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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 Iraq 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, PI and Hülya Bayır, 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 (PbtO2), 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 12th 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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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 2 MRI assessment CBF 
T1 2-3 PNA vs HEX, LR, or HTS  Fluid requirements; physiology; 

7 d neuropathology 
T2 2-3 PNA vs HEX, LR, albumin 

or PNA+Tempol  
Markers of oxidative stress 

T3 2-3 PNA vs HEX, LR, albumin, 
or PNA+Tempol  

Fluid requirements; physiology; 
7 d neuropathology 

T4 3 PNPH vs HEX or LR Fluid requirements; physiology; 
7 d neuropathology 

T5 3 Top load; PNPH vs stroma 
free Hb 

MAP 

M3 3 Naïve, TBI, and TBI+HS PbtO2 
M4 3 More severe insult—TBI + 

pressure controlled HS 
(MAP 25-27 mmHg) 

Neuropathology and PbtO2 

T6 3 PNPH vs LR PbtO2 and 24 h neuropathology 
M5 3 MRI; naïve, TBI alone, 

TBI+HS 
Brain edema  
 

T7 3-4 TBI alone PNPH vs LR Physiology; 7 d neuropathology 
M6 3 Naïve, TBI, and TBI+HS ICP 
T8 3-4 In vitro TBI; PNPH, PegHb, 

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

T9 4 In vitro TBI; PNPH, PegHb, 
stroma free Hb 

Glutamate/Glycine 
excitotoxicity (LDH, MTT) 

T10 4 In vitro TBI; PNPH, PegHb, 
stroma free Hb 

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

M7 1-4 Mechanistic studies on 
oxidative stress and effects 
of nitroxides and PNPH 

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

M8 4 
 

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; PbtO2=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 

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 

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).   
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Figure 2. Effect of HS on CBF after TBI in mice assessed 
via MRI.  CBF is stable over time in naïves.  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. 

Hemorrhage                              Pre‐Hospital                        Definitive Care 

Protocol Time course
(min)

0 min                                                        90 min                                           120 min         150 min 

TBI: 
CCI 5m/s velocity,

1mm depth

FiO2 0.21                            FiO2 1.0

Hemorrhage: 
2.0ml/100g
over 15 min

Study fluid  infused
to MAP = 50

Re‐infuse
Shed Blood
MAP =60

Baseline 
ABG

Post‐Resuscitation 
ABG

Hemorrhage
ABG (30 min)

Definitive Care 
ABG

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

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 

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, 

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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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.    

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 
studied, we also explored a Hb-based nitroxide.  Several blood 
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), PbtO2, or 
neuropathology can be achieved with an optimized blood substitute 
(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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Figure 5. Photomicrographs of representative sections of CA1 stained with 
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 CA1 and 
CA3 for each group with median shown. (p<0.05, PNPH vs. *HEX, and †LR) 

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)   

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

(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< 
0.05) (Figure 4).  PNPH-
resuscitated mice also had fewer 
FJC+ degenerating neurons in the 
CA1 region of the hippocampus vs 
HEX or LR (p<0.05), suggesting 
important neuroprotective effects of 
PNPH as a pre-hospital 
resuscitation solution in TBI+HS 
(Figure 5).  This neuroprotective 
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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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). 

Naïve
TBI only

TBI plus HS

Shock              Pre-hospital   Definitive care

Figure 7.  Hippocampal PbtO2 vs time in mice.  The naïve (blue) 
was anesthetized but not exposed to either TBI or HS. Normal PbtO2 
values on room air of ~50 mmHg were seen.  During the “definitive 
care” phase, FiO2 was increased to 1.0 producing a robust response.  
CCI alone (red) produced a moderate PbtO2 reduction to ~30 mmHg. 
CCI+HS (orange) reduced PbtO2 below the critical threshold (~10 
mmHg).  The response to raising FiO2 to 1.0 was blunted after TBI.   

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 

(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 CA1 
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 12th 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 naïve 
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 

consumption by Hb and possibly local hyperoxia with compensatory vasoconstriction.  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 naïve mice.  
Hypertension was sustained after top-loading with stroma free human control Hb.    In contrast, hypertension 

was only transient after PNPH suggesting less 
NO consumption and a safer microcirculatory 
profile for resuscitation (Figure 6).  

 
Study M3, Continuous monitoring of 
hippocampal PbtO2 in mice: To compliment 
the assessment of CBF during HS and 
resuscitation in our model, it will be important 
to monitor the effect of resuscitation with 
various therapies on PbtO2.  Normalization of 
both CBF and PbtO2 during pre-hospital 
resuscitation is a goal. We carried out pilot 
studies in our model implanting a 
microelectrode (Unisense, 50 μM) through the 
cortex into the underlying hippocampus 
(bregma -2.5 AP, -2.0 ML, depth 2.0 mm) in 
naïve mice, and in mice after either CCI or CCI 
plus HS.  This approach is feasible in mice 
(Figure 7).  Anticipated PbtO2 levels for 
normal (naïve) mice are seen (~50 mmHg).  We 

also noted PbtO2 levels of ~25-30 mmHg on the side ipsilateral to the contusion after CCI alone.  That level of 
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MAP was nearly normalized in PNPH group at all time points during the pre-
hospital phase (p< 0.05 PNPH vs LR).  
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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 PbtO2 levels in hippocampus during the HS phase.  This model provided a 
perfect target to test PNPH vs LR (as shown in study T6). 

