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Critical role of nitric oxide-cGMP cascade
in the formation of cAMP-dependent
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Yukihisa Matsumoto,’ Sae Unoki,’ Hitoshi Aonuma,? and Makoto Mizunami'->

"Graduate School of Life Sciences, Tohoku University, Katahira 2-1-1, Aoba-ku, Sendai 980-8577, Japan; 2Research Institute
for Electronic Science, Hokkaido University, Sapporo 060-0812, Japan

Cyclic AMP pathway plays an essential role in formation of long-term memory (LTM). In some species, the nitric
oxide (NO)-cyclic GMP pathway has been found to act in parallel and complementary to the cAMP pathway for
LTM formation. Here we describe a new role of the NO-cGMP pathway, namely, stimulation of the cAMP pathway
to induce LTM. We have studied the signaling cascade underlying LTM formation by systematically coinjecting
various “LTM-inducing” and “LTM-blocking” drugs in crickets. Multiple-trial olfactory conditioning led to LTM that
lasted for several days, while memory induced by single-trial conditioning decayed away within several hours.
Injection of inhibitors of the enzyme forming NO, cGMP, or cAMP into the hemolymph prior to multiple-trial
conditioning blocked LTM, whereas injection of an NO donor, cGMP analog, or cAMP analog prior to single-trial
conditioning induced LTM. Induction of LTM by injection of an NO donor or cGMP analog paired with single-trial
conditioning was blocked by inhibitors of the cAMP pathway, but induction of LTM by a cAMP analog was
unaffected by inhibitors of the NO-cGMP pathway. Inhibitors of cyclic nucleotide-gated channel (CNG channel) or
calmodulin-blocked induction of LTM by ¢cGMP analog paired with single-trial conditioning, but they did not affect
induction of LTM by cAMP analog. Our findings suggest that the cAMP pathway is a downstream target of the
NO-cGMP pathway for the formation of LTM, and that the CNG channel and calcium-calmodulin intervene between

the NO-cGMP pathway and the cAMP pathway.

In both vertebrates and invertebrates, nervous systems store in-
formation for short-term memory (STM) and long-term memory
(LTM) by changing the strength of their synaptic connections
(Kandel 2001). Studies in many species, including mollusca Aply-
sia, fruitflies Drosophila, and mice, suggest that STM storage is
accompanied by transient changes in the strength of synaptic
connections by covalent modifications of pre-existing proteins
and that LTM storage, in contrast, is accompanied by enduring
changes in synaptic strength that require transcription and trans-
lation of genes (Montarolo et al. 1986; DeZazzo and Tully 1995).
In all of these species, formation of LTM requires an increase in
intracellular cAMP and recruitment of the cAMP-dependent pro-
tein kinase (PKA) that phosphorylates the transcription factor,
cAMP-responsive element-binding protein (CREB) (Bartsch et al.
1995; Yin et al. 1995; Abel et al. 1997).

The roles of the cAMP pathway in the formation of LTM are
often supplemented by other signaling pathways, most notably
by the nitric oxide (NO)-cGMP signaling pathway (Lewin and
Walters 1999; Lu et al. 1999). NO is a membrane-permeable mol-
ecule that functions in intercellular signaling in the brain (Garth-
waite et al. 1988). In mice, NO contributes to late-phase long-
term potentiation of synaptic transmission by stimulating
soluble guanylate cyclase in target cells, and the resulting in-
crease in cGMP concentration stimulates cGMP-dependent pro-
tein kinase (PKG), which acts in parallel with PKA to increase the
phosphorylation of CREB (Lu et al. 1999). In nociceptive sensory
neurons of Aplysia, the induction of long-term hyper-excitability
after a noxious stimulus depends on the NO-cGMP-PKG path-
way, which acts in parallel with the cAMP-PKA pathway (Lewin
and Walters 1999). In associative olfactory learning in honey
bees, it has been shown that prolonged PKA activation in the
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antennal lobe (primary olfactory center) mediated by the NO-
cGMP pathway is critical for LTM induction (Miiller 1996, 2000)
and it has been speculated that PKA is activated by either cAMP
or cGMP and thus, the cAMP pathway and NO-cGMP pathway
act in parallel to activate PKA, although this hypothesis remains
to be tested. Histochemical studies of the brains of various insect
species (Miiller and Bicker 1994; Bicker 2001) have suggested that
NO synthase is distributed in the antennal lobe and the mush-
room body, both centers implicated in olfactory learning and
memory (Erber et al. 1980; Hammer and Menzel 1998).

In crickets, we examined the biochemical pathway involved
in the formation of LTM in associative olfactory learning. These
animals are newly emerging subjects for the study of learning
and memory. Crickets are capable of quickly learning olfactory
signals and memorizing them for practically a lifetime (Matsu-
moto and Mizunami 2000, 2002b, 2004), and they can be easily
used for detailed pharmacological (Matsumoto et al. 2003; Unoki
et al. 2005) and electrophysiological (Paydar et al. 1999) studies
as well as for RNAI analysis (Miyawaki et al. 2004). Our results
indicate that sequential activation of the NO-cGMP signaling
pathway, cyclic nucleotide-gated anion channel, calcium-
calmodulin, and then the cAMP-PKA pathway, induces protein
synthesis-dependent LTM, thereby demonstrating a new role of
the NO-cGMP pathway, namely, induction of LTM by activating
the cAMP pathway.

Results

Formation of LTM by multiple-trial conditioning

At first, we compared memory retention after single- and mul-
tiple-trial olfactory conditioning in crickets. Crickets in seven
groups were each subjected to a single appetitive conditioning
trial in which peppermint odor was associated with a water re-
ward. Odor preferences of the crickets were tested before and at
various times after training by letting them choose between re-
ward-associated odor (peppermint) and control odor (vanilla).
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Before conditioning, the animals exhibited significantly greater
preference for vanilla odor over peppermint odor (Matsumoto
and Mizunami 2002a). At 30 min after conditioning, the animals
exhibited significantly increased preference for reward-associated
odor compared with preferences before the conditioning (Fig. 1)
(Statistical results are shown in legends). Unpaired presentation
of odor and water did not induce a change of odor preference
(Matsumoto and Mizunami 2002a). Thus, a single trial is suffi-
cient to achieve conditioning. The level of memory retention,
however, decreased during the next several hours, with no sig-
nificant level of memory retention at 8 h after conditioning.

