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Abstract

Astrocytes recruitment and activation are a hallmark of many neurodegenerative diseases including Alzheimer’s disease (AD). We have

previously observed an overexpression for S100A6 protein, a Ca2+/Zn2+ binding protein presenting more affinity for zinc than for calcium, in

amyotrophic lateral sclerosis (ALS). Here we demonstrated in AD patients but also in two different AD mouse models, that astrocytic

S100A6 protein was homogeneously up-regulated within the white matter. However, within the grey matter, almost all S100A6

immunoreactivity was concentrated in astrocytes surrounding the Ah amyloid deposits of senile plaques. These S100A6 neocortex labelled

astrocytes were also positive for the glial fibrillary acidic protein (GFAP) and S100B protein. Contrasting with S100A6, the distribution for

S100B and GFA astrocytic labelled cells was not restricted to the Ah amyloid deposit in grey matter, but widely distributed throughout the

neocortex. Coupling the knowledge that biometals such as zinc are highly concentrated in the amyloid deposits in AD and S100A6 having a

high affinity for Zn2+ may suggest that S100A6 plays a role in AD neuropathology.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

S100A6, previously called calcyclin, is a small EF-hand

acidic Ca2+/Zn2+ binding proteins of ~11 kDa belonging to

the large S100 protein family. This latter comprise, to date,

23 members, of which 16 genes are clustered on human

chromosome 1q21 [1]. In neoplasia, frequent chromosomal

rearrangements within 1q21 occur and deregulate S100

genes expression giving a modified pattern within neo-

plastic tissues [2]. Therefore, S100 Ca2+-binding proteins

became useful tools for pathologists, both as diagnostic and

predictive markers. Likewise, S100A6 expression appeared

to be induced or up-regulated in several tumour cell lines
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presenting high metastatic activity [3,4]. S100A6 is

expressed in a cell- and tissue-specific manner and

preferentially in the G1 phase of the cell cycle, during

development and after birth [5,6]. S100A6 is also able to

control intracellular functions such as protein phosphoryla-

tion regulation [7], enzyme activities [8], Ca2+ homeostasis

and microtubule dynamics [9]. S100A6 has been studied in

rat brain, and its expression is restricted to neurons of some

limbic system nuclei and in a few subpopulations of

astrocytes in the white matter (e.g. the corpus callosum,

cingulum, external capsule) [10]. In normal aged patients, a

very weak neocortical up-regulation of S100A6 in astro-

cytes has been reported [6]. In amyotrophic lateral sclerosis

(ALS), S100A6 is overexpressed within astrocytes associ-

ated to the neurodegenerative lesions [11,12]. Here, we have

studied the S100A6 immunoreactivity in Alzheimer’s
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disease (AD) the most common type of dementia in the

elderly population. AD is neuropathologically characterized

by the presence of neurofibrillary tangles (NFT) [13], senile

plaques (containing extracellular deposits of Ah amyloid)

and a strong astroglial reaction. The late-onset sporadic

form represents the vast majority of the cases of AD with

occurrence of rare early-onset forms of familial Alzheimer’s

disease most often caused by mutations in three different

genes encoding for the amyloid peptide precursor (APP),

and presenilin 1 and 2 (PS1, PS2) proteins. Transgenic mice

expressing one or several of these mutated human proteins

involved in AD have proven valuable models for the study

of the amyloid pathology in AD and in our study, two of

these models were used in parallel with post-mortem

Alzheimer human brain tissues. In AD, astrogliosis could

be demonstrated by expression of astrocytic glial fibrillary

acidic protein (GFAP) and S100B protein. Generally,

astrogliosis appears widely distributed throughout the entire

cortex and is not restricted to the vicinity of senile plaques.

Here we demonstrate, through the use of S100A6 immuno-

histochemistry, both in AD and in the AD transgenic

animals models, a particular S100A6-positive phenotype in

astrocytes specifically located around the amyloid plaques

deposits within the grey matter, whereas in the white matter,

the S100A6 immunoreactivity appears homogeneously

distributed.
2. Materials and methods

2.1. Human brain tissue preparation

Human brain samples from five clinically demented and

neuropathologically confirmed cases with sporadic AD and

from four neurologically healthy subjects (Table 1) were

obtained from autopsies, after familial authorisation and in
Table 1

Summary of clinical staging and neuropathological data for AD patients

and control patients

Patient # Sex Age Clinical

diagnosis

NFT

stage

Ah
IR

S100A6

IR

1 F 43 C 0 � �
2 M 72 C 0 � �
3 F 67 C I � �
4 M 69 C I � +

5 F 91 A V–VI + +

6 F 88 A V–VI ++ ++

7 M 84 A V–VI + ++

8 M 75 A V–VI +++ +++

9 F 76 A V–VI ++ ++

Clinical synopsis ((C) controls; (A) AD patients) and neuropathological

staging for NFT (according to Courtois-Coutry et al. [20]. A semi-

quantitative estimation for the densities of Ah immunoreactive (IR)

deposits and of clusters of S100A6-positive astrocytes was performed

((�) absent; (+) weak; (++) moderate; (+++) strong). Note that the patterns

of Ah and astrocytic S100A6 immunoreactivity are similar.
agreement with the rules of the local Ethical Committee.

