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Abstract. Purpose: Occurrence of brain damage is frequently associated with abnormal blood-brain barrier (BBB) function.
Two brain-specific proteins, S1080and neuron-specific enolase (NSE) are released systemically in a variety of neurological
diseases, but S180evels sometimes rise in the absence of neuronal damage, suggesting thaissa ®@arker of BBB rather

than neuronal damage.

Methods: We measured both proteins in the serum of patients undergoing iatrogenic BBB disruption with intrarterial mannitol,
followed by chemotherapy.

Results: Serum S100 increased significantly after mannitol infusign € 0.05) while NSE did not. Furthermore, in a model of
intracerebral hemorrhage, SI1®hcreases in CSF did not lead to serum changes at a time when the BBB was intact. Modeling
of S1003 release from the CNS suggested that lew {.34 ng/ml) serum levels of S1@are consistent with BBB opening
without CNS damage, while larger increases imply synthesis and release from presumable damaged glia.

Conclusions: Thus, S108 in serum is an early marker of BBB openings that may precede neuronal damage and may influence
therapeutic strategies. Secondary, massive elevations ir33t@0ndicators of prior brain damage and bear clinical significance

as predictors of poor outcome or diagnostic means to differentiate extensive damage from minor, transient impairment.

Keywords: S108, cerebrovascular disease, diagnostics, endothelium, magnetic resonance imaging, neurological disorders,
cerebral ischemia

1. Introduction time, only invasive and expensive techniques such as
contrast-enhanced magnetic resonance imaging, CT-
Loss of blood brain barrier (BBB) function is hall- ~ Scan and lumbar puncture are available to test clini-

mark of many neurological diseases. Perhaps para- cally BBB i.ntegrity. Ap alternative approach has been
doxically, BBB integrity is frequently associated with ~ ProPosed, i.e., detection of changes in blood composi-

reduced delivery of pharmacologic substances into the tion that indicates BBB disruption [46]. We will here
brain. Thus, measuring BBB function may be im- present in a mini review format, evidence suggesting

portant to diagnose disease progression and monitor that peripheral detection of brain specific proteins may

time-dependentloss of BBB integrity when chemother- be used to monitor changes in BBB integnity.
apic penetration may be more effective. At present

2. Blood-brain barrier, brain-specific proteins and
neurological disease
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Table 1
Permeability of various substances across the blood-brain barrier.
See references [15,38,41,52,66-68,77] for details

Substance Permeability (cm/sec)
Potassiumons <1077

Glucose >10-6

Sucrose ~ 1077

Proteins < 10~8, negligible
Diazepam 104

tions that largely prevent molecular communication be-
tween blood and the brain. Some of the unique proper-
ties of the BBB are induced by perivascular glia. Thus,
the blood-brain barrier is constituted of both endothe-
lial cells and glial end feet [10,61]. Perivascular peri-
cytes and microglia may also be considered active com-
ponents of the blood-brain barrier [53,55]. Astrocytes
and their processes invest more than 90% of endothe-
lial capillaries, and their end feet are projected tightly
around the endothelial cells [22]. Astrocytic proteins
are synthesized and released next to capillaries, but ow-
ing to the negligible trans-endothelial permeability to
proteins, they extravasate into the serum only when the
BBB is breached (see Table 1).

Candidates for passage from glia to plasma are two
distinct proteins more or less specifically expressed by
CNS astrocytes: glial fibrillary acid protein (GFAP)
and S10@. Upon immunocytochemical detection,
these proteins outline the shape of intraparenchymal
blood vessels (Fig. 1). Many neurological disorders and
lesions are associated with increased BBB permeabil-
ity: they include primary and metastatic brain tumors,
ischemia, hypertension, dementia, epilepsy, infection,
multiple sclerosis, and trauma [5,7,12,13,23,26,27,30,
38,48]. Under these conditions, both GFAP and 100
are upregulated further supporting the hypothesis that
astrocytic proteins may be used to peripherally detect
changes that occur in the brain parenchyma [14,20,33,
40,46,50].

Although the estimated association between disease
and BBB disruption is clear, the nature of this associ-
ation is not always evident. An important question is
whether impaired BBB function is a result of the con-
dition, or whether in some conditions the BBB distur-
bance is itself the primary pathogenic factor [25,39]. In
the latter case, rapid identification of BBB impairment
might allow preventive therapy to be given before neu-
rological damage develops. Predictable and reliable
ways to assess damage would also be useful for moni-
toring neurological status, predicting outcome, and ad-
justing therapy. Brain-derived proteins may be useful
markers of BBB integrity because they have several
possible mechanisms of passage across the BBB.
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Proteins in CSF can be detected by directly sampling
CSF, which requires invasive techniques such as lum-
bar puncture or intrasurgical sampling from the ventri-
cles or the subarachnoid space. Obvious limitations of
intrathecal detection methods are that they are invasive,
and that the sample itself may be contaminated by the
procedure. Blood-brain barrier integrity can also be
assessed by contrast-enhanced computed tomography
or MRI [9,19,37]. Accurate non-invasive techniques
would clearly be preferable, particularly in chronic dis-
eases that are tracked with multiple longitudinal sam-
ples. Protein levels in normal CSF are very low, but the
traditional understanding that it is a protein-free fluid,
like the aqueous humor of the eye or normal urine, is
mistaken [68]. A small group of proteins are found
exclusively or almost exclusively in the cerebrospinal
fluid [66—68]. Any disruption in blood-brain barrier
integrity may allow protein leakage in both directions.
Thus, testing serum levels of CSF proteins may be of
diagnostic value [46].

3. Putative markersof brain damage may actually
indicate blood-brain barrier leakage

Most research into brain damage has focused on neu-
ronal damage, because this is the cause of most deficits
from neurological disease. In fact, “brain damage” has
often been used as a synonym for neuronal death. Neu-
ronal sensitivity to insultis region- and disease-specific.
For example, ischemic insults will selectively affect
the CAL region of the hippocampal formation, leav-
ing the neighboring dentate gyrus and CA3 practically
intact [65]. Interestingly, CA1 sensitivity to neuronal
damage also extends to vascular cells [11]. Thus, BBB
failure may be a local phenomenon perhaps parallel-
ing other topographic variations within the brain, e.g.,
differences between gray and white matter, cortical vs.
basal ganglia, etc. In addition to these patterns of speci-
ficity, it has also been shown that neuronal cell death
does not occur concomitantly with the insult but rather
after a delay. In acute insults such as ischemia [47],
the delay provides a potential therapeutic window for
neuroprotective intervention. In chronic and progres-
sive neurological diseases such as multiple sclerosis,
the delay may be even longer.

