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12-Lipoxygenase Metabolites of Arachidonic Acid Mediate
Metabotropic Glutamate Receptor-Dependent Long-Term
Depression at Hippocampal CA3-CA1 Synapses
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Arachidonic acid metabolites have been proposed as signaling molecules in hippocampal long-term potentiation (LTP) and long-term
depression (LTD) for >15 years. However, the functional role of these molecules remains controversial. Here we used a multidisciplinary
biochemical, electrophysiological, and genetic approach to examine the function of the 12-lipoxygenase metabolites of arachidonic acid
in long-term synaptic plasticity at CA3-CAl synapses. We found that the 12-lipoxygenase pathway is required for the induction of
metabotropic glutamate receptor-dependent LTD (mGluR-LTD), but is not required for LTP: (1) Hippocampal homogenates were capa-
ble of synthesizing the 12-lipoxygenase metabolite of arachidonic acid, 12(S)-hydroxyeicosa-5Z,8Z,10E,14Z-tetraenoic acid (HETE). (2)
Stimulation protocols that induce mGluR-LTD lead to a release of 12-(S)-HETE from acute hippocampal slices. (3) A mouse in which the
leukocyte-type 12-lipoxygenase (the neuronal isoform) was deleted through homologous recombination was deficient in mGluR-LTD,
but showed normal LTP. (4) Pharmacological inhibition of 12-lipoxygenase also blocked induction of mGluR-LTD. (5) Finally, direct
application of 12(S)-HPETE, but not 15(S)-HPETE, to hippocampal slices induced a long-term depression of synaptic transmission that
mimicked and occluded mGluR-LTD induced by synaptic stimulation. Thus, 12(S)-hydroperoxyeicosa-5Z, 8Z, 10E, 14Z-tetraenoic acid
(12(S)-HPETE), a 12-lipoxygenase metabolite of arachidonic acid, satisfies all of the criteria of a messenger molecule that is actively
recruited for the induction of mGluR-LTD.
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Introduction
A large number of signaling molecules have now been implicated
in activity-dependent forms of long-term synaptic plasticity at
hippocampal CA3—CA1 synapses. In fact, this complexity has led
some to question the likelihood of our ever understanding the
core signaling pathways involved in these processes (Sanes and
Lichtman, 1999). One key problem in evaluating the role of a
given signal transduction pathway is the difficulty in discriminat-
ing whether that pathway is actively recruited for the induction of
synaptic plasticity or whether it serves a passive, permissive role
necessary for the basal functioning of the plasticity machinery.
Before a biochemical cascade can be implicated as an active
inductive signal for synaptic plasticity, several requirements must
be met. First, at the biochemical level, the signaling cascade must
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be present in the neurons of interest and, importantly, must be
activated during the induction of long-term plasticity. Second, inhi-
bition of the cascade using highly selective drugs or genetic deletion
must block the induction of plasticity. Third, exogenous application
of the signaling molecule must induce plasticity independent of syn-
aptic activity; moreover, this effect should occlude the subsequent
induction of plasticity through synaptic activity. To date, only a
handful of signaling cascades have passed these tests. Here we exam-
ine the role of 12( S)-hydroperoxyeicosa-5Z, 8Z, 10E, 14Z-tetraenoic
acid [12(S)-HPETE], a 12-lipoxygenase (12-LO) metabolite of ara-
chidonic acid (AA), in activity-dependent long-term synaptic plas-
ticity at CA3—CA1 hippocampal synapses.

AA and its metabolites were first proposed as signaling mole-
cules in hippocampal synaptic plasticity >15 years ago, based on
initial studies in Aplysia that showed the importance of these
molecules in short-term presynaptic inhibition (Piomelli et al.,
1987a,b). Because AA and its metabolites are membrane-
permeant and can serve as both autocrine and paracrine messen-
gers, they are particularly attractive as candidate retrograde mes-
sengers for forms of plasticity that are induced in the postsynaptic
cell but expressed in the presynaptic cell. Subsequent studies have
implicated these metabolites in long-term potentiation (LTP)
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(Williams et al., 1989) and long-term depression (LTD)
(Drapeau et al., 1990; Bolshakov and Siegelbaum, 1995; Nor-
mandin et al., 1996). However, much of the evidence was based
on the effects of high concentrations of relatively nonspecific
blockers of the arachidonic acid cascade. Moreover, it has not
been shown whether synaptic activity used to induce plasticity
stimulates the production and release of AA metabolites. As a
result, the status of these important signaling molecules in hip-
pocampal plasticity remains highly questionable. Indeed, reports
of a role of AA metabolites in induction of LTP (O’Dell et al.,
1991) and LTD (Stanton, 1995) have been challenged.

Several lines of evidence led us to reinvestigate whether the AA
pathway might be important for metabotropic glutamate
receptor-dependent LTD (mGluR-LTD). Recently, mGluR-LTD
was found to depend on the activation of p38 mitogen-activated
protein kinase (p38 MAPK) (Bolshakov et al., 2000; Rush et al.,
2002; Zhu et al., 2002), a kinase that can activate cytosolic phos-
pholipase A, (cPLA,) (Borsch-Haubold et al., 1997). This
calcium-sensitive enzyme, which initiates the AA signaling cas-
cade by liberating AA from membrane phospholipids, is highly
expressed in hippocampal neurons (Kishimoto et al., 1999). Con-
versely, AA has been shown to stimulate p38 MAPK (Hii et al.,
1998; Kalyankrishna and Malik, 2003), suggesting a positive feed-
back interaction between the two cascades that might contribute
to the maintenance of long-term plasticity. Because mGluR-LTD
is induced through a rise in Ca*" in the postsynaptic CAl neu-
ron, but is expressed, at least partly, as a decrease in transmitter
release from the presynaptic CA3 neuron, it has long been postu-
lated that this form of plasticity requires a retrograde messenger
(Bolshakov and Siegelbaum, 1994; Oliet et al., 1997). AA metab-
olites are one candidate for such a retrograde signal.