Tissue blocks of the human temporal gyrus (T5) including

hippocampus were fixed with 10% (v/v) formalin, dehy-

drated, embedded in paraffin and cut in tissue sections of

7-Am-thickness.

2.2. Transgenic mice

Single transgenic APP (V747I) London mutant mice [14]

and double transgenic mice for human FAD mutant

PS1M146L and APP751 SL mutant (Swedish (K670N,

M671L) and London (V717I) FAD mutations) were

generated by crossbreeding of mice homozygote for human

mutant PS1M146L with heterozygote Thy1-APP751SL

mice (C57/C6), and have been previously described

[15,16]. Brains from control and single and double trans-

genic mice aged from 2.5 to 10 months were dissected and

immersion-fixed in 4% (w/v) paraformaldehyde in 0.1 M

phosphate buffer and embedded in paraffin.

2.3. Antibodies

The rabbit S100B polyclonal antibody and the mouse

monoclonal antibodies to GFAP and to human Ah amyloid

were purchased from Sigma (Belgium). The rabbit poly-

clonal anti-tau antibody was raised against bovine tau

proteins, reacts with human and rodent tau proteins and

has been described [17]. The antibody specificity for the

goat anti-S100A6 has been extensively described by differ-

ent groups and by us in previous studies [12] and

specifically recognises the S100A6 protein in different cell

types, including rat cortical neurons [10,18,19].

2.4. Immunohistochemistry

2.4.1. Single immunohistochemical labelling

Rehydrated tissue sections were treated with H2O2 0.3%

(w/v) in CH3OH to inhibit endogenous peroxidase. After-

wards, sections were incubated for 1 h at room temperature

with the blocking solution (5% (v/v) normal serum from

swine, goat, or sheep (depending on the origin of the

secondary antibody), diluted in TBS (0.01 M Tris, 0.15 M

NaCl, pH 7.4)). S100A6 immunohistochemical labelling

was performed using the avidin–biotin peroxidase complex

(ABC) method with kit reagents (Vector Laboratories,

Netherlands) with diaminobenzidine/H2O2 as the chromo-

genic substrate. After an overnight incubation with the anti-

S100A6 antibody (1:3000), the sections were sequentially

incubated with appropriate secondary antibodies reagents

(Vector Laboratories) conjugated to biotin (1:100), followed

by ABC. The peroxidase activity was revealed using

diaminobenzidine as chromogen. For immunolabelling with

the monoclonal Ah antibody (1:1000), rehydrated tissue

sections were pre-treated with 100% formic acid for 10 min

before incubation with the blocking solution. Controls were

performed by omitting the primary antibody.



Fig. 1. Coronal section photomicrographs of human temporal neocortex

(T5) demonstrating the S100A6-immunohistochemical labelling and its

cortical distribution in a neurologically normal subject (panel A) and in one

clinically demented case with neuropathologically confirmed AD (panel B),

which corresponds to patient #8 in Table 1. Scale bars: 50 AM.
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2.4.2. Double immunohistochemical labelling

For double immunofluorescent labelling, tissue sections

were incubated overnight with S100A6 (1:200) and either

GFA (1:100), S100B (1:50), tau (1:100) or Ah (1:100)
Fig. 2. Panel A, representative images of astrocytic S100A6 immunoreactivity in

enlarged and is shown in panel B demonstrating clusters of S100A6-labelled astr
antibodies. Depending on the protocol, the first antibody was

detected using either an anti-rabbit, an anti-goat, or an anti-

mouse antibody conjugated to Alexa 488 (Molecular Probes)

and the second antibody was detected using either an anti-

goat, an anti-rabbit or an anti-mouse antibody conjugated to

biotin, followed by streptavidin conjugated to Alexa 594

(Molecular Probes).

Tissues were then washed three times with TBS for 10

min, rinsed with water, and mounted with a Gelvatol

solution containing 100 mg/ml Dabco reagent. Digital

images of the double immunolabelled tissue sections were

acquired using an Axiocam HR (Zeiss, Oberkochen,

Germany) digital camera.

