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Abstract
Levels of the neurotrophic cytokine S100β and the proinflammatory cytokine interleukin-6 (IL-6)
are both elevated in Alzheimer’s brain, and both have been implicated in β-amyloid plaque
formation and progression. We used RT-PCR and electrophoretic mobility shift assay to assess
S100β induction of IL-6 expression and the role of κB-dependent transcription in this induction in
neuron-enriched cultures and in neuron–glia mixed cultures from fetal rat cortex. S100β (10 or 100
ng/ml × 24 h) increased IL-6 mRNA levels two- and fivefold, respectively (p < 0.05 in each case),
and S100β (100–1,000 ng/ml) induced increases in medium levels of biologically active IL-6 (30–
80%). Combined in situ hybridization and immunohistochemistry preparations localized IL-6
mRNA to neurons in these cultures. S100β induction of IL-6 expression correlated with an
increase in DNA binding activity specific for a κB element and was inhibited (75%) by
suppression of κB binding with double-stranded “decoy” oligonucleotides. The low levels of
S100β required to induce IL-6 overexpression in neurons, shown here, suggest that overexpression
of S100β induces neuronal expression of IL-6 and of IL-6-induced neurodegenerative cascades in
Alzheimer’s disease.
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Interleukin-6 (IL-6) is a proinflammatory cytokine that is synthesized by astrocytes (Frei et
al., 1989; Benveniste et al, 1990; Lee et al., 1993) and microglia (Frei et al., 1989; Lee et al.,
1993). Neurons are also capable of synthesizing IL-6 (Schobitz et al., 1992; Gadient and
Otten, 1994; Ringheim et al., 1995) in response to injury-related stimuli (Murphy et al.,
1995), suggesting a role for neurons in intercellular cytokine signaling and coordination of
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injury responses. In various nonneuronal cell types IL-6 expression is regulated through the
transcription factor nuclear factor κB (NFκB).

SI00β, an astrocyte-derived neuronotrophic cytokine that is up-regulated in response to
injury, has been shown to stimulate neurite outgrowth (Kligman and Marshak, 1985),
increase neuronal cytoplasmic free calcium levels (Barger and Van Eldik, 1992), and
increase neuronal synthesis of the β-amyloid precursor protein (Li et al., 1998; for reviews,
see Van Eldik and Zimmer, 1988; Barger et al., 1992). S100β can also induce expression of
inducible nitric oxide synthase in astrocytes through NFκB (Hu et al., 1997).

The common role of S100β and IL-6 in injury responses suggests linkage or coordination of
their respective expressions. In the present study we show for the first time direct regulation
of neuronal IL-6 expression by S100β. These findings may have implications for pathogenic
mechanisms of neurodegeneration in Alzheimer’s disease. IL-6 levels are elevated in CSF
(Blum-Degen et al., 1995) and in brain tissue (Bauer et al., 1991; Huell et al., 1995) in
Alzheimer’s disease, and IL-6 has been implicated in β-amyloid plaque formation (Huell et
al., 1995). Tissue levels of biologically active S100β and of S100β mRNA are elevated in
Alzheimer’s disease (Marshak et al., 1991), and S100β overexpression correlates both with
the density of neuritic plaques (Sheng et al., 1994) and with the quantity of dystrophic
neurites overexpressing βAPP in individual neuritic plaques (Mrak et al., 1996).
Overexpression of S100β, with consequent trophic and toxic effects on neurons and their
processes, has been proposed as an important pathogenic mechanism in the development of
neuritic and neurofibrillary pathological changes in Alzheimer’s disease (Mrak et al., 1995;
Griffin et al., 1998).

MATERIALS AND METHODS
Cortical cell culture

Cortical neuron-enriched cultures were derived from cerebral cortex of fetal (embryonic day
18) Sprague–Dawley rats, as previously described (Li et al., 1998). In brief, neocortical
tissue was stripped of meninges and digested with 0.125% trypsin (GIBCO, Grand Island,
NY, U.S.A.) and 0.01% DNase (Sigma, St. Louis, MO, U.S.A.) in calcium- and magnesium-
free Hanks’ buffer solution (GIBCO) for 15–20 min at 37°C. Tissue was minced in 10%
fetal bovine serum (GIBCO) in Dulbecco’s minimal essential medium (GIBCO), and cells
were dissociated by trituration.

