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Interleukin-1 p Attenuates Excitatory Amino Acid-Induced 
Neurodegeneration in vitro: Involvement of Nerve Growth Factor 
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Certain cytokines have been reported to exert neurotrophic 
actions in vivo and in vitro. In the present study, we inves- 
tigated the possible neuroprotective actions of the cytokine 
human recombinant interleukin-18 (hrlL-18) against excit- 
atory amino acid (EAA)-induced neurodegeneration in cul- 
tured primary cortical neurons. Brief (15 min) exposure of 
cultures to submaximal concentrations of glutamate, 
NMDA, AMPA, or kainate caused extensive neuronal death 
(-70% of all neurons). Neuronal damage induced by the 
EAAs was significantly reduced (up to 70%) by pretreat- 
ment with 500 @ml (6.5 x 1 O3 U/ml) hrlL-18 for 24 hr. The 
neuroprotective effect of hrlL-18 was reversed by coappli- 
cation of an IL-1 receptor antagonist (IL-lra, 50 ug/ml). 
Neuroprotective actions of hrlL-18 were also reduced by 
administration of a neutralizing monoclonal antibody to 
NGF (65% inhibition). In concordance, the neurotoxic ac- 
tions of EAAs were significantly reduced (by 40%) after 
pretreatment with NGF (100 nglml for 48 hr). Furthermore, 
an additive neuroprotective effect of approximately 75% 
was observed when cultures were exposed to a combina- 
tion of hrlL-18 and NGF. In contrast, exposure of cultures 
to high concentrations hrlL-18 alone (100 &ml, 1.3 X lo6 
U/ml) for periods up to 72 hr resulted in neurotoxicity, 
which was reversed by IL-lra (1 mg/ml). These findings 
suggest that hrlL-18 can limit EAA-induced neuronal dam- 
age. These effects appear to be may be mediated, at least 
in part, via NGF. These findings may be relevant to the un- 
derstanding of neurodegenerative diseases. 

[Key words: interleukin-1, interleukin-1 receptor antago- 
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Cytokines such as certain interleukins (ILs), granulocyte-mac- 
rophage colony-stimulating factor (GM-CSF), and tumor necro- 
sis factor (Y (TNFa) have been implicated in the pathophysiology 
of several immune system-mediated CNS disorders including 
multiple sclerosis and bacterial meningitis, and various neuro- 
degenerative disorders such as stroke and Alzheimer’s disease 
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(for review, see Patterson and Nawa, 1993; Rothwell and Relton, 
1993). While constitutive expression of cytokines and their 
mRNAs is low in normal brain, local inflammation, brain tissue 
injury, convulsions, and cerebral ischemia all potently induce 
the synthesis and release of various cytokines in humans and 
experimental animals (Minami et al., 1991, 1993). Of these cy- 
tokines, IL-I appears to play a particularly important role in the 
pathogenesis of CNS disorders (Rothwell and Relton, 1993). 
Administration of IL-l into the brain of experimental animals 
elicits glial activation and proliferation, neuronal sprouting, scar 
formation, and neovascularization (Giulian and Lachman, 198.5; 
Woodward et al., 1989), processes characteristic of brain trauma. 
Furthermore, increased concentrations of IL-l have been found 
in the brain or cerebrospinal fluid of patients suffering from 
various neurodegenerative disorders (Gallo et al., 1989; Griffin 
et al., 1989). Various lines of evidence have suggested that the 
cytokines induced by brain tissue injury may modify neuronal 
viability. For example, relatively low concentrations of IL- 1, -4, 
-5, -7, or -8 exert neurotrophic actions on hippocampal and cho- 
linergic basal forebrain and septal neurons in culture when ap- 
plied for short periods of time (Araujo, 1992; Araujo and Cot- 
man 1993). However, when neuronal cultures are exposed to 
high concentrations of cytokines for extended periods of time, 
they can also exert neurotoxic actions reflected by reduced neu- 
ronal survival (Araujo, 1992). In viva studies have demonstrated 
that central administration of a recombinant interleukin-1 recep- 
tor antagonist (IL-lra) significantly inhibits neurodegeneration 
caused by focal ischemia or glutamatergic lesions in the rat (Rel- 
ton and Rothwell, 1992). 

