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Introduction

Traumatic brain injury (TBI) has been a leading pathology
for many years, causing huge social and material damage in
society [1]. The search for informative markers of brain dam-
age remains an important challenge for predicting the out-
come and treatment of children with TBI. The diagnostic
capabilities of magnetic resonance imaging (MRI) and com-
puted tomography (CT) are limited by high capital costs and
often do not provide information that can predict the conse-
quences and outcome of TBI, particularly in mild TBI
(mTBI) [2, 3]. Many mTBI diagnoses go undetected because
of the subtlety of the initial neurological deficit [4]. Problems
in the search for adequate brain markers include the need for
neuromarkers that reflect the earliest response of the brain
and lesions preceding development of secondary damage
after TBI. Secondary damage includes excessive release of
the excitatory amino acid glutamate (Glu) in the synaptic gap
and development of a cascade of excitotoxic reactions,
including increased proteolytic enzyme activity, lipid and
protein peroxidation, membrane degradation, and mitochon-
drial de-energization and energy collapse, all of which con-
tribute to neuronal cell death [5, 6]. Many reviews have
focused on the pathogenesis of TBI, but the roles of the
immune system and oxidative stress remain underestimated
[7, 8]. Oxidative stress and damage to glutamate receptors
(GluR), with development of an autoimmune response to
fragments of GluR, play important roles in the pathological
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chain of reactions to secondary brain injury [9, 10]. Along
with traditional neuromarkers (S100b and neuron-specific
enolase (NSE)), brain injury markers such as antibodies
(aAb) to GluR, their degradation products (peptides), nitric
oxide (NO), and its product 3-nitrotyrosine (NT) may be
useful for understanding of TBI pathogenesis and may indi-
cate development of hypoxia and neuroinflammation [11].

Materials and Methods

In this study, the severity of TBI in 159 children aged
>3 years was evaluated on the basis of the Glasgow Coma
Scale score (GCS), and the children were divided into the
following groups: mTBI (GCS 14-15; 100 children), mod-
erate TBI (mdTBI) (GCS 9-13; 25 children), and severe
TBI (sTBI) (GCS <9; 34 children). The outcomes of TBI
were evaluated according to the Glasgow Outcome Scale
score (GOS): full recovery (GOS 5), moderate disability
(GOS 4), high disability (GOS 3), vegetative status (GOS
2), and death (GOS 1). Venous blood samples were inves-
tigated on days 1-2, as were the dynamics during the first
2 weeks after TBI. Biomarker levels in blood serum or
plasma were determined with an enzyme-linked immuno-
sorbent assay (ELISA) and colorimetric methods: S100b
and NSE (CanAg), 3-nitrotyrosine (Hycult Biotech), and
the all-spectrin breakdown product SBDP145 (Cusabio
Biotech). Nitrogen oxide (NOx) was measured as “nitrites
and nitrates” in plasma (Calbiochem, R&D Systems). The
levels of antibodies to NR2(NMDA) and GluR1(AMPA)
and NR2 and AMPA peptides of GluR were measured
using a method developed by Dambinova et al. [12, 13].
For control values and calculations, we used data on the
upper limits of normal marker ranges prescribed by devel-
opers and our own data from children without neurological
pathology. Statistical evaluation of the data was carried out
using Statistica version 6 (StatSoft) and Excel (Microsoft)
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software. Differences between parameters were compared
by means of a Kruskal-Wallis analysis of variance
(ANOVA). P values of <0.05 were considered significant
and represented as means =+ standard errors of the means.
Graphics were processed using Prism software (GraphPad).

Results

In the first 2 days, almost all of the children had increases
in serum levels of NSE and S100b. In the following days,
decreases in these proteins were observed in those with
GOS 3, 4, and 5, whereas further increases in their levels
was observed in those with a lethal outcome (GOS 1)
(Table 1).

We found that immediately after TBI, there was an
increase in the level of nitrites and nitrates (NOX); the more
severe the damage, the higher the plasma level of these NO
metabolites (Table 2). We also noted the appearance of the
protein nitrosation product NT in the plasma of children with
TBI. At the onset of mTBI, 25% of the children developed a
measurable NT level. The highest NT level was found in
children with a lethal outcome of combined TBI (the NT
level reached 1890 nmol/L in mdTBI and 8101 nmol/L in
sTBI).