Cells were plated (a) in 35-mm-diameter dishes at 5 × 105 per plate (for
immunocytochemistry or in situ hybridization), (b) at 1 × 106 per plate (for RNA isolation)
in 24-well plates at 1 × 105 cells per well (secreted IL-6 bioactivity assays), or (c) in 60-mm-
diameter dishes at 2 × 106 per plate [for electrophoretic mobility shift assay (EMSA)]. All
culture plates were precoated with 50 μg/ml poly-D-lysine hydrobromide (70,000–150,000
mol wt; Sigma). Cultures were kept at 37°C in a humidified atmosphere, containing 5%
CO2, for 24 h, after which the culture medium was replaced with serum-free medium
containing Neurobasal medium (GIBCO) supplemented with B27 (GIBCO). Half of the
medium volume was exchanged with fresh serum-free medium every 3 days. Cultures were
exposed to 10−5 M cytosine arabinoside at day 5 for 24 h to inhibit nonneuronal growth.
Experiments were performed on cultures after 10–14 days in vitro, at which time synthetic
S100β [a generous gift from Linda Van Eldik, Northwestern University, Chicago, IL, U.S.A.
(Winningham-Major et al., 1989)] was added to experimental cultures; parallel control
cultures were left untreated.

For immunocytochemistry combined with in situ hybridization, glia–neuron cultures
(“mixed cultures”) were used. These were derived from cerebral cortex of fetal (embryonic
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day 18) Sprague–Dawley rats, as described above, except the cultures were seeded at low
density (5 × l05 per 35-mm-diameter dish) and were not exposed to cytosine arabinoside.

RNA isolation
Total cellular RNA was extracted from 10 cultures of each treatment group (for each
experimental point), using TriRe-agent RNA isolation reagent (Molecular Research Center,
Cincinnati, OH, U.S.A.) according to the manufacturer’s instructions, with the addition of
phenol–chloroform–isoamyl alcohol extraction to increase RNA purity. RNA integrity was
verified on agarose gels with ethidium bromide staining and quantified by
spectrophotometric absorbance at 260 nm. RNA samples used in this study had 260/280 nm
absorbance ratios of 1.7–2.0.

RT reaction and PCR amplification
RT of 1 μg samples of total RNA was performed using the Advantage RT-for-PCR Kit
(Clontech, Palo Alto, CA, U.S.A.) according to the manufacturer’s instructions. In brief, the
RNA and 1 μl of oligo(dT) primer (20 μM) were incubated at 70°C for 5 min before
addition of 5 × reaction buffer (4 μl) with 0.5 mM deoxynucleotide triphosphates, 20 units
of RNasin, and Moloney murine leukemia virus reverse transcriptase (200 units). The
resulting 20 μl of reaction mixture was incubated at 42°C for 60 min and then at 95°C for 5
min. For comparisons of mRNA levels among different RNA samples, RT was performed
simultaneously using reagents from a single master mix.