It has been proposed that the neurotrophic actions of IL- I are 
mediated via the induction of various neurotrophic factors in- 
cluding nerve growth factor (NGF) and fibroblast growth factor 
(FGF; Lindholm et al., 1987; Friedman et al., 1990; Yoshida and 
Gage, 1992). NGF is a particularly well characterized neuro- 
trophic factor that is expressed at high levels in type I astrocytes, 
neurons and oligodendrocytes of the hippocampus, cerebral cor- 
tex, and olfactory bulb (Gonzalez et al., 1990; Carman-Krzan et 
al., 1991). Increased concentrations of NGF have been detected 
following several forms of brain trauma, and after administration 
of a variety of stimuli including IL-l, but also lipopolysacchar- 
ide, FGF or TNFo (Friedman et al., 1990; Zafra et al., 1990; 
Vige et al., 1992). Exogenously administered NGF increases the 
survival and growth of basal forebrain cholinergic neurons that 
are deprived from their endogenous source of NGF by fimbria- 
fornix axotomy (Williams et al., 1986; Kromer, 1987), and in- 
hibits the neuronal death resulting from transient forebrain glob- 
al &hernia (Shigeno et al., 1991). This is of particular interest 
since neuronal death may involve neuroexcitatory mechanisms 
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due to excessive release of the excitatory amino acid (EAA) 
glutamate, which activates NMDA and non-NMDA receptors 
(Choi and Rothman, 1990). Indeed, NGF and FGF exert neu- 
roprotective actions against excitotoxin-induced neurotoxicity in 
vivo and in vitro (Mattson et al., 1989; Schumacher et al., 1991; 
Frim et al., 1993; Shimohama et al., 1993), and both NMDA 
and non-NMDA receptor agonists induce NGF mRNA (Zafra et 
al., 1990; Ballarin et al., 1991). Agonists of the NMDA receptor 
also induce the synthesis of various other cytokines including 
IL- 1 B (Minami et al., 199 1, 1993; A.-M. van Dam, l? J. L. M. 
Strijbos, N. J. Rothwell, and E Berkenbosch, unpublished ob- 
servations). 

Thus, both IL-I and NGF appear to have important actions 
on neuronal survival and IL-l released locally from activated 
astrocytes following CNS injury can stimulate the transcription 
of the NGF gene and the stabilization of NGF mRNA (Lindholm 
et al., 1987). Subsequent synthesis and release of NGF may 
provide trophic support to neurons and render them less sensitive 
to the neurotoxic actions of the EAAs. Neurotrophic actions of 
IL-I may therefore depend directly on synthesis of NGE We 
have tested this hypothesis using primary cortical neuronal cul- 
tures from neonatal rats by investigating the effects of exoge- 
nous hrIL- 1 B on EAA-induced neurodegeneration, and have as- 
sessed the involvement of NGF in the effects of hrIL- 1 p. 

Some of the data presented have been communicated previ- 
ously in abstract form (Strijbos et al., 1993). 

Materials and Methods 

Cell culture. Dissociated cell cultures of fetal rat cerebral cortices were 
prepared from Sprague-Dawley rats (Charles River, UK) at day 18 of 
gestation. Cortices, without septal tissue, were dissected on ice in cal- 
cium/magnesium-free Hanks’ balanced salt solution (GIBCO, Scotland) 
containing 100 IUlml penicillin and 100 pglml streptomycin, and me- 
ninges and blood vessels removed. Cortical cells were dissociated by 
passage through fire-polished glass pipettes, seeded in 24-well Primaria 
(Falcon, UK) plates at a density of 5 X lo5 trypan blue-excluding 
cells/well, and grown at a humidified 37°C 5% CO? environment. The 
plating medium consisted of glutamine-free minimum essential medium 
(MEM; GIBCO, Scotland) supplemented with 10% fetal bovine serum 
(GIBCO), 10% heat-inactivated equine serum (GIBCO), 25 mM glu- 
cose, 2 mM glutamine, and antibiotics as above. When non-neuronal 
cells reached confluency (after 3-5 d in culture), their proliferation was 
halted by exposure to 10 FM cytosine-D-arabinoside (Sigma, UK). After 
3 d of incubation, the cytosine-D-arabinoside was replaced with plating 
medium lacking fetal bovine serum. Subsequent medium replacements 
were carried out twice weekly. Only mature cultures (I 3-17 d in vitro) 
were used for study. 

Drug exposure. On the day of experiments, cells were washed with 
a control salt solution (CSS) composed of (mM) NaCI, 120; Tris-HCl, 
25; glucose, 15; HEPES, 5; KCI, 5.4; CaCl,, 1.8; MgC12, 0.8 (pH 7.4, 
37°C). Excitatory amino acids (EAAs) were dissolved in CSS and ap- 
plied to cultures for IO-30 min on a hot plate, after which they were 
washed off with CSS; serum-free MEM was added and they were left 
to recover for 24 hr in incubator. In separate experiments, medium was 
replaced with fresh culture medium containing IL-IB, NGF, and/or a 
monoclonal NGF antiserum for 14 d, depending on the experimental 
paradigm, before they were exposed to EAAs as described above. 
Thereafter, EAAs were washed off and serum-free MEM containing IL- 
1 B, NGF, and/or a monoclonal NGF antiserum was added and cells were 
allowed to recover for a further 24 hr. For long-term exposure (up to 
72 hr), compounds were dissolved in MEM lacking sera (see above) 
and experiments performed in the incubator. Preliminary experiments 
revealed that cultures tolerated serum-free MEM for up to 4 d (data not 
shown). Extent of cell damage was determined by measuring lactate 
dehydrogenase (LDH) release into the culture medium and by immu- 
nocytochemistry (see below). 

