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Abstract

Minocycline, a semisynthetic tetracycline derivative, protects brain against global and focal ischemia

in rodents. We examined whether minocycline reduces excitotoxicity in primary neuronal cultures.

Minocycline (0.02 μM) significantly increased neuronal survival in mixed spinal cord (SC) cultures

treated with 500 μM glutamate or 100 μM kainate for 24 hr. Treatment with these excitotoxins induced

a dose-dependent proliferation of microglia that was associated with increased release of

interleukin-1β (IL-1β) and was followed by increased lactate dehydrogenase (LDH) release. The

excitotoxicity was enhanced when microglial cells were cultured on top of SC cultures. Minocycline

prevented excitotoxin-induced microglial proliferation and the increased release of nitric oxide (NO)
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metabolites and IL-1β. Excitotoxins induced microglial proliferation and increased the release of NO

metabolites and IL-1β also in pure microglia cultures, and these responses were inhibited by

minocycline. In both SC and pure microglia cultures, excitotoxins activated p38 mitogen-activated

protein kinase (p38 MAPK) exclusively in microglia. Minocycline inhibited p38 MAPK activation in SC

cultures, and treatment with SB203580, a p38 MAPK inhibitor, but not with PD98059, a p44/42

MAPK inhibitor, increased neuronal survival. In pure microglia cultures, glutamate induced transient

activation of p38 MAPK, and this was inhibited by minocycline. These findings indicate that the

proliferation and activation of microglia contributes to excitotoxicity, which is inhibited by

minocycline, an antibiotic used in severe human infections.

ischemia Alzheimer's disease inflammation glutamate mitogen-activated protein kinase MAPK

cell culture

Neurotoxicity of excitatory glutamate is a contributing factor in acute neuronal damage, including

traumatic brain injury and stroke, and in most of the chronic neurodegenerative diseases, such as

Alzheimer's disease and multiple sclerosis (Beal, 1995; Dirnagl et al., 1999; Lee et al., 1999; Smith

et al., 2000). Overstimulation of the NMDA and AMPA/kainate glutamate receptors (GluR) is a key

event in excitotoxicity (Choi, 1992; Dugan and Choi, 1994; Lee et al., 1999). However, identification

of indirect mechanisms involving non-neuronal cells in this cascade is important, because inhibition

of NMDA or AMPA/kainate receptors has been associated with toxic side effects and because

activation of these receptors may occur too early for the clinically relevant time frame of therapeutic

intervention (Barone and Feuerstein, 1999; DeGraba and Pettigrew, 2000).

Inflammation has an important role in pathogenesis of brain diseases (Beal, 1995; Rothwell et al.,

1996; Barone and Feuerstein, 1999; Dirnagl et al., 1999; Lee et al., 1999; McGeer and McGeer,

1999;Touzani et al., 1999; Cooper et al., 2000). Inflammation is regarded as an attractive

pharmacological target, because it progresses over several days after injury and because

intervention with inflammatory mechanisms, which are not fundamental for physiological brain

functions, may not result in intolerable side effects (Barone and Feuerstein, 1999), as the wide

clinical use of nonsteroidal anti-inflammatory drugs demonstrates.

The fundamental observation suggesting a role of glia in glutamate-induced neuronal death is that

excitotoxicity is associated with activation of astrocytes and microglia in vivo(Kreutzberg, 1996;

Schousboe et al., 1997). Moreover, induction of interleukin-1β (IL-1β) and tumor necrosis factor-α

(TNFα), or inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), occurs in response

to brain injury (Munoz-Fernandez and Fresno, 1998;Barone and Feuerstein, 1999; Dirnagl et al.,
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1999; Venters et al., 2000) Furthermore, inhibition of IL-1β reduces neuronal damage caused by

excitotoxin injections, traumatic brain injury, or ischemia (Rothwell et al., 1996; Sanderson et al.,

1999; Touzani et al., 1999). Finally, Tsirka and coworkers (Tsirka et al., 1996; Rogove and Tsirka

1998; Wang et al., 1998) showed, using tissue plasminogen activator and plasminogen-deficient

mice, that microglia activation is necessary, but not sufficient, to trigger neuronal degeneration after

excitotoxic insult. Altogether, compounds with anti-inflammatory properties or with an ability to

inhibit microglial activation may represent potential therapies against excitotoxic brain diseases.

We have shown previously that minocycline, a tetracycline derivative with anti-inflammatory effects

unrelated to its antimicrobial action, protects against brain ischemia (Yrjänheikki et al., 1998, 1999).

The neuroprotection was associated with reduced activation of microglia, but not astrocytes, and

with inhibition of induction of IL-1β-converting enzyme (ICE) mRNA, suggesting that minocycline may

function by reducing cytotoxic properties of microglia, triggered either by ischemia or secondarily by

excitotoxicity. In a transgenic animal model of Huntington's disease, minocycline inhibits caspase

expression and delays mortality (Chen et al., 2000). Herein, we show that stimulation of glutamate

receptors induces an activation and robust proliferation of microglia, which subsequently releases

IL-1β and NO. This leads to neuronal cell death. We also demonstrate that glutamate-induced

microglial activation occurs through the p38 mitogen-activated protein kinase (p38 MAPK) pathway

and that minocycline inhibits p38 MAPK activation in microglia, reduces microglial activation, and

provides neuroprotection against excitotoxicity.