Here we show that the 12-lipoxygenase pathway of AA metab-
olism fulfills all of the criteria for an active inductive signal for
mGluR-LTD at CA3—CA1 synapses. Using gas chromatography—
mass spectrometry, we detect the production and release of the
12-LO metabolite, 12-hydroxyeicosa-5Z,8Z,10E,14Z-tetraeonic
acid (HETE), a stable product of 12-HPETE, from the hippocam-
pus during LTD induction. Moreover, we find that mGluR-LTD
is not induced in recombinant mice deficient in the “leukocyte-
type” 12-LO (the neuronal isoform; Watanabe et al., 1993; Sun
and Funk, 1996), whereas LTP remains intact. Finally the AA
metabolite 12(S)-HPETE mimics and occludes LTD induced by
synaptic stimulation in wild-type mice. Combined with previous
results showing that mGluR-LTD requires PLA, activity (Bolsha-
kov and Siegelbaum, 1995), our present findings provide strong
evidence that the 12-LO cascade is critical for the induction of
mGluR-LTD.

Materials and Methods

Electrophysiological recordings. Hippocampal slices (250—300 wm) were
prepared with a vibratome from 4- to 10-d-old (LTD experiments) or
from 2-month-old (LTP experiments) C57BL/6] wild-type mice and
12-LO knock-out mice that had been backcrossed onto the C57BL/6
background (Sun and Funk, 1996). Slices were continuously superfused
with a solution containing (in mm): 119 NaCl, 2.5 KCl, 2.5 CaCl,, 1.0
MgSO,, 1.25 NaH,PO,, 26.0 NaHCOs, 10 glucose, and 0.1 picrotoxin
and equilibrated with 95% O, and 5% CO,, pH 7.3-7.4, at 20-23°C.
Whole-cell recordings of compound EPSCs were obtained from CAl
pyramidal cells with an EPC-9 amplifier and Pulse version 8.09 software
(HEKA Elektronik, Lambrecht/Pfalz, Germany). Compound EPSCs
were evoked by field stimulation of Schaffer collaterals by a bipolar elec-
trode in stratum radiatum. The patch electrodes (3—6 M() resistance)
contained (in mm): 130 KCl, 5 NaCl, 1 MgCl,, 0.2 EGTA, 10 HEPES, 2
MgATP, and 0.1 NaGTP (adjusted to pH 7.2 with KOH). Series resis-
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tance was monitored throughout the experiments and ranged from
10-25 M(). Currents were filtered at 1 kHz and digitized at 5 kHz. The
holding potential was —70 mV.

The EPSC amplitude was measured as the difference between the
mean current during a prestimulus baseline and the mean current over a
2 msec window at the peak of the response. For LTD induction, the CA1
neuron was held under current-clamp conditions, and presynaptic in-
puts were stimulated for 3 min at 5 Hz frequency. Spontaneous mEPSCs
were recorded in the presence of 1 um tetrodotoxin and analyzed with the
MiniAnalysis Program version 5.4.1 (Synaptosoft Inc., Decatur, GA).

Field potentials from the CA1 stratum radiatum region were recorded
with an extracellular recording electrode (4—6 MQQ) filled with extracel-
lular solution. To elicit field EPSPs, afferent fibers in the stratum radia-
tum were stimulated once every 10-30 sec with bipolar tungsten elec-
trodes. LTD was induced using either a 15 min period of 1 Hz stimulation
or a 3 min period of 5 Hz stimulation.

Biochemistry. For homogenate experiments, hippocampi were dis-
sected from adult mouse brains and homogenized in a Dounce glass
tissue disrupter. The homogenate was subjected to a low-speed centrifu-
gation (2700 X g, 5 min, 4°C) to remove debris and unbroken cells and
then adjusted to 980 ug of protein/ml of PBS. 12-LO activity was mea-
sured by transferring the homogenate to a tube that contained [ *Hg]AA
(to a final concentration of 10 um and 2.5 wCi/nmol) for 10 min at 37°C,
stopped with two volumes of ice-cold acetone containing 12-HETE as an
internal standard. Products were extracted and purified essentially as
described (Steel et al., 1997) by sequential purification of 12-HETE by
RP-HPLC followed by conversion of the product to its methyl ester and
final purification on SP-HPLC. Products were quantified using a flow-
through radioactivity detector.

