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Abstract
Background—Activation of polymorphonuclear neutrophils (PMN) is thought to contribute to
traumatic brain injury (TBI). Because hypertonic fluids can inhibit PMN activation, we studied
whether hypertonic fluid resuscitation can reduce PMN activation in TBI patients.

Methods—Trauma patients with severe TBI were resuscitated with 250 ml of either 7.5%
hypertonic saline (HS; n=22), HS + 6% dextran-70 (HSD; n=22), or 0.9% normal saline (NS;
n=39) and blood samples were collected on hospital admission and 12 and 24 h after resuscitation.
PMN activation (CD11b, CD62L, CD64) and degranulation (CD63, CD66b, CD35) markers and
oxidative-burst activity as well as spontaneous PMN apoptosis were measured by flow cytometry.

Results—Relative to healthy controls, TBI patients showed increased PMN activation and
decreased apoptosis of PMN. In the HS group, but not in the HSD group, markers of PMN
adhesion (CD11b, CD64) and degranulation (CD35, CD66b) were significantly lower than in the
NS group. These effects were particularly pronounced 12 h after resuscitation. Treatment with HS
and HSD inhibited PMN oxidative burst responses compared to NS-treated patients. HS alone
partially restored apoptosis. Despite these differences, the groups did not differ in clinical outcome
parameters such as mortality and Extended Glasgow Outcome Scale.

Conclusions—This study demonstrates that pre-hospital resuscitation with HS can partially
restore normal PMN activity and the apoptotic behavior or PMNs, while resuscitation with HSD
was largely ineffective. Although the results are intriguing, additional research will be required to
translate these effects of HS into treatment strategies that improve clinical outcome in TBI
patients.
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Introduction
Traumatic brain injury (TBI) is a leading cause of mortality and long-term neurological
disability worldwide [1,2]. Functional outcome after severe TBI depends on the extent of the
initial mechanical injury to the head as well as subsequent pathophysiological processes and
corresponding treatments aimed at reducing brain damage [3]. These pathophysiological
processes associated with TBI are complex and require multifactorial treatment approaches
to reduce secondary injury after TBI. The primary mechanical insult that causes the
disruption of the brain parenchyma, blood vessels, and diffuse axonal damage at the moment
of impact is irreversible and can only be averted through primary prevention strategies [4].
However, subsequent secondary injury processes are amenable to therapeutic intervention
with neuroprotective agents [5]. Secondary injury is mediated through several
pathophysiological mechanisms, including the formation of post-traumatic brain edema,
raised intracranial pressure, disruption of the blood-brain barrier, reduced cerebral perfusion
pressure, and ischemia, all of which lead to irreversible brain damage [6,7]. A cascade of
neurochemical and immunological events contribute to secondary brain damage through
hypoxia, oxidative stress, release of inflammatory mediators, mitochondrial dysfunction,
cellular infiltration, and apoptotic and necrotic cell death of neurons and glia cells [8].

Since it was first described nearly 100 years ago [9], hyperosmotic fluid therapy has been
widely used in the care for TBI patients to reduce brain swelling that follows head injuries
and triggers many of the subsequent pathological processes that cause permanent tissue
damage. Numerous studies have implicated a dysfunctional innate inflammatory response
with excessive polymorphonuclear neutrophil (PMN) activation in the processes
contributing to secondary brain injury [10-12]. Delayed PMN apoptosis after critical injury
is another mechanism that could increase PMN-induced tissue damage. Thus, inhibition of
the activation of PMN and their defective apoptotic behavior may be a potential strategy for
TBI management. Hypertonic crystalloids and colloids rapidly restore blood pressure by
expanding intravascular volume while simultaneously reducing intracranial hypertension
and cerebral edema in TBI patients [13,14].

We have previously shown that specific hypertonic saline resuscitation strategies can inhibit
early post-traumatic PMN activation and secondary organ damage after hemorrhagic shock
[15-18]. In the current study, we investigated whether pre-hospital hypertonic fluid
resuscitation using hypertonic saline with or without dextran can help to reduce trauma-
induced alterations of PMN responses in TBI patients. In particular, we characterized PMN
activation markers, including a panel of cell-surface adhesion and degranulation molecules,
oxidative burst capacity, and spontaneous PMN apoptosis.

