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In this study, we show the crucial roles of lipid signaling in long-
term depression (LTD), that is, synaptic plasticity prevailing in
cerebellar Purkinje cells. In mouse brain slices, we found that
cPLAa knockout blocked LTD induction, which was rescued by
replenishing arachidonic acid (AA) or prostaglandin (PG) D, or E,.
Moreover, cyclooxygenase (COX)-2 inhibitors block LTD, which is
rescued by supplementing PGD,/E,. The blockade or rescue occurs
when these reagents are applied within a time window of 5-15
min following the onset of LTD-inducing stimulation. Furthermore,
PGD,/E; facilitates the chemical induction of LTD by a PKC activa-
tor but is unable to rescue the LTD blocked by a PKC inhibitor. We
conclude that PGD,/E, mediates LTD jointly with PKC, and suggest
possible pathways for their interaction. Finally, we demonstrate in
awake mice that cPLA,« deficiency or COX-2 inhibition attenuates
short-term adaptation of optokinetic eye movements, supporting
the view that LTD underlies motor learning.

PLA2 | prostaglandin | Purkinje | arachidonic | OKR

Ithough lipid signaling is implicated in diverse biological

functions, its importance in synaptic mechanisms has become
increasingly evident (1-3). In the first step of lipid signaling,
phospholipase A, (PLA;) acts on membrane phospholipids to
release arachidonic acid (AA) and certain lysophospholipid
mediators. We previously reported that, among the more than 20
PLA, subtypes so far identified (2, 4), five subtypes are located in
the cerebellum, three of which (cPLAya, SPLALIIA, and iPLA,)
are expressed with different patterns of localization in Purkinje
cells (PCs) (5). It has also been reported (6-8) that PLA, isinvolved
in cerebellar postsynaptic long-term depression (hereafter referred
toas LTD) thatis a persistent attenuation of L-a-amino-3-hydroxy-
5-methylisoxazole-4-propionate receptor (AMPAR)-mediated
transmission in parallel fiber (PF) synapses on PCs (9). In the
second step of lipid signaling, AA is converted by cyclooxygenases
(COXs) to prostaglandins (PGs) (10) or by lipoxygenases (LOs) to
hydroxy fatty acids and leukotrienes (11). In the present study on
mouse cerebellar slices, using genetic and pharmacological
manipulations, we show the involvement of these enzymes and
their products in LTD induction.

In LTD induction, the conjunction of PF and climbing fiber
(CF) impulses evokes a strong Ca®* surge in PC dendrites. This is
caused by a supralinear addition of CF impulse—induced Ca®*
entry through voltage-gated Ca®>* channels and PF impulse—
induced Ca** release from the intracellular store via metabotropic
glutamate receptor type 1 (8, 12, 13). A Ca®*-sensitive protein
kinase C subtype (PKCa) (14) is thus activated and in turn phos-
phorylates AMPARSs at serine 880 of the GluR2 C terminus (15,
16). The phosphorylated AMPARs are subsequently dissociated
from anchoring proteins and eliminated from the synaptic mem-
brane via endocytosis, thus causing LTD. In neurochemistry, AA
activates PKC, which in turn activates a kinase cascade sequen-
tially involving Raf, MEK, ERK1/2, and finally PLA, which pro-
duces AA (Fig. 1, blue arrows) (17-19). Hence, after the Ca®*
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surge, self-regeneration may develop by positive feedback through
this closed loop, leading to a rapid, intense activation of PKCa that
switches the status of PF-AMPARs from a basal state to the per-
sistently depressed state for LTD (8, 20).

