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Abstract
Penetrating traumatic brain injury (pTBI) often occurs with systemic insults such as hemorrhagic shock (HS) and
hypoxemic (HX). This study examines rat models of penetrating ballistic-like brain injury (PBBI) and HX+HS to as-
sess whether the blood levels of brain and systemic response biomarkers phosphorylated neurofilament-heavy
protein (pNF-H), neurofilament-light protein (NF-L), aII-spectrin, heat shock protein (HSP70), and high mobility
group box 1 protein (HMGB1) can distinguish pTBI from systemic insults and guide in pTBI diagnosis, prognosis,
and monitoring. Thirty rats were randomly assigned to sham, PBBI, HS+HX, and PBBI+HS+HX groups. PBBI and
sham groups underwent craniotomy with and without probe insertion and balloon expansion, respectively. HX
and HS was then simulated by blood withdrawal and fraction of inspired oxygen (FIO2) reduction. Biomarker
serum concentrations were determined at one (D1) and two (D2) days post-injury with enzyme-linked immunosor-
bent assay (ELISA) methods. Axonal injury-linked biomarkers pNF-H and NF-L serum levels in PBBI groups were
higher than those in sham and HX+HS groups at D1 and D2 post-injury. The same was true for PBBI+HX+HS
compared with sham (D2 only for pNF-H) and HX+HS groups. However, pNF-H and NF-L levels in PBBI+HX+HS
groups were not different than their PBBI counterparts. At D1, aII-spectrin levels in the HX+HS and PBBI+HS+HX
groups were higher than the sham groups. aII-spectrin levels in the HX+HS group were higher than the PBBI
group. This suggests HX+HS as the common insult driving aII-spectrin elevations. In conclusion, pNF-H and
NF-L may serve as specific serum biomarkers of pTBI in the presence or absence of systemic insults. aII-spectrin
may be a sensitive acute biomarker in detecting systemic insults occurring alone or with pTBI.

Keywords: biomarker; brain injury; global injury markers; organ injury

Introduction
The incidence and mortality of penetrating traumatic
brain injury (pTBI) have more than doubled in the ci-
vilian population between 2010 and 2014. Roughly half
of these patients suffered severe TBI, with a mortality

rate of 43.8%.1 These patients often require extensive
time in the intensive care unit (ICU) and require exten-
sive rehabilitation services. Unfortunately, limited data
exist for pTBI due to its relatively low prevalence.2 Fur-
ther, polytrauma commonly occurs with pTBI after
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improvised explosive device attacks. Patients who suf-
fered from pTBI and polytrauma face physical, cogni-
tive, and psychological impairments and have a
higher mortality rate than those with pTBI alone.3–5

A high prevalence of concomitant hypoxemia (HX)
and hemorrhagic shock (HS) exists in patients with
pTBI and polytrauma. Experimental TBI combined
with HX and HS results in worsened neurological out-
comes,6,7 increased metabolic disturbances,8 and neu-
ronal cell death.9 For example, our previous study
demonstrated the cumulative effects of HS and HX
on the physiological, metabolic, and neurobehavioral
outcomes in a penetrating ballistic-like brain injury
(PBBI) model.10–12 Therefore, these systemic insults
are often incorporated into the existing pTBI models
to increase translational research’s clinical relevance.

Brain imaging modalities, including computed tomog-
raphy (CT) and magnetic resonance imaging (MRI), pro-
vide a useful but limited assessment of the injury severity
of pTBI. For example, CT exposes patients to radiation
and is insensitive for the diagnosis of diffuse axonal inju-
ry.13 Although MRI better detects axonal injury and sub-
tle neuronal damage, it is not suitable for patients with
hemodynamic instability, is more difficult to perform
on patients receiving ventilation, and is generally re-
served for the subacute stage.14 These limitations leave
a clinical gap where important data need to be garnered
for prognosis and treatment. Readily accessible blood-
based biomarkers found within the serum, plasma, or
whole blood may play a role in the diagnosis and prog-
nosis of PBBI with or without systemic insults. Addition-
ally, they may provide pathophysiological information of
injury severity of pTBI throughout a patient’s disease
course in the intensive care setting. Further, they may
play a role in evaluating the efficacy of treatments of
TBI in the setting of polytrauma. The ability to predict
mortality and injury severity may facilitate the develop-
ment of clinical guidelines for managing pTBI.15