Materials and Methods
Study design, setting, and participants

The study protocol was approved by the US Food and Drug Administration, the Canadian
Institutes of Health Research, and all participating Institutional Review Boards as previously
described [19]. This study was an a priori subgroup analysis of a larger randomized,
placebo-controlled, double-blinded trial carried out by the Resuscitation Outcomes
Consortium (ROC) — a multicenter clinical trials network designed to conduct
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interventional studies in the pre-hospital setting following life-threatening trauma [20,21].
For the current study, we included 83 severe TBI patients with head trauma and a Glasgow
Coma Scale (GCS) ≤8 who were admitted to the study sites in Seattle or Toronto, where
laboratory personnel was standing by around-the-clock to process serial blood samples for
the immunological studies described below. The patients described in the current study
included only those TBI patients without signs of hemorrhagic shock. Patients with
hemorrhagic shock were assigned to another sub-study [21]. The enrollment criteria for
patient selections were described previously [20]. Briefly, patients were excluded if they
were <15 years of age, pregnant, or if they received intravenous fluid therapy in the field
with >1,000 ml of isotonic crystalloid fluids, any colloids, or any blood products prior to
treatment with study fluids, or if >4 h had passed after injury. Other exclusion criteria were
pre-hospital cardiopulmonary resuscitation, severe hypothermia (body core temperature
<28°C), drowning or asphyxia due to hanging, burns of >20% of the total body surface area,
isolated penetrating head injury, inability to obtain intravenous access, or if a potential
subject was known to be a prisoner. A group of 20 asymptomatic adult blood donors served
as a healthy control group.

Interventions
The randomized, placebo-controlled, double-blinded, three-armed parent trial was described
previously [20,21]. All study fluids were purchased from BioPhausia Inc., Stockholm,
Sweden and provided in identical 250-ml infusion bags that contained either 7.5% NaCl +
6% dextran-70 (HSD; RescueFlow), 7.5% NaCl without dextran (HS), or 0.9% NaCl
(normal saline, NS). These intravenous bags were distributed among the 11 different
geographic regions participating in the parent trial of the ROC. For the current substudy,
paramedics in Toronto and Seattle administered the fluids in a blinded fashion via
intravenous access as the initial resuscitation fluid given within 4 h of the incident. Once the
study fluid had been administered, additional fluids could be given as per local emergency
medical service guidelines as previously described [21]. Clinical data collected upon
hospital admission included age, gender, mechanism of injury, GCS, and Injury Severity
Score (ISS). The severity of illness was quantified using the Glasgow Coma Scale (GCS) at
study entry and the Multiple Organ Dysfunction Score (MODS) at the time of admission to
the intensive care unit (ICU). The primary outcome measure for TBI patients was the
neurological outcome at 6 months based on the Extended Glasgow Outcome Scale (GOS-E).
Additional clinical outcome parameters collected were the 28-day survival rate, fluid and
blood transfusion requirements, physiologic parameters, and evidence of infections.

Blood samples
In two of the eleven regional centers (Toronto and Seattle) participating in the parent ROC
trial, study personnel was on stand-by to collect serial blood samples from TBI patients in
order to assess cellular immune responses after HS, HSD, or NS treatment. Serial
heparinized whole-blood samples of venous blood were collected at the time of admittance
to the emergency department (≤ 3 hours of resuscitation) and 12 and 24 h after admission
and immediately processed to assess PMN activation and cell-surface, adhesion, and
degranulation markers. Separate blood samples were used to assess routine clinical
laboratory values, including plasma sodium concentrations and leukocyte differential counts.
Healthy control blood samples were obtained by venipuncture of 20 age-matched healthy
volunteers.

