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The inflammatory cytokines interleukin-1� and tumor necrosis factor-� (TNF-�) have been identified as mediators of several forms of
neurodegeneration in the brain. However, they can produce either deleterious or beneficial effects on neuronal function. We investigated
the effects of these cytokines on neuronal death caused by exposure of mouse organotypic hippocampal slice cultures to toxic concen-
trations of AMPA. Either potentiation of excitotoxicity or neuroprotection was observed, depending on the concentration of the cytokines
and the timing of exposure. A relatively high concentration of mouse recombinant TNF-� (10 ng/ml) enhanced excitotoxicity when the
cultures were simultaneously exposed to AMPA and to this cytokine. Decreasing the concentration of TNF-� to 1 ng/ml resulted in
neuroprotection against AMPA-induced neuronal death independently on the application protocol. By using TNF-� receptor (TNFR)
knock-out mice, we demonstrated that the potentiation of AMPA-induced toxicity by TNF-� involves TNF receptor-1, whereas the
neuroprotective effect is mediated by TNF receptor-2. AMPA exposure was associated with activation and proliferation of microglia as
assessed by macrophage antigen-1 and bromodeoxyuridine immunohistochemistry, suggesting a functional recruitment of cytokine-
producing cells at sites of neurodegeneration. Together, these findings are relevant for understanding the role of proinflammatory
cytokines and microglia activation in acute and chronic excitotoxic conditions.
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Introduction
Cytokines are involved in immune responses and in various CNS
events (Allan and Rothwell, 2001; Beattie, 2004). Cytokines are
barely detectable in the CNS under physiological conditions, but
they become rapidly upregulated by pathological events, like
ischemia (Minami et al., 1992; Wang et al., 1997), excitotoxicity
(Minami et al., 1991), lipopolysaccharide injection (Gabellec et
al., 1995), or viral infection (Marquette et al., 1996). In this re-
spect, two of the best-studied cytokines are interleukin (IL)-1�
and tumor necrosis factor-� (TNF-�) (Rothwell and Luheshi,
2000; Allan and Rothwell, 2001; Kunkler et al., 2004).

Increased expression of IL-1� mRNA and protein in the brain
has been reported in response to several forms of neuronal dam-

age (Minami et al., 1990, 1992; Taupin et al., 1993; Yabuuchi et
al., 1993; Wang et al., 1994; De Simoni et al., 2000), and inhibi-
tion of endogenous IL-1� in vivo, by administration of recombi-
nant IL-1� receptor antagonist (IL-1ra), reduces injury caused by
excitotoxicity, trauma, or ischemia (Loddick and Rothwell, 1996;
Loddick et al., 1996; Hara et al., 1997). However, IL-1� can in-
crease also the synthesis of neurotrophic factors and inhibitory
peptides, suggesting that it might mediate beneficial effects on
neurons (Rivera et al., 1994; Miyachi et al., 2001).

TNF-� is a pleiotropic peptide that binds to specific receptors,
expressed by both glia and neurons (Wolvers et al., 1993). Two
different TNF receptors (TNFRs) (TNFR1 or p55 and TNFR2 or
p75) have been identified (Beutler and van Huffel, 1994), and
they have been shown to mediate different cellular responses us-
ing distinct, although partially overlapping, pathways (Tartaglia
et al., 1991; Downen et al., 1999; Sullivan et al., 1999). Several
lines of evidence have implicated TNF-� as a crucial mediator of
neuronal cell death in focal cerebral ischemia and traumatic brain
injury (Meistrell et al., 1997; Nawashiro et al., 1997a; Scherbel et
al., 1999; Sullivan et al., 1999; Kunkler et al., 2004). However,
other findings support a neuroprotective role of this cytokine. In
particular, knock-out (KO) mice lacking both TNF receptors or
TNFR1 receptors only (Bruce et al., 1996; Gary et al., 1998) show
exacerbated ischemic and excitotoxic brain damage. Concerning
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possible signal transduction mechanisms, TNF-� plays a neuro-
protective role in ischemic tolerance (Nawashiro et al., 1997b;
Zimmermann et al., 2001) and in glucose deprivation-induced
injury, and these effects seem to involve attenuation of the eleva-
tion of intracellular Ca 2� (Cheng et al., 1994). Other potential
mechanisms of TNF-�-mediated neuroprotection include stim-
ulation of antioxidant pathways (Wilde et al., 2000) and en-
hanced expression of manganese superoxide dismutase or calbi-
ndin (Cheng et al., 1994; Barger et al., 1995; Mattson et al., 1997).

In this study, we used organotypic mouse hippocampal slice
cultures to investigate the putative roles of TNF-� and IL-1� in
glutamate receptor-mediated neurodegeneration, and under
which circumstances, neurotoxic versus neuroprotective effects
occur. Given that microglial cells are a major source of endoge-
nous CNS cytokine production (De et al., 2003), microglia acti-
vation and proliferation, in relation to the excitotoxic neuronal
cell death mediated by glutamate receptor activation, were also
assessed.

Materials and Methods
Organotypic hippocampal slice cultures. Hippocampal slice cultures were
prepared from 6- to 8-d-old wild-type (WT) or TNFR KO C57BL/6 mice,
according to the interface culture method (Stoppini et al., 1991), as modified
by Kristensen et al. (1999) and Noraberg et al. (1999). C57BL/6 mice was the
strain used to generate homozygous TNFR1�/�, TNFR2�/�, or TNFR1�/

