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complement activation in the human brain and release
of the tissue damage marker S100B
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Abstract

Object Complement activation has been suggested to play a
role in the development of secondary injuries following
traumatic brain injury (TBI). The present study was
initiated in order to analyze complement activation in
relation to the primary brain injury and to secondary
insults, frequently occurring following TBI.

Methods Twenty patients suffering from severe TBI (Glas-
gow coma score <8) were included in the study. The
“membrane attack complex,” C5b9, which is the cytolytic
end product of the complement system was analyzed in
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cerebrospinal fluid (CSF). The degree of brain tissue damage
was assessed using the release of S100B and neuron-specific
enolase (NSE) to the CSF and blood. The blood—brain barrier
was assessed using the CSF/serum quotient of albumin (Qp).
Results Following impact, initial peaks (0—48 h) of C5b9,
S100B, and NSE with a concomitant loss of integrity of the
blood—brain barrier were observed. Secondary insults at the
intensive care unit were monitored. Severe secondary
insults were paralleled by a more pronounced complement
activation (C5b9 in CSF) as well as increased levels of
S100B (measured in CSF), but not with NSE.

Conclusion This human study indicates that complement
activation in the brain is triggered not only by the impact of
trauma per se but also by the amount of secondary insults
that frequently occur at the scene of accident as well as
during treatment in the neurointensive care unit. Comple-
ment activation and in particular the end product C5b9 may
in turn contribute to additional secondary brain injuries by
its membrane destructive properties.

Keywords Traumatic brain injury - Complement - C5b9 -
S-100B - NSE - Human - Secondary insults

Introduction

Traumatic brain injury (TBI) accounts for the majority of
trauma deaths in Europe today, with an incidence of 235/
100,000 and case mortality rate of approximately 11% [39].
Many of the survivors suffer from various severe sequels. The
effects of TBI are extensive, not only for the victim, but also
for family and friends, and furthermore, the society suffers
huge costs for rehabilitation, care, and productivity loss.

The primary brain injury occurs as a result of the energy
transmitted to the brain tissue at impact. Following impact,



Acta Neurochir (2011) 153:90-100

91

different secondary insults [25] most often occur, such as
hypoxemia, hypercarbia, seizures, etc. These secondary insults
lead to a disturbed balance between cerebral blood flow
(CBF) and cerebral metabolism [23] with a subsequent risk to
develop ischemia and thus impair outcome [6]. At autopsy,
ischemic injuries have been shown to occur in 80%-90% of
victims that succumb following TBI [14]. The outcome is
further influenced by other biochemical processes initiated by
the trauma. These processes include the release of excitatory
amino acids [30] with a subsequent calcium intoxication of
the neurons [11], formation of reactive oxygen species [12],
activation of neuroinflammation [18, 28] including the
complement system [4, 5, 37], and trauma-induced thrombo-
cyte dysfunction [29]. Furthermore, genetic factors influence
the pathophysiologic events following TBI. Apolipoprotein E
(ApoE) modulates the risk to develop Alzheimer’s disease but
also inflict on the prognosis following TBI [45]. Taken
together, the prognosis for patients suffering from TBI is due
not only to the primary injury but also to the extent of
secondary insults and the biochemical processes that the
patients suffer from as well as the phenotype of the individual.
To counteract these effects of secondary insults, prehospital
trauma teams have been organized, trauma-units launched,
and neurointensive care units (NICUs) established resulting in
improved outcome [33, 38, 44].

The use of markers for tissue damage in the central
nervous system, such as S100B and neuron-specific enolase
(NSE), has been proposed as potentially useful in order to
quantify the extent of the TBI early in the process [16].

The present study aims to analyze complement activation,
the tissue damage markers S100B and NSE, the integrity of
the blood-brain barrier (BBB), and clinical parameters
obtained at the scene of accident (SOA) and at the NICU.