PbtO2, which is less than naïve—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.  

In contrast, PbtO2 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 CA1 
neuronal death.  We have 
used PbtO2 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 PbtO2 in 

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

Studies M4 and T6.  Effect of 
PNPH vs LR on recovery of 
hippocampal PbtO2 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 PbtO2 and 24 h 
neuropathology after TBI+HS.  For 
this work, we increased the 
severity of our model to a very 
severe MAP target during HS—
namely severe pressure 
controlled HS clamping MAP at 
25-27 mmHg for 35 min.  In pilot 
studies we showed that this results 
in a more severe acute decline in 
PbtO2

 and greater 
neuropathological damage.  As 
discussed later, we have followed 

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 PbtO2 during resuscitation, and 
neuropathological damage after recovery in this more severe model, we used a 90 min pre-hospital resuscitation 
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Figure 10.  Effect of PNPH on recovery of hippocampal PbtO2 after TBI+HS in mice.  
PNPH better normalized PbtO2 during the final 30 min of resuscitation (P<0.05 vs LR).  
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Figure 11.  Hippocampal neuronal survival in 
CA1 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. 

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 

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 PbtO2 
during HS and resuscitation, 
and PNPH again appeared to 
confer favorable effects, 
improving PbtO2 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 

CA1 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 
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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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 µM.  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. ap<0.05 
vs all Hb and Peg-Hb concentrations; bp<0.05 vs Hb at the 12.50 and 
6.25 µM;  cp<0.05 vs Hb at 12.50 µM; dp<0.05 vs Hb at 6.25µM.

TBI alone.  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 using 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 naïve, 

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 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 µM.  MTT (% baseline) is shown.  Native bovine 
Hb (Hb) showed dose-dependent toxicity.  Polyethylene glycol- 
conjugated bovine Hb (Peg-Hb) showed less toxicity vs native Hb while 
PNPH was devoid of toxicity across concentrations.  Data are 
mean+SEM. ap<0.05 vs all Hb and Peg-Hb at all concentrations; 
bp<0.05vs Hb at all concentrations;  cp<0.05 vs Hb at 12.50 and 6.25 µM.  
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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 µM each) 
exposure was begun and continued for 24 h.  Hb concentrations ranged from 
0.625-12.50 µM.  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. ap<0.05 vs Glu/Gly and both respective Hb 
and Peg-Hb;  bp<0.05 vs Glu/Gly and respective Hb;  cp<0.05 vs Glu/Gly.

also carried out comprehensive in vitro studies evaluating PNPH in cultured rat primary neurons.  We compared 
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 

resuscitation.  These findings were presented at the 12th International Symposium on Blood Substitutes and the 
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 
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 
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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 Glu/Gly (10 µM) exposure was begun and continued for 24 h.  Hb 
concentrations ranged from 0.625-12.50 µM.  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.  Data are mean+SEM. 
ap<0.05 vs Glu/Gly and both respective Hb and Peg-Hb;  bp<0.05 vs 
Glu/Gly and respective Hb;  cp<0.05 vs Glu/Gly. 
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Figure 17.  Effect of bovine Hb, Peg-Hb and PNPH (1.25 µM) 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 
increased PI staining in stretched vs. control neurons (22.2 vs. 3.6%, respectively). 
Neuronal death after stretch injury is exacerbated by Hb (29.9%), unaffected by 
Peg-Hb (17.6), and reduced by PNPH (7.5%). 

bovine Hb, which at high concentrations exacerbated neuronal death, PNPH consistently attenuated 
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 12th 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 
future development of PNPH. 
 
Study T10.  PNPH is 
neuroprotective against in vitro 
TBI produced by neuronal stretch.  
The effect of the three Hb 
preparations was also assessed in a 
neuronal stretch model at the 
1.25µM 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 
stretch neurons at a defined strain 
magnitude and rate was used. 
Briefly, primary cortical neurons 
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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Figure 18.  Effect of bovine Hb, Peg-Hb and PNPH (1.25 µM) on rat cortical 
neurons in culture exposed to in vitro TBI produced by neuronal stretch. 
Microtubule-associated protein-2 (MAP-2) immunofluorescence (green) at 24 h 
showing loss of neurons and neurite damage after stretch injury. Unlike control 
bovine Hb or Peg-Hb, PNPH appears to reduce neuronal death.  Nuclei were 
labeled with bisbenzimide (blue).   

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−1) 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 PbtO2, 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 
could potentially be operating in 
any tissue in which there is 
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 
support this hypothesis in TBI and 
this may reflect the fact that as 
discussed oxidative stress plays a key 
role in excitotoxicity, which is an 
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. Bayır 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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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 
care (see text for details). 

 
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 CCI, 
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 
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 
meeting of the National Neurotrauma Society as an 
abstract and is in preparation as a full manuscript 
(10). 

 
KEY RESEARCH ACCOMPLISHMENTS 
 

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.  This was a pressure 
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. 