A.ssesstnent of neuroroxiciry. Neurotoxicity was quantified by spec- 
trophotometric measurement of LDH efflux to the culture medium. This 
was routinely measured in triplicate using the “end-point” procedure 

previously described by Cabaud and Wroblinsky (1958). Samples of 
media (0.5-1.0 ml) were added to 0.75 (1~ sodium pyruvate (pH 7.5) 
containing 1.28 pmol of B-nicotinamide adenine dinucleotide ‘and in- 
cubated for 30 min at 37°C. Subseauentlv. 200 u&ml dinitroohenvlhv- 
drazine in IN hydrochloric acid was added and’iicubated for a further 
20 min at room temperature. Thereafter, 0.4N sodium hydroxide was 
added. The absorbance of the reaction mixture was measured spectro- 
photometrically at 445 nm and is inversely proportional to the amount 
of LDH present in the culture medium. Accuracy of the procedure was 
verified by assaying of standard LDH enzyme solutions. Concentrations 
of LDH measured in culture medium of experimental wells were con- 
verted into percentages of neurotoxicity by reading them off a standard 
curve of amount of LDH released against number of surviving neurons. 
This standard curve was constructed previously by exposing cultures to 
300 FM NMDA for up to 24 hr and relating numbers of surviving 
neurons at various time points with amounts of LDH measured in the 
culture medium at those time points. This concentration of NMDA de- 
stroys selectively all neurons present when applied for 24 hr, without 
causing glial damage (Weiss et al., 1993). 

Immunncytochemistry. For immunocytochemical analysis, cells were 
treated as above and fixed for 30 min with 75% ice-cold methanol at 
4°C. Cells were washed three times with Tris-buffered saline containing 
0.5% Triton X-100 (TBS-T), and incubated with 0.5% HzOz in TBS-T 
for 30 min at room temperature. Subsequently, cells were incubated for 
16 hr at room temperature with rabbit anti-cow glial fibrillary acidic 
protein (GFAP; DAKO) to detect astroglia, rat anti-Mac-l anti- 
gen/CDl lb (Mac- I; Boehringer Mannheim) to detect microglia, or 
mouse anti-human neuron-specific enolase (NSE; Serotec) to detect 
neurons. Cells were washed three times with TBS-T and incubated with 
a horseradish peroxidase-conjugated biotin-avidin complex for 30 min 
at room temperature. Thereafter, caloric product was developed by ap- 
plying a solution of 0.05% diaminobenzidine tetrahydrochloride/O.Ol% 
H?O,. Cells were dehydrated and mounted with Glycergel (DAKO). To 
assess nonspecific binding for each antiserum, adjacent wells were in- 
cubated simultaneously but primary antiserum omitted. Positive im- 
munoreactivity was determined by comparing staining in the presence 
and absence of primary antiserum. 

Quantijcation of specijic cell types. Following immunocytochemis- 
try, cells were identified according to their specific staining and counted 
manually in four randomly selected fields per well in three identically 
treated wells. Results are expressed as a percentage of control values. 

Drugs. N-methyl-D-aspartate (NMDA), kainate, and o-amino-3-hy- 
droxy-5-methyl-4-isoxazolepropionic acid (AMPA) were from Tocris 
Neuramin (UK); glutamate, from Sigma (UK); human recombinant in- 
terleukin-lB (hrIL-I B), from Glaxo Institute for Molecular Biology 
(Switzerland; specific activity, 3 X IO’ U/mg protein; endotoxin con- 
tamination, CO.3 EU/mg as assessed by Limulus amebocyte lysate 
assay); interleukin-I receptor antagonist (IL-lra), from Synergen 
(USA); B-nerve growth factor (NGF), from Sigma (UK); mouse 
monoclonal antibody to nerve growth factor, from Boehringer Mann- 
heim (UK). 

Statistical andysix Data are expressed as mean ? SEM. Statistical 
analysis was performed using analysis of variance (ANOVA) followed 
by Scheffe’s post hoc test with a significance level of probability less 
than 5%. 

Results 

Primary cortical cells isolated from embryonic rats (day 18 of 
gestation) were cultured and maintained for 13-17 d to allow an 
extensive network of neuronal processes to form. In preliminary 
experiments, full concentration-response curves for effects of 
glutamate, NMDA, kainate, and AMPA on neuronal viability 
were established, the characteristics of which were fully com- 
patible with those reported previously (Choi et al., 1987; Frand- 
sen and Schousboe, 1987). Brief, 15 min exposure of mature 
cortical cultures to submaximal concentrations of glutamate (500 
PM), NMDA (500 FM), kainate (750 PM), or AMPA (500 pM) 

resulted in neuronal damage (see Fig. 1) as assessed immuno- 
cytochemically and by the measurement of lactate dehydroge- 
nase (LDH) efflux to the culture medium. These concentrations 
were used in all subsequent experiments. The absolute percent- 
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Table 1. Effects of IL-lfl on EAA-induced neuronal death 

Neuronal number (%) 