Clinical material and methods

This project was approved by the local ethical committee at
the Karolinska University Hospital in Stockholm (No: 01-
297 and 03-540). Informed consent was obtained from next
of kin. Twenty patients (18 males and 2 female; age, 22—
72 years; median age, 59.5 years) suffering from severe
TBI (Glasgow coma score [GCS], <8) admitted to the
neurosurgical intensive care unit at Karolinska University
Hospital in Solna (KS) were included (Table 1). Ten of the
patients arrived from the SOA, while 10 were admitted
from a primary hospital.

Patients presenting bilateral wide nonreacting pupils and
GCS 3 judged by the neurosurgeon on call to be beyond
salvage, or patients unconscious mainly due to drug or
alcohol intoxication, as well as patients presenting terminal
illness or for some other reason judged not to be possible
for follow up were excluded from the study.

Fifteen of the patients were subjected to evacuation of
mass lesions and/or hemicraniectomy. All 20 patients had
an intraventricular catheter inserted for continuous intracra-
nial pressure (ICP) monitoring. Zero-point for ICP, systolic
arterial blood pressure (SAP), and mean arterial blood
pressure (MAP) was the temple. All patients were treated in
30° sitting position. Following surgery, the patients were
treated at the NICU. All patients except three were
suffering from isolated TBI. Patient 6 suffered from an
additional pneumothorax, patient 8 suffered from costal
fractures and a lung contusion, and patient 9 suffered from
a C3 fracture.

Occurrences of secondary insults at the SOA were
obtained from the prehospital trauma team charts. Respira-
tory insufficiency was defined as SpO, below 85% or notes
in the chart indicating “insufficient breathing,” “cyanosis,”
etc. Insufficient circulation was defined as a SAP <90 mm
Hg. Glasgow coma score (GCS) and pupil reaction were
documented at admission (GCSad), and the best GCS within
24 h following admission (GCSb) was registered (Table 1).

During ventilator treatment, all patients were sedated
using midazolam and/or propofol together with infusion or
intermittent administration of Morfine. Intractable intracrani-
al hypertension was treated using intermittent cerebrospinal
drainage, moderate hyperventilation, and barbiturate coma.

All patients performed at least one initial computed
tomography (CT) and a subsequent follow-up within the
first 24 h posttrauma. CT scans were classified ad modum
Marshall [22] (Table 1).

All patients were monitored online using a computerized
surveillance system, intensive care unit (ICU) pilot (CMA
Microdialysis, Solna, Sweden). The following values
exceeding a duration of 5 min were defined as secondary
insults at the NICU; ICP >20 mm Hg, cerebral perfusion
pressure (CPP) <60 mm Hg, MAP <70 mm Hg or MAP
>110 mm Hg, SAP <90 mm Hg or SAP >160 mm Hg,
saturation (Sa02) <90%, pulse <50 beats/min or >120
beats/min, and temperature >38°C. The insults were graded
as mild, moderate, or severe (Table 2).

Except for standard laboratory test procedures, addi-
tional samples of CSF and blood were obtained at
admission and every morning for analysis of S-100B,
NSE, and albumin. The soluble form of the complement
systems cytolytic terminal membrane attack complex,
C5b9, was analyzed in daily samples of CSF, as a marker
for CNS complement activation. SI00B and NSE were
analyzed using commercially available chemiluminomet-
ric immunoassays (Liaison Sangtec 100 and Liaison
Sangtec NSE; DiaSorin, Salugia, Italy). The complement
compound C5b9 was analyzed using enzyme immunoas-
say (Quidel A009, Quidel CA. USA).

The levels in CSF of soluble C5b9 has been evaluated in
healthy controls and found to be ranging between not
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Table 2 Secondary insults at ]

the NICU Mild Moderate Severe
Intracranial hypertension ICP (mm Hg) 20-30 30-40 >40
Poor cerebral perfusion CPP (mm Hg) 50-60 40-50 <40
Hypotension MAP (mm Hg) 55-70 40-55 <40
Hypotension SAP (mm Hg) 70-90 50-70 <50
Hypertension MAP (mm Hg) 110-130 130-150 >150

' ) Hypertension SAP (mm Hg) 160-190 190-220 >220

Icp mtracrama.l pressure; CPP Hypoxia SpO, (%) 85-90 80-85 <80

cerebral perfusion pressure; .