In this study, we demonstrate the critical requirement of
cPLA,a-COX-2 cascade for LTD induction. Incorporating the
cascade and its downstream pathways, we modify the LTD-
inducing signal transduction model (Fig. 1). Furthermore, to test
the current hypothesis that LTD underlies motor learning, we
examine whether the deficiency of cPLA,a or the i.p.admin-
istration of a COX-2 inhibitor affects the adaptation of opto-
kinetic eye movement response (OKR) in awake mice (21). Part
of the present findings have been reported preliminarily.*

Results

For slice experiments, we used six mouse types: (i) wild-type
C3H/HeN strain (abbreviated as C3H WT), (i) wild-type
C57BL/6]J strain innately being SPLA,ITA™~ (C57BL WT) (22),
(iii) cPLA,a™~ C3H/HeN strain (C3H KO), (iv) cPLAx ™'~
SPLALITA™~ C57BL/6J strain (CS7BL KO), (v) littermate of
C3H KO (C3H littermate), and (vi) littermate of C57BL KO
(CS7BL littermate). C57BL/6Cr WT mice were also used for
testing OKR. In acute slices obtained at PW5-12, we recorded
from PCs with patch pipettes in a current clamp configuration.
We recorded PF stimulation—evoked excitatory postsynaptic
potentials (PF-EPSPs) (Fig. 24, Inset). Various reagents (Table
S1) were applied to PCs by intracellular infusion through a patch
pipette or bath applied to reach PCs under observation by
extracellular perfusion. LTD was induced by conjunction (Cj) of
double-shock PF stimulation and current pulse-induced mem-
brane depolarization (200 ms, 0.8-1.2 nA), repeated at 1 Hz for
5 min (23). Cj induced LTD similar to that induced by PF-CF
conjunction (Table S2). PFs were stimulated with double pulses
(each 0.1 ms in duration) paired at 50-msec intervals timed in
such a way that the first pulse fell 30 ms later than the onset of
each depolarizing pulse. Separate application of double-shock
PF stimulation or membrane depolarization induced no appre-
ciable LTD (Fig. 24). LTD developed during the initial 10 min
and was followed by a slow phase continuing for another 40 min.
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Fig. 1. Signal transduction pathways activated by intracellular Ca?
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* surge and leading to LTD. Green lines, major pathways. Blue arrows, loop connections.

Red arrows, cPLAa—-COX-2 cascade. Brown lines (P1, P2, P3), possible pathways downstream of PGD/E,.

As a convention in this study, “LTD magnitude” represents the
average decrease in PF-EPSP slopes at 41-50 min relative to
their average during the 5 min preconjunction period, and is
indicated as mean + SEM % (number of cells tested) in Table S2
(values given in the text are mean values only). LTD magnitudes
in slices obtained from C3H WT and C57BL WT mice at PW 5-6
are 26.3 and 29.2%), respectively (Fig. 24 and Table S2), showing
no significant difference (Student ¢ test, P = 0.234). Hence, we
conclude that SPLALIIA, innately lacking in the genotype of the
C57BL strain but present in that of the C3H strain (22), does not
significantly contribute to LTD.

LTD Blockade by cPLA,a KO or Inhibitors. In C3H KO and C57BL
KO mice, the basic electrophysiological properties of PCs at
postnatal weeks (PWs) 5-12 were comparable to those in lit-
termate mice. Nevertheless, we regularly failed to induce LTD in
either of these two strains of mutant mice (Fig. 2B). In contrast,
in C3H and C57BL littermate mice, PCs showed substantial
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Fig. 2.

LTD (25.7% and 26.3%, respectively). The failure in LTD
induction and lack of cPLA,« in the two mutants strongly indi-
cate that cPLA,a is required for LTD induction.

Pyrrolidine-1, a cPLA,a-specific inhibitor (24, 25), effectively
blocked LTD induction. Under infusion of 0.4 pM pyrrolidine-1
dissolved in 0.01% DMSO, the LTD magnitude decreased to
4.7% as compared with 27.8% attained under infusion of 0.01%
DMSO alone (Fig. S1 A and B). Mapping with 5- or 10-min
perfusions of pyrrolidine-1 revealed its time-limited effect on
LTD (Fig. 2C). As summarized in Fig. 2D, LTD suppression is
maximal when the perfusion of pyrrolidine-1 overlaps or imme-
diately succeeds the conjunction, and diminishes when the
inhibitor perfusion is more delayed. A modest effect of the
inhibitor perfusion preceding conjunction could be due to a
delay in washing out the inhibitor. Statistically significant
decreases in the LTD magnitude (open squares in Fig. 2D) are
associated with the inhibitor perfusions covering the 10-min
period after the onset of conjunction (indicated by double-
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LTD and its blockade by cPLA2a KO or inhibitors. (A) Averaged time course of LTD. Ordinate, rising slope of PF-EPSPs relative to the average of five

