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Abstract Immunocytochemistry using antibodies
against various molecular forms of the Ca**+ and Zn**-
binding S100 proteins predominantly labelled astrocytes.
However, especially in the neocortex the staining pattern
is variable. Methods of tissue preparation have been
evaluated with the aim to preserve as much S100 immu-
noreactivity as possible. Optimal resuits were obtained
after perfusion fixation with 4-5% aldehydes, 0.1 M so-
dium cacodylate, 0.1% CaCl,, pH 7.3. In such prepara-
tions, astrocytes were completely labelled including their
lamellar compartments in large parts of the central ner-
vous system. Ca*++-withdrawal had adverse affects on
S100 immunoreactivity. Cryostat sections treated with
EDTA-containing solutions before fixation showed that
Ca**-free S100 can apparently not be fixed to the tissue.
Perfusion fixatives containing EDTA resulted in inhomo-
geneous loss of S100 staining, indicating a differential
susceptibility of astrocytic subpopulations. A different
type of reduction in S100 immunoreactivity occurred
around large neocortical blood vessels. Perivascular de-
fects in immunostaining occasionally appeared even af-
ter optimal fixation, but could be regularly provoked by
mildly acidic fixation (pH 6.6) or prolonged barbiturate
anaesthesia. These defects might be based on S$S100 re-
lease into the cerebrospinal fluid. Presumably under
none of the conditions studied can the immunoreactivity
of all S100-forms and -fractions be completely preserved
in the tissue. However, recommendations are presented
for optimizing tissue preparation, to the extent that pre-
mortal modifications affecting the stainability of astro-
cytes may be detected by S100 immunohistochemistry in
fixed brain tissue.

Introduction

In the mammalian brain, the Ca2?*- and Zn?*-binding
S100 proteins (S100) occur at high concentrations (1-1.5
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ug/mg of soluble protein; Matsutani et al. 1985). Apply-
ing immunohistochemical methods to tissues fixed with
aldehydes, the bulk of S100 has been localized in cell
bodies, processes and lamellae of astrocytes (e.g. Matus
and Mughal 1975; Cocchia 1981; Tabuchi et al. 1983).
Colocalization with glial fibrillary acidic protein (GFAP)
confirmed the astroglial location of S100 (Boyes et al.
1986). Therefore, it is generally assumed that S100 is
predominantly localized in glial cells (Moore 1988), es-
pecially in astrocytes, although there are also reports on
the localization of this antigen in oligodendrocytes (Lud-
win et al. 1976; Dyck et al. 1993) and even in neurons
(Goto et al. 1988, see below).

S100 proteins have several biochemical properties
which may influence or distort their immunohistochemi-
cal detectability. The relatively small molecular size (~21
kDa) make these proteins highly soluble in the cytosol,
i.e. S100 is predominantly found in “non-particulate”
subcellular fractions (for review see Moore 1988). Mem-
brane-bound S100 may amount to more than 10% of the
total (Donato et al. 1986; Donato 1991), but this percent-
age may vary with the functional state of the neuropil
(Popov etal. 1988). Changes in S100 binding may be
based on the binding of Ca?*- or Zn2+ions to S100,
which induces changes in the conformation, sulphhydryl
reactivity and hydrophobic properties of S100 (Baudier
et al. 1986; Baudier and Cole 1988). Furthermore, S100
proteins can differ in their subunit composition from ¢-
and f-chains. From brain tissue, mainly the dimeric
forms S100b (83) and S100a (f3) were isolated. The rel-
ative amounts of S100b and S100a show high interspe-
cies variation, e.g. the rat brain contains more than 95%
S100b (Kato et al. 1990).

In addition, there are reports on the artificial displace-
ment of $100 in immunocytochemical preparations. Ear-
ly findings of S100 immunoreactivity in certain neurons
could have been caused by inadequate fixation (Rapport
etal. 1974) and/or diffusion of astroglial S100 as dis-
cussed by Ghandour et al. (1981). Artificial displace-
ment of S100 can apparently be avoided by perfusion
fixation (Eng and Bigbee 1978). Since translocation of
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S100 can also occur in vivo, it is important to avoid such
technical pitfalls. Intravitally, S100 may be released into
the extracellular space of the central nervous system un-
der various physiological and pathological conditions.
This suggestion is suppported by high concentrations of
S100 found in the cerebrospinal fluid (CSF) of rats
(Shashoua et al. 1984; Hardemark et al. 1989). In the
CSF of human control individuals, S100 concentrations
range between <1 and 6.8 ng/ml but may rise up to 700
ng/ml under pathological conditions (Persson et al.
1987).

When searching for sites of artificial or physiological
release of S100, the large number of submicroscopic la-
mellar extensions of astrocytes have to be taken into ac-
count. These lamellae contain S100 (Cocchia 1981), are
thinner than 0.3 wm and have to be analysed under the
electron microscope (Wolff 1965). In the neocortex, as-
troglial lamellae constitute about 50% of the total astro-
glial cell volume (Wolff 1968; Rohlmann et al. unpub-
lished results).