Production of 12-HETE by hippocampal slices in response to synaptic
stimulation was measured by a stable isotope dilution gas chromatog-
raphy—mass spectrometry (GC-MS) assay using tissue from animals that
were 4- to 10-d-old. Superfusates from the tissue slices were collected
every 5 min, made up to 15% in ethanol, and stored at —70°C until
analyzed. Measured aliquots of the samples (typically 25%) were spiked
with [*Hg]12(S)-HETE (5 ng) and acidified to pH 3 with formic acid.
The samples were applied to preconditioned C, solid phase extraction
columns (Varian Bond-Elut) and sequentially washed with water (5 ml),
15% ethanol (5 ml), and petroleum ether (5 ml). The sample was then
eluted with freshly redistilled ethyl acetate (10 ml). 12-HETE was further
purified from these lipid extracts by RP-HPLC as described above, and
the 12-HETE fraction was collected. Purified 12-HETE was converted to
its corresponding pentafluorobenzyl ester (PFB), trimethylsilyl ether
(TMS), by mixing it with PFB bromide (5 pl) in acetonitrile (50 ul) with
N, N-di-isopropylethylamine (10 ul) and allowing the reaction to con-
tinue at room temperature for 10 min. After adding water to the reaction,
the lipid esters were extracted into hexane. The hexane was removed
under reduced pressure, and the resulting 12-HETE-PFB was mixed with
50 ul of bis(trimethylsilyl)-trifluoroacetamide (BSTFA) in acetonitrile
(1:1, vol:vol) and allowed to react at 65°C for 15 min. Excess reactants
were removed under reduced pressure, and the sample was dissolved in
toluene for analysis on the GC-MS.

The HP5988 GC-MS was run in negative ion-chemical ionization
mode with the ion source at 150°C and methane as the ionizing gas (at ~1
torr in the ion source). The GC injector was set to 240°C and the oven to
100°C and held for 1 min before ramping to 250°C at a rate of 20°C/min.
The GC was fitted with a 15 m SP-2340 capillary column flowing with
helium as a carrier gas at a constant head pressure of 52 kPa. The flow
directly entered the ion source through a heated transfer line. The MS was
set to monitor ions at m/z 391 which is the M-PFB ion for d0—12-HETE
and m/z 399 which is the comparable ion for the internal standard d8—
12-HETE. These ions account for nearly all of the ion current generated
by a sample of 12-HETE under these conditions. The peak areas were
determined, and the absolute amount of d0-HETE was calculated using a
contemporaneous standard curve. These data were analyzed using a re-
peated measures ANOVA. Post hoc tests of differences from the baseline
were done using a Bonferroni correction.
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Figure1. Activation of the mGluR; receptor is required for the induction of mGIuR-LTD. g, In a typical experiment, application

of MPEP (200 um) during the LTD induction protocol (first arrow, 5 Hz stimulation of the Schaffer collateral pathway for 3 min)
blocked the induction of LTD. In the same slice, the 5 Hz stimulation protocol induced LTD after MPEP was washed out (second
arrow). Horizontal bar indicates period of drug application. b, Average responses from all trials with MPEP (200 wm; n = 4)
showing blockade of induction of LTD induced by presynaptic stimulation at 5 Hz frequency for 3 min (arrow). Horizontal bar
indicates period of drug application. ¢, Summary of LTD experiments. LTD induced with a 3 min period of 5 Hz stimulation (n = 4)
or LTD induced with a 15 min period of 1 Hz stimulation in normal solution (n = 9), or in the presence of MPEP (n = 6; mean =

SEM).

Results

mGIluR-LTD at CA3-CA1 hippocampal synapses depends on
mGluR; receptor activation

Two forms of LTD have been characterized at hippocampal CA3—
CA1 synapses. Metabotropic glutamate receptor-dependent LTD
predominates in neonatal rats and mice [ less than postnatal day
10 (P10)], whereas NMDA receptor-dependent LTD predomi-
nates in older animals (>P14). Here we focus on mGIuR-LTD in
neonatal mice, because this is the form of LTD that requires the
p38 MAPK pathway (Bolshakov et al., 2000) and that has been
linked to AA metabolism (Bolshakov and Siegelbaum, 1995).

In agreement with previous results, we found that prolonged
low-frequency stimulation of the Schaffer collateral pathway (5
Hz for 3 min) induced a prominent LTD at CA3—CA1 synapses in
hippocampal slices from P4-P10 mice. This form of LTD was
dependent on metabotropic glutamate receptors because it was
blocked in the presence of the mGluR; selective antagonist,
2-methyl-6-(phenylethynyl)-pyridine (MPEP) (200 um) (Fig. 1)
(Gasparini et al., 1999; Fitzjohn et al., 1999). Thus, in the absence
of MPEP, the LTD induction protocol reduced the average am-
plitude of the field EPSPs (fEPSPs) to 45 £ 9% of its initial am-
plitude (measured 15 min after the 5 Hz stimulation). In the
presence of MPEP, the fEPSP remained at 97 = 7% of its initial
value after the delivery of the LTD induction protocol, signifi-
cantly greater than the EPSP size during LTD induction in the
absence of MPEP (n = 4; ttest; t = 4.66; p < 0.01). We also found
that mGluR-LTD was induced in these young mice using a stim-
ulation paradigm consisting of a 15 min period of stimulation at
1 Hz (Fig. 1¢), a protocol typically used to induce NMDAR-
dependent LTD in slices from older animals (Dudek and Bear,
1992; Mulkey and Malenka, 1992). Similarly to LTD induced by
the 5 Hz stimulation protocol, the LTD induced by 1 Hz stimu-
lation was blocked when MPEP was applied during the induction
protocol. The 1 Hz, 15 min LTD induction protocol was subse-
quently used for our biochemical measurements of arachidonic
acid metabolites because it affords a longer time window for the
collection of external perfusates during the stimulation period,
compared to the 5 Hz, 3 min protocol.