measurements during the 5-min preconjunction period. Error bars attached either above or below the plotted points, SEM. 2PF, double-shock PF stimulation;
md, membrane depolarization; 2PF + md, conjunction. In brackets, number of PCs included in the plot. Obliquely shaded band indicates period of conjunction.
(Inset) Specimen records of PF-EPSPs obtained from a C57BL WT PC before and after conjunction (x, y). (B) Comparison of LTD induction between KO and
littermate mice. (C) Ten-minute perfusion of pyrrolidine-1 at various times relative to conjunction. Horizontal bars indicate perfusion time. (D) LTD magnitude
vs. perfusion time of pyrrolidine-1. Error bars in D as well as F represent SD. Horizontal broken line was determined under 0.01% DMSO perfusion for 20 min
overlapping conjunction (24.3%). One-way ANOVA and Dunnett posthoc test show that open squares, not filled ones, deviate from the control line significantly
at P < 0.01 (two sided). Double-headed arrow indicates time window in which cPLA« is involved in LTD. (E) Rescue of LTD by 5-min perfusion of 10 pM AA in
cPLA,a KO PCs. Two sets of data are plotted for 5-min AA perfusions overlapping or immediately following conjunction. (F) Rescuing effect of AA in cPLA,a KO
PCs. Horizontal broken line indicates LTD magnitude in cPLA2x KO PCs.
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headed arrow). A similar 10-min window was also observed using
2 pM manoalide, a nonspecific PLA, inhibitor (6) (Fig. S1C).
These observations indicate that, to induce LTD, cPLA,« should
be active during the 10-min period after the onset of conjunction.
Infusion of bromoenol lactone (BEL), an iPLA,-specific
inhibitor, at 10 uM is known to substantially potentiate AMPA-
mediated synaptic transmission in hippocampal CA1l pyramidal
neurons (26), but a similar infusion of BEL has no appreciable
effect on the PF-EPSPs or LTD in WT PCs (Fig. S1G). The LTD
magnitude of 28.0% obtained during BEL infusion is identical to
that obtained during the infusion of 0.01% DMSO used to dis-
solve BEL (27.8%). It is evident that cPLA,a, but neither
SPLALIIA nor iPLA,, is required for LTD induction.

Rescue of LTD by AA. In C57BL KO PCs, 5-min perfusion of AA
overlapping the conjunction rescued LTD (Fig. 2E). The LTD
magnitude is restored to 22.4% by 5 pM AA and 23.5% by 10 uM
AA (Fig. S1D). In C3H KO PCs also, the LTD magnitude is
restored to 23.0% by 10 pM AA. The time course of the restored
LTD in these cells (Fig. 2E) is approximately the same as that in
littermate PCs (Fig. 2B). These observations support the view
that cPLA,a contributes to LTD induction by providing AA as
its product. Notably, AA restored LTD only when applied within
the 5-min conjunction (Fig. 2F).

Unexpectedly, perfusion of 5 or 10 pM AA only weakly rescued
the LTD blocked by pyrrolidine-1 (Fig. S1E); the LTD magnitude
was 10.0% with 10 pM AA, only slightly larger than 4.7% without
AA (¢ test, P = 0.004). However, 10 pM AA rescued more effec-
tively the LTD blocked by the infusion of 2 pM manoalide (Fig.
S1F) as reported previously (6); the LTD magnitude increased to
16.1%. The reason why AA only weakly restores the LTD blocked
by pyrrolidine-1 is unclear. This inhibitor is competitive and does
not appear to interfere with the PG production downstream of AA
as examined in various types of cells (24, 25). Nevertheless, one
may suspect that some interference with the LTD-inducing signal
transduction in PCs occurs.
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Fig. 3.