7. Establishment of PbtO2 and ICP monitoring in our mouse models of combined TBI+HS. 
8. Demonstration in our pressure controlled model of TBI+HS that PNPH improves PbtO2 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 Volume-
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 PbtO2 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 PbtO2 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. 
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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. C57BL6J 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 (CCI-only), or either 60 or
90 min of volume-controlled HS. Parallel 60- or 90-min HS-only groups were also studied. After HS (�CCI),
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 CCI-only. Ipsilateral CA1
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 �m in CCI-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 CA1 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
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Introduction

THE 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 PaO2 of
�40 mm Hg after controlled cortical impact (CCI), and ex-
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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 C57BL6J mice (Jackson Laboratories, Bar
Harbor, ME), 12–15 weeks of age and weighing 27 � 1.8 g,

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 N2O/O2 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) CCI-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-

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-�m sections, 200 �m 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-�m 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 J (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-�m hippocampal pyramidal cell layer
length. The 5-�m 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-
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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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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 CCI-only). In addition, the MAP during HS for all
groups was within the target range of 30–40 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 CCI-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-
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TABLE 2. PHYSIOLOGIC DATA (pH, PaCO2, and PaO2)

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

paCO2 (torr)
CCI only 37.0 � 3.4 31.7 � 3.9 35.2 � 4.7
60 HS only 31.6 � 2.4 25.3 � 1.6 35.8 � 2.2
90 HS only 33.6 � 3.1 25.3 � 1.5 36.7 � 3.4
60 CCI � HS 33.5 � 3.9 26.9 � 1.8 36.4 � 4.2
90 CCI � HS 33.3 � 4.3 26.9 � 1.9 40.0 � 6.6

paO2 (torr)
CCI only 162.3 � 7.9 79.4 � 9.0 446.4 � 25.0
60 HS only 163.0 � 17.0 99.9 � 8.5 441.1 � 10.5
90 HS only 157.6 � 13.7 93.2 � 6.8 432.3 � 18.4
60 CCI � HS 154.2 � 14.3 87.6 � 9.9 444.6 � 27.2
90 CCI � HS 168.7 � 12.3 92.2 � 10.7 465.9 � 19.9

CCI, controlled cortical impact; HS, hemorrhagic shock.

TABLE 1. PHYSIOLOGIC DATA (MEAN ARTERIAL BLOOD PRESSURE, 
HEMATOCRIT, LACTATE, AND BASE DEFICIT)

Baseline Shock Definitive care

MAP (mmHg)
CCI only 85.4 � 6.6 80.2 � 4.0 77.0 � 2.5
60 HS only 90.2 � 3.6 35.5 � 3.6 74.5 � 5.4
90 HS only 89.8 � 5.3 39.3 � 4.1 72.8 � 4.3
60 CCI � HS 88.5 � 8.4 34.3 � 5.0 69.9 � 5.0
90 CCI � HS 85.4 � 5.5 36.3 � 6.4 69.9 � 6.9

HCT (%)
CCI only 38.7 � 4.6 36.3 � 4.5 32.4 � 4.3
60 HS only 36.6 � 1.4 27.6 � 1.8 30.1 � 1.9
90 HS only 35.7 � 1.1 26.6 � 1.7 29.3 � 1.8
60 CCI � HS 37.1 � 3.7 27.7 � 3.7 28.5 � 2.4
90 CCI � HS 36.8 � 2.6 28.3 � 2.0 28.3 � 2.0

Lactate (mmol/L)
CCI only 2.5 � 0.1 2.4 � 0.3 1.8 � 0.2
60 HS only 2.2 � 0.1 4.0 � 0.4 1.6 � 0.1
90 HS only 2.3 � 0.1 3.2 � 0.2 1.6 � 0.1
60 CCI � HS 2.6 � 0.2 3.5 � 0.3 1.9 � 0.2
90 CCI � HS 2.5 � 0.2 4.2 � 0.4 2.2 � 0.1

Base deficit (mmol/L)
CCI only �4.7 � 0.4 �5.2 � 0.4 �5.7 � 1.5
60 HS only �4.7 � 0.7 �6.9 � 0.4 �4.8 � 0.2
90 HS only �4.7 � 0.3 �6.6 � 0.2 �5.4 � 0.4
60 CCI � HS �4.7 � 0.3 �8.1 � 0.6 �4.9 � 0.5
90 CCI � HS �4.7 � 0.4 �7.2 � 0.3 �5.1 � 0.5

MAP, mean arterial blood pressure; HCT, hemocrit; 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 CCI-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 CCI-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 PaO2 (Table 2); there was
appropriate equilibration after room air administration and
the expected increase with initiation of 100% oxygen during
Definitive Care. PaCO2 decreased in HS-only and CCI�HS
groups during Shock, while pH did not, a difference likely
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TABLE 3. PHYSIOLOGIC DATA (SODIUM, 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 � 0.2 143.5 � 0.3
90 HS only 142.4 � 0.4 140.2 � 0.5 143.3 � 0.2
60 CCI � HS 142.7 � 0.4 140.4 � 0.4 143.1 � 0.5
90 CCI � HS 142.1 � 0.5 140.5 � 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 92.9 � 7.2 169.0 � 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 � 11.9 179.9 � 10.2 85.4 � 6.7

Osmolality (mOsm/kg)
CCI only 290.0 � 1.1 294.8 � 1.7 292.3 � 1.3
60 HS only 289.9 � 1.2 293.2 � 1.2 293.5 � 0.9
90 HS only 293.2 � 1.3 293.4 � 1.8 296.3 � 1.8
60 CCI � HS 291.2 � 1.3 291.9 � 1.7 293.0 � 1.3
90 CCI � HS 291.9 � 2.7 293.4 � 1.8 296.3 � 1.8

CCI, controlled cortical impact; HS, hemorrhagic shock.

