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ISSECTION OF TUMOR-NECROSIS FACTOR-� INHIBITION OF LONG-
ERM POTENTIATION (LTP) REVEALS A p38 MITOGEN-ACTIVATED
ROTEIN KINASE-DEPENDENT MECHANISM WHICH MAPS TO
ARLY—BUT NOT LATE—PHASE LTP
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bstract—The pro-inflammatory cytokine tumor-necrosis
actor-� (TNF-�) is elevated in several neuropathological
tates that are associated with learning and memory deficits.
revious work has reported that TNF-� inhibits the induction
f LTP in areas CA1 [Neurosci Lett 146 (1992) 176] and den-
ate gyrus [Neurosci Lett 203 (1996) 17]. The mechanism(s)
nderlying this process of inhibition have not to date been
ddressed. Here, we show that perfusion of TNF-� prior to
ong-term potentiation (LTP) inducing stimuli inhibited LTP,
nd that in late-LTP (3 h post-tetanus) a depression in syn-
ptic field recordings was observed (68�5%, n�6 versus
ontrol 175�7%, n�6, P<0.001). We investigated the involve-
ent of the mitogen-activated protein kinase (MAPK) p38 in

he inhibition of LTP by TNF-� as p38 MAPK has previously
een shown to be involved in interleukin-1� inhibition of LTP

n the dentate gyrus [Neuroscience 93 (1999b) 57]. Perfusion
f TNF-� led to an increase in the levels of phosphorylated
38 MAPK detectable in the granule cells of the dentate
yrus. The p38 MAPK inhibitor SB 203580 (1 �M) was found
y itself to have no significant effect on either early or late
hase LTP in the dentate gyrus. SB 203580 was found to
ignificantly reverse the inhibition of early LTP by TNF-�
SB/TNF-� 174�5%, n�6 versus TNF-� 120�7%, n�6,
<0.001, 1 h post-tetanus) to values comparable to control
TP (control 175�7%, n�6). Interestingly however, the de-
ressive effects of TNF-� on late LTP (2–3 h) were clearly not
ttenuated by p38 MAPK inhibition (SB/TNF-� 132�5%, n�6
ersus control LTP 175�7%, n�6, P<0.001, 3 h post-tetanus).
his work suggests that TNF-� inhibition of LTP represents a
iphasic response, a p38 MAPK-dependent phase that coin-
ides with the early phase of LTP and a p38 MAPK indepen-
ent phase that temporally maps to late LTP. © 2004 IBRO.
ublished by Elsevier Ltd. All rights reserved.

ey words: cytokines, long-term potentiation, memory,
APK.

Corresponding author. Tel: �353-1-716-6761; fax:
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bbreviations: aCSF, artificial cerebrospinal fluid; fEPSP, field excita-

ory post-synaptic potential; HFS, high frequency stimulation; IL-1�,
nterleukin-1�; JNK, c-Jun N terminal kinase; LTD, long-term
epression; LTP, long-term potentiation; MAPK, mitogen-activated
rotein kinase; NMDA, N-methyl-D-aspartate; TNF-�, tumor-necrosis
gactor-�; VDCC, voltage-dependent calcium channel.
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esearch into many molecules originally thought to be
pecific to the immune system has revealed interesting
ndings of their plasticity-related functions in the CNS
Albensi and Mattson, 2000; Andreasson et al., 2001; Bou-
anger et al., 2001; Chen et al., 2002; Chun, 2001; Cun-
ingham et al., 1996; Iida et al., 2000). One such molecule

s tumor-necrosis factor (TNF)-�, brain levels of which are
ound to be elevated in a number of cognitive diseases
Iida et al., 2000; Kassiotis and Kollias, 2001; Sriram et al.,
002). TNF-� and interleukin-1� (IL-1�) at pathophysio-

ogical levels have been shown to inhibit long-term poten-
iation (LTP) in the CA1 and dentate gyrus regions of the
at hippocampus (Cunningham et al., 1996; Murray and
ynch, 1998; Tancredi et al., 1992). LTP is a long lasting

ncrease in synaptic efficacy, which is thought to be an
mportant underlying mechanism of learning and memory
ormation (Bliss and Collingridge, 1993). LTP in the CA1
egion and dentate gyrus is dependent on Ca2� influx
hrough the N-methyl-D-aspartate (NMDA) receptor chan-
el during tetanic stimulation, and IL-1� has been shown to
epress NMDA receptor-mediated field potentials in the
entate gyrus (Coogan and O’Connor, 1997) which may
ontribute to impaired Ca2� influx (Cunningham et al.,
996). IL-1� has also been shown to inhibit voltage-de-
endent calcium channel (VDCC) function in the CA1 by a
ertussis toxin-sensitive G-protein-coupled–protein kinase
mechanism (Plata-Salaman and Ffrench-Mullen, 1992,