MATERIALS AND METHODS

Primary spinal cord cultures. All cell culture protocols used in this study were approved by the Animal

Care and Use Committee of Kuopio University and follow the NIH guidelines for humane care of

animals. Spinal cords (SCs) were dissected out from 14-d-old rat embryos (Wistar, University of

Kuopio, Finland), and the meninges and dorsal root ganglia were removed. Tissues were minced and

trypsinized (0.25% trypsin-EDTA in 0.1 Mphosphate buffer; Life Technologies, Roskilde, Denmark) for

15 min at 37°C. After centrifugation for 5 min at 800 rpm, the tissues were resuspended into high-

glucose DMEM (Life Technologies) containing 10% fetal bovine serum (FBS) and 10% heat-

inactivated horse serum (HS-HI) and triturated with a fire-polished Pasteur pipette. The single-cell

suspension was collected, and its cell density was counted with a Burker hemocytometer. Cells were

cultured on poly-L-lysine-coated 96-well plates (1 × 10  cells per well) or 24-well plates (2.5 × 10

cells per well) at 37°C in a 7.5% CO  incubator. The medium was changed on the following day to

DMEM containing 5% FBS and 5% HS-HI. After 4 d in vitro, 5 μM cytosine β-D-arabinofuranoside

(Sigma, St. Louis, MO) was added for 24 hr to inhibit the growth of non-neuronal cells. This
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procedure results in mixed SC cultures, consisting of all neuronal populations (70%) present in the

spinal cord, astrocytes (25%), and a few other non-neuronal cell types, including microglia (5%). We

have shown previously that these neurons express functional glutamate receptors of different types

and both phosphorylated and nonphosphorylated neurofilaments (Vartiainen et al., 1999).

Primary mixed glial and microglia cultures. Cortices and midbrains were dissected from newborn rat

pup (Wistar), and the meninges and blood vessels were removed. Tissues were collected into 0.1 M

PBS, washed four times with cold 0.1M PBS, homogenized mechanically without enzymes, and

filtered through a 70 μM nylon cell strainer (Falcon; Fisher Scientific, Pittsburgh, PA). PBS was

replaced in two centrifugation steps (1000 × g, for 10 min at 4°C) with low-glucose DMEM (Life

Technologies) plus 10% FBS. The cells were suspended into culture medium and plated into cell

culture plates at 6 × 10 cells/mm  and maintained in a humidified incubator at 37°C and 5% CO .

The medium was changed at the second day in vitro and once per week thereafter. This procedure

results in mixed glial cultures, consisting of dividing astrocytes and microglial cells. After 2 weeks in

vitro, microglia were harvested once per week by carefully collecting the medium until the mixed

cultures were 2–3 months old. The purity of microglial cultures is ~98%.

Cell exposure experiments. SC cultures were exposed at the seventh day in vitro to the following

excitotoxic compounds (from Research Biochemicals, Natick, MA): 500 μM glutamate for 24 hr and

100 μM kainate for 24 hr. In some experiments, 0.02 μM minocycline (Sigma), 10 μM PD98059 (Tocris

Cookson, Bristol, UK), a specific p44/42 MAPK inhibitor, or 10 μMSB203580 (Tocris Cookson), a

specific p38 MAPK inhibitor, was added 30 min before administering excitotoxic compounds and

were present through the exposure. In addition, for a dose–response curve of minocycline, the

cultures exposed to 500 μM glutamate were treated with 2 μM, 200 nM, 20 nM, 10 nM, 1 nM, 0.1 nM,

and 0.01 nMminocycline. All compounds were dissolved in the culture medium supplemented with

5% HS-HI that was used alone as a 0 control. The cultures were exposed for 24 hr, unless mentioned

otherwise. In a set of experiments, microglial cells were cultured on top of 5-d-old SC cultures and

exposed at day 7 as described above.

Mixed glial cultures were exposed to excitotoxins (500 μM) after 2 weeks in vitro and pure microglial

cultures on the third day in vitro. Minocycline (0.2 μM) was added in some cultures 30 min before

exposure. All compounds were dissolved in the cell culture medium supplemented with 10% FBS

that was used alone as a 0 control.

Lactate dehydrogenase assay. The release of lactate dehydrogenase (LDH) was measured from

culture medium using a Sigma Kinetic LDH kit. The culture medium samples were collected 24 hr

after the onset of excitotoxic exposures, prepared cell-free by centrifugation, and measured
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immediately with a Multiskan MS ELISA reader (Labsystems, Helsinki, Finland), taking absorbance

measurements at 340 nm every 30 sec for 3 min.

NO and IL-1β assays. The production of NO was quantified by measuring the released NO

metabolites (nitrates and nitrites) with Griess reagent (Sigma). After a 24 hr exposure, the culture

medium samples were collected and prepared cell-free by centrifugation. The medium (50 μl) was

incubated with the same volume of Griess reagent at room temperature (RT) for 15 min before

measuring absorbance at 540 nm in a Multiskan ELISA reader (Labsystems) with appropriate

standards. Interleukin-1β samples were prepared similar to NO samples and determined using a rat

interleukin-1β ELISA kit (Endogen, Woburn, MA) according to the manufacturer's instructions and a

Multiscan MS ELISA reader (Labsystems).

