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Rapid Communication

Intracerebral NMDA Injection Stimulates Production
of Interleukin-14 in Perinatal Rat Brain
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Abstract: Susceptibility to NMDA neurotoxicity peaks in the
early postnatal period in rats. Although indirect evidence sug-
gests that interleukin-14 is a mediator of NMDA neurotoxicity in
perinatal rats, direct confirmation of NMDA-induced interleukin-
14 production in the brain has not been reported previously.
The primary goal of this study was to determine if intracerebral
injection of a neurotoxic dose of NMDA stimulates interleukin-
143 production acutely. We used a rat-specific interleukin-14
ELISA to quantify brain tissue homogenate interleukin-13 con-
tent, and an immunocytochemical assay with a monoclonal anti-
rat interleukin-13 antibody to visualize its distribution. NMDA
(10 nmol) was injected stereotaxically into 7-day-old rats, using
coordinates that targeted the striatum and overlying dorsal hip-
pocampus. Interleukin-13 concentrations were measured in
samples from the injected and contralateral cerebral hemi-
spheres 0-12 h later; in addition, the impact of treatment with
the noncompetitive NMDA antagonist MK-801 on interleukin-12
production was assessed. We found marked increases in tissue
content of interleukin-143 in the lesioned hemisphere; values
peaked at 6 h post injection. Treatment with MK-801 (1 mg/kg)
blocked NMDA-induced increases in interleukin-145. Preliminary
immunocytochemical analysis demonstrated high concentra-
tions of interleukin-1g8-immunoreactive cells in the lesioned
hippocampus, and concurrent increases in interleukin-14 immu-
noreactivity diffusely in the ependyma at 6 h after NMDA admin-
istration. Our data provide the first direct evidence that NMDA-
induced excitotoxic injury stimulates interleukin-13 production in
vivo. Key Words: Interleukin-15— N-Methyl-p-aspartate— MK-
801—Rat brain.
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Interleukin-14 (IL-13) is a pleiotropic cytokine that plays
important roles in immune, endocrine, and inflammatory re-
sponses ( Dinarello, 1994). In the CNS, recent experimental
evidence implicates IL-14 as a mediator of neuronal damage
caused by ischemic and excitotoxic brain injury. Transient
increases in IL-18 mRNA expression after ischemic, trau-
matic, and excitotoxic injury have been reported (Minami
et al., 1990, 1992; Fan et al., 1995; Szaflarski et al., 1995).
Although increased IL-18 bioactivity was detected following
mechanical injury (Woodroofe et al., 1991), direct evidence
that acute brain injury stimulates mature IL-1£ production
in the brain has not been reported previously.

The hypothesis that IL-15 contributes to the progression
of acute brain injury stems from findings that pharmacologi-
cal antagonism of IL-14 by intraventricular infusion of IL-
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1 receptor antagonist (IL-1ra) (a specific receptor antagonist
that blocks many biological actions of IL.-153) reduced both
excitotoxic and ischemic damage in adult rat brain (Relton
and Rothwell, 1992), and from evidence that adenoviral
vector-mediated overexpression of IL-1ra in the brain attenu-
ated ischemic (Betz et al., 1995) and excitotoxic (Hagan et
al., 1996) injury.

Intracerebral NMDA injection in postnatal day 7 (P7)
rats elicits reproducible, dose-dependent neuronal damage;
susceptibility to NMDA neurotoxicity peaks at this age (Mc-
Donald et al., 1988). Our findings that intracerebral NMDA
injection stimulated IL-18 mRNA expression (Szaflarski et
al., 1995) and that adenovirus-mediated overexpression of
IL-1ra conferred resistance to NMDA-induced brain injury
(Hagan et al., 1996) prompted us to evaluate whether in-
creased IL-18 could be detected acutely in lesioned brain,
and whether its expression corresponded with the distribu-
tion of neuronal injury. IL-15 protein was quantified using
a rat [L-183 ELISA; preliminary experiments were also per-
formed to evaluate its neuroanatomic distribution immuno-
cytochemically, by using a monoclonal rat-specific IL-183
antibody. Our results demonstrate the temporal and anatomic
distribution of NMDA-induced IL-15 production in P7 rat
brain.

MATERIALS AND METHODS

Previously reported methods were used for NMDA injec-
tions (McDonald et al., 1989). Surgical protocols were ap-
proved by the University of Michigan Committee on Care
and Use of Animals in Research. P7 rats were anesthetized
by methoxyfluorane inhalation, and NMDA [10 nmol/0.5
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w1 of phosphate-buffered saline (PBS), pH 7.4] was stereo-
taxically injected into the right striatum (coordinates relative
to bregma: AP: O mm; L: 2.3 mm; D: 4.0 mm). This le-
sioning method, which targets both the striatum and adjacent
structures, elicits substantial ipsilateral tissue damage; 5 days
later, there is marked neuronal necrosis and atrophy in the
striatum, adjacent dorsal hippocampus (particularly in the
CA3 subfield), and overlying cortex and a 10% reduction
in the weight of the lesioned cerebral hemisphere compared
with the contralateral side (McDonald et al., 1989).

