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Lipopolysaccharide (LPS), a component of the cell
wall of Gram-negative bacteria, has been shown to in-
duce profound changes both peripherally and centrally.
It has recently been reported that intraperitoneal injec-
tion of LPS inhibited long term potentiation (LTP) in
perforant path-granule cell synapses and that this effect
was coupled with an increase in the concentration of the
proinflammatory cytokine, interleukin-1� (IL-1�). The
LPS-induced effects were abrogated by inhibition of
caspase-1, suggesting that IL-1� may mediate the effects
of LPS. Here we report that the inhibition of LTP in-
duced by LPS and IL-1� was coupled with stimulation of
the stress-activated protein kinase p38 in hippocampus
and entorhinal cortex and that this effect was abrogated
by the p38 inhibitor SB203580, while the effect of LPS
was markedly attenuated in C57BL/6 IL-1RI�/� mice.
The data also indicate that activation of the transcrip-
tion factor, nuclear factor �B (NF�B), may play a role,
since the inhibitory effect of LPS and IL-1� on LTP was
attenuated by the NF�B inhibitor, SN50; consistently,
LPS and IL-1� led to activation of NF�B in entorhinal
cortex. We suggest that one consequence of these LPS-
and IL-1�-induced changes is a compromise in gluta-
mate release in dentate gyrus, which was coupled with
the inhibition of LTP. The evidence is consistent with
the idea that the LPS-induced impairment in LTP is
mediated by IL-1� and is a consequence of activation
of p38.

The proinflammatory cytokine, interleukin-1� (IL-1�),1 ex-
erts numerous effects in the central nervous system; among
these effects is inhibition of long term potentiation (LTP) in the
hippocampus (1–6). LTP in perforant path-granule cell syn-
apses has been shown to be attenuated in aged and stressed
rats (4, 5) and in rats that were treated intraperitoneally with
lipopolysaccharide (LPS; Ref. 7) or intracerebroventricularly
with IL-1� (4, 5); IL-1� concentration in hippocampus was

increased in each of these experimental conditions, and a neg-
ative correlation between the ability of rats to sustain LTP and
IL-1� concentration in hippocampus has been described previ-
ously (8, 9). The finding that the effect of LPS on LTP is
mimicked by IL-1�, together with the finding that the effect of
LPS on LTP was abrogated by inhibiting IL-1� converting
enzyme (caspase-1; Ref. 7), suggested that IL-1� may mediate
this effect of LPS.

Among the downstream effects of IL-1� is activation of the
mitogen-activated protein kinases, c-Jun NH2-terminal kinase
(JNK), or stress-activated protein kinase (SAPK) and p38; this
effect has been reported in several tissues, for example, IL-1�
increases activity of p38 in Chinese hamster CCl39 (10) and
HeLa (11) cells, while IL-1�-induced activation of JNK has
been reported in human glomerular mesangial (12) and HeLa
(11) cells. In the hippocampus, activation of JNK and p38 is
coupled with elevated IL-1� concentrations in aged rats (13)
and in rats treated intracerebroventricularly with IL-1� (6),
and the LTP-associated increase in KCl-stimulated glutamate
release is attenuated in both experimental conditions (6, 13).
This is consistent with the observation that IL-1� inhibits
transmitter release, for example release of acetylcholine (14)
and glutamate (15) in hippocampal synaptosomes. This inhib-
itory effect of IL-1� on glutamate release may contribute to its
effect on LTP, because, in dentate gyrus at least, maintenance
of LTP seems to be partially dependent on an increase in
glutamate release (16–19). Indeed it might be predicted that
glutamate release is modulated by activity of p38, since the
IL-1�-induced attenuation of LTP in dentate gyrus in vitro is
overcome by the p38 inhibitor, SB203580 (20).

Evidence suggests that activation of the transcription factor,
nuclear factor �B (NF�B), is stimulated by p38 activation (e.g.
(21)), while the stimulatory effect of IL-1� on NF�B has been
recognized for many years (see Ref. 22). The findings that
NF�B is expressed in the brain (23), and that its activation is
probably related to synaptic function (24), suggest that this
may be part of the cascade of events triggered by IL-1�, and
subsequently p38 phosphorylation, in hippocampus. NF�B is a
three-subunit complex, consisting of an inhibitory subunit, I�B,
a 50-kDa subunit (p50), and a 65-kDa subunit (p65), which
exists in the cytoplasm. Upon activation, which involves phos-
phorylation of I�B, dissociation occurs and the dimer (p50/p65)
translocates to the nucleus to stimulate gene transcription (see
Ref. 25). NF�B activation in brain is triggered by a variety of
stimuli, including oxidative stress, increased intracellular cal-
cium concentration, glutamate, growth factors, and cytokines
including IL-1� and tumor necrosis factor (see Refs. 22, 26, and
27). The evidence that its activation is increased in circum-
stances in which degenerative changes occur has been inter-

* This work was supported by the Health Research Board (Ireland)
and the Higher Education Authority (Ireland). The costs of publication
of this article were defrayed in part by the payment of page charges.
This article must therefore be hereby marked “advertisement” in ac-
cordance with 18 U.S.C. Section 1734 solely to indicate this fact.

‡ To whom correspondence should be addressed. Tel.: 353-1-6083794/
6081019; Fax: 353-1-6793545; E-mail: aikelly@tcd.ie.

1 The abbreviations used are: IL, interleukin; LTP, long term poten-
tiation; LPS, lipopolysaccharide; JNK, c-Jun NH2-terminal kinase;
NF�B, nuclear factor �B; PBS, phosphate-buffered saline; NGS, normal
goat serum; PAO, phenylarsine oxide; DTT, dithiothreitol; PMSF, phen-
ylmethylsulfonyl fluoride; DL-TBOA, DL-threo-�-benzyloxyaspartic acid;
epsp, excitatory post-synaptic potential; ANOVA, analysis of variance.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 278, No. 21, Issue of May 23, pp. 19453–19462, 2003
© 2003 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org 19453

 at IR
eL (T

rinity C
ollege D

ublin), on S
eptem

ber 28, 2009
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


preted by some as evidence of a pro-apoptotic role for NF�B
(28–32). However powerful evidence from in vitro studies, and
in vivo studies using knock-out mice, supports an anti-apo-
ptotic role for NF�B (33–38).

