of bi-
omarkers of apoptosis. TUNEL-positivity was observed
in the pericontusion cortical area at 24 hours after in-
jury. There was no TUNEL-positive staining in sham-
operated rat cortex (Fig 6A). Ipsilateral cortical caspase-
3/7 activity was increased at 24 hours after CCI but not
at 3 hours compared with control (see Fig 6B).

Assessments of Oxidative Stress and Mitochondrial
Electron Transport Activity

GSH and ascorbate are two major water-soluble anti-
oxidants in the brain.*® Ipsilateral cortical GSH levels
were decreased at 24 hours (10.84 = 0.64nmol/mg
protein) after CCI versus controls (14.56 =
1.16nmol/mg protein) (Fig 7A). Ascorbate concentra-
tions in ipsilateral cortex were lower at 24 hours in
injured rats (43.02 = 1.13nmol/mg protein) versus
control rats (58.0 = 4.74nmol/mg protein; p < 0.05)

(see Fig 7B). Furthermore, the reductions in GSH and
ascorbate levels correlated temporally with the nonspe-
cific oxidation of phospholipids.

CL is essential for the maintenance of mitochondrial
electron transport. We reasoned that CL oxidation
could be associated with the loss of electron transport
activity. In accord with this, we observed a significant
decrease in rotenone-sensitive NADH:O, oxidoreduc-
tase activity at 3 hours after CCI versus control, coin-
cident with the CL oxidation (see Fig 7C). There was
no difference in cytochrome ¢ oxidase subunit IV ex-
pression assessed by Western blot analysis between CCI
and control (data not shown).

Discussion

Selective Early Oxidation of Cardiolipin: A Specific
Apoprotic Trigger in Injured Brain?

This report presents the first detailed MS-based char-
acterization of individual molecular species of major
phospholipids in the rat cortex. Our emphasis has been
placed on polyunsaturated molecular species of mito-
chondrial/synaptosomal phospholipids, particularly on
the species containing DHA residues, as most likely
targets for oxidative attack. We found that essentially
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Table 3. Major Phospholipid Molecular Species from P2 Fraction of Rat Brain Cortex

Molecular Species m/z [M—H]™ Identified Acyl Chains
Phosphatidylinositol

Diacyl species AcyliAcyl

34:1 835.8 Ci6.1/Cis0

36:4 857.8 Ci6.0/Cs0.4

38:4 885.8 Ci5.0/Cs0.4

38:3 887.8 Cis:0/Ca0:3

40:6 909.8 Ci5:0/Cazis
Phosphatidylserine

Diacyl species Acyl/Acyl

34:1 760.8 Ci6:0/Cig

36:1 788.8 Ci5.0/Cisi

38:4 810.8 Cis:0/Cao.4 and C4.0/Cig
40:6 834.8 Ci5:0/Cazis

40:5 836.8 Cis:0/Caais

40:4 838.8 Cis5:0/Canis
Phosphatidylethanolamine

Diacyl species Acyl/Acyl

38:6 762.8 Ci6.0/Craig

38:4 766.8 Cis:0/Cr0.4 0F Ci6.0/Conig
40:6 790.8 Cis:0/Cazis

40:4 794.7 Cis5:0/Cazis

Alkenyl-acyl species Ether/Acyl

34:1 700.8 Ci60p/Cisin

36:4 722.8 Cig0p/C20:4

38:5 or 38:6 747.8 Cis:1p/Ca0i4 01 Ci05/Crais
38:4 750.8 Cig0p/Ca2:4 0F Crgiop/Crou
38:2 754.7 Cis:0p/Cr0:2 01 Cig.1,/Cioi1
40:6 774.7 Cis:0p/Cazi6

40:4 778.8 ClS:Op/C22:4

Sphingomyelin (sodium salt of
molecular ion of m/z 731.7)

Sphingoid base-acyl species Sphingoid base/acyl
34:1 703.7 Cis1/Ciso
36:2 729.7 Ci51/Cisa
36:1 731.7 Cis1/Ciso
36:1 753.8% Ci51/Ciso
38:1 759.8 Cis1/Ca00
42:2 813.8 Ci5:1/Cosa

all phospholipid classes (PC, PE, phosphatidylinositol, lipid peroxidation, phospholipids should be involved in
and CL) included C,,.s-containing species. This sug- the reaction proportionally to their abundance. Here
gests that during a random nonenzymatic process of we report that CCl-induced lipid peroxidation did not
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Table 3. continued

Molecular Species m/z [M+H]" Identified Acyl Chains
Phosphatidylcholine

Diacyl species Acyl/Acyl
30:0 706.7 Ci40/Ciso
32:1 732.7 Ci6:0/Crea
32:0 734.7 Ci6:0/Cis0
34:2 758.8 Ci6:1/Ciga
34:1 760.7 Cre0/Crsn
34:0 762.7 Ci6.0/Ciso
36:3 784.7 Ci5.1/Cis
36:1 788.7 Cis0/Cran
38:6 806.7 Ci6:0/Crai6
38:4 810.7 Cis:0/Cao4
38:2 812.7 Cis:0/Cr02
40:7 832.7 Ci81/Coa
40:4 838.7 Cis:0/Cr2i4
Ether/Acyl species Ether/Acyl
36:1 772.7 Cis:0p/Cisa
32:0 718.9 Ci6:04/Cie0
32:0 718.9 Cis:0a/Cr40
34:0 744.9 Cis:0p/Ciso
38:4 794.7 Cis:00/Cro0.4
38:4 794.7 Ci6.0a/Cr2:4
38:3 796.7 Ci5:04/Cao:3
40:7 816.7 Cig1p/Cans
40:4 822.7 Cis:04/Canis
p = an sn-1 vinyl ether (alkenyl- or plasmalogen) linkage; a = an sn-1 ether (alkyl-) linkage.

follow this prediction ecarly after the impact. In con-
trast, only molecular species of one class of phospho-
lipids, a C,,.s-containing CL, underwent oxidation
whereas other more abundant phospholipids, particu-
larly PC and PE, remained intact. At a later stage,
however, the random character of lipid peroxidation
materialized: although CL still remained the preferred
peroxidation substrate, other phospholipids, particu-
larly PS, were oxidized as well. This suggests that spe-
cific peroxidation mechanisms triggered early after CCI
were followed by nonspecific random pathways at later
time points.

Although lipid peroxidation has been long associated
with brain injury,'®** its specific role in mediation of
damaging pathways and signaling cascades is not well
understood. Recently, signaling functions have been as-
signed to specific molecular species of oxidized phos-
pholipids.”>*> We reported that cytochrome ¢—catalyzed

CL oxidation products (mostly CL-hydroperoxides
[CL-OOH]) accumulate in mitochondria during apo-
ptosis, where they play a critical role in the release of
proapoptotic factors into the cytosol.?” This enzymatic
oxidation of CL might explain the specific early accu-
mulation of CL-OOH after injury. Moreover, CL ox-
idation occurs early in apoptosis in nonneuronal cells
preceding cytochrome ¢ release, outer mitochondrial
membrane permeabilization, caspase activation, and PS
externalization.?”> In a separate study, we established
that triggering of staurosporine-induced apoptosis in
cortical neurons leads to an early and selective CL ox-
idation, which is not accompanied by oxidation of
other more abundant phospholipids.*® Based on these
facts, it is tempting to speculate that selective CL per-
oxidation early after CCI reflects an initial apoptotic
event in brain mitochondria. It is unlikely that CL ox-
idation originates from a nonspecific inflammatory re-
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Fig 4. Comparison of the abundance of major phospholipid (PL) classes with their oxidation. Profiles of phospholipids and phospho-
lipid hydroperoxides in control and controlled cortical impact (CCI) ipsilateral cortical P2 fractions. Phospholipid content is ex-
pressed as percentage of total phospholipids and shown in green scale. Phospholipid hydroperoxides are presented as percentage of
phospholipid (pmol PL-OOH per nmol of phospholipid) and shown in purple scale. One hundred percent corresponds to 110 =
20pmol of phospholipid hydroperoxide per nanomole of phospholipid. Cardiolipin (CL) was selectively oxidized at 3 hours after
CCI, at a time point when other phospholipids were not oxidized. Phosphatidylserine (PS), phosphatidylethanolamine (PE), phos-
phatidylinositol (PI), and phosphatidylcholine (PC) were oxidized at 24 hours afier CCI together with CL. Sph = sphingomyelin.

sponse, which happens much later after CCL® Thus,
the early CL oxidation occurs in resident brain cells,
likely in mitochondria-rich synaptic and dendritic neu-
ronal projections. Despite accumulation of CL-OOH,

we were not able to detect CCl-induced depletion of
CL. This is because the amounts of CL-OOH formed
represented only a small molar fraction of total CL.
This corroborates the role of oxidized CL as an intra-
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Fig 5. Characterization of cytochrome ¢ (cyt ¢)—catalyzed peroxidation of tetralinoleyl-cardiolipin (TLCL) in the presence of H,O..
Quantitation of the amounts of TLCL-hydroperoxides by fluorescence HPLC-based assay (A). Major oxidation products were identi-
fied by ESI mass spectrometry (MS) (B). Molecular species of cardiolipin (CL) containing 1, 2, 3, 4, and 5 hydroperoxy groups
were generated in the course of cyt c—catalyzed reaction. In addition, several hydroxy and hydroxy-hydroperoxy derivatives of CL

were detected by MS analysis.
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Fig 6. Analysis of cell death in the ipsilateral cortex. (A) Terminal deoxynucleotidyltransferase—mediated dUTP nick end labeling
(TUNEL)—positive cells were detected in the ipsilateral pericontusional cortex at 24 hours after controlled cortical impact (CCI)
(arrows). (B) Activity of caspase-3/7, measured in the ipsilateral (left) cortical tissue, was highest ar 24-hour injury corroborating
the histological data. (n = 5/group; mean = standard deviation; *p < 0.05 24-hour CCI vs control and 3-hour CCI, analysis of

variance).

A B c
It £ 2
) Z 6l =
[ = — = 6l
= = =
z * ad . = 350
E. 1% = =] = =0 *
&t = E w0
£ g =
E 8 = g3
o
- 0 Z 0
T 4 £ P
7] =] =
L] = =R
- -
ol E 4 L § [ <
Control CCL 3h CCL 24h Control CCL 24h Conitrol CCL 3h

Fig 7. Assessment of oxidative stress and mitochondrial electron transport activity. Significant decrease in reduced glutathione (GSH)
(A) and ascorbate (B) levels in the ipsilateral cortical homogenates were observed at 24 hours after controlled cortical impact (CCI).
(n = S/group; mean = standard deviation [SD]; *p < 0.05 24-hour CCI vs control for GSH [analysis of variance] and ascorbate
[t test]). Rotenone-sensitive NADH:O, oxidoreductase activity was decreased in the ipsilateral cortical P2 fractions at 3 hours afier
CCI versus control. (n = 3lgroup; mean * SD; *p < 0.05 3-hour CCI vs control, t test).
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cellular signaling event rather than a random phospho-
lipid oxidation process.

Based on apparent loss of CL, previous work has
suggested the involvement of CL oxidation in neuronal
proapoptotic responses in vitro.'”*”  Specificity of
nonyl acridine orange used in the studies is not suffi-
cient to accurately link changes of its fluorescence char-
acteristics with alterations of CL content and/or per-
oxidation.?>*® Therefore, direct estimates of CL
oxidation are necessary to prove its participation in
neuronal apoptosis. Because CL is a mitochondria-
specific phospholipid, our measurements of CL-OOH
production rather than CL depletion provide an un-
equivocal evidence for CL oxidation that takes place in
mitochondria. Thus, this work identifies the site (mi-
tochondria), time (3 hours), and molecular species
(C,,.6) of CL peroxidation after TBI. Finally, impair-
ment of mitochondrial electron transport and produc-
tion of reactive oxygen species are prerequisites for CL
oxidation. In line with this we found that mitochon-
drial electron transport (NADH oxidase) activity was
inhibited coincidentally with CL oxidation. This is
consistent with our previous demonstration that CL
oxidation acts as a switch turning off participation of
cytochrome ¢ in mitochondrial respiration and turning
on its peroxidase function.*

Oxidations of Phosphatidylserine and Other
Phospholipids: How Specific Are They?
We further established that PS ranked second on the
scale of CCl-driven phospholipid oxidation. Again, the
molecular species with C,,.; was the one that was iden-
tfiable in MS as having PS-hydroperoxides (PS-
OOH). Although we do not have direct proof for PS
oxidation specifically in apoptotic cells, a later accumu-
lation of PS-OOH (24 hours) corresponds with its
known role as a signal facilitating PS externalization on
the surface of apoptotic cells.”® This interpretation is
also supported by our results demonstrating that
caspase-3/7 activation and appearance of TUNEL-
positive cells in cortex was coincident with PS oxida-
tion. Because mitochondria do not contain PS, oxida-
tion of this phospholipid could predominantly occur in
synaptosomal membranes, further confirming the po-
tential signaling role of PS oxidation in its externaliza-
tion.”! At 24 hours after CCI, the most abundant
phospholipids, PC and PE, also underwent oxidative
modification. It is possible that PC oxidation products
act as signaling molecules as well.*®

TBI causes an increase in the level of free polyunsat-
urated fatty acid, particularly DHA, in injured brain
regions most likely secondary to hydrolysis of phospho-
lipids.”®> Phospholipase A, activity increases after
TBL>? It is possible that oxidation of DHA (C,,.¢)-
containing CL and PS stimulates their hydrolysis by
phospholipase A2.54 However, CL is not a likely source
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for DHA accumulation because no accumulation of ly-
soCLs, the products of Phospholipase A,—catalyzed CL
hydrolysis, was detected.

Mitochondrial Electron Transport Activity

Impaired brain mitochondrial function is seen after
both experimental and clinical head injury.">>~>® Mi-
tochondrial dysfunction begins early and may persist
for days after injury. A recent study evaluated the time
course of cortical mitochondrial dysfunction in adult
mice after CCI and showed concomitant impairment
in mitochondrial bioenergetics with accumulation of
oxidative stress marker 4-hydroxynonenal as an index
of global lipid peroxidation.”” Our findings expand on
these observations to the immature brain and identify
one of the major contributors (CL-OOH) to overall
lipid peroxidation and mitochondrial dysfunction early
after injury.

CL-OOH may represent a new biomarker of oxida-
tive injury possibly associated with an early apoptotic
stage of brain damage. Clearance of apoptotic cells in
the brain is mediated by oxidation and externalization
of PS.°*~%* Because CL oxidation happens before per-
oxidation of PS, CL-OOH assessments are not likely
to be masked by clearance and phagocytosis of apopto-
tic cells. Further developments of MS analyses can
make CL-OOH evaluation in the brain feasible with
an imaging protocol.®> CL oxidation may also repre-
sent an important new target for therapeutic interven-
tion. As a selective enzymatic reaction, CL oxidation
should not be preventable by lipid antioxidants.
Rather, specific disruptors of cytochrome ¢/CL interac-
tions may be promising candidates for this purpose.

We chose to characterize individual molecular spe-
cies of major phospholipids and their oxidation prod-
ucts after TBI in immature brain rather than adult
brain for several reasons. First, trauma is the leading
cause of death in children, and severe TBI is an im-
portant contributor to this mortality. Studies in pedi-
atric TBI models represent the greatest gap in the lit-
erature as delineated by the recenty published
guidelines for the acute medical management of se-
vere TBI in infants, children, and adolescents.® Sec-
ond, several complex and interrelated pathways of
programmed cell death, both caspase-dependent and
caspase-independent, can occur after TBI in the de-
veloping brain.®® The relative contribution of each
might change with time after the insult and develop-
mental stage of the animal as it has been shown for
postnatal day 7 brain versus adult brain after TBL.®®
Third, greater accumulation of phospholipid hy-
droperoxides is expected in immature versus adult
brain after TBI secondary to developmentally low ac-
tivities of several antioxidant enzymes including GSH
peroxidase.®”*®

Although this study focused on acute brain injury



caused by CCI, it is possible that CL-OOH accumu-
lation occurs in other neurological disorders leading to
significant apoptotic cell death. Noteworthy, the ap-
pearance of anti-phospholipid antibodies is characteris-
tic of a number of autoimmune diseases predisposing
to or associated with brain injury.®” Recently, it has
been demonstrated that anti-CL antibodies recognize
oxidized CL more effectively than CL.”® Direct assess-
ments of CL-OOH and its interactions with anti-
phospholipid antibodies may open a new avenue in un-
derstanding their role in pathogenesis of central
nervous system disorders.

Conclusion

Oxidative lipidomics is a new and exciting tool to
study phospholipid oxidative modifications in vivo.
Using this technique, we established that CL, specifi-
cally its molecular species containing C,,, is selec-
tively oxidized early after TBI, whereas more abundant
brain phospholipids remained nonoxidized at this time
point. Combined with our previous data, we speculate
that accumulation of CL hydroperoxides may be used
as a biomarker of apoptosis in vivo that is not masked
by effective clearance of apoptotic cells in the brain.
Furthermore, the ability to selectively modulate CL ox-
idation, a critical early event in the mechanism of ap-
optosis, could lead to targeted therapies and ultimately
improve outcome after brain injury.
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Introduction

A Critical Problem Begging
for New Insight and New Therapies

We dedicate this special issue of the Journal of Neurotrauma to the men and women of the United States military
who have sacrificed their lives to defend our freedoms.

IN THIS ISSUE OF THE JOURNAL OF NEUROTRAUMA, We are
pleased to feature eight articles focused on the critical
problem of blast-induced traumatic brain injury (TBI) and
polytrauma. As a consequence of the Iraq war, blast injury has
reached a new level of importance due to the high numbers of
these types of injuries seen in our warfighters, and includes a
wide spectrum of them, ranging from mild to severe. The
pathobiology of blast-induced TBI remains poorly understood,
and is complicated by many factors such as repetitive exposure
and superimposed polytrauma. In the combat casualty setting,
severe blast injury is a multi-system disease often involving
extracerebral trauma, such as extremity injuries and burns.
Blast injury is also emerging as a potential threat in civilian
terrorism—such as that seen in the Madrid bombing in 2004—
where combined insults such as blast-induced lung injury and
TBI were observed (de Ceballos et al., 2005). We believe that the
scope of articles in this issue appropriately reflects the multi-
system nature of this condition in its most severe form.

We are pleased that a number of clinician-scientists and
scientists working in this area have contributed either original
articles or focused reviews. This issue also includes a com-
prehensive introductory overview on the topic by noted
clinical experts Dr. Geoff Ling his and co-authors entitled
“Explosive Blast Neurotrauma.” Dr. Ling is the program of-
ficer overseeing the DARPA (Defense Advanced Research
Projects Agency) PREVENT (Preventing Violent Explosive
Neurotrauma) blast research program, which is focused on
blast-induced TBI, and trying to shed light on some of the
many mysteries that remain to be elucidated about this con-
dition. Dr. Ling and his team provided neurosurgical and
neurocritical care to our warfighters in Iraq, and thus impart
in this review vital first-hand knowledge to the research
community that reads Journal of Neurotrauma about this
problem as it is currently being treated in theatre in Iraq (Ling
et al., 2009). This should prove to be an extremely important
article for those working in our field. We must link the field,
the bedside, and the bench, if those of us in the neurotrauma
research community are going to discover the answers to the
many questions that remain in this field, and to help develop
new therapies to treat this condition. The importance of this
guiding principle is emphasized by Dr. Joseph Long and his
colleagues at the Walter Reed Army Institute of Research in a
report entitled “Blast Overpressure in Rats: Recreating a
Battlefield Injury in the Laboratory,” which shows that chest

protection can be an important determinant of the severity of
air-blast injury to the rat brain (Long et al., 2009).

We were also very pleased to receive manuscripts addressing
a number of highly relevant topics to this condition, such as the
seminal characterization of a model of blast-induced TBI in
large animals by Dr. Richard Bauman and his colleagues in the
PREVENT program titled “An Introductory Characterization of
a Combat-Casualty-Care Relevant Swine Model of Closed
Head Injury Resulting from Exposure to Explosive Blast”
(Bauman et al.,, 2009). This group is currently carrying out
critical studies of this problem by developing a unique model
of munitions blast injury in swine, focusing on biomechani-
cal, pathobiological, neuropathological, and neurologic conse-
quences.

Dr. Svetlov and the group from Banyan Biomarkers, Inc.,
have provided us with an interesting report that addresses
the important interface between experimental blast TBI
models and biomarkers of brain injury that helps provide
further insights into this field (Svetlov et al., 2009). We also
received a related article by Dr. Denes Agoston and his
group at the Uniformed Services University of the Health
Sciences, that discusses proteomic applications in blast and
non-blast TBI with a special focus on edema, inflammation,
and neuronal death cascades (Agoston et al., 2009). Reviews
are also included from Dr. YungChia Chen and colleagues
on the utility of in-vitro systems to study blast-induced TBI
(Chen et al., 2009), and from Drs. Douglas DeWitt and Do-
nald Prough on experimental models of combined TBI plus
secondary insults (DeWitt and Prough, 2009). These inves-
tigators are experts in their respective areas, and their articles
address aspects of blast-induced TBI that are extremely rel-
evant to those who work in our field. How to model blast
injury in vitro is an important question, and polytrauma and
secondary insults are so common in this condition that the
neurotrauma research community must learn more about
the impact of these insults, both on primary injury, and on
the evolution of secondary damage (Okie, 2005; Gawande,
2004; Aschkenasy-Steuer et al., 2005; de Ceballos et al., 2005).
Finally, here you will find a description of a new model of
combined TBI and hemorrhagic shock in mice that will allow
the future use of mutant mice in experiments to help examine
some of the putative mechanisms of secondary damage,
neuroprotection, and repair in these types of combined in-
sults (Dennis et al., 2009), as heretofore such investigations
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have largely focused on optimizing fluid resuscitation in
large animal models.

