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Nitric oxide (NO) is an intercellular retrograde messenger involved in several physiological processes such as
synaptic plasticity, hippocampal long-term potentiation (LTP), and learning and memory. Moreover NO
signaling is implicated in the pathophysiology of brain ischemia. In this study, we have characterized the role
of NO/cGMP signaling cascade in the induction andmaintenance of post-ischemic LTP (iLTP) in rat brain slices.
Moreover, we have investigated the possible inhibitory action of zonisamide (ZNS) on this pathological form
of synaptic plasticity as well as the effects of this antiepileptic drug (AED) on physiological activity-dependent
LTP. Finally, we have characterized the possible interaction between ZNS and the NO/cGMP/PKG-dependent
pathway involved in iLTP.
Here, we provided the first evidence that an oxygen and glucose deprivation episode can induce, in CA1
hippocampal slices, iLTP by modulation of the NO/cGMP/PKG pathway. Additionally, we found that while ZNS
application did not affect short-term synaptic plasticity and LTP induced by high-frequency stimulation, it
significantly reduced iLTP. This reduction was mimicked by bath application of NO synthase inhibitors and a
soluble guanyl cyclase inhibitor. The effect of ZNS was prevented by either the application of a NO donor or
drugs increasing intracellular levels of cGMP and activating PKG. These findings are in line with the possible
use of AEDs, such as ZNS, as a possible neuroprotective strategy in brain ischemia. Moreover, these findings
strongly suggest that NO/cGMP/PKG intracellular cascade might represent a physiological target for
neuroprotection in pathological forms of synaptic plasticity such as hippocampal iLTP.
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Introduction

Nitric oxide (NO) is an intercellular retrograde messenger,
originally described as an endothelial relaxation factor, which has
been shown to be involved in several physiological processes such as
hippocampal long-term potentiation (LTP), plasticity, learning, and
memory (Arancio et al., 1996; Bohme et al., 1991). In particular, NO
signaling is implicated in the pathophysiology of brain aging
(Calabrese et al., 2000) and ischemia (Iadecola, 1997) and it is
required for the generation of anoxia-induced LTP (Huang and Hsu,
1997). Synaptic and cellular events induced by brain ischemia share
some pathophysiological mechanisms with those triggered by the
abnormal neuronal discharge induced by epilepsy (Calabresi et al.,
2003a,b). Therefore, drugs effective in minimizing seizure-induced
brain damage might also be useful in reducing ischemic injury
(Calabresi et al., 2003b).

Several antiepileptic drugs (AEDs) have been tested in animal
models of focal or global ischemia and some of these compounds have
also been tested in humans for possible neuroprotective effects
through modulation of voltage-gated ion channels, enhancement of
synaptic inhibition, and inhibition of synaptic excitation (Calabresi et
al., 2003b; Costa et al., 2004, 2006). The new AED Zonisamide (ZNS)
prevents hypoxic-ischemic damage in animal models (Hayakawa et
al., 1994; Minato et al., 1997; Owen et al., 1997). Interestingly, its
neuroprotective action is independent of its antiepileptic activity
(Hayakawa et al., 1994).

Furthermore, the potential mechanisms of ZNS action comprise its
inhibitory effect on the excessive NO production. In fact, experimental
studies have shown that ZNS inhibits NO synthase in the hippocam-
pus following NMDA administration suggesting a possible neuropro-
tective effect via a reduction of NO formation (Noda et al., 1999).
Moreover, the neuroprotective effects of ZNS might be linked to its
antioxidant and/or NO-modulating effects (Biton, 2007).
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Thus, we have characterized the role of the NO/cGMP/PKG cascade
in the induction and maintenance of post-ischemic LTP (iLTP).
Moreover, we have also investigated the possible inhibitory action
of ZNS on this pathological form of synaptic plasticity as well as the
effects of this AED on physiological activity-dependent LTP. Finally,
we have characterized the possible interaction between ZNS and the
NO/cGMP/PKG dependent pathway involved in iLTP.