FIG. 2. Average number of surviving CA1 hippocampal neurons per 100-�m 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 CA1 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,
32.3 � 7.6, 30.6 � 2.2, and 28.1 � 2.2 neurons per 100-�m
pyramidal cell layer length (CCI-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

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 CA1 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
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FIG. 3. Average number of surviving CA3 hippocampal neurons per 100-�m 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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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 (PaO2 � 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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FIG. 4. Representative microphotographs (original magnification, 	20), stained with hematoxylin and eosin (H&E), de-
picting the CA1 hippocampal subfield in 90HS-only (A), CCI-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;
CCI, controlled cortical impact.

http://www.liebertonline.com/action/showImage?doi=10.1089/neu.2008.0512&iName=master.img-003.jpg&w=468&h=346


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.,

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, Schütz 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 PaO2 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 Barzó et al. (1997) used
this identical protocol but added an additional combined in-
jury group of impact acceleration, hypoxemia to a PaO2 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 30–40
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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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,1,2 David K. Shellington,1,2 Hülya Bayır,1,2,3 Vincent A. Vagni,1 Keri Janesco-Feldman,1 Lil Ma,7

Carleton J. Hsia,6 Robert S.B. Clark,1,2,3 Larry W. Jenkins,1,4 C. Edward Dixon,1,4 and Patrick M. Kochanek1,2,3,4,5

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 (n¼ 30) underwent controlled cortical impact (CCI) and 90 min of volume-
controlled HS (2 mL=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>70 mm 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 CA1 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

Secondary 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 <90 mm 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-

bral blood flow (CBF) (Giri et al., 2000) and increased
hippocampal neuronal loss (Cherian et al., 1996) versus is-
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.

Anesthesia was induced via nose cone with 4% isoflurane
in oxygen, and maintained with 1% isoflurane in a 2:1 N2O=
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 5 m=sec and a depth of 1 mm. Brain temperature was
maintained at 378� 0.58C throughout the experiment. To
achieve a clinically relevant level of HS, 2 mL 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 (n¼ 8 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�50 mm Hg (totaling between 1.0 and 1.5 mL). 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 �70 mm 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 70 mm 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 378� 0.58C 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 5 min
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-mm sections,
125 mm 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 J
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 ( p¼ 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
( p¼ 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 ( p¼ 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

( 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,
2.78� 0.47, 2.89� 0.84, and 3.40� 0.80 mmol=L, respectively,
and did not differ significantly ( p¼ 0.35). Arterial lactate
levels at the end of the in-hospital phase also did not differ
between groups (LR 2.00� 0.93 mmol=L, HEX 1.96�
0.78 mmol=L, HTS 2.99� 2.04 mmol=L, and PNA 1.50�
0.24 mmol=L; p¼ 0.15). Seven-day survival did not differ be-
tween groups ( p¼ 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

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 (n¼ 8 for the LR and HEX groups; n¼ 7
for the HTS and PNA groups; LR, lactated Ringer’s solution;
HEX, Hextend; HTS, hypertonic saline; PNA, polynitro-
xylated albumin).

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 (n¼ 8 for the LR and HEX groups; n¼ 7 for the
HTS and PNA groups; LR, lactated Ringer’s solution; HEX,
Hextend; HTS, hypertonic saline; PNA, polynitroxylated al-
bumin).

FIG. 3. Kaplan-Meier survival curve for 7-day survival
probability for the four study groups.
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in the CA1 subfield, mirroring the work of Dennis and asso-
ciates (2009). Evaluation of ipsilateral CA1 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

( p¼ 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 ( p¼ 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.

FIG. 4. Representative 40�H&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).

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 (n¼ 6 for the LR and PNA groups,
n¼ 3 for the HEX group, and n¼ 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).
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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
31–34 mL=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 CA3 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

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 p¼ 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 at a MAP
*35 mm 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
Hülya Bayir, MD,1–4 Vladimir A. Tyurin, PhD,1,4 Yulia Y. Tyurina, PhD,1,4 Rosa Viner, PhD,5
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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 C22:6 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.

Ann Neurol 2007;62:154–169

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.1,2 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.3 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.7,8

TBI is an important contributor to the mortality
and morbidity after trauma, which is the leading cause
of death in infants and children.9 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.10 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.11,12 Among different biomarkers of oxidative
stress, enhanced lipid peroxidation is one of the most
prominent.13 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.7,11,14,15 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.16 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.17–19 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.20,21 It 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.22 Moreover, the fluorescence response of
the probe is obscured by its membrane potential–driven
partition into different mitochondrial compartments and
the respiration state.20

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 c
was an early characteristic of mitochondrial response to
proapoptotic challenges in vitro.23 Accumulation of CL
oxidation products was essential for the release of pro-
apoptotic factors, including cytochrome c. 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 rats24 in which the formation of functioning syn-
apses in neuronal development is analogous to devel-
opmental processes in the young child.25 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 C22:6, 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 O2. The trachea was intubated
with a 14-gauge angiocatheter. Anesthesia was maintained
with 2% isoflurane in N2O/O2 (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.24

ISOLATION OF CRUDE MITOCHONDRIAL/SYNAPTOSOMAL
(P2) FRACTION. The crude brain mitochondrial fraction
was prepared as described previously.26 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 gentle up-and-down strokes. The homoge-
nate was spun at 1,000g for 10 minutes to remove nuclei and
cell debris. The resulting supernatant was centrifuged at
10,000g 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.27 In addition, P2 fraction contains non-
synaptosomal mitochondria, synaptosomal membranes, and
plasma membranes,28 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.29 Lipid extracts were separated and an-
alyzed by two-dimensional high-performance thin-layer chro-
matography (2D-HPTLC) on silica G plates (5 � 5cm;
Whatman, Florham Park, NJ).30 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.31