Whereas 5-10 uM exogenous AA rescues LTD blocked by
cPLAa KO or manoalide, exogenous AA does not enhance
LTD in WT PCs. This is expected if endogenous AA causes LTD
maximally. Exogenous AA even slightly decreased the LTD
magnitude (Fig. S1H), which may be due to a product inhibition
that an excess of produced unsaturated fatty acids including AA
exerts back on PLA, (27). It is also notable that bath application
of AA alone, 5 pM for 20-min or 10 pM for 10-min (without Cj),
induces no appreciable LTD-like depression (6.9%; Table S2).

LTD Blockade by COX-2 Inhibitors. Of the eight different inhibitors
of COXs and LOs applied by infusion, three COX-2 inhibitors,
0.5 pM DuP 697, 30 uM nimesulide, or 10 or 30 pM NS-398,
consistently decreased LTD magnitudes to 2.7-4.0% (Table S2
and Fig. S54). Indomethacin at 1.0 uM attenuated LTD to 6.6%,
but at 0.5 pM, LTD remained at 21.3%. Indomethacin inhibiting
COX-1 more sensitively than COX-2 might block LTD as a
COX-2 inhibitor. SC-560 inhibiting COX-1, MK-886 inhibiting
the 5-LO-activating protein, Baicalein inhibiting 12-LO, or
(1-thienyl) ethyl 3,4-dihydroxy-benzylidene-cyanoacetate (TED)
inhibiting 5-LO, 12-LO, or 15-LO did not significantly affect
LTD. Bath-applied COX-2 inhibitors also blocked LTD, as
shown for 10 pM NS-398 (Fig. 34). Mapping with 5- or 10-min
perfusions of NS-398 (Fig. 3B) indicates that, to induce LTD,
COX-2 should be active during the 10-min period following the
onset of conjunction.

Because 30 pM NS-398 was reported to depress the induction
of Ca®* spikes in hippocampal neurons (1), we examined in
three ways whether COX-2 inhibitors could have such an effect
in PCs. First, we blocked fast Na* spikes by tetrodotoxin (TTX)
perfusion (28) and counted the number of slow Ca®* spikes
evoked by depolarizing rectangular currents (0.8-1.2 nA, 1-s
duration) (Fig. S2 A-E). COX-2 inhibitors did not affect the
average number so obtained. Second, complex spikes by stim-
ulating CFs were evoked under perfusion of a COX-2 inhibitor
(Fig. S2 F-I). No significant changes were detected in the rising
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Blockade of LTD by COX-2 inhibitor and rescue by PGD,/E,. (A) LTD blockade by 10-min perfusions of COX-2 inhibitor (NS-398) at various times

relative to conjunction. (B) Profile of time window mapped with 5- or 10-min perfusions of NS-398, illustrated similarly to Fig. 2D. (C) Rescue by 5-min
perfusions of PGE, of the LTD that was blocked by infusion of NS-398. (D) Mapping the receptiveness of LTD induction mechanisms to 5-min perfusion of
PGE,, similar to Fig. 2F. (E) LTD rescued by 5-min perfusion of PGE, in cPLAa KO PC. (F) Synergy between perfused TPA and PGE; in inducing LTD.
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slope of the first spike, which reflects Ca?* influx (29). Third, we
measured the Ca”" surge by imaging techniques (Materials and
Methods) and confirmed that none of the three COX-2 inhibitors
affected the conjunction-evoked Ca®* surge (Fig. S3).

Rescue of LTD by PGs. COX-2 converts AA to PGG, by enzymatic
oxidation, then to PGH, by peroxidase reaction. PGH, is in turn
converted to PGD,, PGE,, PGF,«a, and PGI, (10). In initial trials,
we used PGs at 50 pM because PGE; at this relatively high con-
centration produces maximal potentiation of LTP in neocortical
neurons (3); but later we also tried lower concentration (discussed
below). A crucial finding in this study is that perfusion or infusion of
PGD, or PGE, effectively rescues LTD blocked by COX-2 inhib-
itors (Fig. 3C and Fig. S4 A and B). The rescued LTD magnitude
(21.2%) is close to that attained under infusion of 0.2% ethanol
used to dissolve PGs (Table S2 and Fig. S5B). The restoring effects
of 50 pM PGD;, (to 21.6%) and PGE; (to 25.9%) against NS-398
(4.5%) were comparable to each other, and the concurrent infusion
of both PGD, and PGE; did not add to the effect of each (21.6%).
We confirmed a similar rescuing effect of 50 uM PGD,/E, infusions
against another COX-2 inhibitor, 0.5 pM DuP 697 (Table S2 and
Figs. S44 and S5). It is notable that S0 pM PGD,/E; infused into
WT PCs does not significantly affect LTD, the magnitude of which
remained at 21-24% (Table S2). This is to be expected if endoge-
nous PGD,/E; sufficiently induces LTD.