PCR amplification used reagents from Clontech. For IL-6 PCR, the forward primer was
located at nucleotides 81–102 (5′CAA GAG ACT TCC AGC CAG TTG C 3′), whereas the
reverse primer was located at nucleotides 694–670 (5′ TTG CCG AGT AGA CCT CAT
AGT GAC C 3′), yielding an amplified product of 614 bp. For glyceraldehyde-3-phosphate
dehydrogenase (G3PDH) amplification, the forward primer was located at nucleotides 550–
569 (5′ ACC ACA GTC CAT GCC ATC AC 3′), whereas the reverse primer was located at
nucleotide 982–1,001 (5′ TCC ACC ACC CTG TTG CTG TA 3′), yielding an amplified
product of 452 bp. For normal (noncompetitive) PCR, the 1 μl of RT product of each sample
was placed in a reaction with a master mix containing both IL-6 and G3PDH primers: The
forward and reverse primers (20 μ M; 1 μl each) were combined with 5 μl of 10 × PCR
buffer, 1 μl of 10 mM deoxynucleotide triphosphates, and 1 μl of Taq polymerase and
diluted to a final volume of 50 μl Amplification was performed through 28 cycles of 94°C
for 1 min, 62°C for 45 s, and 72°C for 45 s. The PCR procedure was stopped by final
extension for 10 min at 72°C. Equal volumes of the reaction mixture from each sample were
loaded on a 1.5% agarose gel with ethidium bromide staining. Fluorescent images were
digitized, and IL-6 levels were normalized with the signals from corresponding G3PDH
bands using NIH Image version 1.60 software.

Quantification of IL-6 mRNA was refined using a competitive PCR approach with known
concentrations of a competitor MIMIC DNA (533 bp) generated using two hybrid (mimic)
primers (forward, 5′ CAA GAG ACT TCC AGC CAG TTG CAA GTG AAA TCT CCT
CCG 3′; reverse, 5′ TTG CCG AGT AGA CCT CAT AGT GAC CAT GGC AGT AGA
TGG 3′; Ransom Hill Bioscience, Ramona, CA, U.S.A.; the under-bars denotes specific
primer sequences for rat IL-6) from unrelated DNA fragment supplied in the MIMIC kit
(Clontech). Then the competitive PCR was performed by adding 1 μl of RT product of each
sample, respectively, to the PCR assay with serially diluted MIMIC DNA (10−7–10−22 M
per reaction) and 1 μl each of the specific forward and reverse sequences of rat IL-6 primers
(10 μM). The relative concentration of IL-6 mRNA RT product was estimated from the
competitor concentrations that gave equal intensities of IL-6 (614-bp) and MIMIC (533-bp)
products.
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Secreted IL-6 bioactivity assay
Secreted IL-6 bioactivity in serum-free medium was measured using an IL-6-dependent
7TD1 cell line (American Type Culture Collection, Rockville, MD, U.S.A.) and a
[3H]thymidine microproliferation assay (Nordan et al., 1987). Neuron-conditioned medium
was cleared by centrifugation and stored at − 80°C until assayed. 7TD1 cells were seeded at
a concentration of 5 × 104 cells per well in 100 μ1 of culture medium (RPMI 1640,
consisting of 2% heat-inactivated fetal bovine serum, 50 mM β-mercaptoethanol, 50 μg/ml
streptomycin, and 50 U/ml penicillin) in 96-well plates. Cultures were incubated in triplicate
with 100 μl of a 1:6 dilution of each neuron-conditioned medium sample. Parallel 7TD1
cultures were treated with serial dilutions of purified IL-6 (R&D Systems, Minneapolis,
MN, U.S.A.) to standardize the response. After 36 h, cultures were exposed to
[3H]thymidine (0.5 μCi per well; specific activity, 6.7 Ci/mmol; ICN) for an additional 9 h.
Cells were harvested onto glass fiber filters with an automated cell harvester and counted for
radioactivity in a liquid scintillation counter. Purified S100β alone did not increase [3H]thy-
midine incorporation in 7TD1 cells, excluding possible mito-genic effects arising from
residual S100β remaining from treatment of the neuronal cultures.