Several biomarkers are reported to be altered after
PBBI, including GFAP (glial fibrillary acidic protein;
astrogliosis/astroglial injury),16–18 brain-derived neuro-
trophic factor (BDNF; neurogenesis/neuroprotection),19

ubiquitin C-terminal hydrolase-L1 (UCH-L1; neuronal
cell body injury),20 cathepsin B (CatB; apoptosis/
cell necrosis),21 and microRNA (miRNA; astrogliosis/
inflammation/neurodegeneration).22,23

Considering that pTBI and polytrauma often occur
concurrently in the setting of emergency medicine, we
hypothesized that the use of brain-specific and global in-
jury biomarkers can reliably identify HX+HS and frontal

PBBI with and without systemic insults (HX+HS) to di-
agnose and differentiate combined injury from isolated
pTBI. The brain-specific biomarkers of interest include
the phosphorylated axonal form of the heavy neurofila-
ment subunit (phosphorylated neurofilament-heavy
protein [pNF-H]; axonal injury)15,24,25 and the light
neurofilament subunit (neurofilament-light protein
[NF-L]; axonal injury).26,27 The global injury biomarker
panel includes the high mobility group box 1 protein
(HMGB1; alarmin stress response/cell necrosis)28–31

and heat-shock protein (HSP70; organ stress/shock re-
sponse).28,32 Although levels of aII-spectrin and its
breakdown products (axonal injury/cell necrosis) have
been reported to change in the setting of PBBI, they
were also included in this global injury marker panel
considering their abundant expression in non-central
nervous system (CNS) organs.15,16,18,33,34 We also hy-
pothesize that polytrauma will exacerbate brain injury
and cause rising levels in brain-specific biomarkers.

Methods
Research subjects
Thirty male adult Sprague-Dawley rats (280–320 g, 3
months old; Charles River Labs, Raleigh, NC, USA)
were used in these experiments. All protocols involving
animal use were reviewed and approved by the Institu-
tional Animal Care and Use Committee of Walter Reed
Army Institute of Research. Research was conducted in
compliance with the Animal Welfare Act, Guide for the
Care and Use of Laboratory Animals (eighth edition,
National Research Council), and other federal statutes
and regulations. All surgical procedures were per-
formed using aseptic technique. Animals were housed
individually under a 12-h light-dark cycle in a
temperature-controlled facility accredited by the Asso-
ciation for Assessment and Accreditation of Laboratory
Animal Care International. All animals had access to
food and water ad libitum post-injury.

PBBI, HX, and HS
Anesthesia was induced in an induction chamber with
3.5% isoflurane delivered in air/oxygen mixture (fraction
of inspired oxygen [FIO2] = 0.26) and maintained using a
nose cone at 1.5% throughout the surgeries. In all ani-
mals, the right femoral artery and vein were cannulated
using number 2 French tubing (cat. no. BTPU-027;
Instech Laboratories) for mean arterial blood pressure
(MAP) monitoring and fluid resuscitation, respectively.
Using the same tubing, the tail artery was cannulated for
inducing HS by withdrawing blood and for blood gas

Li et al.; Neurotrauma Reports 2021, 2.1
http://online.liebertpub.com/doi/10.1089/neur.2021.0006

371



analysis. Partial pressures of oxygen (PaO2) and carbon
dioxide (PaCO2) and pH were measured with a blood
gas analyzer (ABL5; Radiometer America Inc., OH,
USA) to confirm the hypoxemic condition.