Because of this focus on cellular damage, much of
the previous research on biochemical markers has fo-
cused on markers that measure neuronal damage [29,
42,60]. However, most neurologic diseases are accom-
panied by increased BBB permeability, and thus the
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Fig. 1. Relationship between perivascular glia, neurons and cerebral blood vessels: distribution ofimmunoreactivity for astrocyte-spersfic mark
S10Q3 and GFAP. A) GFAP immunoreactivity (red), neuronal cell bodies (green) and capillaries in the rat hippocampus. The enlargements
in the insets show capillaries and arterioles clearly outlined by GFAP immunoreactivity, emphasizing the proximity of perivascular glia to the
lumen. B) GFAP immunoreactivity outlines large penetrating pial vessels in human cortex. Qj Bi@noreactivity (in red) co-localizes

with intracellular GFAP (in green).

markers thought to indicate neuronal damage might may have both therapeutic and etiologic significance.
in fact indicate BBB defects. In fact, ideal markers Severity of symptoms has been suggested to correlate
of BBB permeability and of neuronal damage share with BBB function in these conditions, and promis-
several characteristics: both should be virtually unde- ing therapies using brain-derived proteins have failed
tectable in normal subjects and should show distinct largely because the compounds are poorly transported
alterations in response to insult that correlate with the across the BBB (see Table 1 and [3,16,34,62]).
severity of the damage (See Table 2). Marker proteins under investigation have included
Distinguishing between BBB defects and neuronal neuron-specific enolase (NSE), GFAP, and Sil(¥&e
damage has enormous clinical relevance. For exam- Table 3). In normal subjects, NSE is more concen-
ple, in acute CNS disturbances such as ischemic stroke, trated in plasma while S1@0is primarily present in
the delay between insult and irreversible neuronal cell central nervous system fluids [29,68]. Thus, opening
death offers a window of therapeutic opportunity. If, the blood-brain barrierin the absence of neuronal dam-
as suggested by numerous studies [1,18,56,57,64,72], age is expected to markedly increase serum 816@
BBB openings develop early after the initial arterial els while leaving NSE levels unchanged. When a pa-
occlusion, clinicians would have a unique opportunity tient experiences both blood-brain barrier opening and
to administer drugs that are normally BBB-impermeant neuronaldamage, plasma levels of both markers are ex-
(e.g., nerve growth factors) before neurons are dam- pected to exceed normal levels [42]. SB0évels were
aged. The duration of these openings may be unpre- investigated in a variety of pathologies as well as after
dictable, so aperipheral, non-invasive, easily repeatable delivery of seemingly healthy babies [21,54,82]. Inter-
test would be extremely useful. In chronic neurologi- estingly, it was assumed that infants’ brain contributed
cal diseases, such as multiple sclerosis, BBB openings significantly to cord blood values of this marker. In
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Table 2
Desirable properties of markers of BBB leakage vs. brain damage. See text for details and discussion

Brain damage

Vascular (BBB) Damage

Expressed or released only when neuroglial damage occurs

Normally absent in serum

Expressed in neurons or glia

Detectable at low levels

Appears in CSF and blood only when damage occurs

Normally present in CSF or interstitial fluid
Normally absent in serum

Expressed at the blood-brain interface

Detectable at low levels

Appears in blood only when the BBB is breached

sharp contrast with this assumption are the facts that
venous (fetal) and arterial (mostly maternal) blood lev-
els were identical and the discovery of a higher S100
level in vaginal deliveries vs. elective cesareans. This
may reflect changes in mother's BBB function (e.g.,
due to increased intracranial pressure during vaginal
delivery) rather than “newborn brain damage”. Age
dependent changes have also been described [59,75].

4. Serum S1005 asa marker of BBB |leakage:
direct evidence of alink between serum S1003
and BBB integrity

S1003 and NSE are not extravasated into the periph-
eral circulation of healthy individuals, but they may be
released following a variety of cerebral lesions and in-
juries, including brain tumors, stroke, severe head in-
jury, or multiple sclerosis. Thus, they have been for
many years considered markers of CNS damage [29].
However, the time course of S1@0appearance in
serum is not entirely consistent with this hypothesis,
because blood S1@0evels have been reported to in-

crease in the absence of or before neuronal damage [70].

Recent evidence has also shown that brain 3160
creases poorly correlate with serum levels, further sug-
gesting that appearance of SI0B related to BBB
integrity (see below). Current knowledge about BBB
permeability to proteins predicts that these CSF pro-
teins will occur only when the BBB is breached. Thus,

methotrexate does not lead to brain damage [69]. In
agreement with this finding, NSE serum levels re-
mained constant throughout the procedure (Fig. 2A). To
rule out the possibility that the increased serum $iL00
levels were caused by the methotrexate and not BBBD,
we measured S1@0%and NSE in the blood of three pa-
tients who were given intrarterial methotrexate without
blood-brain barrier disruption. We found that in these
patients, levels of both S16Gand NSE remained with

in normal ranges [46].

We concluded that the increase in Sgdével im-
mediately after the blood-brain barrier disruption was
almost certainly too soon to be the result of synthesis
and release from “reactive” glia. We also concluded
that S10@ protein may be an early marker of blood-
brain barrier disruption that is not necessarily related
to either neuronal or glial brain damage. This finding
does not change the traditional understanding that NSE
is related to neuronal damage (Fig. 2B).

5. Modeling serum S1000 levels after brain
damage: Experimental results

While these results clearly demonstrated a relation-
ship of serum S108®with BBB function, previous find-
ings by others demonstrated a positive correlation with
brain damage [28,35,36,71]. How could these seem-
ingly contrasting two findings be explained? We hy-
pothesized that high levels of serum SEOfbrrelate

the early appearance of CSF proteins in serum may be with brain damage while lesser increases above normal

caused by changes in BBB permeability rather than by
directly by neuronal damage.

To test the connection between SBoénd blood-
brain barrier integrity, we measured both NSE and
S10Q3 in the serum of patients with primary central
nervous system lymphoma who underwent iatrogenic
blood-brain barrier disruption by intra-arterial mannitol
infusion before receiving methotrexate infusion [49].
Mean serum levels of S1@0increased significantly
after mannitol infusion and again after methotrexate
infusion, and they remained elevated through recov-
ery (Fig. 2A). Blood-brain barrier with intra-arterial

values are associated with BBB leakage in the absence
of parenchymal damage. This was tested by a dual
approach, one based on analysis of experimental data
(Fig. 2A) and the other on mathematical modeling built
on data from this and other labs (see below).

