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The involvement of the cGMP–protein kinase G (PKG) signaling
pathway in the induction of long-term depression (LTD) and
long-term potentiation (LTP) was investigated in the medial
perforant path of the dentate gyrus in vitro. Low-frequency
stimulation (LFS)-induced LTD of field EPSPs was inhibited by
bath perfusion of the selective soluble guanylyl cyclase inhibitor
1H-[1,2,4] oxadiazolo[4,3,-a]quinoxalin-1-one (ODQ). LFS-
induced LTD of EPSPs and whole-cell patch-clamped EPSCs
was also blocked by bath perfusion and postsynaptic intracel-
lular injection, respectively, of the selective PKG inhibitor
KT5823. Elevation of intracellular cGMP by perfusion of the
cGMP phosphodiesterase inhibitor zaprinast resulted in induc-
tion of LTD of field EPSPs and EPSCs. Occlusion experiments
showed mutual inhibition between LFS-induced LTD and
zaprinast-induced LTD. The zaprinast-induced LTD of field

EPSPs was inhibited by perfusion of ODQ and KT5823. In
addition, zaprinast-induced LTD of EPSCs was inhibited by
postsynaptic application of KT5823. Glutamate receptor stim-
ulation, especially that of metabotropic glutamate receptors
(mGluRs), was required for zaprinast-induced LTD, because
cessation of test stimulation or perfusion with the mGluR an-
tagonist (1)-a-methyl-4-carboxyphenylglycine (MCPG) inhib-
ited zaprinast-induced LTD. No inhibitory effect of ODQ or
KT5823 on the induction of LTP of EPSPs or EPSCs was found.
These data indicate that the cGMP–guanyly cyclase–PKG sig-
naling pathway in the dentate gyrus is essential for induction of
LTD, although not of LTP, in the dentate gyrus.
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Considerable evidence now exists for a role of the diffusible
molecule nitric oxide (NO) as an intercellular messenger in the
CNS (Schumann and Madison, 1994; Garthwaite and Boulton,
1995). NO has been proposed to act as an intercellular messenger
in the induction of synaptic plasticity, including long-term poten-
tiation (LTP) and long-term depression (LTD), in the hippocam-
pus. A role of NO in LTP induction has been proposed from
several lines of evidence. These include the ability of nitric oxide
synthase (NOS) inhibitors, or agents which bind NO, to block the
induction of LTP in CA1 (Bohme et al., 1991; O’Dell et al., 1991;
Schumann and Madison, 1991; Bon et al., 1992; Haley et al., 1992;
Doyle et al., 1996) and dentate gyrus (Wu et al., 1997), of NO
donors to induce LTP in CA1 (Bohme et al., 1991), of endothelial
(e) and neuronal (n) NOS knockout mice to have reduced LTP in
CA1 (Son et al., 1996), and also of adenovirus-mediated inhibi-
tion and rescue of eNOS to have reduced or normal LTP respec-
tively in CA1 stratum radiatum (Kantor et al., 1996). Recent
evidence suggests that NO may be particularly important in
regulating the threshold of LTP induction, because NOS inhibi-
tors blocked LTP induced by weak, but not strong, afferent
stimulation in CA1 (Chetkovitch et al., 1993; Haley et al., 1993;
O’Dell et al., 1994; Malen and Chapman, 1997), and NO (Zhuo
et al., 1993, 1994a) or NO donors (Malen and Chapman, 1997)
lowered the threshold for LTP induction in CA1. There is also
evidence that NO participates in the induction of LTD. In CA1,

NO was found to induce LTD when paired with low-frequency
stimulation of 0.25 Hz, a frequency that alone did not induce
LTD (Zhuo et al., 1994a). Moreover, NOS inhibitors blocked
LTD induction in the CA1 (Izumi and Zorumski, 1995) and the
dentate gyrus (Wu et al., 1997).