�/TNFR2�/� doubly deficient mice. Generation and detailed characteriza-
tion of these TNFR-deficient mice were reported previously (Peschon et al.,
1998). Briefly, and in accordance with ethically approved standard proce-
dures (Danish and European Community guidelines for the use of animals
in laboratory), mice were killed by decapitation, the brains were removed
under sterile conditions, and the two hippocampi were isolated and cut in
transverse sections at 350 �m using a McIlwain tissue chopper. Individual
slices were released of excess tissue and placed in ice-cold Gey’s balanced salt
solution (GBSS; Biological Industries, Kibbutz Beit Haemek, Israel) with
25 mM D-glucose (Merck, Darmstadt, Germany) before placed on porous
(0.4 �m) insert membranes (Millipore, Bedford, MA), with six slices on each
membrane, and transferred to six-well culture trays (Corning Costar, Corn-
ing, NY). Each well contained 1 ml of culture medium composed of 50%
Opti-MEM, 25% heat-inactivated horse serum, and 25% HBSS (all from
Invitrogen, Paisley, UK) and supplemented with D-glucose to a final concen-
tration of 25 mM. The cultures were then placed in an incubator with 5%
CO2 and 95% atmospheric air at 33°C with medium change twice each week
for the following 2–3 weeks. No antibiotics or antimitotics were used at any
stage. At the start of experiments, the culture medium was replaced with 1 ml
of chemically defined, serum-free neurobasal medium (Invitrogen) with
1 mM L-glutamine (Invitrogen), and B27 supplement (Invitrogen), and the
incubator temperature was raised to 36°C. The initial medium and temper-
ature conditions were used to improve the long-term survival and growth
conditions of the cultures, whereas the changes of temperature and medium,
during the experiments, served to adapt the cultures to experimental
conditions.

Determination of neuronal damage by propidium iodide uptake. Spon-
taneous and induced neuronal cell death in the slice cultures was assessed
by monitoring the culture uptake of the fluorescent dye propidium io-
dide (PI) [3,8-diamino-5-(3-(diethylmethylamino)propyl)-6-phenyl
phenanthridinium diiodide; Sigma, St. Louis, MO], a method routinely
used and validated in our laboratories (Kristensen et al., 1999, 2001;
Noraberg et al., 1999; Silva et al., 2003). PI is a stable fluorescent dye
absorbing blue-green light (493 nm) emitting red fluorescence (630 nm).
As a polar substance, it only enters dead or dying cells with a damaged or
leaky cell membrane, interacting with DNA to yield a bright red fluores-
cence. PI is nontoxic to neurons (Hsu et al., 1994; Kristensen et al., 2001)
and has been used as an indicator of neuronal membrane integrity
(Pozzo Miller et al., 1994) and cell damage (Vornov et al., 1991; Hsu et al.,
1994). Three hours before exposure to AMPA and/or other compounds,
2 �M PI was added to the medium for determination of basal cellular
uptake (see Fig. 1), and the same concentration of PI was always added at

all subsequent medium changes during the experimental period. Cellular
uptake of PI was recorded by fluorescence microscopy [Olympus
(Ballerup, Denmark) IMT-2, 4X (Slan FL2)] using a digital camera (Sen-
sys KAF 1400 G2; Photometrics, Tucson, AZ) with 0.75 s of exposure
time. After exposure of the cultures to the drugs, digital fluorescent mi-
crographs were taken at different points and used for densitometry mea-
surements of the PI uptake in the dentate granule cell layer (DG) and in
the CA3 and CA1 pyramidal cell layers. This was done by delineating the
different subfields using NIH Image 1.62 analysis software.

Dose-response study of AMPA-induced excitotoxicity. Excitotoxic effects
of AMPA were monitored by PI uptake and measured densitometrically
in the entire slice culture as well as in the individual subfields. For deter-
mination of half-maximal excitotoxic concentrations (EC50 values),
3-week-old slice cultures were exposed for 24 h to doses of 1–30 �M

AMPA (Tocris Cookson, Bristol, UK) and then returned to neurobasal
medium without drugs for an additional 24 h (see Fig. 1 A). The fluores-
cent micrographs of the PI uptake were taken before the exposure to
AMPA (day 0), after 24 h (day 1) and 48 h (day 2) of exposure, and at the
end of the additional recovery period (day 3). Control cultures were not
exposed to any drugs. The selective involvement of AMPA receptors in
neuronal death was investigated by coexposing one group of slice cul-
tures to the estimated EC50 value of 8 �M AMPA, with 15 �M (�)-1-(4-
aminophenyl)-3-methylcarbamyl-4-methyl-3,4-dihydro-7,8-methylene-
dioxy-5H-2,3-benzodiazepine (LY303070), a selective noncompetitive
AMPA receptor antagonist (kind gift from Lilly Research Laboratories,
Indianapolis, IN). The basal PI uptake at 0 d was subtracted from the
values recorded at 1, 2, and 3 d in each experimental condition.

Cytokine exposure. The effects of cytokines on AMPA-mediated neu-
ronal cell death were studied by exposing WT slice cultures to mouse
recombinant IL-1� (R & D Systems, London, UK) or mouse or human
recombinant TNF-� (mouse sequence; R & D Systems; human sequence,
Abingdon Peprotech, London, UK) using the following temporal se-
quences: preincubation for 24 h only before adding 8 �M AMPA, prein-
cubation plus coincubation with AMPA, or only coincubation with
AMPA (see Fig. 1 B) (Wilde et al., 2000; Pringle et al., 2001). The same
protocols were used to study the effect of anti-TNF-� antibody (Upstate
Biotechnology, Lake Placid, NY) and IL-1ra (R & D Systems). Anti-
TNF-� antibody was used at 81 �g/ml or 162 �g/ml to neutralize the
biological effects of 1 ng/ml or 10 ng/ml TNF-�, respectively (in agree-
ment with the instruction of the supplier), whereas IL-1ra was given in a
ratio of 10:1 to IL-1� concentrations (Pringle et al., 2001). We also per-
formed a dose-response study (0.3–30 ng/ml) for either cytokines, apply-
ing the experimental protocol that allowed us to observe neurotoxic
and/or neuroprotective effects against AMPA-mediated cell death.
Therefore, slices were preincubated with TNF-� for 24 h plus coincuba-
tion with AMPA for additional 24 h. The selective involvement of indi-
vidual TNF-� receptor subtypes in neuronal death or survival was stud-
ied by exposing TNFR1 or TNFR2 KO hippocampal slices to TNF-� and
AMPA using the same experimental protocol, which provided protective
or toxic effects in both CA1 and CA3 subfields.