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 A2 (2U/�l) 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 50�M Amplex Red and microperoxidase-11
(1.0�g/�l) was added and samples were incubated at 4°C for
40 min. The reaction was terminated by addition of 100�l
stop reagent (10mM HCl, 4mM butylated hydroxytoluene
[BHT] in ethanol). After centrifugation at 15,000g for 5
minutes, aliquots of supernatant (5�l) were injected into
Eclipse XDB-C18 column (5�m, 150 � 4.6mm). The mo-
bile phase was composed of 25mM NaH2PO4 (pH 7.0)/
methanol (60:40 vol/vol). The flow rate was 1ml/min.
Resorufin (an Amplex Red oxidation product) fluorescence
(�ex 560nm, �em 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 N2, resuspended in chloroform/methanol 1:2
vol/vol (20pmol/�l), and used for acquisition of negative ion
electrospray ionization (ESI) mass spectra at a flow rate of
5�l/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 0.5�l of 2,5-

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. MSn analysis on ion trap in-
struments was conducted with relative collision energy
ranged from 20 to 40%, and with activation q 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.32

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 HCl 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 5�m paraffin sections cut
through the dorsal hippocampus as described previously.33

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-134 as described previously with
minimal modifications.7 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)
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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 (2,000g � 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.35,36 To provide
access of NADH to synaptic mitochondria, we treated the
aliquots of mitochondria fractions by nitrogen cavitation.37

In these experiments, CL content in mitochondria samples
was measured using an HPLC-based assay, as described pre-
viously.38

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:O2 oxidoreductase activity between sham and CCI
was compared using t 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 pivotal role in oxidative brain
injury.39 – 41 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]�2

ions (Fig 2Aa). The identities of major CL clusters and

their structures were analyzed by tandem MS using the
approach that Hsu and Turk42 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
(C20:4) and docosahexaenoic (C22:6) (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

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 2.4 � 0.3 1.9 � 1.2

Phosphatidylethanolamine 37.7 � 1.0 36.1 � 0.7

Phosphatidylcholine 43.0 � 1.8 43.3 � 0.7

Phosphatidylserine 12.4 � 0.7 12.3 � 0.1

Phosphatidylinositol 3.4 � 0.3 3.3 � 0.4

Sphingomyelin 1.3 � 0.7 1.6 � 1.0

Lysophosphatidylcholine �0.5 1.4 � 0.8
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m/z 279, 281, 283, 303, 305, 327, and 329. These
signals correspond to C18:2, C18:1, C18:0, C20:4, C20:3,
C22:6, and C22:5 fatty acids, which originate from at
least four different CL molecular species as follows:
(C18:1)1/(C18:0)1/(C22:6)2; (C18:0)1/(C20:4)2/(C22:5)1;
(C18:2)1/(C20:3)2/(C22:5)1; and (C18:2)1/(C18:0)1/(C22:5)1/
(C22:6)1. Complete structural characterization of major
CL clusters by multistage fragmentation (MSn) 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-
MSn. Typical ions formed during fragmentation pro-
cess of CL (a, b, a�136, or b�136) were identified in
MS2 spectra.42 Then MS3 was performed on each of a
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)/(b�136) ion pairs) were identified from anal-
ysis of just one precursor in the MS2 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 (C16:1/C18:1)(C18:2/C20:3); (C18:2/
C20:4)(C16:0/C18:1); (C18:2/C18:1)(C16:1/C20:4); and
(C18:1/C18:2)(C18:2/C18:2). These isomers of CL, corre-
sponded to doubly charged ion at m/z 724.2 (see Fig
2A). The ion [M�H]� consisted of (C18:1/C18:1)(C16:2/
C22:6) and (C16:1/C20:4)(C18:2/C20:3). Matrix adduct
ion [M�2H�DHB�Na]� corresponded to (C14:0/
C14:0)/(C16:0/C16:0).

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 (C18:0) and DHA (C22:6), 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
C20:4, C22:5, and C22:6. 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]2� ion corresponds to multiple CL
species with a dominant isomer of (C18:1/C22:6)
(C22:6�OOH/C18:0) originating from the ion at m/z
774.8 (see Fig 2C). The structural assignment of this
CL-OOH product with hydroperoxy group in C22:6

was obtained by MSn 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 C22:6, 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 desorption/ionization (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/MS 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 C18:2, C18:1, C18:0, C20:4, C20:3, C22:6, and C22:5 fatty acids and resulting in
at least four different CL molecular species as follows: (C18:1)2/(C18:0)1/(C22:6)2; (C18:0)1/(C20:4)2/(C22:5)1; (C18:2)1/(C20:3)2/(C22:5)1;
(C18:2)1/(C18:0)1/(C22:5)1/(C22:6)1 fatty acids (A, b). (B) Structural characterization of CL molecular species consisting of multiple
isomers by Ion Trap MSn fragmentation (B, b). MS2 spectrum shows a singly charged CL ion at m/z 1,472; note the presence of
multiple a and b fragments. (B, c) MS3 spectrum of (a�136) ion at m/z 829 of one of the 72:7 CL isomers. The MALDI-MS3

spectrum of m/z 829 (1,472–829) ion confirmed the structure as (C16:1)/(C18:1). All ion assignments were performed according to
Hsu and Turk.42 (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 (C22:6 containing CL-OOH). Tandem MS/MS 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
by ESI-MS demonstrated that the [M�H]� ion at m/z
866.4 corresponds to PS with dominating product of
(C18:0/C22:6�OOH) originating from the ion at m/z
834 (C18:0/C22:6).