Materials and methods

Electrophysiology

All the experiments were conducted in conformity with the
European Communities Council Directive of November 1986 (86/609/
ECC). Hippocampal slices (thickness, 400 μm) were cut from 1 to 2-
month-old male Wistar rats (n=38) (Harlan, Italy) using a vibratome.
Preparation and maintenance of hippocampal slices have been
described previously (Costa et al., 2008).

A single slice was transferred to a recording chamber and submerged
in a continuously flowing Krebs' solution (34 °C; 2.5–3 ml/min) bubbled
with a 95% O2–5% CO2 gas mixture. The composition of the solution was
as follows (in mol/L): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 1.2 NaH2PO4, 2.4
CaCl2, 10 glucose and 25 NaHCO3.

An Axoclamp 2B amplifier (Molecular Devices, USA) was used for
extracellular recordings (Costa et al., 2008). After acquiring a stable
baseline for 20 min, LTP was induced by high-frequency stimulation
(HFS) consisting of one train of one second at 100 Hz at baseline
stimulation intensity. The initial slope of the response was used to
assess changes in synaptic strength. In vitro ischemiawas delivered by
switching the standard Kreb's solution to an artificial cerebrospinal
fluid solution in which sucrose replaced glucose, gassed with 95% N2

and 5% CO2 (oxygen and glucose deprivation, OGD). As previously
reported, iLTP was induced in hippocampal slices by a brief OGD
episode (2–2.5 min) (Crepel et al., 1993; Crepel and Ben-Ari, 1996). In
these experiments, fEPSPs were evoked by the stimulation of Schaffer
collaterals and recorded by an electrode filled with 2 mol/L NaCl
(15–20 MΩ) inserted into the CA1 region in presence of an ACSF
containing 10 μM bicuculline to block GABAA receptors, 0.3 mMMg2+

to enhance NMDA receptor-mediated responses and 10 μM glycine to
saturate the glycine allosteric site of the NMDA receptors (Crepel et
al., 1993; Crepel and Ben-Ari, 1996).

Drugswere bath applied by switching the solution to one containing
known concentrations of drugs. Quantitative data are expressed as a
percentage of the fEPSP initial slope with respect to the relative control
slope values, the latter representing the average response recorded
during a stable period (15–20 min). All the drugs used in this study
were applied 15–20min before the onset of the bath application of
ischemia solution.

Drugs

Zonisamide was from EISAI (U.K.); 7-NINA, L-NAME, SNAP, ODQ,
8Br-cGMP were from Tocris bioscience (U.K.); Zaprinast was from
Sigma-Aldrich (Italy); Rp-8Br-cGMPS was from Merck Chemicals
(Italy).

In the present study we have chosen a concentration of 1 μM ZNS
because in a previous electrophysiological study on striatal slice
preparations (Costa et al., 2010) we found that this dose reduced the
effects induced by prolonged in vitro ischemia and rotenone without
affecting the current-evoked firing discharge and the amplitude of
excitatory postsynaptic potentials.

Statistical analysis

Off-line analysis was performed using Clampfit (Molecular Devices)
andMicrocal Origin software; Values given in the figures and in the text
are mean±S.E., n representing the number of the slices. Two-way
ANOVA was used for statistical analysis. ANOVA for repeated measures
was performed (group×time) for all the presented time-courses. The
significance level was established at *pb0.05, **pb0.01, and
***pb0.001.

Results

Zonisamide does not affect physiological synaptic transmission and
plasticity in the CA1 hippocampal area

Extracellular field EPSPs (fEPSPs) were evoked by stimulating the
Schaffer collateral fibers (10 μs duration; 30–50 V intensity) with a
bipolar electrode placed in the stratum radiatum of the CA1 region
and recorded in the same region with a glass microelectrode. The
input–output (I–O) relationships, constructed by plotting the presyn-
aptic fiber volley (FV) amplitude against the mean fEPSP slope,
showed no significant difference between the I–O curve from slices
incubated with 1 μM ZNS in respect to the one recorded in control
condition (n=12 for each group, pN0.05; Fig. 1A, left).