All experiments included a separated series of control cultures not
subjected to AMPA, TNF-�, IL-1�, anti-TNF-� antibody, or IL-1ra.
Fluorescent micrographs of the PI uptake were taken before the exposure
to drugs (0 d; basal uptake), at 24 h and 48 h after the exposure to drugs
(1 and 2 d, respectively), and after an additional 24 h recovery period in
neurobasal medium (3 d). The PI uptake recorded at 0 d was subtracted
from the values at 1, 2, and 3 d. To assess the effects of treatments, we used
the PI uptake values obtained at 2 d (see Fig. 1 B).

Cell proliferation studies. For detection of cell proliferation, 5-bromo-
2�-deoxyuridine (BrdU) (Research Diagnostic, Flanders, NJ) was added
to the medium for incorporation in and subsequent visualization of di-
viding cells. Slices were exposed to 3 �M BrdU for 48 h (from 1 to 3 d; see
above) and followed by change to normal medium. To investigate the
effect of AMPA-induced excitotoxicity on cell proliferation, the cultures
were exposed for 24 h to AMPA and then fixed in paraformaldehyde
immediately or after a 4 d recovery period in a medium lacking AMPA.

Immunohistochemical staining for markers of microglial cells and cell
proliferation. For visualization of microglial cells and their morphological
changes, cryostat sections were stained immunohistochemically using
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the anti-macrophage antigen-1 (Mac-1) antibody, which labels resting
and activated microglia cells (Perry et al., 1985). For histological process-
ing and immunohistochemical staining, control cultures and cultures
exposed to AMPA were fixed by immersion in paraformaldehyde for 30
min, cryoprotected in 20% sucrose, stored at 4°C, and used for subse-
quent cryostat sectioning (at 20 �m) and staining. Sections were stored at
�20°C until additional processing.

After thawing at room temperature (RT), the sections were rinsed in
0.1 M Tris-buffered saline (TBS), pH 7.4, with 1% Triton X-100, treated
with 10% fetal bovine serum (FBS) for 30 min to reduce unspecific
labeling, and incubated for 24 h at 4°C with primary rat anti-Mac-1
antibody (CD11b; 1:600; Serotec, Oxfordshire, UK). Thereafter, the sec-
tions were rinsed in TBS–Triton X-100 and incubated for 1 h at RT with
a secondary biotinylated anti-rat antibody (1:200; Amersham Bio-
sciences, Braunschweig, Germany). After an additional rinse in TBS–
Triton X-100, sections were incubated in horseradish peroxidase (HRP)-
conjugated streptavidine (1:200; Dako, Glostrup, Denmark) for 1 h at RT
with subsequent visualization of the HRP by 3,3�-diaminobenzidine
(Sigma).

For subsequent BrdU staining, the sections (previously stained for the
microglial marker) were rinsed with TBS and then washed in 2� sodium
chloride/sodium citrate (20� SSC stock containing 3.0 M sodium chlo-
ride and 0.3 M sodium citrate, pH 7.0) for 15 min. To enhance the im-
munohistochemical detection of BrdU, the sections were treated with
49% formamide (Merck, Darmstadt, Germany) in 2� SSC at 60°C for
2 h. This was followed by an additional brief wash in 2� SSC and incu-
bation in 2N HCl in TBS at 37°C for 30 min. After 10 min of incubation
in 0.1 M sodium borate buffer, pH 8.5, the sections were washed in TBS
for 15 min and TBS–Triton X-100 for 45 min. Sections were then incu-
bated with 10% FBS in TBS for 30 min at RT and then overnight at 4°C in
sheep anti-BrdU (1:1000; Research Diagnostics) in 10% FBS. After a
rinse in TBS–Triton X-100, sections were incubated for 1 h at RT with
secondary alkaline-phosphatase (AP)-conjugated anti-rat (1:200;
Sigma), rinsed in TBS, and incubated in Tris/HCl, pH 9.5, for 10 min.
The AP reaction was visualized with nitro blue tetrazolium/5-bromo-4-
chloro-3-indolyl phosphate/Levamisole (all from Sigma).

The sections were finally rinsed in water, dehydrated in acetone, and
mounted with a coverslip in Aquatex (Vedbaek, Denmark). Primary

antibody omission was used to test the specificity of the immunohisto-
chemical labeling for both Mac-1 and BrdU.

Stereological analysis. Only sections of cultures with intact hippocam-
pal subfields were used for stereological cell counts of Mac-1, BrdU, and
Mac-1 plus BrdU-positive cells. For analysis, the treatment of the various
series of cultures was blinded to the observer. Counts were performed in
the CA1 and CA3 subfields according to the optical dissector method
using Olympus Castgrid software.

Estimates of the total number of Mac-1, BrdU, and Mac-1 plus BrdU-
positive cells per culture ( N) were calculated using the following
equation:

N � �Q �(1/ssf)(1/asf)(1/tsf),
where Q � is the number of cells counted, ssf is the section sampling

fraction, asf is the area sampling fraction, and tsf is the thickness sam-
pling fraction (tsf was 1).

Using the optical dissector method, the risk of counting the same cell

Figure 1. Schematic representation of the protocols used for studying the excitotoxic effects
of AMPA (A) and the effects of TNF-� and IL-1� on AMPA-induced neuronal cell death (B) in
organotypic hippocampal slice cultures derived from postnatal day 7 C57BL/6 mice. Large ar-
rows, Recordings of PI uptake by photography; small arrows, addition of PI to the medium;
dashed lines, exposure to AMPA.