EMSA
Nuclear extracts of treated cells were prepared and assayed as previously described (Barger
and Harman, 1997). In brief, cultures were lysed in a buffer containing Nonidet P-40 (Fluka,
Ronkonkoma, NY, U.S.A.), and nuclei were collected by centrifugation, washed to remove
detergent, and extracted in a high-salt buffer. Salt concentrations were reduced by dilution
before DNA-binding reactions. In these reactions, 2 μg of nuclear protein was incubated
with 32P-labeled double-stranded oligonucleotide probe containing the immunoglobulin/
HIV-κB enhancer sequence (Promega, Madison, WI, U.S.A.). For competition assays to
determine binding specificity, a 30–300-fold molar excess of unlabeled, double-stranded
oligonucleotide was added during parallel binding reactions. The unlabeled competitor was
the immunoglobulin/HIV-κB probe itself, an oligonucleotide containing the putative κB site
from the rat IL-6 promoter (5′ A AT GTG GGA TTT TCC CAT GA 3′), or a mutant κB
sequence deficient in NFκB binding (5′ ACT TGA GCA GAC TTT CCC AGG C 3′) (each
duplexed with the complementary strand). Complexes were resolved by nondena-turing gel
electrophoresis (6%) and visualized by autoradiography.

“Decoy” oligonucleotide treatments
Double-stranded oligonucleotides containing a κB enhancer sequence (5′ CCA AGG GGA
CTT TCC ATG G 3′) or a control oligonucleotide of scrambled sequence (5′ GAC CAT
GTC GTG CAG TAG C 3′) were obtained by combining single-stranded, phosphothioated
oliogonucleotide (Oligos Etc., Wilsonville, OR, U.S.A.) with equimolar amounts of their
complementary strands, heating to 85°C, and cooling slowly in a heating block. The
annealed oligonucleotides were quantified by absorbance at 260 nm.

Decoy or control oligonucleotides (1 μM) were combined with 47 μg/ml Lipofectamine
(GIBCO) to allow formation of liposome complexes. This mixture then was diluted 10-fold
into the existing culture medium. After 3 h, the culture medium was completely replaced
with fresh medium containing various concentrations of S100β. After 24 h of incubation
with S100β, RNA was extracted for RT-PCR, nuclear proteins were extracted for EMSA, or
in situ hybridization was performed.

Immunocytochemistry
For morphological characterization, cells grown in 35-mm-diameter dishes were rinsed once
in phosphate-buffered saline (PBS) and fixed for 30 min with 4% paraformaldehyde in PBS

Li et al. Page 4

J Neurochem. Author manuscript; available in PMC 2013 November 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(pH 7.4). Cells then were rinsed once in PBS, permeabilized for 15 min with 0.2% Triton
X-100 in PBS, blocked in 1% normal sheep serum in PBS for 30 min, and incubated with
appropriate primary antibodies overnight at 4°C in PBS containing 1% normal sheep serum
as previously described (Sheng et al., 1997). Mouse monoclonal anti-microtubule-associated
protein (MAP) antibodies (MAP2; 1:500; Sigma) were used to identify neurons, rabbit
polyclonal anti-glial fibrillary acidic protein (GFAP) antibodies (1:2,000; Dako, Carpinteria,
CA, U.S.A.) were used to identify astrocytes, and monoclonal anti-Mac 1 antibody (1:100;
Scios, Sunnyvale, CA, U.S.A.) was used to identify microglia. The primary antibodies were
detected with the appropriate anti-rabbit or anti-mouse IgG, using a Vector (Burlingame,
CA, U.S.A.) ABC kit with diaminobenzidine or Vector Red kit for color development. Dual
immunohistochemistry was performed as previously described (Sheng et al., 1997).

In situ hybridization
To generate sense and antisense riboprobes, the 1.16-kb fragment excised from the human
IL-6 cDNA clone was sub-cloned into pBluescript-SK+ at the EcoRl site. Sense RNA probe
was generated from HinndIII-linearized plasmid and T3 polymerase, and the antisense probe
was synthesized from BamHI-linearized plasmid and T7 polymerase, using an RNA
Digoxigenin Label Kit (Boehringer-Mannheim) according to the kit manufacturer’s
instructions. The size of the labeled riboprobes was checked by comparison with RNA
standards.

