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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.
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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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