There have been several recent reviews and seminal reports
on blast-induced TBI that have addressed various aspects
of this condition (Bhattacharjee, 2008; Hoge et al., 2008;
Armonda et al., 2006; Okie, 2005; Gawande, 2004; Aschkenasy-
Steuer et al.,, 2005; de Ceballos et al., 2005; Dennis and
Kochanek, 2007), but many questions remain to be answered.
For example, does blast-induced TBI differ from the spectrum
of injuries seen in conventional civilian TBI? What experi-
mental models of blast injury are best to study the human
condition? Similarly, how accurately do our established TBI
models such as controlled cortical impact or fluid percussion
model blast-induced TBI in humans, and what are their
shortcomings? What is the best way to test the different ther-
apies for blast-induced TBI? What are the optimal approaches
to mild versus severe blast-induced TBI, or single versus re-
petitive exposures? In this context, new knowledge about
blast-induced TBI may allow us re-examine current treatments
for conventional civilian TBI in a new light. For example, have
we underestimated the role of vasospasm in conventional ci-
vilian TBI, based on the findings recently reported by Ar-
monda and associates (2006) for blast-induced TBI? We believe
the articles in this issue will help to build upon the seminal
initial reports and reviews, and will provide new insights and
stimulate new avenues of investigation into this crucial area of
treating our warfighters, as well as the civilian population.

We also thank Drs. Claudia Robertson, Douglas DeWitt,
Samuel Tisherman, and Hiilya Bayir for the helpful sugges-
tions they made during the preparation of this issue. Finally,
I know that we speak for all of the authors whose work ap-
pears here in thanking Dr. John Povlishock, Editor-in-Chief,
for giving us the opportunity to assemble this superb collec-
tion of articles for Journal of Neurotrauma.

Finally, in this issue, Dr. Povlishock has also included a
special article on combination theraples for TBI authored by
Drs. Susan Margulies, Ramona Hicks, and the Combination
Theraples for TBI Workshop Leaders. This important article
identifies key objectives and recommendations for the ulti-
mate development of combination therapeutic approaches for
TBI, a strategy that is likely to be critical to success in the many
complexities addressing this condition.
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CORTICAL SPREADING DEPRESSION AFTER TRAUMATIC AND PENE-
FRATING INJURY TO THE HUMAN BRAIN

Jed Haupngs’. M. Ross Bullock™. Martin Fabricns®, Robin Bhatin®. Jens Dreivr'. £tk
Fortella’, Anhony Strong?

‘Walter Reed Ay Insutive of Research, Sibver Spring, United States, “Virgmia Com-
manw ealth University. Ricivwond. United Stores. *Glostrup Hospital, Copenhayen. Den
mark. ‘King’s College Hospral. Lowdon. United Kingdom, “Chaviie (ur ersie Medy-
e, Berhin, Germany

Introduction: Cortical spreading depression (CSD) s o propagating wave of Ussue de-
po)adzation (it causes protoand changes in cellolur water sind 1on distributions. cese-
bral blood flow und mctabolivm, and BBB peavwability. and represents a poleniial
"silent” cause of sceondary deterioration. In an onyoing cooperative study, we invesi-
wate b charactensines and sncidence of CSD aiter wauwmatic brain injury, 2) the patho-
physiologie sigmbicance of CSD. and 3) tactors inNeencing s accurrence. Methods.
Electrode sinps were placed subdurally in 23 patients with GCS 3-14 (median: 7) who
received cravolomy for treatment of brawn 1ajury (n = 8 motor vehicle accident. 7 falk.
6 assanll. 2 gunshon). Electcocorticoyruphic (ECoG) recordings were made 1a tuie bipo-
tar channels Tor 30 (220 4.0} days (oedian; 1 3 quarille), bowmmng (.9 (0 ¥, 1.9)
days after injury. and analy zed as in Fabriciay ct af, (Braia 129, 778 - 790, 2006) Pa-
ueats were seduted and administered phenytoin prophylacucally. Resule In 14723 pa-
tents (61%). a toml or 130 CS1is oceurred ut a frequency of 3.0 (1.9, 4.6) events pee
day. The timing of CSDs showed a biphasic U-shaped distibuuon. with peuk wncidence
during the first and seventh day post-injury. The speed of CSD propagation throogh
cerebral cortex was 2.4 (1.2, 3.0) mavmin and staxnmuwm depresston of 0.5-70 Hy ECoG
v during CSD was 66 (56. 76). Depression lasted 59 (4 5. 8.9) nun for single
CSDs and was often Jonger on channels closest 10 the injury. Towl depressed perieds
represented up o 10% of individual recordings. Two patients had recnrrent CSDa. ev-
1denced by propagaung chunges in near-DC sluw potentials, m olhenwise clectrieatly
silent ussue (hat corresponded o hypodensily on CT scans. Pauenls with purenchymal
damoge or intracerebral hemorthage had a greater Jikelihood (12/16. 75%) of exhibi-
1ng CSD than those with diffuse swelling or sub-dural hemorrhage only (2/7.29%: p >
006). GCS at adminance was positively correluted with CSD rate (R? = 0.21: p =
0.03). but there was no effect of age. scdnlive (morphine. propofol. midazolam). or
cuuse of injury on incidence Discussion: With the bimuted spatial samphng and record-
ing durations used here, a 615 incidence of CSD suggests that vansicnt, spontancous
nssue depolarizanons are extremely comunon afier traumadc bran wnjury and may ap-
proach ubiquity if particulir patholopies are present. CSD wath ¢lectrical silence or pro-
longed ECaG depression might xerve ns marker of progressive ischemu in injury penamn-
bra and represents a putential Larget or sndicator (or therapy.
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INTRACRANIAL PRESSURE MONITORS PLACED BY NON-
NEUROSURGEONS

Jill Goring, Mark Larkins

Regrons Hospital, S1. Paul, United States
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EXACERBATION OF NECRONAL INJURY BY HEMORRHAGIC SIIOCK AF-
TER MILD CONTROLLED CORTICAL IMPACT IN MICE

A Marie Dennis’, Vinee Yognic, Keri Jawsko-Feldmai®. Robert $.8. Clark! Larry
Jenkins®, C. Edward Divon'. Hulva Bavirl. Patick M. Kochanik!

!Deparment of Crivcol Care Medicine, University of Pinsburgh, Pirisburgh, United
States. “Safar Cemser for Resuscitowwon Reseoreh. Pitrcburgh  United States. *Bram
Irawna Rescarch Center. Usiversuy of Puisburgh. Pitisburgh. United Stutes

Blast injurv from improvised explosive devices (IEDs) results i a spectrum of TBI
severities ofien accompanied by shock from hemorrhage. exuucerebral wauma, and/or
burns. This mechanism of snjury kas become a critival uspect of nebitary and civiban
trauma (rom lerrorst atweks (1), Deapiie many studies of sccondary oyury usimg hy-
poxcinia alter TBI 1n rodent modely, few studies have mvestiyawd the eflect of hem-
orrhagic shock (HS) on neuronal death afier expenmental TRE: wo such studies bave
been carmied out i mice

HYPOTHESIS: We hypothesized thut corncal damage after mild controlled corued jm-
pact (CCD) would be markedly exacerboted by o level of HS that olherwise produces
00 ¢erebral conscquences (2).

METHODS: C37BLOJ male mice were anesthetized with [ isoflurane, brain temper-
ature and mcan artenal bleod pressuse (MAP) were monitored, and mafd CCIL (3 nvsee,
0.5mm) was delivered Jollowed by cither conlinued anesthesia for 90 min (mild CCI
only) or 60 mib af volume canvolled HS (2.5¢¢/100g withdruw )y (suid CCL+ HS). [n
(he mild CC1 - HS group. 6% hutastarch (e standard US nulitary resuscitation fluids
was infused (0 restore MAP of 60 jaaHyp for 30 nun, numicking (1c)d resusciation and
evacuation This wag fohowed by re-infusion of shed Blood and normalizaton of he-
modynamics, approximating hospital sesuscitation Mice were saenificed a1 24 h and
ncuronal dwnage in cortex wus assessed with TUNEL.

RESULTS: HS produced o MAP of 41.73 </— 8.15 runHy 1n the mild CC1+ HS group.
while MAP wag 90.0 +/- 2.29 mmlly 1n the puld CCJ only group. Our preluminary
resulls reveyl that neuronal injury was ~ two-fold greater n cortex in mild CCL1 HS
cersus mild CCI alane (282 +/~ 55 vs 126 +/— 134 TUNEL posiuve ncurons, re-
spectively).

CONCLUSIONS: Despite using a very mild CCI and a level of HS thut produces ro
neuronal injury in normal brain. we observed a suarked exacerbalion of neuronal injury
10 the combimed insule. This auggests a critical need 1o define vptimal flutd and neuro-
protective resuseitanon stratepics in the sciing of blast injury and other lorms of TBI
accompanied by HS.

Guwande. NETM. 2004: 2. Carnllo et ul. ) Trauma, (998,

Support: NS3R087. NS30318
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THE NITRIC OXIDE DONOR, NOC-12, ENHANCED GAP JUNCTION
COMMUNICATION BETWEEN VASCULAR SMOOTH MUSCLE
CELLS IN VITRO

DS DeWui’. G-X Yu', DS Prough®. MA Purxley’. HL Hellmich”

'Wavne Stare University School of Medicine, Detron. United States. *Universiry
of Texas Medical Branch. Galvesian. United States

Introdaction: Gap junctions (GJ) conunbule t vasodilation and vasoconstnction
and. perhaps. 10 cerebral vascular regulalory mechanisms such as autarcgulalion
(1-3). Nitric oxide (NO) is a potent systemic and cercbral vasodilalor. We ex-
ploured the effects of the NO donor. NOC-12, on GJ between smooth muscle in
viro.

Methods: Rat vascular smooth muscle cells (A7rS, ATCC) were maintained in
Lissae culture flasks in DMEM supplemented with 10% fetal bovine scrum and
Irunsferred o collagen-couated (lex plates (Flexcell International) Cells were ox-
posed 10 10pM or 100uM NOC-12 30 minutes before GI communication was
assayed using fluorescence recovery after pholobleaching (FRAP)(4). Cells were
loaded with S-carboxy(luorescein diacetate and intracellular Auorescence was
monitosed using confocal 1luoresceace microscopy (Zeivs LSMS10). FRAP was
expressed as percent of baseline fluorescence.

Results: FRAP was 17.7% of bascline in (he untreated group. Trealment with
10uM or 100M NOC- 12 increased FRAP 10 37.0% or 37.5% sespectuvely (p <
0.01 vs untreated group).

Discussion: Our resulls of NO-nwdiated increases in GJ coupling suggest that
NO plavs a role in the reputation of intercellular coupling in vascular smooth
muscle cells. NO increased briefly and then decreased significantly and the NOS
substrate L-urgimine improved CBF and vasodilatory responses 1o hypercapnia
aller raumatic brain injury (TBI) (5-7), suggesting tha( TBI decreases CBY and
impairs vasodilation by reducing NO synthesis or inactivating NO. Our results
that TBI impaired GJ communicalion between vascular smooth muscle cells (8)
and that NOC-12 significantly increased GJ commusication, suggest that trauma-
induced reductions in NO lead 1o reduced GJ coupling that contribules to cere-
bra! hypoperiusion and impaired cerebra) vascular reactivity alter TBIL 1. Stroke
2003:34:544; 2. AJP 1989:256:H838; 3 AJP 2002:283:H2177; 4. Nat Neurosei
1998:1:494: 5 ) Neurophysiol 2000:83, 2171: 6. J Newrotrauma 1997 14- 223;
7. J CBF & M 2000; 20:820: & Ancs 2005:103-A166
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EFFECT OF HEMORRRAGIC SHOCK ON CEREBRAL
BLOOD FLOW IN EXPERIMENTAL TRAUMATIC BRAIN
INJURY: MAGNETIC RESONANCE IMAGING ASSESSMENT.

Al Marie Denins, fohn A Melick. Tary W Jenking, Robert § Cluk, Parnck M
Kochanck. Crineal Cace Medicine, Univerairy of Pitesburgh, Pienbargh, PA;
Lasley N Polev, T K Hiechens. Chien Ho, Pitcsburgh NMR Ceneer for

Bromedical Researeh. Carnegie Medlon Univeray, Puesbuigh. PA

Incroduction: Hemorrhagic shock (HIS) warnens outcome alter raumaric brain
injumy (1B, Controversy remains regardsng ideal pre-hospital blood pressure
aned fluid resuscitadon strategies for combined TBI and HS. Perfusion Magnetic
Resonance Imaging (MR using arterial spin-labeling o an averaceive merhod o
serially assess the offeer of HS and resuscitation afeer experimental TBI
Hypothesis; Cerebral hypopertusion afeer controlled cortical mpact (CCIY is
exacerbated by alevel af HS rhar utherwise has no eftect on CRE Methods: Male
CSBE 6 mice (n=13), anesthetzed with isoflurane. undeywent CCl (Sim/sec, 1.0
mm) Jollowed by 60 min of volume-controlled HS (2.0ml/ 160g) (CCE-HS) or
wontinued anathesia {CCT aloned. Naive and HS groups were alvo studicd. 1o
COLHS and HS alone. mice were resuscitated with herastarch tor 30 min (pre-
hospital) followed by raurn of shed Blood Tor 60 mintdefmiive care). Serial
coranal MR CBE images through the injury were obained at4 7 Tesla during
HS. pre-bospinal and definitive care phases. CBE wan quanoficd i
ml/100¢/min. Results: MABP decreased trom 1027 mmHgt30 t0 S1.754 4
dasing HS, and recovered o 75.740.3 arer definitive vare (both p<0.03 vs base-
lines. During all pbases after TRIC CBE ipsitateral o CCI was redueed in
CCIES and CCT alone groups vs aaive (79F14, VI8EIS v 20335 p<0.05).
CRE was nor reduced by HS slone (216£28.NS). Suprisingly, contralateral co
injury, CCI+HY produced a marked decrease s CBE vs all other groups during,
HS (CCILHS 118210 o5 HS 20345, CCY 182413, naive 21 , p<frO5).
Restncitation dhid nor restore CBE o control Jeels ipsilateral o injury.
Conclusions: CClLwith or without HS resulte in a local CRE reduction, FS afrer
CC) produces o global CBE reduction suggesting @ diffuse aworegulation
impaniment. Our madel and MR1 applicanon provides a powerful tool 1o soudy
novel approaches to oprinal CBF cesascitation after 1BE Suppore US Army
PRO31735 WRIXWHO6I 0247
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MYOCARDIAL POTASSIUM CHANNEL REMODELING: A
CANDIDATE MECHANISM FOR SUDDEN DEATH IN
EPILEPSY.

Shiva ] Gerz, Joaquin N Lugo, Aane E Anderson. Pediatrics. Baylor College of
Medicine, Houston. TX: Sarah E Willis. [.. Forbes Barmwell, Neurology. Baylor
Cuollege of Medicine, Houston, TX

lneroduction: Porassiam (K+) channels play a critical role in the regulation of
excitability. We previoudy have shown an activity-dependent deceease in levels of
the K+ channel, Kvd.2 in brain from epilepric ras. Kvd.2 channelsrepulace neu-
ronal excitability through dampening action porentiad amphuude posesynapucal-
e dhug, a downregulanion of Kva.2 Is expected to increase excitability. Kvd.2
channels also cegulare the duration of the myacyte action porential in rodents,
Remadeling of radent myocardial Kv4.2 channels Fo“owing scizures as oot pre-
viously been evaluated Hypothesis: T'he studics presented here test the hypothe-
sev that there ica downregolation ol myocardial Ked.2 chaunels in epileptic
rodences and thae Kv4.2 deficiency is associated with increased sensinviey o con-
vulsane stimulavion. Methods: Western blotring wich 2 Ke4.2 andbrdy was per-
formed ustog myocardial membranes prepared from epilepeic rars and sham con-
aols. Convulsant stimulation was performed in Kv4.2 knockour .md wildn pe
licrenmate nyce and the time o onser of scizures and stacus epilepicas was
amsoed. Results: Myocardial Kv4.2 levels were decreased i epileptic compared
1o <ham conurol animals (p<.05; n=3). As expeceed Kvd 2 knochowt mice have
2 decreased latenay to fisst seizure and statns epilepricus conipared o waldiype
mice (p<0.05). Surprisingly. we also observed that 100% of knackouar mice (n=6)
and only 24% of wildovpe mice (n1=8) died v response to convalsant stmufa-
non. Conclusions: Our hindings suggest that there is activigy-dependenc remod-
Jing of Kva2 channely in both hippocampus and myocardiunt in 2 rodeny
madel of epdepsy. Furdhermore, onr studies reveal that Kvd.2 deficiency is asso-
ciated with 2 tower seizure theeshold and incressed risk for sudden deach with
convulsant stimulation. These findings support the possibilicy thar ion channed
remodeling oceurs in cpilepsy and may be a risk factor contnbuang to sudden
death in epiiepsy Supparted by: NIH.ININDS and Parcnership for Pediacric
Fpilepsy Rescarch

Crit Care Med Vol. 34, No. 12 (Suppl.)
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GENDER- AND CELL. COMPARTMENT-DEPENDENT POLY-
ADP-RIBOSYLATION AFTER TRAUMATIC BRAIN INJURY IN
JUVENILE RATS.
Caaig M Smigh, Yaming Chen, Christina 1 Marco, Henry A Alexander. Lany W
Jenkins, Patrick M Kochanek, Robert $ Clack. Criaeal Care Mddidine,
University of Pivsburgh, Picesburgh, PA
{ntroduction: Traumaac brain injury (TBI iy a feading cause of macbidiy and mor-
wality in children. Energy failure and apoptosis are imporane conenbutors 10 see-
ondary brain injury and both may be mediaed by over-activation of the ubiquitons
enzyme politADP-ribose) polymerase (PARP). [nhibition of PARP genctically or
phanmacologically improves vutcane in multiple modeds of TBI. Farther, 2 10le tor
both auclear and mirachondrial 'ARD has been implicated in nearonal deach (] Riol
Chem 2003:278:18426-33). and chis clect may be gender dependent () Neurochem
2004:90:1068-75). Hypathesis: Organelle- and gender-specific expression of paly
(ADP-abose) PAR-moditicd protcins (a surrogate biomarker of PARD activanon)
will be observad i brain in posonaaal day (PNIY 17 rars afier TBL. Merhods:
Ancsthetized PND 37 ale and female e were subjected o controlled cortical
mpact (CCTY o the left panenal corex. Rats were killed ar 24 and 48 h. nave ran
were ased as contrels (n=3/group). Injured cortex and hippocampus were remeved
and «parated ioto nucleartn)-, mitochondriad(m)- aod grosolt)- enriched procen
fractions. PAR-modilicd proteins were dentibied using Wetern Blow and semiquan-
thed by densitomeny. Results: Atrer CCL n-PAR was inereased ouly in miades
CP<0.05 v conrrol, #P<0 05 1« temales. 2wvay ANOVAY. in-PAR amd e PAR were
increased in both genders after CCLm-PAR clevation was suseaned to 48h in mades
only (*P<0.05 ve, control, #P<0.05 vs. fenales). Conclusions: PAR-modificd pro-
teins are inerased in a gender- and cell compartment-specitic manner afeee TBLL sug-
gesting that males may benefit more from PARP infubition vs. femades. Further seudy
is warraneed to determime if the effecs of PARP inhibitors on neurological outcome
are gender-dependent. Support: NS38620/HD40686/NS30318
PAR-modified proteins (ROD, Mean +/- SE)

. -

Naive 24h male 48h malg M'" 24h femade | 48h femaie
avle female
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METABOLIC BENEFITS OF SURFACE COUNTERWARMING
DURING THERAPEUTIC TEMPERATURE MODULATION.
Neeraj Badjatia, M. Buitrago, A. Fernandez, D. Palestranc, A. Parra, S. A Mayer,
Neurology, Columbia Univessity College of Physicians and Surgeons, New York,
NY; E. Strongilis, Nutrition, Columbia Universicy Medical Center, New York,
NY

Introduction: Therapeutic temperature modulation (TTM) in brain injured
patients commonly results in shivering, which is associated with increases in oxy-
gen consumption (VO2) and resting energy expendirure (REE). Trearment of
shivering with sedarives is associated with adverse effects and non-pharmacolog-
ical interventions to treat shivering are desired. Hypothesis: Surface countec
warming (CW) with an air circulation blanket set at 42 C can provide beneficial
control of shivering and improve the metabolic profile during TTM in brain
injured patients. Methods: Ventilated brain injured patients undergoing TTM
with automated surface and intravascular devices were prospectively studied wich
continuous indirect calorimetry (IC). All were administered buspirone, aceta-
minophen, and CW during TTM. 1C was performed with >= 10 min with CW,
>=10 minutes off CW, and >=]0 min with return of CW. Shivering severity dur-
ing IC was scored using the Bedside Shivering Assessmenc Scale (BSAS). REE,
VO2, and carbon dioxide production (VCO2) were determined by IC. Expected
energy expenditure (EE) was calculated using the Harris — Benedict Equarion.
Hypermetabolic index (HM]) was calculated from the ratio of REE w EE.
Results: 45 IC tests were performed in 30 patients between January — July 2006.
59% were women, with mean age 61 +/- 13 years and body mass index (BMI)
of 26.4 +/- 4.1. During 71 % of IC tests patiencs had signs of shivering (BSAS
>0, n = 32). REE {2233.7 +/- 997 v. 2507.9 +/- 1303.5 kecal/24h, P < 0.001),
VO2 (339.5 +/- 155.5 v. 379.5 +/- 203.5 mL/min, P<0.001), VCO2 (222.9 +/-
94.5 v. 250.5 +/- 120.4 mL/min, P<0.001), and HMI (1.53 +/- 0.6 v. 1.71 /-
0.7, P<0.001) all increased with removal of CW. 89% of patients had > 1 point
increase in BSAS without CW. Return of CW was associated with a reversal in
the increases in REE, VO2, VCO2, and BSAS. Conclusions: Surface counter
warming provides beneficial control of shivering and improves the metabolic
profile in patients undergoing TTM.
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EFFECT OF HEMORRHAGIC SHOCK ON NEURONAL
DEATH AFTER EXPERIMENTAL TRAUMATIC BRAIN INJURY
IN MICE.