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

Figure 2
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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 c and
CL, we performed in vitro assessments of the ability of
cytochrome c to catalyze H2O2-dependent peroxida-
tion of polyunsaturated tetralinoleyl-cardiolipin.

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 H2O2. More-
over, these results also show that cytochrome c can uti-

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

Molecular
Species

m/z [M�2H]�2 m/z [M�H]� Acyl Chain Composition

Cardiolipin

Diacyl species of major clusters Acyl/Acyl

68:3 686.6 1,374.2 (C14:0)1/(C16:1)1/(C18:1)2

68:3 700.5 1,402.0 (C16:1)1/(C16:0)1/(C18:1)2

68:2 701.9 1,404.8 (C16:0)2/(C18:1)2

70:6 711.8 1,424.6 (C16:0)1/(C16:1)1/(C18:1)1/(C20:4)1

70:5 712.7 1,426.4 (C16:1)1/(C18:2)1/(C18:1)2

70:4 713.9 1,428.8 (C16:1)1/(C18:1)3

72:8 723.5 1,448.0 (C16:1)1/(C18:2)1/(C18:1)1/(C20:4)1

72:8 723.5 1,448.0 (C18:2)4

72:7 724.5 1,450.0 (C16:1)1/(C18:2)1/(C18:1)1/(C20:3)1

74:8 737.2 1,476.4 (C18:1)2/(C18:2)1/(C20:4)1

76:11 748.8 1,498.6 (C18:2)1/(C18:1)1/(C20:4)2

76:10 749.8 1,500.2 (C18:1)2/(C20:4)2

76:9 750.8 1,502.6 (C16:0)1/(C18:1)1/(C20:4)1/(C22:4)1

78:15 758.9 1,518.9 (C16:1)1/(C18:2)1/(C22:6)2

78:14 759.5 1,520.0 (C18:2)1/(C20:4)3

78:12 762.0 1,524.0 (C18:1)2/(C20:4)1/(C22:6)1

78:10 763.8 1,528.6 (C18:1)2/(C20:4)1/(C22:4)1

80:13 774.5 1,550.0 (C18:1)1/(C18:0)1/(C22:6)2

80:13 774.5 1,550.0 (C18:0)1/(C20:4)2/(C22:5)1

80:13 774.5 1,550.0 (C18:2)1/(C20:3)2/(C22:5)1

80:13 774.5 1,550.0 (C18:2)1/(C18:0)1/(C22:5)1/(C22:6)1

80:12 776.0 1,553.0 (C18:0)2/(C22:6)2

82:17 784.6 1,570.2 (C18:1)1/(C20:4)1/(C22:6)2

82:11 790.6 1,582.7 (C18:1)1/(C20:2)2/(C24:6)1

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 (C18:1)2/(C18:2)1/(C20:4)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]�2 ions, respectively.
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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.43 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:O2 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 c 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
Apoptotic 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

Fig 3. Typical negative ion ESI mass spectra of molecular species of phosphatidylserine (PS). Phospholipids isolated by two-
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 (C18:0) and docosahexaenoic (C22:6) fatty acids, respectively. (B) Typical negative ion
ESI mass spectra of PS isolated from ipsilateral cortical P2 fraction after CCI. Identification of individual oxidized molecular spe-
cies (C22:6 containing PS-OOH). Tandem MS/MS experiments confirmed the structures of oxidized PS (B, a and b).
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all phospholipid classes (PC, PE, phosphatidylinositol,
and CL) included C22:6-containing species. This sug-
gests that during a random nonenzymatic process of

lipid peroxidation, phospholipids should be involved in
the reaction proportionally to their abundance. Here
we report that CCI-induced lipid peroxidation did not

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 Acyl/Acyl

34:1 835.8 C16:1/C18:0

36:4 857.8 C16:0/C20:4

38:4 885.8 C18:0/C20:4

38:3 887.8 C18:0/C20:3

40:6 909.8 C18:0/C22:6

Phosphatidylserine

Diacyl species Acyl/Acyl

34:1 760.8 C16:0/C18:1

36:1 788.8 C18:0/C18:1

38:4 810.8 C18:0/C20:4 and C16:0/C22:4

40:6 834.8 C18:0/C22:6

40:5 836.8 C18:0/C22:5

40:4 838.8 C18:0/C22:4

Phosphatidylethanolamine

Diacyl species Acyl/Acyl

38:6 762.8 C16:0/C22:6

38:4 766.8 C18:0/C20:4 or C16:0/C22:4

40:6 790.8 C18:0/C22:6

40:4 794.7 C18:0/C22:4

Alkenyl-acyl species Ether/Acyl

34:1 700.8 C16:0p/C18:1

36:4 722.8 C16:0p/C20:4

38:5 or 38:6 747.8 C18:1p/C20:4 or C16:0p/C22:6

38:4 750.8 C16:0p/C22:4 or C18:0p/C20:4

38:2 754.7 C18:0p/C20:2 or C18:1p/C20:1

40:6 774.7 C18:0p/C22:6

40:4 778.8 C18:0p/C22:4

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

Sphingoid base-acyl species Sphingoid base/acyl

34:1 703.7 C18:1/C16:0

36:2 729.7 C18:1/C18:1

36:1 731.7 C18:1/C18:0

36:1 753.8* C18:1/C18:0

38:1 759.8 C18:1/C20:0

42:2 813.8 C18:1/C24:1
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follow this prediction early after the impact. In con-
trast, only molecular species of one class of phospho-
lipids, a C22:6-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,10,44 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.23,45 We reported that cytochrome c–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.23 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 c release, outer mitochondrial
membrane permeabilization, caspase activation, and PS
externalization.23 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.46 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-