Treatment Vehicle IL-Ip 

Control 100 + 6 106 rt II 

Glutamate 43 k 12** 82 t 91 

NMDA 31 ? 5** 79 k 121 

Kainate 35 k s** 74 + IO’i: 

AMPA 29 + II** 83 + 15f 

Data are the means + SEM (n = 3-5). Each point represents approximately 
200-450 neurons counted in triplicate. Data are expressed as a percentage of 
the total number of neurons observed in untreated sister cultures, and were 
assessed by immunocytochemistry for neuron-specific enolase (NSE) as de- 
scribed in Materials and Methods. Significance was calculated using ANOVA 
followed by Scheffe’s post hoc test. **, /I < 0.01 versus neuronal number in 
vehicle-treated sister cultures; f, p < 0.05, and $, p < 0.01, versus EAA- 
induced toxicity observed in vehicle-treated sister cultures. 

ages of neurotoxicity caused by the concentrations of EAA used 
in the present studies are presented in Table 1. 

Eflects of hrIL-I/3 on EAA-induced neuronul degeneration 

Exposure of cells to hrIL-1 p for 24 hr before, and 24 hr after, 
exposure of mature cultures to submaximal concentrations of 
either glutamate, NMDA, kainate, or AMPA significantly atten- 
uated neuronal death in a dose-dependent manner as assessed 
by measurement of the efflux of LDH to the culture medium 
(Fig. 1). Preliminary experiments demonstrated that significant 
inhibition of the cytotoxic effects of all the excitatory amino 
acids (EAAs) was observed at concentrations of 1000, 500, and 
0.5 rig/ml (13,000, 6500 and 6.5 U/ml, respectively) hrIL-1 p. 
The two highest doses of hrIL-1P tested offered a comparable 
degree of excitoprotection of approximately 40%, while the low- 
est dose tested offered a somewhat lower and less reproducible 
degree of protection of approximately lo-20%. Therefore, a 
concentration of 500 rig/ml hrIL- 1 p was used in all subsequent 
studies. Additional preliminary experiments indicated that prein- 
cubation with hrlL-l@ for 24 hr prior to exposure to EAAs was 
required for neuroprotective effects; only a small, nonsignificant 
attenuation of the EAA-induced cytotoxicity by hrIL-lfi was 
observed when hrIL-I p was applied simultaneously with the 
EAAs (data not shown). 

To assess whether hrIL-I p specifically protects neurons 
against EAA toxicity, neurons were identified using immuno- 
cytochemistry for neuron-specific enolase (NSE) and cell counts 
performed manually. A pattern identical to that of changes in 
LDH release was observed. Exposure to glutamate, NMDA, 
kainate, or AMPA significantly reduced neuronal numbers (Ta- 
ble 1). Exposure to hrlL-1 p for 24 hr before, and 24 hr after, 
treatment of cultures with EAAs resulted in an increased neu- 
ronal number, compared to control wells in which hrIL- 1 p was 
omitted. This effect appeared to be accompanied by a modest 
microgliosis and astrogliosis as indicated by an increase in im- 
munoreactivity for Mac-l and GFAP (data not shown). 

Effects of IL-l receptor antagonist on hrll-IFinduced 
neuroprotection 

To determine the specificity of the neuroprotective actions of 
hrIL-I 6, the effects of an IL-I receptor antagonist (IL-lra) on 
LDH release in response to EAAs were investigated. Simulta- 
neous exposure of cultures to IL-lra (50 kg/ml) and hrIL-1 p 
(500 rig/ml) for 24 hr before, and for 24 hr after, exposure to 
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Figure 1. Neuronal cell death induced by either glutamate (500 PM), 

NMDA (500 FM), AMPA (500 FM), or kainate (750 pM) and modifi- 
cation of the degree of neurotoxicity by IL- I p and IL- I ra. Cultures were 
exposed to EAAs for I5 min and neuronal death was assessed by mea- 
suring efflux of LDH to culture medium 24 hr later (solid bars). Sister 
cultures were exposed to IL-I p (open bars), IL-lra (hutched bars), or 
a combination of IL- I p and IL- I ra (crosshatched bars) for 24 hr before 
and 24 hr following application of EAAs, after which the degree of 
neurotoxicity was measured as above. Data are mean 2 SEM, n = 4- 
6. Significance was calculated using ANOVA followed by Scheffe’s 
post hoc test. *, p < 0.05, and **, p < 0.01, versus neuronal number 
in sister cultures exposed to EAAs (solid bars). +, p < 0.05, and + +, 
p < 0.01, versus neuronal number in sister cultures exposed to EAAs 
in the presence of IL-lp (open bars). No statistical significance was 
observed between the degree of neurotoxicity induced by any of the 
EAAs (solid bars) and that seen in cultures exposed to EAAs in the 
presence of a combination of IL- I p and IL- lra (crosshatched bars). 

submaximal concentrations of EAAs significantly reversed the 
neuroprotective effects of hrlL- 1 p on EAA-induced neurode- 
generation (Fig. I). Thus, no significant differences were ob- 
served between the levels of neurotoxicity found in cultures ex- 
posed to EAAs and those exposed to EAAs in the presence of 
both IL-lra and hrIL-1 p (Fig. I). Application of IL-lra, in the 
absence of hrIL-1 p, for 24 hr before and for 24 hr following 
exposure to EAAs had no effect on the extent of neurotoxicity 
(Fig. 1). 

