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Abstract Intracellular calcium (Ca2*) has been shown to
function as second messenger and to be associated with
activation of different cell types including microglia
Previoudly, in human focal cerebral infarctions an early
expression of macrophage-related protein-8 (MRPS8/
S100A8), a member of the Ca?*-binding S100-protein
family, in microglia has been reported. On the other hand,
a delayed activation of microglia was observed following
traumatic brain injury (TBI). We therefore examined im-
munohistochemically microglial expression of MRP8 and
alograft inflammatory factor-1 (AlIF-1), identical to mi-
croglial response factor-1 (mrf-1) and ionized calcium bind-
ing adaptor molecule-1 (ibal) in human brains after TBI
and in control brains. Both, MRP8 and AlIF-1 are Ca?*-
binding peptides which have been associated with mi-
croglial activation in experimental models and in human
cerebral infarctions. Detection of AIF-1 in controls con-
firmed constitutive expression of this peptide in a subset
of microglial cells. After TBI, the density of AIF-1* mi-
croglia did not increase significantly. Lesional expression
of AlIF-1 did not significantly differ from other brain re-
gions. Furthermore, following TBI, we found no signifi-
cant differences in the density of AIF-1* microglia as
compared to controls. Microglial MRP8 expression was
not detectable in controls and within the first 3 days post
TBI, but increased rapidly after 3 days post TBI, suggesting
a subpopulation of microglial cells to be AIF-1-/MRP8*.
We conclude that the delayed expression of MRP8 and the
lack of AIF-1 up-regulation in microglia after TBI isin
contrast to ischemic brain lesions and might reflect differ-
ent activation cascades of microglia.
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Introduction

Calcium (Ca2*) functions as an intracellular second mes-
senger and is associated with activation of many cells, in-
cluding monocytes [6] and microglia [18, 19]. In these
cell types, Ca2* responses precede phagocytosis and ox-
idative burst. It induces the transcription of a number of
eukaryotic genes through transcription factors interacting
with Ca?* response elements [22]. Several Ca2*-binding
peptides, in particular members of the S100 supergene
family such as S100A8 (macrophage-related protein 8,
MRP8) and S100A9 (MRP14) are preferentially expressed
in activated microglia ([13, 16, 20, 23], for review see
[24]). MRP8 expression has been reported in various in-
flammatory conditions, including active inflammatory
bowel disease [15], HTLV-I-associated myelopathy [1],
coronavirus-induced demyelination in rats [31], human
cerebral malaria [25] and human focal cerebral ischemia
[20]. The alograft inflammatory factor-1 (AIF-1) isapoly-
peptide of 17 kDa that contains a 12-amino acid region,
similar to Ca2*-binding EF-hand domains [29]. AIF-1 has
been detected in cultured rat microglial cells [11], in rat
brain tissue by immunohistochemistry [3], in chronically
rejected rat heart allografts [29] and in human heart trans-
plants [30]. Human and rat amino acid sequences are 98%
homologous[2]. AIF-1 is constitutively expressed in lym-
phatic tissue [2, 11] and is up-regulated in monocytes/
macrophages under various pathological conditions such
as chronic rejection of rat and human allografts [29, 30]
and in autoimmune lesions [3, 26]. In the central nervous
system (CNS) AlF-1 immunoreactivity is restricted to mi-
croglial cells[11]. Increasing AlF-1 expression was found
to be associated with microglial activation. Following ax-
otomy, increased AlF-1 expression in activated microglia
surrounding injured central motor neurons in adult rats
has been reported [7, 12, 28]. In acute inflammatory au-
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tomimune lesions of rat CNS, increased AlIF-1 immunore-
activity was detected in microglia [25].

To analyze microglia reactions following human trau-
matic brain injury (TBI) we examined the temporal and
regional expression of the two Ca?*-bhinding peptides,
AlF-1 and MRP8 (S100A8), known to be associated with
activation of monocytic/microglia cells.

Materials and methods
Patients

We investigated brain tissue from 24 cases (aged 18-87 years,
Table 1) who died after severe closed TBI. The survival time post
TBI varied from minutes up to 6 months. Tissue for paraffin-em-
bedding was sampled in all cases from (1) the traumatized brain re-
gion (hemorrhagic contusion), (2) the region immediate adjacent
to the contusion, (3) a macroscopic inconspicuous region remote to
the lesion, and (4) the brain stem. These areas were selected by
macroscopic examination according to the definitions established
by Graham and Gennarelli [8] and inspected by microscopy. Tis-
sue sections were routinely stained for hematoxylin-eosin (H & E)
luxol-fast-blue (LFB), periodic acid staining (PAS), Bielschowsky’s
axon stain, Elastica-van-Gieson (EvG), and Berlin-blue (BB). In
all cases histopathological stages of traumatic lesions correspond
to clinical data.