This study was designed to investigate the consequences of
the LPS-induced increase in IL-1� concentration in rat brain,
focusing in particular on the possibility that activation of p38
and NF�B may be involved in the inhibition of LTP induced by
LPS. We report that p38 activation in hippocampus was indeed
one consequence of peripheral administration of LPS, that its
activation was accompanied by increased activation of NF�B,
and that inhibition of these changes by SB203580 and SN50 at
least partially suppressed the inhibitory effects of LPS and
IL-1� on LTP.

EXPERIMENTAL PROCEDURES

Animals—Groups of male Wistar rats (300–350 g) were housed in
groups of 2–4 under a 12-h light schedule. Wild type and IL-1RI knock-
out (IL-1R1�/�) mice were housed in groups of 6 under a 12-h light
schedule. Breeding pairs of IL-1R1�/� mice on a C57BL/6 background
were obtained from Jackson Laboratories, and C57 mice were obtained
from Harlan. Ambient temperature was controlled between 22 and
23 °C. Food and water were freely available. Wild type and IL-1R1�/�

mice were randomly divided into two subgroups that received an intra-
peritoneal injection of saline (200 �l; 0.9%) or of Escherichia coli LPS
(200 �l; 5 mg/ml). Mice were monitored for 3 h following injection after
which they were killed by decapitation. Hippocampus was removed,
dissected on ice, and cross-chopped into slices (350 � 350 �m) using a
McIlwain tissue chopper. The time taken to prepare slices from the time
of death was 2.5–3.5 min. All samples were frozen separately in 1 ml of
Krebs solution (composition of Krebs solution in mM: NaCl, 136; KCl,
2.54; KH2PO4, 1.18; MgSO4�7H2O, 1.18; NaHCO3, 16; glucose, 10;
CaCl2, 1.13) containing 10% dimethyl sulfoxide according to the method
of Haan and Bowen (39). For analysis, thawed slices of tissue were
rinsed three times in fresh ice-cold Krebs solution and homogenized in
either ice-cold sucrose (0.32 M) for preparation of P2 (18) or in
Krebs solution.

Staining for p-p38 and for p-I�B—Slices, prepared from hippocam-
pus and entorhinal cortex, were equilibrated in oxygenated Krebs so-
lution for 30 min at 30 °C and incubated in Krebs solution containing
protease X (1 mg/ml), protease XIV (1 mg/ml), and DNase (1600 Kunitz)
for 30 min at 30 °C. Washed slices were resuspended in 1 ml of pre-
warmed Dulbecco’s modified essential medium containing DNase (1600
Kunitz), triturated with a glass Pasteur pipette and passed through a
nylon mesh filter to remove tissue clumps. Aliquots (30 �l) were spun
onto glass slides (600 rpm for 1 min), dipped in 100% methanol, and
stored at room temperature. Cells were fixed in paraformaldehyde (4%
in PBS) for 30 min at room temperature, washed with PBS, permeabi-
lized with Triton-X100 (0.1% (v/v) in PBS for 5 min at room tempera-
ture, refixed in paraformaldehyde (4% in PBS) for 15 min at room
temperature, and incubated in H2O2 (0.6% in PBS) for 5 min at room
temperature to block endogenous peroxidases. Cells were washed in
PBS, blocked in normal horse serum (1:20 (v/v) in PBS) for 30 min at
room temperature, and incubated in phosphospecific anti-p38 antibody
(1:100 in PBS; Santa Cruz) for 2 h at 37 °C. Cells were washed, incu-
bated in biotinylated horse anti-mouse antibody (1:100; Vector Labora-
tories) for 30 min at room temperature, and reacted with a vectastain
avidin biotin system for 15 min at room temperature to amplify the
signal. Cells were incubated in diaminobenzidine chromogen solution
containing H2O2 (0.1%) for 10 min at room temperature, rinsed in
distilled H2O; in some experiments cells were counterstained in methyl
green. Cells were dehydrated through alcohol to xylene and mounted in
DPX. Cells were counted, and p-p38 �ve and p-I�B �ve cells were
expressed as a percentage of the total.

Because the physicochemical stresses involved in preparation of cy-
tospun cells might lead to false positive results, we also prepared
cryostat sections from saline and LPS-treated rats for assessment of
p-p38 and p-I�B. In these experiments, 3 h after LPS injection (100
�g/kg, intraperitoneal) rats were killed, brains were removed whole,
coated with OCT compound (Sakura Tissue-Tek), immersed in isopen-
tane at �30 °C, and stored at �80 °C. Twenty-�m cryostat sections
were prepared, mounted on gelatin-coated slides, air-dried for 30 min,
and stored at �20 °C until used for immunohistochemical analysis.

For analysis of p-p38 and p-I�B, frozen cryostat sections were thawed
at room temperature, washed in PBS, fixed in 4% paraformaldehyde,

washed, permeabilized in 0.1% Triton in PBS, washed again, and re-
fixed in 4% paraformaldehyde before non-reactive sites were blocked
with 10% normal goat serum (NGS) in PBS. Sections were treated
overnight in a humidified chamber at 4 °C with p-p38 (1:50 in 2.5%
NGS) or p-I�B (1:100 in 2.5% NGS) antibody (Cell Signaling Technol-
ogy). Sections were washed in PBS, incubated in the dark for 2 h at
room temperature in fluorescein isothiocyanate-labeled goat anti-
mouse IgG or IgM (1:200 in 2.5% NGS; BioSource), washed, and
mounted with an aqueous mounting medium (Vector Laboratories) and
sealed. Slides were viewed under a Zeiss fluorescence microscope at an
excitation wavelength of 495 nm, and photomicrographs were taken at
�40 magnification.