M. 1 Fluetkorn. Alia Marie Dennis, Vincent Vag, Reri Janesko-Peldman,
Robewe § Clark, Larry W Jenking, C. E Dixon, Patrick M Kochanck, Cridieal
Care Medicine, Universiy of Piessburgh. Piecesbargh. PA

Intcoduction: Traumatic brain injury (1B vesulting from blast injary is afen
compharred by hemorrhagic shock (HS) in victims of wrranst attacks with
improvised explosve deviees. Most studies of HS after experimental TBI have
focused un intracranial pressure: few have explored the etfece of HS on neuronal
death afeer TRI and none have been done in mice. Hypothesis: Neuronal death
in hippocampas is exacerbared by HS after cxpeymental 181 in niee. Methods:
CS7BLG) niabe mice (n1216) were anesthecized with isoflurane. brain cemperature
andh mean arterial blood pressuce (MAD) were monirered, and controlled corti-
cal impact (CCD (5 mfsee, Tm depthi was delivercd Followed by cicher con-
dnued anesthesin (CCL only) or cicher 60 or 90 min ot velume wntralled HS
2.0/ 100gHAOCCTs HS and 90CCEHS). Tn the CCILHS groups, hetastarch
was used o restore MADP 10 50 mmHg for 30 min, (field 1ecnscitarion) folfowed
by return of shed blood (in-hospieal wecusciation). Nevronal damage in hip-
pocampus was imsesed on d T in H&E-sained brain sccoons by a blmded cval-
uaror scoring CAl and CA3 regions (0-no damuge. t-rare, 2-<25% gtteced. 3-
239050 aftected. d-severe neuronal low, S-infarction). Results: HS veduced
MAP hom a basehine valuc of -85 mimHg o -35 mmHg during HS in borly
60C CIeHS and YOCCTHHS (p<0.05 v CCL only). MAP recovered w =70
mml-ly after in-hospital vesuseiracion. 90 min of HS dramadically exacerbated
hippocampal dimage vs cicher CCL alone or 60min CCL+BS. Mean scores for
CAY in CCL 6OCCISHS and 90CCLI+HS were 1.52£0.44, 1.2740.45. and
3.25F 139, respectively, p<0.05 T CA3 scores were 1.6010.55. 145404, and
2.9321.)8, respeerively, p<0.05, Theve was no difference berween CCTalone and
GOCCIHS. All mice with scores of 4 or 5 were in the 90CCI+HS group.

Conctusions: Ow data suggese 2 critscal (ime window for dhe exacerbadion of

neavonal death by HS afrer cxperimental TBY and may have imporeant implica-
tons tor blast injury vicdms w austere environmaents where definitive manage-

ment of injuries is delayed. Suppore US Army PROS4755 WEIXWHOA 10247
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TRAUMATIC BRAIN INJURY IN IMMATURE RATS CAUSES
EARLY AND SUSTAINED ALTERATIONS IN CEREBRAL
METABOLISM.

Paula Casey. Mary McKenpa, Manda Saraswati, Courtney Robernon, Pediatrics.
University of Marvland. Baldimore, MD: Gary Fiskum, Anesthesiology,
University of Maryland, Baltimore, MD

Introduction: lTrawmadic Brain Injusy (IBL) is the leading cause of long-term
disability 1n children in dhic United Srates (CDC). Studies have shown profound
alrerations in cerebral meabolismy after TBIL buc pediatric daca is limiced. wich
few studics performed <48 h after TBI. Hypodhesis: W hypothesize thac meti-
holic changes aceur early (<24l) post TBI and persist for many days, Methods:
Immarure rats (PND 16-17: n=8) underwent contralled corcical impact (CCH
to the lefe pareral cortex. Brains were removed at 4h, 24h, and 7d after TBI, sep-
anated into lete (L, injueed) and righc (R. control) hemispheres and rapidly
frozen. Metabolites were extracted with perchloric acd, and proton nuclear mag-
netic resonance spectra were ubtained. Specrra were analyzed for N-aceryb-aspar-
tate (NAA)Y, | actate (Lac), il Creatine (Cr). Choline (Cho). and mictabolice
ratios derermined Sham waes (n=6) underwenc surgery withoutimpact. Resules:
There was oo difference beeween L and R ac any time in the sham rars. The
NAA/Tac 1atio was decreased (- 1508) acall rimes i the mjured cortex (p<6).05
v Roacdl, 24h 7d). This reduction was duc o aleered Lac as evidenced by
incrcased Lac/Cr av 4h (Lac/Cre Left=1.3 1% 0,11, Righr=1.05% 0.08, p<0.05)
and il (Fac/Cos Tafr=1.32 + 0.07, Right=1.1(% 0.02. p<0.05). reflecting
incicased ghyeolysis and/or deercased oxidative mcabolism. Ac 7d NAA was
decreased (NAA/Ur: Left=0.68+ 0.01, Right=0.74% 0.02. p<0.05), indicating
logs of neurongl or micochondrial tnregrity. Increased Cho/Cr ravio at 7d is con
sistent with gliosis in the injured cortex, Conclusions: Metabolic derangements
begin carly (<4h) aftes TBL in immacure cars and are sustained for at lease 7d.
Underseanding the parhologic alieratons in cerebral metabolism after TBE could
identity novel wargess for neuroprotection following TBI in children. Suppont
NIH K0ENS42805 & University of Marvland Depe of Pediatrics

Crit Care Med Vol. 34, No. 12 (Suppl.)
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CORRELATION OF INITIAL CEREBROSPINAL FLUID MAG-
NESIUM LEVEL AND OUTCOME IN SEVERE TRAUMATIC
BRAIN INJURY.

Michael R Fischer, Ava M Puccio, Marrina Stippler. Eleanor Carson-Waler,
Kevin A Walter, David O Okonkwo, Newrosurgery, U of Piresburgh. Pitssburgh,
PA

Introduction: Fxperimental bria inpury sradies have demonserated an impor-
wnc role for nagnesium IMg*m ncurologic ourcome, with low leveds bcing
assaciated with poor vutcome, and replacemens therapy improving outcome:.
However. the correlate in dinical trials is Jacking in traumatic brain injury (TBD
stuclies and meonclusive in other acurologic discases’. Hypothesis: We hypothe-
sized that a low initiad cerebrospimal fluid (CSF) [Mg'] Jolluwing a severe TBI
wonld predice poor neurolugic outcome, as measured by 6-mondi Glasgow
Ouicome Scale (GOS) score. Methods: Under an IRB-appioved prorocol.
demographic data, luboratory resules, CSF samples and 6-monch GOY scores
were enllceted prospectively i severe adule TBI pacients, with @ Glasgow Coma
Scale {GCS) seore £ 8. age 16-70 years, and an extraventaicular deain insevted for
mrracranial pressure management. Total (Mg'] was measuied in rriplicace uriliz-
mg 4 quanditative colorimetric assay (BioAssay Systems, Hayward, CAlon the
inizial CSF sample taken within 24 hours of hospital admission. Binary logistic
repression was petformed onimdal CSE M) of < or > 2.68 mg w©
dichoromized GOS (poar autcome: 1-3, and favarable autcome: 4-3). Results:
34 patients (mean = S0 age 35,1 £ 16 129 female, 33 male: GCS 5.7 # 1.5 )were
asessed. with the inicial CSE Mg median of 2.68 .73 nug. Using rlvs medi-
an Mgl padents wath an winial [Mg ] of » 2,68 mg were found o have a
grearer likcithood of having an untavorable ourcome (OR 7.74, CI 1.01-59.20,
[;:.()4‘)). In paricnes with 2 poor outcome. CSTFand secumn Mg were highly
correlated (r=.61, p=.001). Conclusions: T'hese preliminary findings wn haman
TBI suggest that, contrary to expernsmental animal studics. a high wdmission CSE
IMg"| 15 associated with poor neurelogic outcome. Blood brain permeabibiy
changes muay explain the correlarion of CSF and serum [Mg*]in poor outcome
paticnes. Additional researcluis aimed ac understanding rhis altesation of intracra-
nial (Mg fhomcostasis in "Bl patients. ! / Newrochen 73(1), 19997 Lancet 363,
2004, Support: NS 30318
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AN OBSERVATIONAL STUDY OF BLEEDING EVENTS (BE)
ASSOCIATED WITH LOW-DOSE UNFRACTIONATED
HEPARIN (LDUFH) IN A NEUROLOGIC INTENSIVE CARE
UNIT (NSICU).

Denise Rhoney, Denms Parker. Pharmacy Practice. Wayne State University,
Detroir. MI; Xi Liu-DeRyke. Pharmacotherapy, Universicy of Urah, SLC, UT

Introduction: While OVT and pulmonary embolism (PE) remain a significanc
use of morbidity and morwalicy ja crincally il patients. chiniciang are ofen
reluctanc ro inittace carly LDUFH prophylaxis duc wo the fear of BE. Hypothesis:
Deseribe the BE incidence and assoctated risk facrors related to the use of pro-
phylactic TDUFH 0 NSICU padents. Mechods: Patients admicred o the
NSICU over 2 9-mouth period were included. A major BE was defined as dlini-
cally overr blaod with a deciease in Hgb by > 2gm/dU and/ot a cransfusion of 2U
PRBC; minor BE weie all other BE. Results: A voral of 131 patients were includ-
«d, the myjority admiwed with hemorrhagic stroket4 (%) o5 rrnumadic brain
wnury(27%). BE occurred in 14.9%(n=25) patiencs (41% major) 3{1-25] days
after ininanon of LDUFH with che majurity gastroinresainal. Nemographics
were similar except for APACHE 11 BT 15(2-24], NBE 1010-361(p=0.03). The
onlv difference in baseline Jabs was glucose. which was increased in patients with
BE(p=0.02). LDUFH prophylaxis was adntinistered in 93% of panents with BE.
and 84% with NBE, primarily at a dose of 5000U q12h (82%){p=0.38).
LDUFH was inidated wichin 24hss of hospital admissian in 84% of patients in
both groups. The overall incidence of DVT and PE was 2%. Significant eisk fac-
tors tor BF in pacients who received TDUFH are summarized below. Logitic
regression revealed two independent predictors of BE; NSAID use and mechan-
ical vencilacion. Conclusions: The early use of LDUIH prophylaxis was not
associated with an increased BE risk in this NSICU cohort even in patients with
initial intracranial bleeding,. Jdentificd risk factors for bleeding may indicare that
patients are at risk from other factors besides LOUFH prophylaxis.

No HE: (%) . BEG®) P

¥ .\:l.lrgic.ﬂ» interveation | 37 | 63 0.03
Mechanical venilation 39 80 <U.01
PE‘N-“;’;"'(/C")'";‘,MM] S ,‘ 20 R 4 002
B Use of NSAIDs | 26 2 002
1
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ASL-MRI Assessment of the Effect of Hemorrhagic Shock on Cerebral Blood Flow After Experimental Traumatic Brain
InjuryinMice

L. M. Foley!, A. M. Dennis, T. K. Hitchens', J. A. Melick? C. Ho', and P. M. K ochanek?

1Pittsburgh NMR Center for Biomedical Research, Carnegie Mellon University, Pittsburgh, PA, United States, 2Safar Center for Resuscitation Research, University of
Pittsburgh School of Medicine, Pittsburgh, PA, United States

INTRODUCTION

Traumatic brain injury (TBI) is the leading cause of traumatic death in the US. Morbidity and mortality resulting from TBI are greatly increased by
secondary insults such as hemorrhagic shock (HS). The combination of TBI and HS has taken on great importance related to military and civilian casualties from blast
injury in combat and terrorist attacks. Hypotension worsens the outcome for patients with TBI, which is thought to be due to secondary ischemia caused by cerebral
hypoperfusion. Aggressive fluid resuscitation is recommended to maintain mean arterial blood pressure (MABP), but in patients with uncontrolled hemorrhage
increasing MABP can increase blood loss and reduce survival [1]. Currently, there is controversy over how to best treat patients with TBI and uncontrolled
hemorrhage. TBI produces CBF reductions that are generally localized to the injury site. The aim of this study was to examine the effect of HS on regional CBF after
controlled cortical impact (CCI) in mice.

MATERIALSAND METHODS

Male C57Black/6] mice (11-15 wks of age) were divided into one of four groups for MRI assessment, naive, CCI, HS and CCI + HS. Mice were
anesthetized with isoflurane in N,O:O, (1:1), intubated and mechanically ventilated; then femoral arterial and venous catheters were surgically placed. The mouse CCI
model is used as previously described [2] with minor modifications [3]. Animals were placed in a stereotaxic holder and a temperature probe was inserted through a
burr hole into the left frontal cortex. The parietal bone was removed for trauma. Once brain temperature reached 37°C and was maintained at this temperature for 5
minutes, a vertically directed CCI was delivered at 5.0m/sec with a depth of 1.0mm. The bone flap was replaced, sealed with dental cement and the incision closed.
CCI was followed by 60 min of volume controlled HS (2 mL/100 g) (CCI + HS), or continued anesthesia (CCI), or just 60 min of volume controlled HS (HS). In CCI +
HS and HS only groups, mice were resuscitated with Hextend until MABP was >50 mm Hg (pre-hospital) followed 30 min later by the return of shed blood (definitive
care). Perfusion images were obtained during the shock, pre-hospital and definitive care periods.

MR studies were performed on a 4.7-Tesla, 40 cm bore Bruker AVANCE system, equipped with a 15 cm diameter shielded gradient insert and a home-built
saddle-type RF coil. For all imaging experiments, FOV = 4 cm and slice thickness = 2 mm. Maps of T} [4] were generated from a three-parameter exponential fit to
a series of spin-echo images with variable TR (TR = 8000, 4300, 2300, 1200, 650, 350, 185, 100 msec, 2 averages, 128 x 70 matrix). Perfusion spin-echo images were
acquired in duplicate using the arterial spin-labeling technique [5] (TR/TE = 2000/10, 20, 30, summation of 3 echoes, 2 averages, 128 x 70 matrix) with labeling applied
+ 2 cm from the imaging plane. The spin labeling efficieny (a) [6] was determined in each study with gradient echo images with spin-labeling applied at + 6 mm
(TRITE = 100/9.6 msec, 45° flip angle, 8 averages, 256 x 256 matrix). Body temperature was maintained at 37 + 0.5 °C using warm air, regulated with a rectal
temperature probe. Prior to, and after each MRI study, PaCO,, PaO,, MABP, HR and rectal temperature was recorded.

RESULTSAND DISCUSSION

3 e Figure 1 shows representative CBF maps for all groups. After CCI,
Shock P]‘e—I—IQSpﬂal Def]]]]t]\-’e CBF was significantly lower in the ipsilateral hemisphere, cortex and
hippocampus during all phases. For HS alone mice CBF was generally
lower than naive mice but this was not significant. During the shock
phase the CCI + HS mice displayed a dramatic global CBF reduction.
After resuscitation, CBF the contralateral hemisphere partially
Na'l'\-'e . . recovered, but not to naive levels, during the prehospital and definitive
care phases. CBF in the ipsilateral hemisphere remained significantly
decreased vs naive mice throughout the entire experiment and,
resuscitation did not restore contusional CBF. . Our data support the
occurrence of a diffuse autoregulatory impairment during HS after
TBI. Impaired oxygen delivery by HS superimposed upon increased
metabolic demands and disturbed microcirculation after TBI, may
magnify the damage, producing poor outcomes. This model using
MRI provides a powerful tool to study novel approaches to optimize
CBF resuscitation after TBIL.
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EXACERBATED Gl.IAlL RESPONSE IN THE AGED MOUSE HIP-
POCAMPUS FOLLOWING CONTROLLED CORTICAL IMPACT IN-
JURY

Reged Sundhps. Greeory Omaszchuk. Yong-Yue He. Nanex Berman

KNamas Univerinn Medical Comter, Kunsas Cits, United Staies

Ieroduction. Frammatic brain inuvy ¢ T81) conmibuces 16 a subsantisl nwnber of
deaths and cases of permanent drabilry annuglly Data fron the CDC indicate
A higher incidence and worse outcome of TBIin the aging population. [he long-
term dinadilines suftered by survivors vers often melade copniine deficien. which
are wrrbutable mopart 1 the damage 10 the hppociampus Previous work (roon
our Jaboratory bas indicated that higher expression of promilammatopy cetekines
and ehemwokines i the aging bram might be responsible Yor higher vulnerahddny
1o injury  Fhe higher acuvauon o} eyohmes and cliemuokines in aging mice sug-
gesis mareised activation of wicroghin and sstrocytes.

Muethod® The study s designed 10 imvestigate the expression of mirkers ol
avided microgha and astiocytes i hippocampus of mice aticr inpury 1o he sen-
2otmotor corten uning a cantrotled cortical iImpactor in aged (21-24sn0Y and adult
(5-6 ot nice using real-time RE-PCR and western Dot aoalysos 102, 307,14
and 28 dlays after injury

Resubts Higher basal expression of cd b and IBAT markers of acavated mi-
Tiac was obacrved i gged hippocampus as compared o the adult mice
pressior mereoased gradwally sifier mjury nd reached maximum afier ¥ duvs ot
inury in hich aronps However, in the wged hippaciimpus the expression of mi-
craglial markers was higher at all time points and was prolonged The expression
wan approximately 1S and 2 told ngher i aged thay adudt e dher 2 and 7
daycolinuey respectively, Expression of GEAP and ST100B markers ol acuvited
arncvies, Was highev in aged mice wnd reached maximan idter 7 days ol injury.
The expression ol aatroeyte narkers reamed (0 near basal 28 days after injury in
the adalt nuce, whereas mthe aged nuce levels were salf elevaed at 28 days.
‘the tmmunohiniochemicad snalysis of sechions wsing 1BAT and GIFAP anubod-
s o revegled higher ghal achivatnon wi thie aged brain afley injory.
Dircussion' The resubts from (s study suggent that pronounced and projonged
activalion of microgha and asooeyies in ppecampus may contribute (o warse
vognibve outcome m the elderly tollowing TBI (Supported by AGD26482)
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ROLY. OF PROTEIN PHOSPITATASE | (PP1) IN CORTEX AND
HIPPOCAMPUS AFTER LATERAL FLUID PERCUSSION (LFP)
BRAIN INJURY IN RATS

Michael Folkeyist. Jordan Swindle!, Danicla Michets”

'Pepperdine University, Malitw. United Siares, “Universine of Pennsylva-
nta. Phidadelphia, United States

Introduction: Protein phosphorylation (Kinases) and dephosphorylanon
(phosphatases) we widespread and dynamic bochemical processes that
lead to many cellular changes including signal tranaduction. Previous stud-
10 in oar lab have shown a rapid increase in levels of phosphorylated
calciunicalmoduolin-dependent kinase 11 (pCaMKI) within hippocampus
and cortex at £0 and 30 min after LFP mpary that was no longer elevated
when examined ac 3. 8, and 24 hrs. The subsequent dephasphory lation of
pCaMKI may have been imediated by protein phosphatases. This partic-
vlar study eaplored the role of a protein phosphatase. protein phosphatase
I (PPI). Specifically. PP1 inactivates pCaMKIT through deactivation of
Inhibstor 1 (11). PPS is also implicated in such cellular processes as cell
division. apoptosts. and Jong-teem memaory. PPL(y! subunity is compint-
mentalized predominacely in the cell soma but is also found in dendrites
and presynaptic boutons where it co-localizes with CaMKII. Methods:
Western immuonoblotting was used (o compare levels of PPLyt in both
the ipsiluteral and contralateral rat hippocampi and cortices of LIP injured
and sham injured rats at J0 min, 30 min, and 3 hrs after injury. Results:
Western blotting resulis showed there was no significant difference be-
tween ipstlateral and comralateral cortical and hippecampal regions al any
tme pomt after injury. Levels of PP1yl in the hippocampus were signif-
icantly higher in the TBT versus sham injured groups only ai the 10 minute
tme point. In the cortex. there was no significant ditference between TBI
and sham at or between time points. Discussion: These results suggest
that PP1yl Jevels are mmbmally and transiently atesed after injury. These
changes may not profoundly affect concomitant levels of pCaMKIT und
subsequent changes in cell injury and plasticity after bran trauma.
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BIHAVIORAL OUTCOMES FOLLOWING BIOMECHANICALLY DIS-
TINCT DIFFUSFE. BRAIN INJURIES

Rongld Fijatkoveski, Brian Stemper, Frank Poiay. Narayan Yoganandun. Thoinas
CGennarefli

'Department of Newrosureens, Medical College of Wisconsin, Milwaukee, United
Staten, “Veterans Afjairs Medical Center, Miheaukee. Umited States

Introduction: Iapul pubse magnitude and dusation mflaence diffuse deam ingry
(DB seventy. However. the role of duration was nor clearly ideantied. Thix
study s porpose wie to determine effects of pulse magnitude and duration on be-
havioral outcomes folfowmg DB Methods: This protacel was approved by o
Instinional Review Board An experimental rae model induced rald DRI rtheough
perimental annmats weee divided indo
3 groupss shart dwationfiow angular aceeteratnon (group 11, short doravon/igh
angulas weceleration ceroup 2), and long duration/low angular aceeleration (grouvp
3). Ruats were anesthetized prior to and given revenal agent immediaely Tollow-
ing insult Uhcontcions tmme wa asaessed throygh absence ol corneal reflex and
compared 10 controls to delermine whether (puy wiss sustamed. Alter regaining
camplele consciotstiess. assessed by retarn of righting reflex. and within { hour
af inury. alb annnaly were placed inay maze for 20 minutes and videographed
trom above, Videography wax analyzed by a blinded observer and number ot
times animaly changed y-maze ans quaniiticd  Fhis paraineter was used as 4
measure of ral activity following injury . Resubts: Angola aceelerution magni-
wdes were 427 2 21 (low)and 502 % 1S (highy krad/s/s and duranons were 19 =
0.2 (shorh) and 29 = 0.1 deng) meee S, 6. and S animals were o geoups 1, 2,
and 3.3 connol animals underwent the entdre protocol mmus msult. Uneonscious
tie (e from reversal agent administraoon o comeal reflen) was significantly
longey than controls in all 3 groups Number of v-maze anm changes (a measure
ol activity Jevel) was significandy dependent upon espenmental group. Post-hoc
anadysis reveated group | wis not sigmficantly ditferent than controls. However,
group 2 demonstrated a significantly decreased and group 3 demonstrated a sig-
ndicantly increased number of arm changes compared (o controls and group |
Discussion: Jresent cesults demonstrated that rats sobjected w high magnitude
pulses were less active while s subjected w nsudis of longee durapon were
mtore gctive. This findiag highlights a role of pulse duration and magniiude 10
DBI seventy that may e mdicative of different injursies.

coronal plane head :ingula weeeleraion, (
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EFFECT OF HEMORRHAGIC SHOCK ON NEURONAL DEATH AND CERFE-
BRAL RLOOD FLOW AFTER EXPERIMENTAL TRAUMATIC BRAIN IN-
JURY IN MICE: MAGNETIC RESONANCE IMAGING ASSESSMENT

Vi Doyt Lee Hasetkorn!, Lesdey Fale=. Roberr Garman®. fany Jenkms!. T Kevin
Hiscliens?, Robert Clark!. Uheen 107, Hulya Baviv' Ptk Kochunek!