LTD blocked by NS-398 infusion is also rescued by 5-min per-
fusion of 50 pM PGE, during a time window lasting for 15 min (Fig.
3 C and D). We confirmed that the rescuing effect of PGE, is
apparent at 5 pM (28.5%) or even at 0.33 pM (22.5%) but not at
0.1 uM (5.1%) (Fig. S4B). NS-398-blocked LTD is also rescued by
0.33uM PGD, (22.8%). Furthermore, we found that 50 pkM PGD,/
E,, but not 50 pM PGF,u/1,, effectively rescued LTD (to 20.0—
21.1%) blocked by the null absence of cPLA,a (Fig. 3E, Fig. S5B,
and Table S2). The rescue occurred during a 15-min window (Fig.
3D and Fig. S4C). These results indicate that cPLA,x-AA-COX-2-
PGD,/E, mediates a major signal transduction pathway to LTD.

Nevertheless it should be noted that, even when the cascade was
disrupted dually by a combination of the null absence of cPLA,x and
COX-2 inhibition under 10 pM NS-398 infusion, exogenous AA at 10
uM still restored LTD to 26.2% (Fig. S4D). This observation suggests
that, under certain conditions, AA is able to lead to LTD not only via
PGD,/E; but also via the direct activation of PKCu (Fig. 1).

Activation and Inhibition of PKC. To trace the pathway downstream
of PGD,/E,, the following observations are informative. An
activator of PKC, 12-O-tetradecanoylphorbol 13-acetate (TPA),
is known to chemically induce LTD (9). With 0.5 pM TPA
perfusion for 15 min, this effect was marginal (8.8%) but was
facilitated to a full extent (20.9%) by the concomitant perfusion
of 50 pM PGE, (Fig. 3F). This observation suggests that TPA
and PGE, jointly act on PKCa. Notably, however, PGD,/E, is
unable to rescue the LTD blocked by a specific PKC inhibitor;
infusion of 100 nM G6 6976 depressed LTD to 4.2%, which
remained at —1.4-3.5% during PGD,/E, perfusion (Fig. S4E and
Table S1). These observations suggest that, to induce LTD,
PGD,/E, acts upstream, but not downstream, of or in parallel
with PKCa (Fig. 1 and Discussion).

Testing of Prostanoid Receptors. PGE, activates four E-types of
prostanoid receptor (EP1, EP2, EP3, and EP4) (30). In visual
cortical neurons, EP2 and EP3 up-regulate and down-regulate
the level of cAMP and thereby decrease and increase LTP,
respectively (3). The cerebellum highly expresses EP1 mRNA
and the EP1 protein (31), but only poorly expresses EP2, EP3,
and EP4. PGD; has also been reported to bind specifically to the
rat brain synaptic membrane (32). In this study, specific antag-
onists for EP1 (ONO-8713, SC-19220, SC-51089, or SC-51322),
EP3 (ONO-AE3-240), EP4 (ONO-AE3-208), or a nonspecific

Le et al.

one for EP1, EP2, and D-type prostanoid receptors (AH-6809)
were infused into PCs, but none of them blocked LTD (Fig. S4 F,
G, and H, Table S2, and Discussion).

Effect of cPLAa Knockout and COX-2 Inhibition on OKR Adaptation.
OKR gain was measured in awake mice using a sinusoidally
oscillating patterned screen (Materials and Methods and SI Text).
After measuring the basal OKR gain (G,), the screen oscillation
continued for 1 h to induce an adaptive increase in the gain
(AG). This procedure does not change the OKR phase, which
will not be discussed. We estimated the “adaptation rate” (AG/
G,) as a measure of the short-term OKR adaptation. As exam-
ined in C57BL cPLA,a KO and littermate mice, both at PW12,
the general behavior was seemingly normal, and no significant
difference was detected in G, between KO (0.37 +0.01 SEM,
n = 17) and littermates (0.36 + 0.01, n = 16; Student ¢ test, P =
0.711). However, a significantly low adaptation rate, 7.5 + 2.7%
(n = 17), was discovered in KO mice as compared with 15.9 +
2.9% (n = 16) in littermates (P = 0.045).