A total of 30 rats were randomly divided into four
groups that included sham control (craniotomy only,
n = 6), PBBI only (n = 8), HS+HX only (n = 8), and
PBBI+HX+HS (n = 8) groups. Unilateral (right) PBBI
was induced using a simulated ballistic injury device
(Mitre Corp., McLean, VA, USA) with a specially
designed stainless-steel probe (Popper & Sons Inc.,
Hyde Park, NY, USA).35 The probe was mounted to a
stereotaxic arm at an angle of 50 degrees from the verti-
cal axis and 25 degrees counterclockwise from the ante-
roposterior (A-P) axis. It was then manually inserted
through the right frontal cortex of the anesthetized rat
via a cranial window (+4.5 mm A-P, +2 mm mediolate-
rial [M-L] from bregma) to a distance of 12 mm (from
dura). The elastic tubing on the probe was inflated by
a rapid (40 millisecond) water pressure pulse, forming
an elliptical balloon calibrated to 10% of the total rat
brain volume causing a temporary intracerebral cavity.

The probe was then gently retracted, and the cranial
opening was sealed with sterile bone wax. Transient HX
was induced by reducing FIO2 to 0.1 (10% oxygen bal-
anced with 90% nitrogen), resulting in a PaO2 of less
than 40 mm Hg (confirmed by blood gas analysis). Nor-
moxia (FIO2 = 0.26) was restored after 30 min of HX.
Transient HS was induced by withdrawing blood via
the tail arterial catheter using a withdrawal pump (Har-
vard Apparatus, MA, USA) at a constant rate of 0.25 mL
per 100 g/min to reduce the MAP by 5 mm Hg, from
45 mm Hg to 40 mm Hg (monitored via femoral artery
catheter). HS was maintained for 30 min. The animals
then received fluid resuscitation with lactated Ringer’s
solution (B. Braun Medical, PA, USA) via the femoral
vein catheter. The infusion volume was 3 times the
blood volume withdrawn.36 In the HX+HS groups, HX
started at 5 min after PBBI or sham PBBI, whereas HS
started at 5 min after restoring normoxia from HX.
The sham control animals received all surgical proce-
dures (including catheterizations and craniotomy) with
the exception of the PBBI probe insertion/expansion.

Serum preparation
Blood samples (2 mL) were collected at terminal end-
points (D1 and D2 post-injury) by cardiac puncture
using Z/1.3 clotting tubes (Sarstedt, Newton, NC,
USA) and were allowed to clot at room temperature
for 30 min before centrifugation at 1200g for 10 min

at 4�C. Serum was transferred to a storage tube and
kept in�80�C. All samples were shipped via FedEx pri-
ority overnight (on dry ice) to the University of Florida
for protein analyses.

Quantitation of protein biomarker
Dynamic evaluation of brain and global biomarkers
was performed at D1 and D2 post-injury in the
PBBI model. Serum concentrations of brain and global
biomarkers pNF-H (cat no. RD191138300R; Bioven-
dor), NF-L (item 103345; Quanterix), HSP70 (cat
no. ab133060; abcam), and inflammation markers
HMGB1 (ABIN416082; Antibodies-online.com) and
aII-spectrin (cat no. ABIN1572517; Antibodies-online)
were determined with sandwich enzyme-linked immu-
nosorbent assays (ELISA) at the University of Florida.
Sandwich ELISAs were conducted using standard 96-
well, flat-bottom, Nunc Immuno Maxisorp plates
(Fisher, Pittsburgh, PA, USA), according to the manu-
facturer’s protocol. Selected capture and detection anti-
body pairs were used.

Briefly, ELISA plates were passively coated overnight
at 4�C with capture antibody, then washed and
blocked. Serum samples were added and incubated at
room temperature with shaking. After washing,
peroxidase-conjugated detection antibody or HRP-
conjugated streptavidin were added, which catalyzed
the reaction with a colorimetric substrate (TMB;
Pierce). The product was quantified by absorbance at
450 nm in a microplate spectrophotometer. Standard
curves were generated using recombinant proteins cor-
responding to the biomarker measured in each assay.
Four parameter-fit non-linear regression analyses
were applied to determine biomarker quantities.