Based on previous work, we made the following
assumptions: 1) S1l@0extravasation from CNS to
blood follows a distribution kinetic similar to the phar-
macodistribution of a drug administered intravenously
by slow infusion (see Fig. 3A and 3B see also refer-
ence [6]); 2) The half-life of S108 was assumed to
be 30 minutes but similar conclusions were drawn with
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Table 3

Putative peripheral markers of neuronal and blood-brain barrier damage.

Their characteristics and comparison of useful properties as markers of BBB

vs. brain damage

Characteristics

Desirable for marker of brain damage
Present in normal CSF

Normally blocked by BBB

Normal plasma levek < CSF level

Plasma level increases after insult to the BBB

Desirable for BBB marker
Levels very low in normal CSF
CSF Level increases after insult

Plasma levels correlate with damage

S1g GFAP NSE
Yes Yes Yes
Yes Yes Yes
Yes No Yes
Yes No No
Yes Yes Yes
Yes Yes Yes
Yes No Yes

BBB indicates blood-brain barrier. CSF indicates cerebrospinal fluid. NSE
indicates neuron-specific enolase. GFAP indicates glial fibrillary acidic
protein. See [2,4,63,79-81] for details.

half life values of 2 hrs [24]; 3) Serum volume was
determined to be in our samples 25-30% of blood vol-
ume; CSF volume was between 0.14 L and 0.19 L, and
4) S10( serum and S100 CSF were initially set at
0.05 ng/mL (Fig. 2A) and 2 ng/mL respectively [68].
We first wished to determine at which time point SE00
serum will reach steady state after blood-brain bar-
rier disruption. Figure 3A shows a schematic repre-
sentation of the pharmacokinetic model used to derive
S10Q3 values fromg (rate of clearance of the pro-
tein), V; (the distribution volume), and(, (transfer
constant from brain to blood)K , is obviously neg-
ligible when the BBB is intact, and reaches its maxi-
mal value when the BBB is fully breached. This equa-
tion was used to determine the time point at which
Slooﬁserum = Slooﬁsteady—state-

The initial three time points of the data shown in
Fig. 2A are related to S1@0values after blood-brain
barrier disruption. These values were fitted with a

Boltzmann equation to extrapolate steady state values

of serum S100 after BBB disruption:
S51008serum = A2 + (Al — A2)/

(1)
[1 + exp(xfx()/dx)]

Al and A2 represent fitting constantsg is the center

of the sigmoidal fit andz represents the time constant
(in minutes). The results of these computations are
shown in Fig. 3B. The data point extrapolated by this

the asymptotic value obtained is the maximum S100
obtainable after approximately 1/2 of the BBB was
breached.

6. Mathematical modeling of serum S1004 levels
after brain damage

These values were independently confirmed by
mathematical modeling of the range of steady-state
concentrations that S10&erum would reach when the
BBB is maximally leaky (schematically represented in
Fig. 3A). This model was used to assess the depen-
dency of S100cadystate ON S€rum and CSF volumes
as well as CSF levels of the protein. The initial values
used were those described above (e.g., 8180 =
2 ng/mL and S100s¢,um = 0.05 ng/mL). Data were
fitted according to the following equation:

51008355 = [S1008csF * 1/2CSFy1
+51008ser * Serumye]/
1/2CSFyo1 + Serumyol

)

where S100,_ is the steady state serum concentration
after hemispheric opening of the barrier, SBQQ,csy

are the reference concentrations of S200 serum
and CSF expressed in ng/ml, Cgfand serum,; are
volumes of these compartments expressed in liters. The
resulting three-dimensional plot is shown in Fig. 3C to

equation at 120 minutes represents steady state valuesdemonstrate the dependence of S1.0Q on CSF and

for S10Q3se,um [6] corresponding to an S-10Qc,um
concentration at steady state of 0.176 ng/ml. This

blood volume.
As expected, the peak levels of SIQ0; are

steady-state value thus represents the maximum level achieved when CSF volume is greatest and serum low-

of S10Q3.,umm reachable after opening of the blood-
brain barrier. Note the data points used for the fit
were obtained aftdremispheric BBB disruption. Thus,

est. As predicted by our direct experimental obser-
vation and fitting, these values were again close to
0.18 ng/ml (green arrow) which closely parallels the
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Fig. 2. S10@ levels in serum correlate with BBB opening in the absence of neuronal damage. A) Serum levels ®fiS&GGE a result of
osmotic opening of the blood-brain barrier, not of ongoing neuronal damage. The bar graph shows mean serum levelsast84€¢ after

32 blood-brain barrier disruptions in five patients. Also shown are mean serum levels of NSE measured in 18 openifgsaients). Error

bars show standard error of the mean. Results show thatd@@&06ls increased after the administration of intra-arterial mannitol and remained
elevated, whereas levels of NSE did not change significantly. * indicates level was significantly different from level at induction, and # indicates
level was significantly different from level at methotrexate administratipr<(0.05; paired t-test). B) Interpretation of results; see text for
details.

amount leaked from the CNS after hemispheric BBB following equation (Fig. 3D):
disruption. 5100855 = [CSFvor * S1008cst
These data and fits were based on CSF $16¢els
typical of uninjured brain. To estimate the steady- HSerumvor +0.05]/[CSFver - (3)
state values of S108,um at different S108¢sr and +Serumyq]
under condition of bilateral BBB damage, we used the Values for CSF and serum volume were arbitrarily set
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Fig. 3. S10@ levels after BBB disruption. A) Sigmoidal (Boltzmann) fit of S1Qum levels measured after hemispheric BBBD. The

average of 36 openings is shown reflecting leakage produced by opening of the BBB of one hemisphere. The asymptotic value determined was
0.176 ng/ml. B) Tri-dimensional representation of Eq. (2). The initial values of 24,00, and S10B8-sr were 0.05 and 2 ng/ml respectively.