Animals in another four groups were each subjected to two
appetitive conditioning trials and two aversive conditioning tri-
als given in an alternative sequence with an intertrial interval of
5 min; for the latter trial, vanilla odor was associated with saline
solution. We used this four-trial differential conditioning proce-
dure, not four-trial appetitive conditioning procedure, since the
former procedure induces a higher level of long-term (24 h) re-
tention compared with the latter procedure (Matsumoto and Mi-
zunami 2002a), and thus, the effect of inhibitors can be studied
more easily. The odor preferences of the animals were tested be-
fore and at various times after conditioning. The animals sub-
jected to four-trial differential conditioning exhibited no signifi-
cant decay of memory retention from 30 min to 24 h after con-
ditioning (Fig. 1). Memory formed by multiple-trial differential
conditioning lasted for at least 4 d without any significant dec-
rement (Matsumoto and Mizunami 2002a) and was sensitive to
cycloheximide, a protein-synthesis blocker (Matsumoto et al.
2003). This memory component is referred to as long-term
memory (LTM).

Impairment of LTM formation by inhibitors

of the NO-cGMP or cAMP pathways

In order to study the effect of a competitive inhibitor of NO
synthase, L-NAME (Miiller 1996), animals were each injected
with 3 pL of saline containing 400 uM L-NAME into the head
hemolymph at 20 min prior to multiple-trial conditioning. Con-
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Figure 1. Memory retention after single- and multiple-trial condition-
ing. Seven animal groups were subjected to single-trial conditioning (O)
and another four groups were subjected to multiple-trial conditioning
(m). Odor preference tests were given to all animals before and at various
times after conditioning. Preference indexes (Pls) for rewarded odor are
shown as means + SE. To simplify the figure, the Pls before conditioning
are shown as pooled data from seven single-trial or four multiple-trial
groups. Statistical comparisons of odor preferences were made before
and after conditioning for each group (WCX test) and between single-
and multiple-trial groups at each time after conditioning (M-W test), and
the results are shown at each data point and above the arrow, respec-
tively. (*) P<0.05; (**) P<0.01; (***) P<0.001; (NS) P> 0.05). The
number of animals is shown at each data point. The preferences for
rewarded odor remained unchanged from 30 min to 24 h after condi-
tioning in the multiple-trial group (P > 0.05, M-W test).
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trol animals were each injected with 400 pM D-NAME, an inac-
tive isomer. Animals injected with L-NAME or D-NAME, or any
other drugs used in this study, exhibited normal responses to
appetitive or aversive stimuli during training. They drank water
eagerly and retreated from saline when water or saline was pre-
sented to the mouth, as did intact or saline-injected crickets.
Drug-injected crickets also exhibited normal locomotory activity
and exploration of odor sources during testing. At 30 min or 2 h
after conditioning, the levels of memory retention of L-NAME-
injected animals were not significantly different from those of
control animals injected with D-NAME (Fig. 2A). This indicates
that L-NAME did not impair (1) sensory and motor functions
necessary for normal learning performance, (2) initial acquisition
of memory, or (3) memory retention up to 2 h after conditioning.
However, L-NAME-injected animals exhibited a significant decay
of memory retention during the next several hours, with no sig-
nificant levels of memory retention at 6 h after conditioning (Fig.
2A). In contrast, the levels of memory retention of D-NAME-
injected animals at 24 h after conditioning were as high as those
at 30 min after conditioning (Fig. 2A).

The effect of L-NAME was dose dependent. Animals injected
with 0.1 or 1 pM L-NAME exhibited normal retention at 8 h after
conditioning, those injected with 10 or 100 ptM L-NAME exhib-
ited significantly decreased levels of 8-h retention, and those
injected with 400 uM L-NAME exhibited no significant level of
8-h retention (Fig. 2B). Thus, complete inhibition was attained
by injection of 3 pL of 400 yM L-NAME, which approximately
corresponds to a concentration of 1.5 pM, calculated from the
injected volume and the approximate body weight of 850 mg.
This concentration is comparable to that used to study the effect
of L-NAME on LTM in honey bees (1 pM) (Miiller 1996).

There was an effective time window for L-NAME injection.
Animals injected with 3 pL of saline containing 400 uM L-NAME
at 20 or 40 min prior to conditioning exhibited no significant
level of 8-h retention, while those injected at 60 min before con-
ditioning exhibited significantly decreased levels of 8-h reten-
tion, and those injected at 10 or 90 min prior to conditioning or
at 10 min after conditioning exhibited no significant impairment
of 8-h retention (data not shown). The presence of this effective
time window indicates that L-NAME interferes with acquisition,
not retrieval of memory.

In the following experiments, we routinely injected 3 pL of
saline containing various drugs at 20 min prior to conditioning.
The effects of all drugs used in this study were dose dependent,
but for the sake of simplicity, we describe the effects of drugs only
at a concentration at which a maximal inhibitory or facilitatory
effect was attained. All drugs were significantly less effective at a
concentration 10 times less than that described in this study. We
found no significant difference in initial odor preferences among
122 groups of animals used in this study (P> 0.05, K-W test).
Each group was subjected to odor preference tests before and at a
given time after conditioning in order to evaluate retention after
conditioning. Efficacy of all drugs used in this study, except for
3,4,-dichlorobenzamil (DCB), has been reported in biochemical
or physiological studies in insects, and one or a few representa-
tive papers are cited when describing some drugs.

We tested whether the impairment of LTM by L-NAME
could be rescued by coinjection of an NO donor, SNAP or NOR3
(Aonuma and Niwa 2004). The levels of 12-h retention of animals
coinjected with L-NAME (400 pM) and SNAP (200 uM) (Fig. 2C,
hatched bars) or NOR3 (10 pM) (data not shown) were as high as
those of 8-h or 24-h retention of D-NAME-injected animals (Fig.
2A). In contrast, no rescue of LTM was observed when degassed
SNAP (200 uM) was coinjected with L-NAME (Fig. 2C, black bars).