MAP mean arterial blood pres- Bradycardia bpm 40-50 3040 <30

sure; SAP systolic arterial blood Tachycardia bpm 120-135 135-150 >150

pressure; SpO, oxygen satura- Pyrexia oC 38-39 39-40 >4()

tion; bpm beats per minute

detectable levels up to 12 pg/mL [37]. From seven
orthopedic patients anesthetized using spinal anesthesia, we
change a range from csf-S100B between 0.86 and 2.4 pg/L
(mean £+ SD, 1.2940.55) and csf-NSE 5.2 and 14.0 pg/L
(mean £ SD, 8.10£3.2). Each patient was followed as long
as ventilator treatment and ICP monitoring proceeded.

Traumatic disruption of the BBB leads to a leakage of
plasma proteins from blood to the cerebral parenchyma
[42]. BBB integrity was measured as the ratio of CSF—
albumin (mg/L)/serum—albumin (g/L) (Qa) [41]. A ratio
below 7 was regarded as normal [20, 41].

Outcome was assessed using Glasgow outcome scale
(GOS) at discharge, and following 3 months to 1 year after
trauma [31, 40] (Table 1). Disability Rating Scale [32],
Functional Independent Score [7], and Mini-Mental State
Examination [9] were used 3 months to 12 months
posttrauma.

The data were collected online to a computerized patient
surveillance system, ICU pilot (CMA Microdialysis, Stock-
holm, Sweden) and analyzed statistically using the Mann—
Whitney U-test or regression analysis (Statistica for
Windows 8.0; StatSoft, Tulsa, OK). For Mann—Whitney
U-test, p<0.05 was used as significance. For regression
analysis, p<0.05 and R*>0.20 were used as significance.

Results
Primary brain injury

Following impact, initial peaks were found in CSF, defined
as the highest obtained value 0—48 h postinjury, of C5b9
(csf-C5b9), S100B (csf-S100B), NSE (csf-NSE), and Oa
(Fig. la—d; Table 1) as well as the corresponding serum
levels of S100B (s-S100B) and NSE (s-NSE) were noted.
The highest initial peak values within 48 h after trauma
were csf-S100B 23-1,058 pg/L (median, 136 pug/L), csf-
NSE 10-1,273 pg/L (median, 54 pg/L), and csf-C5b9 8—
380 ng/L (median, 54 ng/L) (Table 1). The highest initial

peak value within 48 h of s-S100B ranged between 0.17
and 2.10 pg/L (median, 0.83 ug/L). The corresponding
level for s-NSE was 9.40-27.00 ug/L (mean, 14.94,;
median, 13.50 ug/L).

No correlations were found between the tissue damage
markers or csf-C5b9 versus energy at impact, occurrence
of additional extracranial injuries, GCS at admission or
best GCS within the first 24 h, surgical procedures,
or outcome.

There was a significant positive correlation between
csf-NSE and csf-S100B (R?=0.46, p<0.005; Fig. 2a) as
well as between s-NSE and s-S100B (R*=0.63, p<0.001;
Fig. 2b). There was a significant positive correlation also
between s-S100B and csf-S100B (R*=0.20, p<0.05;
Fig. 2c¢), which was not found between s-NSE and csf-
NSE (R*=0.02, p=0.55; not shown). Serum levels of
NSE, but not csf-NSE, inversely correlated to age (R*=
0.32, p=0.01; not shown).

Blood-brain barrier

The initial peak values for S100B and NSE were analyzed
versus Q. There were no correlations between either csf-
S100B or s-S100B and disturbed BBB integrity (Q4) as well
as between csf-NSE or s-NSE and Q. To analyze the
influence of disturbed BBB integrity on the serum levels of
the tissue damage markers, each csf-S100B was multiplied
with the corresponding Q4. There was no correlation between
csf-S100B x Q4 and s-S100B (R*=0.16, p=0.08; not
shown), nor between csf-NSE x O, and s-NSE (R*=0.003,
p=0.82; not shown). There was no correlation between the
initial peak values for csf-C5b9 and csf-S100B or between
csf-C5b9 and csf-NSE, but there was a correlation between
esf-C5b9 and Q4 (R*=0.58, p<0.0001; Fig. 2d).