'Satar Conter for Resuscitapon Researeh, Unneran of Priishuroh, Putsburgh, Uiiied
Stares 2Pwshurgh NME Cemer Jor Biennedicnd Rexearch, Carnecte Mellon Univeraoy.
Panrshiazh, United Staies

Iatroduction: Combined traimane braia oy (TBH and hemorchage shock (HS)
worsen clinical ontcomes v T alone Few studies have explored the effeet of HS on
neuronal-desth v cerchral bload flos (CBF)Y alter TBI: noae have been perforned in
wice. Perfusion Magactic Resonance b £ (MR1) allows setial asseasnents of the
eficet of 1S ang resuseiaton after TBIL providiig s wngue opportunity (o assess CBF
in vulpedable Boow regrons

Uypothesis: Hippacaompal nenconal death in CAL s exacerbuted by TS afer TBE and
ix dependent on the duraton of FIS and the wedaction m CBI,

Methods: Male CSTBLOJ mice (n = 6/pranp). ancsthetized with isoflurane. andeywent
mild-moderate conirolled cornical impact (CCl) (Smsec, 10 mimg followed by 60 ar 90
min of volume-controbled HS. i continued anesthesizn (CCHonivy Naive and HS only
geoups were also studied In CCL + HS and HS valy groups, e were resuscitated
with herastaeeh fur 30 min (pre-hosprid) Tollowed by rewrn ot shed blood for 60 mun
(hosprigl care) Neuronal damage in CA T was assessed on d 7 1H& ) by u bhoded eval-
uatar, Also, prehmimiey studies in separate mice (o - Ygronp) assessed CBF enully
Ly perfosion MRI at4 7T ducing HS (60 tund and durimg pre-hospital aod hospital core
phases.

Renulta: HS reduced MAP from a bigeline of --X5 mlly 10 ~35 mmllg during 1S
W0 1S ovly, CCI A 60 mm 1S wod CCI -+ Y90 min 1S (p < 005 v~ CCl only ). MAP
reesveted o ~50 mmlle m pre-hospital and ~70 mm) 1 afier hospiusl resuscitaion,
K mia of HS dramitically exacerbated CAT cell death v< CCIanly or CC1 o+ 6D hwin
HS CAL counts in HS only. CCLanly, CCT A 60 non HS and CCL 90 nva HS were
323 = 7608 = 68,281 = 22 and 16 § = 2.2 veapectively, p < 0.05, There wat
ne stgmthicsnt difference m CA L between CClonly and CCE+ 60 min HS, Hippocanipal
CHY was reduced simdarly va naive at 60w after CCLae CUT 1T HS Saudies of CBIF
U9 win after TR B HS are ongomg

Condusions: Surprisingly, 90 rather than 60 min of HS w.s required (o sigmticantly
exacerbate CA L pewronal dewth after arld-moderate CCL This agrees with our CCL +
6 nin HS MRY data, which did not vhow s further CBF reduction. Our findings <uy-
gest that alibough the waumatcally imured brain Tas enhanced vulnerability 1o §18. »
therspeutc window eusts (o beoefit from opimnsed resuscitaton afler combined
TBI 4 HS Support' US Anny PROSITSS WEIXWH-06- 10247,
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DECAY IN QUALITY OF CHEST COMPRESSIONS WITH TWO
FINGERS TECHNIQUE DURING LONE RESCUER INFANT
MANIKIN CPR.

Sharda Udassi, Jai P Udassi, Arno L Zantsky; Ikram U Haque, Pediatric Critical
Care Medicine, University of Florida, Gainesville, Gainesville, FL: Douglas
Theriaqu. Jonathan ] Shuster, GCRC, University of Florida, Gainesville, FL

Introduction: We previously reported that Two Thumb (TT) CPR generates
higher compression depth (CD) and compression pressure (CP)compared to
Two Finger (TF) in an infant manikin model. In an adult manikin study, chest
compression depth (CD) and rate (CR) decreased after 1 minute of CPR sec-
ondary to fatigue. It is unknown if fatigue resules in poor chest compressions
during infant CPR. Hypothesis: We hypothesized chac the TT technique pro-
duces better quality CPR, but may require more cffort resulting in decay of chest
compression quality compared to TF technique using the new compression:ven-
tilation guideline, Methods: A Laerdal™ Baby ALS Trainer manikin was modi-
fied to digitally record CR, CID and CP BLS or PALS-cercified healthcare
providers were randomized to perform 5 minutes CPR using 30:2 compres-
sion:vencilation racio with either TT or TF technique. Subjects were blinded to
data recording. The change in compression qualiry was analyzed by calculating
the change over time (slope). Slopes (mean+SD) were analyzed using unmatched
2-sided t-test comparison of the slopes of CD and CP minute by minure, over §
minutes. P-value 0.05 was considered significanc. Resules: Sixteen subjects were
randomized to each group. The mean slopes over 5 minutes, between TF and TT
technique showed significant deterioration of CD with TF technique, p <0.001.
Although CP was significantly higher with TT technique, there was no signifi-
cant reduction of CP over time in either group, p=0.81. CR was 13334 per
minute with TT vs. 136£37 with TF p=0.81. Conclusions: Our scudy suggests
that during lone rescuer infanc CPR, TF technique is associated with a rapid
decline in quality of CPR over 5 minutes. This effect was not seen wich the use
of Two Thumb technique, which suggests superior CPR performance especially
over protonged time. We recommenrﬁshat the Two Thumb technique is preferred
for infant CPR, especially when provided continuously in the infant with a
sccured airway.
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CAN THORACIC IMPEDANCE OBTAINED VIA DEFIBRILLA-
TOR ELECTRODE PADS ACCURATELY DETECT RESCUE
BREATHS IN CHILDREN?

Kathryn E Robers, Lisa Tyler, Vijay Srinivasan, Lori Boyle, Ram Bishnoi, Dana
Niles, Vinay M Nadkarni, CHOP, Philadelphia, PA; Jon Nysaether, Laerdal
Medical, Stavanger, Norway

Introduction: Resuscitation guidelines recommend target values for rate and
depth of rescue breaching. Thoracic impedance (TT) obtained via defibrillacor
electrode pads is FDA approved to detect and guide breaths in adults.
Performance of this technology has not been studied in children. Hypothesis: T1
obuined via Anterior-Anterior defibrillacor pad location (AA) accurately detects
guideline recommended 7-10 ml/kg breaths in children. Breath detection is
superior with AA vs Anterior-Posterior pad location (ADl). Methods: IRB
approved, prospective pilot study of stable ICU patients (6 mos-17y) on con-
ventional mechanical ventilation. Patients with chest tubes, obvious chest wall
deformiry. skin breakdown or inability to place pads in standard AA or AP loca-
tion were excluded. TI was obtained via Philips MRx defibrillator with standard
electrode pads (limit of detection >0.4 Ohms) for 5 min in AA and AP locations.
Tidal volume(Vt) was simultaneously measured by pneumotach (Novametrix
CO2SMO Plus). Analysis using descriptive statistics. chi-square, t-test, and
Bland-Altman method. where appropriate. Results: 15 pts age 7.5(5.5y) and
weight 18.6kg (IQR 14.6-41) generated 13 AA and 13 AP cvaluable episodes. Tn
AA location, TI detected 825/858 breaths 27mL/kg (sensitivity 96.2%)and
360/489 breaths >2-7 mL/kg (sensitivity 73.6%). TI detecred 87.9%
(1185/1347) AA vs. B6.4% (1217/1409) AP location breaths >2 ml/kg (p=0.23).
Limit of Vt decection per pacient: 4.27 = 1.5 ml/kg AA vs 4.86 £ 1.7 ml/kg AP
(p = 0.36). Merhod comparison (AA vs. AP) of T1 breath detection showed a
mean bias of -1.8 mL/kg/Ohms (95% CI: 4.2, 0.7) with limits of agreement
(precision) from -8.8 mL/kg/Ohms (95% ClI: -13.1, -4.6) to0 5.3 mL/kg/Ohms
(95% CI: 1.0, 9.6). Conclusions: This pilot study demonstrates that thoracic
impedance obrained via defibrillator pads accurately detects large (7-10 mL/
breachs in critically ill children. However, sensitiviry to detect small (2-7mL/kg)
breaths is limited. Breach detection is slightly superior with AA vs AP pad loca-
tion. Support: Laerdal
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NITROXIDE-BASED RESUSCITATION OF COMBINED TRAU-
MATIC BRAIN'INJURY AND HEMORRHAGIC SHOCK:
EFFECT ON ACUTE HEMODYNAMICS.

Vincent Vagni. Keri Feldman, Larry Jenkins, C. Edward Dixon, Safar Center for
Resuscitation Research, Pitsburgh, PA; Jennifer L Exo, David Shellingron,
Robert S.B. Clark, Hulya Bayir, Patrick M Kochanek, Critical Care Medicine,
University of Pitrsburgh Medical Center, Pitssburgh, PA; Li Ma, Carleton Hsia,
SynZyme Technologies, Irvine, CA

Introduction: Polynitroxy! albumin (PNA) is a novel colloid composed of albu-
min with 40 covalently linked nitroxide antioxidant moieties. It has procective
effects in models of hemorrhagic shock (HS), stroke, and cerebral hemorrhage.
Outcome after traumatic brain injury (TBI) is worsened by HS, but the optimal
resuscitation approach remains unclear. We have developed a clinically relevant
mouse model to study cherapies for this combined insult. Hypothesis:
Resusciation with PNA is equal o or better than current civilian (lactated
Ringers, LR) or military (Hextend, HX) standard of care fluids or hypertonic
(3%) saline in TBI+HS. Methods: [soflurane anesthetized C57BL6G mice (n=30)
underwent controlled corrical impact to the left parietal cortex followed by 90
min of volume controlled HS (2¢e/100g, MABP -35-40 mmHg). After HS mice
were randomized to resuscication with LR, HX, 3%, or PNA. HS was followed
by 30 min of fluid administration targeting MABP >50 mmHg (pre-hospital
phase). Shed blood was then re-infused and a MABP of >70 mmHg rargeted.
MABP in each phase, amount of fluid given, arterial lactate, and 7d survival were
assessed. Results: There was no difference berween groups in MABP ar the end
of HS. However, pre-hospital MABP was higher in PNA and HX (both P<0.05
vs LR or 3%). Fluid requirements in the pre-hospital phase were less in PNA and
HX (0.19£0.02 and 0.24 = 0.07m], respectively), both P<0.05 vs LR
(0.95£0.44mL) or 3% (0.57£0.34mL). [mprovement in lactate at end of resus-
citation tended to be greater in PNA (-1.96£0.35) vs LR, HX, or 3% (-0.92+0.7,
-0.81 + 0.25, 0.1020.85, respectively, P=0.132). 7d survival was 6/8 LR, 3/8
HX, 4/7 3% and 6/7 PNA, P=0.297. Conclusions: PNA exhibited favorable
effects vs either LR or 3% in TBI+HS. Similar or favorable effects for PNA were
seen vs HX. Studies are underway to assess the effect of these therapies on neu-
ronal death, ICP, oxidative stress, and cognitive outcome.

24

CPR FOR BRADYCARDIA/POOR PERFUSION IN CHILDREN:
AN ANALYSIS OF THE NATIONAL REGISTRY OF CPR.

. Kathryn Roberts, Vinay Nadkarni, Children’s Hospital of
Philadelphia, Philadelphia, PA; Robert Berg, University of Arizona College of
Medicine, Tucson, AZ; Mary Fran Hazinski, Vanderbilt Children’s Hospical,
Nashville, TN

Introduction: Bradycardia with pulse (BP) in children is an indication for chest
compessions in some circumstances. Chest compressions (CC) for bradycardia
with pulse (BP) in children has been associated in unadjusied analyses with
improved survival outcomes compared with CC for pulseless cardiac arresc.
Hypothesis: Patients who receive CC for BP before PEA/asystole develops have
better survival ro hospital discharge than patients receiving CC for PEA/asystole,
even when adjusted for parient factors, pre-arrest clinical status, and process of
resuscitative care. Methods: All patients < 18 years reported to the NRCPR darta-
base Jan 2002-Dec 2006 were eligible. Partients with bradycardia, asystole, or
PEA and who received CC for > 1 minute were included. Patients newly born in
the delivery suite. or with shockable firsc documented rhythm were excluded.
Univariate analysis berween padiencs receiving CPR for BP versus asystole/PEA
was performed by chi-square for dichotomous variables and Wilcoxon rank sum
for categorical variables. Variables analyzed inlcuded: survival o discharge,
patient factors (age, event location, illness category), clinical factors (monitor sta-
tus, respiratory support, cardiovascular support), and processes of care (invasive
airway, epincphrine bolus, vasopressin bolus, duration of CC). Multivariate
analysis was performed to assess CC for BP as an independent predictor of sur-
vival. Results: Complete data was available for 3149 patients. 1732 (55%) had
BP and 640 (37%) survived to hospiral discharge. Of 1417 (45%) with asys-
tole/PEA, 331 (23%) survived to hospital discharge (p<0.001). After adjusting
for confounding factors, CC delivery for BP was significantly associated with
survival co hospital discharge (OR 1.57, 95% CI }.28-1.93). Conclusions:
Patiencs receiving CC for BP before pulselessness develops have better survival to
hospital discharge, even when adjusted for patient facrors, location, ctiology of
arrest, and process of resuscitative care.

Crit Care Med 2007 Vo!. 35, No. 12 (Suppl)
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ASSOCIATION OF PROMOTER POLYMORPHISMS WITHIN
ALPHA 7 NICOTINIC ACETYLCHOLINE RECEPTOR GENE
WITH SEVERE SEPSIS.

XiangMing Fang, Qixing Chen, HaiHong Wang, ShuiJing Wu, The first affili-

ated hospital, School of Medicine, Zhejiang University, Hangzhou, China

Introduction: Sepsis is a clinical syndrome charactesized by systemic inflamma-
tory reaction. Recent studies identified that vagal nerve sesrved as an
immunomodulacor in inflammatory diseases. Stimulation of vagal nerve attenu-
aces the production of proinflammatory cytokines, inhibits the inflammacory
process and improves survival in experimencal medels of sepsis. This anti-inflam-
matory pathway is mediated by the alpha 7 nicotinic acerylcholine recepror
(CHRNA7), which indicates thac CHRNA?7 is a candidate gene in genetic study
of sepsis. Hypothesis: This study is to investigate whether the promoter poly-
morphisms within CHRNA7 influence the clinical course of severe sepsis.
Methods: Severe sepsis was diagnosed based on SCCM/ACCP criceria. The -
1313A/G and -1512T/G variations were genotyped in 186 patients with severe
sepsis and 326 matched healthy controls by means of PCR-RFLP. Results: The
genotype frequency of -1313A/G in patients with severe sepsis was AA 40.9%,
GA 43.5% and GG 15.6%. comparable to that of AA 38.1%, GA 43.4% and
GG 18.5% in controls (p>0.05, Fisher's exacr test). The genocype frequency of -
1512T/G in pacients with severe sepsis was TT 77.4%, GT 19.9% and GG
2.7%, similar to that of TT 74.5%, GT 24.3% and GG 1.2% in controls
(p>0.05, Fisher's exact test). Meanwhile, there was no significanc difference in the
allelic frequency of these two SNDs in the defined groups. Furthermore, when
the patients wich severe sepsis were divided into survivors and non-survivors, nei-
ther -1313A/G nor -1512T/G contributed to the fatal outcome of severe sepsis.
Logistic regression analysis also demonstraced that the two promoter polymor-
phisms were nort independent factors for the susceptability to and fatal outcome
of severe sepsis. Conclusions: These findings show that the promoter polymor-
phisms of -1313A/G and -1512T/G in CHRNA?7 are not associaced with severe
sepsis, and may not serve as genetic markers for severe sepsis.
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EFFECT OF HEMORRHAGIC SHOCK ON THE MICROGLIAL
RESPONSE AFTER TRAUMATIC BRAIN INJURY IN MICE.

avi i , Jennifer Exo, Keri Feldman, Vince Vagni, Robert Clark,
Michacl J Bell, Larry Jenkins, Patrick M Kochanek, Safar Center for
Resuscitation Research, Picsburgh, PA

Inaroduction: Hypotension is 2 common secondary insult after traumatic brain
injury (TBI) and is associated with poor outcome, We previously reported thar
hemorrhagic shock results a -6-fold increase in hippocampal neuronal death in
CA) after controlled cortical impact (CCI) in a2 mouse model of TBI. HS may
aleer the inflammatory response to TBI by modulating microglial activation
which could either exacerbate damage or enhance neuroprotection. Hypothesis:
HS influences the microglial response 1o TBI. Methods: Isoflurane anesthetized
C57BL6 mice were subjected to eicher HS (2¢c/100g, MAP 35-40 mmHp) for
90 min, unilaceral CCI, or combined injury (CCI+HS). After 90 min of HS,
MAP was maintained >50 mmHg for 30 min with Hextend, followed by rein-
fusion of shed blood. Mice were killed at 7 days post-injury. Microglia were
quantified (ImageJ sofrware, NIH) in brain sections in ipsilateral and contralat-
eral CAJ and CA3 hippocampus using FITC labeled and-Iba-1 andbody.
Results: HS alone preduced no change in the number of microglia vs naive con-
trols. See Table. CCl increased the number of microglia bilaterally; ipsilateral >
contralaceral. The increase in ipsilateral microglia produced by CCI+HS was not
significantly different from that produced by CCl alone. Conclusions: HS alone
did not increase the number of microglia in mouse brain, while CCI results in a
marked microglial response. After CCI, the microglial response was not aug-
mented by HS, despite markedly greater neuronal deach. Thus, 2 level of HS that
augments neuronal death after TBI does noc augment the microglial response.
We speculate that HS may blunt an endogenous neuroprotective effect of
microglial activacion at 7d after TBI. Support: US Army PR054755W81XWH-
06-10247 and NS30318 and NS38087
Table. Number of microglia per 200x field in CAl and CA3
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CHRONIC COGNITIVE DEFICITS AND HEMISPHERIC
ATROPHY ARE ASSOCIATED WITH EITHER CONTUSIVE OR
NON-CONTUSIVE CLOSED HEAD INJURY IN THE IMMA-
TURE RAT.

immy Hubh, Critical Care. CHOP, Philadelphia, PA; Ramesh Raghupathi,
Neurobiology/Anatomy, Drexel Universicy, Philadelphia, PA

Introduction: Brain trauma in infants and young children lead to long-term
cognitive deficits that are associated with eicher focal contusians or diffuse
lesions. Our purpose was to understand mechanisms underlying chronic cogni-
tve deficits fgllowing focal or diffuse closed head injury in the immacure rat.
Hypothesis: Focal (contusive) closed head injury will lead to chronic cognitive
deficits and a focal brain caviry, while diffuse (non~contusive) injury will lead to
chronic cognitive deficits and diffuse brain atrophy. Methods: Anestherized
post-nacal day t1 rars (neurologicalty a coddler) were subjected to an impact (5
m/sec, 3 mm depth) on the intact skull over the left parietal cortex (n= 4
injured/injury rype/time poinc for histology; n= 10/injury rype and 10 uninjured
for behavioral analysis), with either 2 mecal or a silicone-tipped indenter which
produce contusive or non-contusive brain injury, respectively. Results: By 6 hr
to 3 days following contusive injury, neurodegencration and gliosis were
observed in all layers of the ipsilateral cortex under the impact site along with
neurodegeneration in the hippocampal dentate hilus and extensive traumatic
axonal injury in the white matter and thalamus. A similar pathology was
observed following non-conrusive injury, except in the corcex where sporadic
neurodegencration was noted. By 3 to 7 days, neurodegeneration in the ipsilat-
eral thalamus and axonal degeneration in the white martter were observed in all
injured animals. At 2 weeks, injured animals exhibited diffuse cortical, whice
matter, and hippocampal ar.ro?hy in the injured hemisphere and was associated
with learning and memory deficies (p < 0.05). In addicion, impact with a metal
tip also resulted in a small buc overt focal lesion. Conclusions: Our results
demonstrate that regardless of the mechanism of the initial impact, trauma to the
immature brain resulted in chronic diffuse brain atcophy and cognitive deficics.
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CEREBROSPINAL FLUID ATP LEVELS ARE ELEVATED IN
PATIENTS WITH NONTRAUMATIC INTRACRANIAL HEM-
ORRHAGE.