Flow cytometric determination of neutrophil cell surface receptors
Whole blood samples were used to analyze the expression of specific surface molecules that
indicate various states of PMN activation. PMN adhesion was assessed with antibodies that
recognize CD62L (L-selectin), CD11b, and CD64 that are shed from (L-selectin) or increase
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(CD11b and CD64) in activated cells. We also assessed markers of degranulation using
antibodies that recognize CD35, CD66b, and CD63. These degranulation markers are
present in secretory vesicles (CD35), specific granules (CD66b), and azurophilic granules
(CD63) and emerge on the cell membrane as a result of exocytosis of these granules. Freshly
collected whole blood samples (100 μl) were placed in 12×75-mm polystyrene Falcon tubes
and incubated for 20 min at room temperature in the dark with saturating concentrations of
CD66b-FITC, CD63-PE, CD14-PerCP, CD11b-APC, CD64-FITC, CD35-PE, CD62L-APC
antibody conjugates (BD Biosciences, San José, CA). CD14 was assessed to facilitate
separation of gated cell populations. Appropriate isotype-matched antibodies were used in
separate tubes to control for autofluorescence and non-specific binding. After the incubation
period, erythrocytes were removed by adding 2 ml of FACS™ Lysing Solution (BD
Biosciences) for 10 min followed by centrifugation at 500×g for 5 min at room temperature.
Cells were washed once with CellWASH™ (BD Biosciences) and resuspended in 400 μl of
a 1% paraformaldehyde solution. Stained cell suspensions were acquired on a dual-laser
FACSCalibur flow cytometer (BD Biosciences) calibrated for four-color analysis using
CaliBRITE™ beads (BD Biosciences). For each sample, 104 PMNs were acquired with
CellQuest® software (BD Biosciences) using a live-gate setting to distinguish the PMN
population from other cells and debris according to the CD14-PerCP fluorescence versus
side-scatter (SSC) light characteristics. Data analysis was performed with FlowJo software
v.8.7 (Tree Star Inc., Ashland, OR). Electronic analysis gates and quadrant markers were set
to define positive and negative populations using fluorescence histogram data according to
the non-specific staining of isotype-matched negative controls. Results were recorded as
percentage (%)-positive cells and mean channel fluorescence intensity (MFI; in arbitrary
units, a.u.). Absolute cell counts were obtained by multiplying the corresponding
percentages of cells derived from FACS analysis by total leukocyte counts obtained with a
hematology analyzer (Coulter Electronics, Hialeah, FL).

Assessment of spontaneous neutrophil apoptosis with Annexin V staining
The proportion of apoptotic PMNs was determined by PE-conjugated Annexin V (An-V)
binding of externalized phosphatidylserine, in conjunction with the vital dye 7-amino-
actinomycin D (7-AAD) obtained from BD Biosciences (Mississauga, ON), as previously
described [22]. Briefly, fresh heparinized whole-blood samples were cultured in a 95%
humidified atmosphere with 5% CO2 at 37°C. After 20 h, blood suspensions were drawn
from the culture, washed in ice-cold 1× An-V Binding Buffer, centrifuged, and the pellet
resuspended in 100 μl of binding buffer in the presence of 5 μl of PE-conjugated An-V and
5 μl of 7-AAD, along with saturating concentrations of anti-CD14-PerCP. The mixtures
were incubated for 15 min at room temperature in the dark. After red cell lysis, samples
were resuspended in 400 μl of An-V Binding Buffer and analyzed on a FACSCalibur flow
cytometer with a live-gate set to count 10,000 PMN events per samples. Data were analyzed
in FlowJo™ software and results were expressed as the total % of An-V-positive PMNs.

Oxidative burst activity
The intracellular oxidative burst capacity (i.e., generation of superoxide and secondary
reactive oxygen species) of whole blood PMNs was measured with flow cytometry, using a
commercially available fluorometric assay kit (PHAGOBURST® kit, Orpegen Pharma,
Heidelberg, Germany). This test provides a quantitative assessment of burst activity by
measuring the percentage and fluorescence intensity (MFI, in the FL1 530-nm emission
channel) of cells that oxidize the fluorogenic substrate dihydrorhodamine (DHR)-123 to
green fluorescent rhodamine (Rho)-123 in the presence of hydrogen peroxide]. Briefly, three
100-μl aliquots of each heparinized whole blood sample were placed in separate test tubes
and combined with 20 μl of either wash buffer (as an unstimulated control), N-formyl-
methionyl-leucyl-phenylalanine (fMLP), or phorbol 12-myristate 13-acetate (PMA) at final
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concentrations of 5 and 8.1 μM, respectively. Simultaneously, 20 μl of DHR-123 substrate
solution was added to each tube and then samples were incubated in a water bath at 37°C for
20 min. In all cases, reactions were stopped by placing the test tubes into an ice bath.
Erythrocytes were lysed by addition of 2 ml of BurstTest Lysing Solution for 10 min. After
centrifugation at 250 × g for 5 min, the lysates were discarded and the remaining white cells
resuspended and incubated with anti-CD14-APC at room temperature for 15 min. The cells
were then washed with 3 ml of Wash Solution and centrifuged at 250 × g. Finally, 200 μl of
and propidium iodide (PI) solution in PBS (200 μg/ml) was added to each sample on ice.
Samples were analyzed using a FACSCanto (BD Biosciences) flow cytometer within 30
min. PMN populations were gated using a CD14-APC/SSC-defined gate; 10,000 PMN
events were recorded for each sample. Data were analyzed in FlowJo™ software v.8.7 (Tree
Star) and the results presented as the % Rho-123-positive PMNs and as Rho-123 MFI
expressed as a percentage of the unstimulated control sample.