Figure 2. AMPA-induced excitotoxicity in organotypic hippocampal slice cultures of mice. A,
Fluorescence photomicrographs of PI uptake at day 1 in representative control hippocampal
slice cultures, in cultures exposed for 24 h to 8 �M AMPA, and in cultures coexposed to 8 �M

AMPA and 15 �M LY303070, a selective AMPA receptor antagonist. Scale bar, 500 �m. B,
Densitometry measurements of PI uptake induced by 8 �M AMPA in the CA1 and CA3 pyramidal
cell layers and blockade of this effect by 15 �M LY303070. The PI uptake induced by 8 �M AMPA
was set to 100%. Data are expressed as mean � SEM (n � 10 – 69). ***p � 0.001 using
Bonferroni’s correction for comparison with control (no-drug exposure). C, Dose-response rela-
tionship for increasing concentrations of AMPA (1–30 �M) and cellular PI uptake measured in
the DG, in CA1 and CA3 pyramidal cell layers, and in the whole-slice culture (total) after exposure
to AMPA for 24 h (d1) and 48 h (d2). The maximal PI uptake in each condition was set to 100%.
Data are the mean � SEM (n � 7).
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in two adjacent slice sections was considered to result in only minor error
compared with estimation of the total number of cells (West, 1999).

Statistical analysis. The data of densitometry analysis of PI uptake were
expressed as means � SEM. The EC50 value for AMPA toxicity was
obtained from the concentration response curve using the concentration
of AMPA inducing 50% of maximum PI uptake. Statistical significance
was determined by using ANOVA, followed by Bonferroni’s posttest.
When evaluating the effect of cytokines on AMPA-induced excitotoxic-
ity, the PI uptake values induced by 8 �M AMPA were set to 100%.

Results
Dose-dependent excitotoxic effects of AMPA
Exposure of mouse hippocampal slice cultures to increasing con-
centrations of AMPA, according to the experimental protocol
depicted in Figure 1A, resulted in a concentration-dependent
increase of the PI uptake in all hippocampal subfields (Fig. 2C).
Basal PI uptake was very low but increased significantly after
exposure to 8 �M AMPA (Fig. 2A,B). The EC50 values, estimated
from the sigmoid curve fit of PI uptake at day 1 were 17.2 �M for
the DG, 7.61 �M for CA1, and 8.34 �M for CA3 (Fig. 2C), thus
showing minor differences in the susceptibility to damage of the
three subfields. The EC50 value determined for the cultures as a
whole was 7.77 �M (Fig. 2C, Total). Based on the EC50 values
determined for the CA1 and CA3 subregions, we used 8 �M

AMPA in the subsequent experiments (Fig. 1B). The PI uptake
elicited by 8 �M AMPA was set to 100%, for comparison with the
effects evoked by the cytokines and related molecules. The addi-
tion of 15 �M of the selective AMPA receptor antagonist

LY303070 reduced the PI uptake by 80%
on average in CA1 and in CA3 (Fig. 2A,B)
(n � 6).

IL-1� and TNF-� act as biphasic
modulators of
AMPA-induced neurodegeneration
The experiments described here were per-
formed using the protocol depicted in Fig-
ure 1B.

Low dose of IL-1� (1 ng/ml)
Pre-exposure of the mouse hippocampal
slice cultures to 1 ng/ml IL-1� for 24 h,
followed by 24 h of coexposure to IL-1�
together with 8 �M AMPA, significantly
potentiates the AMPA-induced toxicity,
with an increase in PI uptake of 197.6 �
16.2% (n � 23) in CA1 and 159.6 � 19.1%
(n � 23) in CA3 (Fig. 3A), compared with
cultures exposed to 8 �M AMPA alone
(100%). The effect of IL-1� was receptor
mediated, because the addition of IL-1ra
(10 ng/ml) blocked the IL-1� effect, re-
ducing the PI uptake to 97.1 � 4.1% (n �
18) in CA1 and 87.8 � 4.5% (n � 15) in
CA3 when compared with cultures ex-
posed to AMPA alone (Fig. 3A). No
change in AMPA toxicity was observed
when IL-1� was preincubated for 24 h be-
fore AMPA application but removed from
the medium when AMPA was added or
when IL-1� was added for 24 h together
with AMPA, without preincubation.
Based on a dose-response study of IL-1�
(0.3–30 ng/ml), applying the same experi-

mental protocol as above, we found that 1 ng/ml IL-1� was the
effective concentration that potentiated the AMPA-induced tox-
icity both in CA1 and CA3 subfields (data not shown). IL-1�, per
se, did not affect neuronal viability in any experimental condition
used.

High dose of IL-1� (10 ng/ml)
When the dose of IL-1� was increased to 10 ng/ml, the PI uptake
induced by AMPA was reduced to 61.3 � 7.2% (n � 19) in CA1
and 61.9 � 7.8% (n � 21) in CA3 (Fig. 3B), compared with
cultures exposed to AMPA alone when IL-1� was applied during
24 h pretreatment only. However, the same dose had no effect on
AMPA-induced PI uptake when applied both before and/or to-
gether with AMPA. The neuroprotective effect of pre-exposure to
10 ng/ml IL-1� was blocked by 100 ng/ml IL-1ra in CA1 (100.7 �
6.8%; n � 7) and in CA3 pyramidal cell layers (95.7 � 7.4%; n �
7) versus AMPA alone (Fig. 3B). Slices were also pre-exposed to
increasing concentrations of IL-1� (0.3–30 ng/ml) for 24 h fol-
lowed by 24 h of exposure to AMPA alone. We found that 10
ng/ml was the effective concentration to promote neuroprotec-
tion against AMPA-induced excitotoxicity both in CA1 and CA3
subfields (data not shown).