Immunocytochemical analysis for NSE revealed that IL- 1 ra 
reversed the neuroprotective effects of hrIL- 1 p on EAA-induced 
neurotoxicity (data not shown). 

Effects of a neutralizing NGF untiserum 

Cultures were grown in medium containing 50 rig/ml NGF an- 
tiserum for 4 d prior to experimentation. In control experiments, 
NGF antiserum treatment had little effect on neuronal cell num- 
ber (data not shown). NGF antiserum antagonized the neuropro- 
tective actions of hrIL- I p against EAA-induced neurodegener- 
ation as assessed by measurement of LDH release into the 
culture medium (Fig. 2). Thus, the degree of excitotoxicity after 
NGF antiserum treatment in IL-l&-pretreated wells was com- 
parable to that observed in the wells treated with the EAA alone 
(Fig. 2). 

A similar pattern of responses was observed when neuronal 
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Fi~urr 2. Neuronal cell death induced by either glutamate (500 FM), 

NMDA (500 PM), AMPA (500 PM), or kainate (750 FM) and modifi- 
cation of the degree of neurotoxicity by IL- 1 p and a neutralizing anti- 
serum to NGF (anti-NGF) or nonimmune serum (NIS). Cultures were 
exposed to EAAs for 15 min and neuronal death was assessed by mea- 
suring efflux of LDH to culture medium 24 hr later (solid hur.~). Sister 
cultures were preexposed to IL-Ip (24 hr; open bars), NGF antiserum 
(hatched bars), or a combination of IL- 1 p (24 hr) and neutralizing NGF 
antiserum (4 d; crossharched hurs) before and 24 hr following appli- 
cation of EAAs, after which the degree of neurotoxicity was measured 
as above. Data are mean + SEM, n = 4-6. Significance was calculated 
using ANOVA followed by Scheffe’s post hoc test. *, p < 0.05, and 
** , p < 0.01, versus neuronal number in sister cultures exposed to 
EAAs (solid hurs). #, p < 0.05 versus neuronal number in sister cultures 
exposed to EAAs plus IL-lp (open bars). 

number was assessed immunocytochemically with an antiserum 
to NSE: NGF antiserum prevented the loss of neuronal number 
following exposure to EAAs. Control experiments consisting of 
preincubation with mouse nonimmune serum did not modify the 
protective effects of hrIL- I p on EAA-induced neurodegenera- 
tion (data not shown). 

Effects of exogenous NGF 

To study the effects of exogenous NGF on neuronal viability 
following exposure to EAAs, 50-100 ng mouse NGF (Sigma) 
was added to culture medium for 48 hr before, during, and for 
24 hr following exposure to EAAs (Fig. 3). NGF caused con- 
centration-dependent inhibition of excitotoxicity, with maximal 
inhibition observed with a concentration of 100 rig/ml NGF (as 
assessed by measurement of LDH release). At a concentration 
of 50 rig/ml, NGF offered little neuroprotection against EAA 
neurotoxicity. 

When cultures were pretreated for 24 hr with a combination 
of 500 rig/ml hrIL-1 p and 100 rig/ml NGF, a high degree of 
neuroprotection against glutamate, NMDA, AMPA, and kainate 
toxicity was observed (Fig. 3). 

Effects of long-term exposure to high concentrutions of 
hrlL-ID 

Exposure of cultures to high concentrations of hrIL- 1 p (lo-100 
kg/ml) for up to 72 hr caused a reduction in neuronal number 
in a time- and dose-dependent manner as assessed by measure- 
ment of LDH release (Figs. 4, 5). Significant cell death was 

Glutamate NMDA AMPA Kainate 

Figure 3. Neuronal cell death induced by either glutamate (500 FM), 

NMDA (500 wM), AMPA (500 FM), or kainate (750 FM) and modifi- 
cation of the degree of neurotoxicity by NGE Cultures were exposed 
to EAAs for 15 min and neuronal death was assessed by measuring 
efflux of LDH to culture medium 24 hr later (solid hurs). Sister cultures 
were exnosed to NGF (crosshatched bars) or a combination of NGF 
and IL-I’p (hurched bar:~) for 48 hr before and 24 hr following appli- 
cation of EAAs, after which the degree of neurotoxicity was measured 
as above. Data are mean ? SEM, n = 3-6. Significance was calculated 
using ANOVA followed by Scheffe’s post hoc test. *, p < 0.05; **, p 
< 0.01; and ***, p < 0.001; versus neuronal number in sister cultures 
exposed to EAAs (solid bars). 

observed following an exposure time of 72 hr, at a concentration 
of 100 kg/ml hrIL- 1 p. 