Two intracellular targets have been proposed to mediate the
action of NO in its involvement in the induction of LTP and LTD:
soluble guanylase cyclase, resulting in elevation of cGMP and
stimulation of PKG (Gartwaite and Boulton, 1995), and ADP-
ribosyltransferase (ADPRT) (Schumann et al., 1994). Several
studies have supported the involvement of the former pathway in
the induction of LTP. Inhibitors of soluble guanylyl cyclase or of
PKG prevented the induction of LTP in CA1 (Zhuo et al., 1994b;
Boulton et al., 1995), and cGMP analogs or activators of PKG
lowered the threshold for the induction of LTP (Zhuo et al.,
1994b; Arancio et al., 1995). One study has also presented evi-
dence for the involvement of ADPRT, with ADPRT activity
stimulated by NO, and inhibitors of ADPRT activity, blocking the
induction of LTP (Schumann et al., 1994).

In a recent study, we demonstrated an involvement of NO in
the induction of LTP and LTD in the dentate gyrus in vitro by
showing that NOS inhibitors blocked the induction of LTP and
LTD (Wu et al., 1997). To elucidate the intracellular target of the
NO, we have investigated the effects of agents acting on the
guanylyl cyclase–cGMP–PKG pathway. Our results indicate that
the induction of LTD, but not LTP, is dependent on the activa-
tion of the guanylyl cyclase–cGMP–PKG pathway.

MATERIALS AND METHODS
All experiments were performed on transverse slices of the rat
hippocampus (weight 40–80 gm). The brains were rapidly re-
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moved after decapitation and placed in cold oxygenated (95%
O2 /5% CO2) media. Slices were cut at a thickness of 350 mm
using a Campden vibroslice and placed in a holding vessel con-
taining oxygenated media at room temperature (20–22°C). The
slices were then transferred as required to a submerged recording
chamber and superfused continuously at a rate of 8 ml/min
at 32°C.

The control media contained (in mM): NaCl 120, KCl 2.5,
NaH2PO4 1.25, NaHCO3 26, MgSO4 2.0, CaCl2 2.0, D-glucose 10.
All solutions contained 100 mM picrotoxin (Sigma, St. Louis, MO)
to block GABAA-mediated activity. Additional drugs used were
D-2-amino-phosphonopentanoate (AP5; Tocris Cookson),
1-(2-trifluoromethyl-phenyl)imidazole (TRIM) (Lancaster Syn-
thesis), zaprinast (Sigma), (1)-a-methyl-4-carboxyphenylglycine
(MCPG) (Tocris Cookson), 1H-[1,2,4] oxadiazolo[4,3,-a]
quinoxalin-1-one (ODQ) (Tocris Cookson), and KT5823 (Cal-
biochem, La Jolla, CA). The patch-clamp electrode, resistance
5–8 MV, contained (in mM): potassium gluconate 130, KCl 10,
EGTA 10, CaCl2 1, MgCl2 3, HEPES 20, MgATP 5, NaGTP 0.5,
QX 314 5, pH 7.2 (using KOH).

Whole-cell recordings from dentate granule cells were made
using an Axopatch 1D amplifier (5 kHz low-pass Bessel filter), as
described previously (O’Connor et al., 1995). The capacitative
current was always cancelled electronically, and the series resis-
tance (15–30 MV, as measured directly from the amplifier) was
compensated by 60–70%. The mean input resistance was 295 6
15 MV, and the mean resting potential was 271 6 3 mV. The
input resistance was monitored continuously, and the recording
was terminated if it varied by .10%. Test EPSCs were recorded
at a holding potential of 270 mV in response to stimulation of the
medial perforant path at a control frequency of 0.033 Hz, with the
stimulation intensity adjusted to evoke an EPSC that was ;30%
of the maximum amplitude, usually ;50–100 pA. LTD of EPSCs
was evoked by low-frequency stimulation (LFS); 60 stimuli at 1
Hz were applied at 240 mV. The amplitude of LTD of EPSCs
was measured at 25 min after LFS. LTP of EPSCs was induced
either by eight trains of eight stimuli at 200 Hz, intertrain interval
0.5 Hz, under current-clamp conditions, or by a pairing protocol
consisting of one train of eight stimuli applied at 0 mV under
voltage-clamp conditions. Full experiments were performed, pro-
viding that certain criteria were met. These included a resting
membrane potential of at least 265 mV, a high input resistance
(at least 200 MV), and a low threshold and steep input–output
curve for the EPSCs.