Secondary insults at SOA

Five patients presented insufficient respiration on the SOA
and two patients presented unstable circulation with a SAP

@ Springer
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Fig. 1 Temporal pattern of the
CSF levels for C5b9 and of the
tissue damage markers S100b 100
and NSE as well as the temporal 1
pattern for BBB integrity (Qa;

[normal value for Q5 <7]). a .
Mean values (£SEM) of C5b9. 50
b Blood-brain barrier, Q4. ¢ csf- 1
S100B. d csf-NSE from patients

treated at the NICU due to TBI. ]
Note the initial peak in C5b9, 0

csf-C5b9 (mean +-SEM)

Q4 (mean +/- SEM)

30

20—

initial loss of BBB integrity
(Oa), and initial peaks in csf-
S100B and csf-NSE and their
subsequent development during
the ICU stay. Y-bar: ng/L for
C5b9, pg/L for csf-S100B and
csf-NSE. dpi days postinjury

d

csf-NSE (mean +/- SEM)

200

100

<90 mm Hg. Eight patients presented epileptic seizures or
“suspect” seizures (Table 1). None of the patients were
subjected to cardiorespiratory resuscitation at the SOA,
during transport, at the primary hospital, the trauma unit,
or at the NICU. All together, secondary insults at the SOA
were verified in 11 of 20 patients. Increased levels of
C5b9 were found in patients presenting at least one
secondary insults at the scene of trauma (p=0.05;
Fig. 3a). These patients also presented a significant

Fig. 2 a In CSF, there is a

disturbed BBB integrity (p<0.05; Fig. 3b). The levels of
csf-S100B and csf-NSE were also increased in patients
presenting secondary insults at the SOA, but were not
statistically significant.

When specifying type of secondary insult into “respirato-
ry insult,” “circulatory insult,” or “seizure/suspect seizure,”
we found that “seizures/suspected seizures” at SOA corre-
lated to csf-C5b9 (p<0.05; Fig. 3c) and a trend for disturbed
BBB integrity Oa (p=0.062; Fig. 3d). “Respiratory insults”

significant correlation between a csf-NSE vs csf-S100B b s-NSEvs S-S100B
y = 7,3906x + 8,7712
the peak levels of csf-NSE and y = 0,7992x + 7,6492 R = 0,6261
¢csf-S100B within 48 h after 1400 R? = 0,4605 30 4 o _P<0001
trauma (R*=0.4605, p<0.005). 120 p <0.005 25 | 4
b In serum, there is a significant E) 1000 < 201
correlation between the peak o 800 3 e
levels of s-NSE and s-S100B 2 600 * "g 10
within 48 h after trauma (R2= g 400 &
0.6261, p<0.001). ¢ The peak 200 14 57
levels of S100B in CSF and 0 w w 0 \ \ ‘
serum correlate (R?=0.2028, p< 0 1000 1500 0 1 2 3
0.05). d Loss of BBB integrity csf-51008 (ug/L) s-S100B (ug/L)
(Qa) and the levels in CSF of
the terminal complement com- s-S100B vs csf-S100B d Q, vs csf-C5b9
plex C5b9 correlate significantly y= 22001X +0,636 y= 0;222342"5;07;9621
2= 2,5 =0,2028 120 =0,

(R2=0.5802, p<0.0001). - 020 S 0,001

~ 2 g ’

-

> > o

3 15

o -

8 14 3

]