In order to study the effect of an NO scavenger, animals
were each injected with 10 pM PTIO (Aonuma and Newland
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Figure 2. Effects of inhibitors of components of the NO-cGMP pathway on LTM formation. At 20

min prior to multiple-trial conditioning, animals were each injected with 3 pL of saline or saline
containing various drugs. The preference indexes (Pls) before and at 8 h (B) or at various times after
conditioning (A,C-F) are shown as means = SE. In A, animals in 10 experimental groups were each
injected with L-NAME (400 uM) (m) and animals in another four control groups were each injected with
D-NAME (400 pM) (D). In B, animals in five groups were each injected with 0.1-400 uM L-NAME, and
animals in a control group were each injected with saline. In C, animals in one group were each
injected with L-NAME (400 pM) and SNAP (200 pM) (shaded bars) and animals in another group were
each injected with L-NAME (400 pM) and degassed SNAP (200 uM) (black bars). Odor preferences of
these animals were tested before and at 1, 5, and 12 h after conditioning. In D, animals in six groups
were each injected with PTIO (10 pM) (black squares) and animals in another four control groups were
injected with saline (open squares). In E, animals in eight groups were each injected with ODQ (200
puM) dissolved in saline containing 0.1% DMSO (m), and animals in another four control groups were
each injected with saline containing 0.1% DMSO (saline (D) group, O). In F, animals in one group were
each injected with ODQ (200 pM) and 8-br-cGMP (200 uM) (shaded bars) and animals in another one
group were each injected with ODQ (200 uM) (black bars). Odor preference tests were done on
animals in these groups before and at 1, 5, and 12 hours after conditioning. In A, B, D, and E, the Pls
before conditioning are shown as pooled data from all experimental or control groups. Odor prefer-
ences were compared before and after conditioning for each group (WCX test) and between experi-
mental and control groups at each time after conditioning (M-W test), and the results are shown at
each data point and above the arrow, respectively. (*) P < 0.05; (**) P<0.01; (***) P<0.001; (NS)
P> 0.05. The number of animals tested is shown at each data point. In A, D, and E, the preferences for
rewarded odor remained unchanged from 30 min to 24 h after conditioning in the control groups
(P>0.05, M-W test). The preferences for rewarded odor of the L-NAME+SNAP group (C) and the
ODQ+8-br-cGMP group (F) at 12 h after conditioning did not significantly differ from those of the
D-NAME group (A) and the saline (D) group (E) at 8 or 24 h after conditioning, respectively (P > 0.05,
M-W test).

2001) before multiple-trial conditioning. These animals exhib-
ited normal levels of retention at 30 min after conditioning, but
then exhibited a decay of retention with no significant levels of
retention at 4 h after conditioning (Fig. 2D). In contrast, the
levels of 24-h retention of control animals injected with saline
were not significantly different from those of 30-min retention

or cAMP pathway

(Fig. 2D). Since PTIO cannot permeate
the cell membrane, the results suggest
that diffusion of NO from neurons to
neurons is necessary for LTM formation.

Since the major target of NO is
soluble guanylyl cyclase (Bredt and
Snyder 1989), we tested the effect of
ODQ (Miiller 2000; Aonuma and New-
land 2001, 2002), an inhibitor of soluble
guanylyl cyclase, on memory retention.
At 1 h after multiple-trial conditioning,
animals injected with ODQ (200 uM) ex-
hibited normal levels of retention, but
then exhibited a decay of retention with
no significant levels of retention at 5 h
after conditioning (Fig. 2E). In this ex-
periment, ODQ was dissolved in saline
containing 0.1% DMSO, and the levels
of 24-h retention of control animals in-
jected with saline containing 0.1%
DMSO were not significantly different
from those of 30-min retention (Fig. 2E).
Memory impairment by ODQ was fully
rescued by coinjection of a membrane-
permeable cGMP analog, 8-br-cGMP
(200 uM) (Fig. 2F). The results suggest
that ¢cGMP production is necessary for
LTM formation.

One of the major targets of cGMP is
a cGMP-dependent protein kinase, PKG
(Garthwaite and Boulton 1995). We
studied the effect of KT5823 (Maniere et
al. 2003), a PKG inhibitor, on memory
retention. At 24 h after multiple-trial
conditioning, the levels of retention of
animals injected with KT5823 (1 mM)
did not significantly differ from those of
control animals injected with saline
containing 0.1% DMSO (Fig. 3A). Thus,
no evidence suggesting that PKG partici-
pates in LTM formation was obtained.

We then investigated whether in-
hibitors of the cAMP pathway affect the
formation of LTM. Animals injected
with 200 pM KT5720 (Miiller 2000), a
cAMP-dependent protein kinase (PKA)
inhibitor, exhibited normal levels of re-
tention at 30 min after conditioning,
but then they exhibited a decay of reten-
tion with no significant levels of reten-
tion at 3 h after conditioning (Fig. 3A).
Animals injected with 1 mM DDA (Wen-
zel et al. 2002; Bhattacharya et al. 2004)
or 1 mM SQ22536 (Zhang et al. 1999;
Heinrich et al. 2001), an adenylyl cyclase
inhibitor, also exhibited normal reten-
tion at 30 min, but exhibited a complete
decay of memory at 3 h after condition-
ing (Fig. 3B). The results suggest that the
production of cAMP and the activation
of PKA are necessary for LTM formation.