Induction of LTP in Perforant Path-Granule Cell Synapses in Vivo—
LTP was induced as described previously (18). Rats were injected in-
traperitoneally with urethane (1.5 g/kg), placed in a head holder in a
stereotaxic frame, and injected intraperitoneally with saline or LPS
(500 �g/kg); subgroups of LPS-treated rats were pretreated intracere-
broventricularly, 5–10 min earlier, with saline (5 �l), SB203580 (50 �M;
5 �l), or SN50 (5 �l; 5 mg/ml). In a second series of experiments, rats
were injected intracerebroventricularly with either IL-1� (5 �l; 3.5
ng/ml; human recombinant; 5 � 10�7 units/mg; The Biologic Response
Modifiers Program, NCI, National Institutes of Health), IL-1� plus
SB203580 (50 �M; 5 �l), IL-1� plus SN50 (5 �l; 5 mg/ml), or saline (5 �l).
In a third series of experiments rats were treated intracerebroventricu-
larly with saline, IL-1�, or IL-1� plus phenylarsine oxide (PAO; 5 �l;
100 �M). Animals were monitored for 3 h following LPS treatment and
were then placed in the stereotaxic frame. In the case of IL-1�-treated
rats, recording commenced 30 min following injection. In all cases, a
window of skull was removed to allow placement of recording and
stimulating electrodes in the molecular layer of the dentate gyrus (2.5
mm lateral and 3.9 mm posterior to bregma) and perforant path (an-
gular bundle, 4.4 mm lateral to lambda), respectively. The depth of the
electrodes was adjusted to obtain maximal responses in the cell body
region. Stable base-line recordings were made for about 15 min, and
sampling of the electrophysiological data then commenced. Test shocks
at the rate of 1/30 s were delivered for 10 min prior to, and 40 min
following, tetanic stimulation (three trains of stimuli; 250 Hz for 200
ms; intertrain interval, 30 s). At the end of the electrophysiological
recording period, rats were killed by decapitation, the hippocampus was
removed, and the tetanized and untetanized dentate gyri, as well as the
hippocampus proper and entorhinal cortices, were dissected on ice,
cross-chopped into slices, and frozen according to the method of Haan
and Bowen (39).

Analysis of Caspase-1 Activity—Cleavage of the caspase-1 substrate
(YVAD peptide, Alexis Corp.) to its fluorescent product was used as a
measure of caspase-1 activity (7). Slices of tissue were washed, homog-
enized in lysis buffer (400 �l; 25 mM HEPES, 5 mM MgCl2, 5 mM

dithiothreitol (DTT), 5 mM EDTA, 2 mM phenylmethylsulfonyl fluoride
(PMSF), 10 �g/ml leupeptin, 10 �g/ml pepstatin, pH 7.4), subjected to
four freeze-thaw cycles, and centrifuged at 15,000 rpm for 20 min at
4 °C. Samples of supernatant (90 �l) were added to YVAD peptide (500
�M; 10 �l) and incubated at 37 °C for 60 min. Incubation buffer (900 �l;
100 mM HEPES containing 10 mM DTT, pH 7.4) was added, and fluo-
rescence was assessed (excitation, 400 nm; emission, 505 nm).

Analysis of IL-1� Concentration—IL-1� concentration in homogenate
prepared from hippocampus was analyzed by enzyme-linked immu-
nosorbent assay (13) (DuoSet; Genzyme Diagnostics). Antibody-coated
(2.0 �g/ml final concentration, diluted in 0.1 M sodium carbonate buffer,
pH 9.5; monoclonal hamster anti-mouse IL-1� antibody) 96-well plates
were incubated overnight at 4 °C, washed four times with PBS contain-
ing 0.05% Tween 20, blocked for 2 h at 37 °C with 250 �l of blocking
buffer (PBS, pH 7.3, 0.1 M with 4% bovine serum albumin), and incu-
bated with IL-1� standards (100 �l; 0–1000 pg/ml) or samples for 1 h at
37 °C. Samples were incubated with secondary antibody (100 �l; final
concentration 0.8 �g/ml in PBS containing 0.05% Tween 20 and 1%
bovine serum albumin; biotinylated polyclonal rabbit anti-mouse IL-1�
antibody) for 1 h at 37 °C, washed, and incubated in detection agent
(100 �l; horseradish peroxidase-conjugated streptavidin; 1:1000 dilu-
tion in PBS containing 0.05% Tween 20 and 1% bovine serum albumin)
and incubated for 15 min at 37 °C. 3,3�,5,5�-Tetramethylbenzidine (100
�l; Sigma) was added and incubated at room temperature, and absorb-
ance was read at 450 nm within 30 min.

Analysis of p38 Phosphorylation—Samples of homogenate prepared
from dentate gyrus of rats, hippocampus of mice, or entorhinal cortex of
rats and mice were diluted to equalize for protein concentration (40),
and p38 phosphorylation was assessed as described previously (13).
Briefly, aliquots (10 �l, 1 mg/ml) were added to 10 �l of sample buffer
(0.5 mM Tris-HCl, pH 6.8, 10% glycerol, 10% SDS, 5% �-mercaptoeth-
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anol, 0.05% w/v bromphenol blue), boiled for 5 min, and loaded onto 10%
SDS gels. Proteins were separated by application of 30 mA constant
current for 25–30 min and transferred onto nitrocellulose strips (225
mA for 75 min). In the case of tissue prepared from rats, nitrocellulose
strips were immunoblotted with an antibody that specifically targets
phosphorylated p38 (Santa Cruz; 1:2000 in phosphate-buffered saline-
Tween (0.1% Tween 20) containing 2% nonfat dried milk) for 2 h at
room temperature. Immunoreactive bands were detected using peroxi-
dase-conjugated anti-mouse IgM (Sigma) and ECL (Amersham Bio-
sciences), exposed to film overnight, and processed using a Fuji x-ray
processor. In the case of tissue prepared from mice, nitrocellulose strips
were immunoblotted with an antibody that specifically targets phos-
phorylated p38 (Santa Cruz; 1:200 in Tris-buffered saline-Tween (0.1%
Tween 20) containing 2% nonfat dried milk) for 3 h at room tempera-
ture. Immunoreactive bands were detected using peroxidase-conju-
gated anti-rabbit IgG (Amersham Biosciences) and SuperSignal West
Dura (Pierce), exposed to film for 1 min, and processed using a Fuji
x-ray processor. Quantitation of protein bands was achieved by densi-
tometric analysis using two software packages, Grab It (Grab It Anno-
tating Grabber 2.04.7, Synotics; UVP Ltd.) and Gelworks (Gelworks ID,
Version 2.51; UVP Ltd.) for photography and densitometry, respec-
tively. Gelworks provides a single value (in arbitrary units) represent-
ing the density of each blot, and the values presented here are means of
data generated from six separate experiments.

Analysis of Glutamate Release—Glutamate release was assessed in
the impure preparation, P2, obtained from dentate gyrus; either freshly
prepared tissue was used, or, alternatively, P2 was prepared from
frozen slices of dentate gyri that were obtained from rats in which
electrophysiological recordings were made (see below). Glutamate re-
lease was also assessed in P2 prepared from hippocampus of C57BL/6
IL-1R1�/� and wild type mice. In both cases, P2 preparations were
resuspended in oxygenated Krebs solution containing 2 mM CaCl2 (18).