® 0,5 :‘o’o‘

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 500 1000 1500 0 100 200 300 400

csf-S100B (ug/L)
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a C5b9 vs sec. ins. at SOA
p =0.05
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Fig. 3 a There was an increase in the initial peak values for C5b9 in
the 11 patients where at least one secondary insult was verified at the
SOA in comparison with the five patients without secondary insults
(Mann—Whitney U-test, p<0.05). The remaining four patients with
uncertain history of early secondary insults are not included in this
analysis. b A statistically significant increased loss of integrity of the
BBB, assessed by the initial peak values for O, was found when
comparing the group of 11 patients with at least one secondary insults
at the SOA, compared with the 5 patients without secondary insults
(Mann—Whitney U-test, p<0.05). ¢ The complement complex C5b9 in

at the SOA correlated to disturbed BBB integrity, O (p<
0.05; Fig. 3e).

Pupil reaction

Fifteen patients presented normal pupil reactions to light
stimulation at admission. The remaining 5 patients pre-
sented unilateral or bilateral nonreacting pupils. There was
no significant correlation between S100B, NSE, or QOa
between the groups. However, a significant increase in csf-
C5b9 was found in patients presenting nonresponsive
pupils (p<0.05; Fig. 4).

b Q, vs sec.ins. at SOA

100 - p <0.05
1
90 -

80 ¢
70

50
40 1
30 |

fgi I i

no secins

QA

secins

d Q, vs seizure/susp seizure at SOA
100 - p =0.062

90

80 -
70 4
60 4
50 4
40 4
30 4§
20 1 l
10 |

0

QA

no seiz seiz/susp seiz

CSF was significantly higher among patients presenting seizures or
“suspected” seizures (n=8) compared with patients with no seizures
(n=10) at the SOA (Mann—Whitney U-test, p<0.05). d The patients
suffering from seizures or suspected seizures at the SOA also
presented a trend for impaired BBB integrity compared with patients
without seizures (Mann—Whitney U-test, p=0.062). e Patients pre-
senting respiratory insults (n=5) at the SOA presented more disturbed
BBB integrity (Mann—Whitney U-test, p<0.05) than patients with no
respiratory secondary insults at SOA (n=12). Sec ins secondary
insults; SOA scene of accident. Bar: first to third quartile

CT classification ad modum Marshall

CT classification ad modum Marshall (CTy,; Table 1) was
performed on the first CT scan. When several CT scans
preceded surgery, the CT obtained prior to operation was
used for classification. The majority of patients (14 of 20)
presented CTy; grade 5 with hematomas that was surgically
evacuated. One patient presented CTy; grade 6. Four
patients (patients 6, 8, 9, and 15) presented diffuse injuries
(3 patients CT), grade 2 and one patient CTy, grade 4).
By comparing the group of patients with diffuse injuries
(CTy grades 1-4) versus patients with focal injuries (CTy;
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csf-C5b9 vs pupil reaction at admission
p <0.05
350 - r 1

300 4
250 4

200 4
150 4

100 4
50 -

C5b9 (ng/iL)

T 1
responsive non responsive

Fig. 4 Five of 20 patients presented unilateral or bilateral nonreactive
pupils at admission. Patients presenting unilateral or bilateral
nonreactive pupils showed statistically significant higher peak values
of C5b9 in CSF in comparison with the patients presenting normal
pupil reaction (Mann—Whitney U-test, p<0.05). SOA scene of
accident. Bar: first to third quartile

grades 5-6), there were somewhat higher values for SI00B
and NSE in CSF in the group presenting diffuse injuries,
but not statistically significant.

Secondary insults at NICU

The total monitored time possible to analyze was 2,520 h.
The levels of the tissue damage markers and the comple-
ment protein C5b9 were analyzed in relation to the
occurrences of secondary insults during the NICU stay
registered by the ICU pilot system. To become registered as
a secondary insult, the value had to be outside normal range
for at least 5 consecutive minutes. The magnitude of these
insults was graded into mild, moderate, and severe
(Table 2).