Induction of LTM by activation of the NO-cGMP

To test whether activators of the NO-cGMP pathway or the
cAMP-PKA pathway can facilitate LTM formation, animals in
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Figure 3. Effects of the PKG inhibitor KT5823, the PKA inhibitor

KT5720, and the adenylyl cyclase inhibitor DDA or SQ22536 on LTM
formation. At 20 min prior to multiple-trial conditioning, animals were
injected with 3 pL of saline containing drugs. In A, animals in seven
groups were each injected with KT5720 (200 pM) (m) and animals in
another group were each injected with KT5823 (1 mM) (®). These drugs
were dissolved in saline containing 0.1% DMSO, and animals in another
four control groups were each injected with saline containing 0.1%
DMSO (@). In B, animals in seven groups were each injected with DDA (1
mM) (e), animals in one group were injected with Q22536 (1 mM) (m)
and animals in another four groups were each injected with saline (O).
Odor preferences tests were done before and at various times after con-
ditioning. Preference indexes (Pls) are shown as means + SE. The Pls
before conditioning for KT5720, DDA, and saline-injected groups are
shown as pooled data from all groups. Odor preferences were compared
before and after conditioning (WCX test) and between experimental and
control groups (M-W test), and the results are shown at each data point
and above the arrow, respectively. (*) P < 0.05; (**) P<0.01; (***)
P <0.001; (NS) P>0.05, WCX-test. The number of animals tested is
shown at each data point.

four groups were each injected with 200 pM SNAP (an NO do-
nor), 200 pM 8-br-cGMP (a membrane-permeable cGMP ana-
logue), 200 pM forskolin (an adenylyl cyclase activator), or 200
uM DB-cAMP (a cAMP analog) at 20 min prior to single-trial
conditioning. Remarkably, all four groups exhibited significant
levels of retention at 24 h after conditioning (Fig. 4), which were
as high as those in saline-injected animals at 24 h after multiple-
trial conditioning shown in Figure 2D. Animals in the control
group were injected with 200 pM SNAP and received no condi-
tioning trial. These animals exhibited no significant change of
odor preference at 24 h after injection compared with that before
injection (data not shown). We also tested the effect of IBMX, an
inhibitor of phosphodiesterases, which degrades both cGMP and
cAMP. Animals injected with 200 pM IBMX, dissolved in saline
containing 0.1% DMSO, before single-trial conditioning exhib-
ited significant levels of retention at 24 h after conditioning (Fig.
4), and these levels were as high as those of control animals
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injected with saline containing 0.1% DMSO at 24 h after mul-
tiple-trial conditioning (shown in Fig. 2E). The results suggest
that an externally applied activator of the NO-cGMP pathway or
cAMP-PKA pathway can trigger a biochemical cascade leading to
LTM formation when paired with single-trial conditioning. This
is comparable to the finding in honey bees that local uncaging of
cGMP (but not NO) in the antennal lobe (primary olfactory cen-
ter) paired with single-trial conditioning led to olfactory LTM
(Mtller 2000). The biochemical cascade leading to LTM forma-
tion was then examined by testing the effects of various combi-
nations of drugs for “gain of function” (NO donor, cGMP analog,
forskolin, cAMP analog) and those for “loss of function” (L-
NAME, ODQ, DDA, KT5720). LTM was routinely monitored at 24
h after conditioning.

Induction of LTM by an NO donor, cGMP analog,
or cAMP analog is mediated by PKA and protein

synthesis
An experiment was carried out to determine whether induction
of LTM by an NO donor, cGMP analog, or cAMP analog paired
with single-trial conditioning is mediated by protein synthesis, as
is LTM induced by multiple-trial conditioning (Matsumoto et al.
2003). Animals in three groups were each coinjected with a pro-
tein synthesis inhibitor, cycloheximide (10 mM), and either
SNAP (200 pM), 8-br-cGMP (200 pM), or DB-cAMP (200 uM), and
then the animals were subjected to single-trial conditioning.
None of the animals exhibited significant levels of retention at
24 h after conditioning (Fig. SA), thus suggesting that induction
of LTM by either NO, a cGMP analog, or cAMP analog paired
with single-trial conditioning is mediated by protein synthesis.
Next, an experiment was carried out to determine whether
induction of LTM by either SNAP, 8-br-cGMP, or DB-cAMP paired
with single-trial conditioning is mediated by PKA, as is LTM in-
duced by multiple-trial conditioning (Fig. 3B). Induction of LTM
by SNAP (200 pM), 8-br-cGMP (200 uM), or DB-cAMP (200 uM)
paired with single-trial conditioning was completely inhibited by
coinjection of a PKA inhibitor, KT5720 (200 uM) (Fig. 5A), thus
suggesting that induction of LTM by an NO donor, cGMP analog,
or cCAMP analog is mediated by PKA.
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Figure 4. Effects of SNAP, 8-br-cGMP, forskolin, DB-cAMP, and IBMX
on LTM formation. At 20 min prior to single-trial conditioning, animals in
two groups were each injected with 3 pL of saline (a) or saline containing
0.1% DMSO (b), and animals in another five groups were each injected
with 3 pL of saline containing SNAP (200 pM) (c), 8-br-cGMP (200 uM)
(d), forskolin (200 pM) (e), DB-cAMP (200 pM) (f), or IBMX (200 uM) and
0.1% DMSO (g). The Pls were measured before conditioning (white bars)
and 24 h after conditioning (shaded bars) and are shown as means = SE.,
and the results of statistical comparison between them are indicated.
(***) P < 0.001, (NS) P> 0.05, WCKX test. The number of animals tested is
shown at each data point. The odor preferences at 24 h after condition-
ing of the groups shown in c—g did not significantly differ among each
other (P> 0.05, K-W test).
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Figure 5. Effects of various drugs on induction of LTM by an NO donor,
cGMP analog, forskolin, or cAMP analog paired with single-trial condi-
tioning. At 20 min prior to single-trial conditioning, animals were injected
with 3 pL of saline containing various drugs. In A, animals in six groups
were each coinjected with SNAP (200 pM) and cycloheximide (CHX, 10
mM) (a), 8-br-cGMP (200 pM) and CHX (10 mM) (b), DB-cAMP (200
puM) and CHX (10 mM) (c), SNAP (200 uM) and KT5720 (200 uM) (d),
8-br-cGMP (200 uM) and KT5720 (200 pM) (e), or DB-cAMP (200 puM)
and KT5720 (200 pM) (f). In B, animals in four groups were each coin-
jected with SNAP (200 pM) and L-NAME (400 pM) (a), SNAP (200 pM)
and ODQ (200 pM) (b), 8-br-cGMP (200 uM) and L-NAME (400 uM) (c),
or 8-br-cGMP (200 uM) and ODQ (200 uM) (d). In C, animals in six
groups were each coinjected with 8-br-cGMP (200 uM) and DDA (1 mM)
(a), forskolin (200 uM) and ODQ (200 uM) (b), forskolin (200 uM) and
DDA (1 mM) (c), DB-cAMP (200 uM) and L-NAME (400 pM) (d), DB-
cAMP (200 uM) and ODQ (200 uM) (e), or DB-cAMP (200 uM) and DDA
(1 mM) (f). The Pls measured before (white bars) and 24 h after condi-
tioning (shaded bars) are shown as means = SE. The results of statistical
comparison before and 24 h after conditioning are shown. (***)
P <0.001, (NS) P>0.05, WCX test. The number of animals tested is
shown at each data point. The odor preferences at 24 h after condition-
ing of the groups shown in a, ¢, and d in Band b, d, e, and f in C did not
significantly differ among each other (P> 0.5, K-W test).