994), and VDCCs have been implicated in the expression
f LTP in the CA1 region of the hippocampus. The p38
APK has been implicated in mediating the depression by

L-1� on both LTP- and NMDA-receptor-mediated trans-
ission (Coogan et al., 1999b). More recently a role for the
38 MAPK in metabotropic-glutamate receptor-dependent

ong-term depression (LTD) has been demonstrated in the
A1 region of neonates (Bolshakov et al., 2000). Interest-

ngly, TNF-� receptor knockout mice demonstrate an im-
airment of LTD in the CA1 region, mimicked by �B decoy
NA, which implicates the TNF-NF�B signaling pathway in
TD (Albensi and Mattson, 2000). Recent investigations

nto the signaling mechanisms whereby TNF-� is involved
n pathological pain states uncovered interesting findings
f PKA-dependent responses in rat sensory neurons
Zhang et al., 2002), and in another study showed p38
APK and c-Jun N terminal kinase (JNK) activation ac-

ompanied by a transient increase in Ca2� release from
yanodine-sensitive intracellular stores in dorsal root gan-

lion neurones (Pollock et al., 2002). TNF-� has also been

ved.
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hown to lead to an enhancement of synaptic transmission
hrough increasing the surface expression of AMPA recep-
ors (Beattie et al., 2002). Altogether these findings show
hat the neuromodulatory effects of TNF-� are varied and
omplex.

This study aimed to initially examine the effects of
NF-� on both the early (approximately 1 h post-induction)
nd late phases of LTP (3 h post-tetanus), and then to
ssess the role of p38 MAPK in mediating TNF-� inhibitory
ffects on LTP. These studies for the first time show that
NF-� inhibits early-LTP by a p38 MAPK-dependent
echanism, similar to that found for IL-1�. However late-
TP is inhibited by a mechanism independent of p38
APK.

EXPERIMENTAL PROCEDURES

ransverse hippocampal slices (350 �m) were prepared by stan-
ard methods from adult male Wistar rats (50–80 g). Briefly,
lices were equilibrated for at least 1 h in a holding chamber at
oom temperature, pH 7.4, in oxygenated artificial cerebrospinal
uid (aCSF; composition in mM: NaCl, 120; KCl, 2.5; MgSO4, 2;
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ig. 1. Time-course of the effect of TNF-� on early and late-phase
re-HFS (eight trains of eight pulses at 200 Hz) led to an inhibition in
lices compared with 175�6% in control slices, (�), n�6, P	0.001). R
lices and as shown a depression in the fEPSP response was observ
ontrol slices, n�6, P	0.001). Control, �; TNF-�, F. Open bars repre
races show representative fEPSPs traces taken 5 min before (left tr
NF-�/LTP (4.5 ng/ml) experiments. Scale bar�5 ms (horizontal); vert
aCl2, 2; NaHCO3, 26; NaH2PO4, 1.25; D-glucose, 10) before m
eing transferred to a recording chamber perfused with aCSF at a
ow rate of 5–7 ml/min at 29–30 °C. Extracellular recordings of
eld excitatory post-synaptic potentials (fEPSP) were elicited by
timulation of the medial perforant path of the dentate gyrus by a
onopolar glass electrode at a frequency of 0.05 Hz. Responses
ere recorded by a glass electrode placed in the middle third of

he molecular layer in the presence of 100 �M of the GABAA

eceptor antagonist picrotoxin (Sigma-Aldrich Ireland Ltd, Dublin,
reland) and stimulus strength was adjusted to give a response
5% of maximal. Stable baseline recordings were made for at

east 10 min prior to application of drugs. LTP was induced by high
requency stimulation (HFS) consisting of eight trains of eight
ulses at 200 Hz at 2-s intervals at a stimulus strength corre-
ponding to 75% of maximal. Recordings were analyzed off-line
sing the Strathclyde electrophysiology software (J. Dempster,
dinburgh, UK).