Controls consisted of 20 adult cases (aged 21-92 years) who
died from non-neurological diseases and, considering clinical his-
tory and neuropathological investigations, did not suffer from any

Table 1 Clinical and autoptical data from cases following TBI
(BSF basal skull fracture, CF calvarial fracture, CLL chronic lym-
phocytic leukemia, DAI diffuse axonal injury, EDH epidural hem-
orrhage, ICH intracerebral hemorrhage, ICP intracranial pressure,

neurological disease. Moreover, brains affected by other medical
conditions, known to alter the activation state of the immune sys-
tem, e.g., sepsis, malignant neoplasias, immunosuppressive med-
ication, were excluded. Thiswas also true for brains with hypoxia,
which is known to activate microgliaimmediately [20].

Immunohistochemistry

Immunohistochemistry for AlF-1 was performed using a recently
established monoclonal antibody [25]. In brief, slices were rehy-
drated and pretreated for 10 min in a microwave oven (600 W) in
citrate buffer pH 6.0. Endogenous peroxidase was inhibited with
1% H,0, in methanol (15 min), and normal rabbit serum (1:10)
was used to block nonspecific binding sites (15 min at room tem-
perature). AIF-1 antibody-containing hybridoma supernatant was
applied overnight at 4 °C. Antibody binding was visualized with
biotinylated secondary antibody, streptavidin and biotinylated
horseradish peroxidase complex (StrepABC/HRP; Dako GmbH,
Hamburg, Germany) and diaminobenzidine (DAB; Dako) as chro-
mogen. Immunostainings with antibodies directed against MRP38
(BMA Biomedicals AG, Augst, Switzerland; dilution 1:200) and
CD68 (Dako; dilution 1:150) were handled appropriately. How-
ever, MRP8 was stained directly by a biotinylated antibody.

Double-labeling experiments

Double immunolabeling was performed by incubating sections
with the first primary antibody (CD68, MRP8) for 1 hour after a
10-min microwave pre-treatment in citrate buffer pH 6.0, and
blocking non-specific binding immunoglobulins with 10% non-
specific rabbit serum in TRIS/BSA. After incubation with the bio-

| left, I/r left and right, Preg. pregnancy, r right, Res resuscitation,
SAH subarachnoidal hemorrhage, SDH subdural hemorrhage, TBI
traumatic brain injury, temp temporal Trep. trepanation)

Case Age Sex Survival Trauma Lesion Cause of death Additional clinical and autoptical data
(years) time
1 64 M  0Oh Traffic  Frontoparietal I/r Disruption of brain stem CF, BSF, enterorrhexis
2 54 F Oh Traffic  Frontotemporal I/r  Severe TBI CF, BSF, multiple skelettal fractures
3 57 M 0Oh Traffic  Frontotemporal I/r  Polytrauma CF, BSF, SAH, hepatorrhexis
4 49 M 1lh Fall Frontobasoparietal Asystole DAI
5 24 M 15h Traffic  Frontobasal | Polytrauma Hepatorrhexis, hemorrhargic pleurorrhea
6 63 F 57h Traffic  Frontoparietal I/r Polytrauma BSF, SDH, SAH, hemorrhargic pleurorrhea
7 27 F <6h Traffic  Frontal I/r Herniation SDH, Trep., DAI
8 36 M <6h Fall Frontobasal | Herniation SAH
9 43 M <6h Fall Frontotemporal |I/r  Herniation Chronic acoholism
10 26 F 12h Traffic  Frontobasal | Hemmorhagic shock Polytrauma
11 28 M 14 h Traffic  Frontotemporal | Hemmorhagic shock SAH, DAI, anoxic encephal opathy
12 52 M 12-24h Fdl Frontal r Herniation SDH
13 48 F 36h Fall Frontal 1/r Herniation SDH, DAI
14 64 M 48h Fall Parietotemporal r  Severe brain edema CF, BSF, SAH, DAI, Trep., liver cirrhosis
15 79 M 72h Fall Frontotemporal | Herniation SDH, Trep., cerebral infarction cysts, DAI
16 30 F 72-96 h Fall Frontotemporal | Herniation Preg., fistula of cavernous sinus, DAI
17 55 M 8days  Traffic Frontotemporal I/r  Anoxic encephalopathy CF
18 41 M 10days Traffic Frontotemporal I/r  Contusion of brain stem CF, DAI
19 87 M 14 days Fal Frontobasal 1/r ICB SAH, SDH, CF, ischemia48-72 h
20 83 M 14 days Traffic Temporobasal r Pneumonia SDH, Trep., hematoma 48-72 h, CLL
21 80 F 15days Traffic Temporal I/r Herniation CF, DAI
22 18 F 16 days Traffic Frontotemporal I/r  Multiple-organ failure  Polytrauma, SAH, Trep.,
Res. anoxic encephal opathy
23 53 M 21 days Fal Parietal | Pneumonia EDH, CF, Trep., ischemia 4 days
24 56 F 6 months Traffic Frontobasal | Pneumonia SDH, CF, ischemia, hemiplegia
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Fig.1 Number of AIF-1* and MRP8* cells per HPF in relation to
survival time in different brain regions following TBI (HPF high-
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tinylated secondary antibody (rabbit anti-mouse) sections were
developed with avidin and biotinylated alkaline phosphatase
reagents (ABC/AP; Dako) and stained with Fast-Blue BB salt
(Sigma, Deisenhofen, Gennany). Following a second microwave
pre-treatment to denature bound antibody molecules, and thereby
completely blocking cross-reactivity between sequential rounds of
staining [14], the second primary antibody (AlF-1) was added, fol-
lowed by incubation as described above and development with
Strept ABC/HRP and visualized with DAB as chromogen. As
MRP8 is abiotinylated primary antibody, no secondary antibody is
needed when this is applied as first primary antibody.