Relationship between the NO-cGMP pathway

and cAMP pathway for the induction of LTM

Although the typical target of NO is soluble guanylyl cyclase, NO
may act on some other targets (Bicker 2001). Thus, an experi-
ment was carried out to determine whether induction of LTM by
an NO donor paired with single-trial conditioning is indeed me-

diated by ¢cGMP. Induction of LTM by SNAP (200 pM) paired
with single-trial conditioning was not affected by coinjection of
the NO synthase inhibitor L-NAME (400 pM), but was blocked by
coinjection of the soluble guanylyl cyclase inhibitor ODQ (200
pM). In contrast, induction of LTM by 8-br-cGMP (200 pM) was
unaffected by coinjection of either L-NAME (400 uM) or ODQ
(200 uM). (Fig. 5B). The results suggest that induction of LTM by
NO is mediated by cGMP and not vice versa.

In honey bees, local uncaging of cGMP in the antennal lobe
led to activation of PKA (Miiller 2000), and a biochemical study
has suggested that PKA can be activated by either cAMP or cGMP
(Leboulle and Miiller 2004). Thus, we asked whether direct acti-
vation of PKA by cAMP or cGMP underlies the formation of LTM.
Induction of LTM by DB-cAMP (200 pM) paired with single-trial
conditioning was unaffected by L-NAME (400 uM), ODQ (200
pM), or DDA (1 mM). In contrast, induction of LTM by 8-br-
cGMP (200 pM) paired with single-trial conditioning was blocked
by the adenylyl cyclase inhibitor DDA (1 mM) (Fig. 5C). Simi-
larly, induction of LTM by the adenylyl cyclase activator forsko-
lin (200 uM) paired with single-trial conditioning was unaffected
by ODQ (200 uM) and was blocked by DDA (1 mM). The results
suggest that the induction of LTM by the NO-cGMP pathway is
mediated via the adenylyl cyclase-cAMP pathway and not vice
versa, hence ruling out the possibility that cGMP directly acti-
vates PKA.

Cyclic nucleotide-gated anion channel and calmodulin
intervene between the NO-cGMP pathway and cAMP
pathway

Next, biochemical pathways intervening between cGMP produc-
tion and adenylyl cyclase activation were investigated. One of
the possible targets of cGMP is PKG, but the PKG inhibitor
KT5823 (1 mM) did not impair LTM formed by multiple-trial
conditioning (Fig. 3A) or that induced by 8 br-cGMP (200 uM)
paired with single-trial conditioning (Fig. 6A). We therefore
tested another possibility, namely, that the cyclic nucleotide-
gated anion channel (CNG channel) participates in LTM forma-
tion. We tested two kinds of CNG channel inhibitors, I-cis diltia-
zem (L-DIL) and 3, 4, -dechlorobenzamil (DCB); the former has
been used in many animals (Nagy 1994 in Limulus; Gotow et al.
1997 in mollusks) including insects (Murata et al. 2006), and the
latter has been used in mollusks (Gomez and Nasi 1997). Injec-
tion of L-DIL (1 mM) or DCB (1 mM) before multiple-trial con-
ditioning completely impaired 24-h retention, while 30-min re-
tention was normal (Fig. 6B), suggesting that the CNG channel
participates in LTM formation. Moreover, induction of LTM by
8-br-cGMP (200 pM) paired with single-trial conditioning was
impaired by L-DIL (1 mM) or DCB (1 mM), while induction of
LTM by forskolin (200 pM) paired with single-trial conditioning
was unaffected by L-DIL (1 mM) or DCB (1 mM), and that by
DB-cAMP (200 uM) paired with single-trial conditioning was un-
affected by L-DIL (1 mM) (Fig. 6A). The results suggest that the
CNG channel intervenes between cGMP production and ad-
enylyl cyclase activation for the formation of LTM.

The L-DIL used in this study is 98% in purity and contains
a very small amount of D-DIL, which is an isomer of L-DIL and is
known to inhibit L-type voltage-sensitive calcium channel in in-
sects (Hsieh et al. 2002). Therefore, we tested the effects of
verapamil (Hsieh et al. 2002), an inhibitor of L-type calcium
channel. Injection of verapamil (1 mM) before multiple-trial con-
ditioning had no effects on 24-h retention (data not shown),
thereby suggesting that the observed impairment of LTM by L-
DIL is not due to inhibition of L-type calcium channels.