Six C57BL/6Cr WT mice at PW11-13 were also subjected to
1 h OKR adaptation. Each mouse was tested at intervals of 4-15
days with three different i.p.injections, that is, nimesulide at 1 or
3 mg/kg body weight, or the vehicle (1% DMSO in PBS).
Nimesulide at 1 mg/kg body weight is known to minimally
interfere with PGE, production in the brain, and at 3 mg/kg body
weight, maximally for 2 h (33). Nimesulide injection at 3 mg/kg
body weight did not affect general behavior, but the 1-h screen
rotation that started 45 min after injection revealed substantially
low adaptation rates, 8.9% + 1.4%, as compared with 17.5% +
0.6% similarly obtained after the administration of the vehicle
(repeated-measures ANOVA and Dunnett posthoc test, P =
0.0341). A similar injection of 1 mg/kg body weight nimesulide
did not significantly decrease the adaptation rate (14.2% =+ 3.3%),
P = 0.4748). We found that, during the 45-min resting time after
3 mg/kg body weight nimesulide injection, the OKR gain
increased slightly but significantly from 0.39 + 0.01-0.44 + 0.03 (P
= (0.023). However, because a similar increase from 0.38 + 0.01-
0.41 + 0.01 (P = 0.032) was also induced by injection of the
vehicle alone, it might not be a specific effect of COX-2 inhibition.
Nimesulide thus depresses OKR adaptation dose-dependently
without affecting basal OKR dynamics.

Discussion

cPLA,a-COX-2 Cascade. In this study, we highlight the crucial
involvement of the cPLA,a—COX-2 cascade in LTD induction.
A conjunction-evoked strong surge of intracellular Ca** ions
would activate cPLA2a that is Ca®* sensitive. A recent GFP/
Oregon Green 488-imaging experiment on tissue-cultured mouse
PCs (34) demonstrated that a puff application of 30 uM gluta-
mate induced a marked increase in intracellular Ca** concen-
tration via P-type voltage-gated Ca®* channels, which in turn
caused a rapid redistribution of GFP-tagged cPLA,o from the
cytosol to the somatic and dendritic Golgi compartments. In
Chinese hamster ovary cells, Ca?*-stimulated cPLA, trans-
locates to the nuclear envelope and endoplasmic reticulum but
not to the plasma membrane (35). Translocation to any mem-
branous structure can be considered to enable cPLAa to readily
access glycerophospholipid substrates. cPLA,a would also be
activated via GTP-binding-protein-coupled receptors (36) and
via phosphorylation of the serine residue by extracellular signal-
regulated protein kinase (ERK)1/2) (18, 19, 37).

The colocalization of COX-2 with cytosolic PLA, on the
plasma membrane and within punctate intracellular regions of
monkey PCs (38) conforms to their functional association in the
cascade. A functional coupling between cPLAa and COX-2 is
also indicated by the significant down-regulation of COX-2
expression and PGE, formation in cPLA,x KO mouse brain
(39). The COX-2 gene is inducible by numerous factors (10). The
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basal expression of COX-2 in the brain is rapidly enhanced after
a seizure or a cold swim imposing acute stress on a rat (40). In
the cerebral neocortex, COX-2 is expressed postsynaptically in
excitatory neurons (41), and in the hippocampus, COX-2
inhibitors impair cellular functions including LTP (1). In visual
cortical neurons, exogenous PGE, facilitates LTP (3). In PCs,
however, the functional involvement of COX-2 is more specific;
its inhibitors minimally affect the basal properties of the mem-
brane, Ca?* spike excitability or complex spikes (Figs. S1 and S2)
except for the LTD blockade. Moreover, exogenous PGD,/E,
does not affect normal LTD (Fig. S5B).