The effects of MPEP were readily reversible, because LTD
could be induced in the same slice preparation after the antago-
nist was washed out (Fig. 1a,b, second arrow). Because the

CNQX. We found that application of 200
uM MPEP, the concentration used above
to inhibit LTD, did not alter the amplitude
of NMDAR currents. Thus, the NMDAR
EPSC amplitude remained at 103.7 + 10%
of its baseline value 15 min after applica-
tion of MPEP (n = 9 cells; t test, no signif-
icant difference, t = 0.8; p = 0.43). The
voltage dependence of the NMDAR cur-
rents was also unaffected by MPEP (n = 5, data not shown).
Moreover, we found that application of 200 um MPEP had no
effect on the size of LTP induced by 100 Hz tetanic stimulation
(two trains of 100 Hz stimulation for 1 sec, applied 20 sec apart).
Thirty minutes after induction of LTP in the absence of MPEP,
the fEPSPs were enhanced to 174.5 = 10% of their initial value
(n = 6). We observed a similar enhancement of the fEPSPs, to
177 £ 9% of their initial value, when the LTP was induced in the
presence of 200 um MPEP (n = 5), which was not significantly
different from LTP under control conditions ( p = 0.87; t test).

Finally, we found that MPEP was also effective in inhibiting
LTD when applied at a concentration of 5 um, which was previ-
ously shown to be specific for the mGluR; type receptor (Gaspa-
rini et al., 1999). Thus, when the 15 min period of 1 Hz synaptic
stimulation was applied in the presence of 5 um MPEP, the field
EPSP remained at 96.9 = 7.1% of its initial value, 25 min after the
delivery of the LTD induction protocol. This effect of MPEP was
also reversible, because LTD could be induced in the same slice
preparation after the antagonist was washed out. In the absence
of MPEP, the LTD induction protocol reduced the average am-
plitude of the field EPSPs to 54.6 £ 3% of its initial amplitude (25
min after the 1 Hz stimulation), significantly different from the
EPSP size after the LTD-inducing stimulation in the presence of
MPEP (n = 4; t test; t = 5.83; p < 0.01). These data indicate that
the induction of mGluR-LTD specifically depends on the activa-
tion of mGluR,.

The 12-lipoxygenase metabolite 12-HETE is released during
induction of mGluR-LTD

Because 12(S)-HPETE has been implicated in synaptic inhibition
in Aplysia (Piomelli et al., 1987a,b), we asked whether this me-
tabolite could be a signaling molecule for mGluR-LTD. We first
confirmed the presence of 12-LO enzyme activity in tissue ho-
mogenates of the murine hippocampus using a well established
HPLC biochemical assay (Piomelli et al., 1987a; Steel et al., 1997).
Because two isoforms of the enzyme exist, we also compared the
enzyme activity in hippocampal homogenates from wild-type
mice (Fig. 2, solid line) to the activity in homogenates from mice
in which the “leukocyte-type” 12-LO (the neuronal isoform) had
been genetically deleted (Watanabe et al., 1993; Sun and Funk,
1996). 12-LO activity was decreased by nearly two-thirds in ho-
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Figure 2.  “Leukocyte-type” 12-LO enzyme activity is present in wild-type murine hip-
pocampus. When hippocampal homogenates from wild-type (solid line) or 12-L0 KO mice
(broken line) were incubated with [ *H]AA (25 wGi; 2.5 uCi/nmol), a single peak of radiolabeled
material corresponding to 12-HETE was generated. The bulk of the enzyme activity in the
homogenate is attributable to the leukocyte-type enzyme with the remainder arising from
contamination of the preparation with platelets which express a unique 12-L0 isoform. In this
trial, typical of four, 7890 cpm of 12-HETE were generated per milligram of protein. The radio-
activity eluting at the solvent front (~6 min) is a mixture of polar lipids unrelated to LO
metabolism.

mogenates from the knock-out animals (Fig. 2, broken line), a
change that was statistically significant when compared with
wild-type mice (p < 0.05; n = 4). The residual 12-LO activity
likely reflects the presence of some contamination of the homog-
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enate by platelets, which express a distinct 12-LO isoform (Chen
et al.,, 1994).

Next, we turned to studies of intact hippocampal slices from
mice at the developmental stage at which mGIuR-LTD is prom-
inent (P4-P10). Using a sensitive and specific stable isotope di-
lution GC-MS assay for 12-HETE, the stable breakdown product
of 12-HPETE, we confirmed the presence of 12-LO in neonatal
hippocampus (data not shown), supporting the hypothesis that
lipoxygenase activity may underlie regulation of synaptic func-
tion. But, are 12-LO metabolites of AA released during induction
of LTD using low-frequency presynaptic stimulation? To explore
this question, we performed parallel electrophysiological and
biochemical studies during LTD induction in hippocampal slices.

12-HETE was quantified in samples of the external perfusion
solution that were taken every 5 min before, during, and after the
induction of mGIuR-LTD. 12-HETE levels in the perfusate in-
creased significantly during the induction of LTD, using a 15 min
period of 1 Hz synaptic stimulation, and remained elevated for 15
min after the end of the induction protocol, during the initial
stages of LTD (Fig. 3a). Maximal 12-HETE levels were signifi-
cantly increased to 198 * 59% of their baseline value of 250
pg/slice per minute (n = 9; p < 0.05 when compared to baseline).
In these same experiments, the amplitude of the fEPSP recorded
40 min after LTD induction was decreased to 51.1 * 6% (n = 9)
of its initial value (Fig. 3b). An increase in 12-HETE production
was specifically linked to mGluR activation, because MPEP (200
uM) blocked both the increase in 12-HETE production (Fig. 3¢)
and the induction of LTD (Fig. 3d). Thus, 40 min after the LTD
induction protocol was delivered in the presence of MPEP, the
fEPSP amplitude remained at 102.7 = 4% of its initial value (n =
6; statistically different from the magnitude of LTD observed

without MPEP; t = 7.04; p < 0.0001).