Immunocytochemistry. The cultures were fixed with 4% paraformaldehyde in 0.1 M PBS for 20–30

min and rinsed in 0.1 M PBS. The nonspecific binding was blocked with 1% bovine serum albumin

and 0.3% Triton X-100 in 0.1M PBS for 30 min at RT. Subsequently, cultures were incubated with

primary antibodies to microglia (mouse monoclonal antibody, OX-42, against CD 11b surface

antigen; 1:1500 dilution; Serotec, Oxford, UK), to neuronal nuclei (NeuN) (mouse monoclonal

antibody; 1:100; Chemicon, Temecula, CA), or to phospho-p38 or -p42/44 MAPK (rabbit polyclonal

antibody; 1:1000 and 1:250 dilution; New England Biolabs, Beverly, MA) in the blocking buffer for 48

hr at 4°C. The cultures were rinsed with 0.1 M PBS, incubated with the secondary antibody

biotinylated anti-mouse IgG (1:200 dilution; Amersham Pharmacia Biotech, Berkshire, UK) or

biotinylated anti-rabbit IgG (1:200 dilution; Amersham Pharmacia Biotech) for 2 hr at RT, and reacted

with alkaline phosphatase– avidin–biotin complex (1:200 dilution; Vector Laboratories, Burlingame,

CA) for 2 hr at room temperature and rinsed. The color was obtained from an alkaline phosphatase

substrate kit (Vector Laboratories). In one set of experiments, phospho-p38 MAPK-immunostained

cultures were double-stained with OX-42 antibody (1:800 dilution) using anti-mouse IgG fluorescein

(1:70 dilution; Jackson ImmunoResearch, West Grove, PA) as a secondary antibody.

Immunoreactive cells were counted in a blinded manner from 6–10 random fields of 4 × 10 mm

area per well and from three to five wells per treatment.

Proliferation assay. Thymidine analog 5′-bromo-2′deoxyuridine-5′-monophosphate (BrdU) (Sigma)

was added to the medium at 5 μM concentration. After 24 hr, the cultures were fixed with 4%

paraformaldehyde in 0.1M PBS for 20–30 min and rinsed in 0.1M PBS. The DNA was denatured by

incubating the cultures first with 50% formamide in 2× SSC for 2 hr at 65°C, followed by 2N HCl

treatment for 30 min at 37°C. After neutralization with 0.1 M boric acid, pH 8.5, for 10 min at RT, the

cultures were rinsed in 0.1 M PBS and incubated with a mouse monoclonal anti-BrdU (0.25 μg/ml;
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Boehringer Mannheim, Mannheim, Germany) in the blocking buffer at RT for 24 hr. Otherwise, the

procedure was identical to the immunocytochemistry described above. The immunoreactive cells

were counted in a ratio of total cell number from 6–10 random fields of 4 × 10  mm area per well

and from three to five wells per treatment in a blinded manner.

Detection of apoptosis. Apoptotic cell death was demonstrated by nuclear bis-benzimide (Hoechst

33342; 5 μg/ml for 5 min; Sigma) staining of 4% paraformaldehyde-fixed cultures and by DNA ladder

formation. The bis-benzimide-stained cultures were examined in a Nikon (Tokyo, Japan) Diaphot 300

inverted fluorescence microscope equipped with appropriate filter sets.

For detection of DNA ladders, the cells were plated on the poly-L-lysine-coated six-well plates. After

an exposure of 24 hr, the cells were gently rinsed with 0.1 M PBS and harvested with a cell scraper

into 0.3 ml of ice-cold 0.1 MPBS. Genomic DNA was isolated and used as a template in a ligation-

mediated PCR (LM-PCR) (ApoAlert LM-PCR Ladder Assay kit; Clontech, Palo Alto, CA). Briefly, the

5′-phosphorylated blunt ends of the DNA fragments generated by apoptosis were first ligated (T4

DNA ligase; 16°C, 12–16 hr) with dephosphorylated adapters composed of a 12-mer and a 24-mer.

Because of the adapter design, only the 24-mer was ligated and the 12-mer was released in the

subsequent heating step. The protruding ends were first filled in using a thermostable DNA

polymerase (72°C, 8 min) and next subjected to PCR with the 24-mers serving as primers. Thermal

cycling was composed of a denaturation step (94°C, 1 min) and combined with an annealing and

polymerization step (72°C, 3 min). Samples of 5 μl were taken after completing of 23, 26, 29, 32, and

35 cycles and analyzed by electrophoresis on a 1.2% agarose gel. The DNA ladders were visualized

after ethidium bromide staining using UV light, and the intensity of DNA fragments was analyzed by

ImageQuant software. The LM-PCR experiment was run twice with two different set of samples.