S100 immunohistochemistry may detect functionally
relevant patterns of S100 distribution in astrocytes of
certain brain regions, an aspect that seems especially im-
portant for the neocortex and hippocampus. In these
brain regions, effects of S100 on neuroplasticity have
been shown (Lewis and Teyler 1986; Miiller et al. 1993),
which in turn may influence S100 immunoreactivity of
astrocytes (Haring et al. 1993). A special role for S100 in
the cerebral cortex is also documented by the increase of
S100b in aging rats (Kato et al. 1990). Recently, we pre-
sented preliminary evidence that patterns of S100 immu-
noreactivity may vary between different regions of the
forebrain and that premortal conditions may modify
these distribution patterns of S100 immunoreactivity
(Rickmann and Wolff 1992; Laskawi et al. 1993).

Thus, a combination of premortal and artificial factors
may interfere with S100 immunohistochemistry and ob-
scure important functional aspects of the distribution of
S100 in brain tissue. Here, we investigate in detail ways
in which S100 immunoreactivity may be influenced by
anaesthesia and the composition of fixatives. Two aims
were followed especially for the rat cerebral cortex. On
the one hand, we tried to optimize the tissue preparation
technique in order to maximize S100 immunoreactivity.
On the other hand, we investigated influences of specific
suboptimal conditions on the preservation of S100 im-
munoreactivity in brain tissue, especially the neocortex
of rats.

Materials and methods

Animals, anaesthesia

Adult Sprague-Dawley rats ranging from 60 to 180 days of age
were kept at normal diurnal rhythm of 12 h and had access to food
and water ad libitum. Most animals (38 rats) were deeply anaes-
thetized with ether prior to perfusion fixation and/or removal of
brain tissue. A total of 13 rats were anaesthetized by different
means. For CO,-anaesthesia (2 rats) animals were kept in a glass
container filled with a mixture of CO, and air until the respiratory

rhythm changed (less than 2 min). Other narcotics were injected
intraperitoneally: Ketavet/Rompun were applied to 3 rats as a mix-
ture of 113.7 mg ketamine hydrochloride and 9.2 mg 2,6-dihydro-
2-(2,6-xylidino)-4H-1,3-thiazine hydrochloride per kg body
weight. A total of 6 rats were injected with 1.25 g/kg urethane.
Pentobarbital anaesthesia lasting for 1 h and carried out on 2 rats
was initiated by an injection of 30 mg/kg and maintained by a sec-
ond injection of 24 mg/kg 30 min later.

Tissue preparation

Transcardial perfusion fixation was performed at a hydrostatic
pressure of 1 m water column. The vascular system was flushed
with a buffer solution until the jugular veins had cleared (about 2
min). Subsequently a fixing solution was infused (10 min at room
temperature) containing the same buffer and ionic additives as the
rinsing solution. For postfixation, brains were removed from the
skull and submerged for various periods of time in the same fixa-
tive that was used for perfusion. Unfixed brains were rapidly re-
moved from the skull and frozen in melting isopentane within less
than 2 min after respiratory arrest. For immersion fixation small
pieces of tissue <3 mm in diameter were submerged in fixative at
room temperature.

Fixatives, buffer, pH, additives

The composition of various types of aldehyde-containing fixatives
was as follows: (1) 4% paraformaldehyde and 0.1% CaCl, in 0.1
M sodium cacodylate at pH 7.3 with addition of 0 to 1% glutaral-
dehyde. (2) The relative amounts of these aldehydes were reversed
(1.5% paraformaldehyde and 2.5% glutaraldehyde). (3) Different
buffers (0.1 M sodium phosphate and 0.1 M sodium/potassium
phosphate, 80 mM Na#/20 mM K+) both at pH 7.3 were mixed
with 4% paraformaldehyde, 0.3% glutaraldehyde. (4) For trapping
of divalent cations the respective fixative was buffered by 0.1 M
sodium cacodylate containing 10 mM EDTA. Two different ver-
sions of periodate-lysine-paraformaldehyde fixative were used. An
acidic solution was mixed according to the original recipe (Mc-
Lean and Nakane 1974). Alternatively, paraformaldehyde was
added to the lysine-phosphate buffer until a final concentration of
4% was reached, and the pH was readjusted to 7.3. Sodium meta-
periodate was added immediately before use.

Precipitation of $S100 in ammonium sulphate was combined
with aldehyde fixation by treating cryostat sections with a saturat-
ed solution of ammonium sulphate containing 4% paraformalde-
hyde at pH 3.7. Glutaraldehyde could not be mixed with ammoni-
um sulphate, because solutions turned yellow indicating instability
of this aldehyde. For carbodiimide fixation a 2% solution of 1-eth-
yl-3(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDPC,
Sigma) was prepared in 0.1 M sodium phosphate buffer at pH 7.3
(Turner 1972; Kendall et al. 1971).

Vapour fixation

Cryostat sections of 15 pm in thickness were dried overnight at
-20° C in a desiccator containing silica gel. Sections were then
transferred to vials containing diethylpyrocarbonate (DEPC) or
1,2-benzoquinone dissolved in toluene (Pearse and Polak 1975) or
dry paraformaldehyde. The containers were tightly closed and
heated to 60° C for 1 h. After rehydration, free floating sections
were processed for immunocytochemistry.

Freeze substitution

Brain pieces of 2 mm in thickness were impact frozen on the pol-
ished surface of a copper block cooled by liquid nitrogen (Verna
1983). Then the tissue was substituted and chemically fixed in 1%
glutaraldehyde dissolved in 98% acetone at —40° C for 4 days, be-
fore being rehydrated at room temperature and subjected to immu-
nocytochemistry.