In the first 2 days, we also detected traces of SBDP145 in
the plasma of children with mTBI (0.036 + 0.012 ng/mL)
and mdTBI (0.119 + 0.023 ng/mL).

Figure 1a, b, c, d presents a more visual demonstration of
the levels of antibodies to NR2(NMDA) and peptides, and
shows individual data for children with mTBI. The level of
antibodies to NR2(NMDA) in 91% of children with mTBI
immediately after injury was 2.8 times that in children with
mdTBI (GOS 3, 4) and was several times the upper limit of
the normal range (Table 2, Fig. 1a). A similar pattern was
observed in children with sTBI with different outcomes: the
lowest level of antibodies to NR2(NMDA) on the first day
after sTBI was found in children with the worst prognosis
(GOS 1), and the highest level was found in the group with
good recovery (GOS 5) (Fig. 1b). The level of NR2 peptides
exceeded the upper limit of the normal range in only 14% of
children with mTBI, and this difference versus the normal
values was not significant (Fig. 1c). Conversely, the level of
AMPA peptides exceeded the upper limit of the normal range
in 91% of children with mTBI (Fig. 1d).

The opposite pattern of changes was shown for antibodies
to GluR1(AMPA). Children with mdTBI had a higher initial
level of antibodies to GIuR1(AMPA) and a lower level of
AMPA peptides than patients with mTBI. Thus, the more
severe the TBI, the lower the blood level of antibodies to
NR2(NMDA) and the higher the level of antibodies to
(GIuR1)AMPA on the first day.

Table 1 S100b and NSE levels in blood serum samples collected from
children during the first 15 days after a traumatic brain injury (TBI)

Time Level, pg/L*
after  S100b [ULN _ NSE [ULN
Severity of TBI, <0.125 pg/L] <13.0 pg/L]
TBI Outcome  days
Mild: GCS 1 0252004 190724386
14-15 23 008001 941202
Goss 57 005001 5712057
(=65 10-15 004+001  7.42+0.90
Moderate:  GOS5 1 0.23+0.044°  20.08+5.01°
GCS9-13 (=19 53 (130020 742+0091
1015 0.08+003  652+005
GOS3,4 1 026+0.09°  22.52+6.01°
=6 53 015:006  49+1.68
1014 0.12+005  687+127
Severe: GOS 5 1 0.30 £ 0.10" 2411 8.7
GES<9 =7 53 0082002  535+0.60
57 006002  7.44%1.60
1015 0.04+001 690150
GOS3,4 1 032+009°  260=7.70°
=14 53 020+008  630+0.62
57 012005  113£537
10-15 0.06=0.01  7.43+1.03
Gos2 1 035+0.15  284x212
=3 23  006£003  84x120
5410 004001  65=087
1575 0.04+003  727+072
Gos1 1 0.50£029° 250100’
=8 53 083:039°  39.0%17.0°
57 098:030° 429+ 17.0°
10-15  0.56+030°  23.0+10.0°

GCS Glasgow coma scale score, GOS Glasgow outcome scale score,

ULN upper limit of the normal range

“The data are expressed as mean =+ standard error of the mean

“Significant difference versus control values (P < 0.05)

Discussion

S100b protein and NSE are generally accepted biochemical
markers of brain damage. S100b protein is considered a glial
protein, predominantly localized in astrocytes, and appears
to be involved in signal transduction, energy metabolism,
and many other processes, especially through regulation of
protein phosphorylation [14, 15]. At nanomole concentra-
tions, S100b stimulates neurite outgrowth and enhances neu-
ron survival; in contrast, micromole levels of extracellular
S100b in vitro may have deleterious effects [1, 3]. NSE is a
dimer of the cytoplasmic isoenzyme glycolytic enolase,
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Table 2 Metabolic products of NO and antibodies to GluR in blood samples collected from children during the first 1-2 days after a traumatic

brain injury (TBI)