Western blot analysis of mitogen-activated protein kinases.Cells were lysed in the lysis buffer (20

mMTris-HCl, 5 mM EGTA, 1% Triton X-100, 1 mM Na V O , and 1 mM PMSF). After protein

concentrations were analyzed with Bio-Rad (Hercules, CA) Protein Assay reagent, the samples were

incubated with Laemli's buffer for 5 min at 100°C. Protein (10 μg) was loaded per lane, and the

proteins were separated by electrophoresis in 10% SDS-PAGE gel, using a MiniProtean apparatus

(Bio-Rad) and transferred onto Hybond-P membrane by MiniTransBlot (Bio-Rad) wet blotting

apparatus according to the manufacturer's instructions. The membrane was blocked by 5%

skimmed milk solution in 0.1 mM PBS for 1 hr at RT. Activated forms of p38 and p42/44 MAPKs were

detected by incubating membranes with rabbit polyclonal phospho-p38 and -p42/42 MAPK

antibodies (1:1000 dilution; New England Biolabs) for 2 hr at RT. Similarly, GluR4 AMPA/kainate

receptor was detected by incubating membranes with rabbit polyclonal GluR4 antibody (1:200

dilution; Chemicon) for 2 hr at RT. Secondary HRP-labeled anti-rabbit IgG antibodies (1:2000;

−3 2
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Amersham Pharmacia Biotech) were added for 2 hr at RT. The protein bands were visualized using

ECL Plus kit (Amersham Pharmacia Biotech), scanned on STORM fluoroimager (Molecular Dynamics,

Sunnyvale, CA), and quantified using ImageQuant software (Molecular Dynamics).

Statistical analysis. Data are presented as the mean ± SD. Statistical comparisons were made by

single-factor ANOVA ,followed by Tukey's post hoc test controlling Type I error.p values < 0.05 were

considered significant.

RESULTS

Minocycline prevents excitotoxic cell death in mixed SC cultures

Our preliminary experiments demonstrated that a 24 hr exposure to 500 μM glutamate or 100 μM

kainate resulted in death of 60–40% of the neurons when compared with a 24 hr exposure to 1 mM

glutamate or 500 μM kainate, which resulted in 100% neuronal death (data not shown). Neuron

counts from the NeuN-immunostained cultures confirmed that 40–50% of the neurons survived the

exposure to 500 μM glutamate and 100 μM kainate (Fig.1c). Administration of minocycline 30 min

before the exposure to 500 μM glutamate reduced the LDH release dose-dependently (Fig. 1a). The

IC for minocycline was 10 nM, but the maximal and most consistent (small variation) protection

(~40%) was achieved by the treatment with 20 nM to 2 μM minocycline. The higher doses did not

increase the neuronal survival (data not shown). Therefore, 20 nM minocycline was used for the next

experiments. Figure 1b demonstrates that, in separate experiments, administration of 20 nM

minocycline 30 min before the exposure decreased glutamate-induced LDH release by 58% (p <

0.01; single-factor ANOVA) and kainate-induced LDH release by 41% (p < 0.01; single-factor

ANOVA) (Fig. 1b). The reduced loss of neurons in minocycline-treated cultures was also found in

NeuN-stained cultures (Fig. 1c). Bis-benzimide revealed neuronal nuclei with fragmented DNA in

glutamate and kainate-exposed cultures (Fig.1d–f). The DNA fragmentation, an indication of

apoptosis, was confirmed by two separate semiquantitative ligation-mediated PCR assay

experiments, which demonstrated that minocycline treatment reduced glutamate-induced DNA

fragmentation (Fig.1g) by ~86% according to quantitations of the DNA laddering (data not shown).

50
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Fig. 1.

Excitotoxin-induced neuronal death is inhibited by minocycline treatment. a, Dose-dependent neuroprotection of
minocycline detected by measuring LDH release from SC cell culture medium after 24 hr exposure to 500 μM glutamate
with and without 2 μM to 0.01 nM minocycline treatment. Ten nanomolar minocycline was the lowest dose to provide
significant neuroprotection, but the most consistent (with the least variation) and efficient protection was seen at 20 nM
to 2 μM concentrations. Data are presented as the mean ± SD pooled from two independent experiments (n = 6). *p <
0.05; **p < 0.01 versus glutamate; single-factor ANOVA. 100% LDH release refers to the LDH release observed 24 hr
after adding 500 mM glutamate alone.b, LDH release into SC cell culture medium, measured after a 24 hr exposure to
500 μM glutamate and 100 μM kainate (KA), is significantly reduced by 0.02 μM minocycline treatment. Data are
presented as the mean ± SD pooled from three independent experiments (n = 12). **p < 0.01; single-factor ANOVA.
100% LDH release refers to the LDH release observed 24 hr after adding 500 μM glutamate or 100 μM kainate alone. c,
The neuronal cell loss in SC cell cultures caused by 24 hr exposure to 500 μM glutamate and 100 μM kainate was
decreased by 0.02 μM minocycline treatment. NeuN-immunoreactive cells were counted in a blind manner. Data are
presented as the mean ± SD pooled from two independent experiments (n = 6). **p < 0.01; single-factor ANOVA. d–f,
Representative fluorescence micrographs of bis-benzimide chromatin staining in SC cell cultures exposed to 500 μM
glutamate for 24 hr with and without 0.02 μM minocycline treatment. Healthy surviving neurons have a round and large
nucleus, whereas in preapoptotic neurons the nuclei are condensed (arrows) and in apoptotic neurons chromatin has
fragmented (arrowheads). Preapoptotic and apoptotic neurons can been seen in cultures exposed to glutamate (d). In
minocycline-pretreated (e) and control (f) cultures, preapoptotic and apoptotic neurons are not observed. Scale bars:
d–g, 200 μm; d′, 100 μm.g, The apoptotic neuronal death and its inhibition by minocycline was also studied by
semiquantitative ligation-mediated PCR assay. The number of DNA fragments generated in 500 μMglutamate-exposed
(Glu), unexposed (0-ctrl), and 0.02 μMminocycline-treated glutamate-exposed (Glu+MC) cultures was amplified by 23,
26, 29, 32, and 35 (the five lanesfrom right to left in the gel, representing each kind of sample) thermal cycles and
compared with a positive control sample [(+)Ctrl, provided by the manufacturer of the kit], which was run in parallel with
other samples. DNA ladder became clearly visible only in the samples from glutamate-treated cells. The experiment was
repeated twice with similar results.
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Minocycline inhibits microglial proliferation, which precedes increased LDH release in mixed
SC cultures