Double immunolabelling with chromogenic substrates

were also performed with the S100A6 polyclonal antibody

and the mouse monoclonal antibody to Ah. After incubation
with the primary antibodies, tissue sections were incubated

with a biotin-conjugated horse anti-mouse antibody (Vector

Laboratories) and a goat anti-rabbit antibody (Nordic) and

then sequentially with streptavidin conjugated to alkaline

phosphatase (Boehringer-Mannheim) and with a rabbit

peroxidase–antiperoxidase (PAP) complex (Nordic). They

were finally incubated with diaminobenzidine (Sigma) as a

chromogen to visualize peroxidase activity (brown) and a

substrate purchased from Vector to visualize alkaline

phosphatase activity (purple).
3. Results

3.1. S100A6 immunoreactivity is weak or absent in the

control human temporal cortex

S100A6 distribution within normal temporal cortex level

(T5) is depicted in Fig. 1A. Only a weak S100A6
the neocortex of an AD patient. The area indicated by a dashed box was

ocytes associated to senile plaques. Scale bars: 50 AM.



Fig. 3. Panels A and B, double immunolabelling in the temporal cortex of

patient with AD demonstrating mature senile plaque deposit (green)

surrounded by S100A6 immunoreactive astrocytes (red) located at the pe-

riphery of amyloid plaque. Panel C, double immunolabelling in the temporal

cortex of patient with AD demonstrating S100A6 labelled astrocytes (green)

around an unlabelled amyloid central core in a senile plaque. Adjacent tau-

positive dystrophic neurites (red) are also observed. Scale bars: 15 AM.
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immunoreactivity was barely observed at the level of the glia

limitans in grey matter. An occasional immunoreactivity (IR)

was detected around small vessels, probably at the level of the

astrocyte end foots on brain capillaries (data not shown).

3.2. Clusters of S100A6 immunoreactivity in temporal

neocortex of AD patients

In contrast to control subjects, conspicuous clusters of

S100A6-positive astrocytes were present within the neo-

cortex of AD (Fig. 1B). The number of S100A6 clusters

could be correlated to the density of Ah deposits associated

to senile plaques. Panel B corresponding to patient #8 (see

Table 1), exhibits high density of both clusters of S100A6-

positive astrocytes and Ah deposits. Clustering of S100A6-

positive astrocytes throughout the neocortex of AD patient

is shown in Fig. 2A and B. The more intensively S100A6-
Fig. 4. Panel A, double immunolabelling in the temporal cortex of patient

with AD demonstrating S100A6 (red)- and GFAP (green)-positive labelled

astrocytes detected in the senile plaques. Co-localisation of both S100A6

and GFAP appears in yellow, indicating that S100A6-positive astrocytes

detected in the senile plaques were also GFAP-positive. Dashed arrows in

panel A correspond to autofluorescence of lipofuschin granules. Panel B,

double immunolabelling in the temporal cortex of patient with AD

demonstrating S100A6 (red)- and S100B (green)-positive labelled astro-

cytes. The reactive astrocytes expressing S100B were found in AD

temporal neocortex scattered in the entire grey matter (green), whereas

S100A6-positive astrocytes (arrows) were only detected at the level of the

senile plaques (dashed circle). Scale bar: 70 Am.
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positive astrocytes were associated to dense core Ah
deposits. These dense core Ah deposits belong to classical

plaques with neuritic elements. Many S100A6-positive

astrocytes were also observed within the white matter in

AD cases, but not in control subjects. On the contrary to the

grey matter, these S100A6-positive astrocytes were homo-

geneously distributed within the white matter (data not

shown). In AD temporal neocortex, S100A6 expression

both in number of labelled astrocytes and in IR intensity

appeared also to be correlated to the NFT staging. The

pathological staging according to Braak and Braak [20] as

well as a semi-quantitative estimation of the S100A6 IR is

summarized in Table 1.

3.3. S100A6 immunoreactivity is associated to a subset of

GFAP-positive astrocytes in the AD temporal cortex

To ascertain the preferential association of S100A6-

positive astrocytes with the neuropathological lesions of

AD, we carried out double immunohistochemical staining

experiments on the same tissue sections with S1006A

antibody and either anti-Ah (Fig. 3A–B) or anti-tau (Fig.

3C), GFAP (Fig. 4A) and S100B (Fig. 4B) antibodies.