Hybridization was performed as previously described (Li et al., 1998). Fixed cells were
washed once with PBS and incubated with 0.2% Triton X-100 in PBS for 15 min. Cultures
were prehybridized at 37°C for 1 h with a solution containing 50% formamide, 5% dextran
sulfate, 0.02% Ficoll, 0.02% bovine serum albumin, 0.02% polyvinylpyrrolidone, 500 μg/ml
tRNA, and 500 μg/ml sheared salmon sperm DNA. Hybridization with RNA probes was
carried out by adding either digoxigenin-labeled sense or antisense riboprobe to the above
prehybridization solution (to a final concentration of 0.5 μg of RNA probe/ml). Dishes were
sealed with tape and allowed to incubate overnight at 42°C. Following hybridization, cells
were washed with 2× saline-sodium citrate (SSC) for 30 min, incubated in RNase A solution
for 30 min at 37°C, washed twice in 1× SSC, and washed once in 0.5× SSC. Colorimetric
detection was performed according to the manufacturer’s instructions and was terminated
after 2 h by washing for 5 min in 10 mM Tris-HCl and 1 mM EDTA (pH 8.0) at room
temperature.

In mixed cultures, combined in situ hybridization and fluorescence immunocytochemistry
were used to differentiate neurons expressing IL-6 from other cell types that also express
IL-6. In situ hybridization of IL-6 mRNA was followed by immunohistochemical
localization of neurons with MAP2 antibody (1:500 in PBS at 4°C overnight) through
visualization using fluorescein-labeled rabbit anti-mouse IgG antibody (Vector).

Statistics
Statistical significance of differences between experimental treatments and controls was
assessed using Student’s t test for unpaired data.

RESULTS
Composition of cortical neuron-enriched cultures

Our fetal rat cortical neuron-enriched cultures consisted primarily of neurons (illustrated in
Fig. 1A) with small numbers of astrocytes (illustrated in Fig. 1B). This predominant
neuronal component was immunoreactive for MAP2, whereas GFAP-immunoreactive
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astrocytes constituted <5% of cells, and Mac-1-immunoreactive microglia constituted <1%
of cells (data not shown).

S100β induction of expression of biologically active IL-6 in neuron-enriched cultures
The levels of biologically active IL-6 in culture medium of cortical neuron-enriched cultures
increased in a dose-dependent manner following incubation of the cultures with S100β for
24 h (Fig. 2). These increases were significant at doses of ≥100 ng of S100β/ml (p < 0.02),
with an 80% increase resulting from treatment with 1 μg of S 100β/ml (p < 0.001). IL-6
levels in culture medium were determined using a bioassay in which the end point is
[3H]thymidine uptake by 7TD1 IL-6-dependent cells (Fig. 2). These results were confirmed
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (data not shown).
Treatment of 7TD1 IL-6-dependent cells with S100β had no effect on [3H]thymidine
incorporation (data not shown).

S100β induction of IL-6 mRNA expression in neuron-enriched cultures
S100β treatment increased IL-6 mRNA expression in cortical neuron-enriched cultures (Fig.
3). Significant increases in IL-6 mRNA were seen after 12 h of treatment with 100 ng of
S100β/ml and after 24 h of treatment with 10 ng of S100β/ml (Fig. 3B). The potential
contribution of endotoxin or other contaminants was excluded through the use of controls in
which S100β was applied after preab-sorption with anti-S100β antibody (Fig. 3A) or in the
presence of polymyxin B (data not shown).

For quantitative analysis of IL-6 mRNA levels, we used a competitive PCR approach that
allows estimation of the absolute levels of IL-6 cDNA obtained from culture mRNA
samples (Fig. 3C and D). The principal advantage of this procedure is obviation of the
potential for nonlinear relationships between samples containing different amounts of input
cDNA. These measurements confirmed the increases, shown by quantitative RT-PCR, in
IL-6 mRNA expression relative to G3PDH mRNA expression in S100β-treated cultures.