After a 24 hr exposure to 500 μM glutamate or 100 μM kainate, a twofold to threefold increase in the

number of microglial cells was found (Fig.2a,b). Minocycline treatment completely prevented the

increase of OX-42-positive cells in glutamate- or kainate-exposed cultures. Minocycline slightly

reduced the number of microglial cells even in control cultures, which were not challenged with

excitotoxins (Fig. 2a). When comparing the time course of the changes in OX-42-positive cells and

LDH release, 500 μM glutamate increased the number of OX-42-positive cells from 65 ± 14 to 132 ±

13 per 4 × 10  mm (mean ± SD; p < 0.01; single-factor ANOVA) at 12 hr and to 165 ± 16 per 4 ×

10  mm (p < 0.05; single-factor ANOVA) at 24 hr, whereas the increase in LDH was not significantly

changed at 12 hr (p = 0.5; single-factor ANOVA) but became significant only at 24 hr after

administration of glutamate (p < 0.01; single-factor ANOVA). In addition, sublethal concentrations of

excitotoxins, 20 μMkainate or 50 μM glutamate, increased the number of OX-42-positive cells twofold

to threefold, and this increase was inhibited by 0.02 μM minocycline (data not shown). Also, neuron-

free cultures from newborn rat midbrain and forebrain responded to excitotoxins with a twofold to

threefold increase in the number of microglia in a minocycline-sensitive manner (Fig. 2c). This was

the only comparison between the brain and SC cultures, and the results were in agreement. Finally,

because activated microglia have been reported to increase the release of IL-1β (Rothwell et al.,

1996; Pearson et al., 1999; Streit et al., 1999), we studied changes in IL-1β release in mixed SC

cultures. Toxic concentrations of glutamate or kainate increased the release of IL-1β (Fig. 2d), and

this effect was reduced by minocycline treatment at the neuroprotective concentration of 0.02 μM.

Altogether, these results indicated that excitotoxins induce microglial proliferation and activation

independent of neuronal injury. If the hypothesis that microglia proliferation contributes to

excitotoxicity is correct, then increasing the number of microglial cells present in the mixed cultures

should result in enhanced excitotoxic cell death. We therefore cultured pure microglia cells on top of

SC cultures, and this increased the proportion of microglia cells from 5 to 15% (threefold). Both basal

LDH release as well as glutamate- and kainate-induced LDH releases were significantly enhanced 24

hr later in these microglia-rich cultures compared with normal SC cultures, and minocycline was still

able to provide significant (p < 0.05; single-factor ANOVA) neuroprotection (Fig. 2e).
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Fig. 2.

Minocycline (MC) inhibits excitotoxin-induced proliferation of microglial cells independently of neuronal cell death. a, In
SC cultures, the number of OX-42-immunoreactive (OX-42-IR) microglial cells is significantly increased after a 24 hr
exposure to 500 μMglutamate (Glu) and 100 μM kainate (KA). Minocycline (0.02 μM) treatment completely prevents the
microglia proliferation and decreases the microglia cell number even in unexposed control cultures (0-ctrl). Data are
presented as the mean ± SD counted in a blind manner and pooled from two independent experiments (n = 8). **p <
0.01; single-factor ANOVA. b, Representative photomicrographs of the effect of glutamate and minocycline on OX-42-
immunoreactive cells. Scale bar, 250 μm. c, A 24 hr exposure of neuron-free glial cultures to 500 μMglutamate and 500
μM kainate results in microglia proliferation, which is inhibited by 0.2 μM minocycline treatment. Minocycline also inhibits
the spontaneous microglia proliferation. Data are presented as the mean ± SD counted in a blind manner (n = 3). **p <
0.05; single-factor ANOVA. d, Exposure of SC cultures to excitotoxins causes increased IL-1β release, which is reduced
by minocycline treatment. The exposure and treatment of these cultures were done as described in Figure 1a. Data are
presented as the mean ± SD pooled from two independent experiments (n = 6). **p < 0.01; single-factor ANOVA. e,
Increased number of microglia in SC cell cultures enhances the excitotoxicity, which was inhibited by minocycline.
Adding microglia onto SC cell cultures (+MG), excitotoxicity of 500 μM glutamate and 100 μM kainate is increased
significantly (*p < 0.05; single-factor ANOVA) when compared with the normal mixed SC culture (−MG). The basal LDH
release is also enhanced significantly (*p < 0.05; single-factor ANOVA) in microglia-rich cultures. Minocycline (0.02 μM)
treatment 30 min before excitotoxin exposures was able to provide significant (§p < 0.05; single-factor ANOVA)
neuroprotection. Data were presented as the mean ± SD pooled from two independent experiments (n = 6).