Table 3. continued

Molecular Species m/z [M�H]� Identified Acyl Chains

Phosphatidylcholine

Diacyl species Acyl/Acyl

30:0 706.7 C14:0/C16:0

32:1 732.7 C16:0/C16:1

32:0 734.7 C16:0/C16:0

34:2 758.8 C16:1/C18:1

34:1 760.7 C16:0/C18:1

34:0 762.7 C16:0/C18:0

36:3 784.7 C18:1/C18:2

36:1 788.7 C18:0/C18:1

38:6 806.7 C16:0/C22:6

38:4 810.7 C18:0/C20:4

38:2 812.7 C18:0/C20:2

40:7 832.7 C18:1/C22:6

40:4 838.7 C18:0/C22:4

Ether/Acyl species Ether/Acyl

36:1 772.7 C18:0p/C18:1

32:0 718.9 C16:0a/C16:0

32:0 718.9 C18:0a/C14:0

34:0 744.9 C18:0p/C16:0

38:4 794.7 C18:0a/C20:4

38:4 794.7 C16:0a/C22:4

38:3 796.7 C18:0a/C20:3

40:7 816.7 C18:1p/C22:6

40:4 822.7 C18:0a/C22:4

p � an sn-1 vinyl ether (alkenyl- or plasmalogen) linkage; a � an sn-1 ether (alkyl-) linkage.
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sponse, which happens much later after CCI.8 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 CCI-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-

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 after CCI together with CL. Sph � sphingomyelin.

Fig 5. Characterization of cytochrome c (cyt c)–catalyzed peroxidation of tetralinoleyl-cardiolipin (TLCL) in the presence of H2O2.
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 at 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).

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 � 5/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:O2 oxidoreductase activity was decreased in the ipsilateral cortical P2 fractions at 3 hours after
CCI versus control. (n � 3/group; 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.17,47 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.22,48 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
(C22:6) 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 c in mitochondrial respiration and turning
on its peroxidase function.49

Oxidations of Phosphatidylserine and Other
Phospholipids: How Specific Are They?
We further established that PS ranked second on the
scale of CCI-driven phospholipid oxidation. Again, the
molecular species with C22:6 was the one that was iden-
tifiable 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.50 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.51 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.45

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.52 Phospholipase A2 activity increases after
TBI.53 It is possible that oxidation of DHA (C22:6)-
containing CL and PS stimulates their hydrolysis by
phospholipase A2.54 However, CL is not a likely source

for DHA accumulation because no accumulation of ly-
soCLs, the products of Phospholipase A2–catalyzed CL
hydrolysis, was detected.

Mitochondrial Electron Transport Activity
Impaired brain mitochondrial function is seen after
both experimental and clinical head injury.1,55–58 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.59 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.60–62 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.63 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 c/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 recently published
guidelines for the acute medical management of se-
vere TBI in infants, children, and adolescents.64 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.65 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 TBI.66

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.67,68

Although this study focused on acute brain injury
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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.69 Recently, it has
been demonstrated that anti-CL antibodies recognize
oxidized CL more effectively than CL.70 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 C22:6, 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 Hülya 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.

Acknowledgments

Some of the articles in this issue represent manuscripts that
were based on presentations given at the 2007 Safar Sympo-
sium at the University of Pittsburgh School of Medicine on
May 31, 2007, which featured a conference on blast-induced
TBI. This work was supported by grants from DARPA (R.B.);
the U.S. Army (no. PR054755 W81XWH-06-01-0247 to P.M.K.
and J.L.); the National Institute of Neurological Disorders and
Stroke (no. 30318 to C.E.D.), (no. NS42648 to L.W.J.), and (no.
38087 to P.M.K.); and the National Institute of Child Health
and Human Development (no. T32 NS07485-06 to P.M.K.).

References

Agoston, D.V., Gyorgy, A., Eidelman, O., and Pollard, H. (2009).
Proteomic biomarkers for blast neurotrauma: Targeting cere-
bral edema, inflammation, and neuronal death cascades. J.
Neurotrauma 26, 901–911.

Armonda, R.A., Bell, R.S., Vo, A.H., Ling, G., DeGraba, T.J.,
Crandall, B., Ecklund, J., and Campbell, W.W. (2006). Wartime

traumatic cerebral vasospasm: recent review of combat casu-
alties. Neurosurgery 59, 1215–1225.

Aschkenasy-Steuer, G., Shamir, M., Rivkind, A., Mosheiff, R.,
Shushan, Y., Rosenthal, G., Mintz, Y., Weissman, C., Sprung, C.L.,
and Weiss, Y.G. (2005). Clinical review: the Israeli experience:
conventional terrorism and critical care. Crit. Care 9, 490–499.

