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1 We investigated the possible involvement of phospholipase A2 (PLA2) and its products in long-
term potentiation (LTP) in the CA1 neurotransmission of rat hippocampal slices.

2 Inhibitors of Ca2+-independent PLA2 (iPLA2) prevented the induction of LTP without a�ecting
the maintenance phase of LTP whereas Ca2+-dependent PLA2 inhibitors were virtually ine�ective,
which suggests a pivotal role of iPLA2 in the initiation of LTP.

3 We then investigated the e�ect of docosahexaenoic acid (DHA) and arachidonic acid (AA) on
BEL (bromoenol lactone, an iPLA2-inhibitor) -impaired LTP, and found that either DHA or AA
abolished the e�ect of BEL. However, DHA did not restore BEL-attenuated LTP when applied after
the tetanus. DHA per se a�ected neither the induction nor maintenance of LTP. Linoleic acid had
no e�ects, either.

4 These results suggest that DHA is crucial for the induction of LTP and that endogenously
released DHA during tetanus is su�cient to trigger the formation of LTP.
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Introduction

At hippocampal synapses, brief repetitive stimulation results
in a long-lasting increase in synaptic strength, referred to as
long-term potentiation (LTP). This form of synaptic

plasticity, which in most cases requires the activation of N-
methyl-D-aspartate (NMDA) receptors, remains one of the
most compelling cellular models for learning and memory.
Although it is universally accepted that a rise in postsynaptic

Ca2+ is essential for triggering LTP, the subsequent
mechanism of LTP remains unclear, and considerable debate
exists as to what molecules are involved in LTP (Bliss &

Collingridge, 1993; Kullmann & Siegelbaum, 1995; Larkman
& Jack, 1995; Nicoll & Malenka, 1995).
NMDA receptor activation increases release of arachidonic

acid (AA) as a result of calcium in¯ux through the NMDA
receptor channel and thereby stimulation of endogenous
phospholipase A2 (PLA2) (Dumuis et al., 1988; 1993). Indeed,

PLA2 inhibitors have been shown to block LTP expression in
the CA1 area of hippocampal slices (Massicotte et al., 1990;
Okada et al., 1989; Williams et al., 1988) and AA or its
metabolites have been proposed as potential messenger

signals released by postsynaptic cells to modify transmitter
release in LTP (Bramham et al., 1994; Drapeau et al., 1990).
For instance, exogenously applied AA facilitates LTP

formation induced by high-frequency stimulation (Linden et
al., 1987; Williams et al., 1989), and AA applied during low-
frequency stimulation may result in slowly developing LTP

(Williams et al., 1989). However, the observation that AA-
induced LTP is blocked by an NMDA receptor antagonist
(O'Dell et al., 1991) suggests that AA does not act as a
retrograde messenger, but rather it likely serves to modify the

functional properties of both NMDA and AMPA subtypes of
glutamate receptor (Kovalchuk et al., 1994; Miller et al.,
1992).

Of three subclasses of PLA2, i.e., Ca2+-dependent PLA2

(cPLA2), Ca2+-independent PLA2 (iPLA2) and secretory
PLA2, Wolf et al. (1995) found that the induction of LTP

was completely prevented by bromoenol lactone (BEL), a
potent and selective inhibitor of iPLA2, suggests a pivotal
role of iPLA2 in the induction of LTP. PLA2 serves as a key

enzyme to produce free fatty acids including docosahexaenoic
acid (DHA) and AA from membrane phospholipids.
Although the content of DHA is slightly lower than AA in
the central nervous system (Dhopeshwarkar & Subramanian,

1975), DHA is also one of major components of membrane
phospholipids in the brain and is a good substrate of PLA2

partly because it is mainly localized in the 2-position of the

phospholipids, particularly in phosphatidylethanolamine
(Hadjiagapiou & Spector, 1987). Therefore, as a result of
the activation of PLA2, DHA may be predominantly released
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and accumulated in extracellular spaces. Indeed, Kim et al.
(1996) reported a novel PLA2 that primarily releases DHA.
Thus, DHA may possibly contribute to the induction of LTP.

On the other hand, recent behavioural studies have suggested
a positive correlation between DHA and cognitive ability of
mammals (Gordon, 1997; Horrocks & Yeo, 1999). For
example, DHA de®ciency is associated with loss of

discriminant learning ability and visual activity (Neuringer
et al., 1986). Patients with Zellwegner's syndrome (Martinez,
1990) or Alzheimer's disease (Soderberg et al. 1991) show

extremely low levels of DHA in their brains. Also,
electrophysiological studies indicate that DHA promotes the
channel open probability of NMDA receptor without

a�ecting the channel conductance (Nishikawa et al., 1994).
These observations have driven us to investigations on the
possible involvement of DHA in hippocampal LTP. Here we

have found that DHA improves LTP that is attenuated by
iPLA2 inhibitors in rat hippocampal slices.