Field EPSPs were recorded at a control test frequency of 0.033
Hz from the medial perforant path in response to stimulation of
this path. In each experiment, an input–output curve (afferent
stimulus intensity vs EPSP amplitude) was plotted at the test
frequency. For all experiments, the amplitude of the test EPSP
was adjusted to one-third of maximum, usually ;1.0–1.2 mV.
Paired-pulse stimulation was given at 0.017 Hz with 25 msec
intervals. Paired-pulse ratio was calculated as E1/E2 (E1, the
amplitude of the first EPSP; E2, the amplitude of the second
EPSP) and expressed as a percentage. LTD of field EPSPs was
evoked by LFS consisting of 900 stimuli at 1 Hz for 15 min, with
the test stimulation voltage remaining at the same amplitude
during the LFS. The LTD of field EPSPs was measured at 60–80
min after LFS or zaprinast perfusion. LTP of field EPSPs was
induced by eight trains of eight stimuli at 200 Hz; intertrain
interval was 0.2 Hz. Control and experimental slices were rou-
tinely taken from the same hippocampus.

Recordings were analyzed using the pClamp6 (Axon Instru-
ments). Values are the mean 6 SEM, and Student’s t test was
used for statistical comparisons.

RESULTS
Inhibition of guanylyl cyclase prevents LTD, but not
LTP, induction
ODQ has been shown to be a selective inhibitor of soluble
guanylyl cyclase, with half-maximal inhibition of ;100 nM in the
hippocampus (Garthwaite et al., 1995). ODQ has been shown
previously to inhibit the induction of both LTP in CA1 (Boulton
et al., 1995) and LTD in Purkinje cells of the cerebellum (Boxall
and Garthwaite, 1996).

In the present experiments, ODQ was found to inhibit the
induction of LTD, but not of LTP. Figure 1A shows that after
perfusion with ODQ (10 mM) for 1 hr, which did not cause a
change in the field EPSP, application of LFS (900 stimuli at 1 Hz)
resulted in a markedly reduced amplitude of LTD of the field
EPSP, which measured 6 6 5% ( p , 0.01; n 5 7) compared with
a set of control slices in which LTD measured 36 6 4% (n 5 6).
Short-term depression, at 1 min after the LFS, was also reduced
by ODQ, from 32 6 3% in control to 15 6 4% ( p , 0.01; n 5 7).
In contrast, Figure 1B shows that ODQ did not inhibit the
induction of LTP of field EPSPs, with high-frequency (HFS)-
induced LTP measuring 132 6 6% in control and 129 6 7% in
slices perfused with ODQ.

Inhibition of PKG prevents induction of LTD but not
of LTP
KT5823 is a selective PKG inhibitor with a Ki of 234 nM (Kase,
1988; Nakanishi, 1989). It has been shown previously to inhibit
LTP induction in CA1 (Zhou et al., 1994b) and to inhibit LTD in
cerebellum Purkinje cells (Ito and Karochet, 1990; Hartell, 1996).

KT5823 (10 mM) was found to inhibit the induction of LTD, but
not LTP. Figure 2A shows that after extracellular application of
KT5823 for 1 hr, LFS-induced LTD of EPSPs was strongly
inhibited and measured 5 6 3.% ( p , 0.01; n 5 8) compared with
LTD of 29 6 5% (n 5 7) in control slices.

The action of KT5823 was also examined in whole-cell patch-
clamp recordings in which KT5823 was allowed to diffuse from
the patch pipette into the postsynaptic cell. In a previous study
from this laboratory, it has been shown that LTD in the dentate
gyrus can be induced by a brief LFS under mildly depolarized
conditions (Wang et al., 1997). In control patch-clamp recordings,
LTD of EPSCs induced by LFS (60 stimuli at 1 Hz, 240 mV)
measured 36 6 3% (n 5 5). However, LTD induction was
strongly inhibited in cells loaded with KT5823 (10 mM), with LTD
measuring 2 6 3% (n 5 5; p , 0.01) (Fig. 2B).