Paul ] Riesenman, Christelle D Douillet, Peter M Milano, Preston B Rich,
Surgery, University of North Carolina, Chapel Hil), NC

Introduction: ATP and other nucleotides are released from many cell types into
the extracellular milieu in response to stress. ATP stimulation of purinoceptors is
important to cellular homeostasis and neurotransmission, although disregulation
of purine signaling has been implicated in pathologic processes such as
vasospasm and gliosis. ATP levels in the cerebrospinal fluid (CSF) of padents
with acute intracranial pachology are poorly defined. Hypothesis: We hypothe-
sized thac ATP is elevated in the CSF of patients with nontraumacic intracranial
hemorrhage. Methods: Seven patients had CSF samples obrained ac the time of
intraventricular drain placement for nontraumatic intracranial hemorrhage.
Specific ctiologies included intraventricular hemorrhage (n=1), intraparenchy-
mal hemorrhage (n=2), and subarachnoid hemorrhage ( n=4). Eight padents
undergoing spinal anesthesia for elective surgical procedures provided CSF sam-
ples which served as controls. Samples were analyzed for ATP by luciferin-
luciferase luminometry. Addicionally, other markers of brain cellular injury (neu-
ron specific enolase (NSE), S100B, and 8-Isoprostane) were measured by
immunoassay. Stdent’s t-test was used to compare means. Values are expressed
as meanzstandard error and two-tailed p values are reported. Results: CSF ATP
levels were significantly elevated in patients with intracranial hemorrhage com-
pared to controls (123245 vs. 323 nM, p=0.01). Addirionally, NSE and 8-
[soprostane levels were also significancly elevated (89229 vs. 8+2 pg/L, p=0.01
and 3428 vs. 1029 pg/mL. p=0,02 respectively) Elevacions in S$100B did not
reach statistical significance (110.6£78 vs. 0.520.2 ng/mL, p=0.12). No signifi-
cant linear relationships between elevations in ATP and NSE, S100B, or 8-
Lsoprostane were observed. Conclusions: ATP is elevaced 1o physiologic relevant
levels in the CSF of patients who experience nontraumatic incracranial hemor-
rhage. These elevations in ATP parallel other markers of brain celtular injury. The
role of ATP in aggravating or mitigating cell injury in chis setting remains to be
defined.

Crit Care Med 2007 Vol. 35, No. 12 (Suppl)



Reference 18. Proceedings from the NINDS Neurological Effects of Blast Injury Workshop.
Emergent Potential Treatments for Blast-Induced Neurotrauma

Patrick M. Kochanek, MD, Robert S.B. Clark, MD, C. Edward Dixon, PhD, Robert Garman,
DVM, Hulya Bayir, MD, Valerian Kagan, PhD, Edwin K. Jackson, PhD, Richard Bauman, PhD,
Joseph Long, PhD, Steve Parks, David Shellington, MD, Jennifer Exo, MD, and Larry Jenkins,
PhD

Safar Center for Resuscitation Research, Depts. of Critical Care Medicine, Neurological Surgery,
Pediatrics, Environmental and Occupational Health, and Center for Clinical Pharmacology,
University of Pittsburgh School of Medicine, Pittsburgh, PA, 15260, Operations Research and
Applications, Fredericksburg, VA, and Walter Reed Army Institute for Research, Bethesda, MD

Acute therapeutic approaches to blast-induced traumatic brain injury (TBI) target key aspects of a
complex secondary injury cascade. Five factors must be considered, namely, 1) facets of TBI that
are generally common across all forms of injury, 2) unique pathophysiological features of blast-
induced TBI, 3) extracerebral insults (shock/polytrauma) that may complicate the injury, 4)
severity of the insult, and 5) dose response and brain pharmacodynamics/kinetics. In addition,
any acute therapeutic approach must account for critical temporal factors that influence the
potential implementation of treatments in the field, emergency department, operating room, and
ICU settings. Conventional facets of TBI that represent therapeutic targets include categories
such as neuronal death, excitotoxicity, edema, axonal injury, oxidative stress, mitochondrial
damage, ischemia, and inflammation, synaptic injury, and disturbances in cell signaling, among
others. Although much remains to be discovered, preliminary data suggest that several aspects of
TBI pathophysiology are of special importance in blast-induced neurotrauma—particularly in the
setting of severe injury— including malignant edema, vasospasm, axonal injury, and intracerebral
hemorrhage. It also must be recognized that any new therapies will be superimposed upon the
current treatment regimen, which for severe blast-induced TBI is substantial, while for mild blast-
induced TBI is limited. Two overarching approaches to therapy of blast-induced TBI will be
discussed, namely, therapies that have been shown to have promise in conventional experimental
models of TBI, or phase I-II clinical trials. These therapies represent “low-hanging fruit,”should
be prioritized taking into consideration the aforementioned unique pathophysiological aspects of
blast TBI, and tested in emerging experimental models of blast-induced TBI. In parallel, more
speculative, but potentially higher yield targeted therapies should be explored, preferably, via
high-throughput screening, in rodent models of conventional or blast TBI (across injury levels,
gender, and with and without shock/polytrauma). And the most promising agents should be
advanced from rodents to large animal models of blast-induced neurotrauma and clinical trials.
Also, although there may be many shared mechanisms across injury levels in blast neurotrauma,
optimal therapies for mild and severe blast-induced TBI are likely to differ. In addition to
conventional approaches, a number of novel therapeutic approaches should also be explored
including agents that target specific subcellular compartments (such as mitochondria), new
delivery systems (such as nanoparticles targeting microglia/macrophages), acute application of
cellular therapies, and new hemoglobin-based resuscitation fluids, among others. With the most
promising therapies, some effort will be necessary to evaluate them in models that include
various aspects of standard therapy. Given the complex nature of the secondary injury cascade in
blast neurotrauma, combined therapies are also likely to be necessary to optimize outcome,
particularly in the setting of severe injury. Finally, therapeutic strategies should set the stage for
optimal rehabilitation/regeneration/re-wiring, in a continuum of care that goes from the field to
rehabilitation. This overall approach to therapy development and selected specific examples of
promising approaches in each category will be discussed.

Support: DARPA PREVENT program, CDMRP, NS38087, and NS30318
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CASE CONTROL STUDY ON DECOMPRESSIVE CRANIECTOMY IN
CRILDREN WITH TRAUMATIC BRAIN INJURY

lurn Fieistra. Sangeey Growal Ashlev Dic Batinsta, Awdvex Shibata, Michele
Mcorar, Aie-Marte Guerguerian

"The Hospital for Sk Childven Toronto, Omrio, Canada, = Eracous Univer
sty Rofrerdwm, Netherlands

Objectives: Decompressive eraniectomy (DCY following truumutiv brain inyury
CEBE i perforined to evacuaste hemutomas and o relicve intrcranial pressoee
that may compramise viable brow tissue. The (ndications, type. and tinung vary
between centers, complications attributable 1 DC are reported o de vare hatinay
have serions impheations specifically in young chidren and may prorousdly mod-
'y the dength of caie and recovery. We hypathesized thal the odds of develop-
ing infectious comphicasons i ehildren wookd be ditterent between children
ueated with DC Tor TBY compured o non=TBRI ndications,

Methods: We pertormed o case control study 1o charactenze e compheations
and outeomes ol childien who required admission 10 the pediatiic aensive care
umiC e PICU Y and were trested with DC associgled with FBE Among 905 cranice
omies regisered in (he surgical databave of the Hospial for Sick Childien be-
tween 2001 andd 2000, weidentiiied 333 subjects advitied 10 PICU wmong which
48 caves underwent DC associated wirth THB1 TFor eveny Bl case. thiee controds
weie selected and maiched For age among children who andeswent DC o ve-
centindications such s strohe. wman, vaseular malformanons Primacy ontcome
was the ovepall madence e of comphicinons: secondary aplcomes were e
e developmy an mlection, time 1o disconpiting mechanical vennfation. tine o
hospita) dinchiarge. and owcomes relsted o e pusiary discase such as hydro-
cephalus and funciona! oucone (PCPC & POPC).

Resulis: Among (he 45 cases of TBI admitted w PICU reated with DC, 20 had
severe TBY (Best GCS < 9). 42 survived (3 subjects who died had a best GCS
ol Do Among sanvivors: one patient developed memngitis, while ddimost a thied
hael other infecuons related to enher mechanical ventlation or wound mtections.
Al survinorns were discharged with o GCS of 14 or 15 (82% had GCS 15) none
were vegerarive, nor required o tracheostomy. 93%  of suevivors had o
PCPCAOPC of 2 or ahove i ¢.. favourable outeome on hospital discharge. Odds
af developing mfections complicaions were not selated to the indication of the
DC bue to the oy erall lenpth of sy,

Conclusions. Complications assectted with DC are rawe and ¢hildiea who un-
dergn decompressive cuamicctomy following TBI have favowable outcomes.
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RESUSCITATION OF COMBINED TRAUMATIC BRAIN INJURY AND
HEMORRIAGIC SHOCK WITH POLYNITROXYY, ALBUMIN: EFFECT ON
FLLUID REQUIREMENTS. BLOOD PRESSURE. SURVIVAL AND NEU-
ROPATHOLOGY

fenugier Lae'. Duvid Shellington'. Vincom Vagnd . kevi Feldmun! L Ma®, Carlton
Hswa®, Robert Clavk!, Hudva Bavir's Luorv Jenkos', € bdward Dison’. Patrack
Rochunek!

"Unrversiny of fnshrrgh School ot Mediewe, Parsbaagh, PA, United States “Stsme
Ter hnolayies vine CA, Dinted Siares

Ourcome ufter Teatmatic braco imwy CTBL) is worsened by bemuerbag e shock (HS).
hut the optimial resusertation approach rensns uadleas The SATE -hudy (Finler, J003)
identificd gher mortality cates in TBY panents neated with dbumin vs aormad sahine
The novel colloid polvattroayl albumin (PNA) i composed of albumin with o0 cova-
lently Tinked netros e angiondant moeties, and is protecine in maodels of HIS, stroke.
and eevebral hemorrhage, Currently osed flads include lactated Rugec (LR he wvil-
L stmdand. Hextend (HX) the inihary standatd. snd hypertonie 1370 salme: We tested
the iy potiests that resusciation with PNA i equat or superior (0 1e<oscitation wiy
VXL LR v 34 adter TBL4 HS Tnoflurane anesthetized CSTBLG mice (n = 30) under-
went conpolled cortreal impact followesd by 90 i ol HS (2.0 /100g, 130 bickd
volwoc ], MABE == 33mmiHg). Aiter HS nuce were candonnzed 1o yesuseitation with
LR, HX. Ve or A TS was folloswed by 30 min of s Mid adminisicabon target-
ing MAP 2> 20 miml g (pre-hospnal phise). Shed bkuxd was ye-infused and MARP >
76 wmimlle trccted thospial phase), MABP in euch phase. wnount of (had requred. 7d
survival, and ngpocampal CA T and TAS netron counks were saessal There was o
difference henween groups m MARP at the end of HS. However, pre-hospital MABP
was hieker 1o PNA and JIX ibath p << 0,03 (LR wr 3%, Flind requiresnears in (he
prehn 3 phuse were less ia PNA and HX (0 19 = 002 and 0.2 = 0.07m,, ve-
it s bl p <2 QO3 O LR (098 £ 0 ddaalo on 37 (057 =2 03dnl 7d survivid
wi Coeshwath PNA 10/7) v 6/3LRC 7€ RX, or 4/7 34 hut tlns was not sigmiticant
P 0297 Ipslateral ppucampal CAT acuron loss vs contr, ral) 4l not dister be-
et groups (LR X2 = 184 11X 37 & 1095, 38 30 = IR%, am] PNA 3y + 134 p =
AR, fpalatgral inppocampal CA3 nevron loss did notdifler hetween groups (FR 23 =
2 HX T ING, 3G 13 L PNA 120 289 0 Ok | sxhbihied Ta-
vorahle effecre on 31k acuie resuseidgiion pacimeters vs aither LR or 37 in TR+ HS.
and wan cosnpacable 10 HX Resuscizatuon with PNA Jid not wfluence hippocampal
neeronal auevival, Our data suggest that PNA confers acute beneit withou( deleterious
elects alter combined TBI+HS. Furlther Modics are undentay wvsessing the effect of
these therapies on ICP, edenta, onsdative stress. and cognitine outeome.

Suppon: €S Amiy PRO347SS WEIXWH-06-10247; T-32 1D 040686
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SELECTIVE BRAIN COOLING ATTENUATES ELEVATED INTRA-
CRANIAL PRESSURE INDUCED RY PENETRATING BALLISTIC-LIKE
RRAIN INJURY IN RATS

G Wi, Xiaofong Yang, Frank C Torella, Ni-Chn M Lu

Walter Reed Army Instituie of Rescarch, Siver Sprng. MD, Umited Staten

Clevation sl i scramal pressure (ICPY (otlawing asmatic bygio inury (TBID is
highly axsoviated with poor prognosis. Whole body hypothernua has been con-
sidered chnncatly as a non-pharmacalogical strategy o reduce TBI-indeced in-
crease in [CP. but ar the sisk of miroducing svatemic e eftecrs In this anudy
we achicved selective brain cooling (SBC)Y by extraluminal cooting or the bilat-
eral common carond anerics (CCAY and exammed its ¢ftects on (he nerease m
1CE i acat model of penctratng ballisue-fike brarnmyury (PBBI) . The tme course
of ICP atter PBRI o1 shamn wagery was momiored inisofluciine anaesthetized
vats. i a separate gnsup of rals. SBC stuted imauediately abier mjury a.e within
Linin lowerad byany temperatare ~3°C below nogmal levels within 20 min. Brain
cooling was mantdaned for 2 h belore spontancous re-wiarming was altowed. The
1CP and brinn temperature of all animals were monored comnusinly (or the
uttal 3 b, and again (or 3 min daily for 7 days. The cesults showed that imme-
duately tolfowiag PBBI the 1CP mereased stcadily and peaked at 24 h post-injury
to 4x the haseline level. Subsegnently. ICP eradually recovered and returned o
the normal by day 4 post-injury Howevero m rats subjected 10 2 h SBC the ele-
vation in ICP was sgaiticantly aitenvaied. These results dicate that, m the ab-
senee of g erantotony. acute, rapid, and sclectve induction of brain hypothermiz
his soxtamed beneficial cifeers on elevated 1ICP, which may provide a therapen-
e substrale W facaliate nearoprotection saxl improve recovery from i PRBIL

Table. Effect of SBC on PBBI induced ICP Elevation in Rats (Mean +SD)

©P
Groups {mmbig) 5 min 3h 24b 48h 72h
Baseline
Shem 67218  83%21 65433 95:29 §8:23 106:33
(n=11)
PBBI 75816 04 L 194:55" 372 + 304 v 236183
(n=12) 33" 10.4” 8.0
PBBI-S8 /7218 100 + 128:31" 208:67° 206 1 175160
C (n=14) 38 ‘ ’ 83"
“* P<0.0% compared with sham group. # p<0 05, 9 # p<0 01 comparad with PBB) grous
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EFFECTS OF LIPID PEROXIDATION INHIBITION ON CALPAIN-ME-
DIATED CYTOSKELETAL DEGRADATION AFTER TBI

Aysman Mustfa, Kimberly Currice, Stephanie Thompson, Edward Hall
Unrcersuy of Keinndhy, Lexineton, KY. United States

Lapnd peroxidation i< a major form of oxsdanve damage that takes place @ucly af-
ter rammatie brain anjury (181 Dita from our lab chow thae lipid perosidanon
i cartical tiskue peaks at 1 hr post controlled corucal impict (CCDH-TBI in CIF 1
mice and remasiosy signibicanty inereased over 12 hrs after inposy (Deng. ot al
Exp Neurn). 2007 M: SHES4-65) Lipd peroxidation s suggested ke con-
wibute to post-TBRI calpim-mediated cytoskeletl (a-specirn, 280 kKDio degrada-
tion That culminates i neuronal damige and nevrologics] deticit after TBI. De-
tection ol spectn breakdown producis, the 145-KDu fragment 1 particular, i~
wsed (v estunate calpain-mediated cyloskelerd degradanon since it provides «
com enient omarker of post traumaric calpain acuvation (Pmeda. et at. J Neo-
cotrauma. 2004 Oc: 21103 1442-56). The aim o1 this study was o (urther define
e role of Lipid perokidation after TBI ustng the potent fipid peroxidation in-
hibitor U-838361: (Hall. et 4l § Pharmacol Exp Ther, 1991 Aug:258¢2).688-94)
The sdy investigated the ability of U-KIRAGE o ameliorate calpam-mediied
cytonkeleta) degradation. Mule CI1 mice were tandonized into ~ham, ~aling
treated and U-83836E reated (0.1, 03, 1.0, 3.0, 10 0. . 20.0 mg/kg) gronps.
The sham group veceived only vraomstony with no further wreatment. whereas
both salime- and U-RARIGE-treuted groups feceived cramotomy and were aub-
Jected to severe (1.0 mm impact depth) CCI-TBI followed by TV (tul vein) in-
Jecdion of the asaigmed teearment 1S minutes post injury  The levels of culpasn-
nediated cvimkelenal degradation products were sigmificanty increased ininjured
cortical Hissue 4t 24 hry post-inpury (9504 over sham). U-8K16E produced a
dose related sitenuation of spectrin degradation compared (o vehicle trearment
The best dose (2.0 mp/hg) teduced the levels of the calpam speerlic 145-KkDa frag-
ment by 70% (p < 005) The findmgs indicate that lipid peroxidation iy o carly
event that contribute 10 post-TBI culpamn actisanon. Currently we s using the
best dose (20 mg/kg) 1o determine U-R3R36E therapeutic tune window for de-
creasing calpain-mediaed cytoskeletal degradation after CCI-TBI.

{Funded by IRDINSNI6566 and [P0 NSO51220)
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Pathophysiology guided therapeutic approaches to blast-TBI and polytrauma

Patrick M. Kochanek, MD, Robert S.B. Clark, MD, C. Edward Dixon, PhD, Robert Garman,
DVM, Hulya Bayir, MD, Valerian Kagan, PhD, Edwin K. Jackson, PhD, Richard Bauman, PhD,
Joseph Long, PhD, Steve Parks, and Larry Jenkins, PhD

Safar Center for Resuscitation Research, Depts. of Critical Care Medicine, Neurological Surgery,
Pediatrics, Environmental and Occupational Health, and Center for Clinical Pharmacology,
University of Pittsburgh School of Medicine, Pittsburgh, PA, 15260, Operations Research and
Applications, Fredericksburg, VA, and Walter Reed Army Institute for Research, Bethesda, MD

Acute therapeutic approaches to blast-induced traumatic brain injury (TBI) target key aspects of a
complex secondary injury cascade. Five factors must be considered, namely, 1) facets of TBI that
are generally common across all forms of injury, 2) unique pathophysiological features of blast-
induced TBI, 3) extracerebral insults (shock/polytrauma) that may complicate the injury, 4)
severity of the insult, and 5) dose response and brain pharmacodynamics/kinetics. In addition,
any acute therapeutic approach must account for critical temporal factors that influence the
potential implementation of treatments in the field, emergency department, operating room, and
ICU settings. Conventional facets of TBI that represent therapeutic targets include categories
such as neuronal death, excitotoxicity, edema, axonal injury, oxidative stress, mitochondrial
damage, ischemia, and inflammation, synaptic injury, and disturbances in cell signaling, among
others. Although much remains to be discovered, preliminary data suggest that several aspects of
TBI pathophysiology are of special importance in blast-induced neurotrauma—particularly in the
setting of severe injury— including malignant edema, vasospasm, axonal injury, and intracerebral
hemorrhage. It also must be recognized that any new therapies will be superimposed upon the
current treatment regimen, which for severe blast-induced TBI is substantial, while for mild blast-
induced TBI is limited. Two overarching approaches to therapy of blast-induced TBI will be
discussed, namely, therapies that have been shown to have promise in conventional experimental
models of TBI, or phase I-II clinical trials. These therapies represent “low-hanging fruit,”should
be prioritized taking into consideration the aforementioned unique pathophysiological aspects of
blast TBI, and tested in emerging experimental models of blast-induced TBI. In parallel, more
speculative, but potentially higher yield targeted therapies should be explored, preferably, via
high-throughput screening, in rodent models of conventional or blast TBI (across injury levels,
gender, and with and without shock/polytrauma). And the most promising agents should be
advanced from rodents to large animal models of blast-induced neurotrauma and clinical trials.
Also, although there may be many shared mechanisms across injury levels in blast neurotrauma,
optimal therapies for mild and severe blast-induced TBI are likely to differ. In addition to
conventional approaches, a number of novel therapeutic approaches should also be explored
including agents that target specific subcellular compartments (such as mitochondria), new
delivery systems (such as nanoparticles targeting microglia/macrophages), acute application of
cellular therapies, and new hemoglobin-based resuscitation fluids, among others. With the most
promising therapies, some effort will be necessary to evaluate them in models that include
various aspects of standard therapy. Given the complex nature of the secondary injury cascade in
blast neurotrauma, combined therapies are also likely to be necessary to optimize outcome,
particularly in the setting of severe injury. Finally, therapeutic strategies should set the stage for
optimal rehabilitation/regeneration/re-wiring, in a continuum of care that goes from the field to
rehabilitation. This overall approach to therapy development and selected specific examples of
promising approaches in each category will be discussed.