In a separate series of experiments, in an effort to assess the contri-
bution, if any, of the glutamate-Na� exchanger, P2 preparations were
incubated for 5 min at 37 °C in the presence or absence of the non-
transportable inhibitor DL-threo-�-benzyloxyaspartic acid (DL-TBOA;
100 �M).

In all cases, glutamate release was assessed as described previously
(41, 42). Briefly, synaptosomal tissue was aliquotted onto Millipore
filters (0.45 �m), rinsed under vacuum, and the filtrate was discarded.
Synaptosomes were then incubated in 250 �l of oxygenated Krebs
solution at 37 °C for 3 min, in the presence or absence of 40 mM KCl, and
filtrate was collected and stored for analysis as described (43). In some
experiments, synaptosomes were incubated at 37 °C for 15 min in Krebs
solution containing IL-1� (1 ng/ml) in the presence or absence of the p38
inhibitor, SB203580 (50 �M). Triplicate samples (50 �l) or glutamate
standards (50 �l; 25 nM to 1 �M prepared in 100 mM Na2HPO4 buffer,
pH 8.0) were added to glutaraldehyde-coated 96-well plates, incubated
for 60 min at 37 °C, and washed with 100 mM NaH2PO4 buffer. Etha-
nolamine (250 �l; 0.1 M in 100 mM Na2HPO4 buffer) was used to bind
unreacted aldehydes, and donkey serum (200 �l; 3% in PBS-T) was
added to block nonspecific binding. Samples were incubated overnight
at 4 °C in the presence of antiglutamate antibody (raised in rabbit; 100
�l; 1:5000 in PBS-T; Sigma), washed, and reacted with secondary an-
tibody (anti-rabbit horseradish peroxidase-linked secondary antibody;
100 �l; 1:10,000 in PBS-T; Amersham Biosciences) for 60 min at room
temperature. 3,3�,5,5�-Tetramethylbenzidine liquid substrate was
added as chromogen and incubation continued for exactly 60 min at
room temperature, at which time the reaction was stopped by H2SO4 (4
M; 30 �l). Optical densities were determined at 450 nm using a multi-
well plate reader, and values were calculated with reference to the
standard curve, corrected for protein (40), and expressed as �mol of
glutamate/mg of protein.

Activation of NF�B—Nuclear extracts were prepared from dissoci-

FIG. 1. LPS increases phosphorylation of p38 and I�B. Intraperitoneal injection of LPS significantly enhanced the number of hippocampal
cells staining positively for phosphorylated p38 (p-p38; a) and phosphorylated I�B (p-I�B; p � 0.05; Student’s t test for independent means) (b).
The micrographs (c and d) provide examples of cells that were stained negatively and positively for both. Enhanced staining for p-p38 (e) and p-I�B
(f ) was also evident in cryostat sections prepared from LPS-treated, compared with saline-treated, rats. Photomicrographs were taken at �40
magnification.
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ated cells (above). The cell pellet was resuspended in hypotonic buffer (1
ml; composition in mM: HEPES, 10; MgCl2, 1.5; KCl, 10; PMSF, 0.5;
DTT, 0.5; pH 7.9) and centrifuged at 15,000 rpm at 4 °C for 5 min. The
resulting pellet was resuspended in 20 �l of hypotonic buffer containing
Nonidet P-40 (0.1%), incubated on ice for 10 min and centrifuged at
15,000 rpm at 4 °C for 10 min. To prepare the nuclear extract, the pellet
was resuspended in buffer (15 �l; composition in mM: HEPES, 20; NaCl,
420; MgCl2, 1.5; EDTA, 0.2; PMSF, 0.5; glycerol, 25% (v/v); pH 7.9),
placed on ice for 30 min, and centrifuged 15,000 rpm at 4 °C for 10 min.
Buffer (40 �l; composition in mM: HEPES, 10; KCl, 50; EDTA, 0.2;
PMSF, 0.5; DTT, 0.5; glycerol, 20% (v/v); pH 7.9) was added to the
resulting supernatant and equalized for protein concentrations.

A 22-base pair oligonucleotide containing the NF�B consensus se-
quence (Promega) was labeled with [32P]ATP (10 mCi/mmol) by incu-
bation with T4 polynucleotide kinase (Promega). Nuclear extracts were
incubated with labeled oligonucleotide (20,000 cpm) in buffer (compo-
sition in mM: Tris-HCl, 10; NaCl, 100; EDTA, 1; DTT, 5; glycerol, 4%
(v/v); nuclease-free bovine serum albumin, 0.1 mg/ml (w/v); pH 7.5)
containing poly(dI.dC; 2 �g, Pharmacia Biotech) as a nonspecific com-
petitor for 30 min at room temperature. Samples were electrophoresed
on 5% native polyacrylamide gels, which were dried under vacuum and
exposed to x-ray film for 5–7 days.

Statistical Analysis—A one-way analysis of variance was performed
to determine whether there were significant differences between con-
ditions. When this analysis indicated significance (at the 0.05 level),
post hoc Student’s Newmann-Keuls test analysis was used to determine
which conditions were significantly different from each other. The Stu-
dent’s t test was used to establish statistical significance in some cases,
for example when analysis was performed on aliquots of the same tissue
incubated in the presence/absence of IL-1�. The use of the Student’s t
test for paired values was also appropriate when analyses were per-
formed on tissue prepared from untetanized and tetanized tissue from
the same rat.

RESULTS

Intraperitoneal injection of LPS resulted in a significant
increase in the number of hippocampal cells that stained pos-
itively with an anti-phosphospecific p38 antibody. Analysis of
the mean data obtained from six LPS-treated and six saline-
treated rats indicated that 24% of the cells in the LPS-treated
tissue stained positively compared with 4% of the cells pre-
pared from saline-treated tissue (p � 0.01; Student’s t test for
independent means; Fig. 1, a and c). The effect of LPS on p38
phosphorylation in hippocampus was confirmed by immunohis-
tochemical analysis of brain sections (Fig. 1e). Phosphorylation
of I�B, which precedes NF�B activation, is a consequence of
p38 activation and was also assessed in hippocampal cells
prepared from LPS-treated and saline-treated rats. Fig. 1, b
and d, show that LPS treatment was associated with increased
phosphorylation of I�B and analysis of the cell counts from the
two treatment groups revealed that a significantly greater
proportion of hippocampal cells prepared from LPS-treated
rats (compared with saline-treated rats) stained positively for
activated I�B (p � 0.01; Student’s t test for independent
means). The effect of LPS on I�B phosphorylation in hippocam-
pus was confirmed by immunohistochemical analysis of brain
sections (Fig. 1f).