Bauman, R., Ling., G., Tong, L., Januszkiewicz, A., Agoston, D.,
Delanerolle, N., Kim, Y., Ritzel, D., Bell, R., Ecklund, J., Ar-
monda, R., Bandak, F., and Parks, S. (2009). An introductory
characterization of a combat-casualty-care relevant swine
model of closed head injury resulting from exposure to ex-
plosive blast. J. Neurotrauma 26, 841–860.

Bhattacharjee, Y. (2008). Shell shock revisited: Solving the puzzle
of blast trauma. Science 319, 406–408.

Chen, Y.C., Smith, D.H., and Meaney, D.F. (2009). In-vitro ap-
proaches for studying blast-induced traumatic brain injury.
J. Neurotrauma 26, 861–876.

de Ceballos, J.P., Turegano-Fuentes, F., Perez-Diaz, D., Sanz-
Sanchez, M., Martin-Llorente, C., and Guerrero-Sanz, J.E.
(2005). 11 March 2004: The terrorist bomb explosions in
Madrid, Spain—an analysis of the logistics, injuries sustained
and clinical management of casualties treated at the closest
hospital. Crit. Care 9, 104–111.

Dennis, A.M., and Kochanek, P.M. (2007). Pathobiology of Blast
Injury. Yearbook of Intensive Care and Emergency Medicine. J.L.
Vincent (ed)., Springer-Verlag: Berlin, pps. 1011–1022.

Dennis, A.M., Haselkorn, M.L., Vagni, V.A., Garman, R.H.,
Janesko-Feldman, K., Bayır, H., Clark, R.S.B., Jenkins, L.W.,
Dixon, C.E., and Kochanek, P.M. (2009). Hemorrhagic shock
after experimental traumatic brain injury in mice: Effect on
neuronal death. J. Neurotrauma 26, 889–899.

DeWitt, D., and Prough, D. (2009). Blast-induced brain injury
and posttraumatic hypotension and hypoxemia. J. Neuro-
trauma 26, 877–887.

Gawande, A. (2004). Casualties of war—military care for the
wounded from Iraq and Afghanistan. N. Engl. J. Med. 352,
2471–2475.

Hoge, C.W., McGurk, D., Thomas, J.L., Cox, A.L., Engel, C.C.,
and Castro, C.A. (2008). Mild traumatic brain injury in U.S.
soldiers returning from Iraq. N. Engl. J. Med. 358, 453–463.

Ling, G., Bandak, F., Armonda, R., Grant, G., and Ecklund, J. (2009).
Explosive blast neurotrauma. J. Neurotrauma 26, 815–825.

Long, J.B., Bentley, T.L., Wessner, K.A., Cerone, C., Sweeney, S., and
Bauman, R.A. (2009). Blast overpressure in rats: Recreating a
battlefield injury in the laboratory. J. Neurotrauma 26, 827–840.

Okie, S. (2005). Traumatic brain injury in the war zone. N. Engl.
J. Med. 19, 2043–2047.

Svetlov, S.I., Larner, S.F., Kirk, D.R., Atkinson, J., Hayes, R.L.,
and Wang, K.K.W. (2009). Biomarkers of blast-induced neu-
rotrauma: Profiling molecular and cellular mechanisms of
blast brain injury. J. Neurotrauma 26, 913–921.

Guest Editors:
Patrick M. Kochanek1,2

Richard A. Bauman4

Joseph B. Long4

C. Edward Dixon1,3

Larry W. Jenkins1,3

1Safar Center for Resuscitation Research, 2Department of Critical
Care Medicine, and

3Department of Neurological Surgery, University of Pittsburgh
School of Medicine, Pittsburgh, Pennsylvania.

4Walter Reed Army Institute of Research, Division of Military
Casualty Research, Silver Spring, Maryland.

814 KOCHANEK ET AL.









ASL-MRI Assessment of the Effect of Hemorrhagic Shock on Cerebral Blood Flow After Experimental Traumatic Brain 
Injury in Mice 

 
L. M. Foley1, A. M. Dennis2, T. K. Hitchens1, J. A. Melick2, C. Ho1, and P. M. Kochanek2 

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.      
MATERIALS AND METHODS 
  Male C57Black/6J mice (11-15 wks of age) were divided into one of four groups for MRI assessment, naïve, CCI, HS and CCI + HS.  Mice were 
anesthetized with isoflurane in N2O:O2 (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 37ûC 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 T1obs [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 (α) [6] was determined in each study with gradient echo images with spin-labeling applied at ± 6 mm 
(TR/TE = 100/9.6 msec, 45û flip angle, 8 averages, 256 x 256 matrix). Body temperature was maintained at 37 ± 0.5 ûC using warm air, regulated with a rectal 
temperature probe.  Prior to, and after each MRI study, PaCO2, PaO2, MABP, HR and rectal temperature was recorded. 

RESULTS AND DISCUSSION 
Figure 1 shows representative CBF maps for all groups.  After CCI, 
CBF was significantly lower in the ipsilateral hemisphere, cortex and 
hippocampus during all phases.  For HS alone mice CBF was generally 
lower than naïve 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 
recovered, but not to naïve levels, during the prehospital and definitive 
care phases. CBF in the ipsilateral hemisphere remained significantly 
decreased vs naïve 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 TBI. 
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Figure 1: Representative CBF maps of mice brains with and without trauma (CCI) 
and with and without hemorrhagic shock, during the shock period (2 mL/100 g 
volume controlled blood withdrawal), pre-hospital period (resuscitation with 
Hextend), and definitive care period (return of shed blood).      
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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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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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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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