Statistical analysis
Statistical analysis was performed using GraphPad Prism
(version 9.0.0). Data were presented as mean – standard
error of the mean (SEM). The differences in biomarker
concentration among the groups were analyzed with
one-way analysis of variance (ANOVA) followed by
post hoc comparisons using Tukey’s test. The criterion
for significance was set at p < 0.05.

Results
Tissue specificity for biomarkers associated
with brain injury and polytrauma
We first conducted omics-based data mining to ascer-
tain specific tissue expression of the five biomarkers of
interest. The relative biomarker mRNA expression
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levels were retrieved from the GeneCards human
gene database.60 pNF-H (NEFH) and NF-L (NEFL)
show high specificity to the CNS (brain, spinal
cord). mRNA for HSP70 (HSPA4), and HMGB1 is
ubiquitously expressed in all organs and peripheral
blood cells.15,33,34 Although our data mining show
that aII-spectrin (SPTAN1) levels are highest in the
CNS, this biomarker is widely distributed among
other organs.

We next verified the protein distribution of the
same markers in various human organs and cell
types. The results are based on mass spectrometry de-
tection of the tryptic peptides derived from the five
respective parent proteins shown on the Human Pro-
teome Map portal.61 NF-L and NF-H are highly spe-
cific and enriched in the brain and spinal cord and are
minimally concentrated in other organs or cells. In
contrast, HMGB1 and HSP70 show strong protein

signals throughout all organs and cells examined.
Lastly, aII-spectrin (SPTAN1) protein is enriched in
the CNS but is also expressed in other tissues.

Temporal survey of serum biomarkers
The serum levels of the brain-specific axonal injury
marker pNF-H were analyzed at D1 and D2 in all
groups (Fig. 1A,B). pNF-H serum levels in animals sub-
jected to PBBI were significantly higher than those in
the sham control ( p < 0.01) and HX+HS ( p < 0.001)
groups at D1. Similarly, pNF-H levels in animals
subjected to PBBI were significantly higher than
those in the sham control ( p < 0.0001) and HX+HS
( p < 0.0001) groups at D2. There was also a significant
increase in pNF-H levels in the P+HX+HS groups com-
pared with the HX+HS groups at D1 and D2. There
was a non-significant increase at D1 in pNF-H levels
in the PBBI group compared with the sham group

FIG. 1. Serum pNF-H levels at D1 (A) and D2 (B) post-injury. The levels of pNF-H showed a significant
increase in PBBI at D1, and in both PBBI and P+HX+HS groups at D2 when compared with sham (**p < 0.01,
****p < 0.0001). The levels of pNF-H significantly increased in PBBI and P+HX+HS groups at D1 and D2 when
compared with HS+HX (##p < 0.01, ###p < 0.001, ####p < 0.0001). Biomarker concentration differences were
analyzed with ANOVA followed by post hoc comparisons using Tukey’s test. Data are presented as
mean – SEM. ANOVA, analysis of variance; D1, one day; D2, two days; HS, hemorrhagic shock; HX,
hypoxemia; P, penetrating ballistic-like brain injury; PBBI, penetrating ballistic-like brain injury; pNF-H,
phosphorylated neurofilament-heavy protein; SEM, standard error of the mean.
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that reached significance at D2. No significant differ-
ences were detected between the HX+HS and sham
groups. At D1 and D2 post-injury, pNF-H levels
trended lower in the P+HX+HS group compared
with those in the PBBI group, but the difference was
not significant.

The serum levels of NF-L were significantly higher in
the PBBI ( p < 0.01) and P+HX+HS ( p < 0.05) groups
at D1 and D2 post-injury. NF-L serum levels were
also significantly higher in both PBBI ( p < 0.01 at D1
and D2) and P+HX+HS ( p < 0.05 at D1; p < 0.001 at
D2) groups when compared with HX+HS. There
were no statistically significant differences between
PBBI and P+HX+HS groups at either day post-injury.
(Fig. 2A,B)

aII-spectrin is a major cortical cytoskeleton protein
located in the brain and in nucleated cells in most pe-
ripheral organs.15,33,37 aII-spectrin serum levels in ani-
mals subjected to HX+HS were significantly higher
than those in the sham control ( p < 0.001) and PBBI

( p < 0.05) groups at D1 post-injury (Fig. 3A). Similarly,
aII-spectrin levels were significantly higher at D1 in the
PBBI+HX+HS groups compared with the sham groups
( p < 0.05) (Fig. 3A). No significant differences were
detected between the PBBI alone and sham groups at
D1 post-injury. By D2 post-injury, aII-spectrin levels
in all groups returned to sham control levels. (Fig. 3B).