Fig. 2 shows that intraperitoneal injection of LPS inhibited
both the early and later phases of LTP; thus the mean percent-
age increase in population epsp slope in the 2 min immediately
following tetanic stimulation (compared with that in the 5 min
immediately before the tetanus) was 109.8 � 4.82% in LPS-
treated rats compared with 163.3 � 3.47% in saline-treated
rats (p � 0.01; ANOVA). The mean percentage changes in the
last 5 min of the experiment were 90.9 � 0.93% and 141.9 �
1.14% in LPS-treated and saline-treated rats, respectively (p �
0.01; ANOVA; n � 6). In view of the finding that LPS activated
p38 and NF�B, we considered that the inhibitory action on LTP
may be a consequence of these changes. In an effort to address
this question, the effects of the p38 inhibitor, SB203580, and
the NF�B inhibitor, SN50, on LPS-induced inhibition of LTP
were assessed. Intracerebroventricular injection of SB203580

prevented the LPS-induced attenuation in LTP such that the
mean percentage increases in epsp slope in the 2 min immedi-
ately after tetanic stimulation and in the last 5 min of the
experiment were 191.3 � 5.23% and 155.3 � 0.65%, respec-
tively (Fig. 2, b and c; n � 6). These values were both signifi-
cantly greater than the corresponding values in the saline-
treated group (p � 0.01; ANOVA). Pretreatment of rats with
the NF�B inhibitor, SN50, attenuated the LPS-induced effect
on LTP; the mean percentage changes in the epsp slope in the
2 min immediately after tetanic stimulation and in the last 5
min of the experiment were 126.8 � 2.09% and 120.9 � 0.65%,
respectively (Fig. 2, b and c; n � 6). These values were signif-
icantly greater than the corresponding values in the LPS-
treated group but significantly less than those in the saline-
treated group (p � 0.01; ANOVA).

Previous work had indicated that the action of LPS may be
mediated through IL-1�, and consistent with this is the finding
that caspase-1 activity was significantly enhanced in hip-
pocampal tissue prepared from rats that were injected intrap-
eritoneally with LPS compared with saline-injected rats (p �
0.05; Student’s t test for independent means; Fig. 3a). This
increase in enzyme activity was accompanied by an increase in

FIG. 2. LPS inhibits LTP. a, intraperitoneal injection of LPS
blocked tetanus-induced LTP in perforant path-granule cell synapses,
but this effect was suppressed by intracerebroventricular injection of
SB203580 or SN50. The data are expressed as the mean percentage
change in population epsp slope (compared with the epsp slope in the 5
min immediately prior to tetanic stimulation). Values are means � S.E.
of six rats in each treatment group. These values were obtained by
calculating epsp slopes collected in response to stimuli delivered at 30-s
intervals, expressing as a percentage change relative to pretetanus
values and taking a mean of these values from all animals in that
treatment group. b and c, the mean percentage changes in epsp slopes
in the 2 min (b) and 35–40 min (c) following tetanic stimulation indicate
the significant inhibitory effect of LPS (p � 0.01; ANOVA) on the early
and later components of LTP. Pretreatment with SB203580 reversed
the effect of LPS, although the values were significantly greater than
those observed in saline-treated rats. Similarly SN50 blocked the LPS-
induced inhibition, although in this case, values were significantly
decreased compared with saline-treated rats (p � 0.01; ANOVA in each
case). Superimposed sample pre- and post-tetanus EPSP traces are
shown for each treatment group (saline (trace 1), LPS (trace 2), LPS �
SB203580 (trace 3); LPS � SN50 (trace 4)).

LPS, IL-1�, Stress-activated Kinases, and LTP19456

 at IR
eL (T

rinity C
ollege D

ublin), on S
eptem

ber 28, 2009
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


the concentration of IL-1�, so that cytokine concentration was
significantly increased in hippocampus of LPS-, compared with
saline-, treated rats (p � 0.05; Student’s t test for independent
means; Fig. 3b). In parallel with these changes we observed an
LPS-associated increase in phosphorylation of p38 in synapto-
somes prepared from dentate gyrus; one sample immunoblot is
presented, as well as the mean data derived from densitometric
analysis of the six individual experiments, which indicate a
significant effect of LPS treatment (Fig. 3c; p � 0.05; Student’s
t test for independent means). Fig. 3d, which shows one sample
immunoblot and mean data derived from densitometric analy-
sis, indicates that the LPS-induced effect on p38 phosphoryla-
tion was mimicked by intracerebroventricular injection of
IL-1� (p � 0.05 in each case; n � 6; Student’s t test for
paired means).

If IL-1� mediates the effect of LPS, then IL-1� should mimic
the effects of LPS, and any procedure that abrogates the effect
of LPS should also abrogate the effect of IL-1�. Fig. 3e shows
that LTP was inhibited by IL-1� and that this effect was

suppressed by SB203580. The mean percentage increases
(�S.E.) in the 2 min immediately following tetanic stimulation
(compared with the mean value in the 5 min immediately prior
to the tetanus) were 161.8 � 3.75%, 121.0 � 1.68%, and
175.5 � 4.21% in the groups injected with saline, IL-1�, and
IL-1� � SB203580, respectively. The corresponding values in
the last 5 min of the experiment were 140.2% � 0.75, 100.4 �
0.73%, and 163.8 � 1.97%. Thus the effect of IL-1� mimicked
that of LPS, and the inhibitory effect of SB203580 on IL-1�-
induced attenuation of LTP mirrored its similar effect on LPS.
These findings suggest that the LPS-induced inhibition of LTP
is mediated by activation of p38. Fig. 3e also indicates that the
inhibitory effect of IL-1� on LTP was partially suppressed by
SN50; thus the mean percentage changes in the epsp slope in
the 2 min immediately after tetanic stimulation and in the last
5 min of the experiment in rats treated with IL-1� and SN50
were 150.5 � 1.5% and 126.3 � 0.76%, respectively. On the
basis of these observations it can be proposed that activation of
NF�B plays some part in the inhibition of LTP by IL-1�. To