Signal Transduction Pathway for LTD. The following five lines of
previous (8, 13, 20) and present observations support the loop
model (Fig. 1, blue arrows). (i) Inhibitors for PKC, MEK, ERK1/
2, or PLA, block conjunction-induced LTD. (ii) Inhibitors for
PKC, ERK1/2, or PLA, block LTD induced by a photorelease of
Ca** ions. (iii ) Chemical LTD induction by TPA is depressed by
a MEK inhibitor. (iv) Inhibitors for PKC or PLA; block LTD
induced by a photorelease of MEK-CA that directly activates
ERK1/2. (v) In the absence of endogenous AA due to cPLAa
knockout exogenous AA rescues LTD (Fig. 2E). Therefore, we
retain the loop connections in our model.

However, the cPLA,a-COX-2 cascade must be incorporated in
the model (red arrows in Fig. 1) based on another five lines of
present observations, as follows. (i) In null deficiency of cPLAsa,
LTD still occurs as long as PGD,/E, is supplemented (Fig. 3E). (i)
When a COX-2 inhibitor blocks LTD, this is rescued by PGD,/E,
(Fig. 3 C and D). (iii) Under a combination of COX-2 inhibition
and null deficiency of cPLA,a, AA still rescues LTD (Fig. S4D). (iv)
PGD,/E, facilitates activation of PKC by TPA to induce chemical
LTD (Fig. 3F). (v) PGD,/E,, however, is unable to rescue LTD
blocked by the inhibition of PKC (Fig. S4E). Hence, as indicated by
P1in Fig. 1, it is likely that PGD,/E, acts upstream of PKC jointly
with AA. Activation of PKC by PGE, is known in a certain cell type
(42). However, the possibility that PGD,/E, acts on AMPARS in
parallelwith PKC (P2 in Fig. 1) cannot be excluded presently when a
prostanoid receptor(s) acting downstream of PGD,/E, remains
unidentified. The prostanoid receptor(s) that might be involved in
LTD induction could be unique because it should be equally
receptive to PGD, and PGE, and also should be resistant to cur-
rently used EP1-4 or DP antagonists. A third possibility to consider
is that PGD,/E, affects LTD by activating Ca** channels or Ca**
release fromintracellular stores (P3 in Fig. 1) asreported to occur in
certain types of cell (43, 44). If this occurs in PCs, COX-2 inhibitors
may then depress the conjunction-evoked Ca* surge and thereby
lead to LTD blockade. This possibility, however, is excluded under
the present experimental conditions (Results and Figs. S1 and S2).

The time windows lasting for 5-15 min are observed at all
steps of the cascade (Figs. 2 D and F and 3 B and D and Figs.
S3C and S4C). However, these may not necessarily be deter-
mined by mechanisms inherent to each step; they may merely
reflect a bottleneck set downstream of the cascade In fact, a
PKC inhibitor effectively blocks LTD only when applied within
20 min after the onset of conjunction (8). Any event initiated
upstream of PKCa will not lead to LTD induction unless it
successfully passes this 20-min bottleneck. Yet, the length of the
time window may vary reflecting specific conditions at each step
such as different accessibilities of applied reagents to their tar-
gets in PCs or speeds of their reactions. The process that finally
sets the 20-min bottleneck at PKCa or downstream is yet to be
determined, but most likely is the dissociation of a stable
AMPAR population from the cytoskeleton via phosphorylation.
This process could be sensitive to a PKC inhibitor while it pro-
ceeds during the 20 min, but will become insensitive after the
dissociation is completed. The freed AMPARs will then be
eliminated from the synaptic membrane by endocytosis. Kinetics
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of the endocytosis and associated exocytosis could determine the
time course of the development of LTD (45).

Motor Learning. Whether LTD actually underlies motor learning
is a matter of discussion. In a number of knockout mutants tested so
far, the loss of LTD detected in slice conditions parallels a dis-
turbance in motor learning (21), or, in a certain case, enhanced LTD
parallels an enhanced motor learning (46). However, in a fragile-X
mental retardation mouse model, enhanced LTD accompanies
impaired motor learning (47). Moreover, a drug (T588) that blocked
LTD in slice or in vivo in anesthetized rats failed to affect motor
learning when administered orally (48). The present observation that
a COX-2 inhibitor blocked both LTD induction and OKR adapta-
tion supports the hypothesis that LTD underlies motor learning.