Low dose of TNF-� (1 ng/ml)
TNF-� (1 ng/ml) was consistently neuroprotective against
AMPA-induced neurodegeneration in CA1 in all incubation pro-
tocols. TNF-� applied for 24 h before AMPA reduced PI uptake
to 59.1 � 6.3% (n � 21) compared with AMPA alone. A signifi-

Figure 3. Modulation of AMPA-induced cell death in WT cultured mice hippocampal slices by IL-1�. A, Effects of 1 ng/ml IL-1�
on PI uptake in CA1 and CA3 pyramidal cell layers (n �15–23). B, Effects of 10 ng/ml IL-1� on PI uptake in CA1 and CA3 pyramidal
cell layers (n � 6 –21). In agreement with Figure 1, IL1 pre represents preincubation starting at day 0; AMPA and AMPA/IL1
represent excitotoxic insult (AMPA) or coexposure of AMPA and IL1 added at day 1. Data are mean � SEM. ***p � 0.001, **p �
0.01 using ANOVA with Bonferroni’s correction for comparison with the effect of 8 �M AMPA (100%).
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cant reduction of PI uptake was also ob-
served when TNF-� was applied before
and together with 8 �M AMPA (57.7 �
5.7%; n � 22) and also when applied ex-
clusively together with AMPA (without
preincubation) (64.6 � 7.3%; n � 18)
(Fig. 4A). This neuroprotective effect was
abolished in all incubation protocols by
the presence of 81 �g/ml of a neutralizing
antibody against TNF-� (Fig. 4A). A neu-
roprotective effect of TNF-� against
AMPA-induced toxicity was also found in
CA3 but only when the slices were prein-
cubated with the cytokine for 24 h before
the application of AMPA. In this instance,
the PI uptake was reduced to 57.9 � 8.3%
(n � 19) of AMPA values when TNF-�
was applied in the pretreatment protocol
only and to 64.3 � 6.6% (n � 23) of
AMPA values when TNF-� was applied ei-
ther before or during exposure with
AMPA (Fig. 4A). These neuroprotective
effects were abolished in the presence of 81
�g/ml of a neutralizing antibody against
TNF-� (Fig. 4A).

High dose of TNF-� (10 ng/ml)
Increasing the dose of TNF-� to 10 ng/ml
caused an increase in AMPA-induced PI
uptake, both when applied for 24 h before
AMPA followed by coapplication of
TNF-� and AMPA or in the absence of
preincubation when directly coapplied to-
gether with AMPA. Values for PI uptake
were 145.2 � 6.8% (n � 30) in CA1 and
141.4 � 11.9% (n � 30) in CA3 compared with PI uptake in
cultures exposed to AMPA alone (Fig. 4B). The potentiation of
AMPA toxicity was also significantly increased in CA1 (but not in
CA3) when 10 ng/ml TNF-� was coapplied with AMPA but with-
out preincubation [138.0 � 6.8% (n � 35) of values measured for
AMPA alone]. The observed potentiating effect of TNF-� on
AMPA-induced excitotoxicity was blocked by 162 �g/ml anti-
TNF-� antibody (Fig. 4B).

Application of 1 ng/ml TNF-� was without effect on cell via-
bility, whereas application of 10 ng/ml TNF-� for 24 h was toxic,
thus increasing the PI uptake to 179.5 � 15.8% (n � 27) in CA1
and to 234.5 � 28.9% (n � 21) in CA3 when compared with
untreated slices (set to 100%). This effect was abolished by 162 �g
of the antibody anti-TNF-� (data not shown).

Slices were also pre-exposed to increasing concentrations of
TNF-� (0.3–30 ng/ml) for 24 h followed by 24 h of coincubation
with TNF-� and AMPA. We found that 1 ng/ml TNF-� was the
effective concentration to induce neuroprotection (Fig. 5A), thus
reducing the PI uptake induced by AMPA to 65.4 � 3.5% (n �
43) in CA1 and to 67.2 � 7.5% (n � 32) in CA3 subfields (Fig.
5A). Moreover, we also determined that 10 ng/ml was the effec-
tive concentration for inducing neurotoxicity, thus increasing PI
uptake induced by AMPA to 118.7 � 2.6% (n � 61) in CA1 and
to 139.4 � 5.8% (n � 58) in CA3 subfields (Fig. 5A). Because
human recombinant TNF-� is known to bind to mouse TNFR1
only (Stefferl et al., 1996), we used human TNF-� to test whether
TNFR1 was involved in mediating the enhancing effect of TNF-�
on AMPA-induced toxicity. Human TNF-� (10 ng/ml) increased

AMPA-induced neuronal cell death when slices were exposed to
this cytokine either before or during incubation with AMPA. In
addition, 1 ng/ml human TNF-� did not afford neuroprotection
(Fig. 5B).

Selective involvement of TNF-� receptors in the neuronal
death and survival pathways
To dissect the specific and selective involvement of both TNFR in
either neuroprotection or exacerbating effects induced by TNF-�
on AMPA-induced toxicity, we used hippocampal slice cultures
from TNFR1 and/or TNFR2 KO mice.

When TNFR1 KO hippocampal slices were preincubated with
10 ng/ml mouse recombinant TNF-� for 24 h followed by coin-
cubation with AMPA, we found that the neurotoxic effect ob-
served in WT slice cultures was absent. However, the neuropro-
tective effect mediated by 1 ng/ml TNF-� in WT slices was still
observed in TNFR1 KO slices both in CA1 (72.2 � 3.6; n � 88)
and in CA3 (64.5 � 7.9; n � 72) subfields (Fig. 6A). When
TNFR2 KO hippocampal slice cultures were exposed to 1 ng/ml
mouse recombinant TNF-�, the neuroprotective effect was not
observed; conversely, the neurotoxic effect mediated by 10 ng/ml
was still apparent both in CA1 (121.8 � 3.6; n � 36) and in CA3
(134.9 � 12.9; n � 30) subfields (Fig. 6B). Both protective and
neurotoxic effects mediated by mouse recombinant TNF-� in
WT slice cultures were lost in hippocampal slice cultures from
mice lacking both TNF-� receptors (double KO) (Fig. 6C). The
neurotoxic effect of AMPA in organotypic slice cultures of TNFR
KO mice was similar to the effect observed in WT slices.