FIG. 3. IL-1� may mediate the ef-
fects of LPS by stimulating p38 acti-
vation. Caspase-1 activity (a) and IL-1�
concentration (b) were significantly en-
hanced by LPS (p � 0.05; Student’s t test
for paired means; n � 6 in each case).
Both LPS (c) and IL-1� (d) enhanced ac-
tivity of p38 as shown by the sample im-
munoblot (compare right-hand lanes with
left-hand lanes) and by analysis of the
mean data obtained from densitometric
analysis LPS (p � 0.05; Student’s t test
for paired means; n � 6 in each case). e,
intracerebroventricular injection of IL-1�
blocked tetanus-induced LTP in perforant
path-granule cell synapses, but this effect
was suppressed by intracerebroventricu-
lar injection of SB203580 or SN50. The
data are expressed as the mean percent-
age change in population epsp slope (com-
pared with the epsp slope in the 5 min
immediately prior to tetanic stimulation;
see legend to Fig. 2). Values are means �
S.E. of six rats in each treatment group.
Superimposed sample pre- and post-teta-
nus EPSP traces are shown for each treat-
ment group (saline (trace 1), IL-1� (trace
2), IL-1� � SB203580 (trace 3), and
IL-1� � SN50 (trace 4)).
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provide further support for this proposal we investigated the
effect of another, albeit nonspecific inhibitor of NF�B, PAO, on
the inhibition of LTP induced by IL-1�. Fig. 4 indicates that
while IL-1� depressed LTP as previously described, pretreat-
ment of rats with PAO attenuated the action of IL-1�. The
mean percentage change in population epsp slope in the 2 min
immediately following tetanic stimulation was significantly de-
creased in IL-1�-treated, compared with saline-treated, rats
(117.5 � 2.63% compared with 150.5 � 1.50%; p � 0.01;
ANOVA; Fig. 4b). This difference persisted for the duration of
the experiment so that the value in the last 5 min of the
experiment was significantly lower in IL-1�-treated (96.7 �
0.53%), compared with saline-treated (126.6 � 0.87%) rats (p �
0.01; ANOVA; Fig. 4c). Pretreatment with PAO did not reverse
the IL-1�-induced change in epsp slope in the 2 min following
tetanic stimulation (122.5 � 1.66%; p � 0.05) but reversed the
IL-1�-associated deficit in the last 5 min of the experiment, so
that the mean percentage change in population epsp slope at
this time was similar in rats treated with saline (126.6 �
0.87%) and those treated with IL-1� � PAO (126.9 � 0.68%).

Glutamate release was assessed in synaptosomes prepared
from untetanized and tetanized dentate gyrus prepared from
rats that were treated with saline, IL-1�, IL-1� � SB203580,
and IL-1� � SN50. The data obtained from these analyses are
shown in Fig. 5 and demonstrate that addition of KCl (40 mM)
to synaptosomes prepared from untetanized dentate gyrus of

saline-treated rats significantly increased glutamate release
(p � 0.05; Student’s t test for paired means), but that the
increase was more marked in synaptosomes prepared from
tetanized dentate gyrus (p � 0.01; Student’s t test for paired
means). KCl failed to increase glutamate release in unteta-
nized and tetanized tissue prepared from IL-1�-treated rats,
but in tissue prepared from rats treated with both IL-1� and
SB203580, addition of KCl induced a significant increase in
glutamate release in synaptosomes prepared from both unteta-
nized (p � 0.05; Student’s t test for paired means) and teta-
nized (p � 0.01; Student’s t test for paired means) dentate
gyrus. The data also indicate that SN50 partially reversed the
inhibitory effect of IL-1� on KCl-stimulated release so that
depolarizsation significantly increased glutamate release in
synaptosomes prepared from untetanized (p � 0.05; Student’s
t test for paired means), but not tetanized (p � 0.05) dentate
gyrus. In an effort to establish whether the glutamate-Na�

exchanger contributed to the glutamate concentration in these
samples, we analyzed release in the presence and absence of
the inhibitor, DL-TBOA. The data obtained from 10 separate
experiments indicated that DL-TBOA slightly increased release
in some, and slightly decreased release in other, experiments;
the overall effect was to slightly, but not significantly (p �
0.05), enhance unstimulated release (1.77 �mol/mg � 0.30
versus 2.30 �mol/mg � 0.38 in control- and DL-TBOA-treated
samples, respectively) and KCl-stimulated release (2.64 �mol/
mg � 0.029 and 3.50 �mol/mg � 0.48). We therefore conclude
that the glutamate-Na� exchanger does not contribute signif-
icantly to the concentration of glutamate in our samples.

These findings suggest that IL-1�-induced activation of p38
and NF�B exerted a negative effect on glutamate release, and
since the cell bodies of the synapses at which this effect occurs
are located in the entorhinal cortex, we argued that evidence of
activation of p38 and NF�B may also extend to this area. Fig.
6, a and c, show that treatment with LPS and IL-1� both led to
a marked increase in the number of entorhinal cortical cells
that stained positively for p38 (p � 0.05 in both cases; Student’s
t test for independent means; see Fig. 6b for examples of p38
�ve and �ve cells, which were counted to yield the mean data).
This figure also shows examples of fluorescently labeled cells
stained positively with anti-p-p38 antibody in cryostat sections
prepared from LPS-treated and IL-1�-treated rats; these con-
trast with the lack of staining in sections prepared from saline-
treated controls. These changes were coupled with activation of
NF�B; two examples of this activation induced by LPS (Fig. 7a)
and IL-1� (Fig. 7b) are shown and similar data were obtained
in three and five additional experiments in the case of LPS and
IL-1�, respectively. In an effort to establish whether p38 acti-
vation was responsible for IL-1�-induced activation of NF�B,
we assessed activation of the transcription factor in vitro and
report that this measure was markedly increased when tissue
was incubated in the presence of IL-1� alone, but that activa-
tion was suppressed in tissue which was incubated in the
presence of IL-1� and SB203580. One example of this is shown
in Fig. 7c; similar data were obtained in five additional
experiments.

In an effort to consolidate the data that suggested that IL-1�

mediated the effect of LPS, we investigated LPS-induced
changes in p-p38 and glutamate release in tissue prepared
from C57BL/6 IL-1R1�/� and wild type mice. The data pre-
sented in Fig. 8 indicate that LPS significantly increased p38
activation in hippocampus and entorhinal cortex prepared from
wild type mice (*, p � 0.05; **, p � 0.01; ANOVA) but not
C57BL/6 IL-1R1�/� mice. Although mean p38 phosphorylation
was slightly greater in tissue prepared from C57BL/6 IL-
1R1�/� mice, this difference was not statistically significant.