Immunocytochemistry for NSE demonstrated that this in- 
crease in LDH release (63%) caused by long-term exposure to 
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Figure 4. Neuronal cell death induced by long-term exposure to var- 
ious concentrations of IL-Ip and modification of the degree of neuro- 
toxicity by IL-lra. Cultures were exposed to the indicated concentra- 
tions of IL-I p for 72 hr before neuronal death was assessed by 
measuring efflux of LDH to culture medium (crosshurched and open 
bars). Sister cultures were exposed to a combination of both IL-lra and 
IL-lp for 72 hr (harched bar), after which the degree of neurotoxicity 
was measured as above. Data are mean + SEM, n = 3-6. Significance 
was calculated using ANOVA followed by Scheffe’s post hoc test. +, 
p < 0.05 versus neuronal number in cultures exposed to 100 pglml IL- 
1 f3 for 72 hr (crosshatched bar). **, p < 0.01 versus neuronal numbers 
in vehicle-treated control sister cultures (solid hur). 
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Figure 5. Time course of neuronal cell death induced by long-term 
exposure to IL-Ip and modification of the degree of neurotoxicity by 
IL-I ra. Cultures were exposed to the indicated concentration of IL-ll3 
up to 72 hr before neuronal death was assessed (closed circles). Sister 
cultures were exposed to a combination of both IL-lra and IL-Il3 up to 
72 hr (open triungles), after which the degree of neurotoxicity was 
measured as above. Data are the means + SEM, n = 3-5. Each point 
represents approximately 200-450 neurons counted in triplicate. Data 
are expressed as a percentage of the total number of neurons observed 
in untreated sister cultures, and were assessed by immunocytochemistry 
for neuron-specific enolase (NSE) as described in Materials and Meth- 
ods. Significance was calculated using ANOVA followed by Scheffe’s 
post hoc test. *, p < 0.05 versus neuronal number in cultures exposed 
for 72 hr to vehicle (open circles) or a combination of IL- 1 p and IL- 
1 ra (open triangles). 

hrIL- 1 B was accompanied by a significant reduction in the num- 
ber of NSE-positive cells, indicating specific neurotoxic effects 
of hrIL-1B (Fig. 5). In addition, exposure of cultures to 100 
pg/ml hrIL-1B for 72 hr resulted in a large increase in GFAP 
and Mac-l immunoreactivity, indicating potent astrogliotic and 
microgliotic properties of hrIL- 1 B (data not shown). The spec- 
ificity of the neurotoxic effects of 100 pg/ml hrIL- 1 B was dem- 
onstrated by the coapplication of 1 mg/ml IL-lra (Figs. 4, 5). It 
was observed that IL-lra prevented IL-l B neurotoxicity. 

Discussion 

The results of the present study indicate that interleukin-IB (IL- 
1B) can act via, and in cooperation with, NGF to modify the 
neurotoxic actions of excitatory amino acids (EAAs). The ef- 
fects of hrIL-1B and NGF on EAA actions appear to be “non- 
selective, ” in that the neurotoxic effects of EAAs acting on ei- 
ther NMDA or non-NMDA receptor subtypes were similarly 
affected by hrIL-1B and NGE 

It has recently been reported that several interleukins, includ- 
ing IL-l, -4, -6, -7, and -8, can support neuronal viability in 
vitro, since they potently induce neurite branching and extension 
and increase neuronal survival (Hama et al., 1989; Fagan and 
Gage, 1990; Araujo, 1992; Araujo and Cotman, 1993). The latter 

studies describe the neurotrophic effects of IL-l at concentra- 
tions of 10 rig/ml. Because biological activity of the IL-l used 
was not provided in these studies, direct comparison with the 
trophic effects reported here cannot be made. In the present 
study, protection against EAA-induced neurodegeneration was 
observed at 6500 U/ml (500 rig/ml), although 13,000 and 6.5 
U/ml also provided a significant degree of excitoprotection. It is 
possible that neuroprotective effects can be observed at lower 
concentrations. It appeared that the neuroprotective actions of 
IL-l were accompanied by an increase in glial cell number, al- 
though this was not quantified. Nevertheless, the ability of IL-l 
to stimulate glial activation and proliferation has been demon- 
strated previously (Giulian and Lachman, 1985), and suggests 
that neuroprotective effects of IL-l may be mediated by glial 
production of growth factors. This is supported by our finding 
that inhibition of protein synthesis by 10 PM cycloheximide sig- 
nificantly reversed the degree of excitoprotection offered by IL- 
1B (data not shown). The above suggestion does not exclude 
any direct neuronal effects of IL-l, as has been described for 
several other cytokines/growth factors such as ciliary neuro- 
trophic factor (CNTF) and fibroblast growth factor (FGF) (Wal- 
icke and Baird, 1988; Unsicker et al., 1992). However, the 
monoclonal antibody to NGF used in the present studies does 
not appear to interfere with either the biological activity of IL-1 
in DlON thymocyte proliferation assay (Hopkins and Hum- 
phreys, 1989; S. Hopkins, unpublished observations) or cross- 
react with FGE IGF, or CNTF (Boehringer Mannheim, personal 
communication), suggesting that the excitoprotective effects of 
IL-l observed in this study may be mediated largely by NGE 
However, we cannot completely rule out the involvement of 
growth factors other than the above in the neuroprotective ef- 
fects of IL- 1 B. 