Statistical analyses
Baseline demographic data and clinical outcome scores are expressed as mean ± standard
deviation (SD) and as median scores with interquartile ranges (IQR), respectively. All
biomarker values were treated as normally distributed continuous variables and expressed as
mean ± standard error of the mean (SEM). For statistical analyses, Student's t test was used
for continuous variables and χ2 test was used for categorical predictor variables. The non-
parametric Mann-Whitney U test was used for continuous variables that were not normally
distributed. Serial comparisons (time × treatment) of biomarkers between treatment groups
and control group were made using repeated measures ANOVA with post-hoc Bonferroni/
Dunn testing. All analyses were two-tailed and p-values < 0.05 were considered statistically
significant.

Results
Hypertonic fluid resuscitation did not improve clinical outcome

In the current study, we enrolled a total of 83 patients with severe head injuries and 20
healthy controls. All patients received intravenous fluid therapy in the field using equal
volumes (250 ml) of either HS, HSD, or NS. After infusion of a bolus of these study fluids,
the volume of further resuscitation fluid administered en route to the emergency department
was kept at <1,000 ml. Table 1 shows detailed demographic, laboratory, and clinical
information about these three patient groups. Gender, the average age, Glasgow Coma
Scales (GCS), Multi-Organ Dysfunction Scores (MODS), and Injury Severity Scores (ISS)
were similar in each treatment group. On admission, the first blood sample was drawn to
determine PMN activation markers and to assess standard laboratory values. As expected,
patients treated with hypertonic fluids showed peak plasma sodium and chloride levels that
were ∼10 mM higher than the average values in patients treated with NS. There were no
significant differences in outcome parameters among the treatment groups which is
consistent with the results of the parent ROC study [20]

Neutrophil counts were elevated in all treatment groups
All TBI patients had significantly increased PMN counts on admission, which were up to 3-
times higher than those of healthy controls and remained elevated above control values for
the first 24 h after injury (Fig. 1). PMNs accounted for ∼ 80% of circulating white blood
cells in TBI patients, compared to ∼60% in normal controls. Although the HS group
appeared to have slightly lower circulating PMN counts than the other two treatment groups,
there were no significant differences among the three groups. These findings suggest that the
type of resuscitation fluid has little effect on the leukocyte counts and the mobilization of
PMNs in response to TBI.
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HS attenuated neutrophil activation and adhesion markers
Next we studied whether hypertonic resuscitation fluids can attenuate PMN activation in
TBI patients measuring PMN activation markers as previously reported [23]. Multi-color
flow cytometry was used to quantify PMN expression of the cell-surface activation and
adhesion markers CD11b (an integrin), CD62L (L-selectin), and CD64 (Fcγ receptor I).
Upon admission to the emergency department (ED≤3 h), CD11b expression on the cell
surface of PMNs was not significantly elevated in either treatment group when compared to
healthy controls (Fig. 2A). However, after 12 h, the CD11b expression levels in patients
treated with NS or HSD were significantly higher than those in healthy controls. In the HS
group, however, CD11b levels remained near control levels. Shedding of CD62L (L-
selectin) from the surface of PMNs is another marker of cell activation. On admission,
CD62L shedding was only apparent in the HSD group but not in the HS or NS groups. After
12 h, all patient groups showed evidence of CD62L shedding. However, 24 h after
admission, CD62L expression levels had returned to normal control values in all treatment
groups (Fig. 2B). In addition to CD11b and CD62L, we measured the expression of CD64
(Fcγ receptor I) on the cell surface of PMNs as a marker of cell activation (Fig. 2C). On
admission, none of the patient groups showed significantly elevated levels of this activation
marker, when compared to healthy controls. At the 12-h time point, CD64 expression levels
in the HSD and NS groups were significantly increased compared to the control and the HS
groups. After 24 h, CD64 expression levels returned to control values in all but the NS
group. The percentage of CD64 positive PMNs remained elevated above control values in
all treatment groups.