Evaluation

For evaluation of glial reaction the average quantity of immunore-
active cells per high-power field (HPF; 0.0625 mm?) was deter-
mined. For this, total number of immunolabeled cells (AIF-1* or
MRP8*) in ten HPFs was divided by 10 and the result rounded to
the next integer. Only cells with processes (ramified or amoeboid)
were counted to exclude blood-derived monocytes/macrophages.
In all brain regions, except the brain stem, grey and white matter
were examined separately.

Statistical analysis

Data were plotted on alogarithmic scale, after adding the constant
value one to the number of immunolabeled cells (AlIF-1* or MRP8*)
per HPF and to the survival time to handle zero values, eg.,
[log{ numher of AIF-1* cells/HPF +1} vslog { survival time (h) +1}].

To examine, whether or not the number of AIF-1* cellHPF is
associated with survival timesin any of the examined regions fol-
lowing TBI, linear regression lineswere calculated. For the density of
MRP8* cells the threshold value was determined, |ogT50 represent-
ing the moment at which 50% of the maximum value was reached.

To analyze the differences in the density of immunolabeled
cells (AIF-1* or MRP8*) between the examined brain regions fol-
lowing TBI, zero values were excluded and a conditional compar-
ison was performed by paired t-test.

To verify whether or not the density of AIF-1* cells following
TBI differsfrom controls atwo-sample t-test was used. To exclude
possible topographic differences in the density of microgliain hu-
man brains, we compared data from tissue sections obtained from
frontal lobe n = 15) and brain stem (n = 24) after TBI with data
from corresponding regions of controls (n = 20).

Results
Control cases
In control brains immunoreactivity for AIF-1 was seen in

cells with delicate processes (Fig.24a) in various brain re-
gions. The number of AlIF-1* microglial cells per HPF

showed distinct variability, both in controls and following
TBIl. MRP8 was not detectable in ramified cells. Only in-
travascular round cells expressed MRP8*.

Cases with TBI

Results of immunolabelingsfor AlF-1 and MRP8 are sum-
marized in Fig.1 and Table 2. AlF-1 immunoreactivity
was detected in ramified/amoeboid cellsin various numbers
in all brain regions. After TBI, AlIF-1 was expressed in mi-
croglia cells as well asin round cells in the perivascular
space and in hemorrhages. The number of AIF-1* microglia
cellsvaried from case to case and in different brain regions.
In the early phase following TBI (< 3 days) AlIF-1 was
found to be colocalized with CD68 in microglial cells (Fig.
2b). In these cases immunoreactivity for MRP8 was not de-
tectablein CD68* microglia. Asin controls, only intravas-
cular round cells were immunolabeled for MRP8 in the early
phase post trauma. In cases who survived TBI for more
than 3 days, increasing numbers of round cells with macro-
phage-like morphology appeared at the hemorrhagic lesion,
showing mainly intense immunoreactivity for both CD68
and MRP8. In this region only part of the ramified and
amoeboid cells expressed AlF-1 (Fig. 2c¢, d). At later stages
(> 3 days) MRP8 was detected in microglical cells remote
from the lesion and in the brain stem. In contrast, in al
other brain regions examined, distinct AIF-1 immunore-
activity was observed in microglia (Fig. 2€).