Methods

All animal experiments were carried out in accordance with

the Japanese Pharmacological Society guide for the care and
use of laboratory animals

Slice preparation

Hippocampal slices were prepared from young adult male

Wistar rats (3 ± 5 weeks old) using a vibratome in ice-cold
arti®cial cerebrospinal ¯uid (ACSF) aerated with 95% O2/5%
CO2 and then incubated in the same ACSF at 328C for at
least 1 h. For electrophysiological recordings, slices were

submerged in a stream of ACSF at 328C. The remaining
slices were stored in an interface chamber at 328C. ACSF was
composed of (mM): NaCl 119, KCl 2.5, MgSO4 1.3, CaCl2
2.5, NaH2PO4 1.0, NaHCO3 26.2, and glucose 11.0.

Electrophysiology

Field excitatory postsynaptic potentials (fEPSP) evoked by
test stimulation of the Scha�er collateral/commissural
a�erents were measured in the CA1 stratum radiatum.

Extracellular recording electrodes were ®lled with 0.16 M

NaCl. A single test stimulation (50-ms duration) was applied
at an interval of 30 s. In each experiment, after the responses

were stabilized, the stimulus intensity was adjusted to
produce fEPSP slope of about 50% of the maximum
responses. To induce LTP and LTD, tetanic stimulation

(100 Hz for 1 s) and low-frequency stimulation (1 Hz for
15 min) were delivered at the same stimulus intensity through
the same electrode as used for test stimulation, respectively.

Data analysis

Electrophysiological signals were digitized at 20 kHz using

commercially available 12-bit analogue-to-digital boards
(PCI-20428K-1, Intelligent Instrumentation O�ces, Bay
Colony Drive, MS, U.S.A.) and stored on disk for o�-line

analysis of fEPSP by the software Wave-kun developed by Y.
Ikegaya. Two cursors, separated by 1 ms, were placed in the
digitalized negative ®eld potentials to obtain slope magnitude.

fEPSP slope was determined from measuring the maximal
slope in the initial phase of the fEPSP. Ensemble averages
were constructed using all data points, aligned with respect to

the time of LTP induction or drug application. Error bars
indicate standard error of the mean (s.e.mean) calculated for
the entire data set for a given time point. To assess statistical
signi®cance, Tukey's multiple range tests, comparing the

average slope size for 10 min prior to tetanic stimulation to
40 ± 50 min after the tetanic stimulation, were performed
without normalization.

Drugs

The drugs used in the present experiment were as follows:
DHA, AA (Sigma, St. Louis, MO, U.S.A.), linoleic acid
(Sigma), BEL (Cayman Chem., Ann Arbor, MI, U.S.A.),

palmitoyl tri¯uoromethyl ketone (PACOCF3) (Biomol Res.
Lab., Inc. Plymouth Meeting, PA, U.S.A.), arachidonyl
tri¯uoromethyl ketone (AACOCF3) (Biomol Res. Lab.),
and methyl arachidonyl ¯uorophosphonate (MAFP) (Calbio-

chem, San Diego, CA, U.S.A.). DHA was kindly provided by
Maruha Co., Ltd. (Tokyo, Japan). They were dissolved in
DMSO at a concentration of between 10 and 100 mM, and

diluted with ACSF through sonication in the presence of
100% N2 immediately before use. The ®nal concentration of
DMSO was 0.1 ± 0.2%. In control experiment associated with

each drug, slices were exposed to an equivalent ®nal DMSO
concentration.

Results

Effects of PLA2 inhibitors on LTP

First, we investigated the e�ect of the iPLA2 inhibitor BEL on
the induction of LTP in the Scha�er collateral-CA1 pyramidal

cell synapses. Ten mM BEL was applied from 710 min to
5 min after tetanic stimulation (100 Hz for 1 s) (Figure 1a).
Although basal synaptic responses were una�ected by

application of BEL, the tetanic stimulation failed to induce
LTP whereas post-tetanic potentiation was normally evoked.
Although this result con®rms the previous ®ndings reported
by Wolf et al. (1995), these authors did not perform further