Strongly S100A6-IR cells located around the Ah deposits

were encountered in senile plaques (Fig. 3A–B). Astrocytes

surrounding mature plaques containing a central amyloid

core stained with Congo red were systemically labelled for
Fig. 5. S100A6 immunolabelling brain from APP London transgenic mice ([V717

expressing both a mutant of PS1 protein [M146L] and a mutant of APP-751 pr

Astrocytic overexpression of S100A6 was essentially observed in the neocortex a

formation as well as the amygdaloid nuclei also showed reactive astrocytes (pa

S100A6-positive reactive astrocytes in the transgenic mice with Ah deposits (panel
S100A6 (data not shown). In Fig. 3C, a double immuno-

labelling for S100A6 (green) and tau (red) demonstrates

both the S100A6-positive cells and the dystrophic neurites

(as well as the neuropil threads) surrounding an amyloid

core in a senile plaque. On the contrary to Ah deposits, no

preferential association was observed between S100A6

immunoreactive cells and tau-positive NFT in neurons (data

not shown). Fig. 4A shows that S100A6-positive astrocytes

detected in the senile plaques were also GFAP-positive

(yellow). Co-localisation was restricted to astrocyte cyto-

plasm, whereas the nuclei were only S100A6-positive.

Dashed arrows in Fig. 4A correspond to autofluorescence

of lipofuschin granules.

3.4. S100A6 immunoreactivity is associated with a subset of

S100B-positive astrocytes in the AD temporal cortex

In the grey matter of the temporal neocortex of AD,

S100B astrocytic expression was clearly up-regulated, both

in number of positive astrocytes and in labelling intensity

(Fig. 4B). These reactive astrocytes expressing S100B were

found in AD temporal neocortex not solely at the level of

the Ah amyloid deposits but also in astrocytes scattered in

the entire grey matter of the neocortex, in areas devoted to

senile plaques (Fig. 4B). Thus, on the contrary to the

S100A6 phenotype (Fig. 3A and B), the distribution for

S100B appears more diffuse in the grey matter.
I] mutation) (panels A, B and C), and in brain from double transgenic mice

otein bearing the Swedish mutations [K670N, M671L] (panels D and E).

nd appears to surround the Ah amyloid deposits (A–D). The hippocampal

nel C). The white matter (corpus callosum and internal capsule) showed

s B and C) but not in the control mouse (panel A). Scale bars: 25 AM (B–D).
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3.5. S100A6 immunoreactivity is detected in astrocytes

associated to amyloid deposits in transgenic mice

Transgenic mice expressing one or several human genes

involved in AD have proven to be valuable models for the

study of the disease [21–23]. Single APP/London and

double PS1/APP transgenic mice with neuronal overexpres-

sion of the clinical mutants of APP or PS1, develop one of

the hallmark of Alzheimer’s disease, namely the amyloid

plaques in hippocampus and cortex. In these models, it was

observed, as in brain from Alzheimer patients, that S100A6

protein immunoreactivity was specifically located within

astrocytes associated to the amyloid plaques in the two

different transgenic mouse models of AD (Fig. 5B–E). A

clear astrocytic labelling for S100A6 was also observed in

the hippocampal formation and at the level of amygdaloid

nuclei (Fig. 5C). The astrocytes in white matter (internal

capsule and corpus callosum) were labelled for S100A6

only in the transgenic mice (Fig. 5B–C) but not in the

control mice (Fig. 5A).
4. Discussion

Astrocytic S100A6 overexpression has been associated

with damaged axons of motoneurons from human ALS and

mice models [11,12]. This enticed us to examine if in

another neurodegenerative disease and its relevant mice

transgenic models, this specific phenotype could also arise

and thereby yield additional evidence and information for a

mechanistic-oriented approach. Indeed, we show here a

strong S100A6 expression in a subset of reactive astrocytes

in AD brain at the level of the senile plaques, one of the

pathological hallmarks of this disease. Reactive astrogliosis

is a well-known pathological feature of AD, both diffuse

and in close association with senile plaques [24,25].

Identification of this subset of S100A6-positive astrocytes

is in agreement with the notion that astrocytes constitute a

heterogeneous population exhibiting different molecular

phenotypes under baseline conditions, after activation

[26], and in reactive gliosis [27]. Interestingly, the expres-

sion of another member of the S100 family of proteins,

S100B, is also up-regulated in a specific subset of astrocytes

in the central nervous system with various clinical con-

ditions such as brain trauma [28], inflammatory diseases,

ischemia [29], and also during pathological ageing, i.e. AD

and Down’s syndrome [6,30]. Astrocyte-derived S100B was

shown to be the prominent isoform of S100 protein which is

abundantly expressed in glia in both white and grey matter,

and in some groups of neurons [31]. On the contrary,

S100A6 mapping in the rat brain [10] identified immunor-

eactive cells only in a few regions such as neurons in the

limbic system and subpopulation of astrocytes in the white

matter, whereas in the grey matter, except the limitans glia,

no S100A6-labelled cells were observed. In AD, as we

report here for S100A6, it has been shown that activated
astrocytes markedly overexpress the S100B protein [32],