Sections

Cryostat sections of unfixed brain were mounted on slides of
which the surfaces were activated by the following pretreatment.
Cleaned microscope slides were incubated in sealed containers
containing 10% 7y-aminopropyl-triethoxysilane (Weetall 1970) in
toluene overnight at room temperature. After washing in toluence
and acetone they were air dried and reacted in 1% glutaraldehyde
in water for 6 h, thoroughly rinsed in water and dried again. Sec-
tions were attached to the surface of these slides so firmly that
they could be kept moist up to the transfer into buffer or fixing so-
lutions. The bulk of material examined in this study consisted of a
series of sections of 50 pm in thickness cut from fixed brain.
Fized tissue blocks were either sectioned on a vibratome under 50
mM TRIS, 150 mM NaCl, pH 7.6 (TBS) or soaked overnight in
20% sucrose and cut on a freezing microtome.

Immunohistochemistry

Immunocytochemical demonstration of S100 was performed with
the avidin-biotin-peroxidase complex (ABC) method (Hsu et al.
1981). A rabbit antiserum against S100 (Dako) was used at dilu-
tions of 1:1000 or 1:2000, the optimal range of dilution deter-
mined in a test series. Ascites fluid containing monoclonal
G12B8&-antibodies (Haan et al. 1982) kindly provided by these au-
thors was diluted 1:1000. For negative controls either normal rab-
bit serum or control ascites were used at appropriate concentra-
tions. For positive controls, immunocytochemistry of GFAP (rab-
bit antiserum, Dako) or vimentin {monoclonal antibodies, Dako)
was applied to sections of the same series. Sections were pro-
cessed at room temperature through the following incubation
steps: (1) Two to four hours incubation in blocking solution con-
taining 0.1 M DL-lysine, 1% bovine serum albumin (BSA), 1:10
normal goat serum, 0.02% sodium azide in TBS. (2) Primary anti-
bodies diluted in blocking solution for 12 h. (3) Rinsing three
times for 20 min in TBS. (4) Secondary antibodies for 1 h; biotin-
ylated goat-anti-rabbit or goat-anti-mouse antibodies (Dako) were
diluted 1:500 in blocking solution. (5) Three further rinses in TBS,
20 min each. (6) ABC-complex for 1 h; the complex was mixed
from 1:250 biotinylated peroxidase an 1:250 streptavidin in 1%
BSA in TBS for 45 min before use. (7) Three rinses in TBS and
one rinse in 0.1 M sodium phosphate, pH 7.2, for 20 min each.
(8) Histochemical visualization of peroxidase using diaminobenzi-
dine hydrochloride (DAB) and Ni/Co-intensification according
to Adams (1981). The reaction mixture consisted of 0.025%
DAB, 0.025% CoCl,, 0.02% (NH,S05),Ni-xH,0, 0.01% H,0, in
0.1 M sodium phosphate, pH 7.2, and was applied for 10 min.
(9) Four rinses in 0.1 M sodium phosphate at pH 7.2 for 5 min
each.

For light microscopy, the stained vibratome or frozen sections
of 50 um in thickness were soaked in 0.5% gelatin in 40% etha-
nol, mounted on microscope slides and air dried at 37° C for 1-3
days. Dehydration through a graded ethanol series (starting with
70%) and xylene was followed by coverslipping in Entellan (Mer-
ck). Stained cryostat sections already mounted on slides were kept
moist and dehydrated through a complete ethanol series and xy-
lene before coverslipping.

For electron microscopy the same immunohistochemical proto-
col was used as described above. Subsequently, vibratome sections
were treated with 2% OsOy4 in 0.1 M sodium phosphate, pH 7.2,
for 1 h followed by two rinses in the same buffer. Afier dehydra-
tion through a graded ethanol series and propylene oxide they
were infiltrated with Spurr’s low-viscosity embedding medium
and placed on microscope slides. To obtain flat embedding of sec-
tions, several of these slides were piled on tops of each other being
separated by 1-mm-thick polypropylene sheaths, clamped together
and polymerized at 70° C for 24 h. Selected sections were poly-
merized to the flat surface of an epoxy block and detached from
the slide. Sections were cut of 2 (m in thickness and examined in
the light microscope. Semithin sections showing optimal penetra-
tion by the immunological reagents were selected for resectioning.
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Ultrathin sections wre stained with uranyl acetate (25 min) fol-
lowed by lead citrate (3 min) (Venable and Coggeshall 1965) or
bismuth oxynitrate (I min; Riva 1974).

Results

In neocortical tissue, most of the S100 immunoreactivity
was found in astrocytes, and astroglial staining defects
were the most sensitive indicator of suboptimal condi-
tions during tissue preparation. Figure 1 shows the stain-
ing patterns obtained in various brain regions by immu-
nohistochemistry with antibodies against S100. The
present analysis was focused on the neocortex, where as-
trocytic S100 immunoreactivity was relatively high but
appeared sensitive to the various conditions applied.
Comparisons of different methods of tissue preparation
were based on observations of corresponding cortical ar-
eas and laminae.