Recombinant rat TNF-� (R & D Systems, UK) was prepared in
terile PBS containing 0.1% BSA (Sigma-Aldrich Ireland Ltd.).
table baseline recordings (20 min) were obtained before appli-
ation of TNF-� (4.5 ng/ml). Additional drugs used included SB
03580 (Calbiochem, UK) dissolved in dimethylsulphoxide to a
nal concentration of 1 �M.

For immunostaining, the hippocampus was dissected out fol-
owing bath application of the drugs and immersed in 4% parafor-
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oved and passed through a series of graded sucrose solutions
5%, 15%, 30%) to facilitate cryoprotection. Sections were re-
oved from the sucrose solution, embedded in OCT and then cut
t a thickness of 10 �M by a cryostat set at a cutting temperature
f 
16 °C. Sections were then mounted onto silanized slides. For
etection of active p38 MAP kinase, phosphospecific anti-p38
mouse monoclonal IgG2 subclass; 5 �g/ml; Sigma), that reacts
pecifically with the active doubly phosphorylated form of p38
APK and its related isoforms was used (Sigma, St Louis, USA).

t does not recognize the non-phosphorylated and mono-phospho-
ylated forms of the p38 MAPK molecule or the non-, mono- or
iphosphorylated forms of JNK and ERK MAPK. The binding of
he antibody to its respective epitope was visualized using the
ectastain Elite ABC kit (Vector Laboratories, CA, USA) according

o the manufacturer’s recommendations with the exception of an
dditional step. For phospho-p38 MAPK the concentration of the
econdary biotinylated antibody was 2.5 �g/ml. The chromagen
iaminobenzidine tetrahydrochloride (Sigma-Aldrich Ireland Ltd.)
as used which produces a brownish precipitate, the counterstain
sed was hematoxylin, which stains nuclear chromatin blue. For
on-immune control, a mouse IgG antibody (Chemicon Interna-
ional Ltd., UK) was used as the primary antibody. In such slides
o brown staining corresponding to p-p38 MAPK was seen, with
nly counterstaining apparent by hematoxylin. Slides were ana-

yzed on a microscope equipped with Axiovision software.
All data are expressed as mean�S.E.M. In all experiments

xamining LTP, all data points represent 5 min averages. For
tatistical analysis of data, two-tailed paired Student’s t-tests were
mployed to test significance between baseline and post-treat-
ent values, and two-tailed unpaired Student’s t-test was em-

A

C

ig. 2. TNF-� leads to more intense immunostaining for activated p38
ontrol slices. (A) Control hippocampal slices showing basal levels of a
agnification (63�). Arrows indicate cells that show no obvious immu

lice for 30 min leads to an increase in the number of cells showing im
TNF-�-treated slice at a higher magnification (63�).
loyed for comparisons between different test and control slices. n
RESULTS

ffects of TNF-� on tetanically induced LTP

TP was generated by applying HFS (eight trains of eight
ulses at 200 Hz) to the medial perforant path of the
entate gyrus that led to a robust LTP persisting for at least
h post-tetanus (fEPSP 175�7%, n�6, 3 h post-tetanus

ersus 1 h post-tetanus 175�6%, n�6; Fig. 1A). In some
lices, this potentiation lasted for up to 6 h (data not
hown). When TNF-� (4.5 ng/ml) was applied to the hip-
ocampal slice 20 min pre-tetanus early-LTP (TNF-�/LTP
20�7%, n�6 versus control LTP 175�6%, n�6 1 h
ost-tetanus, P	0.001) was significantly impaired as pre-
iously published (Butler et al., 2002). The LTP was fol-

owed in these TNF-� treated slices for 3 h post-tetanus
orresponding to late LTP, and the fEPSP recordings were
een to decrease below baseline fEPSP values and pla-
eaued at approximately 3 h post-tetanus (TNF-�/LTP
EPSP 68�5%, n�6 versus control LTP 175�7%, n�6,
	0.001).

ffects of TNF-� on levels of p-p38 MAPK in the
entate gyrus

n order to explore the potential role of p38 MAPK in
ediating the inhibitory effects of TNF-� on LTP it was first