Statistical analysis
Expression of AlF-1

Increasing survival times following TBI were not accom-
panied by a significant increase in the density of AIF-1*
cells, neither at the lesion, nor a any other brain region
examined (Fig.3, P > 0.16).

Mean values of immunolabeled cellsin different brain
regions are listed in Table 2. Following TBI no significant
differences in the density of AIF-1* microglia occurred
between the lesion and remote areas (P > 0.22). Among the
examined brain regions significantly more AlF-1* cells
occurred only in the brain stem when compared to adja-
cent white matter (P = 0.004), adjacent grey matter (P >

Table2 Meansof AIF-1* or
MRP8* cells and mean differ-
ences of AIF-1* and MRP8*
cells per HPF in different brain

regions following TBI (AIF-1
alograft inflammatory factor,
MRP8 macrophage-related pro-
tein-8, HPF high-power field)

amean of log (number of
immunoreactive cells per HPF)
* Probability of higher num-
bers of MRP8* than AIF-1*
cells per HPF

Brain region Mean? of Mean? of Mean? difference p*
AIF-1* cells MRP8* cells  of AIF-1* and
MRP8* cells

Lesion, grey matter 112 3.25 0.853 < 0.0001
Lesion, white matter 1.39 2.87 0.458 < 0.0002
Adjacent area, grey matter 0.73 2.68 0.541 0.158
Adjacent area, white matter 1.03 242 0.341 0.026
Remote area, grey matter 0.75 2.08 0.298 0.234
Remote area, white matter 1.27 1.59 0.028 0.846
Brain stem 161 1.99 0.308 0.027




Fig.2 aln controlsdistinct cytoplasmic processes of microglial
cells are immunoreactive for AIF-1. b At the lesion 6 h post
TBI, as in controls, AIF-1 (brown) is colocalized with CD68
(blue) in microglial cells. ¢ Eight days following TBI colocal-
ization of AIF-1 (brown) is seen in part of the CD68* cells
(blue) at the lesion (arrow). d In the same case besides MRP8*
(blue) macrophage-like cells, AIF-1 (brown) isonly seenin few
cytoplasmic processes (arrow). e AlF-1 expression in rami-
fied cells remote to the lesion at less than 24 h post TBI. Bars
a—d 25 pym, e 100 um
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Fig.3 Number of AIF-1* microglial cells per HPF in relation to
survival time and probability of significant increasesin the density
of AIF-1* cellsin different regions of the brain following TBI

0.05) and remote grey matter (P > 0.05) and in the white
matter at the lesion in comparison to adjacent grey matter
(P > 0.05), according to a known higher density of mi-
croglial cells in the white matter/brain stem than in grey
matter regions [17, 27].

Analysis of AIF-1* expression in corresponding brain
regions (sections taken from frontal lobe and brain stem)
following TBI and in controls showed no significant dif-
ferencesin the density of AIF-1* cells (Table 3; P = 0.20).

=== brain stem (p=0.1682)

Expression of MRP8

In contrast to AlF-1, the density of MRP8* cells increased
suddenly between 72 h (case 16) and 96 h (case 17) in al
brain regions (Fig. 4). Only in the remote grey matter was
a sudden increase in the density of MRP8* microglia de-
layed, starting between 96 h (case 17) and 168 h (case 18).

In later stages after TBI (> 3 days) significantly P <
0.05) higher numbers of microglial cells expressed MRP8
in the grey matter at the lesion than in the remote grey
matter, remote white matter and brain stem. Significantly
(P < 0.05) more MRP8* cells were aso detected in white
matter at the lesion and grey matter adjacent to the lesion
in comparison to remote white matter.
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Table 3 Median number of