characterization on the e�ect of BEL. In the following
experiments, therefore, we analyse it in detail. The inhibitory
e�ect of BEL on the LTP induction displayed a concentration

dependency and was statistically signi®cant at the concentra-
tion of 10 mM (Figure 1b). Similar e�ects were found with
more selective inhibitor of iPLA2 PACOCF3 (100 mM) or the

dual inhibitor of cPLA2 and iPLA2 MAFP (10 mM), but not
with the selective inhibitor of cPLA2 AACOCF3 (10 mM)
(Figure 1b). De Petrocellis et al. (1997) indicated that MAFP

also inhibits anandamide aminohydrolase, an enzyme that
catalyzes the hydrolysis of endogenous cannabimimetic
compounds, and that a lower concentration of MAFP
(100 nM) speci®cally blocks the activity of anandamide

aminohydrolase. Therefore, we tested the e�ect of 100 nM
MAFP to investigate the involvement of anandamide
aminohydrolase in the MAFP-attenuated LTP. However,

LTP was una�ected by 100 nM MAFP. Taken together, the
results suggest that iPLA2 serves as a key enzyme in the
formation of LTP. We next determined whether iPLA2 is
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involved in the maintenance phase of LTP. Bath application
of 10 mM BEL (15 min after tetanic stimulation) did not a�ect
the preexisting LTP (Figure 1c). Therefore, these data indicate

that iPLA2 is required only for the induction of LTP.
We next investigated the e�ect of BEL on other types of

hippocampal synaptic plasticity, i.e., long-term depression
(LTD) and paired-pulse facilitation (PPF). LTD was induced

by low-frequency stimulation protocol (1 Hz for 15 min). Ten
mM BEL was applied from 10 min before to 5 min after the
low-frequency stimulation, but did not a�ect LTD (Figure

2a), which suggests that iPLA2 does not participate in the
induction of LTD. Next, we evaluated the pro®le of PPF
before and after BEL perfusion. The CA1 synapses
demonstrated a signi®cant PPF ratio at paired-pulse intervals

of 5200 ms, but this characteristic pro®le of PPF was
unchanged in the presence of 10 mM BEL (Figure 2b).
Considering that BEL did not change post-tetanic potentia-

tion (Figure 1a), iPLA2 was unlikely involved in short-term
synaptic plasticity. Taken together, these detailed investiga-
tions reinforced the view that, of diverse forms of

hippocampal synaptic plasticity, iPLA2 may contribute
speci®cally to mechanisms of initial phase of LTP.

Ameliorative effect of DHA on impaired LTP

We next explored what molecules produced by iPLA2 are
involved in the induction of LTP. First, we examined the

e�ect of DHA, one of the end products of the iPLA2-
mediated reaction, on BEL-inhibited LTP. When 30 mM
DHA was co-applied with 10 mM BEL from 710 min to

5 min after tetanic stimulation, robust LTP was normally
induced (Figure 3a). The same dose of DHA also restored the
LTP abolished by 100 mM PACOCF3 (Figure 3b). The

improving e�ect of DHA was concentration-dependent

Figure 1 Inhibitory e�ect of iPLA2 inhibitor on the induction of
LTP. (a) Time course of the fEPSP slope following the tetanic
stimulation in the absence or the presence of 10 mM BEL. The drug
was perfused from 710 min to 5 min, and the tetanic stimulation
was applied at time 0. The fEPSP slope is expressed as a percentage
of the baseline value immediately before the tetanic stimulation.
Recording traces represent typical ®eld potentials immediately before
(1) and 60 min after (2) tetanic stimulation (100 Hz for 1 s) in the
absence (Control) or the presence (BEL) of 10 mM BEL. The Scha�er
collaterals were stimulated at time indicated by arrows. (b) Summary
of the e�ects of various inhibitors of PLA2. The ordinate shows an
average change in fEPSP slope 40 ± 50 min after the tetanic
stimulation. (c) Lack of the e�ect of BEL on the maintenance phase
of LTP. Ten mM BEL was continuously applied from 15 min after the
tetanic stimulation. All data are expressed as the means+s.e.mean of
®ve cases. *P50.05, **P50.01 vs Control: Tukey's test following
one-way ANOVA.