The monitoring data were divided into 24-h periods. All
24-h periods where CSF was not possible to obtain, due to
dysfunctional ventricular drains or slit ventricles, were
excluded as well as all 24-h periods with insufficient

V)

No. of 24-hour periods per DPI
15

S
Y
=]

114

No. of 24-hours period

2 3456 7 89 1011121314
Days post injury (DPI)

Fig. 5 a Number of completed 24-h periods per DPI during the NICU
period, from which the data of secondary insults and levels of S100B,
NSE, and C5b9 are derived from. The number of completed 24-h periods
decreases with the duration of the period at the ICU. b The occurrence of

@ Springer

monitoring data concerning the occurrence of secondary
insults. A total number of twenty-one 24-hour periods were
omitted. Furthermore, patient no 11 (Table 1) was excluded
from this part of the study, as he was not monitored for
more than the first 24 h. Patient 20 (Table 1) was excluded
because of loss of data concerning vital parameters due to a
computer error. The total number of 24-h periods possible
to evaluate was 104. The number of individuals that
completed each 24-h period is shown in Fig. 5a. The
temporal distribution of registered moderate and severe
secondary insults is shown in Fig. 5b. No vital parameters
have been registered to the computer system while patients
have been on operation or transported to the radiological
department for CT or magnetic resonance imaging scans.

As CPP is dependent on ICP and MAP, CPP was
excluded as secondary insult and analyzed separately. All
one hundred four 24-h intervals were analyzed as indepen-
dent parameters using regression analysis.

The most prominent secondary insult was mild intracranial
hypertension (ICP, 20-30 mm Hg) with a total time of 30
027 min, followed by mild pyrexia (temperature, 37-38°C)
25,501 min and mild poor CPP (50-60 mm Hg) for
12,147 min.

Correlations were found between csf-S100B and csf-
NSE (R*=0.3823, p<0.001; Fig. 6a) and between s-S100B
and s-NSE (R*=0.4635, p<0.001; Fig. 6b). The relation
between serum and CSF levels for S100B (R*=0.0269, p=
0.0998; not shown) did not correlate, but for NSE, it did but
with a poor R*-value (R*=0.1377, p<0.001; not shown).

A correlation between csf-C5b9 and disturbed BBB
integrity, O, was found (R*=0.5034, p<0.001; Fig. 6¢).
Furthermore, similar correlations were found between csf-
S100B and Qx (R*=0.2157, p<0.001; Fig. 6d), csf-S100B
and csf-C5b9 (R*=0.2090, p<0.001; Fig. 6e), but not
between csf-NSE and csf-C5b9.

The 104 periods of 24 h were divided into “group A”: No
moderate or severe secondary insults, “group B”: <1 h of

Occurrence of moderate and severe
secondary insults during the NICU stay
40

30 ¢

LN

2 3456 7 891011121314
Days post injury

Hours

‘D mod sec ins WM sev sec ins

moderate and severe secondary insults over time during the NICU stay.
DPI days postinjury; mod-sev sec ins moderate and/or severe secondary
insults; sev sec ins severe secondary insults
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Fig. 6 a There is a correlation
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moderate and/or severe secondary insults, “group C”: 1-2 h
of moderate and/or severe secondary insults, “group D”: 2—
3 h of moderate and/or severe secondary insults, and “group
E”: >3 h of moderate and/or severe secondary insults. The
data were analyzed using Mann—Whitney U-test. There were
no differences in tissue damage markers between “group A”
and “group B” or “group C.” Between “group A” and
“group D,” a statistically increased level of C5b9 was found
in “group D” (p<0.05; Fig. 7a). Between “group A” and
“group E,” statistically significant increased levels for C5b9
(»<0.01; Fig. 7a), csf-S100B (p<0.01; Fig. 7a), and Q4 (p<
0.05; Fig. 7b) were found.

No correlation between secondary insults and NSE in
CSF was observed. CPP as a solely secondary insult did not
correspond to tissue damage markers or C5b9.