Figure 4. Modulation of AMPA-induced cell death in WT cultured mice hippocampal slices by TNF-�. A, Effects of 1 ng/ml
TNF-� on PI uptake in CA1 and CA3 pyramidal cell layers (n � 8 – 41). B, Effects of 10 ng/ml TNF-� on PI uptake in CA1 and CA3
subfields (n � 9 –35). In agreement with Figure 1, TNF pre represents preincubation starting at day 0; AMPA and AMPA/TNF
represent excitotoxic insult (AMPA) or coexposure of AMPA and TNF-� added at day 1. Data are mean � SEM. *p � 0.05, **p �
0.01, and ***p � 0.001 using ANOVA with Bonferroni’s correction for comparison with the effect of 8 �M AMPA (100%).
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Microglial dynamics in AMPA-induced neuronal cell death
Double immunohistochemical detection of microglial cells, with
Mac-1, and the proliferating cells, labeled by BrdU incorpora-
tion, allowed detection of spatial and morphological changes in
microglial cells in the slice cultures after exposure to AMPA. The
cultures exposed to 8 �M AMPA for 24 h and stained by double
immunohistochemistry for Mac-1 expression and BrdU incor-
poration showed an average increase in the number of Mac-1-
positive cells of 97.4 � 2.3 cells per culture (n � 19) in the CA1
pyramidal cell layer (Fig. 7A) and 51.9 � 2.9 cells per culture (n �
20) in the CA3 pyramidal layer (Fig. 7B) compared with 68.74 �
2.1 cells (n � 17) (Fig. 7A) and 39.2 � 2.2 cells (n � 23) (Fig. 7B),
respectively, in nontreated control cultures. The average number
of BrdU-positive cells per culture increased to 43.9 � 3.6 cells per
culture (n � 21) in the CA1 pyramidal cell layer and 17.5 � 1.7
(n � 20) in the CA3 pyramidal cell layer, compared with 16.33 �
9.3 cells (n � 17) and 9.4 � 1.2 cells (n � 23), respectively, in
control cultures. The number of cells double stained for Mac-1
and BrdU increased to 26.7 � 2.8 cells per culture (n � 21) in the
CA1 pyramidal cell layer and 12.2 � 1.1 cells per culture (n � 20)
in the CA3 pyramidal cell layer compared with 10.1 � 1.4 (n �
23) and 3.6 � 0.7 (n � 23), respectively, in control cultures.

When slices were left to recover for 4 d after 24 h of exposure
to AMPA, we observed a significant increase in microglia cells
labeled with BrdU in the CA1 pyramidal cell layer (51.2 � 2.2
cells per culture; n � 37) and in the CA3 pyramidal cell layer

(17.9 � 1.3 cells per culture; n � 33) com-
pared with nontreated control cultures
[6.3 � 0.85 cells (n � 43) and 3.3 � 0.5
cells (n � 40), respectively].

The number of Mac-1-positive cells
and double-labeled Mac-1/BrdU-positive
cells at 24 h versus 5 d (in control and
AMPA-treated slices) (Fig. 7) indicate a
robust increase in the number of Mac-1-
positive microglia in the lesion area after
24 h (suggesting migration of microglia),
whereas at 5 d, we found a large increase in
double-labeled cells (suggesting prolifera-
tion of microglia). This observation may
indicate that microglial activation is sec-
ondary to cell injury rather than a cause.

The Mac-1-positive microglial cells,
BrdU-positive cells, and double-labeled
Mac-1-positive and BrdU-positive cells
(Fig. 8) specifically accumulated in the le-
sioned CA1 and CA3 pyramidal cell layers,
where the increased PI uptake occurred
(Fig. 8A–D). The morphology of the Mac-
1-positive microglial cells in the lesion ar-
eas changed from a typical resting ramified
morphology, showing a long and slender
process with several thin side branches as
observed in untreated control cultures
(Fig. 8E,G) to activated ameboid-like mi-
croglial cells in cultures exposed to 8 �M

AMPA (Fig. 8F,H). Outside the damaged
areas, most of the microglial cells main-
tained with a ramified shape, characteristic
of resting or less-activated cells (Fig. 8F).

Discussion
We investigated the neurotoxic and neu-
roprotective effects of IL-1� and TNF-�

under excitotoxic activation of the AMPA subtype of glutamate
receptors. Hippocampal slice cultures represent an ideal model
for studying the functional consequences of changes in cytokine
concentrations on neuronal survival during excitotoxic insults.
This information is relevant for understanding the role of inflam-
matory reactions in a variety of neurological disorders and for
elucidating under which conditions cytokines have beneficial or
detrimental effects on cell survival.

Dose-dependent AMPA-induced cell death in mouse
hippocampal slice cultures
Previous studies, using cellular PI uptake as a marker of neuronal cell
death, have characterized the dose-dependent excitotoxic profile of
AMPA, kainate, and NMDA in rat hippocampal slice cultures (Kris-
tensen et al., 2001), with half-maximal cell death induced by 3 �M

AMPA (EC50 value) (Silva et al., 2003). Using similar protocols in
mouse hippocampal slice cultures, we observed a selective degener-
ation of neurons in CA1 and CA3 pyramidal cell layers with a EC50

value of 8 �M AMPA, which was blocked by LY303070 [(�)enan-
tiomer GYKI53655 ((�)-1-(4-aminophenyl)-3-methlycarbamyl-4-
methyl-3,4-dihydro-7,8-methylenedioxy-5H-2,3-benzodiaze-
pine)], a noncompetitive AMPA receptor antagonist (Paternain
et al., 1995).

After establishing and standardizing AMPA-mediated lesions
in mouse hippocampal slice cultures, we used this system to dem-

Figure 5. Dose-response relationship for increasing concentrations of mouse (A) or human (B) TNF-� (0.3–30 ng/ml) on
AMPA-induced PI uptake, measured in CA1 and CA3 subfields of WT cultured mice hippocampal slices. A, Effects of mouse TNF-�
on PI uptake in CA1 and CA3 subfields (n � 6 – 86). TNF pre represents preincubation starting at day 0, and AMPA/TNF represents
coexposure of AMPA and TNF-� added at day 1. B, Effects of human TNF-� on PI uptake in CA1 and CA3 subfields (n �6 –29). TNF
pre represents preincubation starting at day 0, and AMPA/TNF represents coexposure of AMPA and TNF-� added at day 1. Data are
mean � SEM. *p � 0.05, **p � 0.01, and ***p � 0.001, using ANOVA with Bonferroni’s correction for comparison with the
effect of 8 �M AMPA set at 100%.
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onstrate the existence of dual effects of
IL-1� and TNF-� on AMPA excitotoxicity
related to the concentration of the cyto-
kine and to the period of tissue exposure.
However, it is important to consider that
the effective concentrations of cytokines in
our system cannot be quantified unequiv-
ocally. Several factors contribute to this
difficulty, including the binding of cyto-
kines to nonreceptor binding sites, the lo-
cal release of TNF-� and IL-1� by astro-
cytes and microglia, and degradation of
the cytokines by peptidases. These factors
clearly contribute to make very difficult
the comparison of the efficiency of cyto-
kines in causing neuronal protection or
death in different experimental models.