Figure 2 (a) Lack of the e�ect of BEL on the induction of LTD.
Time course of the fEPSP slope following low-frequency stimulation
(LFS: 1 Hz for 15 min) in the absence or the presence of 10 mM BEL.
(b) Lack of the e�ect of BEL on PPF. The PPF pro®les were
examined immediately before and 10 min after application of 10 mM
BEL. PPF ratio is expressed as a percentage of the second fEPSP
slope to the ®rst fEPSP evoked by paired-pulse stimulation. Data are
expressed as the means+s.e.mean of ®ve cases.
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(Figure 3b), which suggests that the level of DHA released
during tetanus is a determining factor to invoke signals for
the initiation of LTP. Interestingly, the e�ect of DHA was

mimicked by 30 mM AA but not by 30 mM linoleic acid, both
of which are products of PLA2. These results suggest a
speci®city of fatty acids that can contribute to LTP. To
examine whether DHA recovered the maintenance phase of

the impaired LTP, 30 mM DHA was added 15 min after
tetanic stimulation in the presence of 10 mM BEL. However,
this application of DHA did not recuperate the abortive LTP

(Figure 4). These results indicate the existence of a temporal
window in the restorative e�ect of DHA, and the critical
period is plausibly the induction phase of LTP. This phase is

widely accepted to involve the activation of postsynaptic
NMDA receptor as the essential step to trigger LTP (Bliss &
Collingridge, 1993; Kullmann & Siegelbaum, 1995; Larkman

& Jack, 1995; Nicoll & Malenka, 1995). Indeed, Nishikawa et
al. (1994) indicated that DHA enhanced physiological
function of NMDA receptor. Furthermore, the result that
BEL inhibited LTP induction without changing PPF pro®le

suggests that DHA probably acts on a postsynaptic target.
Thus, the e�ect of DHA on LTP possibly results from
modulating NMDA receptor. To address this possibility,

NMDA responses were pharmacologically isolated using
Mg2+-free ACSF containing 10 mM 6-cyano-7-nitroquinoxa-

line-2,3-dion, a non-NMDA receptor antagonist, and we
examined the e�ect of DHA on the NMDA responses.
However, 100 mM DHA did not enhance the evoked NMDA

responses (Figure 5). Incidentally, BEL 10 mM did not reduce
the NMDA responses (the mean per cent of baseline 10 min
after BEL treatment was 97.1+10.9% (n=4)).

We ®nally determined whether DHA per se alters the

natures of synaptic plasticity. However, when 100 mM DHA
was added 15 min before tetanic stimulation or low-
frequency stimulation, it showed no e�ects on the formation

of LTP or LTD (Figure 6). These data indicate that
exogenous DHA alone did not contribute to neurotransmis-
sion or synaptic plasticity, and thus suggest that endogen-

ously released DHA during tetanic stimulation is su�cient to
induce LTP.

Discussion

One of main observations in the present study is that the

iPLA2 inhibitor BEL prevented the induction of LTP. In

Figure 3 Ameliorative e�ect of unsaturated fatty acids on BEL-
impaired LTP. (a) Time course of fEPSP slope following the tetanic
stimulation in control slices, or the slices treated with 10 mM BEL or
co-treated with 10 mM BEL and 30 mM DHA. (b) Summary of the
e�ects of DHA, AA or linoleic acid (LA) on LTP impaired by BEL
or PAFCOCF3. The ordinate shows an average change in fEPSP
slope 40 ± 50 min after the tetanic stimulation. All data are expressed
as the means+s.e.mean of 5 ± 6 cases. **P50.01 vs Control,
#P50.05 vs BEL or PACOCF3: Tukey's test following one-way
ANOVA.

Figure 4 Lack of the e�ect of DHA on the maintenance phase of
impaired LTP. Ten mM BEL was continuously applied from 10 min
prior to the tetanic stimulation, and 30 mM DHA was added from
15 min after the tetanic stimulation. To promote a comparison, the
time course of intact LTP (the same data as Figure 1a) is
superimposed as small black dots. Data are expressed as the
means+s.e.mean of ®ve cases.

Figure 5 E�ect of DHA on NMDA responses. Two traces represent
pharmacologically isolated NMDA components immediately before
(1) and 18 min after application of 100 mM DHA (2). The Scha�er
collaterals were stimulated at the time indicated by arrows. The
graph indicates the time course of NMDA responses following DHA
treatment. Data are expressed as the means+s.e.mean of ®ve cases.
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addition, we have shown for the ®rst time that the iPLA2

inhibitor did not a�ect the maintenance phase of LTP or
other forms of synaptic plasticity including LTD and PPF.
The induction of LTP was also abolished by more selective
iPLA2 inhibitor PACOCF3 but not by the cPLA2 inhibitor