In preliminary experiments, to minimize tissue handling, the
brains were rapidly removed, the hemispheres were separated
on ice, and each hemisphere was homogenized in 0.5 ml of
PBS (4°C) in <1 min; samples were centrifuged (10,000 rpm,
10 min, 4°C), and the supernatant was stored at —70°C. Values
in the range of the IL-1 ELISA (see below) were obtained
from a single hemisphere; therefore, this sampling method,
which did not require tissue pooling, was selected.

In the first group of experiments, animals received intra-
striatal NMDA injections (10 nmol) and were killed by
decapitation 0, 2, 4, 6, or 12 h later (n = 4 per group,
except at time 0, n = 2); four controls received intrastriatal
injections of 0.5 ul of PBS, pH 7.4, and were killed 12 h
later. Samples were prepared from the left and right cerebral
hemispheres of each animal.

In the next experiment, to evaluate the effect of treatment
with (+)-5-methyl-10,11-dihydro-5H-dibenzo[«,d]cyclo-
hepten-5,10-imine maleate (MK-801), a noncompetitive
NMDA receptor antagonist, on IL-148 production, animals
were treated with intraperitoneal injections of MK-801 (1
mg/kg in 0.1 ml) 15 min after NMDA lesioning or with an
equal volume of saline (n = 4 per group). An additional
control group (n = 3) received intrastriatal saline injections
(0.5 ul), followed 15 min later by an intraperitoneal injec-
tion of the same dose of MK-801. This MK-801 dose blocks
NMDA-induced injury (McDonald et al., 1989). All animals
were killed 6 h later, and tissue samples were prepared as
above. Samples from normal P7 animals (n = 4) were as-
sayed in two subsequent experiments.

Four additional animals received stereotaxic intracerebral
NMDA injections; 6 h later, animals received lethal over-
doses of chloral hydrate (400 mg/kg) and were perfused
with 2% paraformaldehyde/PBS, pH 7.4. The brains were
removed and cryoprotected. Twenty-micrometer frozen sec-
tions were used immediately for immunocytochemistry. In
preliminary experiments we found that more prolonged stor-
age of either whole brains or frozen sections resulted in
marked loss of IL-14 immunoreactivity.

IL-15 content of tissue homogenates was measured using
a rat IL-18 ELISA (Garabedian et al., 1995). Ninety-six-
well immunoplates were coated for 16 h with immunoaffinity-
purified polyclonal sheep anti-rat IL-13 (4 pg/ml in PBS, pH
7.2, 100 ul/well) and washed three times in a high-salt wash
dilution buffer [WDB; 0.5 M NaCl, 2.5 mM NaH,PQ,, 7.5
mM Na,HPO,, 0.1% (vol/vol) Tween 20]; then triplicate
samples and standards (100 pl/well recombinant rat 1L-13)
were added and incubated for 16 h at 4°C. Plates were washed
in WDB, incubated with biotinylated affinity-purified poly-
clonal sheep anti-rat 1L-15 [1:1,000 dilution in WDB con-
taining 19% normal sheep serum, 100 ul/well, 1 h at room
temperature (RT)], washed three times, and incubated with
avidin-horseradish peroxidase ( 1:5,000, 15 min at RT). After
three washes in WDB, samples were incubated with o-pheny-
lenediamine (0.2 mg/ml, 100 pl/well, 30 min at RT), and
the reaction was terminated with 1 M H,SO, (150 ul/well).
An automated plate reader was used to measure optical density
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(OD) at 490 nm, and IL-18 content was derived from a
standard graph. Data were analyzed by ANOVA, and in-
tergroup differences were evaluated with post-hoc ¢ tests.

Assay reagents were prepared by Drs. Poole and Bristow;
recombinant rat IL-15 was generously provided by Dr. R.
Newton (Du Pont-Merck). This ELISA has a sensitivity of
8 pg/ml (cytokine concentrations that yield OD values =2
SD above those obtained for O pg/ml cytokine); the rectilinear
relation between log concentration and log OD extends up to
1,000 pg/ml. There is cross-reactivity of mouse and human
IL-18 in this ELISA (dose—response curves lie two logs to
the right); mouse IL-la at concentrations above 30 ng/ml
show minimal cross-reactivity (curve lies five logs to the
right).