Optimal conditions for S100 immunoreactivity

The protocol leading to the most complete immunostain-
ing for S100 is as follows. The vascular system was
rinsed by transcardial perfusion with 0.1% CaCl, in 0.1
M sodium cacodylate buffer (pH 7.3) followed by a fixa-
tive containing 4% paraformaldehyde, 0.3% glutaralde-
hyde in the same buffer (10 min). Postfixation of the

Fig. 1. A, B Similarity of S100-immunoreactivity patterns among
serial parasagittal sections from adult rat brains fixed by perfusion
with 4% paraformaldehyde, 0.5% glutaraldehyde in 0.1 M sodium
phosphate, pH 7.3. A frozen sections of 50 Lm in thickness. Note
the low staining intensity of the anterior commissure (asterisk)
and some other, but not all, parts of white matter. B Vibratome
sections of 50 Um show reduced immunoreactivity in some but not
all brain regions. Reduced immunoreactivity in frontal cortex of
(A) and high immunoreactivity in the cerebellum of (B) are appar-
ently individual variations confirmed in adjacent sections. x2.9.
Electron microscopic analysis was restricted to the framed block
of tissue



Fig.2 A-C Comprehensive labelling of astrocytes with S100 anti-
bodies applied to the neocortex of adult rat. A Vibratome section
of 40 um treated with detergent (Triton X100) shows superimposi-
tion of many labelled processes of astrocytes. Small zones with
lighter staining (asterisks) either indicate underlying neuronal
perikarya, which are unstained, or selective loss of S100 immuno-
reactivity from small processes of tangentially cut astrocytes. Note
that neuronal cell nuclei are mostly unstained, but a few show
S100 staining at variable density (cf. arrowheads). B In a semithin

section, immunostained astroglial processes can be seen through-
out the neuropil but no staining is seen over neuronal cell bodies
(arrowheads). Medium sized blood vessels are labeled ‘b’. C Ul-
trathin section cut parallel to the surface of a vibratome section
shows an astroglial process (asterisk) and almost complete label-
ling of astroglial lamellae (stars). In some lamellae thinner than 50
nm little reaction product is found (arrows). A x550; B x875; C
x22700



whole brain was done in the same fixative for 2 h. In the
following, all variations of tissue preparation will be de-
scribed in relation to this procedure of “standard fixa-
tion”.

Under these conditions, the DAB-reaction product
was almost evenly distributed in astrocytes including the
cytosol of cell bodies, processes and lamellar extensions.
The geometry of these cells had to be considered when
the completeness of S100 labelling was analysed. Cell
bodies and processes are studded with innumerable sub-
microscopic lamellae. Specialized parts of astrocytes are
those processes and lamellac which form sheaths be-
neath the meningeal surfaces and around blood vessels
where they are often extremely thin (<0.1 um). Because
astroglial processes and lamellae permeate the neuropil
at high density, frozen sections or detergent treated vi-
bratome sections of 40 um in thickness tended to be
completely opaque. Cell bodies and major processes
could be delineated but smaller processes and lamellae
disappeared within a diffuse background staining (Fig.
2A). S100-labelled processes were clearly seen in semi-
thin sections cut from the very surface of vibratome sec-
tions. Even in 2-um-thick sections there was background
staining due to astrocytic lamellae which cannot be re-
solved at the level of the light microscope (Fig. 2B).

Electron microscopy revealed that astroglial lamellae
completely filled with reaction product after standard
fixation were restricted to a zone near to the surface of
vibratome sections (Fig. 2C). In lamellar portions thinner
than 50 nm the reaction product became faint, probably
of restricted penetration of antibodies (arrows in Fig.
2C). Although the overall immunoreactivity of the poly-
clonal antiserum was higher than that of the monoclonal
G12B8 antibody after standard fixation, the specificity
and structural completeness of astrocytic labelling of
both antibodies were identical at the structural level.

The effects of tissue preparation on S100 preservation
in astrocytes was studied mainly with the polyclonal an-
tiserum and in vibratome sections that were not permea-
bilized by freezing or detergents. In these sections, im-
munological reagents and the DAB-reaction product pen-
etrated to a maximum depth of approximately 5 wm,
while complete lamellar staining was restricted to the
outer 2 um, when checked by electron microscopy. Thus,
cell bodies and the majority of processes could be ob-
served by light microscopy. The distribution of S100 la-
belling in submicroscopic astroglial processes had to be
estimated from the contrast between zones of greyish
staining and unstained structures such as empty blood
vessels, endothelial cells and most neurons (Fig. 2B).

Also in optimally treated preparations, S100 immuno-
reactivity may be reduced or even lost from restricted
zones of cortical tissue. Such defects were especially
seen in the neuropil neighbouring some large intracorti-
cal blood vessels (asterisks in Fig. 2A). A minority of ra-
dial blood vessels was surrounded by zones up to 50 pm
in width of reduced staining, in which predominantly as-
troglial lamellae were devoid of S100 immunoreactivity.
Cell bodies and large processes were less affected than
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small ones. These staining defects were not evenly dis-
tributed in the brain or neocortex, but were preferentially
localized in the temporo-parietal cortex including a re-
gion around the rhinal sulcus; the defects were most
prominent in animals older than 70 days. Perivascular
defects were probably not only caused by preferential
elution of S100 from perivascular neuropil during perfu-
sion, because immersion fixation also leads to suppres-
sion of S100 immunoreactivity in extended parts of peri-
vascular, cortical neuropil.

S100 immunoreactivity was best retained in material
which was perfusion fixed with a total aldehyde concen-
tration of 4%-5%. Increasing glutaraldehyde concentra-
tions up to 1% or prolongation of postfixation time pro-
gressively reduced immunoreactivity beginning in astro-
glial lamellae, probably due to increased crosslinking in
the tissue and reduced penetration of antibodies. In larg-
er profiles, however, staining remained strong. The anti-
genicity of S100 was not impaired by postfixation up to
16 h, when 0.3% glutaraldehyde was added or postfixa-
tion lasted for 2 h with 1% glutaraldehyde. When the rel-
ative concentrations of fixing agents were changed (2.5%
glutaraldehyde, 1.5% paraformaldehyde) the total dura-
tion of fixation had to be kept below 3 h to maintain at
least a low level of stainability.