Biochemical study of adenylyl cyclase in Drosophila has
shown that it is activated by either calcium-calmodulin stimula-
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Figure 6. Investigation of the biochemical pathway intervening the

NO-cGMP pathway and adenylyl cyclase-cAMP-PKA pathway. In A, ani-
mals in nine groups were each coinjected with 3 pL of saline containing
8-br-cGMP (200 uM) and KT5823 (200 uM) (a), 8-br-cGMP (200 uM)
and L-DIL (1 mM) (b), forskolin (200 uM) and L-DIL (1 mM) (c), DB-cAMP
(200 pM) and L-DIL (1 mM) (d), 8-br-cGMP (200 uM) and DCB (1 mM)
(e), forskolin (200 uM) and DCB (1 mM) (f), 8-br-cGMP (200 uM) and
W-7 (200 uM) (g), forskolin (200 pM) and W-7 (200 uM) (h), or DB-cAMP
(200 pM) and W-7 (200 puM) (i) before single-trial conditioning. The Pls
before (white bars) and at 24 h after conditioning (shaded bars) are
shown as means = SE. In B, animals in two groups were each injected
with 3 plL saline (a,e) and animals in another six groups were each in-
jected with 3 pL saline containing L-DIL (1 mM) (b,f), DCB (1 mM) (c,g),
or W-7 (200 puM) (d,h) before multiple-trial conditioning. Pls were mea-
sured before (white bars) and at 30 min (hatched bars) or 1 d (shaded
bars) after conditioning and are shown as mean = SE. In C, animals in five
groups were each injected with 3 pL saline containing A23187 (200 pM)
(a), A23187 (200 uM) and ODQ (200 uM) (b), A23187 (200 uM)
and L-DIL (1 mM) (c), A23187 (200 uM) and W7 (200 uM) (d),
or A23187 (200 uM) and DDA (1 mM) (e). The PIs measured before
(white bars) and 24 h (shaded bars) after conditioning are shown as
means + SE. The results of statistical comparison before and 24 h after
conditioning are shown. (***) P <0.001, (NS) P> 0.05, WCKX test. The
number of animals tested is shown at each data point. The odor prefer-
ences at 24 h after conditioning of the groups shown in a, ¢, d, f, h, and
iin A and a,b,c in C did not significantly differ among each other
(P> 0.05, K-W test).
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tion or G-protein stimulation (Livingstone et al. 1984). We in-
vestigated the possibility that calmodulin intervenes between
CNG channel activation and adenylyl cyclase activation. Ani-
mals injected with 200 pM W-7 (Matsumoto et al. 1995), a
calmodulin antagonist, before multiple-trial conditioning exhib-
ited complete impairment of 24-h retention (Fig. 6B), while 30-
min retention was normal. Moreover, W-7 (200 uM) impaired
induction of LTM by 8-br-cGMP (200 uM) paired with single-trial
conditioning, while induction of LTM by forskolin (200 uM) or
DB-cAMP (200 pM) paired with single-trial conditioning was un-
affected by W-7 (200 uM) (Fig. 6A). These results suggest that
calmodulin intervenes between cGMP production and adenylyl
cyclase activation in the biochemical pathway for the induction
of LTM.

Next, we investigated the possibility that an increase of cal-
cium concentration intervenes between CNG channel activation
and calmodulin activation. Animals injected with 200 uM
A23187 (Rybczynki and Gilbert 2003), a calcium ionophore, be-
fore single-trial conditioning exhibited a significant level of re-
tention at 24 h after conditioning (Fig. 6C). Induction of LTM by
injection of A23187 (200 uM) paired with single-trial condition-
ing was unaffected by coinjection of ODQ (200 pM) or L-DIL (1
mM), but was fully impaired by coinjection of W-7 (200 uM) or
DDA (1 mM) (Fig. 6C). The results suggest that calcium inter-
venes between CNG channel activation and calmodulin activa-
tion, thus completing the signaling cascade for LTM formation.
The results of this study are summarized in Table 1 to facilitate
further discussion.

Discussion

A common feature of memory formation in vertebrates and in-
vertebrates is that the cAMP-PKA-CREB pathway plays an essen-
tial role in induction of LTM (DeZazzo and Tully 1995; Kandel
2001). Our behavioral and pharmacological study provides the
first evidence that the NO-cGMP pathway stimulates the cAMP
pathway to induce LTM, thereby demonstrating a new role for
the NO-cGMP pathway in LTM formation. Moreover, our study
suggests that the CNG channel and the calcium-calmodulin
pathway intervene between the NO-cGMP pathway and cAMP-
PKA pathway. Previous studies on the roles of the NO-cGMP
pathway in long-term neural plasticity in the rat hippocampus
(Lu et al. 1999; Lu and Hawkins 2002) and in nociceptive sensory
receptors in Aplysia (Lewin and Walters 1999) suggested that the
NO-cGMP pathway acts in parallel with the cAMP-PKA pathway
to activate CREB, via PKG, for the formation of long-term neural
plasticity. The NO-cGMP pathway plays an essential role in many
systems of long-term neural and behavioral plasticity (Kendrick
et al. 1997; Hawkins et al. 1998; Wong et al. 1999; Katzoff et al.
2002; Kemenes et al. 2002; Lev-Ram et al. 2002). It would be
interesting to determine the extent by which our finding that the
NO-cGMP pathway triggers LTM formation by stimulating the
cAMP pathway is applicable to other systems.

A model of the biochemical pathway for the formation of
LTM in associative olfactory learning is presented in Figure 7.
This is the most parsimonious (shortest) signaling pathways to
account for the effects of various combinations of “LTM-
inducing” drugs and “LTM-inhibiting” ones summarized in
Table 1, and incorporates the following documented findings in
the fruitfly Drosophila: (1) NO production by NO synthase is
stimulated by calcium-calmodulin (Regulski and Tully 1995), (2)
adenylyl cyclase can be stimulated by either calcium-calmodulin
or the G-protein coupled receptor (Livingstone et al. 1984), and
(3) PKA activates CREB to induce LTM (Yin et al. 1995).