Localization of IL-6 mRNA expression to neurons in neuron-enriched and in mixed
cultures

In situ hybridization with antisense IL-6 cRNA probe showed progressive increases in the
relative numbers of culture cells expressing IL-6 mRNA following treatment with S100β
(100 ng/ml) for ≥12 h (data not shown). At 24 h (Fig. 1C) there were significantly greater
numbers of IL-6-expressing cells in S100β-treated cultures (66 ± 5% of total cells, mean ±
SD) compared with control cultures (9 ± 2%). Control (0 ng of S100β/ml) cultures showed
only scattered, weakly IL-6-positive cells (Fig. 1D) at all time points, and both control and
treated cultures hybridized with sense IL-6 RNA showed only weak background labeling
(data not shown).

Sparsely seeded neuron-glia cultures (mixed cultures) were used to establish the identity of
IL-6-expressing cells. In situ hybridization (for IL-6 mRNA) combined with MAP2
immunocytochemistry (to identify specifically neuronal processes) showed colocalization of
IL-6 mRNA (in the perikarya) and MAP2 immunoreactivity (in the processes) of individual
neurons (Fig. 1E and F) following treatment with 100 ng of S100β/ml. IL-6 mRNA
expression was not restricted to neurons, as it was also evident in MAP2-negative
(nonneuronal) cells (Fig. 1E). However, pretreatment of these mixed cultures with the
interleukin-1 receptor antagonist had no effect on the expression of biologically active IL-6,
suggesting that S100β-mediated actions were not dependent on indirect actions of S100β on
the expression of interleukin-1, another potent regulator of IL-6 (p = 0.8).
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Role of κB-binding activity in regulation of IL-6 by S100β
The IL-6 gene promoter in rats has a κB enhancer (−63 to −54) that binds NFκB and thus
regulates rat IL-6 expression in several nonneuronal cell types (Franchimont et al., 1997).
Furthermore, S100β has been shown to elevate the expression of another NFκB-regulated
gene, inducible nitric oxide synthase (Hu et al., 1997; Akama et al., 1998), in astrocytes. To
determine whether a similar mechanism was involved in the regulation of IL-6 by S100β, we
treated neuronal cultures with S100β in the presence of κB-containing oligonucleotides,
which can interfere with NFκB activity by acting as a “decoy” for the transcription factor
(Morishita et al, 1997). Addition of the κB decoy significantly reduced the effect of S100β
on IL-6 mRNA expression (75% decrease; Fig. 4A, B, and D), whereas scrambled (control)
NFκB DNA had no effect (Fig. 4A–C). Moreover, decoy NFκB DNA inhibited S100β-
mediated IL-6 mRNA expression in neurons in situ (21 ± 7% of neurons expressed IL-6
mRNA vs. 66 ± 5% without decoy DNA; p < 0.001; data not shown), whereas scrambled
NFκB DNA had little effect on S100β induction of IL-6 mRNA expression in neurons in
situ (66 ± 4% of the cells expressed IL-6 mRNA; data not shown), suggesting a role for
NFκB-mediated transcription in stimulation of neuronal IL-6 synthesis by S100β.

S100 β did induce a κB-dependent DNA-binding factor in primary cultures of cortical
neurons, as detected by EMSA analysis (Fig. 5A), but the activity detected corresponded to
a non–Rel κB-binding factor that is distinct from classically defined NFκB (RelA/p50
heterodimer). We have referred elsewhere to this DNA-binding factor as neuronal κB-
binding factor (NKBF), based on its prominence in neurons. This neuronal DNA binding
factor differs from NFκB in antigenicity, native and denatured electrophoretic mobility, and
DNA sequence preference (Moerman et al, 1999). Treatment with 10 or 30 ng/ml S100β
enhanced NKBF activity in a dose-dependent manner (Fig. 5A). This enhancement could be
competed out by increasing concentrations of κB (Fig. 5B, lanes κB). To confirm that κB
binding is relevant to IL-6 regulation, we tested its ability to bind the κB element in the rat
IL-6 promoter (Fig. 5B, lanes rIL-6p). Specificity of the competition was demonstrated
through the lack of competition observed with a mutated κB sequence (Fig. 5B, lanes mut).