Excitotoxin-induced activation of p38 MAPK in microglia is prevented by minocycline, and
inhibition of p38 MAPK is neuroprotective in mixed SC cultures

p38 and p44/42 MAPK are activated within 5–30 min after external stimulation of the brain (Murray

Download figure | Open in new tab | Download powerpoint
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et al., 1998; Alessandrini et al., 1999; Sugino et al., 2000) or various in vitro cell preparations (Bhat

et al., 1998; Chen and Wang, 1999; Mukherjee et al., 1999). In our cell culture model, MAPK

activation peaks at 5–10 min, starting to decline after 30 min (N. Vartianen, G. Goldsteins, and J.

Koistinaho, unpublished observations). Treatment with 500 μM glutamate or 100 μMkainate for 10 min

increased immunoreactivity for active, phospho-p38 MAPK but not phospho-p44/42 MAPK in mixed

SC cultures (Fig.3a–e). Phospho-p38 MAPK was exclusively localized in microglial cells (Fig. 3b–e).

Phospho-p44/42 MAPK was found in astrocytes, several neurons, and in some solitary microglial

cells (data not shown). No MAPK response was seen in astrocytes, even when pure astrocyte

cultures were studied with immunoblotting (data not shown). Treatment with 0.02 μM minocycline

inhibited the excitotoxin-induced immunoreactivity for phospho-p38 (Fig.3a) and had no clear effect

on phospho-p44/42 MAPK (data not shown). To find out whether p38 MAPK or p44/42 MAPK

activation is required for excitotoxic neuronal death, the effect of SB203580, a p38 MAPK inhibitor,

and PD98059, a p44/42 MAPK inhibitor, on glutamate- and kainate-induced cell death was tested.

SB203580 (10 μM), but not 10 μMPD98059, provided neuroprotection against 24 hr exposure to 500

μM glutamate and 100 μMkainate (Fig. 3f). This neuroprotection was also associated with reduced

IL-1β release (data not shown).
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Fig. 3.

Minocycline (MC) treatment inhibits activation of p38 MAPK in microglia at neuroprotective doses, and inhibition of p38
MAPK is neuroprotective in SC cell cultures.a, Quantitation of phospho-p38 MAPK-immunoreactive microglia in SC cell
cultures after 10 min stimulation with 500 μM glutamate (Glu) and 100 μM kainate (KA) with and without 0.02 μM
minocycline treatment. Both glutamate and kainate increased the number of immunoreactive cells within 10 min.
Minocycline decreased the induced p38 MAPK activity in microglial cells. Data are presented as the mean ± SD counted
in a blind manner from three independent experiments (n = 9). **p < 0.01; single-factor ANOVA.b–e, Representative
photomicrographs of the effect of glutamate and minocycline on phospho-p38-immunoreactive (p38-IR) cells of SC cell
cultures. Double-staining with phospho-p38 (b) and OX-42 (c) antibodies indicates that p38 MAPK activity is increased
by glutamate stimulation only in microglia. Scale bar, 200 μm. f, LDH release induced by 500 μM glutamate and 100 μM
kainate (24 hr) was reduced by 10 μMSB203580 (SB), a specific p38 MAPK inhibitor, but not by 10 μM PD98059 (PD), a
specific p44/42 MAPK inhibitor. Data are presented as the mean ± SD from three independent experiments (n = 10–13).
**p < 0.01; single-factor ANOVA.0-ctrl, Unexposed 0 control.

Excitotoxins induce p38 MAPK-mediated proliferation and activation of microglial cells
independently of neurons and astrocytes: inhibition by minocycline

Previous studies have demonstrated the presence of metabotropic, NMDA, and AMPA/kainate

receptors in activated microglial cells (Gottlieb and Matute, 1997; Biber et al., 1999; Noda et al.,

2000). We confirmed the presence of GluR4 AMPA/kainate receptors in pure microglia cultures by

immunoblotting (Fig.4a) and immunocytochemistry (Fiebich et al., 2000). Treatment with glutamate

and kainate for 24 hr induced proliferation of pure microglia twofold to threefold compared with

spontaneous proliferation of the control cultures (Fig.4b). The excitotoxin-induced proliferation was

associated with increased release of NO metabolites and IL-1β (Fig.4c,d). In our microglia cell

cultures, induction of phospho-MAPKs peaks at 5–15 min after stimulation and decreases back to

basal levels within 60 min (data not shown). Phospho-p38 MAPK and phospho-p42/44 MAPK were

detectable in untreated microglia, but glutamate treatment increased the amount of phospho-p38

MAPK further by 45% transiently, i.e., at 5 min (Fig.5a), whereas no change was seen in phospho-

p44/42 MAPK (Fig. 5b). Treatment of pure microglia with 0.2 μM minocycline or with 10 μM SB203580

prevented the excitotoxin-induced proliferation of microglia (Fig. 4b). In addition, minocycline

treatment inhibited the IL-1β and NO metabolites release triggered by glutamate or kainate (Fig.