B

D

n the dentate gyrus region of rats aged 4–5 week old compared with
p38 in the granule cells (40� magnification) and (C) control at higher
g for p-p38. (B) TNF-� (4.5 ng/ml) perfused through the hippocampal
emical staining for p-p38 as well as more intense staining. (D) Shows
MAPK i
ctivated

nostainin
munoch
ecessary to show that the latter could activate p38. We
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rst examined the levels of diphosphorylated p38 MAPK in
he dentate granule cells of untreated rat hippocampal
lices. As can be seen (Fig. 2A, 2C) prominent immuno-
taining was observed (40�/63� magnification). There-
ore phospho-p38 MAPK is present at high basal levels in
he granule cells of rats aged 4–5 weeks. Next, we per-
used TNF-� (4.5 ng/ml) through hippocampal slices and
xamined the activation status of p-p38 MAPK 30 min
ost-drug addition. TNF-� led to more intense and wide-
pread immunochemical staining for p-p38 MAPK in the
ranule cells (Fig. 2B, 2D) when compared with untreated
lices.

ffects of TNF-� on baseline synaptic transmission

he effects of TNF-� (4.5 ng/ml) on baseline synaptic
ransmission was studied in order to determine if TNF-�
epressive effects on late-LTP could be mirrored by TNF-�
pplication alone (Fig. 3A). TNF-� was added at time 20
in and recordings of the fEPSPs measured for 200 min
ost-drug addition, this time matched the time-course of
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ig. 3. (A) Application of TNF-� alone does not mimic the depression
dded at time 20 min and remained in for the duration of the experime
ignificantly different from TNF-�/LTP slices (TNF-� Baseline 86�3%,
s not significantly different from control baseline over the time period in
�6, at time 220 min P�0.05). Control baseline, �; TNF-� Baseline, Œ

nhibitor SB 203580 (1 �M) does not affect early (1 h) or late (approxi
ime 10 min and was present throughout the duration of the exper
ransmission. SB 203580 was found not to affect either early-LTP (17
ontrol 175�6% 1 h post-tetanus, (�), n�6, P�0.7) or late-LTP (163�
n control slices, P�0.2). SB 203580 LTP, ■ ; Control LTP, �; open b
NF-� application in the LTP studies. A comparison was n
ade between TNF-� and test control on baseline synap-
ic transmission, no significant difference was found at the
ime-points examined (TNF-� baseline 86�3%, n�6 ver-
us control baseline 96�3% n�6, at time 220 min,
�0.05; Fig. 3A). Control baseline was found to be signif-

cantly different from TNF-�/LTP (TNF-�/LTP 68�5%,
�6 versus control baseline 96�3% n�6, P	0.01).

ffects of SB 203580 on LTP in the dentate gyrus

he p38 MAPK inhibitor SB 203580 (1 �M) when added 50
in prior to application of tetanic stimulation led to a small,
lthough not significant increase in baseline synaptic
ransmission (P�0.05; Fig. 3B). Following high-frequency
timulation, the magnitude of LTP in SB 203580-treated
lices as measured 60 min post-tetanus, was found to be

ndistinguishable from control LTP (SB-LTP 178�9% 1 h
ost-tetanus, n�5 versus control 175�6%, n�6). The ef-
ects of SB 203580 on late-LTP was examined and again
o significant difference was observed between control
nd SB-treated slices (SB-LTP 163�7% 3 h post-tetanus,
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ffects of SB 203580 on inhibition of LTP by TNF-�

hen slices were incubated with SB 203580 (1 �M) 30
in prior to TNF-� addition and for the remainder of the
xperiment the impairment of early-LTP by TNF-� was
ignificantly attenuated (Fig. 4A; SB/TNF-� 174�5%, n�6,
h post-tetanus compared with 120�7% in TNF-� treated

lices, P	0.001). Indeed at 1 h post-tetanus the SB/TNF-�
TP was found to be indistinguishable from control LTP
SB/TNF-� 174�5%, n�6 versus control 175�7%, n�6).

decline in the magnitude of the fEPSP slope was seen in
he SB/TNF-�-treated slices (Fig. 4B), relative to control
TP, which emerged at 1.5 h post-tetanus (SB/TNF-�
65�6%, n�6 compared with control 181�6%, n�6) and
ecame significant at 2 h post-tetanus (SB/TNF-�
53�5%, n�6 compared with control LTP 181�7%, n�6,
	0.01) and which continued to further in significance by
h post-tetanus (SB/TNF-� 132�5%, n�6 versus control