Serum levels of global stress response biomarker
HSP70 were quantitated at D1 and D2 post-injury
(Fig. 4). There was a non-significantly increasing
trend of HSP70 levels in the injury groups compared
with the sham control group at D1 post-injury
(Fig. 4A). At D2 post-injury, the serum levels of
HSP70 in all injury groups were comparable to that
in the sham control group (Fig. 4B).

Lastly, serum levels of the inflammation bio-
marker, HMGB1, were quantitated at D1 and D2
post-injury (Fig. 5). No significant differences between
groups were detected in the levels of HMGB1 at both
time-points.

FIG. 2. Serum NF-L levels at D1 (A) and D2 (B) post-injury. The levels of NF-L showed a significant
increase in both PBBI and P+HX+HS groups at D1 and D2 when compared with sham (*p < 0.05, **p < 0.01).
The levels of pNF-H significantly increased in PBBI and P+HX+HS groups at D1 and D2 when compared with
HS+HX (#p < 0.05, ##p < 0.01, ###p < 0.001). Biomarker concentration differences were analyzed with ANOVA
followed by post hoc comparisons using Tukey’s test. Data are presented as mean – SEM. ANOVA, analysis
of variance; D1, one day; D2, two days; HS, hemorrhagic shock; HX, hypoxemia; NF-L, neurofilament-light
protein; P, penetrating ballistic-like brain injury; PBBI, penetrating ballistic-like brain injury; pNF-H,
phosphorylated neurofilament-heavy protein; SEM, standard error of the mean.
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Discussion
Our study investigates brain and global injury bio-
markers following combined HX and HS (HX+HS) in-
sults in a pTBI model to help differentiate combined
injury from isolated TBI. Brain imaging, such as CT

and MRI, provides consistent methods to assess the
presence and severity of pTBI with or without the influ-
ence of polytrauma. However, these imaging tech-
niques remain limited in critical conditions and have
unique drawbacks and limitations especially within

FIG. 3. Serum global injury marker all-spectrin levels at D1 (A) and D2 (B) post-injury. The levels of all-
spectrin showed a significant increase in HX+HS and P+HX+HS groups (compared with sham *p < 0.05,
***p < 0.001; #p < 0.05 compared between PBBI and HX+HS groups). Biomarker concentration differences
were analyzed with ANOVA followed by post hoc comparisons using Tukey’s test. Data are presented as
mean – SEM. ANOVA, analysis of variance; D1, one day; D2, two days; HS, hemorrhagic shock; HX, hypoxemia; P,
penetrating ballistic-like brain injury; PBBI, penetrating ballistic-like brain injury; SEM, standard error of the mean.

FIG. 4. Serum global injury marker HSP70 levels at D1 (A) and D2 (B) post-injury. There seems to be a
trend of HSP70 toward an increase in injured groups than in sham control groups at D1. Otherwise, there
are no statistically significant differences between any group at D1 and D2. D1, one day; D2, two days.
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the acute to subacute period post-injury. Blood-based
protein biomarkers may be used to augment the diag-
nosis, prognosis, and monitoring of pTBI. They may
also help monitor evolution secondary injury. Treat-
ments for pTBI are limited but may benefit from a
better understanding of acute brain and global pro-
tein profiles as well as from identifying sensitive bio-
markers to differentiate combined injuries from
isolated TBI.