LTP induced by HFS was not inhibited by KT5823, either
applied to the postsynaptic cell or perfused in the bath. Control
LTP of EPSCs induced by HFS consisting of either a series of
eight trains of eight stimuli (200 Hz) under current clamp (Fig.
2C) or one train of eight stimuli (200 Hz) at 0 mV (Fig. 2D)
induced LTP of 145 6 3.7% (n 5 5) and 138 6 5.4% (n 5 5),
respectively. In the presence of KT5823 (10 mM) in the patch
pipette, HFS consisting of eight trains of eight stimuli applied
under current clamp (Fig. 2C) or one train of eight stimuli at 0
mV (Fig. 2D) resulted in LTP induction measuring 143 6 5%
(n 5 5) and 141 6 4% (n 5 5), respectively, and the levels of LTP
were not significantly different from control. Bath perfusion of
KT5823 (10 mM) also did not block induction of LTP of field
EPSPs. In control slices, LTP induced by HFS measured 146 6
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12%, whereas in slices perfused with KT5823 for 1 hr, LTP
measured 138 6 7% ( p . 0.05; n 5 5) (Fig. 2E).

Inhibition of intracellular cGMP breakdown
induces LTD
To investigate the effects of increasing the intracellular level of
cGMP, we prevented intracellular cGMP breakdown with the use
of the agent zaprinast, which is a selective inhibitor of cGMP-
specific phosphodiesterase (Beavo and Reifsnyder, 1990). Zapri-
nast has been shown previously to induce LTD in Purkinje cells
of the cerebellum (Hartell, 1996).

Perfusion of zaprinast (20 mM) for 20 min induced LTD of the
field EPSP measuring 27 6 4% ( p , 0.01; n 5 10) at 80 min after
commencement of zaprinast perfusion (Fig. 3A). Recording of
paired-pulse changes during the perfusion of zaprinast showed
that the paired-pulse depression present in control (19 6 3%
depression) was reduced during the initial period of perfusion of
zaprinast (to 3 6 2%), indicating that the initial period of de-
pression induced by zaprinast was mediated by a presynaptic
decrease in the probability of transmitter release. However, the
decrease in paired-pulse depression was transient, and it returned
to control value (18 6 3%) by 40 min after perfusion of zaprinast

was started, although LTD was maintained for .80 min. Occlu-
sion experiments showed mutual block between the LFS-induced
and the zaprinast-induced LTD. First, zaprinast-induced LTD
was found to occlude LFS-induced LTD. Thus zaprinast-induced
(20 mM) LTD measuring 29 6 2% (n 5 5) resulted in a block of
further LTD by LFS (2 6 2%; n 5 5; p , 0.001) (Fig. 3B).
Second, LFS-induced LTD was found to occlude zaprinast-
induced LTD. Thus LFS-induced LTD measuring 38 6 7%
resulted in a block of further LTD by zaprinast (3 6 2%; n 5 5;
p , 0.005) (Fig. 3C). These occlusion experiments demonstrate
convincingly that the long-lasting depression induced by zaprinast
has maintenance mechanisms identical to LFS-induced LTD.

To investigate whether the zaprinast-induced LTD, like the
LFS-induced LTD, involved activation of soluble guanylyl cyclase
and PKG, zaprinast was applied in the presence of the inhibitor
of soluble guanylyl cyclase ODQ (10 mM) or the PKG inhibitor
KT5823 (10 mM). After perfusion of ODQ or KT5823 for 1 hr,
zaprinast induced a short-term depression, but LTD was strongly
inhibited. In ODQ, zaprinast-induced LTD measured 5 6 5%
( p , 0.01; n 5 5) (Fig. 4A), and in KT5823, zaprinast induced a
small potentiation rather than LTD (to 107 6 7%; p , 0.01; n 5
7) (Fig. 4B). Short-term depression at 1 min after washout of
zaprinast was not inhibited by ODQ (33 6 4% in control vs 30 6
3% in ODQ) but was reduced in KT5823 (17 6 2%; p , 0.05; n 5
7). KT5823 applied postsynaptically (10 mM in the patch pipette)
also blocked LTD induction. In control experiments, zaprinast
induced LTD measuring 36 6 3% (n 5 5) (Fig. 4C). In cells
loaded with KT5823, zaprinast-induced LTD was strongly inhib-
ited, measuring 2 6 3% ( p , 0.01; n 5 5). Simultaneous mea-
surements of the field EPSP were made in three experiments in
which the cell was loaded with KT5823. Zaprinast induced LTD
of the field EPSP at a level similar to that found previously,
although LTD induction of the EPSC was blocked (Fig. 4D).