TP 175�7%, n�6, P	0.001). These results suggest that

0%

50%

100%

150%

200%

0 20 40 60 80

N
or

m
al

ize
d 

sl
op

e

A

B

0%

50%

100%

150%

200%

0 20 40 60 80

N
or

m
al

ize
d 

sl
op

e

• TNF

Contr

ig. 4. The p38 MAP kinase inhibitor SB 203580 reverses the early bu
lices, SB 203580 (1 �M) was added at time 10 min, TNF-� (4.5 ng/ml
as seen to reverse the inhibitory effect of TNF-� at 1 h post-tetanus
NF-�-treated slices (F; n�6 P	0.001). At 3 h post-tetanus SB 203580
epression of LTP (132�5% in SB/TNF-�-treated slices, n�6 comp
everses the inhibition of LTP by TNF-� at 1 h post-tetanus to values s
lices versus control LTP 175�6% 1 h post-tetanus, n�6). At 3 h po
ifferent from control LTP values (132�5%, n�6 compared with 175�
ars represent the period of perfusion of the designated cytokine/drug
NF inhibits the early phase of LTP by a p38-dependent (
echanism and negatively affects late-LTP by a mecha-
ism independent of p38. A summary of the effects of
B203580 on inhibition of LTP by TNF-� is shown in Fig.
.

DISCUSSION

TP is known to consist of distinct temporal phases that
nvolve different molecular mechanisms for their expres-
ion in the CA1 and dentate gyrus regions of the hip-
ocampus (Sweatt, 1999). There is an initial phase gener-
lly referred to as short-term potentiation that is indepen-
ent of protein kinase activity and lasts approximately 30
in followed by early phase, designated early LTP that is
ver by approximately 1–2 h that is independent of protein
ynthesis, and dependent on such kinases as CaMKII and
KC. A later more persistent phase designated late LTP

equires new protein synthesis and is PKA dependent
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994; Nguyen and Kandel, 1996; Otani and Abraham,
989).

The neurobiological impact of the pro-inflammatory cy-
okine TNF-� is increasingly being recognized because of
he plethora of information now available on its neuro-
athological as well as its physiological effects. We show

n this study that TNF-� at pathophysiological concentra-
ions (4.5 ng/ml) inhibited the induction of LTP, as reported
reviously in the CA1 and dentate gyrus region of the
ippocampus (Cunningham et al., 1996; Tancredi et al.,
992). However these earlier studies did not address later
tages (�1 h after induction). In this study we decided to
xamine the effects of TNF-� on early and late-LTP by

ollowing the electrophysiological response for 3 h post-
etanus. In so doing, a synaptic depression was unveiled
hich stabilized at approximately 3 h post-tetanus. This
as not been previously reported in TNF-�- or IL-1�-

reated slices. However a similar electrophysiological de-
ressive phenomenon has been reported previously with
he cytokine interferon-� in the CA1 region (Mendoza-
ernandez et al., 2000). In order to address whether this
epression could be effected by bath application of this
ytokine without application of HFS we followed the elec-
rophysiological response of slices perfused with TNF-� for
pproximately 3 h. We found that TNF-� baseline re-
ponses were statistically different from TNF-� LTP at
oints corresponding to 3 h post-tetanus. No significant
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ig. 5. Summarizing the effects of the p38 MAPK inhibitor SB 203580
he effect of TNF-� on baseline synaptic transmission is also depicted.
fter application of tetanus in slices. Mean�S.E.M. are shown for each
S represents not significant P�0.05. ** TNF-� significantly impairs L

o values comparable to control LTP (difference not significant). At 3 h
re-treated TNF-� slices are however significantly different from contro
ost-tetanus, fEPSP values were comparable to control LTP. Baseline
NF-� were not significantly different from control baseline at 3 h p
NF-�/LTP at time corresponding to 3 h post-tetanus.
ifference was noted between control and TNF-� baseline L
esponses for the same time-point investigated. As such
e can conclude that HFS must activate signaling mech-
nisms that facilitate the depression observed in TNF-�-
reated hippocampal slices.

TNF-� has previously been shown to activate a family
f mitogen-activated protein kinases (MAPK), which in-
lude p42/44, p38 and c-Jun N-terminal kinase (JNK; Van-
enabeele et al., 1995). The p42 MAPK has been shown to
e important in the induction of NMDA-receptor-dependent
TP in the CA1 (English and Sweatt, 1996) and dentate
yrus (Coogan et al., 1999a). In contrast, it has been
hown that p38 MAPK is an integral signaling component

n metabotropic glutamate receptor dependent LTD, first
emonstrated in the CA1 of neonates (Bolshakov et al.,
000) and later in the dentate gyrus region of the rat
ippocampus (Murray and O’Connor, 2003). The p38
APK is not involved in the induction of NMDA receptor
ependent early LTP, as reported previously (Coogan et
l., 1999b), nor is it involved in the induction of late LTP (3
post-tetanus), as SB/LTP fEPSP values were found to be