Materials and Methods.

Animals. C3H/HeN and C57BL/6J WT mice (all male) were purchased from
Japan SLC Co. and C57BL/6Cr mice from Japan Crea Co. cPLA,aKO mice having
C57BL and C3H backgrounds were raised in T. Shimizu’s laboratory at the
University of Tokyo (22). Both male and female were used in KO and lit-
termate mice, but there was no appreciable difference in LTD between
them. All of the mice were maintained in an environment-controlled, 12-h
light, 12-h dark room, and received water and food ad libitum. Experiments
on KO mice were conducted with the researchers blinded to the genotype.
We followed the Guidelines for the Care and Use of Laboratory Animals of
RIKEN. The Wako Animal Experiment Committee of RIKEN approved our
experimental plan.

In Vitro Cerebellar Slices. A cerebellum was ectomized under ether anesthesia.
Sagittal slices (0.3-mm thick) were obtained from the vermis using a slice maker
(Microslicer DTK-1000, Dosaka, Japan) in tetrodotoxin (1 pM)—containingsaline
and kept at room temperature (23-25°C) for at least 1 h in normal saline. The
recording chamber was perfused at a rate of 2 mL/min. In lobule VIIl under
visual control, a whole-cell clamp pipette (3-4 MQ) was attached to the soma
of a PC. The pipette contained (in mM) 134 K-gluconate, 6 KCl, 4 NaCl, 10
Hepes, 0.2 EGTA, 4 MgATP, 0.3 Tris-GTP, and 14 phosphocreatine (pH 7.25).
Two types of perfusates were used. Solution A is standard Krebs-Henseleit
Ringer containing (in mM) 118 NaCl, 4.7 KCl, 2.5 CaCl,, 25.0 NaHCOs;, 1.18
KH,POy4, 1.19 MgSO,, and 11.0 glucose. Solution B is ACSF containing (in mM)
125 NaCl, 2.5 KCl, 2 CaCl,, 1.25 NaH,POy, 26.0 NaHCO3, 1.0 MgSO,, and 10.0
glucose; the pH was adjusted to pH 7.3. These perfusates were added with 100
uM picrotoxin, equilibrated with 95% O, and 5% CO, gas, and warmed to
maintain the temperature of the perfusion chamber at 30-31°C. Solution A
was used in most of the present experiments, but we confirmed that LTD
occurred similarly in A and B solutions despite certain quantitative differences
noted in membrane resistance or PF- or CF-EPSPs (Table S2).

Pharmaceutical Agents. Table S1 lists the presently used drugs. ONO-8713,
ONO-AE3-240, and ONO-AE3-208 were provided through the courtesy of
ONO Pharmaceutical Co., Ltd. AA was dispersed in the perfusates by vigo-
rous vortex mixing and ultrasonication. The used concentrations of these
drugs were determined by referring to published reports, 1Cso values, and
the results of our provisional tests (Fig. S2B and Table S1).

OKR measurement. To induce OKR, a checked-pattern screen was sinusoidally
oscillated by 15° peak-to-peak at 0.17 Hz around an awake mouse with the
head fixed in the prone position. Eye movements were recorded using an
infrared television camera (S/ Text). For i.p.injection, nimesulide was dis-
solved in DMSO, which was then diluted by PBS to make up 100 pL solution
containing DMSO at 1%. Immediately before injection, the solution was
freshly prepared, warmed to 60 °C, and then gradually cooled to 39°C.

Ca?* Imaging. In a slice, after the formation of whole-cell configuration,
Oregon Green 488 BAPTA-1 was infused into a PC for more than 20 min. The
Ca®* surge was measured using a confocal laser scanning microscope
(FLUOVIEW FV1000, Olympus) before, during, and after 5-min conjunction
(Fig. S3). Perfusion of a COX-2 inhibitor started 5 min before the onset of
conjunction (additional details in S/ Text).
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