LTD is blocked in neonatal 12-LO
knock-out mice

To further explore the role of 12-LO in
synaptic plasticity, we analyzed 12-LO
knock-out mice deficient in the neuronal
lipoxygenase isoform (Watanabe et al.,
1993; Sun and Funk, 1996). Basal synaptic
transmission in the 12-LO-deficient mice
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40 60 80 appeared normal. Thus, EPSCs obtained
in whole-cell recordings from CA1 neu-
rons in response to stimulation of the
Schaffer collateral inputs in hippocampal
slices from wild-type and 12-LO knock-
out mice (P4-P10) were similar in size and

time course (Fig. 4a). Paired-pulse facilita-
“W tion (PPF) of the EPSC, an index of pre-
2 synaptic function, was also similar in wild-
type and 12-LO knock-out mice. Thus,
PPF, measured at a 50 msec interstimulus
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type mice (n = 10 slices, 4 mice) compared
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Figure3.  12-HETE production was enhanced during induction of mGIuR-LTD. g, Normalized values of 12-HETE production are
plotted as a function of time in 5 min bins during baseline conditions (1), during 1 Hz stimulation (2), and after LTD induction (3).
LTD-inducing stimulation (1Hz/15 min) significantly enhanced the amount of 12-HETE released from the stimulated slice into the
bath solution ( p < 0.05 versus baseline; n = 9). b, LTD of fEPSP recorded from the same slices that were used for the biochemical
experiments shown in a (n = 9). ¢, mGluR; antagonist MPEP (200 ) blocked the increase in 12-HETE production during
induction of mGIuR-LTD (n = 6).d, LTD of fEPSP in the same experiments asin cwas blocked in the presence of MPEP (n = 6). Error
bars indicate SEM.

(n = 8 slices, 4 mice; no significant differ-
ence; t test; t = 0.25; p = 0.8).

In contrast to the normal basal synaptic
transmission, mGluR-LTD was absent in
the 12-LO knock-out mice when assessed
by two different protocols. We first mea-
sured the extent of mGluR-LTD in whole-
cell recordings of the EPSC from individ-
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Figure4. LTDand LTPin wild-type versus 12-L0 knock-out mice. a, Examples of EPSCs recorded in slices from wild-type mice

(left) and mutant mice (right). b, LTD of EPSCs from whole-cell recordings in CA1 neurons after 5 Hz stimulation for 3 min. LTD was
absent in slices from 4- to 10-d-old 12-LO knock-out mice (filled symbols; n = 12 cells, 5 mice). The same stimulation protocol
induced robust LTD in slices from wild-type mice of the same age (open symbols; n = 6 cells, 4 mice). ¢, LTP summary graphs for
wild-type (n = 10slices, 4 mice) and 12-LO knock-out adult mice (n = 13 slices, 4 mice). LTP of field EPSPs was induced by two
trains of 100 Hz tetanic stimulation, each lasting 1 sec, spaced 20 sec apart. d, Low-frequency stimulation (1 Hz for 15 min) induced
LTD of the field EPSPs in slices from wild-type mice (n = 9slices, 6 mice), but notin slices from 12-L0 knock-out mice (n = 4slices,
4mice). e, Low-frequency stimulation (1 Hz for 15 min) induced LTD of the field EPSPs in slices from wild-type mice under control
conditions (n = 5 slices, open symbols), but not in the presence of the 12-L0 inhibitor CDC (10 um) (n = 5 slices, filled symbols).
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out animals. We examined LTP at CA3—
CA1 synapses in slices from adult mice (2-
months-old), where the magnitude of LTP
is much larger than it is in neonatal ani-
mals. Induction of LTP using 100 Hz te-
tanic stimulation of the Schaffer collateral
pathway (two trains lasting 1 sec each
spaced 20 sec apart) caused an increase in
the fEPSP to 162.7 = 9.8% of its baseline
value in wild-type mice (n = 10 slices, 4
mice) (Fig. 4c) and to 171.6 * 12% of its
initial value in the 12-LO knock-out mice
(n = 13 slices, 4 mice) (Fig. 4¢) (no signif-
icant difference from wild-type mice; t =
0.61; p = 0.55). Thus, the 12-LO pathway
is necessary for the induction of mGluR-
LTD, but not for 100 Hz LTP at CA3—-CA1
synapses.

To obtain independent support for the
conclusion that 12-LO is required for
mGluR-LTD, we tested the ability of the
12-LO inhibitor, cinnamyl-3,4-
dihydroxy-a-cyanocinnamate (CDC) (10
uM) to block induction of LTD in wild-
type mice (Choetal., 1991). We found that
LTD was completely blocked when the in-
duction protocol was delivered in the pres-
ence of the 12-LO inhibitor (Fig. 4e). Thus,
30 min after the delivery of the LTD induc-
tion protocol in the absence of the inhibi-
tor, the EPSP was reduced to 52.9 + 3%
(n = 5 slices) of its initial value. In con-

Error bars indicate SEM.

ual CA1 neurons after a 3 min period of 5 Hz stimulation of the
Schaffer collateral pathway. In wild-type mice, this induction
protocol depressed the EPSC t0 49.9 = 4% of its initial value (n =
6 cells/4 mice) (Fig. 4b). In contrast, in the 12-LO knock-out
mice, this stimulation protocol induced only a transient decrease
in the EPSC, with little or no long-term depression. Thus, 15 min
after delivery of the 5 Hz period of synaptic stimulation, the EPSC
in the mutant mice had recovered to 93.7 = 10% of its initial
value (Fig. 4b, filled circles) (n = 12 cells/5 mice), significantly
different from the extent of LTD in wild-type mice (t = 3.37; p <
0.005).