The immunocytochemical assay of rat IL-15 was devel-
oped using a monoclonal mouse anti-rat IL-15 antibody
(SILK?20; Schotanus et al., 1995) (3 pg/ml, 1:1,500 dilu-
tion). This antibody recognizes the amino acid sequence
78-98 of mature rat IL-18 and binds with high affinity (7
nmol/L) to recombinant rat IL-14. Slide-mounted 20-pm
sections (=20 per brain) were postfixed for 10 min at RT
in 2% paraformaldehyde/PBS, pH 7.4, washed three times
with buffer 1 (PBS/0.4% Triton X-100/1% normal horse
serum), incubated with a nonspecific blocking serum (10%
normal horse serum diluted in buffer 1; 20 min at RT), and
incubated for 16 h with the primary antibody. Sections were
washed three times in buffer 1 and incubated with the sec-
ondary antibody (biotinylated horse anti-mouse, 1:500 dilu-
tion in buffer 1, 1 h, RT). After three PBS rinses, sections
were incubated with avidin complex, biotinylated enzyme,
and chromogen (ABC Elite kit, Vector, Burlingham, CA,
U.S.A.). Control sections in which the primary antibody was
replaced with an equivalent dilution of species-matched IgG
were assayed concurrently, and yielded no staining. Sections
were counterstained with cresyl violet.

RESULTS

NMDA (10 nmol) stimulated IL-18 production in the
lesioned cerebral hemisphere in the first 12 h after lesioning
(Fig. 1; p < 0.001, ANOVA, comparing changes over time
and side—side differences). Increased production in the right
hemisphere was measured as early as 2 h postinjection
(threefold increase over contralateral hemisphere concentra-
tions ), and peak concentrations (572 = 85 pg/ml, ipsilateral
hemisphere, mean + SEM) were detected at 6 h post le-
sioning. At 12 h, IL-1/ concentrations in the right hemi-
sphere remained elevated to a lesser degree. No significant
change in IL-18 production was detected in the contralateral
hemisphere.

Treatment with a neuroprotective dose of MK-801
blocked NMDA-induced IL-18 production (Fig. 2), mea-
sured at 6 h post lesioning (p < 0.001). MK-801 had no
suppressive effect on IL-1/ production in controls that had
received intrastriatal saline injections. In this experiment,
in the NMDA-lesioned, intraperitoneal saline-treated group,
concentrations of IL-14 in samples from the right hemi-
sphere were in the same range as peak concentrations at-
tained in the preceding experiments (620 *+ 28 vs. 572 = 85
pg/ml, mean = SEM). However, in all three experimental
groups, IL-1/4 values in samples from the contralateral hemi-
sphere were somewhat higher than those observed earlier;
factors that account for this difference are uncertain. In two
subsequent independent assays of normal P7 rat brain, the
mean IL-14 value was 180 pg/ml, similar to the contralateral
hemisphere values in this experiment.
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FIG. 1. NMDA-induced IL-14 production. P7 rats received right
intracerebral injections of NMDA (10 nmol/0.5 pl); tissue IL-15
content was measured 0-12 h later. Brain homogenates were
prepared from each cerebral hemisphere; an ELISA was used
to measure IL-13 (see Materials and Methods), and absolute
values were derived from internal standards. Data, expressed as
mean + SEM (bars) values (n = 4 per group, except at time 0,
where n = 2}, represent concentrations in tissue homogenates.
“Right” and ‘“Left” identify injected and contralateral cerebral
hemisphere values, respectively. “12C"’ represents values from
controls that received intrastriatal saline injections and were
killed 12 h later. **p < 0.001 (two-way ANOVA, comparing side—
side differences and changes over time).

Our preliminary immunocytochemical studies demon-
strated that NMDA induced IL-14 immunoreactivity in the
lesioned hemisphere at 6 h post lesioning (Fig. 3). Increased
IL-18 immunoreactivity was detected most readily within
the pyramidal cell layer of the CA3 subfield of the lesioned
hippocampus (Fig. 3B), the region most susceptible to
NMDA neurotoxicity in P7 rats. IL-15-immunoreactive cells
were also diffusely distributed in the adjacent lesioned stria-
tum (results not shown ). High concentrations of immunore-
active cells were also detected in the ependyma, both ipsilat-
eral and, to a lesser degree, contralateral to the lesion. In
three additional brains (results not shown), the findings were
the same; the pattern of immunoreactivity was similar in all
sections that were assayed.

DISCUSSION

Our data demonstrate that NMDA stimulates production
of IL-14 in vivo in neonatal rat brain, and that treatment
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FIG. 2. MK-801 inhibits NMDA-induced IL-18 production. P7
rats received right intracerebral injections of NMDA (10 nmol/
0.5 ul; n = 4 per group) or saline (n = 3); 15 min later they
received injections (0.1 ml i.p.) of MK-801 (1 mg/kg) or an equal
volume of saline. Tissue IL-18 content was evaluated at 6 h
post lesioning. An ELISA was used to measure IL-143 in brain
homogenates (see Materials and Methods). Absolute values,
derived from internal standards, were expressed as mean + SEM
(bars) values; “Right” and “Left” identify injected and contralat-
eral cerebral hemisphere values, respectively. **p < 0.001
(ANOVA, with post-hoc comparison of right hemisphere values
in MK-801- and saline-treated NMDA-lesioned groups).