Brain-enriched biomarkers
Neurofilament (NF) proteins are crucial structural
components of the axonal cytoskeleton.27 They are
composed of three different subunits differentiated by
molecular weight (neurofilament-heavy protein [NF-
H], neurofilament-medium protein [NF-M], and
neurofilament-light protein [NF-L]).38 NF-H is heavily
phosphorylated (pNF-H).39 Several studies suggest that
NF proteins may serve as sensitive markers of TBI.40–47

pNF-H was reported to be a good predictor of injury
severity in patients with mild TBI48 and acute spinal
cord injury.49 In another study using a PBBI model,
serum levels of pNF-H at both D1 and D2 post-injury
were correlated with the degree of histological injury in
a rat model of controlled cortical impact (CCI).40 The
NF-L isoform is important to consider as it is believed
to accumulate more rapidly and have more sustained
elevations than pNF-H.27 Further, NF-L levels have
predicted TBI and patient outcomes.26 It is important
to consider that both these NF proteins are present in

the peripheral nervous system and in muscle. However,
they are present in relatively low levels compared with
the CNS. Further, there is no evidence that HX+HS or
pTBI cause peripheral nerve injury. Our findings were
consistent with our hypothesis that pNF-H and NF-L
would serve as brain-specific markers for PBBI as
pNF-H and NF-L levels in rats subjected to PBBI
were elevated compared with the HX+HS and sham
control groups.

Whereas we also anticipated an increase in pNF-H
in the P+HX+HS group compared with sham, a statis-
tically significant difference was only observed in D2,
although it approached significance at D1. This is con-
sistent with a previous study that demonstrated signif-
icantly higher levels of pNF-H in a PBBI model at D2
compared with D1 and suggests that pNF-H may
serve as a more useful marker at D2.41

Because post-traumatic HX and HS have been
reported to exacerbate brain damage,3–5 it is surprising
that these additional insults following TBI did not in-
crease the levels of pNF-H and NF-L. The data may in-
dicate the physiological compensatory response to
handling mild to moderate HX and hypotension. Our
previous studies demonstrated that the sensitivity ca-
pacity may account for the lack of additive effects of
hypoxemic and hypotensive insults in animals sub-
jected to 10% PBBI.10 This issue may be resolved in fu-
ture studies by reducing the injury severity in the PBBI
model by reducing the volume of balloon expansion to
a smaller percentage such as 5% of total brain volume.

FIG. 5. Serum HMGB1 levels at D1 (A) and D2 (B) post-injury. There are no statistically significant
differences between any groups. D1, one day; D2, two days.
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Further, technical issues, such as from HS, may have
contributed to variation in the data, secondary to al-
tered diffusion rates or distributions of biomarkers. It
is possible that the HS was not severe enough to aggra-
vate the TBI. It is also possible that the pNF-H and
NF-L induced by combined PBBI and HS+HX might
increase in a more delayed fashion in our model as
seen in other injury types such as delayed cerebral is-
chemia and diffuse anoxic brain injury. If so, detection
of pNF-H at more delayed time-points in future studies
might provide novel mechanistic insight. A study in
humans demonstrated similar results with no differ-
ences in pNF-H levels in patients with TBI with and
without polytrauma.25

Global injury biomarkers
aII-spectrin is a cortical cytoskeletal protein with es-
sential roles in neuronal development, synaptic, plas-
ticity, and cytoskeletal remodeling.50 It is abundant in
neurons but is also found in most other or-
gans.15,33,34,37 During cell apoptosis, aII-spectrin is
processed into breakdown products of 150i and
120 kDa fragments (SBDP150 and SBDP120) by cas-
pase 3. In cell necrosis, and to a lesser extent during
cell apoptosis, aII-spectrin is truncated to 150 and
145 kDa fragments (SBDP150 and SBDP145) by cal-
pain.50 Various studies have demonstrated that aII-
spectrin may potentially serve as a biomarker in
TBI.51–57 In the present study, the aII-spectrin ELISA
assay detected intact aII-spectrin and its various
SBDPs. Our data mining analysis shows that both
mRNA levels and protein levels of aII-spectrin
(SPTAN1) are abundant in the CNS tissues. Yet, com-
pared with NEFH and NEFL, aII-spectrin levels are
also high in various other organs such as the heart, ret-
ina, ovary/testis, kidney, and adrenal gland.