especially at the level of the neuritic plaques [33]. S100B is

produced mainly by astrocytes and could exert paracrine

and autocrine effects on neurons and glia [34] with a dual

concentration-dependent behaviour. At nanomolar concen-

trations, S100B is considered to act as a neurite extension

factor and its expression seems to be up-regulated during the

development of neuritic plaques in AD [33]. In contrast,

micromolar levels of extracellular S100B in vitro stimulate

the expression of proinflammatory cytokines and induce

apoptosis [35]. The observation that S100B and S100A6

form heterodimers and that these heterodimers are impli-

cated in pathological signal transduction in melanoma [36]

might be extended to S100B and S100A6 astrocyte over-

expression in AD, where they could exert some similar

functions. In this study, S100A6 immunoreactivity was

systematically prominent in astrocytes associated with

classical senile plaques with a dense amyloid core, and to

a lesser extent, was also seen in diffuse plaques, considered

as an earlier stage. This raises the question of whether it is

the highly aggregated form of Ah, rather than the non-

fibrillary form of Ah present in diffuse deposits, that might

lead to increased S100A6 expression in reactive astrocytes

or if S100A6 might rather contribute to the aggregation of

Ah. In favour of the first hypothesis, Ah has been shown to

activate cultured astrocytes, inducing expression of various

mediators, e.g. interleukin-1 and nitric oxide release [37]

and IL-1 has also been previously shown to induce S100B

[35]. In addition, amyloid deposits in senile plaques contain

additional (non-Ah) components, e.g. a1-antichymotrypsin

[38], which might also play a role in astrocyte activation.

Furthermore, the activated microglial cells associated with

classical senile plaques might be expected to release a host

of biologically active inflammatory molecules [39], poten-

tially leading also to astrocyte activation and increased

S100A6 expression. In a previous work, we identified in

AD a population of reactive astrocytes overexpressing the

tumour suppressor protein APC, product of the adenoma-

tous polyposis coli gene [40]. These APC-positive astro-

cytes were also preferentially associated with amyloid

deposits in classical senile plaques. This suggests that the

population of astrocytes associated with dense amyloid

deposits in senile plaques exhibit a specific pattern of

activation, associated with expression of several molecular

markers including S100A6, S100B and APC. Therefore, it

would be interesting to look in ALS patients and see if APC

is also co-up-regulated with S100A6. This would discrim-

inate between a broad unspecific activation and a more

specific mechanism. The clear correlation between the dense

neuritic plaques and immunoreactive S100A6 astrocytes

additionally illustrates that in two neurodegenerative dis-

eases (ALS and AD) and in associated animal models, a

specific subpopulation of astrocytes overexpress a Ca+/Zn+

ion binding protein. Considering the Ca+ and Zn+ binding

properties of S100A6, there are further indications that

S100A6 (that has an even higher affinity for zinc ions than
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for calcium ions) might play a role in the regulation of the

homeostasis of these cations in AD. First, aggregated Ah
amyloid is known to increase intraneuronal calcium ions by

various mechanisms [41–43]. Secondly zinc ions are

enriched in the neocortical areas, and even further concen-

trated in the amyloid deposits in AD [44]. Thirdly, in the

APP/London mice, S100A6 up-regulation was observed in

the amygdala and hippocampus area, both regions impaired

in AD and known to be densely innervated by zinc-

containing neurons. In conclusion, the observation of a

specific astrocytic expression of S100A6 in the brain of AD

patients and in two independent AD mouse models, not only

validate these models, but justify additional studies to

clarify the functional relevance of this astrocytic S100A6

overexpression. An eventual trophic or detrimental role for

S100A6 cannot be excluded and further investigations are

needed to verify a possible buffering role of S100A6 for

biometals such as zinc. Finally, as S100A6 was first

discovered as a protein expressed during fibroblast prolif-

eration [45], it would be of interest to investigate if the

observed S100A6-positive astrocytes are indeed entering

into cell division cycle.
Acknowledgements

This work was supported by the Belgian F.R.S.M. the

International Alzheimer Research Foundation (I.A.R.F.), by

the National Competence Centre of Research (NCCR) on

Neuronal Plasticity and Repair, and by the FWO-Vlaanderen.