FIG. 4. PAO abrogates the inhibitory effect of IL-1� on LTP.
Intracerebroventricular injection of IL-1� blocked tetanus-induced LTP
in perforant path-granule cell synapses, but this effect was suppressed
by intracerebroventricular injection of PAO. The data are expressed as
the mean percentage change in population epsp slope (compared with
the epsp slope in the 5 min immediately prior to tetanic stimulation; see
legend to Fig. 2). Values are means � S.E. of six rats in each treatment
group. Superimposed sample pre- and post-tetanus EPSP traces are
shown for each treatment group (saline (trace 1), IL-1� (trace 2),
IL-1� � PAO (trace 3)).

LPS, IL-1�, Stress-activated Kinases, and LTP19458

 at IR
eL (T

rinity C
ollege D

ublin), on S
eptem

ber 28, 2009
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


FIG. 6. LPS and IL-1� increase p38
activation. Intraperitoneal injection of
LPS (a) and intracerebroventricular injec-
tion of IL-1� (c) resulted in a significant
enhancement in the number of entorhinal
cortical cells staining positively for phos-
phorylated p38 (b; p � 0.01; Student’s t
test for independent means). Examples of
negatively and positively stained cells
(which where those counted to provide the
mean data) are shown in b. Examples of
fluorescent staining in cryostat sections
prepared from LPS- and IL-1�-treated
rats are also presented.

FIG. 5. IL-1�-induced inhibition of glutamate release is abrogated by SB203580 and SN50. Glutamate release was assessed in
synaptosomes prepared from dentate gyrus of rats treated with saline or IL-1� (n � 12), IL-1� � SB203580 (n � 6), or IL-1� � SN50 (n � 6).
Analysis revealed that addition of KCl (40 mM) to untetanized tissue prepared from saline-treated rats significantly enhanced release (p � 0.05;
Student’s t test for paired means) and that this effect was further enhanced in synaptosomes prepared from tetanized dentate gyrus (p � 0.01;
Student’s t test for paired means). KCl-stimulated release was inhibited in untetanized and tetanized tissue prepared from IL-1�-treated rats, but
SB203580 reversed this inhibitory effect; thus incubation in the presence of KCl resulted in an increase in release in both untetanized and
tetanized tissue (*, p � 0.05 and **, p � 0.01; Student’s t test for paired means). SN50 also reversed the inhibitory effect of KCl in untetanized
tissue (p � 0.05) but failed to restore the enhanced release in tissue prepared from tetanized dentate gyrus).
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Fig. 8c indicates that LPS significantly decreased KCl-stimu-
lated glutamate release (minus unstimulated release) in tissue
prepared from wild type mice, but not C57BL/6 IL-1R1�/�

mice, which further supports the view that IL-1� mediates the
effect of LPS.

DISCUSSION

The objective of this study was to identify the cellular
changes induced by peripheral administration of LPS that
might lead to inhibition of LTP in perforant path-granule cell
synapses. The evidence presented suggests that LPS-induced
phosphorylation of p38, mediated by IL-1�, triggers a cascade
of changes in the cells, which is followed by deterioration of cell
function. We propose that these events are likely to explain the
LPS-induced suppression of LTP in perforant path-granule
cell synapses.

Intraperitoneal injection of LPS led to a sharp increase in the
number of hippocampal cells which stained positively for phos-
phorylated p38, and this was closely coupled by an increase in
the number of cells staining positively for phosphorylated
NF�B. At least in some cell types, one consequence of increased
p38 phosphorylation is activation of NF�B (21). Consistent
with this is the observation that the ischemia-reperfusion in-
jury in myocardial tissue, associated with activation of NF�B,
was inhibited by SB203580 (44). The evidence presented is
consistent with the idea that IL-1� mediates the cellular effects
induced by LPS in hippocampus as observed in other tissues,
for example neutrophils (45) and lymphocytes (46). Thus intra-
peritoneal injection of LPS increased caspase-1 activity in hip-
pocampus and IL-1� concentration in both hippocampus and
entorhinal cortex, which is consistent with our finding that

several effects of LPS on synaptic activity are inhibited by
blocking the activity of caspase-1 (7). The present data also
indicate that the stimulatory effect of LPS on p38 activity was
mimicked by IL-1�, supporting the results of other experiments
which concluded that the LPS-induced effect on p38 was me-
diated by IL-1� (see Ref. 47). Analysis of the effect of LPS on
activation of p38 and glutamate release in C57BL/6 IL-1R1�/�

mice indicated a marked attenuation in response compared
with that observed in wild type mice; this finding strengthens
the evidence indicating that IL-1� mediates the LPS-induced
effect in neuronal tissue.

FIG. 7. LPS and IL-1� increase NF�B activation. Intraperitoneal
injection of LPS (a) and intracerebroventricular injection of IL-1� (b)
resulted in a significant enhancement in NF�B activation in entorhinal
cortical cells; replicate examples are shown. c, analysis of NF�B acti-
vation in vitro revealed that the stimulatory effect of IL-1� was abro-
gated by SB203580.

FIG. 8. C57BL/6 IL-1R1�/� mice are resistant to LPS-induced
effects on p38 activation and glutamate release. a and b, densito-
metric analysis revealed that phosphorylation of p38 in hippocampus
(a) and entorhinal cortex (b) of wild type mice was significantly in-
creased following LPS treatment (**, p � 0.01 and *, p � 0.05 in the
case of hippocampus and EC respectively; ANOVA; lanes 5 and 6)
compared with saline treatment (lanes 1 and 2) as shown by the sample
immunoblot. LPS treatment of C57BL/6 IL-1R1�/� mice (lanes 7 and 8)
failed to affect p38 phosphorylation (compare with saline treatment;
lanes 3 and 4). Values are means � S.E. of six mice in each treatment
group. c, KCl-stimulated glutamate release in hippocampus of wild type
mice was significantly decreased following LPS treatment (p � 0.05;
ANOVA) compared with saline treatment, but this LPS-induced effect
was absent in C57BL/6 IL-1R1�/� mice. Values are means � S.E. of six
mice in each treatment group.
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In further support of this view is the finding that both LPS
and IL-1� blocked LTP in dentate gyrus, which confirms pre-
vious observations (4–7). We have not addressed the question
of whether the effect of these agents is on the induction or
maintenance phase of LTP. However, Coogan and O’Connor
(67) have reported that IL-1� had no effect on LTP in dentate
gyrus in vitro when applied post-induction of LTP, indicating
that the inhibitory effect of IL-1� on LTP may be specifically on
the induction phase. To assess the argument that the effect of
LPS and IL-1� was mediated through activation of p38 and
NF�B, we examined the ability of the p38 inhibitor, SB203580,
and the NF�B inhibitors, SN50 and PAO, to reverse the sup-
pression of LTP induced by both agents. The data indicate that
pretreatment with SB203580 fully restored the ability of LPS-
injected and IL-1�-injected rats to sustain LTP; indeed we
observed that the mean change in epsp slope was greater in
rats treated with IL-1� � SB203580 compared with those
treated with saline. These data are strikingly similar to those
observed in vitro (20). In contrast to the effectiveness of
SB203580, pretreatment with SN50 only partially reversed the
inhibitory effects of LPS and IL-1� on LTP; an additional
striking difference between the effect of SB203580 and SN50
was the observation that the immediate response to tetanic
stimulation was markedly attenuated in rats treated with
SN50 � LPS and SN50 � IL-1�. Similarly, PAO failed to
reverse the early inhibitory effect of IL-1�, although mean epsp
slope at the end of the 40-min experiment was similar in rats
treated with saline and those treated with PAO � IL-1�.