HS reduced neutrophil degranulation markers
CD35, CD63, and CD66b are found in the membranes of various PMN granules and we
measured the presence of these molecules on the cell surface as indicators of exocytosis of
the contents of these vesicles as previously described [23]. On admission, CD35 expression,
a marker of secretory vesicles degranulation, was similar in all patients groups and did not
differ from healthy controls (Fig. 3A). At later time points, CD35 expression was only
slightly different from controls with the exception of the HSD group, where CD35
expression levels were significantly higher than in healthy controls and in the NS group.
Throughout the observation period, the expression of CD63, a marker of azurophilic
granules, was significantly lower in all patient groups when compared to controls (Fig. 3B).
These findings suggest that, PMNs expressing CD63 may be eliminated from the circulation
of TBI patients or that CD63 expression may be lower in fresh PMNs recruited from the
bone marrow of TBI patients compared to the PMNs in healthy controls. While they differed
from healthy controls, CD63 expression levels were similar in all TBI patient groups.
CD66b is a marker of specific granules. In the initial phase after injury, CD66b expression
was elevated in patients treated with HSD or NS, but not in patients who received HS (Fig.
3C). After 24 h, CD66b expression had returned to control levels in all patient groups.
Taken together, these results suggest that HS may reduce degranulation of PMNs, while
HSD has either no effect or promotes degranulation.

Hypertonic resuscitation decreased neutrophil oxidative burst activity
The oxidative burst of PMNs in response to fMLP stimulation was significantly higher in
patients treated with HSD or NS than in patients who received HS (Fig. 4). However, while
it was still lower than in the HSD and NS groups, oxidative burst in the HS group was also
elevated above control values 24 h after resuscitation with these fluids. We obtained similar
results when oxidative burst was stimulated with PMA instead of fMLP. However, under
these circumstances, oxidative burst in the HS group, but not in the HSD or NS groups, was
similar or lower than that in healthy controls. At the 24-h time point, values in all patient
groups were significantly lower than in controls. Taken together, these findings suggest that
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hypertonic fluids, and particularly HS, can reduce oxidative burst of PMNs in response to
the bacterial product fMLP and in response to other stimuli.

HS partially normalized spontaneous neutrophil apoptosis after TBI
Reduced PMN apoptosis is thought to contribute to secondary organ damage after injury
[24-26]. We studied PMN apoptosis using Annexin V (AnV) staining as described
previously [22]. In healthy controls, ∼30% of PMNs underwent apoptosis after an overnight
incubation period (Fig. 5). In all patient groups, the percentage of AnV-positive PMNs was
significantly lower than in healthy controls suggesting that PMN apoptosis is attenuated by
TBI. While average apoptosis levels in the HSD and NS groups remained at or below 10%
throughout the observation period, we found significantly higher levels in the HS group.
These findings indicate that HS, but neither HSD nor NS, can prevent the decrease in PMN
apoptosis after TBI.

Discussion
Constitutive apoptosis regulates PMNs and their function in immune defense [24]. Inhibition
of PMN apoptosis after severe injury can promote inflammation and secondary organ
damage in trauma patients [24-26]. Our findings indicate that TBI significantly inhibits
PMN apoptosis, which may contribute to secondary organ damage in TBI patients.
Resuscitation of patients with HS - but not with HSD - partially normalized PMN apoptosis,
suggesting that HS may reduce secondary organ damage. HS resuscitation blocks the
production of inflammatory cytokines that have been shown to inhibit PMN apoptosis
[27-30]. Therefore, inhibition of inflammatory cytokine production by HS may be one
explanation for our current finding that HS partially restores PMN apoptosis in TBI patients.
However, HS may also have direct effects on PMN apoptosis, possibly by modulating
cAMP/PKA signaling [31-34]. HS triggers cAMP/PKA signaling via autocrine purinergic
signaling processes that involve the release of cellular ATP, hydrolysis of ATP to adenosine,
and the activation of adenosine receptors that modulate PMN responses [35-38]. These
autocrine feedback mechanisms involve several different subtypes of the nucleotide and
adenosine receptor families, collectively termed purinergic receptors, that may influence
apoptosis and other PMN responses [39-44].

Our current study has shown that TBI activates PMNs in the circulation of trauma patients.
Numerous previous in vitro and in vivo studies have shown that hypertonic conditions block
PMN activation [35-38]. Our previous work has shown that HS resuscitation of trauma
patients with hemorrhagic shock reduced PMN activation [23]. In agreement with these
studies, our current data indicate that HS suppress PMN activation in TBI patients. Like in
our previous study, we found that HSD significantly less effective than HS in inhibiting
PMN activation. This may be due to immunostimulatory effects that have been ascribed to
dextran and that could be amplified by HS [23].