omparable to control LTP at 1 h and 3 h post-tetanus.
nother stress-activated protein kinase, JNK, has recently
een shown by this laboratory to be involved in LTD in the
entate gyrus, and similar to p38 MAPK was shown not to

nfluence LTP (Curran et al., 2003). Therefore p42 MAPK
nd p38/JNK appear to have contrasting physiological
oles in the hippocampal synaptic plasticity processes of
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*
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TNF-� inhibition of LTP and control LTP at 1 h and 3 h post-tetanus.
ed slope of the fEPSP was measured at 1 h and at 3 h where indicated
(n�6). �� Represents P	0.001, � represents significance of P	0.05,
post-tetanus, ** SB 203580 attenuates TNF-� inhibition of early-LTP
us ** TNF-� has a significant depressive effect on LTP, ** SB 203580

this later time-point. SB 203580 did not affect control LTP at 1 h or 3 h
esponses were examined, the fEPSP reponses in slices perfused with
addition. * TNF-� baseline was however significantly different from
on both
Normaliz
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We set out to investigate whether p38 MAPK could
ossibly be involved in mediating TNF-� inhibition of LTP.
irst, we examined the levels of activated p38 MAPK in the
entate gyrus region of the hippocampus of young rats (4
eeks). Using antibody that recognizes dually phosphory-

ated p38 MAPK, strong immunostaining of the granule
ells in the dentate gyrus was observed (Fig. 2A, 2C),
ndicating high basal levels, as well as marked immuno-
taining of the pyramidal neurons in the CA1 and CA3
egions (data not shown). TNF-� was perfused through
ippocampal slices and led to an increase in the level of

mmunostaining (Fig. 2B, 2D). This is not surprising since
NF-� is known to lead to the activation of p38 MAPK. The
pecific p38 MAPK inhibitor SB 203580 (IC50�600 nM in
ells) was used in this study at a final concentration of

�M, as doses of 0.6 �M were found to prevent the
hosphorylation of heat-shock protein-27 in response to
L-1�, cellular stresses and bacterial endotoxins in vivo
Cuenda et al., 1995). We found that p38 MAPK is involved
n the inhibition of LTP by TNF-� but importantly that p38

APK inhibition does not reverse the impairment of late-
TP by TNF-� (�80 min post-tetanus). This only became
pparent due to the long follow-up of 3 h post-tetanus
ndertaken in this study. The synaptic response measured
y fEPSP recordings were seen to decline from approxi-
ately 1 h and at 2 h post-tetanus a statistical significant
ifference between control LTP and SB/TNF-�-LTP was
bserved (P	0.01), which furthered in significance by the
h time-point (P	0.001). Could this later-phase possibly

epresent a protein-synthesis dependent mechanism of
nhibition of LTP by TNF-�? Indeed, the time-course coin-
ides with late LTP, which has now been firmly established
o be dependent on new protein synthesis (Frey et al.,
993; Huang and Kandel, 1994; Nguyen and Kandel,
996; Otani and Abraham, 1989). What are the targets of
38 MAPK in mediating TNF-� inhibition of early-LTP?
ossible substrates include heat shock protein 27, that has
een shown to affect actin dynamics (Rousseau et al.,
997), the microtubule-associated protein tau (Reynolds et
l., 1997), and cytoplasmic phospholipase A2 (Kramer et
l., 1996), the enzyme that liberates arachidonic acid from
embrane phospholipids. Coogan et al. (1999) have al-

eady given some insight into this question by the finding
hat inhibition of the cyclooxygenase pathway by indo-
ethacin attenuates IL-1� inhibition of LTP, and more

pecifically cyclooxygenase-2 (Murray and O’Connor,
001) therefore suggesting a link between arachidonic
cid metabolites and the impairment of LTP by IL-1�.

In summary this paper reports that p38 MAPK detected
t high basal levels in the dentate gyrus, does not have a
hysiological role in early or late-LTP. The role of p38
APK in TNF-� inhibition of LTP has been delineated.
his work shows that p38 MAP kinase is involved in me-
iating the inhibitory effects of TNF-� on early LTP (ap-
roximately 1 h). Interestingly however, the depressive
ffects of TNF-� on late LTP (approximately 1–3 h) proved

o be independent of p38 MAPK. Therefore we can con-

lude that TNF-� inhibition of LTP represents a biphasic H
esponse, where the later phase may represent a protein-
ynthesis dependent phase.
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