Support: DARPA PREVENT program, CDMRP, NS38087, and NS30318
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SYSTEMATIC REVIEW ON DECOMPRFE,
CHILDREN FOLLOWING SEVERE TRAUMATIC BRAIN INJURY
Jorn Lreingra, Scmpeev Grewal Ashlex Di Batitsta. Miehele Merat. Anne-Murie
Cuerouerion

The Hosprwad for Sick Cluldien, Toronio, Ongarin. Cunada.
vitve Rotterdam, Neotherlonds

e Univer -

Ohjective: Decompressive Cranieciomy (DCY remainy a controversiu) therapy in
childven with severe Travowatic Bram (njury (18], We nadertook o syarematic
eview o assess the qualiey and quantity of the evidence sl bighlight the gups
teund inthe literature on Decompressive Cranicctomy peslermed in childven,
Methods: Medling. The Cochrane Eabrary, EMBASFE, and OVID Medhine were
searched Qune 1950 - Taly 2007). Studies were selected using a priori inclusion
arnieria using the {ollowing ~careh ey (mdinvidwally or combmed)  decom-
prossive) cramectomy. children. treatment and ceanictomy  Two reviewers inde-
pendently selected the anseles, search terma: three reviewers read and extriwied
the vonlent o achieve ¢ mimmally biased review. Given the paucity of controtled
rnals, we included both obseyvational and experimental stadies
Results: Among 1778 swdies retrreved. X mer inclavion cniteria. 83'% were ob-
servaional Only one vady used 1 randomized controlled nal devign Twenty
eight articles (90% ) had a study sample ol less than 60 subyects, and the average
Qudy sample size (our atotal of 837 sabjects) per study was 27 subjects, Seven-
teen of the 31 armicles excdusively <tucdied a pediateie sample: only 20% of all the
subjeets sighied were younger than 19 years Uncontrollahle yntraceamal pressore
wiy the muin indteauon for Decompressive Crunicetomy v 20 stadies. Glisgow'
Owicome Scale was used as hmetonal eadpoint v moe 20% ol the sudies
Cranicctomy legd 16 an improvement innbacsanial pressine in maore thap bull
of subjects (33%), combined with 0 704 beter funcoonal and neurological ow-
come status. Over 20 swdied” conclusion statements, support Decompressine
Cranwecomy as a secondary thevapy in chiddren with TBI

Conclusion: Due (o the imited aumber of studies uvailable and the studies” de-
vgns, we plan 1o perform a case-controt study in children o examine the etfects
ol the tuming of Decompressive Craniectomy and co-intervennons {eg .« anubi-
vhe wsed, on the rate of complicanion, co-morbiditics and outcones, We look for-
ward Lo (he upeeming compleuon ol the two randormized contrelled tals i aduhs,
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POLYNITROXYLATED PEGYLATED HEMOGLOBIN SOLUTION FOR
THE ACUTE LIMITED FLUID RESUSCITATION OF HEMORRHAGIC
SHOCK MR TRAUMATIC BRAIN INJURY IN A MOUSE MODEL
Deyiod Shellingten!, Jennifer Exo’, Vincent Vagnd'. Li Mo, Keri Feldman!, Robeit
Clavk!, Hulva Bayn!, C. Edward Dixon!, Larey Jenkus’. Abe Abichonski®, Car-
leron Had?, Putrick Kodhanek!

YUniversiy of Pusshureh School of Medicine, Pintshurgh, PA. United  Sates.
2Svnzyme Technologies. byine. CA. United Stares, *Prolong Pharmacouin als. Mon-
month Jinenon, N1 United Stares

In gustere enviconments, such as after blust-inducesd travmatic bram injury C1H1) in
Operation lraqi Freedom. carly resoscnation of hypotension o prevent sccondary
damage after TBI can be challenging Though isotonic erystallond or colloid solu-
tione are typically used for Lthis purpose. novel hemoglohin (Hhy hased resuscsitation
fluids may have advantages sn volume requirements, restoraton of iemadynamics
and axygen delivery, Howeves, eoncerns with possihie miric oxide (NO) consump-
ton and/or oxidative stress ftom free Hby bave Ixen raisad (Natanson ct al,. 20083
The novel nitroxiyde antioxidant Hb soluton. polymiteony lated pezs lated b (PNPL.
may conler an advantageous profile mihis regard, We hy pothesized tha acate vol-
ume recuscitaton with a 44 PNPL <olution wonld be favorable compared 1o Lac-
tated Ringee's solution (LRY or Hestend ¢he curent civilian aad military standards
of carey ma mouse combined injury maodel. Isollorane ancstiictized CS7BL6 mice
were subjecied 1o controlled costica) impact (5 més. | min depth) followed by hein-
orthage (2ec/100g, |~30% blood volume|. MAP 35-40 mmHg) lor 90 min. Aler
90 nun. 1o simalate Tinited prehospital resuscitiion, MAP was maintained > 50
mmHg for 4 min with PNPH. IR, or Hevtend. Alted 30 min, shed blood was re-
infised. Blond pressures were recorded every 5 min daring resuscitaton. Rewser-
tion volunies were recorded at the end of the pre-hospitsl phase. Arierial blond
gussex and elucose levels were momtored. Mortahty rate did not sigmificanily dit-
fer hetween yroups, althowgh moretality: was highest with LR (/6 PNPH vo 44 LR
vn (VS Hextemd), Resucditation with PNPH (0 12 = 0.05 ml) or Hexend (0.26 =
Q.07 miy vequired less vofome (han with LR (096 < 0.2% wml)y (p < 0.05) PNPH
(64,42 29 minHg) bur nat Hextend (SRR 7 2 0) exhitated a stgmihicantly gher
pro-hospital can MAP vs LR (80,4 2 2.9, p < 0.05) during resuscitaton. Si-
Lorly PNIPH bus nat Hexiend exbibited a apoificantly higber pre-hospital peak MAP
VELR (<0 0.03). Our resalts sugeest that limited resuserttion with PNPH i (he
scny ot combined TR+ hemorrhagie shock may offer advantages over LR or Hex-
tend. [urther s estgation of nearopathology. ussue Oy levels and markere of NO
and vedative suess are ongoing w determine 1f PNPI ofters additional therapeuue
addvanr
Suppart US Army PROSI?253 WET XWH-006- 10247
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LEFECT OF TAURINE WITH
INZYMEN OF MITOCHONDRE
BRAIN INJURY

Uisteny Huapre, Om Wenve, Chon Wang Veny o

Nowppsurgcal huntawe, Tianju. Hew Divricr, Chne

SNESIUM SULFATE ON RESPIRATORY CHAIN
RATS WITH ACUTE SFA ERE TRAUMA UIC

Object Toanveshste the achinity o) espiriation cham ensvmes of milochondion and the ef-
fecrs of e CTab) with nragnesiam sulfie (Vg0 on the fars wih acaie severe [raumaue
beain inpury Method Fony wmule Sprague-Dawley ram tweight 300 < [0g) were anilomly di-
wded ouo five groops sham grovp, TBI group. Tau group. Fav- MESO4 group and MeSO,
group AN aoimals were subjected b serere leftbran injury by laeral flowl p
Y 2 0aum excet sham goop Tau 1200 mg/ke), MpSQOy (96 maAg) and
(o 200 /g, Tae Mz? = 201 were immediately injectad by tad vein of s aitee TBI
or 7 duve Then both of fhe Jef: amd right ham xamgles were dissected and homogenized. Nh-
tschosdrion wis extiacted by density and specd-cennfuganon The sctivity
wxehandnan were wennlied by Janhs grecn B xaining and elecizon o
mely, Protwin of miochondron was quannified accordmg 1 Bradtord  The sebsiy of
mitex hondrinl rexpiraton chabn enzames which inclode succinite debydrogenased DL, ey~
1ochrome ¢ ovdave (CCO) seduced micasinanude ademne dinucleotde(NADH) wis measured
by dliraviolel sadianon (UGN specuvplicismeter. AN datic was analyzed by one-way ANOV A
Resmdtz] Phe sonvity of micvhindnon was approved well by Jonus zreen B dve And the ul-
ructine showeed that (here i< more han 90%  mitochondtion (n an eyeshol, which xidhsian
ot} the purty of nitechondrion 2 The acuvity of SDH (UWme) of injnred brate (lete braind
UBLgnwp, Tau geoup, Tau-MeSO, roup and MeSO, gnoupavhich were 0 %0 = 025 13X +
032,208 7 17060 2 135 reseanely oda 3 icantly compaved with sl roup
(31150 Only e SO g ob TanMgSOy group was sigmlicaatly increised than
that of TBI goup For dght bra the SDH aonsity of Tiue-MgSOy o agmbivandy we-
arased (S 23 T i and of i ron K74 ] M2 8 LR 04N
MpSO; ooy respeatnely b wos dea < e (466 =
2300 A d o ltand nghe Ream, e actis ity of CCO (emolzmpis avstatistic Biference amany
Sproups (039 2 0240582 0020146 0 2R 082 O IK 049 20 32 dn el bin
N2 =006, 036 T 020,027 » 024,017 % 01t 1,39 022 m the nght bras for shoai
groap. TR group Tau group. Tad-MeSO4 groop and MeSOy group respectively), The €CO
Gty of rzht brave Was decreased markedly an thae of left brain w3 rouns excent 2
preop o The activity of NADH (L/mgd of mjured bezun (left brsin) in TBL gsoup (28 73 =
790 and Ta-MeSCL aroup 12302 0 Q62) was deciesad markedly han dut of Taw group
: 73¢ 224) and shaw group (9 4 502) ‘[here was no
the night brin amone S croups (3906 £ 4540 27 16 2 1312, Men = 527,
39022 L7637 LY = ) 8S an the vivhd brain bor sham group. TBE gooup. Tau group, Tau-
MeSO, roup zod MeSO,4 group epectively) Cancluston Mitschondiul respiration cuina
1he baste source a1~ quile (raportant Tos enerpy <upply. Our study demoenstiaies that the
My of SDH NADH wax signtlicanily decreased ond CCO activily van be normal after 1B1L
Farme can improve markedls the activity of SDH. NADH o 7 days fvom the wein ol ra.
much beler than the elfect of MeSO, and Fuu-MpeSOyg that can ondy inuresse the acavity af
NADH o1 SDH respectively. Womeana thatl taunine is a beter agend 1o protect the function o
mitochondron after V1

Reywords Traunahc brain ijory Taurine magnesium solfate mitoehandsin) seapirohon chain
vnzymes

CLRA0A device

0.24in TBI, Tau.

w
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BRAIN ENERGY DEPLETION CAUSED BY A DIFFUSE HEAD INJURY
IN RATS IS NOT AMELIORATED BY THE INFUSION OF SODIUM
LLACTATE

Ruth Puriets. Burbura Tavazzi, Keisuke Taya, Leera Barios, Clutsupa K M-
o, Anthony Marmarou

"Virginia Commonw ealth University, Richmond VA, United States, *Catholre Uni-
veriy of Rome, Rome, Italy, *Computing Technical Center, Madrid, Spuin

Traumatic brait injury (TBE) canses a substantial cnergy demand vn cercbral me-
tahohsin (o restore the diochemical and funcuonal brain honteosasis, Recent find-
ingy suggest that lactate could be used by the brain as an aliernative subatrite (o
elucose in siustons of impaired energy mebolism, This sudy was camied oot
o anvestigate the effecty on cerebral melababism of sudivm lictate (NaLae) so-
lutiops intused 10 rais vadergoing a severe diffuse TBI. Afier TBT cas were ran-
domly uxsigned (o one of the fullowing treatment groups (n = 10 per group) TBI-
nurmal saline, TBE-hyperonic saline, T8I-100mM NaLae, TBES00mM NaLac.
TBIE-1280mM Nal ac. TRIL2000mN Nalac and TBESOOMM NalL.ac ples mag-
nesm sudphate. Inaddition, ten rats without auma reated with nonnal saline
were ined as shant animals. Whale cerebroms were (emoved 6 hours post-injury
and HPLC analysis of cerebrat extruets were perfornwed in order to measore those
metabolies representdive of the cell encrgy sate. adenosine wri-phosphate (ATPY
and ATP-catuboliies: as well as nicotinie coenzymes (NAD+. NADH), N-ace-
(ylaspartsie (NAA). Gasue aatioxidant defenses (ascorbee acid, glutathione) and
molecales mdicanive of oxidauve/nigosaive cellular damage (malondraldehyde
and ADP-ribose). Following TBI, a signiticant reduction in the cerebral content
of ATP, NAD+ . NAA, ascorbic acid and glutathione was observed. while the
brain fevels of ATP-calabolites. malondialdehyde and ADP-ribose were elevaced.
These metabohe alieravom Jid not changed significantly 1 any of the gronps
trcuted with Nal.ac solunons The metabolic pathway necessary to consume lae-
tate may not be fuoctionad after a severe 7B due 1o a cerebral depletion of NAD+,
an essentix) co-enpymie for the activity of the mitochondriul lactue-dehydrope-
nase
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CAUSE FOR A PAUSE DURING CPR...IT MATTERS!

Robert M Suyton, Dana Niles, Akira Nishisaki, Kristy B Arbogast, Matthew R
Maltese, Aaron Donoghue, Robert Berg, Mark Helfaer. Vinay Nadkarni,
Children's Hospital of Philadelphia, Philadelphia, PA; Jon Nysacther, Helge
Myklebust, Laerdal Medical, Stavanger, Norway

Introduction: Improved CPR quality is associated wich betrer survival ouccomes,
yet substandard CPR quality is common. Pauses in chest compressions (CC) are
associated with worse survival. A first step to improve CPR qualiy is identifying
factors that lead to substandasd CPR. Hypothesis: Substandard CPR quality will
be more likely 10 occur immediately after a change in CC provider compared to
other causes for pauses in CC. Methods: Wich TRB approval, CPR qualicy was
assessed during consecutive in-hospital CC events in children 28yrs with force
transducer/accelerometer recordings. Data included: CC depth, rate, leaning
force, and CC pause duration. Real-time computer audio feedback was supplied
when rate was <90 or >110 CC/min, depth <38mm, leaning force >2.5kg. and
pause >15s. Causes for pauses were identified by post-event debricﬁng (CPR
team interviews) plus two independent reviews of stored CC dara. Continuous
CPR quality variables analyzed with descriptive summaries/Student t-tesc. RR of
CPR ctror after a pause caleulated. Results: We analyzed 190min of CPR and
117 pauses (median: 6.2s, IQR 3.2-14s) from 14 consecutive cardiac arrests.
Causes for pauses were 52% CC provider switch (median 4s, IQR 2.8-8.7s),
23% pulse/thythm analysis (median 9.8s, IQR 7.3-16.5s), 8% defibrillation
actempt (median 22.4s, IQR 13.95-34.45), and 17% “other/undetermined”
(median 4.4s, IQR 1.9-13.8s). During the first 5s of CC following pauses, lean-
ing was more likely after CC provider switch (RR=3.1, 95% Cl=1.8-5.2,
p<0.0001) and to exceed the feedback trigger (2 5 consecutive CC with leaning
>2.5kg) than for all other causes for pauses combined (RR=3.8, 95%
CI=1.5-9.1, p<0.002). Provider switch resulted in shallower CCs (4427 vs.
46x7mm, p=0.04) in the first 5s after switch. Condlusions: During in-hospita)
pediatric CPR, the majority of pauses are for provider switch. Substandard CPR
quality (leaning/shallower CC) is more likely immediately after CC provider
switch compared to other causes for CC pauses. Future studies should investigate
the effect of feedback targeted 1o this high risk switch period.
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FEASIBILITY OF HEMODYNAMIC ASSESSMENT OF CPR
QUALITY DURING IN-HOSPITAL ADOLESCENT ARREST.
Robert M Sutton, Dana Niles, Macthew Maltese, Akira Nishisaki, Kristy
Arbogase, Aaron Donoghue, Mark Helfaer, Robert Berg, Vinay Nadkarni,
Children's Hospital of Philadelphia, Philadelphia, PA; Jon Nysaeches, Helge
Myklebust, Laerdal Medical, Stavanger, Norway

Introduction: AHA guidelines recommend CC depth of 233% anterior-posteri-
or (AP) chest depth for children. During in-hospital pediatric resuscitation,
disect association of CPR quality with improved blood pressures (BPs) has nor
been demonstrated. Hypothesis: CC that meet the target depth of 233% AP
chest depth will result in higher BPs, compared to shallower CC, during real in-
hospital CPR. Methods: With IRB approval, CPR quality was assessed wich
force transducers/accelerometers during consecutive in-hospital CC events in
children =8yrs with peripheral arterial catheters, Daca included: CC depth, CC
force, and arterial BD Simultaneous arcerial BP associated with the force and
depth of each CC was determined. Continuous CPR qualicy variables/BP ana-
lyzed with descriptive summaries. BP generated by CC 233% AP chest depth
compared 1o shallower CC by Student t-test, Results: Analysis yielded 1481
evaluable CCs during 4 arrests (age range 14.5-16.9 yrs, chest depth 140-
210mm). BPs were higher when CC depth was 233% AP chest depth: syscolic
8725 vs. 69x16 (p<0.0001); mean 52£13 vs. 4329 (p<0.0001); diastolic 34+8
vs. 30x6 (p<0.0001). Figure 1: systolic BP vs. percent AP chest depth.
Conclusions: Association of real-time in-hospital CPR data to hemodynamic
effect is feasible. CC that achieved AHA recommended target depth of 233% AP
chest depth resulted in higher systolic, mean and diastolic BPs, compared to shal-
lower CC. In the future, appropriate control for qualicy of CPR and associated
hemodynamics is important.

120 e e e+

Systolic BP (mmhg)

[ PercentAP ChestDepth (%)

Figure 1: Systolic BP vs. Percent AP Chest Depth
Crit Care Med 2008 Vol. 36, No. 12 (Suppl)
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POLYNITROXYLATED PEGYLATED HEMOGLOBIN FORTHE
ACUTE LIMITED FLUID RESUSCITATION OF HEMORRHAG-
I1C SHOCK AFTER TRAUMATIC BRAIN INJURY IN MICE.
David K Shellington, Xianren Wu, Jennifer Exo, Vince Vagni, Keri Feldman,
Robert Clark, Hulya Bayir, C. E Dixon, Larry Jenkins, Patrick Kochanek,
Department of Critical Care Medicine, University of Picesburgh Medical Center,
Pictsburgh, PA; Li Ma, Carlecon Hsia, Synzyme Technologies, Irvine, CA; Abe
Abuchowski, Prolong Pharmaceuricals, Monmouth Junction, NJ

Introduction: Resuscitation of hemorrhagic shock (HS) to prevent secondary
injury after traumati¢ brain injury (TBI) is challenging. Though isoconic solu-
uons are rypically used, novel hemoglobin (Hb) based fluids may have advan-
tages in volume sequirement, restoration of hemodynamics, and oxygen delivery,
However, concerns with NO consumption and oxidative stress from free Hb
have been raised (Natanson ec al., 2008). The novel second generation nitroxide
antioxidant Hb, polynitroxylated pegylated Hb (PNPH), may be advantageous
in this regard. Hypothesis: Acute sesuscitation with a 4% PNPH solution will be
favorable compared (o Lactared Ringer’s solution (LR) or Hextend (Hex).
Methods: Isoflurane anesthetized C57BL6 mice (n=20) were subjected to con-
trolled cortical impact (CCI) (3 m/s, 1 mm depth) followed by HS (2cc/100g,
[~30% blood volume]. MAP 35-40 mmHg) for 90 min. MAD was then main-
rained >50 mmHg for 30 min with PNPH, LR, or Hex. After 30 min, shed
blood was infused. Blood pressures during resuscitation and fluid volumes to
achieve pre-hospital MAP were recorded. Neurodegeneration ar 7 days was
examined using Fluoro-Jade C (FJC) smining. Results: Resuscitation with
PNPH (0.1840.05 ml) or Hex (0.2620.07 ml) required less volume than LR
(0.96£0.28 ml) (p<0.05). PNPH (64.422.9 mmHp) bur not Hex (58.8£2.9)
produced higher pre-hospital mean MAP vs LR (50.4%2.9, p<0.05). Similacly,
PNPH but nor Hex exhibiced a higher pre-hospital peak MAP vs LR (p<0.05).
Mortality did nor differ significantly berween groups. Mice resuscitated wich
DPNPH had fewer FJC+ neurons in vulnerable regions of the hippocampus
(p<0.05). Conclusions: Limited resuscitation of combined CCI + HS with
PNPH offers advantages over LR or Hex including reduced volume require-
ments, better normalization of hemodynamics, and protection against neuronal
death ar 7 days. Support: US Army PR054755 W81 XWH-06-10247
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NON INVASIVE CONTINUOUS POSITIVE AIRWAY PRES-
SURE AND HIGH DOSE INTRAVENOUS NITROGLYCERIN
IN HYPERTENSIVE PULMONARY EDEMA; WHICH ONE HAS
AN OUTCOME IMPACT?