The authors thank the family Rosenstein (Eupen, Belgium)

and their friends who financially contributed to this work.
References

[1] I. Marenholz, C.W. Heizmann, G. Fritz, S100 proteins in mouse and

man: from evolution to function and pathology, Biochem. Biophys.

Res. Commun. 322 (2004) 1111–1122.

[2] C.W. Heizmann, G. Fritz, B.W. Schafer, S100 proteins: structure,

functions and pathology, Front. Biosci. 7 (2002) d1356–d1368.

[3] W. Lesniak, A. Jezierska, J. Kuznicki, Upstream stimulatory factor is

involved in the regulation of the human calcyclin (S100A6) gene,

Biochim. Biophys. Acta 1517 (2000) 73–81.

[4] E.C. Ilg, B.W. Schafer, C.W. Heizmann, Expression pattern of S100

calcium-binding proteins in human tumours, Int. J. Cancer 68 (1996)

325–332.

[5] N. Courtois-Coutry, C. Le Moellic, S. Boulkroun, M. Fay, F.

Cluzeaud, B. Escoubet, N. Farman, M. Blot-Chabaud, Calcyclin is

an early vasopressin-induced gene in the renal collecting duct. Role in

the long-term regulation of ion transport, J. Biol. Chem. 277 (2002)

25728–25734.

[6] S.C. Tiu, W.Y. Chan, C.W. Heizmann, B.W. Schafer, S.Y. Shu,

D.T. Yew, Differential expression of S100B and S100A6 (1) in the

human fetal and aged cerebral cortex, Dev. Brain Res. 119 (2000)

159–168.

[7] A. Filipek, B. Jastrzebska, M. Nowotny, K. Kwiatkowska, M.

Hetman, L. Surmacz, E. Wyroba, J. Kuznicki, Ca2+-dependent

translocation of the calcyclin-binding protein in neurons and neuro-

blastoma NB-2a cells, J. Biol. Chem. 277 (2002) 21103–21119.
[8] A. Filipek, U. Wojda, W. Lesniak, Interaction of calcyclin and its

cyanogen bromide fragments with annexin II and glyceraldehyde 3-

phosphate dehydrogenase, Int. J. Biochem. Cell Biol. 27 (1995)

1123–1131.

[9] E.C. Breen, K. Tang, Calcyclin (S100A6) regulates pulmonary

fibroblast proliferation, morphology, and cytoskeletal organization in

vitro, J. Cell. Biochem. 88 (2003) 848–854.

[10] N. Yamashita, E.C. Ilg, B.W. Schafer, C.W. Heizmann, T. Kosaka,

Distribution of a specific calcium-binding protein of the S100 protein

family, S100A6 (calcyclin), in subpopulations of neurons and glial

cells of the adult rat nervous system, J. Comp. Neurol. 404 (1999)

235–257.

[11] D. Hoyaux, J. Alao, J. Fuchs, R. Kiss, B. Keller, C.W. Heizmann, R.

Pochet, D. Frermann, S100A6, a calcium- and zinc-binding protein, is

overexpressed in SOD1 mutant mice, a model for amyotrophic lateral

sclerosis, Biochim. Biophys. Acta 1498 (2000) 264–272.

[12] D. Hoyaux, A. Boom, L. Van den Bosch, N. Belot, J.J. Martin,

C.W. Heizmann, R. Kiss, R. Pochet, S100A6 overexpression

within astrocytes associated with impaired axons from both ALS

mouse model and human patients, J. Neuropathol. Exp. 61 (2002)

736–744.

[13] D.P. Hanger, J.P. Brion, J.M. Gallo, N.J. Cairns, P.J. Luthert, B.H.

Anderton, Tau in Alzheimer’s disease and Down’s syndrome is

insoluble and abnormally phosphorylated, Biochem. J. 275 (1991)

99–104.

[14] J. Van Dorpe, L. Smeijers, I. Dewachter, D. Nuyens, K. Spittaels, C.

Van Den Haute, M. Mercken, D. Moechars, I. Laenen, C. Kuiperi, K.

Bruynseels, I. Tesseur, R. Loos, H. Vanderstichele, F. Checler, R.

Sciot, F. Van Leuven, Prominent cerebral amyloid angiopathy in

transgenic mice overexpressing the London mutant of human APP in

neurons, Am. J. Pathol. 157 (2000) 1283–1298.

[15] V. Blanchard, S. Moussaoui, C. Czech, N. Touchet, B. Bonici, M.

Planche, T. Canton, I. Jedidi, M. Gohin, O. Wirths, T.A. Bayer, D.