Note that S1008;_s obtained after hemispheric BBB disruption depend on both CSF and blood volumes. Similar plots were constructed at
different S10@csr levels to estimate the contribution of neuronal damage to plasma levels (box 3 Fig. 3C) under conditions of breached BBB.
C) shows the results of these calculations (see Eq. (3).

at 0.15 L and 1.5 L respectively to reflect the average  Taken together, these experimental results and math-
volumes for serum and cerebrospinal fluid. The red re- ematical modeling demonstrate that the maximal levels
gionin Fig. 3D represents S160 ¢ within a range that of S1005,_ achievable after BBB failure are around
includes normal values and levels that may be achieved 0.34 ng/ml (Fig. 3C). Thus, levels of S180 , exceed-

by breaching the BBB in absence of damage (our find- ing this value may be due to other factors, such as non-
ings). The data point 2 refers to data from Martens CNS release [43], synthesis ex novo due to damage, or
et al. [51] where experimentally measured CSF val- other mechanisms.

ues of 6ug/L corresponded to serum levels of around

0.6 ug/L. Note that these values were identical to those

predicted by our model. The boxed blue region (3) 7. Brain damagein the absence of BBB damage:
represents S10Qs levels measured by de Vries et al., I nterpretation of false negative values

in patients affected by a variety of neurological dis-

eases [17]. These levels were compared in the same Our working hypothesis was that useful peripheral
study with S100..,um- Again, a perfect correlation of ~ markers of ongoing or past CNS damage will appear in
CSF/serum ratios with data obtained with our model serum in virtue of a leaky blood-brain barrier. This in-
was found. directly implies that, if the BBB is intact, serum levels
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of S1003 will remain low even under conditions of on-
going brain damage (i.e., elevated CSF S1)000th-
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the brain from systemic influences [39,58,73]. The
presence of this endothelial barrier minimizes the ex-

ers have shown that intracerebral hemorrhage causestravasation of a variety of molecules including CSF (or

massive elevations of S100sr without appreciable
changes in serum levels early after injury [17], sug-
gesting that the BBB may be intact acutely after intrac-
erebral hemorrhage (ICH). This was tested by us in an
animal model of ICH (Fig. 4).

Adult pigs were bilaterally injected with autologous
blood in the white matter underlying the cortex. CSF
and blood were sampled prior to, immediately after ex-
perimental ICH, and following surgical evacuation of
the clot. BBB permeability to proteins was determined
by a method developed by Cavaglia and Janigro [11].
This method consists of intrarterial injection of FITC-
labeled albumin and subsequent evaluation of capillary
leakage by confocal microscopy. Two hours following
intracerebral injection of blood, BBB integrity was not
significantly affected as determined by evaluation of
vessel permeability in the perilesional region (Fig. 4A).
This was further confirmed by measurements of the
permeability to potassium. At this time point, brain
potassium was significantly higher than blood Kas
predicted by damage to brain and intact BBB (data not
shown). Thus, early after damage the cerebrovascu-
lar endothelium maintained barrier properties to both
protein and small ions.

S10Q3csr levels increased rapidly after experimen-
tal ICH (Fig. 4B;n = 6). These levels declined after
surgical evacuation of the bilateral clots. Serum levels,
however, remained largely unchanged. Taken together,
these results show that when BBB function is preserved
appearance of peripheral markers of BBB damage is
either delayed or prevented. This is schematically out-
lined in Fig. 4C.

8. Discussion and conclusions

Diagnostic tools have been successfully used for
many years to detect changes in cardiovascular func-
tion. It is thus not surprising that a quest for peripheral
markers of brain function has ensued. S@08euron-
specific enolase, and other putative markers of brain
damage have been shown to correlate with outcome in
a variety of neurological disorders [29,42,76,78,84].

The cerebral circulation, unlike the coronary vascu-
lar network, is characterized by tight junctions between
endothelial cells. The presence of tight junctions is the
molecular basis of the so-called blood-brain barrier, a
specialized endothelial structure effectively shielding

serum) S100 (see Table 1). Thus, detection of passage
of albumin from serum to brain is the preferred clini-
cal method to evaluate BBB intactness by either direct
measurements (lumbar puncture) or contrast-enhanced
CT-MRI where albumin is chemically linked to radio-
opaqueions (e.g., gadolinium). The opposite approach,
detection of S100 protein in serum, is also possible
in virtue of the fact that this protein is almost exclu-
sively present in brain astrocytes [53,67,68]. Kapural
et al. [46] have demonstrated that SBQQ..,,, may be
used as mark of BBB integrity. This finding was not
necessarily in disagreement with the notion that $100
is a marker of brain damage, since both phenomena
(BBB failure and brain damage) are temporally and to-
pographically associated. Kanner et al. have recently
shown a clear correlation between MRI enhancement
and peripheral levels of S10(45].

9. Significance of quantitative evaluation of serum
S10043

A possible explanation of the dual message that lev-
els of S10@.,um May convey is shown in Figs 2, 3
and 4. According to this hypothesis, low levels of
S10Q3 are normally present at the blood-to-brain in-
terface and in the CSF. This is supported by ample ev-
idence (e.g., Fig. 1; see also [53,66,67]). Thus, dis-
ruption of the BBB will result in sudden appearance
of cerebral S100 in serum. This was confirmed in
BBB disruption experiments (Fig. 2; [40,46,50]). The
extravasation of S100depends on the existence of a
gradient from CSF to serum [66,67], and the levels in
those compartment in normal individuals are known.
Thus, it was possible to estimate the steady-state lev-
els of S10@ that are when 1) The BBB is completely
leaky; 2) levels of S108-sr do not increase over time
due to neuroglial damage; and 3) CSF and serum con-
centrations are constant. Furthermore, similar analysis
was performed for S1fsr levels typical of a broad
range of cerebral dysfunction (Fig. 3C).

The mathematical analysis performed according to
equations 1, 2 and 3 shown in Fig. 3A & 3B, demon-
strate thatincreases in S190p to~0.34 ng/ml are the
plateau levels reachable by opening of BBB in absence
of neuronal damage. Thus, serum levels of $100
exceeding this ceiling may implicate brain damage or
release from non-CNS sources. This model approach
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eled albumin is sequestered intraluminally 2 hrs after bilateral injection
roximity of the clot (outlined by a dashed line) the BBB remained intact.
hemispheres. B) Lack of correlationdef,§1@@th S10QB sk after

experimental intracerebral hemorrhage. Note that significant increases of CSF ®8&f®not accompanied by comparable changes in serum

levels. The mean of six experiments is shown; * indicates 0.02. C) |

nterpretation of results. Under conditions of intact BBB, extravasation

of biochemical markers of brain damage is limited by the low transendothelial permeability to macromolecules. Therefore, neuronal damage

precedes appearance in peripheral blood of any proteic marker of b
is breached.

led to results that match experimental and clinical data.
For example, negative outcome in acute cerebral in-
farction was associated with serum SgO@vels of
~0.7 ng/mL. These values, according to our model,
correspondto S10%-sr of ~7-8 ng/mL in accordance

to S10(5 levels measured by Martens et al. [51]. Ac-
cordance between experimental data and our mode
were also found for benign mass lesion and malignant
neoplasms [17] (Fig. 3D).