A defect in mGluR-LTD after deletion of 12-LO was also ob-
served in recordings of the extracellular field EPSP usinga 15 min
period of 1 Hz synaptic stimulation. This induction protocol
reduced the fEPSP to 60 * 2.7% (n = 9 slices, 6 mice) of its
original amplitude in slices from wild-type mice (Fig. 4d) but
again caused only a transient suppression in the 12-LO knock-
out mice. Thus, 30 min after the LTD induction protocol, the
fEPSP had returned to 101.2 * 9.7% of its initial value (Fig. 4d)
(n = 4 slices, 4 mice). Hence, the extent of LTD was significantly
less in the KO mice than that observed in wild-type mice (¢t =
5.54; p < 0.0002).

The above results demonstrate that mice deficient in 12-LO
show a clear deficit in mGluR-LTD that is pronounced and inde-
pendent of the specific stimulation protocol used to induce plas-
ticity. Moreover, this deficit is specific to synaptic depression,
because we find that long-term potentiation, a form of synaptic
regulation that opposes LTD, is not altered in the 12-LO knock-

trast, the EPSP remained at 95.4 = 2%
(n = 5 slices) of its baseline value when the
induction protocol was delivered in the
presence of CDC, indicating a significant block of LTD (¢ test, t =
8.04; p < 0.001). This finding is fully consistent with the results
obtained in 12-LO KO mice.

12(S)-HPETE mimics and occludes LTD

If the 12-LO pathway is actively recruited to induce mGluR-LTD,
direct application of 12(S)-HPETE to hippocampal slices should
both mimic and occlude the synaptic depression seen during
long-term synaptic plasticity. Indeed, addition of 12(S)-HPETE
(100 nMm) to the external artificial CSF produced a progressive
decrease in the amplitude of the EPSC in wild-type mice (Fig. 5a).
The magnitude of the EPSC was reduced to 51.9 = 12% of its
baseline value (n = 6) 30 min after the start of application of
12(S)-HPETE. This degree of inhibition is similar to the decrease
in the EPSC in wild-type mice during mGluR-LTD (Fig. 4a) (t =
0.14; p = 0.89), suggesting that the action of 12(S)-HPETE and
LTD are related (see also below). Furthermore, the effect of
12(S)-HPETE on the EPSC was specific, because a closely related
product of 15-lipoxygenase, 15(S)-HPETE (100 nMm), had no ef-
fect on the size of the EPSC (Fig. 5¢). Thus, the EPSC amplitude
15 min after application of 15(S)-HPETE was 98.9 £ 5% of its
initial value (n = 6; t = 0.44; p = 0.66).

Finally, we found that 12(S)-HPETE must act downstream of
12-LO because this metabolite produced a similar sized depres-
sion of the EPSC in slices from the 12-LO knock-out mice as it did
in wild-type mice (Fig. 5b). Thus, the EPSC was depressed to
52.7 = 7% of its initial value in the mutant mice (n = 6), a value
that does not differ significantly from similar trials in slices from
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wild-type mice (p = 0.9). Furthermore,
the finding that acute application of
12(S)-HPETE caused a normal sized syn-
aptic depression demonstrates that the
lack of LTD in the 12-LO knock-out mice
was not a result of a developmental defect.

Strong support for the view that the
synaptic depression produced by 12(S)-
HPETE is causally related to LTD comes
from our finding that the two forms of
synaptic depression occluded each other.
Thus, when 12(S)-HPETE was applied to
hippocampal slices after the induction of
LTD using 5 Hz synaptic stimulation, the
normal depressant effect of this metabolite
on synaptic transmission was blocked (Fig.
5d). The EPSC amplitude was reduced to
52.9 * 1.8% of its initial value when mea-
sured 30 min after the induction of LTD.
However, application of 12( S)-HPETE af-
ter the induction of LTD caused no further
decrease in synaptic transmission. Fifteen
minutes after 12(S)-HPETE, the EPSC
amplitude remained equal to 54.2 * 0.9%
of its initial baseline value before induc-
tion of LTD (n = 2). Conversely, an initial
application of 12(S)-HPETE produced a
depression of synaptic transmission that
occluded further depression of the EPSC
after subsequent delivery of the 5 Hz LTD
induction protocol (Fig. 5¢). Twenty min-
utes after the beginning of 12(S)-HPETE
application, the EPSC amplitude was re-
duced to 55 = 3% of its initial value. Sub-
sequent initiation of the LTD induction
protocol caused no significant effect, with
EPSC amplitude equal to 52.3 = 4% of its
initial baseline value (n = 4; no significant
difference; ¢ test; t = 0.59; p = 0.58). To
determine whether the occlusion of LTD
by 12(S)-HPETE was specific, we tested
whether 12(S)-HPETE would interfere
with short-term synaptic depression in-
duced by another neuromodulatory ago-
nist, adenosine (Fig. 5¢). In the presence of
12(S)-HPETE, which reduced the ampli-
tude of the EPSC to 49.7 * 6% of its base-
line value, addition of adenosine (50 um)
induced a further depression of the EPSC
amplitude, decreasing the EPSC to 31.7 =
8% of its initial baseline value before
12(S)-HPETE (n = 4). These results pro-
vide a strong argument that 12(S)-HPETE
plays a causal and specific role in the in-
duction of LTD.