Our study suggested that aII-spectrin is a sensitive
biomarker for sensitive insults but not PBBI. This
was the case as HX+HS served as the common factor
for elevated aII-spectrin levels. Further, PBBI levels
were not significantly elevated compared with sham
in our study despite its high CNS concentration. This
is similar to the results from another rat PBBI study
reported by Zoltewicz and colleagues20 in which
plasma SBDP150 was comparable to sham control lev-
els at D1 post-injury. Thus, this serum biomarker’s sen-
sitivity to HX+HS and lack of sensitivity and specificity
to PBBI may be due to the expression of aII-spectrin in
other organs besides the brain and may indicate subtle
peripheral organ damage.15,33,34 It is important to note

that PBBI+HX+HS levels were unexpectantly insignif-
icantly elevated compared with the PBBI group. This
may again represent an issue of sensitivity capacity
and should be further investigated in future studies
by reducing the volume of balloon expansion.

HMGB1 proteins are involved in DNA binding and
contribute to chromatin architecture.58 They are re-
leased from the cell nucleus during cellular necrosis,31

serve as an alarmin signaling mediator during inflam-
matory responses,30,59 and may serve as biomarkers in
TBI.29 HSP70, a protein activated in physiological stress,
may also serve as a biomarker in TBI.32 No significant
changes in these two non-brain organ-specific protein
biomarkers33,34 were detected. The brain is highly sus-
ceptible to HS and HX insults. TBI itself can cause hypo-
perfusion, decreased oxygen delivery, metabolic
dysfunction, and perturbed autoregulation of cerebral
blood flow, all which account for the increased vulnera-
bility of the injured brain to hypotensive and/or hypox-
emic insults. It is plausible that the durations of HX and
HS were not long enough to cause multiple organ dys-
function. In the field, patients can be hypotensive or
hypoxemic for significant periods of time prior to the ar-
rival of emergency medical personnel. Further, the HX
and HS may have not been severe enough. The primary
focus of this study is the effect of combined PBBI and
systemic insults on the brain. The impact on other or-
gans requires further analyses in addition to the serum
biomarkers studied herein.

Limitations and future directions
A limitation of this study is the exclusive use of serum;
biomarker profiles in cerebrospinal fluid and brain tis-
sue (e.g., microdialysate) could provide a more com-
plete picture. These biofluids are often readily
accessible in patients with severe TBI in the ICU setting
who often undergo placement of intraventricular cath-
eters.15 Further, only acute post-injury time-points (D1
and D2) were examined. More extended time periods
could be obtained with clinical samples. Although
pNF-H may have a delayed effect following PBBI, fur-
ther studies should examine subacute to chronic time-
points. Considering earlier time-points at 6- or 12-h
post-injury for aII-spectrin levels may reveal valuable
information considering the return to baseline by D2.
The small sample size also serves as a limitation, espe-
cially considering the presence of outliers in the data.
Finally, reducing PBBI severity may provide a more
sensitive platform for evaluating the cumulative effects
of combined HX and HS insults. This may be more
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clinically relevant as well as it would target a represen-
tation of patients who are more likely to survive to dis-
charge. Biomarkers profile patterns compared between
different severities of PBBI should be considered in fur-
ther studies. Future research may include behavioral
studies to examine biomarkers’ role in predicting neu-
rological deficits especially in the context of memory
formation and impulsivity.

Conclusion
This study demonstrates that PBBI increases the serum
levels of pNF-H and/or NF-L in rat models. Further,
HX and HS, alone or in combination with PBBI, are as-
sociated with acute increases in serum aII-spectrin lev-
els, suggesting its utility as a global insult marker that is
not brain specific. Therefore, when used together, pNF-
H/NF-L and aII-spectrin can serve as promising bio-
markers to distinguish PBBI from other insults, to
identify systemic insults with or with brain trauma,
and to augment clinical monitoring and prognosis of
the two conditions.
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