AACOCF3. These results suggested that iPLA2 plays a
crucial role on the initiation of LTP. Interestingly, the
attenuated LTP by BEL was restored by exogenous

supplement with either DHA or AA. These results again
substantiated the speci®c blockade of PLA2 activities by
BEL. Furthermore, DHA did not restore LTP when added

15 min after the application of tetanus in the presence of
BEL. Also, DHA alone did not a�ect LTP. These results
indicate that endogenous release of DHA through iPLA2

activities during the tetanus may be important and su�cient

to produce LTP.
It has remained inconsistent whether PLA2 plays a role in

LTD. Fitzpatrick & Baudry (1994) reported that the inhibitor

of PLA2 bromophenacylbromide blocked LTD in Scha�er
collateral-CA1 synapses of rat hippocampal slices. On the
other hand, Stanton (1995) indicated that another inhibitor

of PLA2 3-(4-octadecyl)-benzoylacrylic acid did not prevented
LTD at the same synapses. However, the speci®city of these
inhibitors is relatively low; particularly, bromophenacylbro-

mide is a completely nonselective PLA2 inhibitor. Here we
have shown that the selective inhibitor of iPLA2 BEL did not
block the induction of LTD while the same concentration of

BEL inhibited LTP. Although our results could not exclude
the possibility that the other types of phospholipase A2 play
some role in synaptic modi®cations causing LTD, we

concluded that iPLA2, at least, is not required for the
formation of LTD.
Young et al. (1998) indicated that application of 50 mM

DHA reversibly suppressed the baseline of synaptic transmis-

sion and occluded LTD in Scha�er collateral-CA1 synapses.
However, we were not able to con®rm these phenomena even
at a higher concentration of DHA (100 mM). Rather, our

present study indicates that DHA did not a�ect basal
neurotransmission, LTP nor LTD. Although explanation
for this discrepancy apparently needs further investigations, it

is our impression that su�cient DHA was endogenously
released in our preparations so that exogenous application of
DHA has no additional e�ect. In our experiments, indeed,

DHA could exert its e�ect only if endogenous PLA2 activities
were pharmacologically blocked. The level of releasable DHA
is determined by the DHA content in membrane phospho-
lipids, which is controlled by dietary intake of DHA and

relevant fatty acids. Further analyses of the e�ect of PLA2

inhibitors and DHA in DHA-de®cient rats would explain
these discrepancies.

The mechanism by which DHA and AA contribute to LTP
is unclear. Although NMDA receptor was assumed as the
primary target of these fatty acids, our results show that

DHA or BEL failed to a�ect NMDA responses. Therefore,
we consider that exogenous or endogenous DHA has no
in¯uences on NMDA receptor in hippocampal slices. In

addition, our preliminary study revealed that neither BEL
nor DHA a�ected the induction of LTP at the mossy-®bre-
CA3 synapses, where LTP is generated purely through
presynaptic and NMDA-receptor independent mechanisms

(Nicoll & Malenka, 1995). Thus, DHA and AA may be
involved in the downstream mechanism of NMDA receptor
in the induction of CA1 LTP. On the other hand, several

studies indicate that DHA and AA inhibit A-type K+

channel (Villarroel & Schwarz, 1996; Keros & McBain,
1997; Colbert & Pan, 1999), which regulates back-propaga-

tion of action potentials into dendritic arborization (Ho�man
et al., 1997; Johnston et al., 1999). Because the back-
propagation is known to regulate long-lasting synaptic
plasticity (Linden, 1999), DHA and AA may contribute to

LTP by changing membrane excitability, such as back-
propagation property of action potentials.
Numerous previous studies on DHA have focused their

attention on learning and memory in mammals (Gordon,
1997; Horrocks, 1999). Particularly, behavioural analyses
have suggested a signi®cant correlation between DHA and

cognitive ability in mammals. Nonetheless, the present study
is the ®rst evidence that DHA a�ects LTP. Very recently, we
indicated that intracerebroventricular injection of iPLA2

inhibitor impaired spatial memory of mice (Fujita et al.,
2000). Therefore, the iPLA2 activation and thereby DHA
release in the hippocampus may be an important factor for
both synaptic plasticity and learning and memory. To

address this possibility, the measurement of changes in
PLA2 activity and the concentrations of DHA following
tetanic stimulation or task leaning would provide useful

evidence.

Figure 6 Lack of the e�ect of DHA on LTP (a) or LTD (b). DHA
(100 mM) was continuously applied from 15 min before high-
frequency stimulation (100 Hz for 1 s) (a) or low-frequency
stimulation (1 Hz for 15 min) (b). Data are expressed as the
means+s.e.mean of ®ve cases.
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