When evaluating the proposed model, it should be cau-
tioned that one potential difficulty of behavioral pharmacology
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Table 1. Summary of effects of inhibitors on 30-min and 24-h retention
Inhibitor L-NAME oDQ L-DIL W-7 DDA KT5720 CHX
Target NOS sGC CNG CAM AC PKA Protein
channel synthesis
Effects on 30-min retention no no no no no no (no
after 4 trial conditioning  effects effects effects effects effects effects effects)’
Effects on 24-hr retention after:
4 trial fully fully fully fully fully fully (fully
conditioning impaired impaired impaired impaired impaired impaired impaired)'
SNAP+1 trial no fully - - - fully fully
conditioning effects impaired impaired impaired
8br-cGMP+ 1 trial no no fully fully fully fully fully
conditioning effects effects impaired impaired impaired impaired impaired
A23187+ 1 trial - no no fully fully C =
conditioning effects effects impaired impaired
forskolin+ 1 trial - no no no fully - -
conditioning effects effects effects impaired
DB-cAMP+ 1 trial no no no no no fully fully
conditioning effects effects effects effects effects impaired impaired

"Matsumoto et al. (2003); (NOS) NO synthase; (sGC) soluble guanylyl cyclase; (CNG channel) cyclic nucleotide-gated

anion channel; (CAM) calmodulin; (AC) adenylyl cyclase; (PKA) protein kinase A; (L-DIL) 7-cis-diltiazem; (DDA) 2'5'-

dideoxyadenosine; (CHX) cycloheximide.

is that drugs may act on various neurons in various brain regions,
as well as on non-neuronal cells, and thus may lead to compli-
cated effects on behavior. Therefore, it was rather exceptional
that all drugs used in this study specifically facilitated or inhib-
ited induction of LTM without affecting retention at 30 min after
conditioning, which suggests that the drugs specifically affected
LTM formation. This obviously reflects the relative simplicity of
the nervous system of crickets.

Although efficacy of all inhibitors used in this study, except
for DCB, has been reported in biochemical or physiological stud-
ies in insects (see references cited in the Results section), it should
be cautioned that the specificity of inhibitors may not necessarily
be perfect and they may have affected on enzymes other than
their targets. We observed, however, no complicated effects of
inhibitors in studies with systematic coinjection of various
“LTM-inducing” and “LTM-blocking” drugs (Table 1) and thus, it

seems less likely that the proposed model is biased by unspecific
side effects of inhibitors. Considering that behavioral pharmaco-
logical study has limitations as well as effectiveness, future
complementary biochemical and electrophysiological studies are
required to confirm the validity of the proposed model.

We found no evidence of signaling pathways acting in par-
allel with the proposed NO-cGMP, calcium-calmodulin, and
cAMP-PKA cascade, since injection of inhibitors of any enzymes
of the proposed cascade resulted in a complete impairment of
LTM formation, not a partial impairment that would be expected
if there are parallel signaling pathways supplementing the pro-
posed pathway.

Some questions need to be solved for confirming the model
depicted in Figure 7. First, the possible involvement of PKG is not
yet fully ruled out, since we tested only one inhibitor. If PKG is
involved in the signaling cascade, it should be upstream of the
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Figure 7. A model of biochemical pathways for LTM formation in as-
sociative olfactory conditioning. The model is proposed on the basis of
the present findings in crickets and some documented findings in fruit-
flies (see text). Multiple-trial conditioning activates the NO-cGMP path-
way, and this in turn activates the adenylyl cyclase (AC)-cAMP-PKA-CREB
(cAMP-responsive element-binding protein) signaling pathway via the
CNG channel and calcium-calmodulin, resulting in protein synthesis-
dependent LTM formation. (CAM) Calmodulin; (Arg) arginine; (Gs) re-
ceptor; (R)-coupled G-protein.

CNG channel, because induction of LTM by injection of 8-br-
c¢GMP, which activates PKG, paired with single-trial conditioning
was completely inhibited by coinjection of L-DIL or DCB. Sec-
ond, it remains to be determined whether or not the production
of cGMP and cAMP occurs in the same compartment of the same
neurons; the present pharmacological study provides no infor-
mation about the localization of components of the signaling
pathway within the brain. Third, although it has been reported
that insect CNG channel is 50 times less sensitive to cAMP com-
pared with cGMP (Baumann et al. 1994), the possibility that
CNG channels are partially activated by cAMP, thus forming a
positive feedback loop for the formation of LTM, remains to be
studied. Fourth, it needs to be clarified whether G protein-
coupled receptors, which are thought to stimulate adenylyl cy-
clase (Livingstone et al. 1984), contribute to LTM formation in
some experimental conditions.

An unexpected finding is that retention at 30 min after con-
ditioning was not impaired by inhibitors of adenylyl cyclase,
because in Drosophila, rutabaga mutants defective in adenylyl cy-
clase exhibited a memory decay within a few minutes after con-
ditioning (Dubnau and Tully 1998). Further study is needed to
determine whether the time-course of the cAMP-dependent
memory phase differs between two species or whether the differ-
ence reflects different methods of interference.

A major objective of our ongoing study is determination of
neural circuits underlying the LTM formation by anatomically
and physiologically studying NO-generating neurons and NO-
receptive neurons in the cricket brain. Histochemical studies in
honey bees, locusts, and cockroaches have revealed presumable
NO synthase activity in some neurons of the antennal lobe (pri-
mary olfactory center) and the mushroom body (a higher olfac-
tory and multisensory center) (Miiller and Bicker 1994; Bicker
2001; Ott and Elphick 2002), while other neurons in the same
centers have been shown to exhibit immunoreactivity to NO-
induced cGMP (Bicker et al. 1996; Bicker 2001). In honey bees,
prolonged activation of PKA in the antennal lobe is implicated in
LTM formation (Miiller 2000), while in Drosophila, it is thought
that the mushroom body is required for LTM formation (Pascual
and Preat 2001). Notably, both the antennal lobe and the mush-
room body consist of a number of structural subunits (Miller
1997; Mizunami et al. 1998a,b; Bicker 2001) that have features
suitable to act as diffusion compartments (Miiller 1997; Bicker
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2001). If the NO released within a subunit induces long-term
changes in the strength of synaptic connections in a number of
target neurons of that particular subunit, the structural subunits
may act as functional units for the formation and storage of
olfactory LTM. One of our next steps is to identify NO-generating
and NO-receptive neurons in the antennal lobe and the mush-
room body and to determine whether electrical stimulation or
suppression of activities of these neurons during single- or mul-
tiple-trial conditioning can facilitate or impair LTM formation.