DISCUSSION
S100β, a neurite growth-promoting cytokine, and IL-6, a proinflammatory cytokine, are both
overex-pressed in Alzheimer’s disease, and, based on their established actions, both have
been implicated in Alzheimer’s pathogenesis (Griffin et al., 1989, 1998; Vandenabeele and
Fiers, 1991; Bauer et al., 1992). Immuno-reactivity for IL-6 is found in β-amyloid plaques in
Alzheimer’s disease (Bauer et al., 1992), but the cells of origin of this IL-6 are yet to be
identified. Here, we show that one of these cytokines, S100β, regulates neuronal synthesis
and release of the other, IL-6, through activation of a specific neuronal nuclear κB-binding
factor.

The κB-binding factor NFκB plays an important role in the activation of the IL-6 gene in
various cells of the immune system (Libermann and Baltimore, 1990; Matsusaka et al.,
1993), in fibroblasts (Zhang et al., 1990), and in astrocytes (Sparacio et al., 1992). The
decoy DNA approach (Tanaka et al., 1994) used here has been shown to suppress effectively
κB-mediated transcription and has been used to provide evidence for the involvement of
NFκB in various in vitro systems (Sharma and Narayanan, 1996) and also in vivo (Morishita
et al., 1997). We have previously demonstrated that this approach can be used to inhibit the
elevation of a novel κB-binding activity induced in cortical neurons by either tumor necrosis
factor (Barger et al., 1995) or dehydroepiandosterone (Mao and Barger, 1998). The activity
of this novel factor is now attributed to NKBF (Mao et al., 1999; Moerman et al., 1999),
which appears to be responsible for the effects of S100β on neuronal IL-6 expression. In
nonneuronal cell types, IL-6 synthesis is regulated by NFκB (Sparacio et al., 1992), and our
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observation of S100β-induced IL-6 mRNA expression in nonneuronal cells (presumably
glia, as illustrated in Fig. 1E) may be mediated by this mechanism. In contrast, our results
suggest that S100β-induced expression of IL-6 in neurons is mediated through NKBF, a
similar but not identical transcription factor. The specific binding of NKBF to the IL-6
promoter κB element, together with the effects of the κB decoy treatment, provides evidence
that this κB-binding factor acts as a physiologically relevant transcription factor for neuronal
IL-6 expression induced by S100β.

In Alzheimer’s disease, the levels of expression of S100β correlate directly with the density
of neuritic β-amyloid plaques (Sheng et al., 1994). Overexpression of both S100β (Mrak et
al., 1996) and IL-6 (Bauer et al, 1991) is present in early stages of neuritic β-amyloid plaque
development. These findings, together with the neurite growth-promoting properties of
S100β (Marshak et al., 1991), and S100β induction of β-amyloid precursor protein
expression (Li et al., 1998), have been cited as implicating S100β in the conversion of
diffuse amyloid deposits into neuritic plaques through promotion of proliferation of
dystrophic neurites, overexpressing β-amyloid precursor protein, in these plaques (Mrak et
al., 1996; Griffin et al., 1998). We have previously shown that S100β induces neurite
outgrowth from neurons in enriched cultures similar to those used for this study (Li et al.,
1998). The S100β-driven up-regulation of IL-6 shown here suggests that S100β-induced
expression of biologically active IL-6 may be an important pathogenic link in the glial-
neuronal interactions that promote progression of neuropathological changes in Alzheimer’s
disease.
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EMSA electrophoretic mobility shift assay