4c,d). Finally, minocycline treatment reduced the basal amount of phospho-p38 MAPK by 50% and

completely blocked the glutamate-induced increase of phospho-p38MAPK (p < 0.05; single-factor

ANOVA), (Fig. 5a) when administered 30 min before 5 min glutamate exposure. Minocycline also

decreased the levels of phospho-p44/42 MAPK (Fig. 5b).
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Fig. 4.

Stimulation of glutamate receptors causes microglial proliferation and activation, which are decreased by minocycline
(MC). a, Immunoblot analysis of AMPA/kainate receptor GluR4 in pure microglia cultures. A specific immunoreactive
band at appropriate size is detected. b, Quantitation of BrdU-positive cells in pure microglial culture 24 hr after
stimulation with 500 μM glutamate (Glu) and 100 μM kainate (KA). Both 0.2 μM minocycline and 10 μM SB203580 (SB), a
specific p38 MAPK inhibitor, treatments reduce the excitotoxin-induced microglial proliferation. Data are present as the
mean ± SD pooled from two independent experiments (n = 9–11). **p < 0,01; single-factor ANOVA. A 24 hr stimulation
with excitotoxins also causes increased NO (c) and IL-1β (d) release by a mechanism, which is reduced by 0.02 μM
minocycline treatment. Data are presented as the mean ± SD pooled from two independent experiments (n = 8). *p <
0.05; **p < 0.01; single-factor ANOVA. 0-ctrl, Unexposed 0 control.
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Fig. 5.

Glutamate-stimulated pure microglial cultures show an increased amount of phospho-p38 MAPK, which is reduced by
minocycline. Quantitative immunoblot analysis of phospho-p38 (a) and p44/42 MAPK (b) after 5 min stimulation with
500 μM glutamate alone (Glu 5min), 5 min stimulation with 500 μMglutamate with minocycline administered 30 min
before glutamate (Glu+MC 5min), 0.2 μM minocycline alone (MC 30min), and untreated cultures (0-ctrl). Below the
graphs, representative immunoblots are shown. The experiments were repeated twice with similar results (*p < 0.05).

DISCUSSION

Inflammation and excitotoxicity are two major components of brain injury and diseases, including

stroke and Alzheimer's disease (Beal, 1995; Dirnagl et al., 1999; Lee et al., 1999; Smith et al.,

2000). Our results demonstrate for the first time that excitotoxins induce activation and proliferation

of microglial cells and thereby enhance the release of microglial toxins, including IL-1β and NO,

resulting in increased neuronal death. This conclusion is in line with previousin vivo and in vitro

studies, which have suggested that activation of microglia contributes to ischemic and excitotoxic

neuronal death (Giulian and Corpuz, 1993; Giulian and Vaca, 1993; Kim and Ko, 1998; Rogove

and Tsirka 1998; Yrjänheikki et al., 1998, 1999). Because minocycline inhibits this interplay

between excitotoxicity and inflammation by inhibiting the p38 MAPK pathway in microglia cells, p38
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MAPK, and possibly its upstream kinases in these cells represent potential targets for

pharmacotherapy of brain diseases.

Activated microglial cells accumulate around the injured area in the human and rodent brain

(Kreutzberg, 1996; Schousboe et al., 1997). This microglial reaction can be detected as early as 20

min after ischemia and is maximal 4–6 d after the insult (Morioka et al., 1991). In Alzheimer's

disease, which represents a chronic neurodegenerative disease, activated microglia are regularly

associated with amyloid plaques (Beal, 1995; McGeer and McGeer, 1999). Although it has been well

demonstrated that microglial cells synthesize and release cytotoxic molecules, including cytokines

and proteases (Giulian and Corpuz, 1993; Giulian and Vaca, 1993; Rothwell et al., 1996; Tsirka et

al., 1996; Kim and Ko, 1998; Rogove and Tsirka, 1998; Flavin et al., 2000), it is difficult to

determine with in vivo models whether or not microglial cells play a role in neuronal cell death. Strong

depolarization by inducing spreading depression in the rat brain upregulates the number of activated

microglial cells in 3 d without association with neuronal death (Caggiano and Kraig, 1996),

indicating that microglial activation alone is not necessarily a sufficient stimulus to cause acute

neuronal death. On the other hand,in vitro studies have suggested that activated microglial cells do

play a role in neuronal death. Activation of these cells may exert detrimental effects by release of

inflammatory molecules (such as IL-1β, TNFα and NO) (Bhat et al., 1998; Fiebich et al., 1998),

extracellular proteases (Tsirka et al., 1996; Rogove and Tsirka, 1998;Flavin et al., 2000), or

presently uncharacterized factors that enhance excitotoxicity by acting through NMDA receptors

(Giulian and Vaca, 1993; Kim and Ko, 1998). We did not attempt to define the microglial factor(s)

responsible for enhanced excitotoxicity but demonstrated that microglial cells contribute to

excitotoxic cell death. This conclusion is based on the following findings: (1) increase of activated

microglial cells precedes excitotoxic cell death, (2) excitotoxicity can be enhanced by adding

microglial cells to mixed neuronal cultures, and (3) inhibition of a kinase (p38 MAPK), which is found

in its active form only in microglia, blocks microglial proliferation and activation and is simultaneously

protective against excitotoxicity. Although the evidence from cell culture studies strongly supports

the neurotoxic role of microglia, the role of these cells in the brain may be different and may depend

on the injury stimulus and functional state of other surrounding cells.