Severity of TBI
Mild: GCS 15 (n =35) Moderate: GCS 9-13 (n=21) Severe: GCS <9 (n =29)
Biomarker in blood serum or plasma Level® Outcome  Level® Outcome Level® Outcome
NOX (nitrites and nitrates), pmol/L plasma - - - - 176 + 45" GOS 1
[ULN 10 = 5 pmol/L] _ _ 40 + 7 GOS 3.4 69 = 7"+ GOS 3.4
19+2 GOS 5 23+6" GOS 5 25+6" GOS 5
3-Nitrotyrosine, nmol/L plasma [ULN O nmol/L]°®  — - - - 52-2799 GOS 1
- - - - 7-42 GOS 2
- - 23-759 GOS 3,4 24-2265 GOS 3,4
0-70 GOS 5 0-27 GOS 5 13-28 GOS 5
NR2(NMDA) antibodies, ng/mL serum - - - - 275+1.01" GOS 1
[ULN <2.0 ng/mL] - - 4574054 GOS3.4 6381327 GOS3,4
13.13+1.58" GOS5 7.85+ 195" GOSS5 10.04 £2.34° GOS5
GIuR1(AMPA) antibodies, ng/mL serum - - 2.34+0.55"" GOS 3,4 - -
[ULN <1.5 ng/mL] 064+014 GOS5  145+079  GOSS5 - -
NR2 peptides, ng/mL plasma [ULN <0.5 ng/mL] 0.58 £0.32 GOS 5 0.38 £0.15 GOS 5 - -
AMPA peptides, ng/mL plasma [ULN <0.4 ng/mL] 1.49 +0.19* GOS 5 0.70 +0.24 GOS 5 - -

GCS Glasgow Coma Scale score, GOS Glasgow Outcome Scale score, NOx nitrogen oxide, ULN upper limit of the normal range
aThe values are expressed as the mean + standard error of the mean, except for 3-nitrotyrosine values, which are expressed as the range
The 3-nitrotyrosine values in the moderate and severe TBI groups cover only the first 7 days after the injury

“Significant difference versus control values
“Significant difference versus values in mild TBI (P < 0.05)
—not available

localized in central and peripheral neurons, as well as in neu-
roendocrine cells [4, 16].

Our results showed that blood levels of the brain injury
markers S100b and NSE during the first 2 days after TBI did
not have a strong correlation with the severity of brain injury.
Our data were supported by the research of Sedaghat and
Notopoulos, who found that the S100b level correlated with
CT scanning data in only 30% of cases [17]. Kleindienst and
Ross reported that in 48% of children with mTBI without
cognitive impairment, there was an increase in the serum
level of S100b [18], which most likely indicated participa-
tion of this protein in adaptive processes developing in
response to stress. We found that NSE and S100b levels
increased immediately after injury regardless of the severity
of TBI, but in cases with a favorable outcome, the levels of
both markers decreased to normal within the first 3 days. The
maximum S100b protein and NSE levels were observed in
children with a lethal outcome of TBI (GOS 1), who had
high levels of these proteins throughout the posttraumatic
period.

The central excitotoxic roles of GIuR and NO in hypoxia
are known [10], but there have been very few clinical studies
on these aspects of TBI pathogenesis [19-21]. Our determi-

nation of markers of GluR and their degradation products,
together with NO metabolites and nitrotyrosine as a marker
of protein nitrosation, was an attempt to assess the develop-
ment of oxidative stress and the neuroimmunological
response to hypoxia. NO has multiple effects and, in differ-
ent concentrations, plays both protective and damaging roles.
Similar dual effects of NO can be observed in the fact that
with a small increase, NO can activate the immune system
and reduce the excitotoxicity of Glu, but at high levels, NO
suppresses the immune response, promotes protein nitrosa-
tion, and enhances the damaging effect of Glu [20, 22].
Tisdall et al. [21] showed that in cases of lethal TBI, NOx
content in the brain extracellular fluid reached 150 pmol/L in
the first 48 h. We also obtained data showing that children
with a negative outcome of severe TBI have high levels of
NOx and NT soon after the initial injury, which correlates
with a decrease in adenosine triphosphate (ATP) content in
lymphocytes [23]. At the same time, NO inhalation prevents
secondary damage in TBI [24].