Materials and Methods

Adult male crickets, Gryllus bimaculatus, at 1-2 wk after the imagi-
nal molt were used. They were reared in a 12-h light/12-h dark
cycle (photophase: 8:00-20:00) at 27 + 2°C and were fed a diet of
insect pellets and water ad libitum. Four days before the start of
the experiment, a group of 20-30 animals was placed in a con-
tainer and fed a diet of insect pellets ad libitum, but deprived of
drinking water to enhance their motivation to search for water.
On the day of the experiment, they were individually placed in
100-mL glass beakers.

Classical olfactory conditioning

Classical conditioning procedures used were described elsewhere
(Matsumoto and Mizunami 2002a). In short, individual animals
received single- or multiple-trial (four-trial) conditioning. In the
former, one set of appetitive conditioning trials in which pep-
permint odor was associated with water reward (P+ conditioning
trial) was carried out. In the latter, two sets of P+ conditioning
trials and two sets of aversive conditioning trials in which vanilla
odor was associated with a solution of 20% NacCl (V — condition-
ing trial) were carried out, in the sequence of P+, V—, P+, and V —
conditioning trials with an intertrial interval of 5 min. Hypoder-
mic syringes of 1 mL each were used for conditioning. A small
filter paper was attached to the needle of the syringe. The syringe
used for the P+ conditioning trial was filled with water, and the
filter paper attached to the needle was soaked with peppermint
essence. The syringe used for the V— conditioning trial was filled
with 20% NaCl solution, and the filter paper was soaked with
vanilla essence. For odor presentation, the filter paper was placed
within 1 cm of the cricket’s head. At 2 sec after the onset of odor
presentation, a drop of water or saline solution was given to the
mouth of the cricket for 2 sec.

Odor preference test

All groups of animals were subjected to odor preference tests
before and at various times after conditioning. The apparatus
used for the preference test was as described previously (Matsu-
moto and Mizunami 2002a). In short, on the floor of the “test
chamber” of the apparatus, there were two circular holes that
connected the chamber with two of three sources of odor. Each
odor source consisted of a cylindrical plastic container contain-
ing a filter paper soaked with a 3-uL solution of vanilla or pep-
permint essence covered with a fine gauze net. The three con-
tainers were mounted on a rotatable holder. Two odor sources
could be located simultaneously just below the holes at the “offer
position” by rotating the holder.

Before the preference test, an animal was transferred from
the beaker to the “waiting chamber” of the apparatus and left for
4 min to become accustomed to the surroundings, and then the
door to the test chamber was opened. The test started when the
animal entered the test chamber. Two minutes later, the relative
positions of the vanilla and peppermint sources were changed by
rotating the container holder. An odor source was considered to
have been visited when the animal probed the top net with its
mouth. The time spent for visiting each odor source was mea-
sured cumulatively. The preference test lasted for 4 min. If the
total time of visits of an animal to either source was less than 10
sec, we considered that the animal was less motivated to visit
odor sources, possibly due to a poor physical condition, and the
data were rejected. Animals that fell into this category were ca.
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5% for the normal or saline-injected group and between 0% and
9% for each of the drug-injected groups. At the end of the train-
ing, the sliding door was opened and the animal was gently
pushed into the waiting chamber, and then the animal was trans-
ferred to a beaker. After completing the test session, animals were
provided a diet of insect pellets ad libitum.

Pharmacology

Animals were injected with 3 pL of saline containing drugs into
the hemolymph of the head using a microsyringe. Nw-nitro-L-
arginine methyl ester (L-NAME), Nw-nitro-D-arginine methyl es-
ter (D-NAME), S-nitroso-n-acetyl-penicillamine (SNAP), 2-
phenyl-4,4,5,5-tetramethyl-imidazoline-1-oxyl 3-oxide (PTIO),
1H-[1,2,4] oxadiazolo-[4,3-a]quinoxalin-1-one (ODQ), 8-bromo-
guanosine 3':5'-cyclic monophosphate (8-br-cGMP), N°, 2'-O-
dibutyryladenosine 3':5'-cyclic monophosphate (dibutyryl cy-
clic-:AMP: DB-cAMP), 3-isobutyl-1-methylxanthine (IBMX), cy-
cloheximide (CHX), 2',5'-dideoxyadenosine (DDA), forskolin,
9-(tetrahydro-2'-furyl) adenine (5Q22536), and dimethyl sul-
phoxide (DMSO), 3, 4, -dechlorobenzamil hydrochloride (DCB)
were purchased from Sigma. KT5720 and KT5823 were purchased
from Calbiochem. N-(6-aminohexyl)-5-chloro-1-naph-
thalenesulfonamide hydrochloride (W-7), (+—)-(E)-4-Ethyl-2-
[(E)-hydroxyimino]-5-nitro-3- hexenamide (NOR3), and verapa-
mil hydrochloride were purchased from Wako. L-(-)-cis-diltiazem
hydrochloride (L-DIL, purity 98%) and antibiotic A-23187 calci-
mycin (A-23187) were purchased from Biomol. ODQ, IBMX,
NOR3, KT5823, KT5720, W-7, forskolin, verapamil, and A-23187
were dissolved in cricket saline (Matsumoto et al. 2003) contain-
ing 0.1% DMSO, and all other drugs were dissolved in cricket
saline. Degassed SNAP was maintained in the dark at room tem-
perature for 24 h prior to use (Aonuma and Newland 2001).

Data analysis

Relative odor preference of each animal was measured using the
preference index (PI) for rewarded odor (peppermint) (%), de-
fined as t,/(tp+ty) X 100, where t; is the time spent exploring the
peppermint source and ty, is the time spent exploring the vanilla
source. Wilcoxon’s (WCX) test was used to compare odor pref-
erences in different tests of a given animal group, the Mann-
Whitney U (M-W) test was used to compare odor preferences of
different groups and the Kruskal-Wallis (K-W) test was used to
compare odor preferences among three or more groups. P values
of <0.05 were considered statistically significant.
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