To determine whether application of 1 μM ZNS affected the
neurotransmitter release from presynaptic terminals at CA1 synapses,
we applied a paired-pulse facilitation (PPF) protocol at various
interpulse intervals (50–300 ms). These experiments showed no
difference in PPF between the control condition and in the presence of
ZNS (n=10 for each group, pN0.05; Fig. 1A, right). These findings
suggest that the basal excitatory synaptic transmission and short-
term plasticity were not modified in presence of 1 μM ZNS.

Having observed no changes in short-term forms of synaptic
plasticity at the CA3–CA1 synapse, we turned our attention to a more
sustained form of potentiation. Thus, we observed a robust LTP
induced by high-frequency stimulation in control condition. Also in
slices treated with 1 μM ZNS HFS-induced LTP was not altered (n=14
for each experimental condition, pN0.05; Fig. 1B).

Zonisamide blocks the induction but not the maintenance of iLTP

A brief episode (2–2.5 min) of OGD produces a transient depression
of fEPSP. During reoxygenation, fEPSPs returned to control values
within 7–8 min and were subsequently and persistently potentiated. In
fact the slope of the fEPSP increased by 69.5±7.7% at 60 min after OGD
(n=8, Fig. 1C). In presence of 1 μM ZNS, however, the amplitude of
iLTP was significantly reduced (n=16, pb0.001; Fig. 1C). Conversely,
when ZNS was applied after the induction of iLTP, it did not alter the
amplitude of iLTP suggesting that this AED affects the induction but not
the maintenance of this form of long-term synaptic plasticity (n=16;
Fig. 1D).

The NOS inhibitors, L-NAME and 7-NINA, block the induction but not the
maintenance of iLTP

The NOS family consists of three isoforms: neuronal NOS (nNOS),
endothelial NOS (eNOS), and inducible NOS (iNOS) (Calabrese et al.,
2007). In particular, nNOS, and eNOS have been suggested to play a
role in LTP (Hopper and Garthwaite, 2006). Thus, we hypothesized
that the blockade of the hippocampal NO production would interfere
with the formation of iLTP.

In a first set of experiments we used L-NAME, an inhibitor of both
nNOS and eNOS. Incubation of the slices (20 min) in the presence of
50 μM L-NAME prevented the formation of iLTP (n=12, pb0.001;
Fig. 2A). Similar results were obtained by using 7-NINA, a more
selective inhibitor of nNOS (Moore and Handy, 1997). In fact, the
incubation of the slices in 30 μM7-NINA blocked iLTP (n=12, pb0.001;
Fig. 2A).

We also tested whether L-NAME and 7-NINA could interfere with
the maintenance of iLTP. These drugs did not significantly alter the



Fig. 1. Zonisamide reduces post-ischemic but not activity-dependent hippocampal LTP.
(A) Left, input–output plot of field EPSPs (fEPSPs) recorded in the CA1 hippocampal
area was not affected by 1 μM ZNS; Right, the paired-pulse ratio (fEPSP2/fEPSP1),
measured at different inter-stimulus interval (50–300 ms), was not altered by ZNS.
(B) ZNS did not reduce the physiological LTP induced by high frequency stimulation
(HFS). Traces show examples of fEPSPs recorded before and 60 min after the delivery of
HFS. (C) LTP induced by oxygen and glucose deprivation (OGD) was significantly
reduced by ZNS (***pb0.001). (D) This AED, when applied after the induction of iLTP,
did not affect its maintenance.

Fig. 2. The NOS inhibitors, L-NAME and 7-NINA, reduce iLTP. (A) The graph shows that
both 50 μM L-NAME or 30 μM 7-NINA reduced the induction iLTP (***pb0.001). The
upper traces show an example of fEPSP pre and post-OGD in the presence of 7-NINA.
(B–C) The graphs show that neither L-NAME nor 7-NINA altered the maintenance of
iLTP.
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amplitude of iLTP after its induction suggesting that NO is not
implicated in the maintenance of this form of synaptic plasticity
(n=12 for each group, pN0.05; Fig. 2BC).
SNAP, a NO donor, restores iLTP blocked by either zonisamide or NOS
inhibitors