A role for endogenous IL-l in the control of neuronal survival 
in vitro has recently been demonstrated by Brenneman et al. 
(1992). They observed that administration of an antiserum to IL- 
lo to cultured spinal cord neurons caused increased neuronal 
death, an effect that was reversed by addition of IL-la (Bren- 
neman et al., 1992). The authors speculated that one of the 
mechanisms by which IL-l is neuroprotective may be via the 
induction of NGF in astroglia. Indeed, the ability of IL-l to 
induce NGF mRNA and protein in astroglia has previously been 
reported (Carman-Krazan et al., 199 I ). This suggestion is further 
supported by the recent finding that astrocyte-conditioned me- 
dium enhances septal cholinergic neuronal choline acetyltrans- 
ferase activity, an effect that appears to be upregulated by IL- 
1 B and mediated by NGF from astrocytic origin (Yoshida et al., 
1992). Thus, activation and proliferation of astro- or microglia 
by IL-l could result in the release of NGF and may subsequently 
confer neuroprotection. This hypothesis has been suggested pre- 
viously but was based on circumstantial evidence. To our knowl- 
edge, the present study provides the first direct evidence that 
IL-I can modify neurotoxicity through an interaction with NGF 
and that exogenous NGF directly inhibits excitotoxic damage. 

It has been reported previously that exogenous NGF can pro- 
tect cultured cortical neurons against hypoglycemia and some 
excitotoxic insults (Cheng and Mattson, 1991; Shimohama et al., 
1993). Our data agree with these studies and extend them by the 
demonstration that both exogenous and endogenous NGF can 
protect neurons against both NMDA and non-NMDA receptor- 
mediated neurotoxicity. Previous studies have been unable to 
show neuroprotective effects of exogenous NGF against exci- 
totoxicity in vitro. Mattson et al. (1989) demonstrated that NGF 
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failed to rescue 5-d-old hippocampal neurons in culture exposed 
to glutamate. In addition to obvious differences in culture con- 
ditions and neuronal cell types, these workers used lower con- 
centrations of NGF (I 0 rig/ml NGF) than those employed in the 
present study and that of Shimohama et al. (1993; 100 rig/ml). 
Furthermore, their cultures were very young (5 d) compared to 
14-I 7 d in this study. This may be crucial, since it has previ- 
ously been reported that NGF receptor expression is under de- 
velopmental control (von Bartheld et al., 1991; von Bartheld and 
Bothwell, 1992). Thus, total NGF receptor number and/or NGF 
receptor binding characteristics may depend on the age of the 
culture. Finally, cortical neurons may be more sensitive to the 
trophic actions of NGF than hippocampal neurons. 

From the present study it is not clear how NGF exerts its 
neuroprotective effects. Some data suggest that NGF may exert 
its neuroprotective actions by reducing accumulation of intra- 
cellular calcium through the induction of calbindin-D28k (Ia- 
copino et al., 1992), thus preventing calcium-dependent neuronal 
degeneration. However, other workers have been unable to ob- 
serve an effect of NGF on calbindin-D28k expression, and this 
therefore remains controversial (Collazo et al., 1992; Cheng et 
al., 1994). Furthermore, it has been demonstrated that the effects 
of NGF are mediated partly by a high-affinity tyrosine kinase A 
NGF receptor (TrkA) and the low-affinity NGF receptor ~75~“‘~ 
(Hempstead et al., 199 1; Klein et al., 199 I ). Recent data indicate 
that ~75 NGPR increases the affinity of TrkA for NGF and enhances 
its specificity for other members of the NGF family (Ip et al., 
1993). p75N”FK has been shown to act as a constitutive neuro- 
toxicity-promoting receptor since its expression, when unoccu- 
pied, induces neuronal death through apoptosis (Rabizadeh et 
al., 1993). EAA treatment may cause neuronal death through 
upregulation of this low-affinity NGF receptor. In contrast, bind- 
ing of NGF to ~75~“~~ has been demonstrated to confer neuro- 
protection (Rabizadeh et al., 1993), suggesting that the neuro- 
protective actions of NGF against EAA toxicity may involve 
~75~“~~. Activation of both NMDA and non-NMDA receptors 
has been demonstrated to induce NGF mRNA in viva and in 
vitro (Zafra et al., 1990; Ballarin et al., 1991), yet agonists of 
these EAA receptors are potent neurotoxins. A possible expla- 
nation for this apparent paradox may be that NGF induced fol- 
lowing NMDA and non-NMDA receptor activation preferen- 
tially binds to the high-affinity TrkA NGF receptor, leaving the 
low-affinity NGF receptor ~75~“~~ unoccupied. This would al- 
low ~75~~~~ to exert its neurodegenerative effects, antagoniz- 
ing/reversing any beneficial actions of NGF on the high-affinity 
NGF receptor. However, since recent data indicate that 
glutamate-induced neuronal death may not involve apoptosis 
(Dessi et al., 1993), this mechanism remains speculative. Finally, 
when neurons were exposed to a combination of IL- 1 B and NGF, 
a large additive neuroprotective effect was observed. This sug- 
gests that the concentration of IL-I B used in this study was 
insufficient to induce NGF in those quantities required to obtain 
maximal neuroprotection. 