Y . Muhammad A Hussain, Critical Care Medicine, University of
Alexandria, Alexandria, Egypr; Hassan Othman, Anesthesia and Surgical
Incensive Care, University of Alexandria, Alexandria, Egypt

Introduction: Non invasive conrinuous positive airway pressure (CPAP) has
established superioricy over conventional methods of management including low
dose intravenous Nitroglycerin (IVNG) in patients presenting with hypertensive
pulmonary edema (HPE). Hypothesis: Evaluation of the outcome of the use of
high-dose intravenous nitroglycerin (HDNTG) versus non invasive CPAP in
HPE. Methods: 60 patients with HPE were randomly assigned into 3 manage-
ment groups; Conventional oxygen therapy (high flow oxygen through a non re-
breathing face mask at 15 Liters/minute), noninvasive CPAP (10 cm . H2O via an
oronasal mask) or HDNTG (IV boluses of 2 mg of NG every 5 minutes accord-
ing to the response up to10 doses. Furasemide, conventional doses of nitrates
and morphine had been given according to the clinical condition of the patiencs.
Results: There was no statistically significanc difference beeween the three groups
regarding baseline characteristics. Predefined criteria of success wese merin 30%,
50% and 90% of patients in the Oxygen, CPAP and HDNTG groups respec-
tively p=0.009. The need for Mechanical Vencilation (MV) was required dufing
the firsc two hours of treatment in 65%, 50% and 0% in the Oxygen, CPAP and
HDNTG groups respectively p <0.001. The mean duration of ICU stay was
6.90£1.97. 5.60%1.67 and 4.002).84 days in the Oxygen, CPAP and HDNTG
groups respectively p<0.001. Hyportension developed only in one patient in
HDNTG group. The combined end point (death, need for MV and incidence
of MI within 24 hours of admission) was met in 709%, 50% and 10% in the oxy-
gen, CPAP and HDNTG groups respectively p=0.007. Conclusions: Not only
it caused a prompc clinical improvement, HDNTG was superior to CPAP in
reducing the need for MV, incidence of Ml and duration of ICU stay. It was
superior to CPAP in improving the combined end point of myocardial infarction
within 24 hours of admission, need for mechanical ventilation and death.
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A PROSPECTIVE RANDOMIZED CROSSOVER TRIAL OF
PEDIATRIC SIMULATION..DON'T JUST TALK ABOUT IT,
JUST DO IT!

Eshica Bakshi, Michael Meyer, John Lin, Daniel Steigelman, Larissa Newmann,
Philip Spinella, WHMC, San Antonio, TX; Vinay Nadkarni, Cricical Care,
CHORP, Philadelphia, PA

Introduction: The value of reperitive simulation of specific scenarios compared
to repetitive didactic training only for specific scenarios has not been well stud-
ied. Hypothesis: Our objective was to determine if case specific simulation train-
ing (ST) improves time to trearment for critical events. Mcthods: This prospec-
tive study randomized 25 pediatric residents to one of two groups: Pulseless
ventricular tachycardia-torsades de pointes (pVT-T) (Group 1) or supraventric-
ular tachycardia-poor perfusion (ppSVT). (Group 2). Scenarios done with
Simbaby (Laerdal, Denmark) at three times: Initial (T0), 2 months (T2), and 4
months (T4). At all times both groups were given standardized didaccics on afl
PALS algorithms, including pVT-T. At TO and T2, Group 1 had ST for VF and
pVT-T, Group 2 had ST for VF and ppSVT. At T4 Groups | and 2 had ST for
VF, pVT-T, and ppSVT. Prior to T4, Group | had no ST for SVT and Group 2
had no ST for pVT-T, they only had didactics for management of these specific
evenis. Primary outcomes were time to defibrillation (Defib) and Mg dose for
pVT-T, and cardioversion and adenosine for ppSVT, Secondary outcomes were
time to initiation of BVM, and durarion of interruption of chest compressions
from TO 1o T4. Analysis by related and unrelated sample Wilcoxon tests. Resufts:
At T4, Group 1 (n=14) had shorter time to shock (68s vs 108s, p=0.07) and Mg
dose (37.5s vs 1715, p=0.002) compared to Group 2 (n=11). Group 2 had slight-
ly shorter time to shock (66s vs 10Gs, p=0.119}, and time to adenosine dose (35s
vs 144s, p=0.09) that approached significance compared to Group 1. Time 10
BVM was reduced from TO to T4 in VF in both Groups (n=25), 17.5s vs 8s,
(p=0.011), as was time of interruptions during chest compressions (24s vs 15s,
p=0.019). Conclusions: Repetitive case specific simulation training improves
time to treatment for critical events compared to when repetitive didactic crain-
ing only is performed for thar specific scenario.
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RESUSCITATION OF TRAUMATIC BRAIN INJURY AND HEM-
ORRHAGIC SHOCK WITH NOVEL COLLOIDS: EFFECTS ON
ACUTE HEMODYNAMICS AND SURVIVAL.

Vincent Vagni, Keri Feldman, Larry Jenkins, C. Edward Dixon, Safar Center for
Resuscitation Research, Pirssburgh, PA; Jennifer L Exo, David Shellington,
Robert §.B. Clark, Hulya Bayir, Patrick M. Kochanek, Critical Care Medicine,
University of Pitsburgh School of Medicine, Piresburgh, PA; Li Ma, Carleton
Hsia, Synzyme Technologijes, LLC, Irvine, CA

Introducrion: Traumatic brain injury (TBI) with hemorrhagic shock (HS) con-
tributes to civilian and milicary moruality, bue the ideal resuscitation fluid is
unknown. The SAFE study suggested colloids vs crystalloid confer deleterious
effects after TBI (Myburgh, 2007). This is significant as the colloid Hextend
(HEX) is used for combat resuscitation, and novel colloids, such as polyitroxyl
albumin (PNA), have been created. PNA, albumin covalently linked 10 nircoxy!
moieties, used alone and with free nicroxide Tempol (PNA+), had favorable
effects in HS, stroke, and cerebral hemorrhage models (Kentner, 2002).
Hypothesis: Resusciration with colloids PNA, PNA«+, albumin (ALB), or HEX
confer favorable hemodynamic effects without worsening survival vs Lacrated
Ringers (LR) in our model. Methods: Isoflurane anesthetized C57BL6 mice
(n=40) underwenr conrrolled cortical impact and 90min of HS (20ml/kg, MAP
35mmHg). Mice were randomized to resuscitation with LR, HEX, ALB, PNA
or PNA4, then entered 30min prehospital phase with fluid administration tar-
geting MAP>50mmHg. Shed blood was returned and MAP>60mmHg cargeted
(inhospiral phase). MAP, volume infused, and 7d survival were assessed, Results:
MAP ac end of HS did not differ between groups. PNA, PNA+, HEX, ALB
reached higher MAD in prehospital phase vs LR (p<0.01). Prehospital and toral
fluid needs were less for PNA, PNA+, HEX, ALB vs LR (p<0.01). No group
required more than shed blood during inhospital phase. Although not signifi-
cant, PNA+ had the best numeric 7d survival (7/8 vs 5/8LR, 6/8HEX, 5/8PNA,
G/8ALB). Conclusions: In our model, colloids PNA, PNA+, HEX and ALB pro-
vided positive effects on hemodynamics with less volume vs LR wichout worsen-
ing survival. We are now examining neuopathology to determine if colloids
mediate neuroprotection. Qur findings corroborate work by Baker, 2008, and
suggest dismissal of colloid resusciration in TBI+HS may be premarure.

Al144
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SURVIVAL ANALYSIS AFTER CARDIOPULMONARY RESUS-
CITATION IN RATS WITH MYOCARDIAL INFARCTION
TREATED WITH MESENCHYMAL STEM CELLS.

Tong Wang, Zitong Huang, Emergency medicine, the Second Affiliaced Hospital
of Sun Yat-sen University. Guangzhou, Guangdong, Chinz; Wanchun Tang,
Shijie Sun, Tingyan Xu, Max Harrcy Weil, Weil Insticuce of Critical Care
Medicine, Rancho Mirage, CA; Zhi Wan, Emergency medicine, Westc China
Hospiral of Sichuan University, Chengdu, Sichuan, China

Introduction: Allogeneic bone marrow mesenchymal stem cells (MSCs) were
administrated in a rac model of myocardial infacction by three different routes of
administration including intravenous, intravencricular and intramyocardial
injection. Hypothesis: Survival after cardiopulmonary resuscitation (CPR)
would be improved in myocardial infarction animals treated wich MSCs.
Methods: Myocardial infarction was induced by ligation of the left anterior
descending coronary artery in 54 rats (6 groups, 9 rats for each group). One
month later, animals were randomized to receive 5x10° MSCs labeled with
PKH26 or PBS into right femoral vein or the left ventricular cavity of the infarc-
tion zone in the antecior ventricular free wall. 4 weeks after MSCs or PBS injec-
tion, 6 min of ventricular fibrillation (VF) and 6 min of CPR were performed
prior to defibrillation. Survival after resuscitation was recorded Results: There
were no difference in success rate of resuscitation, number of surviving to 72
hours and number of shocks at paired groups. However, survival were siginifi-
cantly increased after CPR in MSCs trearted groups comparing with the corre-
sponding PBS treated groups (Figure 1). Conclusions: Survival after CPR were
comparably improved in all groups of animal treated with MSCs in constrast to
the PBS groups.

Survival Curve
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BRAIN CELLULAR RESPONSE AND TEMPERATURE MANIPU-
LATION AFTER CARDIAC ARREST RESUSCITATION IN RATS.

i ia, Gehua Zhen, Shinyi Tsai, Marthew Koenig, Carlos A Pardo, Nitish
V Thakor, Romergryko G Geocadin, Johns Hopkins University School of
Medicine, Baltimore, MD

Intreduction: Therapeutic hypothermia after cardiac arrest (CA) improves sur-
vival and functional outcomes whereas hyperthermia is harmful, but its neuro-
protective mechanism remains unclear. We previously showed that hypothermia
post-CA led 1o better neuro-electrical and behavioral recovery. Hypothesis: We
quantified the impact of temperature manipulation on brain injury with stereo-
logical rechnique on microglia (by ionized calcium binding adapror molecule 1 -
Ibal), astrocytes (by glial fibrillary astrocyte protein - GFAP), and neurons (by
Cresyl-violet suining). Methods: Based on 6 hours of immediare post-CA
hypothermia (T=33°C), normothermia (T=37°C), or hyperthermia (T=39°C).
24 rats were evenly divided into 3 groups. Temperature was maintained using
surface cooling and warming. Neurological recovery was evaluated using the
Neurological Deficit Score (NDS). Histological evaluation was done after 72 hrs
post CA. Results: Better recovery by NDS 72 hours post-CA was noted in rats
treated with hypothermia (median, interquartile range: 74, 61-74), compared to
normothermia (49, 47-61), and hyperthermia (43, 0-50) (p<0.00]). There was
a significantly different proportion of ischemic neurons by HDS in cortex
(hypothermia: 19.7+3.4%, normothermia: 26.0x3.1%, hyperthermia:
54.6+7.8%, p<0.001) and CA1 (p=0.004). There was significant less Tba-1
expression in CAl in hypothermia compared to normothermia and hyperther-
mia groups (p=0.001). No difference existed for GFAP expression in cortex or
CAL. Conclusions: The enhanced recovery provided by hypothermia and the
decrimencal effect of hyperthermia were supported by quancitative ischemic neu-
ronal injury in rats after CA. While neuronal preservation was noted more with
hypothermia, the brain's immune response also showed decreased microglial
activiry. Hypothermia may decrease che microglia activation in response of cen-
tral nervous system to CA than hyperthermia or no treatmenc in CAl in this
injury model. No difference was noted in the astrocytic activity in the different
groups. Supported by NIH RO1HL071568 and R21NS054146
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PNPH, A NEUROPROTECTANT HBOC:
STUDIES OF IN VIVO AND IN VITRO TRAUMATIC BRAIN INJURY

Kochanek, P. M.!, Wu, X.', Ma, L%, Du, L.}, Shellington, D.", Vagni, V.!, Clark, R. S. B.!, Hsia,
c.1.c?

!Safar Center for Resuscitation Research, University of Pittsburgh, Pittsburgh, PA
2SynZyme Technologies, Irvine, CA, United States
Email: kochanekpm@ccm.upmc.edu

The combination of traumatic brain injury and hemorrhagic shock (TBI+HS) is
devastating and is an important challenge in both civilian and military resuscitation. Aithough
Hemoglobin-based Oxygen Carriers (HBOCs) are logical candidates for resuscitation in this
setting, vasoactivity and neurotoxicity are obvious limiting concerns for clinical translation.
Polynitroxylated pegylated hemoglobin (PNPH) is a novel modified bovine Hb that contains 14-
15 antioxidant nitroxide moieties along with pegylation that confer putative beneficial properties.
We explored the effects of PNPH in three models relevant to TBI resuscitation, namely 1)
experimental TBI in mice followed by 90 min of mild volume-controlled HS and resuscitation
{Dennis et al, J Neurotrauma 2008), 2) TBI in mice followed by 35 min of severe pressure
controlled HS and resuscitation, and 3) in vitro studies using rat cortical neurons alone or
exposed to an excitotoxic insult (glutamate/glycine). In both in vivo models, PNPH outperformed
either Lactated Ringers (LR) or Hextend (HEX) as resuscitation fluids with regard to
resuscitation volume required and/or blood pressure achieved. PNPH also exhibited favorable
effects on both recovery of brain tissue PO, (PbtO,) vs LR, and neuronal death in vulnerable
hippocampus vs LR or HEX—as assessed using fluorojade staining. Finally, in neuronal culture,
unlike native bovine Hb, PNPH was not toxic across a wide range of concentrations and
surprisingly attenuated excitotoxic neuronal death—as assessed using either LDH release or
MTT. We conclude that PNPH is a unique small volume resuscitation solution in experimental
TBI+HS that exhibits neuroprotective properties both in vivo and in vitro. Given the possibility of
extravasation of HBOCs into brain tissue in TBI or polytrauma resuscitation, PNPH or related
nitroxylated Hbs may represent very attractive novel small volume oxygen therapeutic agents.
Support: US Anmy PRO54755W81XWHO06-01-0247 and NS30318.
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RECOMBINANT HEMOGLOBINS AS RESUSCITATION FLUIDS IN A
MOUSE MODEL OF TRAUMATIC BRAIN INJURY PLUS HEMORRHAGIC
SHOCK

Xianren Wu', Nancy T. Ho?, David K. Shellington'. Chien Ho?, Vincent Vagni'.
Virgil Simplaceanu®. Tong-Jian Shen?, Patrick M. Kochanek'

’Safm' Center for Resuscitation Research University of Pitshurgh Stcheol of
Medicine, Pinsburgh, PA, United Sttes. *Camegie Mellon University Departinent of
Biological Sciences, Piusburgh. PA, United States

Recombinant hemoglobins (rHbs) hold promise as novel resuscitation agents. Trau-
matic brain injury (TBI) plus hemorrhagic shock (HS) represent a devastating combi-
nation. We have explored the physiological effects of novel recombinant octameric Hbs
in our 3-phase mouse madel of TBI + HS. modified to have a HS phase of 5 min, a Pre-
Hospital Phase of 90 min, and a Hospital Phase of 15 min. After a controlled cortical
impact TBI. a brain tissue PO, (PbtO,) probe was inserted. HS was induced with blood
withdrawal (2.3 ml/100 g) over 15 min. Mean arterial pressure { MAP) was maintained
at 25-27 mmHg until the beginning of the Pre-Hospital Phase. Mice were then assigned to
Lactated Ringers (LR) or rHb groups (n=6-9/group). Three octameric rHbs have
been studied: rHb with normal O, affinity [NA-Hb(@N78C)]. rHb with high O, affinity
[HA-Hb(2L29F /aN78C)). and rHb with low O, affinity |LA-Hb{«L29W /aNT8C)].
After bolus LR or rHb (20 ml/kg), additional LR or rHb (10 ml/kg/5 min) was given (if
MAP < 70 mmHg) through Pre-Hospital Phase. The Hospital Phase commenced with
return of shed blood. Pre-Hospital resuscitation fluid volume was > 4-fold higher in LR
group (p < 0.01). MAP normalized only in the rHb groups (p <0.01, vs LR). Total
blood Hb in rHb groups was ~2-3g/d) higher vs LR (p < 0.05). Lactate was nor-
malized in al] groups, lowest in HA-Hb group (p < 0.05). PbtO, was numerically lowest
in HA-Hb group. Octameric rHbs normalized MAP and lactate with much smaller
volume than LR after TB1 + HS. Differences in Hb oxygen affinity could not account for
their vasoactivity. but may impact PbtO,. Current studies are examining the effect of
these novel rHbs on neuronal death and brain edema in TBI resuscitation.

Supported by NIH ROIGMO84614 to CH and US Army PRO54755W81X
WH06-01-0247 to PMK.

P362 — STUDENT COMPETITION FINALIST
POLOXAMER P188 ATTENUATES CELL MEMBRANE PERMEABRILITY,
AND IMPROVES HISTOPATHOLOGICAL AND FUNCTIONAL OUTCOME
FOLLOWING TRAUMATIC BRAIN INJURY IN MICE

Lamin HAN Mbye', Michael J. Whalen?

Massachusetts General Hospital, Charlestown, MA, United States.
Medical School, Boston, MA, United States

*Harvard

Background: Loss of plasma membrane integrity after traumatic brain injury is a
marker of cell death. Poloxamer P188 (P188) is a non-ionic copolymer that promotes
membrane resealing in injured cells. We tested the hypothesis that P188 reseals
damaged cell membranes and promotes histopathological and functional recovery
following controlied cortical impact (CCI) in mice.

Methods: Adult CD1 or C57/BL6 mice were administered the green fluorescent cell
membrane impermeant dye YOYO-1 intravenously (1V) immediately before CC1. At
| hour, P188 (5mM. 20 ml/kg) or PBS was administered [V. Propidium iodide (PI)
was administered [V at various times after injury and mice were killed 10 min Jater.
Resealed cells were identified as YOYO-( + /PI-. Brain edema was assessed at 24 h by
the wet-dry weight method, blood brain barrier (BBB) leakage (1-24 h) was guanti-
tated using Evans Blue, and lesion size was determined by image analysis at 2 weeks
after CC1. Motor and cognitive function was determined by wire grip and Morris water
maze tests, respectively.

Results: P188 induced plasma membrane resealing in over 50% of initially permea-
bilized cells in injured cortex and hippocampus. Spontaneous membrane resealing was
observed after 6h in the absence of P188. PI88 also reduced brain edema by 45%
(p < 0.005). BBB leakage by 94% (p < 0.005), brain tissue loss by 29% (p < 0.05).
motor deficits (p < 0.05 group effect), and improved cognitive function (p < 0.05 vs.
vehicle) after CCL. [n P)-pulse labeling experiments designed 1o follow the fate of
injured cells over time, P188 did not rescue injured cells from eventual death after CCI.
Conclusions: Postinjury administration of PI88 reseals permeable cell membranes
and improves clinically relevant outcome measures after CCl in mice. These beneficial
effects are not associated with long term survival of resealed cells in brain, implicating
mechanisms other than rescue of injured cells per se.
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NON-CLINICAL RESULTS OF THE ECE/NEP INHIBITOR SLV334, A NEW
THERAPEUTIC CLASS TO BE INVESTIGATED IN TRAUMATIC BRAIN
INJURY (TBI)

charld Vanvliet!, Tinka Tuinstra', Robert Hamm®, Hrissanthi ikonomidou®, Les
Turski

'Solvn_v Phurmaceuticals Research Laboratory, Weesp, Netherlands. *Virginia
Commonwealth Universirv, Richmond, VA, United States. *University of Wisconsin,
Madison, WI, United States

Introduction: SLV334, a metalioprotease inhibitor, is in clinical development for
TBI. It inhibits endothelin converting enzyme (ECE), preventing formation of the
vasoconstrictor endothelin-1 (ET-1) from its precursor Big endothelin-1 (Big-ET-/).
SLV334 also inhibits neutral endopeptidase (NEP). preventing the breakdown of na-
triuretic peptides. i.e. atrial natriuretic peptide (ANP).

Purpose: To show the effect: on enzyme inhibition: on secondary damage. at the site
of impact and also on impaired motor and cognitive function seen in animal models
after TBL

Methods: SLV334's enzyme inhibition was studied in vitro and its functional an-
tagonistic activity in a Big-ET-1 induced constrictory response in a rabbit saphenous
artery assay and in Big-ET-| induced hypertension in anesthetized rats. Subsequently.
SLV334 was tested in experimental models of TBI in rats. Cortical damage and
hippocampal CA3 damage were examined in a controlled cortical impact/weight drop
(CCl) model. 3 days post-injury. Moreover, the effect on impaired vestibular motor
{beam walking on day |. 3, 7 post-injury) and cognitive function ( Morris water maze
on day [4-17 post-injury) was studied in a fluid percussion injury (FP[) model.
Resuits: SLV334 inhibited the enzymatic activity of hECE-1 (from Sf9 cells; ICso
374 nM) and NEP (from guinea-pig cortex: ICso 4 nM) in vitre and antagonized the
Big-ET-1 induced constriction in the antery assay (JC50 ~ I nM) and hypenension
([Dso ~ 17 mg/kg iv bolus). Injection of SLV334 (10 ug ~0.02 umol icv and 30,
100mg/kg iv bolus) 15" post-CCl-injury elicited 10-20% significant reduction of
neuronal loss in the CA3 subfield of the hippocampus. SLV334 (100 mg/kg iv bolus)
tested 4 h post-injury also showed significant protection. SLV334 (100, 300 mg/kg iv
bolus) 4h post-CCl-injury showed significant reduction in the amount of conical
damage at the site of impact. The same dose 4 h post-FPI-injury significantly reduced
the trauma-induced deficits in motor function and cognitive function. SLV334
(300 mg/kg iv bolus) also tested after extended periods post-injury (8, 24, 48 h) was
effective up to 24 h post-injury.