In order to further investigate the role of ZNS in the induction of the
NO-dependent iLTP, we applied ZNS in association with the NO donor
SNAP, a drug that did not alter per se the amplitude and the
characteristics of iLTP (n=12; Fig. 3A). Interestingly, while ZNS
significantly reduced iLTP (Fig. 1C), the application of 100 μM SNAP
plus 1 μM ZNS did not alter the iLTP. In fact, under this experimental
condition the iLTP was similar to that observed in control condition
(71±17%, n=12, pN0.05; Fig. 3A). The same result was observed when
100 μM SNAP was incubated with either 30 μM 7-NINA (73±12%,

image of Fig.�2


Fig. 3. SNAP, a NO donor, restores iLTP blocked by either zonisamide or NOS inhibitors
while the guanylate cyclase inhibitor ODQ blocks it. (A) The graph shows that 100 μM
SNAP in the presence of 1 μM ZNS applied before OGD restored iLTP (*pb0.05). The
upper traces show an example of fEPSP pre and post-OGD in the presence of ZNS and
SNAP. (B–C) This form of synaptic plasticity is also restored when 100 μM SNAP was
incubated with either 30 μM 7-NINA (**pb0.01) or 50 μM L-NAME (***pb0.001). (D)
The graph shows that 10 μM ODQ, an inhibitor of soluble guanylate cyclase, blocked
iLTP; however, under this condition, iLTP was restored by 1 μM 8Br-cGMP, an activator
of cGMP-dependent protein kinases.
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n=12, pb0.01; Fig. 3B) or 50 μML-NAME (58.2±13%, n=12, pb0.001;
Fig. 3C).

The block of iLTP by zonisamide or by a sGC inhibitor is restored by a
cGMP analog

NO activates soluble guanylate cyclase (sGC), increasing the
formation of cGMP (Boulton et al., 1995) suggesting that cGMP
might be involved in the formation of hippocampal iLTP. To analyze
this possibility, we inhibited the sGC with ODQ, a potent and selective
inhibitor of this enzyme (Boulton et al., 1995), and we found that in
presence of 10 μM ODQ, OGD was unable to induce iLTP (n=12,
pb0.001; Fig. 3D).

To further support the involvement of the NO/cGMP/PKG pathway
in iLTP, we tested whether 8-Br-cGMP, an activator of cGMP-
dependent protein kinases, was able to restore this form of synaptic
plasticity even in the presence of either ODQ or ZNS. According to our
hypothesis, 1 μM 8-Br-cGMP restored iLTP either in the presence of
10 μM ODQ (n=12, pb0.001; Fig. 3D) or when co-applied with 1 μM
ZNS (n=12, pb0.001; Fig. 4A).

Zaprinast, a PDE inhibitor, reverses the zonisamide-induced blockade of
iLTP

Because cGMP can regulate the activity of the cAMP degrading
enzyme phosphodiesterase (PDE), we examined whether increases in
cGMP levels canmodulate iLTP, through effects on cAMP signaling. For
this reason we used zaprinast, an inhibitor of cGMP-specific PDE, to
elevate cGMP levels. We found that while 1 μM zaprinast did not
affect per se iLTP, it was able to restore this pathological form of
synaptic plasticity even in the presence of 1 μM ZNS (n=16 for each
group, pb0.001; Fig. 4B).

The PKG inhibitor Rp-8Br-cGMPS blocks iLTP

The final demonstration that iLTP requires the activation of a NO/
cGMP/PKG dependent pathway, was achieved by utilizing the PKG-
specific inhibitor, Rp-8Br-cGMPS. In the presence of 1 μM Rp-8Br-
cGMPS iLTP was blocked (n=8, pb0.001; Fig. 4C). Moreover, this
inhibitor was also able to block the effects on iLTP induced by either
100 μM SNAP or 1 μM 8Br-cGMP (n=8 for each experimental
condition, pb0.001; Fig. 4C).

Discussion

The present study provides two major findings having both
pathophysiological and clinical implications. Firstly, we have shown
as a novel finding that the NO/cGMP/PKG pathway is involved in the
induction of iLTP. As a second major result of this study, we suggest
that a low concentration of the AED ZNS exerts a possible selective
neuroprotective effect by reducing iLTP through its ability to
modulate the NO/cGMP/PKG pathway.