Quantitative evaluation of S10Q.,. iS not, how-
ever, infallible. In fact, when the barrier is intact,
S10Q3 fails to appear in serum even when SBQQr
is greatly increased (Fig. 4)[17]. Thus, caution must
be taken when interpreting negative SEQQ,., val-
ues when a brain lesion is suspected. Additional stud-

rain damage. The latter will extravasate into plasma at later times if the BBB

ies will allow understanding under which pathologi-
cal conditions the BBB remains intact thus hampering
detection of peripheral markers of brain damage (see
Table 4).

| 10. Unresolved issues and futuredirections

One of the main findings presented here is the fact
that levels of S100 below a certain threshold are likely
to correlate with BBB damage, whereas larger increases
can only be attributable to concomitant damage to the
brain and blood-brain barrier. The levels of SB00
consistent with brain damage may also be further sub-
divided to indicate different pathologies, as suggested
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Table 4
Current limitations to the use of peripheral markers of damage and research priorities to develop screening tools of widespread
clinical usefulness

Present limitation Strategy Significance
1) Undetermined threshold level(s) Large scale studies with staifferentiate brain damage from BBB
dardized tests leakage, malignant melanoma
2) Overlapping properties of SI6GBBB See 3, 4 Establish temporal and causal relation-
and damage) ship between BBB failure and neuronal
damage
3) Discovery of new markers of BBB Proteomic$, cMRI-CT BBB-specific markers unrelated to neu-
leakage roglial damage as early predictors of
disease
4) Discovery of new markers of brainProteomics, genomics (cDNA Discriminate BBB damage from BBB
damage arrays; DNA SNPs leakage and brain damage
5) Discovery of non-protein, non-DNA HPLC, Mass spectroscopy, BBB-permeant markers will avoid false
markers of brain damage “metabolomics” negatives
6) Decrease time required to performtests Modern diagnostics Emergency situations (ER, OR)
7) Development of “stand-alofittests Modern diagnostics Emergency situations, rural settings, home
tests
ISee (18).

2Tests based on immobilized antibodies on supports that can be readily used and discarded, as are, for example, modern
pregnancy tests based on detection of proteins in urine. cMRI-CT: Contrast-based MRI-CT. DNA SNPs, single nucleotide
polymorphisms.

for head injury [35,36,83]. Finally, levels exceeding case for tests to determine glucose levels in diabetics
those associated with neurological disorders have been or for detection of pregnancy. A diagnostic future for
measured in serum of patients affected by malignant BBB markers also depends on the discovery of more
melanoma [8,32,44,74]; these exorbitant levels are in- specific markers that lack properties of indicators of
dicators of terminal stages of the disease where CNS prain damage. Recently, it has been shown that the
infiltration is common [31]. It is therefore important  monomeric form of transthyretin, a CSF protein, fulfills
to determine disease-specific cutoff values with a great gome of these properties [50].

Iev_eI of accuracy and reproducibility. _Patient-specific_ In conclusion, interpretation of recent results and
estimates may become necessary since both volemia gyisiing literature compelled us to reinterpret the sig-
and CSF volume are important factors in the interpre- isi-ance of S100 as marker of brain damage. Ex-

tation of serum S100 at least when BBB failure is o imental, clinical and theoretical data show that: 1)

|r};/oltved F'gi 32 A dc;onjeql:jence thth'tstls :h? neces- S10Q3 is a marker of both BBB and neuronal damage;
sity to use standardized and consistent tests in various 2) threshold serum values indicating brain damage can

hospitals and emergency settings. The devices used to be estimated: 3) conditions exist when SBQQ,., is
perform these tests must use homogenous, based on au-

tomated techniques to allow large-scale data collection |9W n splte of massive brain damage; and 4) detec-
and comparison across centers. There are currently sey-U0n Of slightly elevated levels of S10Qr.., may be
eral tests for detection of S16@ll based on immuno- &N arly sign of future neuronal damage, triggered or
logical detection by ELISA or similar approaches. The ~&ccompanied by blood-brain barrier failure.

sensitivity and specificity of these tests are likely to be

differentand sometimes, as in the case of manually per-

formed ELISA, operator-dependent. A more focused A cknolwedgements

and equivalent procedure needs to be developed and

used.

Finally, if the goal of “BBB markers” is the early di- This work was supported in part by the National In-
agnosis of a variety of neurological diseases (including stitute of Health (NIH-NS43284, NIH-HL51614 and
recurrence and onset of primary and metastatic brain NIH-NS38195). We would also like to thank Anne-
tumors), we need the development of a rapid, easy Charlotte Aronsson for continuous supportand encour-
to use test that does not require extensive laboratory agement, Luca Cucullo, and Matteo Marroni for helpful
equipment. The ideal test can be repetitively performed discussion. Sangtec Medical (Bromma, Sweden) pro-
perhaps by an unattended patient, as for example is the vided the kits forimmunodetection of NSE and S£00



N. Marchi et al. / Peripheral markers of blood-brain barrier dysfunction

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

El

(20]

(11]

(12]

(23]

[14]

[15]

[16]

[17]

(18]

M. Aschner, K.E. Vrana and W. Zheng, Manganese uptake
and distribution in the central nervous system (CN&yro-
toxicology 20 (1999), 173-180.

A. Aurell, L.E. Rosengren, B. Karlsson, J.E. Olsson, V.
Zbornikova and K.G. Haglid, Determination of S-100 and glial
fibrillary acidic protein concentrations in cerebrospinal fluid
after brain infarctionStroke 22 (1991), 1254-1258.

W.A. Banks, Physiology and pathology of the blood-brain
barrier: implications for microbial pathogenesis, drug delivery
and neurodegenerative disorder®eurovirol 5(1999), 538—
555.

L. Barregard, C. Wikkelso, L.E. Rosengren, A. Aurell, G.
Thiringer, L. Nilson, G. Sallsten, K.G. Haglid and C. Blom-
strand, Cerebrospinal fluid proteins in men with chronic en-
cephalopathy after exposure to organic solveStand.J Work
Environ.Health 16 (1990), 423-427.

B. Becher, A. Prat and J.P. Antel, Brain-immune connection:
immuno-regulatory properties of CNS-resident ceBfa 29
(2000), 293-304.