Suboptimal tissue preparation

Other types of fixation were definitely inferior to the
standard method either with the result that the amount of
5100 immunoreactivity was lower or the distribution of
S100 immunostaining was more uneven. The parafor-
maldehyde-lysine-periodate fixative and the fixation with
carbodiimide reduced astroglial S100 staining, while
neuronal S100 labelling remained visible. In freeze-dried
and vapour-fixed cryostat sections, the staining intensity
was rather low and apparently varied with the fixing
agent used (paraformaldehyde>benzoquinone>diethyl-
pyrocarbonate=0). After freeze substitution, the S100
staining was diffusely distributed and even large astrocy-
tic processes had submerged. When precipitation in am-
monium sulphate was combined with paraformaldehyde
fixation, S100 immunoreactivity was almost completely
lost from 20-pum-thick cryostat sections, possibly be-
cause aldehydes are not stable under these conditions.

Effects of divalent cations and pH

When the fixative was modified by adding or removing
Ca**-, Zn*+-ions or by lowering the pH, the S100 immu-
noreactivity was considerably changed in astroglial pro-
cesses and lamellae (Table 1, Fig. 3). A moderately low
pH (e.g. pH 6.6) suppressed the S100 immunoreactivity
in tissue compartments around many large blood vessels
(Fig. 3B, E), although there was no apparent loss of
staining around small vessels including capillaries. In
S100-depleted zones, astrocytes did not appear com-
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Table 1 The completeness of
immunohistochemical S100
labelling in neocortical

Type of fixation

Location of S100 immunoreactivity in astrocytes

astrocytes varies with the Lamellae, Main Perikarya Overall Near Neuropil
fixation conditions. The small processes large  else-
decrease of immunoreactivity processes blood  where
(scored — to — — — —) was vessels
evaluated in relation to regions
with maximum staining (+). Perfusion fixation:
Occasional staining defects are
marked (+). Note that maximal 4% paraformaldehyde, 0.3% glutaraldehyde in 0.1 M sodium cacodylate
loss of immunoreactivity (———) pH7.3 + + + + + +
resulted in lack of staining of pH 6.6 - - - - -——= o+
restricted areas of neuropil and 103 M EDTA, pH 7.3 - - + + - -
was never ubiquitous 0.1% CaCl,, pH 7.3 (“standard) =+ + + ++ + +

103 M ZnSO,4, pH 7.3 - + + + - +

0.1 M phosphate buffer,pH7.3 - + + - + +

Non-buffered 4% formalin —— - - -— ———— e

0.5% ZnCl,, pH 5-6

Immersion fixation:
4% paraformaldehyde, 0.3% glutaraldehyde in
0.1 M sodium-cacodylate
102 M CaCl,, pH 7.3 - - + + - +

Cryostat sections of fresh frozen brain fixed on slides:

0.1 M sodium cacodylate
10-2 M CaCl,, pH 7.3

pletely S100-negative and cell bodies at least were la-
belled. The majority of astrocytes around large blood
vessels, however, were partially affected showing weakly
stained major processes and no staining of small process-
es and lamellae. Apparently, there was no preferential
loss from processes leading to perivascular endfeet.
However, in electron micrographs of neuropil fixed at pH
6.6, many astroglial processes and lamellae were un-
stained or weakly S100-positive. There were no signs of
swelling or destruction of plasma membranes.

When tissue calcium was captured by adding EDTA
to fixatives, loss of S100 immunoreactivity was even
more dramatic than at low pH, and a different staining
pattern appeared (Fig 3C, F). There was no preferential
effect on perivascular tissue compartments, rather astro-
cytic processes were unstained in larger portions of the
tissue. Many astrocytes had lost S100 immunoreactivity
even from large processes, while other subpopulations of
astrocytes were much less influenced (bent arrows in
Fig. 3F); the less affected cells were lying isolated or in
small clusters. Electron microscopy revealed that in the
latter cases horseradish peroxicase-reaction product in
stained lamellae and small processes was not restricted
by intact plasma membranes. Around some of these la-
belled structures, reaction product had diffused into
neighbouring neuronal components such as axons, den-
drites and synapses, which are otherwise unlabelled.

Perfusion fixatives supplemented with EDTA differ-
entially influenced various brain regions. The lateral hy-
pothalamus was devoid of any label. In the hippocampus,
astrocytes showed an evenly decreased staining intensity.
The neocortical laminae I to V showed a patchy S100
distribution (Fig. 3C). Lamina IV, parts of subcortical
white matter and the entire entorhinal cortex were on av-

erage less affected. Comparison of S100 immunoreactiv-
ity in various brain regions revealed that the cerebellar
Bergmann glial cell is apparently the most resistant glial
cell type.