Outcome

No correlation was found between outcome (GOS, Disabil-
ity Rating Scale, or Functional Independent Score) and
early (048 h) or late peak levels (>24 h) of C5b9, S100B,
NSE, or Q4. No correlation was found between secondary

insults at the NICU and outcome. Of the four patients that
died following TBI, one presented a huge subdural
hematoma, two presented large contusions, and the fourth
patient suffered from a severe diffuse TBI (CTy; grade 4) as
a result of a high-energy impact. This patient presented the
highest value of S100B obtained in serum (2.1 ug/L) as
well as in CSF (1,058 ug/L).

Discussion

The present study demonstrates an increase of c¢sf-C5b9 in
CSF following TBI, paralleled by an increase of the tissue
damage markers S100B and NSE. The finding of increased
csf-C5b9 from patients suffering from TBI is an indirect
evidence for activation of the complement system in line
with previous studies [4, 37].

C5b9 has been shown to accumulate at the surface of
neurons located in the border zone in the immediate vicinity to
contusion injuries [4]. Complement activation has the ability
to play a significant role in the development of secondary
brain injuries mediated by the cytolytic effects of C5b9 [26].
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Secondary insults at NICU

Fig. 7 a There are increasing levels of SI00B and C5b9 in CSF with
increasing incidences of moderate and/or severe secondary insults
during the NICU stay. Statistical significance was achieved for csf-
S100B when moderate and/or severe secondary insults occurred more
than 3-h /24-h period (p<0.05). The complement complex C5b9 was
statistically increased already when moderate and/or severe secondary

The activation of complement has been regarded to be
initiated by impact, but in the present study, the occurrence of
secondary insults at the SOA, as well as at the NICU stay,
seems to intensify the complement activation and, furthermore,
leads to a more pronounced loss of BBB integrity.

A weakness in assessing BBB integrity using Oy is that
patients suffering from TBI sometimes exhibit intraventric-
ular hemorrhage. Intraventricular hemorrhage implies albu-
min content in the CSF, not originating from a disintegrated
BBB itself but from injured vessels, a fact that might
disturb the efficacy of Q4 to assess BBB integrity.

S100B is a protein, which in the CNS is present in
astrocytes, and the increase in CSF following TBI may
reflect a release when these cells degenerate in the primary
lesion area. However, an increased synthesis in hypertro-
phic astrocytes in the glial scar that gradually develops in
the border zone may contribute to the increased levels of
this protein as well. In peripheral tissues, S100B is present
also in other cells, e.g., Schwann cells in peripheral nerves
[35], fat cells, muscle, and marrow in mediastinal blood [2].
Elevated S100B concentrations in serum immediately after
multitrauma have been shown to be difficult to interpret
because of extracerebral contributions [1]. However, S100B
in CSF should mainly and probably exclusively represent
the CNS tissue and more specifically the astrocytes.

NSE is a “neuron specific enzyme,” albeit found in
extracerebral sources such as the erytrocytes. NSE has been
shown to increase significantly with hemolysis [13]. The
increase in CSF found in this study was interpreted as a
result from leaking neurons due to membrane destructions
caused by either primary (mechanical) or secondary (neuro-
inflammatory) mechanisms.

The serum levels of S100B and NSE did not correlate to
the BBB integrity, neither at SOA, nor during the NICU
period. The levels of S100B in CSF and serum correlate,
but the corresponding serum levels of S100B do not

@ Springer
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insults occurred 2-3 h (p<0.05) and was even stronger when
secondary insults occurred more than 3 h (p<0.01). b The integrity
of BBB was significantly impaired when moderate and/or severe
secondary insults occurred more than 3 h at the NICU stay (p<0.05).
Bar: third quartile

correlate to the product of csf-S100B x Q. Thus, BBB
integrity seems to be of a minor importance when assessing
the extent of the primary brain injury using serum levels of
S100B and NSE.

One would expect that a more profound traumatic impact
would release more S100B and NSE, but when the patients
in this study were grouped into high- versus low-energy
trauma at impact, no differences in initial peaks of SI00B or
NSE were detected between the groups. Still, to analyze the
mechanism of impact only from information gained by the
charts from the prehospital trauma teams is an uncertain
method. All patients except three were suffering from
isolated TBI. By excluding these patients and recalculate,
there were still no correlations between O and serum levels
of S100B or NSE, indicating that extracerebral sources of
the tissue damage markers were not a significant explana-
tion for the mismatch with impaired BBB integrity.