12(S)-HPETE shares a similar locus of synaptic action

as mGluR-LTD

If the depression induced by 12(S)-HPETE is causally related to
mGluR-LTD, the lipoxygenase metabolite should share a similar
locus of synaptic action as mGluR-LTD. Previous studies showed
that induction of mGluR-LTD had no effect on the spontaneous
mEPSC amplitude but caused a marked change in the coefficient
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Figure5.  12(5)-HPETE mimicked and occluded LTD. g, Effect of 12( 5)-HPETE on EPSCin slices from wild-type mice (n = 6). b,

12(5)-HPETE-induced depression of EPSCin slices from 12-LO knock-out mice (n = 6). ¢, Application of 15(5)-HPETE did not affect
the EPSC amplitude in slices from wild-type mice (n = 6). d, Induction of LTD with 5 Hz stimulation (arrow) occluded the
subsequent effect of 12(5)-HPETE (100 nm) on the EPSC amplitude. Representative experiment showing EPSC traces during
baseline recording (1), during LTD (2), and during 12(5)-HPETE application (3). e, 12(5)-HPETE (100 nm) application occluded
electrically induced LTD (arrow). £, Summary of LTD data and effects of 12(S)-HPETE in wild-type and 12-LO knock-out mice. g,
12(S)-HPETE does not block adenosine-induced synaptic depression. After LTD was induced by application of 12(S)-HPETE (100
nm), subsequent addition of adenosine (50 wm) induced an additional depression (n = 4).

of variation (CV) of the evoked EPSC (SD divided by mean EPSC

response), two hallmarks of a presynaptic effect (Bolshakov and

Siegelbaum, 1994). We found that application of 12(S)-HPETE

had a similar action on these characteristic parameters. Thus, the
action of 12(S)-HPETE on the EPSC was accompanied by
marked changes in the CV, consistent with a presynaptic effect
(Fig. 6). Furthermore, 12(S)-HPETE (100 nm) application had
no effect on the size of spontaneous mEPSCs (Fig. 7), although it
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Iand 1%/0” (solid line; correlation coefficient; r = 0.86), consistent with presynaptic changes.
Horizontal dotted line demonstrates the predicted relation between changes in / and /%/o* if
the effect of the metabolite was purely postsynaptic.

did depress the amplitude of the evoked EPSCs (Fig. 5). Thus,
mean mEPSC amplitudes in the absence and presence of 12(S)-
HPETE were 7.79 = 1.1 pA (n = 6) and 7.83 = 1.2 pA (n = 6),
respectively (paired f test; t = 0.1; p = 0.9). 12(S)-HPETE appli-
cation also did not alter the CV of the mEPSC amplitude (p =
0.46) (Fig. 7d), but had a significant effect on mEPSC frequency.
Thus, the mEPSC frequency was significantly changed from
0.66 = 0.2 Hz under baseline conditions to 0.45 * 0.2 Hz after
application of 12(S)-HPETE (n = 6; p < 0.05). This is consistent
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with the notion that 12(S)-HPETE acts presynaptically to de-
crease transmitter release. Even though the interpretation of re-
sults using CV are open to some question, the correlation be-
tween the action of 12(S)-HPETE and mGluR-LTD provides
strong support for the view that the lipoxygenase cascade medi-
ates this form of synaptic plasticity.

Discussion

Using a combined biochemical, genetic, and electrophysiological
approach, we demonstrated that the 12-lipoxygenase pathway of
AA metabolism plays an essential role in the induction of mGluR-
LTD at hippocampal CA3—CA1 synapses. Thus, the 12-LO me-
tabolite of AA, 12(S)-HPETE (or a downstream product of its
metabolism), satisfies all the criteria of a signaling molecule that
is actively recruited by synaptic activity for the induction of long-
term synaptic plasticity: (1) 12-LO is expressed in the hippocam-
pus at a developmental stage when mGluR-LTD is robust (P4—
P10), (2) 12-LO metabolites are released from hippocampal
slices, and production of 12-HETE is significantly enhanced dur-
ing the induction of mGluR-LTD. Both LTD and 12-HETE re-
lease are mediated by activation of mGluRs. (3) Furthermore,
release of 12-LO metabolites is necessary for the induction of
mGluR-LTD because this form of synaptic plasticity is blocked in
12-LO knock-out mice and by application of a 12-LO inhibitor in
wild-type mice. (4) Direct application of 12(S)-HPETE to hip-
pocampal slices produces synaptic depression that mimics and
occludes mGluR-LTD; moreover induction of LTD occludes syn-
aptic depression produced by 12(S)-HPETE, indicating that both
processes share a common mechanism. Additionally, we have
previously shown that pharmacological inhibition of phospho-
lipase A, activity, an enzyme upstream of 12-LO that liberates
arachidonic acid from membrane phospholipids, blocks the in-
duction of mGIuR-LTD (Bolshakov and
Siegelbaum, 1995).

What are the upstream factors that
stimulate AA release and 12(S)-HPETE
production during the induction of LTD?
What are the downstream targets of AA
and its 12-LO metabolites? Although de-
finitive answers to such questions are lack-
ing, we have already suggested that the p38
MAPK cascade likely serves as a signaling
partner with the AA cascade during the in-
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parameters, mean peak amplitude (left), and CV (right). Error bars indicate SEM.