Some changes were produced by supplementing the
fixative with Zn+t+-(10-3 M) or Ca?*-ions (~102M) at
neutral pH. Both kinds of ions enhanced the S100-stain-
ing intensity in local neuropil but did not noticeably in-
crease the number of labelled astroglial processes or cell
bodies. While the addition of Ca2* resulted in homogene-
ous staining of large areas of brain tissue, Zn?+ slightly
increased the number of S100-depleted perivascular
spaces at neutral pH. Adding 0.5% ZnCl, to unbuffered
formalin shifted the pH to 5.0-6.0. Perfusion with these
solutions produced prominent differences between areas
of maximum staining of astrocytes and numerous peri-
vascular aisles of S100 depletion; these effects resem-
bled those of low pH. Otherwise the effects appeared to
be rather specific for these divalent cathions, at least in
so far as exchanging the buffer substances did not signif-
icantly modify the patterns and intensity of staining.

To exclude diffusion artefacts, we studied S100 im-
munoreactivity in 15-pum thick cryostat sections of un-
fixed, frozen brain. Mounted, moist sections were either
immediately fixed by immersion in 4% paraformalde-
hyde and 0.3% glutaraldehyde dissolved in 0.1 M sodi-
um cacodylate at pH 7.3 or preincubated with 300 ptl 0.1
M MOPS buffer (~100-times the section volume) for 1 h
prior to fixation (Fig. 4). The latter pretreatment was to
study effects of S100 elution at different Ca2*-concen-
trations (Fig. 4B, C, E) and pH (Fig. 4B, D). To estimate
possible influences of the redistribution and binding of
S100 to tissue compartments, a second set of sections
was pretreated with buffers containing S100b at 1 mg/ml



Fig. 3A-F Patterns of S100 immunoreactivity obtained with vari-
ous types of perfusion fixation in the parietal cortex. A, D After
standard fixation at pH 7.3, the overall staining intensity is high
based on selective staining of astrocytes including their processes.
Variation in staining density apparently depend on variations in
antibody penetration into the vibratome section. Note, however,
that the interior of blood vessels (arrows) and neuronal tissue
components also exclude staining. B, E Fixation at pH 6.6 induces
an overall reduction in staining intensity and selective staining de-

fects mainly around large blood vessels. C, F Fixative supple-
mented with 10 mM EDTA induces S100 loss which is spatially
unrelated to blood vessels. In depleted astrocytes staining is often
restricted to perikarya (open arrows in E, F). Note that some fully
stained astrocytes occur even after EDTA-supplemented fixation
(bent arrows in F). A-F Radial blood vessels are indicated by ar-
rows; vascular endfeet of astrocytes are indicated by arrowheads.
A-C x58; D-F x270
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Fig. 4A-E S100 immunoreactivity in 15-um-thick cryostat sec-
tions of unfixed brain. Direct comparison of grey levels is possi-
ble, because all sections were simultaneously scanned and gener-
ally adjusted for contrast on a computer. A The control section
shows maximum staining when fixed immediately in 4% parafor-
maldehyde, 0.3% glutaraldehyde in 0.1 M sodium cacodylate at
pH7.3. B-E Sections preincubated in supplemented/unsupple-
mented 0.1 M MOPS buffer before fixation, either in buffer alone
(left halves), or in buffer plus 1 mg/ml bovine S100b (right) to
check for possible S100 binding. B, C, E The effect of Ca?+-ions
1s demonstrated at pH 7.3: staining intensity with 10 md{ CaZ+ (C)
is stronger than without addition of Ca?* (B), and no staining is
detectable with 10 mM EDTA (E). D Acidic buffer (pH 6.6) with-
out additions. On the left side of B to D, S100 retention is above
average in hippocampus (arrow) and entorhinal region (arrow-
heads) and below average in the lateral hypothalamus (asterisk).
Bent arrows indicate strong S100 binding to the activated slide
surface. x2.5

(right parts of Fig. 4B-E), which is comparable to the
S100 concentration in rat brain (Matsutani et al. 1985;
Kato et al. 1990).

All pretreated sections showed lower levels of immu-
noreactivity than the sections that were immediately
fixed. At the same time, S100 was bound to the aldehyde
activated surface of the microscope slides in the presence
of Ca?* (bent arrows in Fig. 4). These experiments dem-
onstrate that in the complete absence of Ca2*, S100 can-
not be bound to tissue components and is therefore not
fixed by aldehydes. Consistent with this assumption,
chelating Ca?+ with EDTA resulted in a complete loss of
S100 immunoreactivity from both the tissue and the slide
surface (Fig. 4E). EDTA prevented fixation of S100 at
neutral pH indicating that this effect was a result of cal-
cium loss rather than pH. CaZ*-ions improve fixation of
S100 to the tissue. This effect was much clearer in cryo-
stat sections treated with Ca2+-containing solutions than

Fig. 5A—C Anaesthesia may induce conditions in which S100 im-
munoreactivity is reduced in the frontoparietal cortex. A Perfusion
7 min after urethane injection allows for homogenous S100 stain-
ing. B After 1 h of urethane anaesthesia, S100 staining is selec-
tively lost from small zones of neuropil around larger blood ves-
sels. C After 1 h barbiturate, perivascular loss is more prominent
especially in superficial cortical layers. Note that staining defects
are restricted to cortical grey matter (g) and are absent from sub-
cortical white matter (w) and striatum (s). x17

in perfusion fixed brains. In the presence of Ca2+ (con-
tained in the tissue), cryostat sections unexpectedly lost
more S100 at pH 7.3 than at pH 6.6 though binding of
exogenously added S100 seemed slightly higher at pH
7.3 (cf. Fig. 4B and D).