Data from a number of earlier studies indicated that en-
hanced IL-1� concentration in hippocampus is coupled, not
only with impaired LTP, but also with compromised glutamate
release; examples include tissue prepared from aged rats (13,
41, 42) and rats treated with IL-1� or LPS (6, 7). To address the
possibility that this compromise in glutamate release was a
consequence of activation of p38 and NF�B, we analyzed glu-
tamate release in synaptosomes of dentate gyrus prepared
from rats treated with IL-1� with or without SB203580 and
SN50. We found that glutamate release was attenuated in
IL-1�-treated rats, confirming earlier findings (6), and that this
was abrogated by both SB203580 and SN50. Reflecting the
changes observed in the electrophysiological experiments, we
found that SB203580 was more effective in abrogating the
inhibition induced by IL-1� than was SN50. The parallel shift
in potentiation (or inhibition of potentiation) of the synaptic
response and glutamate release in the different treatment
groups in this study support the hypothesis that LTP in den-
tate gyrus is tightly coupled with an increase in glutamate
release at perforant path-granule cell synapses (17, 18, 41, 42).

On the basis of these findings, it seems reasonable to con-
clude that the negative impact of IL-1� on LTP is a conse-
quence of increased p38 phosphorylation and activation of
NF�B. It has been reported that NF�B is highly expressed in
the hippocampus and that expression of mRNA for p50, p65,
and I�B increased in granule cells following synaptic activity
(24). It was reported that expression of the p65 subunit was
stimulated to a greater degree than the p50 subunit, but that
changes occurred with both low and high frequency stimulation
and both ipsilaterally and contralaterally. We have compared
NF�B activation in cells prepared from dentate gyrus of control
rats and rats that sustained LTP in perforant path-granule cell
synapses and found no consistent change: roughly one-third
showing a slight increase in activation, a third showing a slight
decrease, and the remainder showing no change. Therefore, in
the time frame of the present experiments, delivery of a high
frequency tetanus does not appear to affect NF�B activation.

It might be argued that any change in glutamate release at

perforant path-granule cell synapses will be accompanied by,
and perhaps may be caused by, a change in the cell bodies of the
synapses in the entorhinal cortex, and consistent with this is
the observation that the LTP-associated increase in glutamate
release is accompanied by increased protein synthesis (48) and
increased synthesis of the synaptic vesicle proteins, synapsin
and synaptophysin (48, 49). Here we found that both LPS
treatment and IL-1� treatment markedly increased the num-
ber of entorhinal cortical cells staining positively for phospho-
rylated p38. In addition to increased activation of p38, both
treatments were associated with increased activation of NF�B,
which supports the view that activation of p38 and NF�B occur
in concert and that both are activated by IL-1� in neuronal
tissue. Consistent with this is the observation that the IL-1�-
induced activation of NF�B in vitro could be suppressed by
SB203580.

The question of the cellular consequences resulting from
increased activation of p38 and NF�B, which are responsible
for the attenuation of glutamate release and LTP, have not
been addressed in this study. However it has been shown that
p38 activation leads to growth arrest or even cell death in some
cells (50, 51), for example following cell exposure to various
stressors including oxidative stress (11, 12, 52). Similarly in-
creased p38 activation has been coupled with degenerative
changes in the nervous system (53–55), and this has been
carefully documented in cortical cultures (e.g. Refs. 56 and 57).
It is significant that increased p38 activity has been shown to
signal apoptosis in several tissues, including hippocampus (58,
59). In striking similarity, increased NF�B has also been cou-
pled with degenerative changes, for example, following seizure
activity (28, 60, 61), N-methyl-D-aspartate receptor-induced
damage (31, 32), and ischemic insults (29, 62, 63). In addition
NF�B activation is increased in the aged brain (64) and in
pathological conditions like Alzheimer’s disease and Parkin-
sons’ disease (29, 30, 65, 66). However, evidence from in vitro
studies, and in vivo studies using knock-out mice, supports a
protective role for NF�B. Thus it has been found that the
antiapoptotic effect of tumor necrosis factor (33) and ceramide
(34) in cultured cells involved activation of NF�B, while inhi-
bition of NF�B induced apoptosis in PC12 cells (36). Similarly,
NF�B has been shown to protect hippocampal neurons from
apoptosis induced by oxidative stress (35) or by hypoxia (37).
Resolution of these apparently conflicting data awaits further
study, and although the data presented here suggest that ac-
tivation of p38 and NF�B are associated with compromised
synaptic function, the mechanism by which this occurs remains
to be elucidated.

The hypothesis that IL-1� plays a significant role in medi-
ating the effects of LPS is supported by the findings that LPS
injection results in increased activity of caspase-1 in hippocam-
pus and increased concentration of IL-1� in hippocampus and
entorhinal cortex. In addition, IL-1� mimics the effects of LPS,
both lead to increased activation of p38 and NF�B in entorhinal
cortex and hippocampus, and both treatments exert an inhib-
itory effect of LTP. The observations that SB203580 and SN50
ameliorate the inhibitory effects of LPS and IL-1� provide
support for the view that their activation has a negative impact
on synaptic function. On the basis of these data, we suggest
that IL-1�-induced activation of p38 markedly affects synaptic
function at perforant path-granule cell synapses and results in
attenuation of LTP.
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