NO/cGMP signaling cascade has been suggested to participate in
LTP and a role for NO as a retrograde messenger has been postulated
(O'Dell et al., 1991; Schuman and Madison, 1991). Furthermore, NO is
involved in the pathophysiology of brain ischemia (Di Filippo et al.,
2008; Dirnagl et al., 1999; Iadecola, 1997). Activation of NMDA
receptors and the rise of intracellular Ca2+ are critical steps in the
induction of this phenomenon both in the hippocampus and the
striatum (Crepel et al., 2003; Di Filippo et al., 2008; Hsu and Huang,
1998). Accordingly, pharmacological antagonists, selectively targeting
NR2B subunit containing NMDA receptors and uncompetitive NMDA
receptor antagonists, such as memantine, block striatal i-LTP (Picconi
et al., 2006; Tozzi et al., 2007). Moreover, the induction of anoxic LTP
requires the activation of postsynaptic protein-kinase C (PKC) (Hsu
and Huang, 1998).

image of Fig.�3


Fig. 4. cGMP and PKG play a critical role in the induction of iLTP. (A) The cGMP analog
8Br-cGMPwas able to reverse the inhibitory effect of ZNS on iLTP. (B) Zaprinast (1 μM),
an inhibitor of cGMP-specific phosphodiesterases, reversed the effect of ZNS on iLTP.
(C). The PKG inhibitor Rp-8Br-cGMPS (1 μM) blocked iLTP and the effects of SNAP and
8Br-cGMP.

Fig. 5. Representation of the involvement of nitric oxide in the ischemic LTP in the CA1
hippocampal region. The scheme shows that an ischemia-dependent membrane
depolarization triggers modifications in the pre-and post-synaptic neurons of the
CA3–CA1 synapse. A calcium mediated activation of nitric oxide synthase (NOS) in
postsynaptic sites of the hippocampal CA1 region determines nitric oxide (NO)
production. The activation of cGMP/PKG intracellular pathway by the retrograde
messenger NO in the presynaptic sites might modulate glutamate release and trigger
ischemic LTP together with the modification occurring in the postsynaptic neuron.
Drugs acting on NOS and on the cGMP/PKG intracellular pathway are shown in black
boxes. Red line represents a blockade of enzymatic function; blue line represents the
enhancement of the indicated molecule function.
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In the present study, we demonstrated that the endogenous NO
plays a critical role in the induction of hippocampal iLTP. In fact, iLTP is
blocked by either L-NAME, a non-selective NOS inhibitor, or 7-NINA, a
relatively more selective inhibitor of nNOS. Furthermore, the finding
that NOS inhibitors do not modify the iLTP once established indicates
that NO production is necessary for the induction of this form of
pathological synaptic plasticity, but not for its maintenance. Contra-
dictory results supporting both toxic and protective effects of NOS
inhibition have been published (Holscher, 1997). This dualism might
be related to the different isoforms of NOS implicated in the
pathophysiology of brain ischemia (Iadecola, 1997).

Interestingly, the extracellular levels of cGMP are increased in
brain ischemia (Fedele and Raiteri, 1999) suggesting that in addition
to NO, also the cGMP-dependent pathway operates in this condition.
Accordingly, in our study we found that the application of ODQ, a
selective inhibitor of sGC (Garthwaite et al., 1995), abolished iLTP.
Moreover, 8Br-cGMP, an analog of cGMP, was able to restore this
pathological synaptic plasticity when applied in the presence of ODQ.
In line with this finding, we observed that in the presence of Rp-8Br-
cGMPS, an inhibitor of PKG, neither SNAP nor 8Br-cGMP could restore
iLTP, further supporting the critical role of the NO/cGMP/PKG
pathway.