L.Z. Benet and L.B. Sheiner, Pharmacokinetics: the dynamics
of drug absorption, distribution, and elimination, in The phar-
macological basis of therapeutics, iBoodman and Gilman's
The pharmacological basis of therapeutics, Macmillan Pub-
lishing Co., New York, N.Y., 1985, pp. 3-34.

A.L. Betz, R.F. Keep, M.E. Beer and X.D. Ren, Blood-brain
barrier permeability and brain concentration of sodium, potas-
sium, and chloride during focal ischemiaCereb.Blood Flow
Metab. 14 (1994), 29-37.

L. Brochez and J.M. Naeyaert, Serological markers for
melanomapr.J Dermatol. 143 (2000), 256—-268.

E. Busch, K. Kruger, K. Fritze, P.R. Allegrini, B.M. Hoehn and
K.A. Hossmann, Blood-brain barrier disturbances after rt-PA
treatment of thromboembolic stroke in the vatta Neurochir.
Suppl. Wen. 70 (1997), 206—208.

P.A. Cancilla, J. Bready and J. Berliner, Brain endothelial-
astrocyte interactions, inThe Blood-Brain Barrier Cellular

and Molecular Biology Raven Press, 1993, pp. 25-47.

M. Cavaglia, S.M. Dombrowski, J. Drazba, A. Vasanji, P.M.
Bokesch and D. Janigro, Regional variation in brain capillary
density and vascular response to ischenBegin Res 910
(2001), 81-93.

J.Y. Choi, J.C. Morris and C.Y. Hsu, Aging and cerebrovascu-
lar diseaseNeural. Clin. 16 (1998), 687—711.

E.M. Cornford and W.H. Oldendorf, Epilepsy and the blood-
brain barrier Adv. Neurol. 44 (1986), 787-812.

R. D’Ambrosio, D.O. Maris, M.S. Grady, H.R. Winn and D.
Janigro, Selective loss of hippocampal long-term potentiation,
but not depression, following fluid percussion injuBrain
Res 786 (1998), 64—79.

H. Davson and M.B. Segal, The blood-brain barrier,Rhys-
iology of the CSF and of the blood-brain barrierCRC, New
York, NY., 1995, pp. 49-91.

H.E. de Vries, J. Kuiper, A.G. de Boer, T.J. van Berkel and
D.D. Breimer, The blood-brain barrier in neuroinflammatory
diseasesPharmacol. Rev. 49 (1997), 143-155.

J. de Vries, W.A. Thijssen, S.E. Snels, T. Menovsky,
N.G. Peer and K.J. Lamers, Intraoperative values of S-
100 protein, myelin basic protein, lactate, and albumin
in the CSF and serum of neurosurgical patienisNeu-
rol.Neurosurg.Psychiatry 71 (2001), 671-674.

M.R. Del Bigio, H.J. Yan, R. Buist and J. Peeling, Experi-
mental intracerebral hemorrhage in rats, Magnetic resonance

[29]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

[33]

[34]

[35]

119

imaging and histopathological correlatedroke 27 (1996),
2312-2320.

R.M. Dijkhuizen, M. Asahi, O. Wu, B.R. Rosen and E.H. Lo,
Delayed rt-PA treatment in a rat embolic stroke model: diag-
nosis and prognosis of ischemic injury and hemorrhagic trans-
formation with magnetic resonance imagingCereb.Blood
Flow Metab 21 (2001), 964-971.

M. Ding, K.G. Haglid and A. Hamberger, Quantitative im-
munochemistry on neuronal loss, reactive gliosis and BBB
damage in cortex/striatum and hippocampus/amygdala af-
ter systemic kainic acid administratiohleurochem. Int. 36
(2000), 313-318.

G. Distefano, R. Curreri, P. Betta, M.T. Isaja, M.G. Romeo
and M. Amato, Serial protein S-100 serum levels in preterm
babies with perinatal asphyxia and periventricular white matter
lesions, Am. J. Perinatol. 19 (2002), 317-322.

A. Emmi, H.J. Wenzel, P.A. Schwartzkroin, M. Taglialatela,
P. Castaldo, L. Bianchi, J. Nerbonne, G.A. Robertson and D.
Janigro, Do gliahave heart? Expression and functional role for
ether-a-go-go currents in hippocampal astrocydédeurosci.

20 (2000), 3915-3925.

M.T. Fitch and J. Silver, Activated macrophages and the blood-
brain barrier: inflammation after CNS injury leads to increases
in putative inhibitory molecule€xp Neurol 148 (1997), 587—
603.

G. Ghanem, B. Loir, R. Morandini, F. Sales, D. Lienard, A.
Eggermont and F. Lejeune, On the release and half-life of
S100B protein in the peripheral blood of melanoma patients,
Int.J Cancer 94 (2001), 586-590.

G.A. Grant, N.J. Abbott and D. Janigro, Understanding the
Physiology of the Blood-Brain Barrier: In Vitro Modelsews
Physiol Sci. 13 (1998), 287—-293.

G.A. Grant, N.J. Abbott and D. Janigro, Understanding the
physiology of the blood-brain barrier: the role of in vitro
models NIPS 13 (1999), 287-293.

J. Greenwood, Mechanisms of blood-brain barrier breakdown,
Neuroradiology 33 (1991), 95-100.

H.P. Grocott and J.E. Arrowsmith, Serum S100 protein as
a marker of cerebral damage during cardiac surgBng
Anaesth. 86 (2001), 289-290.

H.P. Grocott, D.T. Laskowitz and M.F. Newman, Markers of
cerebral injury, in: The brain and cardiac surgeryHarwood
Academic Publishers, Amsterdam, NL., 2001, pp. 113-142.

I. Hanin, The Gulf War, stress and a leaky blood-brain barrier,
Nat. Med. 2 (1996), 1307-1309.

A. Hauschild, G. Engel, W. Brenner, R. Glaser, H. Monig, E.
Henze and E. Christophers, S100B protein detection in serum
is a significant prognostic factor in metastatic melano@ra,
cology 56 (1999), 338-344.

A. Hauschild, J. Michaelsen, W. Brenner, P. Rudolph, R.
Glaser, E. Henze and E. Christophers, Prognostic significance
of serum S100B detection compared with routine blood param-
eters in advanced metastatic melanoma patiévitsanoma
Res. 9 (1999), 155-161.