Furthermore, the majority of the patients in the present study
suffered from focal lesions, why conclusions concerning
strictly diffuse brain injuries should be drawn with caution.

In the present study, diffuse injuries on CT at admission
represented by CTy grades 2-4 showed no significant
difference in levels of tissue damage markers compared
with patients presenting more focal lesions (CTy; grades 5—
6). In a recent study, serum levels of NSE was found to
correlate significantly with the injury severity score and CT
findings [46]. The serum levels of NSE as well as S100B
also have been shown to significantly correlate with the
volume of contusions [17]. Those findings could not be
verified in our study.

There are no valid methods available to quantify the
degree of tissue damage following diffuse, focal, or
combined TBI. However, a combination of clinical exam-
ination, magnetic resonance imaging, and an increased
knowledge of various tissue markers like S100B, NSE, and
C5b9 and their dynamics following TBI might be useful in



Acta Neurochir (2011) 153:90-100

99

the future in order to estimate the long-term prognosis for
the neurotraumatized patient.

Secondary insults (Table 2) have been argued to cause
ischemic lesions in the contusion border zones or globally in
the brain, eventually contributing to the development of
secondary brain injuries, and thus worsen the outcome [19].
In this study, we found more pronounced complement
activation (csf-C5b9) as well as increased levels of csf-
S100B in patients where more secondary insults were detected
during the ICU period. These findings suggest that comple-
ment activation is further triggered by such secondary insults,
which in turn may induce secondary neuronal injuries by the
effect of C5b9. One would expect NSE to mimic the S100B
pattern; however, the statistical data in this study failed to
confirm this, perhaps due to a too low number of observations.

The correlation between initial peaks of csf-C5b9 and Ox
indicates that neuroinflammatory mechanisms are involved
in the loss of integrity of the BBB that occurs following TBI.
These findings are congruent with a previous study [37].
Cytokines have been shown to have a potential impact on
BBB integrity by causing an increasing permeability in
cultured endothelial cells [8, 24]. Tumor necrosis factor
(TNF) « contributed to loss of BBB integrity following TBI
[27] and has been shown to have an influence on the
complement system [36]. Stimulation by TNF-x of rat
astrocytes resulted in elevation of C3 mRNA [34] and
treatment of adult human astrocytes in vitro with TNF-«
increased mRNA and protein of complement C3 [3]. A
recent animal study has shown that microglial activation and
increased synthesis of the complement component Clq
preceded loss of BBB integrity in rats [21].

Based on such findings, one may argue that anti-
inflammatory therapy should have effect on brain edema
related to the loss of BBB integrity, which, however, is a
question that remains obscure and need to be further addressed.
Even though steroids are known to reduce the inflammatory
response after TBI [43], a randomized placebo-controlled trial
of intravenous corticosteroid in adults with head injury (the
CRASH study) showed an increased mortality in humans
treated with steroids [10].

Patients suffering from long-term neuropsychological
impairment have been shown to present significantly higher
serum concentrations of NSE as well as a more prolonged
release of NSE than patients presenting no neuropsycho-
logical impairment [15]. In the present study, no correlation
between tissue damage markers, BBB integrity, and
outcome was found.

Conclusion

The complement system does not only become activated by
the trauma per se but also appears to be further triggered by

secondary insults at the SOA as well as at the NICU stay.
The study underscores the importance of meticulous
monitoring of TBI patients in the ICU in order to rapidly
recognize, identify, and treat secondary insults aiming at
minimizing secondary brain damages. The relation between
secondary insults and neuroinflammation has to be further
explored aiming to find directed treatment strategies. The
serum levels of the tissue damage marker S100B do not
seem to be overwhelmingly influenced by the loss of BBB
integrity, indicating that SI00B may reflect the true cellular
damage following TBI.
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