While the effects of HS on PMN activation and apoptosis would be expected to decrease
post-traumatic morbidity and mortality, our work has not revealed compelling evidence that
clinical outcome in patients treated with HS is different from that of patients treated with HS
or HSD. MODS scores, GOS-E, DRS, and overall mortality rates were similar in all three
treatment groups. The parent ROC study, which included a much larger patient cohort than
the present sub-study also failed to establish significant differences in clinical outcome in
patients treated with HS [20]. These findings seem surprising, given the importance of
PMNs in the pathological consequences of TBI. Ample evidence indicates that PMN
recruitment is a characteristic event of the early inflammatory response to TBI [45]. Animal
models of TBI have shown that depletion of PMNs reduces edema formation and the loss of
brain tissue after TBI, suggesting that PMN recruitment to the brain is an important aspect
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of pathophysiological processes involved in TBI [46]. In light of these findings, we propose
that the inhibitory effect on PMNs that can be achieved by pre-hospital treatment with HS
resuscitation is not sufficient in extent or duration to halt the pathological processes leading
to brain injury. Alternative interpretations of our results are that PMN-independent
mechanisms play important roles in damaging brain tissue or that altered responses of
circulating PMNs may not directly reflect the responses of PMNs in the cerebral space after
TBI.

Hypertonic fluid therapy is widely used to treat TBI patients because of clinical evidence
that it reduces intracranial pressure, edema formation, and morbidity after head injuries
[47,48]. In previous studies, HS therapy was employed for prolonged periods after the
admission of patients to the ICU. In these studies, HS was administered based on
intracranial pressure measurements that were continuously monitored and maintained ≤15
mmHg [47]. In the current study, hypertonic fluids were administered as a bolus infusion in
the pre-hospital setting. Under the latter circumstances, hypertonic therapy may not be able
to reduce intracranial pressure and edema formation beyond the initial phase after admission
of patients to the ICU, resulting in subsequent swelling and brain tissue damage. This would
explain the failure of hypertonic resuscitation to improve long-term outcome in our current
study, the corresponding parent clinical trial, and in previous clinical trials where pre-
hospital hypertonic treatment was administered to patients with head injury [20,49]. A
limitation of our current study was the lack of consistent ICP monitoring data particularly in
the early phase. Many patients with ICP monitoring received their ICP monitors on average
8 h after admission to the ICU. Therefore, it was impossible to determine how hypertonic
fluid resuscitation affected ICP and whether negative clinical outcome in our patients was
related to ICP.

There are several other limitations to our current study. As a sub-study of the larger ROC
trial, the patients for our sub-study were enrolled in only two study sites that were staffed to
collect and process serial blood samples for immune studies. Thus, we could not study the
full range of patients that was accessible in the larger ROC trial. For example, we could not
enroll patients with severe TBI or shock that resulted in early mortality. Similarly, we were
not able to enroll patients with relatively minor injuries because no serial blood samples
were available due to their early discharge. As a result of these limitations, the patients
represented in the current sub-study may not be fully representative of all patients who were
given the three different pre-hospital fluids in the parent trial.