12(5)-HPETE had no effect on the mEPSCamplitude. a, Representative mEPSCs recorded from a CA1 cell at a holding
potential of —70 mV under baseline conditions (left) and after 12( 5)-HPETE (100 nm) was added (right). b, Cumulative amplitude
histograms of mEPSCs recorded from the same cell as in a under baseline conditions (solid line) and after 12( 5)-HPETE was applied
(dashed line). ¢, Averaged amplitude histograms of mEPSCs recorded before (open symbols) and after (filled symbols) 12(5)-
HPETE application (n = 6 cells). For the cumulative graphs, responses were normalized by the median amplitude of the mEPSCs,
collected under baseline conditions, in each individual experiment. d, Summary plot of mEPSC data. Averaged values of mEPSC

2 3 4 duction of LTD (Bolshakov et al., 2000).
Because AA and its metabolites stimulate
p38 MAPK and p38 MAPK activates PLA,
(Hii et al., 1998; Kalyankrishna and Malik,
2003), the two signaling pathways may
function in a positive feedback loop to
maintain their state of activation during
and after the induction of LTD.

Is the 12-LO activity that is required
during the induction of LTD localized in
the presynaptic CA3 neuron or postsynap-

&Y tic CA1 neuron? The induction of mGluR-
o LTD has a clear postsynaptic component:
(1) mGluR; is localized to the CAl neu-
ron, (2) induction of mGIuR-LTD re-
quires a rise in intracellular Ca?” in the
postsynaptic CA1 neuron (Bolshakov and
Siegelbaum, 1994), and (3) the p38 MAPK
required for mGluR-LTD has also been lo-
calized to the CA1l neuron (Bolshakov et

80
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al., 2000). These postsynaptic signaling events suggest that a
Ca’"-sensitive cPLA, (Yoshinara and Watanabe, 1990) and
12-LO may also be localized to the postsynaptic CA1 neuron.

In contrast to its postsynaptic site of induction, mGluR-LTD
has a prominent presynaptic component of expression. Electro-
physiological studies, based on quantal analysis (Bolshakov and
Siegelbaum, 1994) or measurements of changes in paired pulse
facilitation (Oliet et al., 1997; Watanabe et al., 2002), suggest that
mGluR-LTD is associated with a decrease in transmitter release
from the presynaptic terminals. An alteration in transmitter re-
lease during mGIuR-LTD has been recently confirmed using two-
photon imaging of the rate of release from presynaptic terminals
of FM 1-43, a fluorescent marker of synaptic vesicle cycling (Za-
kharenko et al., 2002).

The finding that LTD is induced postsynaptically but ex-
pressed presynaptically has led to the hypothesis that a retrograde
messenger must be released from the postsynaptic CA1 neuron to
alter transmitter release from the presynaptic CA3 neuron. Be-
cause of their membrane permeability, 12-LO metabolites such
as 12(S)-HPETE are attractive candidates for such retrograde
messengers, although our present data do not rule out a postsyn-
aptic locus of their action. A related group of lipids, the endocan-
nabinoids, have also been implicated in synaptic plasticity and
have been shown to be released in response to mGluR activation.
Recent work has shown that although these lipids do cause a
short-term depression, they do not account for mGluR-LTD in
the CA1 region of the hippocampus (Rouach and Nicoll, 2003).

What are the presynaptic targets of a putative retrograde sig-
nal that downregulates glutamate release at CA3—CA1 synapses
during mGluR-LTD? Presynaptic voltage-gated ion channels
represent one potential target of 12-LO metabolites of AA (Fitzsi-
monds and Poo, 1998; Manzoni and Williams, 1999). Consistent
with this notion, presynaptic inhibition of synaptic transmission
in Aplysia sensory neurons induced by the neuroactive peptide
FMRFamide is mediated by 12-LO metabolites of AA, specifically
12-HPETE (Piomelli et al., 1987b). 12-HPETE induces mem-
brane hyperpolarization by activating the S-type K channel,
which can contribute to a decrease in action potential duration,
leading to a decrease in Ca" influx that inhibits neurotransmit-
ter release. The TREK family of two pore-domain K * channels is
likely to represent the mammalian ortholog of the Aplysia S-K ™
channel (Patel et al., 2001). Some TREK channels are also acti-
vated by AA, and these channels are expressed in hippocampal
neurons (Hervieu et al., 2001; Medhurst et al., 2001; Talley et al.,
2001). Furthermore, 12-LO products have been found to atten-
uate both the depolarization-induced release of glutamate and
the depolarization-induced increase in Ca*>* influx in hippocam-
pal mossy fiber synaptosomes (Freeman et al., 1991). Finally,
12-HETE potently activates large-conductance Ca*"-activated
K™ currents, and thus might be implicated in modulation of
presynaptic excitability (Zink et al., 2001).

In addition to ion channels, a retrograde signal might directly
target the presynaptic release machinery, such as synaptic vesicle
proteins and docking proteins (Cowan et al., 2001). The finding
that mGluR-LTD can cause a switch in the mode of vesicular
exocytosis from full fusion to the transient opening of a fusion
pore (Zakharenko et al., 2002) is consistent with a direct regula-
tion of the release process. Such hypotheses can be tested in the
future, using a combination of electrophysiological and imaging
techniques on hippocampal slices from mutant mice lacking spe-
cific proteins implicated in release and its modulation. Regardless
of the precise molecular mechanisms involved in the long-term
depression of glutamate release during mGIuR-LTD, ours is the
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first study in mammals that links release of the identified diffus-
ible factor, 12(S)-HPETE, with a specific mechanism of long-
term synaptic plasticity. The fact that the same biochemical path-
way is implicated in the inhibitory regulation of synaptic
transmission in invertebrates (Piomelli et al., 1987a,b; Buttner et
al., 1989) suggests that the signaling mechanisms involved in
modulating synaptic strength are highly conserved throughout
the animal kingdom.
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