Activation of mGluRs is required for
zaprinast-induced LTD
To identify the receptor involved in the zaprinast-induced LTD,
experiments were performed involving application of zaprinast in
the presence of inhibitors of NMDA receptor (NMDAR) and
mGluR and also with cessation of test stimuli during zaprinast
application. Cessation of test stimuli during zaprinast application
resulted in an inhibition of LTD induction (4 6 3%; n 5 5; p .
0.05) at 80 min after zaprinast application (Fig. 5A). The mGluR
antagonist MCPG (500 mM), perfused for 1 hr before zaprinast
application, also prevented LTD induction (8 6 8%; n 5 5; p .
0.05) at 80 min after zaprinast application (Fig. 5B). However, the
NMDAR antagonist AP5 did not inhibit LTD induction. After
perfusion of AP5 for 1 hr, application of zaprinast induced LTD
measuring 33 6 2% ( p , 0.01; n 5 5) (Fig. 5C).

DISCUSSION
The results of this study present evidence that the induction of
LTD in the dentate gyrus involves the soluble guanylyl cyclase–
cGMP–PKG signaling pathway. The initial step in this intracel-
lular pathway, the production of NO, was shown to be important
in LTD induction in the dentate gyrus in a previous study from
this laboratory, with the NOS inhibitors TRIM and 3-bromo-7-
nitro-indazole blocking the induction of LTD (Wu et al., 1997).
The involvement of cGMP in LTD induction was demonstrated
in the present study by the ability of raised levels of cGMP (by the
use of the selective cGMP phosphodiesterase inhibitor zaprinast)
to induce LTD, whereas an involvement of soluble guanylyl

Figure 1. The soluble guanylase inhibitor ODQ prevents the induction of
LTD but not of LTP. A, In a control set of slices, LFS (900 stimuli, 1 Hz)
induced LTD of field EPSPs (E); n 5 6. In a second set of experimental
slices, ODQ (10 mM) perfused for 1 hr before LFS inhibited the induction
of LTD of field EPSPs (F); n 5 7. a–d show original traces of field EPSPs
in control baseline recording (a, b) after induction of LTD in control
slices (d) and after block of LTD induction in the presence of ODQ. B,
In a control set of slices, HFS consisting of eight trains of eight stimuli at
200 Hz induced LTP of field EPSPs (E). In a second set of experimental
slices, ODQ perfused for 1 hr before HFS did not inhibit the induction of
LTP of field EPSPs (F).
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cyclase and PKG was demonstrated by ODQ and KT5823, re-
spectively, inhibitors of these messengers, to strongly inhibit LTD
induction produced by both LFS and zaprinast. In the CA1
hippocampus, evidence for a role of the cGMP signaling pathway
in LTD induction is more debatable. NOS inhibitors were found
to block the induction of LTD (Izumi and Zorumski, 1995), and
NO directly induced LTD when paired with low-frequency stim-
ulation (Zhuo et al., 1994a) in CA1. In addition, a very recent

study has shown that ODQ inhibits LTD induction in CA1 (Gage
et al., 1997). However, in other studies in CA1, NOS inhibitors
did not prevent LTD induction (Cummings et al., 1994), NO
donors were shown to induce only a short-term depression and
not LTD (Boulton et al., 1994), and moreover NO donors did not
enhance either maximal or weak LTD (Malen and Chapman,
1997). In addition, in CA1, double knockout for nNOS and eNOS
did not show significantly reduced LTD (Son et al., 1996), and