Taken together these findings suggest a scenario in which iLTP,
occurring at the CA3–CA1 synapse, is dependent on the activation of
NOS in the postsynaptic neuron in agreement with previous studies
on the involvement of NO in anoxia-induced LTP (Huang and Hsu,
1997). Nitric oxide acting as a retrograde messenger might diffuse to
activate the cGMP-PKG pathway in the presynaptic neuronal
terminals (Fig. 5) in line with previous studies reporting that anoxic
hippocampal CA1 LTP involves both postsynaptic Ca2+ entry, via
NMDA receptors and high voltage activated Ca2+ channels (HVA), and
a presynaptic site of activity (Crepel et al., 2003; Hsu and Huang,
1997). NOS immunoreactivity has in fact been detected into the

image of Fig.�4
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pyramidal neurons of the CA1 hippocampal region (Wendland et al.,
1994). Furthermore, immunogold electronmicroscopy revealed in the
stratum radiatum of CA1 the presence of nNOS within the postsyn-
aptic density of asymmetric axospinous synapses and the guanylate
cyclase concentrated in the axon terminals thus providing a further
neuroanatomical evidence in support of the hypothesis that NO can
act as a synapse-specific retrograde messenger in CA1 (Burette et al.,
2002). However, the release of NO from other hippocampal cell types,
including CA1 interneurons and glial cells, can also not be excluded.

We also demonstrated that ZNS, a new antiepileptic drug, was able
to exert a possible neuroprotective action by inhibiting iLTP. It is
worth noting that this effect was achieved at a very low concentration
(1 μM), possibly lower than that one required for its antiepileptic
effect (Biton, 2007). In line with this hypothesis, we found that this
low concentration of ZNS did not affect hippocampal basal excitatory
synaptic transmission and PPF (present study) as well as the striatal
synaptically-evoked and current-induced excitability (Costa et al.,
2010). Moreover, in this studywe have demonstrated that 1 μMZNS is
able to reduce the iLTP without affecting the physiological LTP,
induced by the HFS protocol in hippocampal slices. Since HFS-induced
CA1 hippocampal LTP has been considered a cellular substrate for
learning and memory (Malenka and Nicoll, 1999), this latter finding
might suggest that the ZNS-induced neuroprotection could be
achieved in the absence of cognitive alterations. However, it is also
possible that a single 100 Hz stimulation is not sufficient to produce
NO-dependent LTP (Phillips et al., 2008).

We also found that ZNS reduced pathological iLTP, when adminis-
tered before the ischemic insult while post-ischemic administration did
not result in a significant modification of this form of plasticity. This
result agrees with the observation that the pre-treatment is more
effective than the administration after the ischemic insult (Hayakawa et
al., 1994; Minato et al., 1997).

The mechanism of the neuroprotective action of ZNS is not
completely understood yet. Some AEDs present neuroprotective
effects modulating the excitatory synaptic transmission, the abnormal
intrinsic excitability, and the inhibitory GABAergic transmission
(Calabresi et al., 2003b; Costa et al., 2004, 2006). Conversely, ZNS
seems to have a specific pharmacological profile. In fact, it reduces the
production of free radicals in the hippocampus during kainate-
induced seizures (Ueda et al., 2005) showing antioxidant properties
(Biton, 2007).

A reduction of NO is one possible reason for the neuroprotective
properties of ZNS since a low concentration of ZNS, in the presence of
SNAP, a NO donors, is able to restore iLTP. The same results were
obtained adding to ZNS either an analog of cGMP or an inhibitor of
cGMP-degrading phosphodiesterase.

Conclusions

Our results suggest that ZNS is able to block pathological synaptic
plasticity by modulation of the NO/cCMP/PKG pathway and they are
in line with the observation that ZNS inhibits the initiation and
propagation of hippocampal seizures by inhibiting NOS activity (Noda
et al., 1999).

In conclusion we found that NO/cGMP/PKG pathway exerts a
critical role in the induction the hippocampal iLTP and ZNS, at a non-
anticonvulsant dose, reduces this pathological plasticity by modulat-
ing this biochemical pathway. Further in vivo studies are required to
demonstrate that ZNS has a potential neuroprotective efficacy in the
treatment of ischemic stroke and other neurological disorders (Rosler
et al., 2010).
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