In a rodent model of TBI, an initial single dose of hypertonic saline treatment has been
shown to improve long-term outcome and cognitive function [50]. These results seem to
contradict the clinical findings with pre-hospital hypertonic fluid resuscitation mentioned
above. However, in contrast to clinical studies with TBI patients, injury mechanisms and
pathological processes in animal models are typically kept uniform by tightly controlling
experimental conditions. Trauma patients can sustain a wide range of different injuries and
treating TBI in these patients is significantly more complex compared to animal models.
Therefore, treatment strategies must be adjusted to accommodate the specific needs of
individual TBI patients. Our current results suggest that pre-hospital hypertonic
immunomodulation with HS can reduce excessive PMN activation, but that this does not
translate into better clinical outcome in TBI patients. However, it is possible that HS
resuscitation combined with subsequent hyperosmotic fluid therapy to attenuate intracranial
hypertension in TBI patients during their stay in the ICU could be a feasible strategy to
improve longer-term neurological outcome after TBI [51,52]. We conclude that it would be
worthwhile to test this concept in future studies. Since our present and previous findings
[23] suggest that HSD has no protective effects and that it may exacerbate post-traumatic
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PMN activation, we propose that future studies should focus on the use of HS without
dextran.
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Fig. 1. TBI induces sustained neutrophilia
Peripheral blood samples were collected in EDTA vacutainers from healthy controls (n=20)
and trauma patients resuscitated with NS (n=39), HSD (n=22), or HS (n=22) at the time of
emergency department (ED) admission (≤3 h post-resuscitation) and 12 and 24 h post-
resuscitation. Both the percentage (square symbols) of neutrophils among all white blood
cells and the concentration (circles) of neutrophils (PMNs) in the peripheral blood were
elevated relative to levels in healthy controls (triangles) throughout the sampling period, as
determined by a Beckman Coulter Hematology Analyzer. Statistics: ap < 0.05 vs. age-
matched healthy controls by ANOVA.
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Fig. 2. HS, HSD, and NS differentially modulate neutrophil activation and adhesion molecule
expression after TBI
Cell-surface expression of CD11b (A), CD62L (B), and CD64 (C), were assessed by
multiparameter flow cytometry using freshly drawn heparinized whole blood samples.
Results were expressed as both the mean fluorescence intensity (MFI, bars) in arbitrary
units (a.u.) and percentage antigen-positive (%, lines) neutrophils (PMNs). Blood was
sampled serially from patients resuscitated with normal saline (NS; n=39), hypertonic
saline-dextran (HSD; n=22), or hypertonic saline (HS; n=22) upon hospital admission (ED
≤3 h) and 12 and 24 h after resuscitation. Blood samples from age and gender matched
healthy volunteers served as control (triangles; n=20). Statistical analyses: ap < 0.05 vs. age-
matched healthy controls; bp < 0.05 vs. time-matched NS-treated patients; cp < 0.05 vs.
time-matched HS-treated patients, by ANOVA.
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Fig. 3. Neutrophil degranulation marker expression is differentially affected by HS and HSD
Cell-surface expression of CD35 (A), CD63 (B), and CD66b (C) were assessed by whole-
blood multiparameter flow cytometry. Results are expressed as both the mean fluorescence
intensity (MFI, bars) in arbitrary units (a.u.) and percentage antigen-positive (%, lines)
neutrophils (PMNs). Blood was sampled serially from patients resuscitated with normal
saline (NS; n=39), hypertonic saline-dextran (HSD; n=22), or hypertonic saline (HS; n=22)
upon hospital admission (ED ≤3 h) and 12 and 24 h after resuscitation. Blood samples from
matched healthy volunteers served as controls (triangles; n=20). Statistical analyses: ap <
0.05 vs. age-matched healthy controls; bp < 0.05 vs. time-matched NS-treated patients; cp <
0.05 vs. time-matched HS-treated patients, by ANOVA.
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Fig. 4. Hypertonic fluid treatment reduces oxidative burst activity of neutrophils after TBI
Neutrophil (PMN) oxidative burst activity was measured by assessing intracellular
rhodamine (Rho)123 mean fluorescence intensity (MFI ± SEM) in arbitrary units (a.u.) of
neutrophils in whole-blood samples from healthy controls (n=20) and trauma patients
resuscitated with NS (n=39), HSD (n=22), or HS (n=22) at the time of emergency
department (ED) admission (≤3 h post-resuscitation) and 12 and 24 h after resuscitation.
Samples were incubated at 37°C with N-formyl-methionine-leucine-phenylalanine (fMLP, 5
μM) as a moderate stimulus or with phorbol 12-myristate 13-acetate (PMA, 8.1 μM) as a
strong stimulus. Rho-123 MFI values were expressed as a percentage of unstimulated
control samples. Statistical analyses: ap < 0.05 vs. age-matched healthy controls; bp < 0.05
vs. time-matched NS-treated patients; cp < 0.05 vs. time-matched HS-treated patients, by
ANOVA.
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Fig. 5. Hypertonic saline partially restores neutrophil apoptosis after TBI
Spontaneous apoptosis was assessed as the total percentage (mean ± SEM) of Annexin-V-
positive (AnV+) neutrophils (PMNs) in unstimulated whole-blood samples from healthy
controls (n=20) and trauma patients resuscitated with NS (n=39), HSD (n=22), or HS (n=22)
at the time of emergency department (ED) admission (≤3 h post-resuscitation) and 12 and 24
h after resuscitation. Samples were incubated at 37°C for 20 h prior to staining and flow
cytometric analysis. Statistical analyses: ap < 0.05 vs. age-matched healthy controls; bp <
0.05 vs. time-matched NS-treated patients; cp < 0.05 vs. time-matched HS-treated patients,
by ANOVA.
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Table 1
Demographic, Laboratory and Clinical Characteristics of Severe TBI Patients