Although microglial cells seem to express fewer glutamate receptors than neurons, they express a

subset of NMDA and AMPA/kainate receptors after global brain ischemia (Gottlieb and Matute,

1997), and in vitro studies have demonstrated the presence of at least AMPA/kainate (Noda et al.,

2000) and group I metabotropic (Biber et al., 1999) glutamate receptors in unstimulated microglia

cells. We confirmed the presence of GluR4 AMPA/kainate receptor in our microglia preparation by

immunoblotting and showed a rapid activation and proliferation of microglial cells after stimulation
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with 500 μM glutamate or 100 μMkainate. Because both kainate and glutamate were efficient in

activating microglia, it is very likely that the effect was mediated substantially through AMPA/kainate

type glutamate receptors, although the effect of glutamate could also be partially mediated through

group I metabotropic receptors. Our preliminary studies with specific agonists suggest, however, that

metabotropic receptors play no role in microglial activation (T. Tikka, B. Fiebich, and J. Koistinaho,

unpublished observations).

Walton et al. (1998) have demonstrated that global brain ischemia induces activation of p38 MAPK

exclusively in microglial cells, and similar results have been obtained in focal brain ischemia

experiments on rats (Yrjänheikki and Koistinaho, 1999) and mice (Koistinaho et al., 2000). In

recent studies, transient activation of p38 MAPK was found in neurons after global brain ischemia in

gerbils (Sugino et al., 2000) and focal ischemia of the rat (Tian et al., 2000), but also in these studies

microglial cells showed a prominent activation of p38 MAPK. The activation of MAP kinases,

including p38 MAPK, clearly depends on the model used and the time point when tissues are

analyzed after stimulation. We found that glutamate and kainate induce transient activation of p38

MAPK exclusively in microglial cells, partially in line with the previous studies. Because p38 MAPK is

thought to mediate inflammatory responses in various cell types (Lee et al., 1994; Chen and Wang,

1999), including microglia (Bhat et al., 1998), possibly by activating transcription factors that

positively regulate inductions of inflammatory genes (Bhat et al., 1998), inhibition of p38 MAPK can

be expected to be beneficial in injuries involving microglial activation and inflammation. Specific

inhibitors of p38 MAPK have been proven to reduce peripheral inflammation (Underwood et al.,

2000; Warny et al., 2000), slow down microglial activation (Bhat et al., 1998), and protect brain

against ischemic insults (Sugino et al., 2000). Our results confirm the role of p38 MAPK in both

microglial activation and excitotoxic cell death, when in vitro models are applied. It should be noted

that, although p44/42 MAPK is thought to be a survival kinase (Grewal et al., 1999) and inhibition of

p44/42 MAPK in our culture model and in some previous in vivo studies was without effect (Sugino

et al., 2000), p44/42 MAPK has been shown to contribute to ischemic neuronal death in vivo

(Alessandrini et al., 1999) and to seizure-induced neuronal damage in vitro (Murray et al., 1998). On

the other hand, some studies have reported no activation of p44/42 MAPK after focal brain ischemia

(Tian et al., 2000). We did not detect activation of p44/42 MAPK in our culture system but observed

a considerable basal expression of p44/42 MAPK, which might mask the possible activation by

excitotoxicity. Altogether, it is evident that the role of MAPK signaling in brain injury depends on

several factors, including the model used and the time or the route of inhibitor administration.

Minocycline and doxycycline are semisynthetic tetracycline derivatives, which exert several anti-

inflammatory effects independent of their anti-microbial action. These tetracyclines and their non-
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antibiotic derivatives (chemically modified tetracyclines) inhibit matrix metalloproteases, nitric oxide

synthases, cyclooxygenase-2, and phospholipase A2 (Amin et al., 1996; Golub et al., 1998; Patel et

al., 1999). In addition, they have been associated with reduced free-radical formation and inhibition

of interleukin-1β synthesis (Gabler and Creamer, 1991; Yrjänheikki et al., 1998). We have shown

previously that minocycline provides significant protection against global and focal brain ischemia

that is associated with reduced microglial activation, reduced expression of iNOS and ICE, and

diminished activation of COX-2 (Yrjänheikki et al., 1998, 1999). In addition, minocycline inhibits

caspase-1 and caspase-3 expression and delays mortality in an animal model of Huntington's

disease (Chen et al., 2000). Our present results support the previous findings and suggest that

minocycline provides neuroprotection by inhibition of microglial activation and proliferation through

inhibition of the p38 MAPK pathway. Because activation of the p38 MAPK pathway is involved in

induction of several proinflammatory genes, inhibition of p38 MAPK may be a mechanism by which

minocycline exerts a wide range of anti-inflammatory effects in the brain and peripheral system.

Altogether, compounds that inhibit p38 MAPK activation in microglia represent potential therapies

against excitotoxic brain insults. We found doses of 0.02–2 μM, corresponding to 1–0.01 μg/ml

concentrations, to be efficient. Because minocycline concentration up to 1 μg/ml can be achieved in

the dog CSF and brain (Barza et al., 1975), the doses used in the present study may have clinical

relevance. Considering that the identification of minocycline as such an anti-inflammatory compound

indicates that semisynthetic tetracycline derivatives, which are clinically well tolerated, are good

candidates for treatment of human brain diseases.
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