Effects of IL-1� on AMPA-mediated
neuronal death
We found that IL-1� potentiates AMPA
toxicity when slices were exposed to low
concentration (1 ng/ml) of the cytokine
and only if IL-1� was present in the me-
dium before and throughout the AMPA
exposure. This observation is consistent
with previous studies showing that IL-1�
can modulate diverse forms of neurode-
generation and seizure activity (Relton
and Rothwell, 1992; Vezzani et al., 1999,
2000; Allan and Rothwell, 2001; Dubé et
al., 2005) and that low concentrations of
IL-1� can enhance hypoxia-induced neu-
ronal death in cultured rat hippocampal
slices (Pringle et al., 2001). Regarding
possible mechanisms by which low doses
of IL-1� increase AMPA excitotoxicity,
one possibility may involve the inhibi-
tion of astroglial glutamine synthetase
(Huang and O’Banion, 1998) or the re-
duction of astroglial glutamate uptake
by a mechanism involving nitric oxide
production (Hu et al., 2000). An alterna-
tive, but not mutually exclusive, mecha-
nism may involve functional interac-
tions between IL-1R1 and AMPA
receptors leading to an increase in in-
ward Ca 2� currents. Previous evidence
has shown that IL-1� can increase
NMDA receptor function in rat hip-
pocampal neurons by activation of ty-
rosine kinases, resulting in an increased
susceptibility of hippocampal neurons
to glutamate-mediated cell loss (Viviani
et al., 2003). The data obtained in the present
work indicate that the effects of IL-1� are
mediated by IL-1R1, because they were in-
hibited in the presence of IL-1ra.

We found that 10 ng/ml IL-1� induced neuroprotective ef-
fects only when IL-1� was present before AMPA incubation, im-
plying that this cytokine can afford beneficial effects on neuronal
survival if present for a limited period of time before the insult.
We anticipate that this neuroprotection may be attributable to

IL-1�-dependent transcription of neurotrophic factors (Miyachi
et al., 2001), which is compatible with the need of preincubation
time to obtain neuroprotection. Accordingly, the biochemical
mechanisms underlying the requirement for pre-exposure to the
cytokine to obtain neuroprotection were not clearly identified,

Figure 6. Effects of TNF-�on AMPA-induced cell death in organotypic hippocampal slice cultures from WT or KO C57BL/6 mice lacking
TNFR1, TNFR2, or both. A, Effects of 1 or 10 ng/ml TNF-�on AMPA-induced PI uptake in CA1 (left column) and CA3 (right column) subfields
(n�38 –91) in hippocampal slices of WT or TNFR1 KO. B, Effects of 1 or 10 ng/ml TNF-�on AMPA-induced PI uptake in CA1 (left column)
and CA3 (right column) subfields (n � 23– 86) in hippocampal slices of WT or TNFR2 KO. C, Effects of 1 or 10 ng/ml TNF-� on AMPA-
inducedPIuptakeinCA1(leftcolumn)andCA3(rightcolumn)subfields(n�13– 86)inhippocampalslicesofWTordoubleKO(TNFR1and
TNFR2). Data are mean� SEM. **p �0.01 and ***p �0.001 using ANOVA with Bonferroni’s correction for comparison with the effect
of 8�M AMPA (set at 100%) in WT slice cultures; �p�0.05 and ��p�0.01 using ANOVA with Bonferroni’s correction for comparison
with effect of 8 �M AMPA (set at 100%) in the respective KO slice cultures.
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but one possibility is that IL-1� can reduce excitatory amino
acid-induced neurodegeneration (Carlson et al., 1999) by in-
creasing the production and release of NGF (Strijbos and Roth-
well, 1995).

Effects of TNF-� on AMPA-mediated neuronal death
TNF-� exacerbates AMPA-induced neuronal death at relatively
high doses but only if coincubated with the excitotoxin. In addi-
tion, high concentrations of TNF-� can, by itself, be neurotoxic.
These observations are compatible with previous findings show-
ing that TNF-� potentiates the glutamatergic synaptic strength
by increasing the surface expression of AMPA receptors (Beattie
et al., 2002; Stellwagen et al., 2005), because this effect may con-
tribute to potentiate neurodegeneration caused by non-NMDA
receptor activation. Thus, human NT2-N neuronal cell lines, ex-
posed to 10 ng/ml TNF-�, showed an increased susceptibility to
kainate (Yu et al., 2002), and microinjections of kainate plus
TNF-� in the rat spinal cord induced a robust necrotic damage
mediated by activation of AMPA receptors (Hermann et al.,
2001).

Low doses of TNF-� had a neuroprotective effect on AMPA
receptor-mediated excitotoxicity. TNF-� has been demonstrated
to play a protective role against ischemia in mice (Nawashiro et
al., 1997b) and against amyloid �-peptide toxicity in rat hip-
pocampal cultures (Barger et al., 1995), when administered be-
fore the toxic insults. Neuroprotective effects have also been re-
ported on embryonic rat forebrain neurons against glucose

deprivation and excitatory amino acid toxicity (Cheng et al.,
1994). The protective effects of TNF-� may depend on its ability
to promote the maintenance of calcium homeostasis by increas-
ing the expression of calbindin (Cheng et al., 1994), to stimulate
antioxidant pathways (Barger et al., 1995; Wilde et al., 2000), or
to increase transient outward potassium currents (Houzen et al.,
1997). Moreover, using mice lacking TNF-� receptors or selec-
tive stimulation of TNFR1 by human TNF-�, we defined the
selective involvement of TNF-� receptor subtypes in the opposite
effects of TNF-� on AMPA-induced cell death: namely, the neu-
roprotection was mediated by TNFR2, whereas the exacerbating
action on AMPA toxicity was mediated by TNFR1.