Langui, C. Duyckaerts, G. Tremp, L. Pradier, Time sequence of

maturation of dystrophic neurites associated with A beta deposits in

APP/PS1 transgenic mice, Exp. Neurol. 184 (2003) 247–263.

[16] A. Boutajangout, M. Authelet, V. Blanchard, N. Touchet, G. Tremp,

L. Pradier, J.P. Brion, Characterisation of cytoskeletal abnormalities in

mice transgenic for wild-type human tau and familial Alzheimer’s

disease mutants of APP and presenilin-1, Neurobiol. Dis. 15 (2004)

47–60.

[17] J.P. Brion, A.M. Couck, J. Robertson, T.L.F. Loviny, B.H. Anderton,

Neurofilament monoclonal antibodies RT97 and 8D8 recognize

different modified epitopes in paired helical filament-tau in Alzheim-

er’s disease, J. Neurochem. 60 (1993) 1372–1382.

[18] B. Jastrzebska, A. Filipek, D. Nowicka, L. Kaczmarek, J. Kuznicki,

Calcyclin (S100A6) binding protein (CacyBP) is highly expressed in

brain neurons, J. Histochem. Cytochem. 48 (2000) 1195–1202.

[19] N. Yamashita, K. Kosaka, E.C. Ilg, B.W. Schafer, C.W. Heizmann, T.

Kosaka, Selective association of S100A6 (calcyclin)-immunoreactive

astrocytes with the tangential migration pathway of subventricular

zone cells in the rat, Brain Res. 778 (1997) 388–392.

[20] H. Braak, E. Braak, Neuropathological stageing of Alzheimer-related

changes, Acta Neuropathol. (Berlin) 82 (1991) 239–259.

[21] V. Blanchard, C. Czech, B. Bonici, N. Clavel, M. Gohin, K. Dalet, F.

Revah, L. Pradier, A. Imperato, S. Moussaoui, Immunohistochemical

analysis of presenilin 2 expression in the mouse brain: distribution

pattern and co-localization with presenilin 1 protein, Brain Res. 758

(1997) 209–217.

[22] O. Wirths, G. Multhaup, C. Czech, V. Blanchard, S. Moussaoui, G.

Tremp, L. Pradier, K. Beyreuther, T.A. Bayer, Intraneuronal Abeta

accumulation precedes plaque formation in beta-amyloid precursor

protein and presenilin-1 double-transgenic mice, Neurosci. Lett. 306

(2001) 116–120.

[23] C. Czech, P. Delaère, A.F. Macq, M. Reibaud, S. Dreisler, N. Touchet,

B. Schombert, M. Mazadier, L. Mercken, M. Theisen, L. Pradier, J.N.

Octave, K. Beyreuther, G. Tremp, Proteolytical processing of mutated



A. Boom et al. / Biochimica et Biophysica Acta 1742 (2004) 161–168168
human amyloid precursor protein in transgenic mice, Mol. Brain Res.

47 (1997) 108–116.

[24] P.E. Duffy, M. Rapport, L. Graf, J. Hu, L.J. Van Eldik, Glial fibrillary

acidic protein and Alzheimer-type senile dementia, Neurology 30

(1980) 778–782.

[25] R. Schechter, S.H. Yen, R.D. Terry, Fibrous Astrocytes in senile

dementia of the Alzheimer type, J. Neuropathol. Exp. 40 (1981)

95–101.

[26] G.P. Wilkin, D.R. Marriott, A.J. Cholewinski, Astrocyte heterogene-

ity, Trends Neurosci. 13 (1990) 43–46.

[27] A. Hoke, J. Silver, Heterogeneity among astrocytes in reactive gliosis,

Perspect. Dev. Neurobiol. 2 (1994) 269–274.

[28] M. Rothermundt, M. Peters, J.H. Prehn, V. Arolt, S100B in brain

damage and neurodegeneration, Microsc. Res. Tech. 60 (2003)

614–632.

[29] A.J. Lewington, B.J. Padanilam, M.R. Hammerman, Induction of

calcyclin after ischemic injury to rat kidney, Am. J. Pathol. 273 (1997)

F35–F380.

[30] W.S. Griffin, J.G. Sheng, J.E. McKenzie, M.C. Royston, S.M.

Gentleman, R.A. Brumback, L.C. Cork, M.R. Del Bigio, G.W.

Roberts, R.E. Mrak, Life-long overexpression of S100beta in Down’s

syndrome: implications for Alzheimer pathogenesis, Neurobiol. Aging

19 (1998) 401–405.

[31] V. Vives, G. Alonso, A.C. Solal, D. Joubert, C. Legraverend,

Visualization of S100B-positive neurons and glia in the central

nervous system of EGFP transgenic mice, J. Comp. Neurol. 457

(2003) 404–419.