Regional differences in S100 loss from cryostat sec-
tioons became apparent at pH 7.3 and pH 6.6, when only
the tissue calcium was present in the incubations. S100
immunoreactivity was very resistant to manipulation in
some parts of the hippocampus (CA3,CA4, dentate gy-
rus) and in the entorhinal cortex. In contrast, S100 im-
munoreactivity was very dependent on CaZ*-supplemen-
tation in other brain regions, especially lateral hypotha-
lamic areas. CaZ*-concentration and pH were effective in
changing the S100 distribution “postmortally” in cryostat
sections as during perfusion fixation.

Premortal conditions modifying S100 immunoreactivity

Effects of various types of anaesthesia were compared in
brains fixed by perfusion with 4% paraformaldehyde,
0.3% glutaraldehyde in 0.1 M sodium phosphate bufter,
pH 7.3, i.e. in these cases no calcium was added or ex-
tracted by chelation. For short duration, deep anaesthesia
was maintained for 10 min prior to tissue fixation. Keta-
vet/Rompun und urethane lead to S100 distribution pat-
terns indistinguishable from those after anaesthesia with
ether (Fig. 5A). In contrast, CO,-induced anesthesia in-
duced narrow, perivascular zones in the neocortex which
were S100-negative as early as after 2 min of anaesthe-
sia.

When animals were anaesthetized with pentobarbital
or urethane for 1 h the distribution of S100 immunoreac-
tivity was changed. Under these conditions, immuno-
staining was lost from astrocytes especially in the neo-
cortex. In urethane-anaesthetized brains the S100 deple-



tion was relatively discrete and unstained astrocytes were
restricted to the immediate surroundings of large blood
vessels (Fig. 5B). After barbiturate, the loss of S100
staining was dramatic and spread over large parts of the
neuropil (Fig. 5C). Remarkably, the neocortical grey
matter was more affected than other brain regions. The
medial and lateral geniculate bodies and the pontine nu-
clei even showed increased S100 staining in the same
section. The pattern of anaesthesia-induced staining de-
fects was similar to that produced by the acidic fixatives
(cf. Fig. 5B, C with Fig. 3B).

Discussion

The present results confirm that aldehyde fixatives pro-
vide counditions for a reasonably good preservation of
S100 immunoreactivity. The standard fixative (4% para-
formaldehyde, 0.3% glutaraldehyde in 0.1 M sodium-ca-
codylate, pH 7.3) allowed for more or less even staining
of astrocytes in large regions of brain, although occa-
sionally S100-free zones appeared especially in the neo-
cortex. A glutaraldehyde content of ca. 0.3% favourably
affected S100 immunoreactivity, especially in cell bodies
and major processes, if the fixation time was kept short.
This indicates that S100 is effectively crosslinked with
the tissue, before the antigenicity begins to deteriorate.
However, with increasing fixation time the crosslinking
with glutaraldehyde decreased penetration of immuno-
logical reagents and thus appeared to suppress the over-
all staining density as observed at the light microscopic
level of resolution.

The supplementation of 0.1% CaCl, to the standard
fixative makes a major difference to fixatives currently
used for S100 immunocytochemistry according to re-
ports in the literature (e.g. Cocchia 1981; Van Eldik et al.
1984). Ca?+-ions appeared to support S100 immunoreac-
tivity if added before fixation. Ca2+-addition was most
potent in the preincubation medium for cryostat sections
of unfixed tissue, while in sections of perfusion fixed
brains the increase of the overall staining intensity was
moderate. Withdrawal of Ca?+ by EDTA resulted in a
dramatic decrease of S100 immunoreactivity. Especially
affected were astroglial lamellaec which make up half of
the astroglial cell volume (Wolff 1968), but prolonged
EDTA treatment after rupturing of plasma membranes
(as in cryostat sections) resulted in complete loss of
S100 immunoreactivity. Thus, Ca?*-ions may in some
way stabilize the S100 immunoreactivity in brain tissue.

Ca2+-binding changes the conformation of S100 such
that a highly reactive sulphydryl group is incovered
(Baudier and Cole 1988). It is thought that CaZ*-loaded
S100 monomers easily react with other molecules, while
they form S100 dimers in the absence of Ca?+ (Calissano
et al. 1976). S1008 can even form oligomers which have
a higher disulphide linkage than dimers (Kligman and
Marshak 1985). The degree of polymerization may en-
hance the level of S100 immunoreactivity. In Western
blots, antibodies preferably recognized dimeric and oli-
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gomeric forms of S1008 (Baudier and Cole 1988). As-
trocytes of the adult brain seem to contain enough S100
to allow for oligomer formation. In cerebral hemispheres
of rat, soluble S100 amounts to 25.8 ug/g wet weight
(Matsutani et al. 1985). If 90% of this S100 is localized
in astrocytes which provide 9% of the neuropil volume
(Rickmann et al. 1990), the concentration of S100 can be
estimated to about 250 pg/ml or 12 uM S100 dimer. At
these concentrations not only S100 monomers but also
S100 dimers were shown to react with 7(2)-proteins in
vitro, and the reaction was Ca2?*- and pH-dependent
(Baudier and Cole 1988). S100 dimers may dissociate as
evidenced by the subunit exchange of S100a and S100b
at low pH (e.g. pH2.8) or 1 mM CaZ* (Baudier and
Gérard 1986).