Figure 2. The PKG inhibitor KT5823 (10 mM) inhibits the induction of LTD but not of LTP. A, In a control set of slices, LFS induced LTD of field
EPSPs (E); n 5 7. In a second set of experimental slices, KT5823 prevented the induction of LTD of field EPSPs (F); n 5 8. B, In a control set of slices,
LFS consisting of 60 stimuli at 1 Hz applied at 240 mV induced LTD of EPSCs recorded under whole-cell patch-clamp conditions (E); n 5 5. In a second
set of experimental slices, LTD of EPSCs was inhibited in cells filled with KT5823 by diffusion from the patch pipette (F); n 5 5. C, D, In control slices,
HFS consisting of one train of eight stimuli at 200 Hz ( C) or eight trains of eight stimuli at 200 Hz ( D) induced LTP (E); n 5 5. In experimental slices,
LTP of EPSCs was not inhibited in cells filled with KT5823 by diffusion from the patch pipette when LTP was induced by one or eight trains of HFS
(C, D) (F); n 5 5. The original traces in C show paired-pulse recordings of EPSCs in control baseline recordings (a, b) and after induction of LTP (c,
d). E, The graph shows that LTP of field EPSPs induced by HFS (8 trains of 8 stimuli at 200 Hz) is not blocked by extracellular bath application of
KT5823, with the amplitude of LTP induced in control (E) not significantly different from that in KT5823 (F).

3592 J. Neurosci., May 15, 1998, 18(10):3589–3596 Wu et al. • LTD Induction Dependent on cGMP and PKG Activation



zaprinast induced only a short-term depression (Boulton et al.,
1994). We therefore suggest that the NO–cGMP signaling path-
way may play a much more prominent role in LTD induction in
the dentate gyrus than in CA1, perhaps because of a higher
concentration of nNOS in the dentate gyrus than in CA1 (see
below).

The involvement of the NO–cGMP signaling pathway in the
induction of LTD in the dentate gyrus shows striking similarities
with the induction of LTD in Purkinje cells of the cerebellum.
There is very strong evidence for the involvement of NO in the
induction of Purkinje cell LTD (Garthwaite and Boulton, 1995;
Lev-Ram et al., 1997). In addition, induction of LTD in Purkinje
cells was blocked by the guanylyl cyclase inhibitor ODQ (Boxall
and Garthwaite, 1996) and by PKG inhibitors, including KT5823

(Lev-Ram et al., 1997), and LTD was induced by photorelease of
caged cGMP (Lev-Ram et al., 1997) and by zaprinast (Hartell,
1996).

NO has been proposed to act as a retrograde messenger in the
induction of LTP in CA1 hippocampus, being released from the
postsynaptic cell and then diffusing to the presynaptic terminal
for its action in increasing transmitter release (O’Dell et al., 1991;
Arancio et al., 1996). In contrast, in the cerebellum, NO has been
proposed to act as an anterograde messenger, being released from
parallel fiber terminals and diffusing to the Purkinje cell where it
mediates LTD (Lev-Ram et al., 1995, 1997). The site of release of
NO is likely to be postsynaptic in the hippocampus (O’Dell et al.,
1991; Arancio et al., 1996), with NOS being expressed postsyn-
aptically in hippocampal pyramidal and granule cells in the

Figure 3. The cGMP phosphodiesterase inhibitor cGMP induces LTD. A, The top graph shows that the perfusion of zaprinast (20 mM for 20 min)
resulted in the induction of LTD of the field EPSP; n 5 10. The bottom graph shows that the initial depression lasting ;30 min was accompanied by a
decrease in paired-pulse depression, indicating a presynaptic site of action. However, the remaining LTD was not accompanied by a change in
paired-pulse depression. The original traces above the top graph show paired pulse-recordings of EPSPs in control baseline recordings ( a), 10 min after
washout of zaprinast (b) and 50 min after washout of zaprinast (c). The original traces below the bottom graph are the superimposed traces of a and the
normalized first EPSP of b, showing the early change in paired-pulse depression during the zaprinast perfusion. a and c are a and the normalized first
EPSP of c, showing the lack of change of paired pulse depression during LTD. B, Occlusion experiment showing that after induction of LTD by zaprinast,
LFS did not induce further significant LTD; n 5 5. The original traces are paired-pulse recordings of field EPSPs in control baseline recordings (a),
40 min after application of zaprinast (b), and 40 min after LFS (c). C, Occlusion experiment showing that after induction of LTD by LFS, zaprinast
did not induce further significant LTD; n 5 5. The original traces are paired-pulse recordings of field EPSPs in control baseline recordings (a), 15 min
after LFS (b) and 40 min after application of zaprinast (c).
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mouse, rat, and human dentate gyrus (Dinnerman et al., 1994;
Brenman et al., 1996; Hara et al., 1996; Doyle and Slater, 1997;
Eliasson et al., 1997). In the present study, postsynaptic applica-
tion of the PKG inhibitor KT5823 blocked LFS- and zaprinast-
induced LTD. This suggests that the PKG is produced postsyn-
aptically, which would be consistent with NO acting as an
intercellular postsynaptic messenger in the dentate gyrus, diffus-
ing between adjacent postsynaptic cells in its involvement in
mediating LTD. However, the possibility that KT5823 diffused to
the presynaptic terminal after its postsynaptic application in the
present studies cannot be eliminated. In this case, NO would then
act as a retrograde messenger and stimulate presynaptic PKG and
subsequently affect transmitter release.