Resuscitation Group

Variables All Patients HS HSD NS

Demographics

 No. of patients 83 22 22 39

 Sex, n (% male) 61 (73.5%) 19 (86.4%) 13 (59.1%) 29 (74.4%)

 Age, mean (SD), years 39.8 (19.5) 39.1 (17.7) 37.2 (21.0) 36.2 (19.1)

Vital Signs

 ED SBP, mean (SD), mmHg 140.4 (28.4) 144.0 (25.0) 148.8 (25.2)*,a 133.8 (30.8)

 GCS at entry, median (IQR) 5.0 (3-7) 5.0 (3-7) 5.5 (3-7) 5.0 (3-7)

 Worst MODS, mean (SD) 8.7 (9.0) 7.5 (8.3) 9.3 (8.9) 8.6 (9.0)

 ISS, median (IQR) 27.0 (15-36) 25.5 (17.5-35) 29 (17-38) 29 (16-35)

Injuries

 Type of injury, n (%)

  Blunt 81 (97.6%) 21 (95.5%) 21 (95.5%) 39 (100%)

  Penetrating 2 (2.4%) 1 (4.5%) 1 (4.5%) 0 (0%)

 Head AIS 3.9 (1.1) 4.1 (1.0) 4.0 (1.2) 3.8 (1.1)

Laboratory Values

 Sodium, mean (SD), mM 143.0 (5.8) 147.2 (3.9)*,a 148.1 (6.6)*,a 139.8 (2.7)

 Chloride, mean (SD), mM 113.0 (10.1) 116.6 (4.8) 120.0 (15.1) 107.2 (3.9)

 Osmolality, mean (SD), mOsm/l 321.5 (25.8) 323.5 (21.8) 330.1 (25.3) 315.6 (27.1)

 Hemoglobin, mean (SD), g/l 113.4 (24.7) 121.5 (19.0)*,a 111.3 (25.2) 109.9 (27.0)

 Hematocrit, mean (SD), l/l 0.33 (0.07) 0.35 (0.06) 0.31 (0.08) 0.32 (0.08)

Fluids

 Total pre-hospital fluid, mean (SD), l 0.89 (0.63) 0.82 (0.51) 0.87 (0.56) 0.78 (0.61)

 Total fluids first 24 h, mean (SD), l 5.9 (4.4) 5.1 (2.9) 5.8 (5.1) 6.4 (4.7)

Infections

 One or more infections, n (%) 26 (31.3%) 8 (36.4%) 7 (31.8%) 10 (25.6%)

Outcomes

 Length of stay, mean (SD), d 32.9 (50.0) 30.8 (22.8) 21.9 (27.8) 28.7 (29.3)

 Overall mortality, n (%) 23 (27.7%) 5 (22.7%) 7 (31.8%) 11 (28.2%)

 ARDS free survival to 28 d, n (%) 61 (73.5%) 18 (81.8%) 15 (68.2%) 28 (71.8%)

 GOS-E, 6-month, median (IQR) 4.0 (1-6) 3.5 (2-6) 3.5 (1-6) 4.0 (1-6)

 DRS, 6-month, median (IQR) 5 (2-6) 5.5 (3-6) 6 (2-6) 5 (3-6)

Abbreviations: NS, normal saline; HSD, hypertonic saline plus dextran; ED, emergency department admission; SBP, systolic blood pressure; GCS,
Glasgow Coma Scale; ISS, Injury Severity Score; worst MODS, highest Multiple Organ Dysfunction Score during entire observation period; SD,
standard deviation; IQR, interquartile range; d, days; GCS, Glasgow Coma Score; head AIS, Abbreviated Injury Score for the head; ISS, Injury
Severity Score; ARDS, acute respiratory distress syndrome; GOS-E, Extended Glasgow Outcome Score; DRS, Disability Rating Score. Statistical
differences with p < 0.05 between the HS or HSD groups and the NS group are indicated by astersiks followed by the type of test used (a, Student's
t-test; b, Mann-Whitney U test; c, Chi-square test).
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