An additional finding of the present study is that high con- 
centrations of IL- I B is toxic to cortical neurons. These effects 
are observed only following long-term exposures (72 hr) to high 
concentrations of IL-I B (100 pg/ml, I .3 X 10” U/ml). This find- 
ing is in agreement with earlier reports that interleukins can act 
as neurotoxins at high concentrations (Araujo and Cotman, 
199 1; Araujo, 1992). These workers investigated the neurotoxic 
effects of IL-1 at doses up to I pg/ml (biological activity un- 
known) on cultured hippocampal neurons. While the dose of 

IL-1 used in our study is lOO-fold greater, essentially identical 
results were obtained. At present, the mechanism of IL-1B neu- 
rotoxicity is unknown, but appears to be mediated by the type 
I IL- 1 receptor since application of IL- 1 ra reduced its neurotox- 
icity. Nevertheless, the in vitro toxicity of IL- 1 is in concordance 
with the proposed role of IL-l in neurodegeneration in vivo 
(Rothwell and Relton, 1993). Administration of IL-I into the 
brain of experimental animals elicits processes characteristic of 
brain trauma, including glial activation and proliferation, neu- 
ronal sprouting, scar formation, and neovascularization (Giulian 
and Lachman, 1985; Woodward et al., 1989). While constitutive 
expression of IL-I protein and its mRNA is low in normal brain, 
various CNS disorders in humans and experimental animals, in- 
cluding cerebral ischemia, result in increased expression of IL-l 
(Giulian and Lachman, 1985; Minami et al., 1991, 1993). Fur- 
thermore, increased concentrations of IL-I have been reported 
in the brain or cerebrospinal fluid of patients suffering from 
neurodegenerative diseases such Alzheimer’s disease and HIV 
(Gallo et al., 1989; Griffin et al., 1989). 

Using an interleukin-I receptor antagonist (IL-lra), we re- 
cently highlighted the importance of endogenous IL-I in neu- 
rodegeneration (Rehon and Rothwell, 1992). It was found that 
neuronal death caused by focal cerebral ischemia or glutama- 
tergic lesions of the corpus striatum in the rat was markedly 
inhibited by IL-lra, suggesting that endogenous IL-I can me- 
diate neuronal death. This is further supported by our recent 
finding that IL- lra also protects the rat striatum against non- 
NMDA receptor-mediated neurodegeneration (C. Lawrence, P 
J. L. M. Strijbos, and N. J. Rothwell, unpublished observations). 
Thus, it appears that the neurotoxic actions of IL-l in vitro are 
comparable with those in vivo, although the mechanisms by 
which IL- I is neurotoxic in these two experimental systems may 
be distinct. It is currently unknown whether IL-l, when injected 
at low concentrations, offers protection against EAA-induced 
neurotoxicity in vivo. However, considering that administration 
of IL-I into the brain of experimental animals induces NGF 
(Lindholm et al., 1987; Friedman et al., 1990) and that NGF 
protects against excitotoxicity in vivo (Frim et al., 1993), this 
proposal seems reasonable. 

Nevertheless, it appears that IL-1 is able to exert dual roles. 
Under conditions where large quantities of IL-I are produced 
such as cerebral ischemia, IL-l may be detrimental to neurons. 
In contrast, in situations where relatively small amounts of IL-l 
are produced (e.g., in normal brain), IL-I may maintain neuronal 
viability by acting as a neurotrophic factor. Therefore, it seems 
important that IL-I production in the CNS is controlled with 
great precision, and that any disturbance in these processes may 
result in changes in neuronal viability. It is currently not clear 
why increased expression of IL- 1 results in neurotoxicity in vivo 
and in vitro, since this should confer increased production of 
NGF. 

In summary, the present study provides support for the hy- 
pothesis that cytokines, growth factors, and excitatory neuro- 
transmitters can interact to influence neuronal viability. The PO- 

tent neurotoxic actions of glutamate, NMDA, kainate, and 
AMPA to cultured cortical neurons can be inhibited by pretreat- 
ment with IL- 1 B or NGE The finding that IL-l B reduced the 
extent of EAA-induced neuronal death through an action on 
nerve growth is novel and may be relevant to understanding and 
treatment of neurodegenerative diseases. 
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