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Inhibition of calmodulin as a new therapeutic strategy for cerebral ischemia:

DY-9760e, a novel calmodulin antagonist, has a protective action against
cerebral ischemic insults
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An excessive elevation of intracellular Ca* concentration plays an important role in pathological events after
cerebral ischemia. Calmodulin is a major Ca® binding protein in the central nervous system. It has been shown that
persistent increase of Ca®-bound calmodulin, which is an active form of calmodulin, is associated with neuronal
damage after ischemia. Thus, Ca* overload in neurons may induce aberrant activation of Ca*/calmodulin signaling
systems, resulting in neuronal damage. DY-9760e (Fig. 1), an indazole derivative, is a newly synthesized specific

calmodulin antagonist that is more potent than W-7, a well-known calmodulin antagonist.

(:)N g cl

Me0

Me0 N/N

) N e s n
N

Fig. 1. Chemical structure of DY-9760e. :
3-[2-[4-(3-chloro-2-methylphenyl)-1 -piperazinyl]ethyl]-5,6-dimethoxy-1-(4-i
midazolylmethyl)-1H-indazole dihydrochloride 3 1/2 hydrate.

Furthermore, DY-9760e can protect cells from cytotoxicity induced by the Ca*-ionophore that causes an increase
in intracellular Ca”, and its protective effect is more potent than that of W-7. These findings suggested that inhibition
of calmodulin is useful for neuroprotection. Therefore, the author evaluated effects of DY-9760e in cerebral ischemia
models and analyzed mechanism to provide its neuroprotective action.

First, effect of DY-9760e was evaluated in rats with permanent focal ischemia. Intravenous administration of DY-
9760e (0.5 mg/kg/h for 6 h) significantly reduced infarct volume caused by occlusion of the middle cerebral artery
(MCA). The neuroprotective effect was still observed even when the administration was started at 3 h after MCA
occlusion. Furthermore, application of a loading dose of 0.3 mg/kg/h for 2 h followed by infusion at 0.1 mg/kg/h for
22 h allowed DY-9760e to be effective, in contrast to its failure to be protective at 0.1 mg/kg/h for 24 h without the
loading dose. Thus, prolongation of continuous infusion preceded by a loading dose is an efficacious dosing regimen
for this compound, especially with the use of a low infusion rate. It is known that cerebral ischemia produces more
severe brain injury in spontaneously hypertensive rats (SHRs) than in any normotensive strain. DY-9760e showed a
protective effect against permanent focal ischemia in SHRs.

Next, the author investigated whether DY-9760e provides protection in a model with ischemia/reperfusion, which

leads to development of severe brain edema. DY-9760e attenuated the cerebral infarction (Fig. 2)-and brain edema
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formation after a transient MCA occlusion, and its neuroprotective effect was also confirmed by magnetic resonance

imaging. Thus, DY-9760e was protective against not only permanent focal ischemia but also transient focal ischemia.
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Fig. 2. Effects of DY-9760e on cerebral infarct volume in transiently MCA-occluded rats.
Images are representative 2,3,5-tripheyltetrazolium chloride-stained coronal brain
sections: above, vehicle; below, DY-9760e (1 mg/kg/h).

To investigate whether calmodulin is involved in the process of brain damage, effect of trifluoperazine, a
calmodulin antagonist structurally unrelated to DY-9760e, on brain edema caused by transient MCA occlusion was
examined. Trifluoperazine, as well as DY-9760e, attenuated development of brain edema following transient focal
ischemia, suggesting involvement of calmodulin in the brain edema following cerebral ischemia. Fodrin, a
cytoskeletal calmodulin-binding protein, is degraded by calpain, a Ca®-dependent protease, after cerebral ischemia.
Calmodulin has been shown to stimulate its degradation by calpain. DY-9760e reduced fodrin breakdown after
transient focal ischemia in a dose-dependent manner. Because DY-9760e did not directly affect calpain activity in
vitro, the inhibition of fodrin breakdown is due to its calmodulin-antagonistic effect for fodrin. In addition to the
effect of DY-9760e on fodrin degradation, the author and his colleagues have demonstrated that DY-9760e inhibits
nitric oxide production in cells exposed to Ca”-ionophore and animals subjected to cerebral ischemia, and release of
arachidonic acid from C6 glioma cells elicited by activation of cytosolic phospholipase Az. DY-9760e had no effect
on cerebral blood flow in the cortex. The neuroprotective action of DY-9760e is likely to be mediated by blocking
several Ca*/calmodulin-dependent pathways in the process of brain damage.

Since DY-9760e and trifluoperazine attenuated development of brain edema following transient focal ischemia,
the calmodulin antagonists may affect a change in the blood-brain barrier (BBB) integrity after transient focal
ischemia. In fact, DY-9760e ameliorated the BBB disruption induced by cerebral ischemia/reperfusion. Furthermore,
DY-9760e and trifluoperazine reduced TNF- « -induced hyperpermeability of inulin through a cultured brain

microvascular endothelial cell monolayer in vitro. These results suggest that the protective effect of calmodulin



antagonists, including DY-9760e and trifluoperazine, is mediated in part by inhibition of enhanced BBB permeability
after ischemic insults.

In the present study, the author demonstrated that DY-9760e is a neuroprotective compound against cerebral
ischemia. As summarized in Fig. 3, the calmodulin antagonist inhibits calmodulin-dependent pathways, which
account for neuronal cell death. The author also demonstrated that DY-9760e rescued neurons from brain damage
including brain edema and BBB disruption. However, further studies are required to define mode of action of DY-

9760e on the inhibition of brain edema and BBB disruption.
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Fig. 3. Ca®'/calmodulin hypothesis for induction of neuronal cell death.

In this context, DY-9760e is not only a potential, therapeutic drug for treatment of acute stroke patients but also
prototype drug to define functional relevance of calmodulin in the mechanisms of neuronal death following brain

ischemia.
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