M. Herrmann, P. Vos, M.T. Wunderlich, C.H. de Bruijn and
K.J. Lamers, Release of glial tissue-specific proteins after
acute stroke : A comparative analysis of serum concentrations
of protein S-100B and glial fibrillary acidic proteiftroke 31
(2000), 2670-2677.

J.D. Huber, R.D. Egleton and T.P. Davis, Molecular physiol-
ogy and pathophysiology of tight junctions in the blood-brain
barrier, Trends Neurosci. 24 (2001), 719-725.

T. Ingebrigtsen, B. Romner, S. Marup-Jensen, M. Dons, C.
Lundqvist, J. Bellner, C. Alling and S.E. Borgesen, The clini-



120

(36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

N. Marchi et al. / Peripheral markers of blood-brain barrier dysfunction

cal value of serum S-100 protein measurements in minor head [52]
injury: a Scandinavian multicentre studdraininj. 14 (2000),
1047-1055.

T. Ingebrigtsen, K. Waterloo, E.A. Jacobsen, B. Langbakk and

B. Romner, Traumatic brain damage in minor head injury: re-

lation of serum S-100 protein measurements to magnetic res- [53]
onance imaging and neurobehavioral outcoNejrosurgery

45 (1999), 468-475.

A. Jaillard, M. Hommel, A.E. Baird, I. Linfante, R.H. Llinas,
L.R. Caplan, R.R. Edelman and S. Warach, Significance of
early CT signs in acute stroke, A CT scan-diffusion MRI study,
Cerebrovasc. Dis. 13 (2002), 47-56.

D. Janigro, Blood-brain barrier ion homeostasis and epilepsy:
possible implications towards the understanding of ketogenic
diet mechanismgpi-Res 37 (1999), 223-232.

D. Janigro, Blood-brain barrier, ion homeostasis and epilepsy:
possible implications towards the understanding of ketogenic
diet mechanism<pilepsy Res 37 (1999), 223-232.

D. Janigro, V. Fazio, L. Cucullo and N. Marchi, Markers
of BBB damage and inflammatory processs;.for Neuro-
science Annual Meeting (2002).

D. Janigro, G.A. West, T.-S. Nguyen and H.R. Winn, Regu-
lation of blood-brain barrier endothelial cells by nitric oxide,
Circ. Res. 75 (1994), 528-538.

P. Johnsson, C. Lundqvist, A. Lindgren, I. Ferencz, C. Alling
and E. Stahl, Cerebral complications after cardiac surgery
assessed by S-100 and NSE levels in blab@ardiothorac.
Vasc. Anesth. 9 (1995), 694—699.

H. Jonsson, P. Johnsson, C. Alling, M. Backstrom, C. Bergh
and S. Blomquist, S100B after coronary artery surgery: release
pattern, source of contamination, and relation to neuropsycho-
logical outcomeAnnu. Thorac. Surg. 68 (1999), 2202—2208.

A. Juergensen, U. Holzapfel, R. Hein, W. Stolz, R. Buettner
and A. Bosserhoff, Comparison of two prognostic markers
for malignant melanoma: MIA and S100 beta [In Process
Citation], Tumour. Biol. 22 (2001), 54-58.

A. Kanner, N. Marchi, V. Fazio, M. Mayberg, M.T. Koltz, V.
Siomin, G.H.G. Stevens, T.J. Masaryk, B. Ayumar, M. Vogel-
baum, G. Barnett and S.N. Jani-Sait, Serum S100b: a non-
invasive marker of BBB function and brain lesio@ancer in
press, (2003).

M. Kapural, L. Bengez, G. Barnett, J. Perl, Il, T.J. Masaryk,
D. apollo, M.R. Mayberg and D. Janigro, S-100B as a possible
serum marker for disruption on the blood-brain barfBgin

Res. 940/1-2 (2002), 102-104.

T. Kirino, A. Tamura and K. Sano, Selective vulnerability of
the hippocampus to ischemia: reversible and irreversible types [64]
of ischemic cell damagérogr. Brain Res. 63 (1985), 39-58.

I. Klatzo, Disturbances of the blood-brain barrier in cere-
brovascular disordersActa Neuropathol. Suppl. Berl. 8

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

(1983), 81-88. [65]
R. Kroll and E.A. Neuwelt, Outwitting the blood-brain barrier

for therapeutic purposes: osmotic opening and other means,
Neurosurgery 42 (1998), 1083—-1099. [66]

N. Marchi, V. Fazio, L. Cucullo, K. kight, T.J. Masaryk, G.
Barnett, M. Vogelbaum, M. Kinter, M.R. Mayberg and D.
Janigro, Serum transthyretin as a possible marker of blood- [67]
to-CSF barrier disruptionJournal of Neuroscience in press,
(2002).

P. Martens, A. Raabe and P. Johnsson, Serum S-100 and
neuron-specific enolase for prediction of regaining conscious-
ness after global cerebral ischem&roke 29 (1998), 2363—
2366.

[68]

[69]

M.S. McAllister, L. Krizanac-Bengez, F. Macchia, R.J. Naf-
talin, K.C. Pedley, M.R. Mayberg, M. Marroni, S. Leaman,
K.A. Stanness and D. Janigro, Mechanisms of glucose trans-
port at the blood-brain barrier: an in vitro studdfain Res

904 (2001), 20-30.

F. Mercier and G.I. Hatton, Immunocytochemical basis for a
meningeo-glial network,] Comp Neurol. 420 (2000), 445—
465.

F. Michetti and D. Gazzolo, S100B protein in biological fluids:
a tool for perinatal medicineClin. Chem. 48 (2002), 2097—
2104.

M.B. Migeon, V.A. Street, V.P. Demas and B.L. Tempel,
Cloning, sequence and chromosomal localization of MK6, a
murine potassium channel gerigpilepsy Res Suppl. 9, dis-
cussion 180-1 (1992), 173-180.

M.J. Mossakowski, A.S. Lossinsky, R. Pluta and H.M. Wis-
niewski, Abnormalities of the blood-brain barrier in global
cerebral ischemia in rats due to experimental cardiac arrest,
Acta Neurochirurgica. Supplementum. 60 (1994), 274-276.

Y. Nakamura, K. Iga, T. Shibata, M. Shudo and K. Kataoka,
Glial plasmalemmal vesicles: a subcellular fraction from rat
hippocampal homogenate distinct from synaptosor@dis,
9(1993), 48-56.

E.A. Neuwelt, N.J. Abbott, L. Drewes, Q.R. Smith, P.O.
Couraud, E.A. Chiocca, K.L. Audus, N.H. Greig and N.D.
Doolittle, Cerebrovascular biology and the various neural
barriers: challenges and future directioMNgurosurgery 44
(1999), 604—-609.