[32] L.J. Van Eldik, W.S. Griffin, S100 beta expression in Alzheimer’s

disease: relation to neuropathology in brain regions, Biochim.

Biophys. Acta 1223 (1994) 398–403.

[33] R.E. Mrak, J.G. Sheng, W.S. Griffin, Correlation of astrocytic S100

beta expression with dystrophic neurites in amyloid plaques of

Alzheimer’s disease, J. Neuropathol. Exp. Neurol. 55 (1996) 273–279.

[34] C.W. Heizmann, Ca2+-binding S100 proteins in the central nervous

system, Neurochem. Res. 24 (1999) 1097–1100.

[35] R.E. Mrak, J.G. Sheng, W.S. Griffin, Glial cytokines in Alzheimer’s

disease: review and pathogenic implications, Human Pathol. 26

(1995) 816–823.
[36] Q. Yang, D. O’Hanlon, C.W. Heizmann, A. Marks, Demonstration

of heterodimer formation between S100B and S100A6 in the yeast

two-hybrid system and human melanoma, Exp. Cell Res. 246

(1999) 501–559.

[37] J.G. Hu, K.T. Akama, G.A. Krafft, B.A. Chromy, L.J. Van Eldik,

Amyloid-beta peptide activates cultured astrocytes: morphological

alterations, cytokine induction and nitric oxide release, Brain Res. 785

(1998) 195–206.

[38] J. Hu, L.J. Van Eldik, Glial-derived proteins activate cultured

astrocytes and enhance beta amyloid-induced glial activation, Brain

Res. 842 (1999) 46–54.

[39] D.W. Dickson, The pathogenesis of senile plaques, J. Neuropathol.

Exp. Neurol. 56 (1997) 321–339.

[40] K. Leroy, C. Duyckaerts, L. Bovekamp, O. Muller, B.H. Anderton,

J.P. Brion, Increase of adenomatous polyposis coli immunoreactivity

is a marker of reactive astrocytes in Alzheimer’s disease and in other

pathological conditions, Acta Neuropathol. 102 (2001) 1–10.

[41] J. Herms, I. Schneider, I. Dewachter, N. Caluwaerts, H. Kretzschmar,

F. Van Leuven, Capacitive calcium entry is directly attenuated by

mutant presenilin-1, independent of the expression of the amyloid

precursor protein, J. Biol. Chem. 278 (2003) 2484–2489.

[42] V. Meske, U. Hamker, F. Albert, T.G. Ohm, The effects of beta/A4-

amyloid and its fragments on calcium homeostasis, glial fibrillary

acidic protein and S100beta staining, morphology and survival of

cultured hippocampal astrocytes, Neuroscience 85 (1998) 1151–1160.

[43] J.G. Sheng, R.E. Mrak, W.S.T. Griffin, S100 beta protein expression

in Alzheimer disease: potential role in the pathogenesis of neuritic

plaques, J. Neurosci. Res. 39 (1994) 398–404.

[44] M.P. Cuajungco, L.E. Goldstein, A. Nunomura, M.A. Smith, J.T. Lim,

C.S. Atwood, X. Huang, Y.W. Farrag, G. Perry, A.I. Bush, Evidence

that the beta amyloid plaques of Alzheimer’s disease represent the

redox-silencing and entombment of a beta by zinc, J. Biol. Chem. 275

(2000) 19439–19442.

[45] R. Battini, S. Ferrari, L. Kaczmarek, B. Calabretta, S.T. Chen, R.

Baserga, Molecular cloning of a cDNA for a human ADP/ATP carrier

which is growth-regulated, J. Biol. Chem. 262 (1987) 4355–4359.


	Astrocytic calcium/zinc binding protein S100A6 over expression in Alzheimer's disease and in PS1/APP transgenic mice models
	Introduction
	Materials and methods
	Human brain tissue preparation
	Transgenic mice
	Antibodies
	Immunohistochemistry
	Single immunohistochemical labelling
	Double immunohistochemical labelling


	Results
	S100A6 immunoreactivity is weak or absent in the control human temporal cortex
	Clusters of S100A6 immunoreactivity in temporal neocortex of AD patients
	S100A6 immunoreactivity is associated to a subset of GFAP-positive astrocytes in the AD temporal cortex
	S100A6 immunoreactivity is associated with a subset of S100B-positive astrocytes in the AD temporal cortex
	S100A6 immunoreactivity is detected in astrocytes associated to amyloid deposits in transgenic mice

	Discussion
	Acknowledgements
	References