Conclusion: SLV334's enzyme inhibition was shown in pharmacology studies; in TBI
models, SLV134 not only prevented secondary damage in the hippocampus, but was
also neuroprotective at the site of impact, and improved motor and cognitive function
after TBI, even after administration up to 24 hours after injury. The overall resulls in
two different non-clinical TBI models suggest that SLV334 might have therapeutic
potential in the treatment of TBI in humans.
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MITOCHONDRIAL PROTECTION AFTER TRAUMATIC BRAIN INJURY
BY SCAVENGING LIPID PEROXYL RADICALS

Ayman Mustafa, Indrapal Singh, Kimberly Carrico, Edward Hall

University of Kentucky, Lexington, KY, United Stutes

Lipid peroxidation (LP)-mediated oxidative damage is initiated after traumatic brain
injury (TBI) by the action of reactive oxygen and reactive nitrogen species (e.g.
peroxynitrite), and is catalyzed by an iron-dependent mechanism. However, lipid
peroxyl radicals (LOO’) are the central propagators of LP reactions across cellular and
mitochondrial membranes leading to irreversible loss of mitochondnial respiration,
oxidative phosphorylation and ion transport which is implicated in neuronal cell death.
The aim of this study was to pharmacologically validate the role of lipid peroxyl
radicals in post-traumatic LP in cortical tissue and mitochondria and define its con-
tribution to the loss of mitochondrial biocenergetics after controlled cortical impact
(CCI-TBI) in male CF-1 mice using the potent and selective lipid peroxy! radical
scavenger U-83836E (Hall et al. J. Pharmacol. Exp. Ther. 258:688—694, 1991). Two
sets of mice were randomized into sham, saline-treated and U-83836E treated (3.0
mg/kg) groups. The sham group received only craniotomy with no further treatment,
whereas both saline- and U-83836E-treated groups received craniotomy and were
subjected to severe (1.0 mm impact depth) CCI-TBI followed by [V (1ail vein) in-
Jjection of the assigned treatment at 15 minutes post-injury. The first set of animals was
sacrificed at 3h post-injury to analyze oxidative damage markers in cortical tis-
sue homogenates. The injury caused a dramatic increase in both 4-hydroxynonenal
(4-BNE) and 3-nitrotyrosine (3-NT) which are specific markers of LP and protein
nitration respectively. The drug significantly reduced levels of 4-HNE and 3-NT
in cortical tissues. In the second set of animals the injury caused a significant increase
in 4-HNE and 3-NT and a marked reduction in mitochondrial state 11l respiration
rate (ATP synthesis capacity) in cortical mitochondria harvested at 2 hrs post-injury.
U-83836E treatment was able to significantly attenuate levels of 4-HNE and 3-NT and
salvage mitochondrial respiratory function. These findings help to validate lipid per-
oxyl radicals as an important mediator of post-traumatic oxidative damage and mito-
chondrial dystunction. They also suggest that LP contributes to peroxynitrite-mediated
protein nitration. Future work is aimed at exploring whether selective scavenging of
lipid peroxyl radicals will mitigate neurodegeneration after TBIL.

Supported by SRO| NS046566 and 5P30 NS051220.
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EFFECT OF SELECTIVE BRAIN COOLING ON ACUTE NEUROPATHO-
GICAL CHANGES FOLLOWING PENETRATING BALLISTIC-LIKE
BRAIN INJURY IN RATS

Guo Wei. Xiaofang Yang, Frank C Tortella, Xi-Chun M Lu

Wualter Reed Army Institute of Research, Silver Spring. United States

Hypothermia is clinically neuroprotective against brain injury, but systemic side ef-
fects. such as hypotension, can be caused by whole body cooling. We previously
reported that selective brain cooling (SBC) significantly attenuates the acute elevation
of intracranial pressure (ICP) following penetrating ballistic-like brain injury (PBBI)
in rats. To determine the neuroprotective effect of SBC on acute neuropathological
changes following PBB). we measured lesion size. hemorrhage. brain edema. blood-
brain barrier permeability, and neurological funictional recovery at 24 h post-PBBI.
SBC (3°C below the baseline brain temperature) was induced in anesthetized rais
within 30 min after [0% right fromal PBBI by extraluminal cooling of bilateral
common carotid arteries (CCA) using cooling cuffs. and maintained for 2 h hefore
spontanevus re-warming was allowed. The hody temperature was regulated at 37°C
using a heating blanket. The control rats received either PBBI or probe penetration
only without SBC. The results showed that SBC significantly reduced PBBI-induced
increasgs in lesion size. hemorrhage. brain edema. and BBB permeability (o albumin
(by 40.3%. 43.1%. 44.6% and 44.2%, respectively) at 24 h post-PBBI. Results of
neurological score assessments also showed that SBC promoted significant functional
recovery 24 h post-PBBI compared to untreated PBB) injured rats (p < .05). These
results demonstrated a neuroprotective effect of SBC on PBBI. Current studies are
underway evaluating longer recovery times and cooling periods as a possible thera-
peutic strategy for severe TBI.
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EFFECTS OF MINOCYCLINE ON MICROGLIAL ACTIVATION AND
DIFFUSE AXONAL INJURY FOLLOWING TRAUMATIC BRAIN INJURY
IN MICE

Mehrnaz Jafarian-Tehrani. Shadi Homsi, Tomaso Piaggio. Nicole Croci, Michel
Plotkine, Catherine Marchand-Leroux

Universitd' Paris Descartes, Paris, France

Introduction: Minocycline has shown to exert anti-inflammatory and neuroprotective
etfects in several animal models of neurodegenerative diseases and acute brain in-
juries, However, the effect of minocycline on the consequences of traumatic brain
injury (TBI) is stilf not fully investigated. Since neuroinflammation and diffuse axonal
injury (DA1) are two consequences of TBI, we investigated the effects of minocycline
on the TBI-induced microglial activation, and axonal accumulation of f-amyloid
precursor protein (-APP) as markers of neuroinflammation and DAI (1). respectively.
Methods: The weight drop model was used to induce TBI in mice (2). Microglial
activation and DAL were evaluated by immunohistochemistry using CD{1b and
B-APP markers. respectively. Minocycline was administered either () three times
Smin (90 mg/kg. i.p.). 3 and 9h (45 mg /kg, i.p.) following TBI (short-term protocol).
or 2) six times 5 min (90 mg/kg. i.p.), 3. 9. 24, 36 and 48h (45 mg/kg. i.p.) following
TBI (long-term protocol). The levels of CD1 1b and fi-APP were evaluated at 24 (short-
term protocol) or 72h post-TBI (Jong-rerm protocol).

Results: The kinetic studies of post-TBI microglial activation and DAI showed an
increase of CD-11b immunolabelling as well as an acute axonal accumulation of §-APP
from 6h up to 72h post-TBI. While minocycline treatment decreased the elevation of
post-TBI CD1 Ib marker in the short-term protocol (P < 0.05), it was devoid of effect
in the long-term protocol. Besides, minocycline had no significant effect on the TBI-
induced axonal accumulation of 8-APP in none of the protocols used in this study.
Conclusion: Treatment with minocycline was able to reduce the TBJ-induced mi-
croglial activation in the shor-term protocol. However, it was not able to reduce the
traumatic axonal injury suggesting that under our experimental conditions the mi-
croglial activation does not affect DAI following TBI.

1) Stone et al. Brain Res. 2000:871(2):288-302.

2) Hellal et al. J Neurotrauma. 2003;20:841-51.
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RESUSCITATION OF TRAUMATIC BRAIN INJURY AND HEMORRHAGIC
SHOCK WITH CRYSTALLOID AND COLLOID THERAPIES: EFFECTS ON
ACUTE RESUSCITATION PARAMETERS, SURVIVAL, AND NEURONAL
DEATH

Jennifer Exo', David Shellington', Vincent Vagni’, Keri Feldman®, Li Ma®, Carleton
Hsia', Robert $.B. Clark!, Hulya Bayir'. Larry Jenkins?, C. Edward Dixon®. Patrick
Kochanek®

"University of Pittshurgh Depurtment of Critical Cure Medicine, Pittsburgh, PA,
United States. *Safur Center for Resuscitation Research, Pittsburgh, PA, United
States. 'Synzyme Technologies, Irvine, CA, United States

Outcome after tranmatic brain injury (TBI) is worsened by hemorrhagic shock (HS),
and the choice of treatment with crystalloid or colloid therapy is the subject of intense
debate. Commonly used fluids include crystalloid lactated Ringers (LR). and colloids
human serum alburmin (HSA) and Hextend (HEX). Polynitroxyl albumin (PNA.
Synzyme) is a novel colloid composed of an albumin molecule with S5 nitroxyl
moieties. PNA. alone or administered with Tempol (PNA+). had favourable effects in
HS. stroke. and cerebral hemorrhage models (Kentaer. 2002). We hypothesized that
resuscitation with the colloids HEX, HSA. PNA. or PNA+ is equal to or better than
resuscitation with the crystalloid LR. Isoflurane anesthetized C57BL6 mice (n = 40)
underwent controlled cortical impact (CCl) and 90min of HS (2.0cc/100g, MAP
~3SmmHg). Mice were randomized to resuscitation with LR. HEX. HSA. PNA or
PNA+. followed by 30min of test fluid administration targeting MAP »>50 mmHg
(prehospital phase). Shed blood was returned and MAP > 60 mmHg targeted (hospital
phase). MAP, fluid volume required. 7d survival. and hippocampal CA) and CA3
neuron counts were assessed. MAP at the end of HS did not differ between groups.
HEX. HSA, PNA. PNA+ achieved significantly higher MAP in the prehospital phase
vs LR (58.35% |.27 mmHg, 59.65+ 1.23mmHg. 60.69 £ 1.39 mmHg, 69.15+
1.69 mmHg, vs. 50.27 £ .84 mmHg. respectively, ANOVA P <0.01). Prehospital
and total fluid volumes required were significantly less for HEX, HSA. PNA. and
PNA+ vs LR (0.23£0.02ml, 0.14+0.0lml. 0.17£0.02ml, 0.263+0.04m! vs.
0.81 +0.07ml, respectively, ANOVA P < 0.01). No group required fluid administra-
tion during the hospital phase. There was no significant difference in survival at 7 days
(5/8LR.6/8 HEX.6/8 HSA, 5/8 PNA, 7/8 PNA+). CA) neuronal loss did not differ
significantly between groups (LR 29.24 +5.56%. HEX 35.68+6.51%, HSA
4441 £3.75% PNA 34.34 £ 5.72%. PNA+ 21.85 £ 8.2} %). CA3 neuronal loss also
did not differ between groups. Our data suggest that colloids HEX. HSA, PNA, and
PNA-+ confer acute benefit without deleterious eftects on survival and hippocampal
neuronal death vs. crystalloid LR after combined TBI 4+ HS. Further studies assessing
the effects of these therapies on ICP and cognitive outcome are currently underway.

Support: US Army PRO54755 WE1XWH-06-10247, T-32 HD 040686.

P230

PNPH, A NEUROPROTECTANT HBOC: STUDIES OF IN VIVO AND IN
VITRO TRAUMATIC BRAIN INJURY

Patrick M. Kochanek', Xianren Wu', Lina D', Li Ma', David K. Shellington'. Vincent
Vagni', Keri Janesko-Feldman'. Robert $.B. Clark', Hiilya Bayir', Carleton Hsia®
'Sufar Center for Resuscitution Research University of Pitishurgh School of
Medicine, Pinsburgh, PA, United States, *SynZyme Technologies, LLC., Irvine, CA,
United States. “Georgia Southern University. Georgia, United States

The combination of traumatic brain injury and hemorrhagic shock (TBI+ HS) is
devastating and is an important challenge in both civilian and military resuscitation.
Although hemoglobin blood oxygen cariers (HBOCs) are logical candidates for re-
suscitation in this setting. vasoactivity and neurotoxicity are obvious limiting concerns
for clinical translation. Polynitroxylated pegylated hemoglobin (PNPH) is a novel
bovine Hb that contains 14—15 antioxidant nitroxide moieties along with pegylation
that confer pulative beneficial properties. We previously reported beneficial effects of
PNPH in an established model of volume controlled HS after CCl in mice. We now
explore the effects of PNPH in two models relevant to TBI resuscitation, namety 1)
TBI in mice followed by 35 min of severe pressure controlled HS and resuscitation. and
2) in vitro studies using rat cortical neurons alone or exposed to an excitotoxic insult
(glutamate/glycine). In the in vivo model. PNPH outperformed Lactated Ringers (LR)
as a resuscitation fluid with regard to resuscitation volume required and blood pressure
achieved ( p < 0.05). PNPH also exhibited favorable effects on both recovery of hip-
pocampal brain tissue PO, tension (PbtO,) vs LR (p < 0.05). and neuronal death in
vulnerable regions of the hippocampus vs LR (p <0.05). Finally, in vitro studies
showed that unlike native bovine Hb. PNPH was not toxic across a wide range of
concentrations (p < 0.05 vs bovine Hb) and surprisingly attenuated excitotoxic neu-
ronal death—ax assessed using either LDH relesse or MTT. Remarkably, PNPH (but
not control bovine Hb) also attenuated glutamate/glycine-mediated neuronal death in
culture (p < 0.05 vs glutamate/glycine). We conclude that PNPH is a unique small
volume resuscitation solution in experimental TBI 4 HS that exhibits neuroprotective
properties both in vive and in vitre. Given the possibility of extravasation of HBOCs
into brain tissue in TB1 or polytraumna resuscitation, PNPH or related nitroxylated Hbs
may represent very attractive novel small volume oxygen therapeutic agents.

Support: US Army PRO54755W8IXWH06-01-0247 and NS30318.
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Novel Recombinant Hemoglobins (rHb) for Traumatic Brain Injury Resuscitation
in Mice

** Xianren Wu, M.D., Nancy Ho, David Shellington, M.D., Chien Ho, Ph.D., Patric Kochanek, M.D.
Anesthesiology, University of Pittsburgh, Pittsburgh, Pennsylvania

Introduction: Genetically engineered hemoglobin (Hb) products hold promise as novel resuscitation agents for
trauma patients. Traumatic brain injury combined with hemorrhagic shock (TBI+HS) represents a devastating
combination. Our recent studies demonstrated that Hb based products have potential for neuroprotection in
resuscitation of TBI+HS (1). We now explored the physiological effects of novel recombinant octameric Hbs in
our mouse model of TBI+HS.

Methods: A 3-phase mouse TBI+HS model (2) was modified to have a HS phase of 35 min, a Pre-Hospital
Phase of 90 min, and a Hospital Phase of 15 min. After a standardized controlled cortical impact (CCl) to the
left parietal cortex was delivered, a PO , probe was inserted through the left frontal craniotomy to a depth of 2
mm into dorsal hippocampus. HS was induced with blood withdrawal (2.3 ml/100g) over 15 min. Mean arterial
pressure (MAP) was then maintained between 25-27 mmHg for additional 20 min. At the beginning of the Pre-
Hospital Phase, mice were assigned to LR (n=6) or rHb groups (n=7-9 each group). Three rHbs were studied:
rHb with normal O , affinity (NA-Hb)(aN78C), rHb with high O , affinity (HA-Hb)(aL29F+aN78C), and rHb with
low O , affinity (LA-Hb) (aL29W+aN78C). After an initial bolus of LR or rHbs (20 mi/kg), a continuous infusion
of LR at 20 ml/kg/h was started. Additional LR or rHb solutions (10 ml/kg per 5§ min) was given if MAP was <70
mmHg through the Pre-Hospital Phase. The Hospital Phase was started with 100% O , and return of all shed
blood. Mice were observed to 24 h.

Results: There were 1-2 animal deathes during the Pre-Hospital Phase in each group. The total volume of
resuscitation fluid during the Pre-Hospital Phase was 500 ml/kg in rHb groups, and 198130 mi in the LR
groups (p<0.01). MAP was normalized only in the rHb groups (p<0.01, vs LR).[figure1]The initial MAP in the
NA-Hb group was higher than other two rHb groups (p<0.05). At the end of the Pre-Hospital Phase, total blood
Hb levels in rtHb groups were about 2-3 g/dl higher than that in the LR group (p<0.05). Lactate levels were
normalized in all groups with the lowest level in the HA-Hb groups (p<0.05). Brain tissue O , was numerically

lowest in the HA-Hb group (p>0.05).[figure2] Conclusion: Octameric rHbs normalized systemic blood pressure
and systemic metabolism with much smaller volume than LR in resuscitation of TBI+HS in mice. Differences in
oxygen affinity of Hbs could not account for their vasoactivity, but may impact brain tissue PO ,, .

References:
1. Shellington D, et al. Crit Care Med 36(Suppl):AS, 2008
2. Dennis AM, et al. J Neurotrauma. 2008 [Epub].

From Proceedings of the 2009 Annual Meeting of the American Society Anesthesiologists.
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Polynitroxylated Pegylated Hb (PNPH) in Resuscitation of Traumatic Brain
Injury + Hemorrhagic Shock

“ Xjanren Wu, M.D., Lina Du, M.D., Li Ma, Ph.D., David Shellington, M.D., Patrick Kochanek, M.D.
Anesthesiology, University of Pittsburgh, Pittsburgh, Pennsylvania

Introduction: The combination of traumatic brain injury (TBI) and hemorrhagic shock (HS) poses a special
challenge to resuscitation medicine. Previously we found promising neuroprotective effects of PNPH (bovine) in
resuscitation of TBI plus HS in mice. However, hemoglobin (Hb) that leaks into the brain parenchyma after TBI
is expectedly neurotoxic. The current study explored possible mechanisms that underlie the benefits of PNPH
both in vivo and in vitro .

Methods: In vivo Study : We used an established model of combined TBI plus HS in mice that includes two
phases, i.e., a prehospital phase followed by a hospital phase. Brain tissue PO , (PbtO ,, ) was monitored

ipsilateral to controlled cortical impact TBI. At the beginning of prehospital phase, mice were randomized to
lactated Ringers (LR) or PNPH (20mi/kg) groups (n=9 each) to 90 min. Hospital phase was then started with
100% O , and return of shed blood. Mice were observed to 24 h and then sacrificed for neuropathology. In vitro

Study: Primary cortical neuron-enriched cultures were prepared from 186 to 17-day-old Sprague-Dawley rat
embryos. Cell vitality [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylitetrazolium bromide (MTT) test] and
neurocytotoxicity [lactate dehydrogenase (LDH) levels] were determined 24 h after incubation of cells with
bovine Hb or PNPH; Possible neuroprotective effects were evaluated 24 h after incubation of cells with a
mixture of glycine/glutamate and individual test Hb agent at concentrations ranging from 0.63 to 12.5 mM.

Results: in vivo Study : During prehospital phase, PNPH treatment normalized MAP with % of the volume vs.
LR (total 206120 vs. 51+4 ml/kg, p<0.01), while hypotension in the LR group persisted (p<0.01). PbtO ,

decreased to <20% of baseline in both groups during HS, but improved after treatment and finally reached
64+36% of baseline in the PNPH group. In contrast, initial recovery of PbtO , deteriorated steadily in the LR

group (28116% at the end of prehospital phase; vs. PNPH, p<0.05).[figure1]Neuropathology showed less CA1
neuronal injury in the PNPH group (vs. LR, p<0.05).[figure2] In vitro Study: At tested concentrations, bovine Hb
produced marked neurotoxicity. Remarkably, no neurotoxicity was detected with PNPH. Incubated with

glycine/giutamate, bovine Hb did not provid neuroprotection. Surprisingly, PNPH reduced injury by ~50% as
compared to bovine Hb.

Conclusion: Our data support multiple potential beneficial effects of PNPH in TBI +HS resuscitation. First,
PNPH improved O , delivery, reduced volume requirement, and yielded superior hemodynamics vs. LR.

Second, PNPH is devoid of the typical neurotoxic effects of Hb and exhibits direct neuroprotective properties
vs. excitotoxicity.

From Proceedings of the 2009 Annual Meeting of the American Society Anesthesiologists.
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Novel approaches in resuscitation and therapy of blast TBI and polytrauma

Patrick M. Kochanek, Larry Jenkins, Robert Garman, Robert SB Clark, Lina Du, C.
Edward Dixon, Hulya Bayir, Edwin K. Jackson, Valerian Kagan, Li Ma, PhD, Carleton
Hsia, Steve Parks, David Ritzel, and Richard Bauman.

Blast-induced traumatic brain injury (TBI) with or without polytrauma has taken on great
importance in combat casualty care. We have pursued an enhanced understanding of
these processes through studies in both in vivo rodent models including the development
of'a model of air blast injury in rats with thoracic and abdominal protection and the use of
a novel mouse model of combined TBI plus hemorrhagic shock (TBI+HS), and an in
vitro model of neuronal stretch. In studies of blast-induced TBI in rats, we examined an
injury level that produced 75% survival and serially assessed brain sections over 2 wks
after injury using H&E (conventional neuropathology), Iba-1 (microglial response),
GFAP (astrocyte response), and amino curpric silver (for neuronal and nerve process
damage) staining. Silver staining was the most sensitive assessment tool and revealed
extensive damage to axons and/or nerve terminals in cerebellum, brain stem, and
hippocampus. In TBI+HS, neuronal death was exacerbated vs TBI alone. Use of the
novel agent polynitroxylated pegylated hemoglobin (PNPH) as a small volume
resuscitation solution improved brain tissue oxygen levels in the injured hippocampus
and attenuated neuronal death vs conventional fluids such as lactated Ringers or Hextend.
Surprisingly, PNPH was also neuroprotective in neuronal stretch in culture—a system
where control Hb was neurotoxic. Benefit of PNPH likely is conferred by the covalent
linkage of 15 nitroxide moieties. We are also exploring the potential secondary injury
cascades with tools such as gene array and oxidative lipidomics and testing other
resuscitation strategies and therapies in these models including the impact of
hyperventilation and hyper-oxygenation, putative neuroprotective agents such as
progesterone, poloxamer-188, deferoxamine, FK-506, and minocycline, along with
nutraceuticals such as caffeine, sulforaphane, and resveratrol, among other therapies. In
conclusion, our data suggest that rodents can be used to appropriately model blast TBI
and polytrauma. Amino cupric silver staining may represent a key tool to examine
therapeutic approaches to blast TBI. Finally, novel covalently-modified Hbs, such as
PNPH, may represent a paradigm shift in TBI resuscitation. Support: USAMRAA
PR054755 W81XWH-06-1-0247 and DARPA.
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