In accordance, other authors showed that TNF-� potentiation
of AMPA excitotoxicity likely depends on the activation of an

Figure 7. Stereological cell counts of Mac-1-positive microglial cells and BrdU-labeled cells
in slice cultures exposed to AMPA. Anti-Mac-1, anti-BrdU, and double anti-Mac-1/anti-BrdU-
positive cells were counted in control cultures and in cultures exposed to 8 �M AMPA for 24 h
with or without an additional 4 d of recovery in normal culture medium. Counts were performed
in CA1 (A) and CA3 (B) pyramidal cell layers. Data are expressed as the average number of cells
per culture � SEM. *p � 0.05; **p � 0.01; ***p � 0.001, using ANOVA with Bonferroni’s
correction for comparison with the average number of cells in control slices exposed to normal
medium for 24 h; ���p � 0.001 using ANOVA with Bonferroni’s correction for comparison
with the average number of cells in control slices exposed to normal medium for 5 d.

Figure 8. Morphological changes of Mac-1-positive microglial cells from resting to activated
state in mouse hippocampal slice cultures exposed to AMPA. A–D, Localization of Mac-1/BrdU
double staining (A, C) and PI uptake (B, D) in control culture (A, B) and culture exposed to 8 �M

AMPA for 24 h, followed by 4 d of recovery in normal medium (C, D). The control cultures (A, B)
display a random distribution of resting microglia, sporadic BrdU-positive cells (A), and low-
basal PI uptake (B). Cultures exposed to 8 �M AMPA (C, D) display increased numbers of micro-
glia and BrdU-positive cells in the lesion areas (CA1 and CA3; C) and a concomitant increase of PI
uptake in the same subfields (D). E, Resting microglia in a control slice culture showing sporadic
BrdU-positive cells. G, High-power photomicrograph of microglia stained for anti-Mac-1
located in CA1 pyramidal cell layer. Reactive microglia and an increase in the number of
anti-BrdU-positive cells following 8 �M AMPA are shown. F, a, Double-labeled Mac-1 and
BrdU-positive cell; b, activated Mac-1-positive cell; c, resting-like Mac-1-positive cell. H,
High-power photomicrograph of labeled anti-BrdU-positive microglial cell located in CA1
pyramidal cell layer.
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intracellular “death domain” coupled to TNFR1 that has been
previously shown to contribute to cell death on target cells (Fon-
taine et al., 2002; Yang et al., 2002). Accordingly, others showed
that absence of TNFR1 led to a strong reduction of neurodegen-
eration in a model of retinal ischemia, whereas lack of TNFR2 led
to an enhancement of neurodegeneration, clearly indicating that
TNFR1 augments neuronal death, whereas TNFR2 promotes
neuroprotection (Fontaine et al., 2002). These two receptors have
been recently shown to also mediate distinct actions of TNF-� on
neuronal excitability in the mouse hippocampus; in particular,
TNFR2 was involved in the anticonvulsant effects of these cyto-
kines on kainate-induced seizures (Balosso et al., 2005).

TNFR2 is suggested to mediate neuronal survival by sustained
NF-kB activation (Marchetti et al., 2004). Thus, the mechanisms
modulating the expression of these two receptors may determine
neuronal responsiveness to TNF-� and the consequences of in-
flammatory reactions in brain (Beutler and van Huffel, 1994).

Dynamic of microglial cells
Microglial cells play an essential role in neuroinflammatory re-
sponses related to brain injury (Moriguchi et al., 2003). In the
resting state, microglial cells display a highly ramified morphol-
ogy, but after physical or chemical insults, these cells are rapidly
activated and change their morphology to amoeboid shape. It is
well known that a number of factors are able to activate microglia
and stimulate their proliferation (Eskes et al., 2003).

Microglia represent the large majority of proliferating cells in
slice cultures after exposure to AMPA or to NMDA (Dehghani et
al., 2004). Accordingly, inhibition of microglia in excitotoxic le-
sioned organotypic cultures of hippocampal slices significantly
reduced microglial labeling with BrdU and the release of cyto-
kines and nitric oxide (Dehghani et al., 2004). An increase in
microglia reactivity and proliferation close to degenerating neu-
rons was also observed in the brain of kainate-treated rats
(Tooyama et al., 2002) and in models of cerebral ischemia
(Dempsey et al., 2003).

The morphological feature of microglia observed in the cul-
tured slices used in the present work is very similar to that found
in vivo (Czapiga and Colton, 1999). Moreover, our results show
that microglia can be rapidly activated in organotypic cultures of
mouse hippocampal slices, displaying morphological changes
and proliferation in response to AMPA-induced neuronal death.
After exposure to AMPA, we observed a marked increase in the
numbers of activated amoeboid-shaped microglial cells with
short thick processes. These cells were localized preferentially in
the pyramidal layers of CA1 and CA3, in close apposition to the
damaged and dying neurons. Interestingly, in regions in which
we could not identify significant PI uptake after exposure to
AMPA, resident microglia remained in a resting or less-activated
state. Considering that microglia are one of the main sources of
proinflammatory cytokines released in the brain (Kreutzberg,
1996; Hanisch, 2002), our evidence highlights the possibility that
microglia activation may be beneficial or deleterious on neuronal
survival.

In conclusion, the identification of the molecular and cellular
players involved in the neurotoxic or neuroprotective effects of
cytokines released by activated microglia, as well as the mecha-
nisms involved in triggering microglia activation, proliferation,
and chemotaxis, may contribute to the identification of new
pharmacological targets for the prevention of neuronal damage
associated with trauma, stroke, and epilepsy and in neurodegen-
erative diseases.
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