These biochemical data indicate ample possibilities to
explain the Ca%*-dependent retention of S100 immunore-
activity in fixed tissues including direct reactions of al-
dehydes with sulphydryl groups (Pearse 1980, p. 98).
Supplementing fixing solutions with calcium, therefore,
can be recommended for S100 immunohistochemistry,
e.g. when low concentrations of S100 that are not able to
be complexed with tissue components are to be visual-
ized.

On binding of Ca?*-ions, S100 becomes hydrophobic
(Calissano et al. 1974; Kligman and Hilt 1988). In this
state, S100 may bind to other hydrophobic domains in
the tissue as discussed by Moore (1988) and become
fixed subsequently; however, CaZ+-dependent hydropho-
bic interactions have been mainly shown for the o sub-
unit of S100 and not for S100b (Baudier and Gérard
1986), which predominates in the rat brain (Kato et al.
1990). In our electron microscopic preparations, no asso-
ciation between S100 and the apolar core of membranes
has been observed. Membrane-bound S100 was appar-
ently not detected by immunohistochemistry after strong
fixation with aldehydes, because EDTA-treated cryostat
sections were completely unstained after fixation. How-
ever, these sections should have contained that fraction
of S100 which in vitro remains complexed to membranes
in EDTA containing media (Donato 1991). Possibly
membrane-bound 5100 can be shown after mild, EDTA-
supplemented fixation with paraformaldehyde alone
(Haglid et al. 1976) which however eliminates most of
the cytosolic S100.

In our preparations, inhomogeneity of the S100 distri-
bution was most prominent when tissue calcium was
chelated by EDTA during perfusion fixation. On the ba-
sis of several lines of evidence, perfusion effects on peri-
vascular neuropil cannot explain the different patterns.
Firstly, there were well-perfused brain areas such as the
entorhinal region which displayed an even staining of as-
trocytes. Secondly, even in the most affected neocortical
areas, some astrocytes in a direct perivascular location
were more or less completely stained. Thirdly, perivascu-
lar defects were also seen after immersion fixation. Ap-
parently, there are additional conditions which determine
the loss of S100 immunoreactivity when Ca2*-ions are
withdrawn from brain tissue. In cultured astrocytes, the
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resting concentration of free, intracellular CaZ+ is about
50 nM (Jensen and Chiu 1990). This concentration is at
least two orders of magnitude too low to induce the con-
formational changes occurring when S100 binds Ca?+-
ions with affinities ranging from 1076 to 10-3 M. Never-
theless, the calcium transients observed after stimulation
of glutamate receptors could increase [Ca®*]; to levels
where it can be bound by S100 in the presence of Zn2*
and absence of K+ (Baudier et al. 1986). The successful
fixation of S100 in cryostat sections after incubation on-
ly in the presence of endogenous calcium indicates that
very low Ca?t-levels may be required to keep S100
bound to insoluble tissue components for times long
enough for complete fixation by aldehydes. Thus, calci-
um-dependent variations in S100 immunoreactivity may
depict premortal variations in [Ca?*]; (Jensen and Chiu
1990) of astrocytes and could partly account for the in-
homogeneities of astroglial S100 immunoreactivity ob-
served after perfusion with EDTA-supplemented alde-
hyde fixatives.

Perfusion fixation at pH 6.6 reduced S100 immunore-
activity predominantly in the neocortex and preferential-
ly in a location around large blood vessels. Although in
certain glial cells pH may be regulated independently
from calcium (Deitmer et al. 1993), we cannot exclude
the possibility that the staining defects seen in our speci-
mens were caused by effects of pH on [Ca2t]. After fixa-
tion at low pH, the S100 distribution was distinctly dif-
ferent from that observed after withdrawal of Ca2+. Since
S$100-negative areas or aisles were also observed when
neocortical tissue was fixed by immersion in the stan-
dard fixative, this pattern of defective S100 staining does
not depend on perfusion effects. Elution of S100 by the
perfusate should have primarily affected the neuropil
around capillaries which have a thin endothelium and
provide large surfaces for rapid exchange. At present, no
remedy can be suggested to counteract the perivascular
defects in S100 staining induced by acidic fixatives. Sup-
plement of Zn?+ overcomes the overall attenutation of
S100 staining in positive structures, but cannot prevent
the staining defects around large blood vessels.

Defects of S100 immunoreactivity seen after 1 h ure-
thane anaesthesia showed a very similar distribution pat-
tern to the pattern after perfusion at low pH. This may
suggest that animals were suffering from respiratory aci-
dosis. Also the S100-negative zones after 2 min of CO,
or 1 h of barbiturate anaesthesia may be based on effects
of acidosis directly caused by CO, or by respiratory sup-
pression in the case of barbiturates. Astrocytes around
large blood vessels and in superficial cortical laminae
were mainly affected. These neuropil compartments sur-
round the Virchow-Robin spaces, into which S100 may
be released. Such a characteristic release site would also
explain the occurrence of S100 in the cerebrospinal fluid
(Shashoua et al. 1984; Persson et al. 1987).

The data presented show that appropriate tissue prep-
aration starting with anaesthesia that helps to avoid aci-
dosis, is essential for optimal immunohistochemistry of
S100 proteins in the brain. At present, presumably there

is no way to demonstrate by immunohistochemistry all
fractions and molecular forms of S100 simultaneously.
However, the procedure of tissue preparation can be opti-
mized up to the level at which changes in the premortal
state of neuropil can be detected in fixed tissue by S100
immunoreactivity.
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