AIF-1* microglial cellsin ten TEBI Controls
HPF in frontal grey and white Frontal lobe  Frontal lobe Brainstem  Frontal lobe Frontal lobe Brain stem
;?)ﬁt(t)srw l%lquE?l tgr? dbirr?lgoﬁterrcr)}s grey matter  white matter grey matter  white matter
(n number of cases examined) n 15 15 24 20 20 20
Range 0-4 1-6 1-8 1-2 2-4 2-6
Median 14 31 25 13 27 32
a0 Following human TBI, the density of AIF-1* micro-
@ glial cells did not correlate with survival time, neither at
35 . the lesion, nor at any other brain region examined (Fig3,
e "= : P2 0.16). Thisisin contrast to experimental data follow-
- ! ™ ing axotomy [7, 12, 28], in which AlF-1 was reported to
& 25 - =_. 5 be up-regulated in microglial cells surrounding injured
il " central motor neurons and to pesk at 7 days post injury
% 20 2 E_ z [12] in rats. In human cerebral infarctions Postler et al.
E fi] ms [21] observed both, an increase in the intensity of im-
s . m munoreactivity and in the density of AIF-1* cells, includ-
= 10 - LI ing ramified/amoeboid and round cells. Although in the
g I A present study only ramified/amoeboid cells were consid-
0.5 ered, our data demonstrate a differential expression pat-
0 tern of microglia following human TBI and cerebral in-

T T T
0 05 10 15 20 25 30 35 40
log[survival time (hrs)]

= remote area, grey matter
= remote area, white matter
m brain stem

lesion, grey matter
® lesion, white matter
m adjacent area, grey matter
m adjacent area, white matter

Fig.4 Number of MRP8* microglia cells per HPF in relation to
survival time after TBI (al brain regions)

Expression of AlF-1 versus MRP8

Significantly more MRP8* cells were found in the grey
(P < 0.0001) and white matter (P < 0.0002) at the le-
sion, in the adjacent white matter (P = 0.0261) and in
the brain stem (P = 0.0274). No significant differences
(P > 0.15) occurred in the other brain regions examined
(Table 2).

Discussion

In the CNS expression of AlIF-1 (identical to microglia
response factor-1 and ionized calcium-binding adaptor
molecule-1) was found to be restricted to microglia alone,
both in cultured brain cells and in rat brain, respectively
[11, 12]. In experimental models of inflammation [3, 25]
and neuronal degeneration [7, 12, 28] in rat CNS as well
as in human cerebral infarctions [21] an up-regulation of
AlIF-1 was observed. In experimental autoimmune dis-
eases, expression of AlF-1 was shown to be modulated by
immunotherapy, indicating an association of increased
AIF-1 expression with microglial activation [26].

farction. This observation was supported by the analysis
of MRP8-expressing microglia. As previously described
by Engel et al. [5] no MRP8* microglia were seen in the
first 3 days post TBI, asin controls, whereas after 3 days
the number of MRP8* microgliaincreased strikingly in all
brain regions examined and remained elevated at all time
points investigated (Fig.4). Following human cerebral in-
farctions, in contrast, an early onset of MRP8 expression
in microglia was reported that declined within the first
days and was no longer detectable by 3 days post infarc-
tion [20].

Furthermore, at the lesion or in the perilesional (adja-
cent) tissue no significantly higher density of AIF-1* cells
occurred in comparison to remote areas, indicating a dif-
ferent pattern of microglial activation following TBI and
ischemia in humans. In both, brains following TBI and un-
affected controls, the variability in the density of AIF-1*
cells was high, not showing significant differencesin cor-
responding brain regions between TBI and controls (Table
3; P = 0.2). Regular AIF-1 immunoreactivity of ramified
cellsin controls indicated constitutive expression of AlF-
1 in a subset of human microglia, which corresponds to
the findings of Postler et al. [21]. Following TBI increas-
ing numbers of CD68* and MRP8" microglia/macro-
phages appeared at the lesion. Double immunolabeling
showed that only some of the CD68* or MRP8* microglia/
macrophages coexpressed AlF-1. Thus, AlIF-1 was ex-
pressed only in a subset of microglia/macrophages after
human TBI.

The concentration of intracellular Ca?* ([Ca?'])) is
known to change following tissue damage and to be asso-
ciated with modification of gene transcription [6, 18, 19,
22, 23]. The differential expression pattern of the two
C&?*-binding peptides AIF-1 and MRP8 in human mi-
croglia following TBI indicates that modification of
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[Ca?*]; alone is not sufficient to stimulate protein produc-
tion. These data are in accordance with previous studies
reporting a delayed activation of microgliafollowing TBI,
both by immunohistochemistry [4, 5, 9] and at the mRNA
level [10].

In conclusion the present study shows that in human
brains AIF-1 is expressed in a subset of microglia cells
and is not noticeably up-regulated following TBI. In con-
trast, MRP8 is strikingly up-regulated in microgliain all
brain regions post TBI after 3 days. AlF-1 possibly char-
acterizes a subpopulation of microglia cells, that shows a
different activation potential following human TBI in
contrast to human cerebral infarctions.
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