GFAP glial fibrillary acidic protein

G3PDH glyceraldehyde-3-phos-phate dehydrogenase

IL-6 interleukin 6

MAP microtubule-associated protein

NFκB nuclear factor κB

NKBF neuronal κB-binding factor

PBS phosphate-buffered saline

SSC saline–sodium citrate
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FIG. 1.
Immunocytochemical identification of cell types and in situ hybridization results show
S100β induction of IL-6 mRNA. A: MAP2-immunoreactive neurons in primary rat fetal
cortical culture. B: MAP2/GFAP dual-label immunocytochemical preparation shows
astrocytes (red, arrow) and neurons (brown). C: IL-6 mRNA expression by S100β-treated
(100 ng/ml × 24 h) cultured cortical neurons. D: IL-6 mRNA is not expressed in untreated (0
ng of S100β) “control” sister cultures. E and F: Colocalization of IL-6 mRNA expression
(E) and MAP2 immunoreactivity (F) within individual neurons in cortical neuron–glia
(mixed cultures) treated with S100β (100 ng/ml × 24 h). A–D, bar = 100 μm; E and F, bar =
50 μm.
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FIG. 2.
S100β induction of IL-6 secretion in neuronal cultures. S100β (10–1,000 ng/ml × 24 h)
induces dose-dependent increases of IL-6 production. Results are given as [3H]thymidine
uptake by an IL-6-dependent 7TD1 cell line incubated with conditioned medium from
neuronal cultures treated with the given concentrations of S100β. Data are mean ± SEM
(bars) values for four replicates. *p < 0.05, **p < 0.001 versus control.
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FIG. 3.
RT-PCR shows S100β induction of IL-6 mRNA expression in neuronal cultures. A: Cortical
neurons were incubated for 24 h either with S100β (100 ng/ml) that had been preabsorbed
with anti-S100β antibody (lanes 2–4) or with S100β alone at the indicated doses. G3PDH
mRNA was used to verify equal quantities of starting cDNA for each sample. B:
Densitometric analysis of ethidium bromide-stained gels. IL-6 mRNA levels relative to
G3PDH mRNA levels are expressed relative to values in control (Con) cultures. Data are
mean ± SEM (bars) values for six to eight individual samples, **p < 0.01, significantly
different from corresponding Con value. C and D: Competitive RT-PCR, performed on
aliquots of samples used for analysis shown in lanes 2 and 8 of A. There is an ~10-fold
difference in IL-6 mRNA expression between S100β-treated (D) and control (C) cultures.
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FIG. 4.
Suppression of κB DNA binding blocks S100β induction of IL-6 mRNA expression in
cortical neuron cultures. A: An example of RT-PCR results. Lanes 1 and 2 represent IL-6
mRNA levels following incubation with control medium. Lanes 3 and 4 represent IL-6
mRNA levels following treatment with S100β (100 ng/ml). Lanes 5 and 6 represent IL-6
mRNA levels following simultaneous treatment with S100β (100 ng/ml) and control (Con)
DNA (100 nM). Lanes 7 and 8 represent IL-6 mRNA levels following simultaneous
treatment with S100β (100 ng/ml) and “decoy” (Dec) DNA (100 nM). B: Densitometric
analysis of ethidium bromide-stained gels. IL-6 mRNA levels relative to G3PDH mRNA
levels are expressed relative to values in control cultures. Data are mean ± SEM (bars)
values for four individual samples. Indicated values are significantly different: *p < 0.01. C
and D: Competitive RT-PCR, performed on aliquots of samples used for analysis shown in
lanes 5 and 7 of A. There is an ~10-fold difference in IL-6 mRNA expression between
S100β+ control DNA-treated (C) and S100β+ Dec DNA-treated (D) cultures.
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FIG. 5.
EMSA demonstration of S100 β induction of κB binding factor. Nuclear extracts from
primary cortical cultures were assayed by EMSA for DNA-binding activity specific for the
κB enhancer element. A: Cultures were treated for 90 min with the indicated concentrations
of S100β (in ng/ml). In the lane marked “C,” the 30 ng/ml sample was assayed in the
presence of a 200-fold excess unlabeled probe. B: A nuclear extract from S100β-treated
cultures was assayed for binding to the κB sequence in the absence of competitor (−) or in
the presence of a 30-, 100-, or 300-fold molar excess of the following competitors: double-
stranded oligonucleotides that were the same sequence as the probe (κB); a mutant κB
(mut); or a consensus κB site from the rat IL-6 promoter (rlL-6p).
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