The NO involved in LTD induction in the dentate gyrus may be
derived from nNOS, because nNOS shows particularly dense
immunohistochemical staining in the dentate gyrus, much higher
than in CA1 (Brenman et al., 1996; Eliasson et al., 1997). More-
over, the NOS inhibitor TRIM, which was found to block LTD
induction in the dentate gyrus in a previous study (Wu et al.,
1997), is selective for nNOS. It is of interest that the similarity of
the dentate gyrus and the cerebellum regarding LTD induction
also applies to the distribution of nNOS, with the molecular and

granular layers of the cerebellum having high levels of nNOS
(Brenman et al., 1996; Eliasson et al., 1997).

Stimulation at the test frequency was found to be essential for
the induction of LTD, and cessation of test stimulation prevented
the induction of LTD. Such stimulation may be necessary to
activate mGluR, because blocking of mGluR with the antagonist
MCPG was found to inhibit the induction of zaprinast-induced
LTD. Previous studies from this laboratory have shown that
activation of mGluR is essential for the induction of LTD in the
dentate gyrus, with the mGluR group I and II antagonist MCPG
(O’Mara et al., 1995) and the mGluRII antagonist MCCG
(Huang et al., 1997) inhibiting LTD induction, and the mGluR
agonist 1S,3R-ACPD directly inducing LTD (O’Mara et al.,
1995). mGluR activation is also known to be essential for the
induction of cerebellar LTD (Conquet et al., 1994; Hartell, 1994),
including zaprinast-induced LTD (Hartell, 1996).

The induction of LTP in the dentate gyrus was found to be
prevented by NOS inhibitors in a previous study in this labora-
tory, demonstrating an involvement of NOS in LTP induction
(Wang et al., 1997). However, in this study, LTP induction was
not prevented by inhibiting soluble guanylyl cyclase with ODQ or
inhibiting PKG with KT5823. These experiments suggest that the

Figure 4. Zaprinast-induced LTD is blocked by the inhibitors of soluble guanylyl cyclase ODQ and PKG inhibitor KT5823. A, Perfusion of the soluble
guanylyl cyclase inhibitor ODQ (10 mM) inhibited the LTD of field EPSPs induced by perfusion of zaprinast (20 mM); n 5 5. B, Perfusion of the PKG
inhibitor KT5823 (10 mM) inhibited the LTD induced by perfusion of zaprinast (20 mM); n 5 7. C, In a set of control experiments, zaprinast (20 mM)
induced LTD of EPSCs (E). In the presence of postsynaptic KT5823 (10 mM in the patch pipette), zaprinast-induced LTD was inhibited (F); n 5 5. D,
An experiment in which the presence of KT5823 in the patch pipette inhibited the zaprinast-induced LTD of EPSCs but did not inhibit the
zaprinast-induced LTD of the field EPSP. The original traces show paired-pulse recordings of field EPSPs in control baseline recordings ( a) and after
perfusion of zaprinast (c), which induced LTD, and also of EPSCs in control baseline recordings and in the postsynaptic presence of KT5823 ( d), which
blocked the induction of LTD.
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target site for the action of NO is not the cGMP pathway. A likely
alternative target for NO is an ADP ribosyltransferase. It has
been proposed previously that an ADP ribosyltransferase is the
target of NO in CA1, because NO dramatically increased ADP
ribosyltransferase activity in CA1, whereas inhibitors of ADP
ribosyltransferase prevented LTP induction (Schumann et al.,
1994).
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