Posttraumatic brain injury may be based on immunological
mechanisms that sometimes ameliorate the course of TBI and
sometimes cause additional damage to brain tissue with devel-
opment of edema [25, 26]. The appearance in the blood of



106 E. G. Sorokina et al.
a b
45" O 20-
= 407 . GOS 5
E) 35- B’ 15- - . . - . .
< i [ . ® . .
gso 0O ’EE: o... ....'.
s 25 o) O s 0 o GOS 3, 4
= o O o Z
< 204 O N _-f-------—-
-
c d O O O s - -
Z 151 o z f GOS 1
< 10d% o © © 2 5
5 107 o o o ®° & g
54 O o O LR O l !‘
o T
G T T L Ll L L L 0 T L 1
0 5 10 15 20 25 30 35 0 5 10 15
c d
2.0 54
A [ ]
5 44 °
2151 £ o
3 A 2 4] )
b A @ ® ®
g 107 8 L
2
o o 24
o o ® [ ]
Z A l <
0.5 A o e © . °® PY
A A 4a = [ ] ® ®
M NN M A < Mo o0,% ° o
A A %", ° i
o.o--ﬁ—-—,ﬁ—a@—aﬁ—a—.—m—m&r&m
0 T ’ T T T .I 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Fig. 1 NR2(NMDA) antibodies and degradation products of GluR—
NR2 and AMPA peptides—in the blood of children with a traumatic
brain injury (TBI). (a, ¢, d) Individual data from 35 children with mild
TBI. (b) Days after brain injury. (a) NR2(NMDA) antibody level on the
first day after mild TBI. (b) Dynamics of NR2(NMDA) antibodies in

antibodies to functionally important brain structures, includ-
ing GluR, indicates their activation. In this case, the increase
in the pool of these antibodies should be preceded by the
appearance in the blood of the degradation products of these
receptors (at the N-terminal site of GluR)—peptides. On the
basis of the dual roles of different antibodies [27], it can be
assumed that early appearance of antibodies to excitotoxic
receptors can reduce their activity and weaken the develop-
ment of a further cascade of damage. We noted that in cases of
mTBI, there was a significant increase in the level of antibod-
ies to NR2(NMDA), while the level of peptides of these recep-
tors in the blood remained within normal limits. These data
indicated the existence of mechanisms aimed at early protec-
tion of NMDA GIuR from development of a cascade of exci-
totoxic damage. It is possible that with more severe brain
damage in sTBI, this mechanism does not work and the level
of antibodies to NR2(NMDA) does not increase at the onset of
TBI. An adverse outcome of sTBI—especially death—was
associated with the lowest level of antibodies to NR2(NMDA)

children after severe TBI with different Glasgow Outcome Scale scores
(GOS). (¢, d) NR2 and AMPA peptide levels in blood plasma samples
from children with mild TBI. “P < 0.05 for the difference between GOS
1 and GOS 5; a vertical arrow indicates the upper limit of the normal
range

on the first 2 days after the initial injury. The question arises:
how can the body react so early to brain damage? Such an
early response is most likely associated with activation of
innate immunity. The detected significant increase in antibod-
ies to NR2(NMDA) on the first 2 days after mTBI
indicated rapid secretion of immunoglobulins by innate-like
B-lymphocytes. Activation of such lymphocytes can produce
tissue breakdown products—DAMPs (danger-associated
molecular patterns)—as well as mediators of activated microg-
lia cells, which, in turn, are stimulated by nitric oxide, the con-
centration of which increases with mTBI. We demonstrated
such a stimulatory effect of subphysiological concentrations
of NO in an experiment in which injection of the NO-generated
agent NaNO, to rats led to a rapid increase in the level of anti-
bodies to GIuR content in the blood as early as 1 h after admin-
istration, and the increase was significant after 24 h [28].

We found no increase in the level of antibodies to
GIluR1(AMPA), while the AMPA peptide level was found to be
increased in 91% of children with mTBI. The development of
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methods for peptide determination and the establishment of the
preferred localization of GluR in brain structures indicate a sig-
nificant presence of NMDA GluR in neurovascular units and
AMPA GIuR in axonal structures [11]. A high level of AMPA
peptides and the appearance of SBDP145 in the blood may be
early signs of diffuse axonal injury in children with mTBI. As a
rule, children with mTBI have a very short stay in the hospital
but, as a result of underestimation of the severity of their condi-
tion, they may later have complications in the form of headaches
and a decrease in mental abilities. The questions of the regula-
tion of neuroimmune relationships are quite difficult to address,
and we are not yet able to explain all of the data. However, we
can assume that NO and its products are involved in the immune
response and that nitrosative stress accompanies TBI [23]. We
suggest that the opposite characters of the NR2(NMDA) anti-
body level on the first 2 days of mild and moderate versus severe
TBI may be associated with an important mechanism aimed at
protecting neurons from Glu excitotoxicity.
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