O. Nygaard, B. Langbakk and B. Romner, Age- and sex-
related changes of S-100 protein concentrations in cere-
brospinal fluid and serum in patients with no previous history
of neurological disordeClin.Chem. 43 (1997), 541-543.

N.A. Obuchowski, Nonparametric analysis of clustered ROC
curve datapBiometrics (1997), 567-578.

M. Pekny, K.A. Stanness, C. Eliasson, C. Betsholtz and D.
Janigro, Impaired induction of blood-brain barrier properties
in aortic endothelial cells by astrocytes from GFAP-deficient
mice,Glia 22 (1998), 390-400.

Y. Persidsky, Model systems for studies of leukocyte migration
across the blood — brain barriérNeurovirol. 5 (1999), 579—
590.

L. Persson, H.G. Hardemark, J. Gustafsson, G. Rundstrom,
I. Mendel-Hartvig, T. Esscher and S. Pahlman, S-100 protein
and neuron-specific enolase in cerebrospinal fluid and serum:
markers of cell damage in human central nervous system,
Stroke 18 (1987), 911-918.

R. Pluta, A.S. Lossinsky, H.M. Wi'sniewski and M.J.
Mossakowski, Early blood-brain barrier changes in the rat fol-
lowing transient complete cerebral ischemia induced by car-
diac arrestPBrain Res. 633 (1994), 41-52.

W.A. Pulsinelli, J.B. Brierley and F. Plum, Temporal profiles
of brain damage in a model of transient forebrain ischemia,
Ann Neurol 11 (1982), 491-498.

H. Reiber, Cerebrospinal fluid—physiology, analysis and in-
terpretation of protein patterns for diagnosis of neurological
diseasesMult. Sler. 4 (1998), 99-107.

H. Reiber, Dynamics of brain-derived proteinsin cerebrospinal
fluid, Clin. Chim. Acta 310 (2001), 173-186.

H. Reiber and J.B. Peter, Cerebrospinal fluid analysis: disease-
related data patterns and evaluation prograimseurol. Sci.

184 (2001), 101-122.

S. Roman-Goldstein, P. Mitchell, J.R. Crossen, P.C. Williams,
A. Tindall and E.A. Neuwelt, MR and cognitive testing of
patients undergoing osmotic blood-brain barrier disruption



[70]

[71]

[72]

(73]

[74]

[75]

[76]

N. Marchi et al. / Peripheral markers of blood-brain barrier dysfunction

with intraarterial chemotherapppJNR Am J Neuroradiol. 16
(1995), 543-553.

B. Romner and T. Ingebrigtsen, High serum S100B levels
for trauma patients without head injurieNeurosurgery 49
(2001), 1490-1493.

B. Romner, T. Ingebrigtsen, P. Kongstad and S.E. Borge-
sen, Traumatic brain damage: serum S-100 protein measure-
ments related to neuroradiological finding®Neurotrauma 17
(2000), 641-647.

G.A. Rosenberg, E.Y. Estrada and J.E. Dencoff, Matrix metal-
loproteinases and TIMPs are associated with blood-brain bar-
rier opening after reperfusion in rat brai@yoke 29 (1998),
2189-2195.

L.L. Rubin and J.M. Staddon, The cell biology of the blood-
brain barrierAnnu. Rev. Neurosci. 22 (1999), 11-28.

B. Schlagenhauff, B. Schittek, U. Ellwanger, W. Stroebel, A.
Blum, M. Schwarz, G. Rassner and C. Garbe, Significance of
serum protein S100 levels in screening for melanoma metas-
tasis: does protein S100 enable early detection of melanoma [82]
recurrence? [In Process CitatioMglanoma Res. 10 (2000),

451-459.

J.G. Sheng, R.E. Mrak, C.R. Rovnaghi, E. Kozlowska, L.J.

Van Eldik and W.S. Griffin, Human brain S100 beta and S100

beta mMRNA expression increases with age: pathogenic impli- [83]
cations for Alzheimer’s diseasBleurobiol. Aging 17 (1996),
359-363.

B.S. Soler Federsppiel, D. Karcher and A. Lowenthal,
Blood and cerebrospinal fluid anomalies in brain ageing and
Alzheimer's diseaseGerontology 33 (1987), 193-196.

[77]

(78]

[79]

(80]

(81]

(84]

121

K.A. Stanness, L.E. Westrum, E. Fornaciari, P. Mascagni, J.A.
Nelson, S.G. Stenglein, T. Myers and D. Janigro, Morpholog-
ical and functional characterization of an in vitro blood-brain
barrier modelBrain Res 771 (1997), 329-342.

K. Vermuyten, Determination of glial fibrillary acidic pro-
tein, S100, myelin basic protein and neuron specific enolase
in cerebrospinal fluid from patients suffering from dementia,
Acta Neurol. Belg. 89 (1989), 318.

M. Wiesmann, U. Missler, D. Gottmann and S. Gehring,
Plasma S-100b protein concentration in healthy adults is age-
and sex- independenElin. Chem. 44 (1998), 1056-1058.

M. Wiesmann, U. Missler, H. Hagenstrom and D. Gottmann,
S-100 protein plasma levels after aneurysmal subarachnoid
haemorrhageicta Neurochir. (Wen.) 139(1997), 1155-1160.

M. Wiesmann, K.P. Wandinger, U. Missler, D. Eckhoff, M.
Rothermundt, V. Aroltand H. Kirchner, Elevated plasma levels
of S-100b protein in schizophrenic patienBsol. Psychiatry

45 (1999), 1508-1511.

J.W.Wirds, A.E. Duyn, S.D. Geraerts, E. Preijer, J.A. Diemen-
Steenvoorde, J.H. Van Leeuwen, F.J. Haas, W.B. Gerritsen, A.
De Boer and J.A. Leusink, S100 protein content of umbilical
cord blood in healthy newborns in relation to mode of delivery,
Arch. Dis. Child Fetal Neonatal Ed 88 (2003), F67—F69.

C. Woertgen and R.D. Rothoerl, Serum S-100B protein in
severe head injurj\leurosurgery 46 (2000), 1026—-1027.

D.B. Zimmer, E.H. Cornwall, A. Landar and W. Song, The
S100 protein family: history, function, and expressiBrain

Res. Bull. 37 (1995), 417-429.



Copyright © 2003 EBSCO Publishing