FIG. 3. NMDA-induced IL-13 expression. This montage demon-
strates the distribution of IL-13-immunoreactive cells in the left
(A) and right (B) hippocampus of a P7 animal that had received
aright intracerebral injection of NMDA (10 nmol/0.5 ul) 6 h earlier.
A monoclonal mouse anti-rat IL-13 antibody was used to detect
IL-18 (see Materials and Methods); immunoreactive cells were
visualized with 3,3’-diaminobenzidine, which yielded a dark pre-
cipitate, and sections were counterstained with cresyl violet to
identify anatomical landmarks. In A, there is subtle evidence of
increased immunoreactivity, limited to the ependyma. In contrast,
in the lesioned hippocampus (B), immunoreactive cells are con-
centrated in the CA3, the region most susceptible to NMDA neuro-
toxicity at this developmental stage. Control sections (not shown),
in which an equal concentration of isotype-matched IgG was sub-
stituted for the primary antibody, had no reactive cells. CA, cornu
ammonis. Magnification, A and B: x4.

with the noncompetitive NMDA antagonist MK-801 blocks
this response. The timing of peak protein expression (6 h
post injection) is congruent with the temporal pattern of IL-
1 mRNA expression, peaking at 4 h after lesioning (Szaflar-
ski et al., 1995).

In contrast with the findings that ischemic, excitotoxic,
and traumatic brain injury transiently stimulated IL-18
mRNA expression (Minami et al., 1990, 1992; Fan et al.,
1995; Szaflarski et al., 1995); direct evidence that acute
brain injury stimulated production of mature IL-15 protein
has been lacking. Qur data suggest that technical factors,
related to methods of sample preparation and/or protein de-
tection, may account for this disparity. Moreover, our data
are congruent with two studies of IL-1 functional activity in
P7 rat brain. Giulian et al. (1988) first reported that IL-1
bioactivity could be detected in normal P7 (but not in adult)
rat brain, a finding that is consistent with our immunological
data. Of particular relevance, in a recent study of IL-1 bioac-
tivity in P7 rat brain after hypoxic—ischemic lesioning,
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Hagberg et al. (1995) demonstrated peak activity in the
injured cerebral hemisphere at 6 h after lesioning, a temporal
pattern that coincided closely with our results.

IL-18 could exert either beneficial or deleterious effects
after acute brain injury (Strijbos and Rothwell, 1995). Yet
in vivo, in the setting of acute brain injury at the develop-
mental stage used in our study, pharmacological antagonism
of IL-18 is clearly neuroprotective (Martin et al., 1994;
Hagan et al., 1996).

Whether IL-18 mediates NMDA-induced excitotoxic
damage directly or indirectly is uncertain. IL-15 regulates
expression of a host of other cytokines and potential neuro-
toxic mediators. For example, IL-15 potently stimulates in-
ducible nitric oxide synthase activity; in vitro increased in-
ducible nitric oxide synthase activity potentiates NMDA
neurotoxicity (Hewett et al., 1994).

Our preliminary immunocytochemistry data suggest that
injured neurons could be a major source of IL-1/ production,
as were ependymal cells. Surprisingly few immunoreactive
cells with microglial morphology (Van Dam et al., 1992)
were seen. To evaluate whether the immunoreactive cells
within the pyramidal cell layer could be microglia or mono-
cytes, we performed preliminary lectin histochemistry assays
to identify these cells in NMDA-lesioned brain (Ivacko et
al., 1996); at 6 h after lesioning, although we could detect
subtle evidence of microglial activation ipsilaterally, very
few lectin-stained cells infiitrated the pyramidal cell layer,
where IL-18 immunoreactivity was concentrated (unpub-
lished observations). As IL-143 is secreted, an alternative
interpretation of the distribution of immunoreactivity would
be that it reflects regions where secreted IL-1/ bound to cell
surface receptors.

Overactivation of NMDA receptors initiates a complex
cascade of interrelated intracellular events that lead to irre-
versible injury. In clinical disorders mediated by NMDA
receptor overactivation, injury evolves progressively; if in-
flammatory mediators, such as IL-13, produced several
hours after the onset of injury are neurotoxic, then therapeu-
tic interventions targeted to block their deleterious actions,
administered after the initial CNS insult, could be neuropro-
tective. A greater understanding of the complex role(s) of
IL-15 and related proinflammatory cytokines in the patho-
genesis of acute brain injury is an essential prerequisite for
the development of effective neuroprotective therapies based
on pharmacological antagonism of IL-17.
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