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Therapeutic potential of the novel hybrid molecule JM-20 against focal
cortical ischemia in rats

[Potencial terapéutico de la nueva molécula hibrida JM-20 frente a la isquemia cortical focal en ratas]
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Abstract

Context: Despite the great mortality and morbidity of stroke, treatment
options remain limited. We previously showed that JM-20, a novel
synthetic molecule, possessed a strong neuroprotective effect in rats
subjected to transient middle cerebral artery occlusion. However, to
verify the robustness of the pre-clinical neuroprotective effects of JM-20
to get good prognosis in the translation to the clinic, it is necessary to use
other experimental models of brain ischemia.

Aims: To evaluate the neuroprotective effects of JM-20 following the
onset of permanent focal cerebral ischemia induced in rats by
thermocoagulation of blood into pial blood vessels of cerebral cortices.

Methods: Ischemic lesion was induced by thermocoagulation of blood
into pial blood vessels of primary motor and somatosensory cortices.
Behavioral performance was evaluated by the cylinder testing for a period
of 2, 3 and 7 days after surgery, and was followed by histopathological
study in brain cortex stained with hematoxylin- eosin.

Results: Ischemic injury resulted in impaired function of the forelimb
evidenced by high asymmetry punctuation, and caused histopathological
alterations indicative of tissue damage at cerebral cortex. JM-20 treatment
(4 and 8 mg/kg) significantly decreased asymmetry scores and
histological alterations with a marked preservation of cortical neurons.

Conclusions: The effects of permanent brain ischemia were strongly
attenuated by JM-20 administration, which expands and improves the
current preclinical data of JM-20 as neuroprotector against cerebral
ischemia, and strongly support the examination of its translation to the
clinic to treat acute ischemic stroke.

Keywords: Cerebral ischemia; cylinder test; JM-20; neuroprotection;
thermocoagulation.

Resumen

Contexto: A pesar de la enorme mortalidad y morbilidad del infarto
cerebral, las opciones terapéuticas son limitadas. Recientemente se ha
demostrado que JM-20, nueva molécula sintética, ejerce efecto
neuroprotector en ratas sometidas a una oclusion transitoria de la arteria
cerebral media. Sin embargo, se hace necesario utilizar otros modelos
experimentales de isquemia cerebral.

Objetivos: Evaluar el efecto neuroprotector del JM-20 luego del comienzo
de una isquemia cerebral focal y permanente en ratas, inducida por
termocoagulacion de la sangre en los vasos piales de la corteza cerebral.

Métodos: La lesién isquémica se indujo por termocoagulacion de la sangre
en los vasos piales de la corteza primaria motora y somato sensorial. El
desempefio comportamental se evalud por medio de la prueba del cilindro
a los 2, 3 y 7 dias después de la cirugia. Posteriormente se realizaron
estudios histopatologicos en corteza cerebral por medio de la tincion con
hematoxilina-eosina.

Resultados: El dafo isquémico resulté en un impedimento funcional de
las extremidades anteriores de las ratas evidenciado por una elevada
asimetria y origino alteraciones histopatoldgicas indicativas de dafio en la
corteza cerebral. El tratamiento con JM-20 (4 y 8 mg/kg) disminuyd
significativamente los porcientos de asimetria y las alteraciones
histopatologicas con una marcada preservacién de las neuronas corticales.

Conclusiones: Los efectos de la isquemia cerebral permanente fueron
fuertemente atenuados por la administracién del JM-20, lo que enriquece
y mejora su data experimental pre-clinica como neuroprotector contra la
isquemia cerebral y apoya la consideracion de su traslado a la clinica para
tratar el infarto cerebral.

Palabras Clave: Isquemia cerebral; prueba del cilindro; JM-20;

neuroproteccién; termocoagulacion.
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INTRODUCTION

MATERIAL AND METHODS

Stroke is defined as a sudden neurological deficit
caused by impairment in blood flow to the brain
(Onteniente et al., 2003). Its impact on human and eco-
nomic toll is tremendous. The growing understand-
ing of the mechanism of cell death in ischemia
leads to new approaches in stroke treatment. Nev-
ertheless, the applicability of results obtained from
animal models to the treatment of human diseases
has been limited, as occurred with neuroprotection
(Casals et al., 20m).

Due to the multiplicity of mechanisms involved
in causing neuronal damage during ischemia, an
emerging paradigm in the development of novel
therapeutics advocates the deliberate search for
agents acting as multiple ligands or multifunctional
drugs (Cavalli et al., 2008). JM-20 (3-ethoxycarbonyl-2-
methyl-4-(2-nitrophenyl)-4,  1-dihydro-1H-pyrido
[2,3-b] [1,5] benzodiazepine) is a novel benzodiaze-
pine derivate with potent anti-ischemic effect in
rats subjected to transient middle cerebral artery
occlusion (MCAOt) (Nufiez-Figueredo et al.,
Studies are pointing that JM-20 may exert its effects
through a multimodal way that involve potent anti-
oxidant and anti-calcic effects, both elicited at mi-
tochondrial level (Nufiez-Figueredo et al., 2014a, 2014b,
2014¢); and by modulation of glutamatergic and im-
munological systems, particularly in astrocytes
(Nunez-Figueredo et al., 2015; Ramirez-Sanchez et al., 2015).
These results, together with the apparent lack of
toxicity of JM-20 evidenced by the absence of toxic
signs after an oral dose of 2000 mg/kg (Figueredo et
al, 2013), prompted us to continue with its pharma-
cological development. According to the preclinical
recommendations for the development of a neuro-
protective drug, the efficacy studies should also be
performed in ischemic animals exposed to perma-
nent occlusion interventions (Fisher, 201). Obviously,
the larger and dissimilar of succeeded preclinical
experiences of neuroprotection, the better anticipa-
tion of positive outcomes in clinical translation.

Thus the objective of this study was to investi-
gate the potential neuroprotective role of JM-20
using a model of permanent focal cerebral ischemia
induced by thermocoagulation.

2014a).

http://jppres.com/jppres

Synthesis and chemical characterization of JM-
20

JM-20 was synthesized, purified and character-
ized as previously reported (Figueredo et al., 2013).

Animals

Adult male Wistar rats (CENPALAB, Havana,
Cuba) weighing 275-300 g were housed in the ani-
mal care facility for one week prior to in vivo exper-
iments. Rats (arranged 3-5 per cages) were kept in a
temperature-controlled room (22 + 2 °C) with a12 h
light/dark cycles and free access to food and water.
Animal housing and care and all experimental pro-
cedures were in accordance with institutional
guidelines under approved animal protocols (Ani-
mal Care Committee of CIDEM, Havana, Cuba). All
efforts were made to minimize the number of ani-
mals used and to prevent suffering.

Induction of permanent focal ischemia

Ischemic lesion was induced by thermocoagula-
tion of blood into pial blood vessels of primary mo-
tor and somatosensory cortices (de Vasconcelos Dos
Santos et al., 2010). Anesthesia was induced with keta-
mine/xylazine (75/8 mg/kg) administered intraperi-
toneally. Briefly, the rats were placed in a stereotax-
ic apparatus and the skulls were surgically exposed.
Craniotomies were performed, exposing the left
frontoparietal cortex (+2 to 26 mm A.P. and 22 to 24
mm M.L. from bregma), the motor and sensorimo-
tor cortex regions. Blood in the pial vessels was
thermocoagulated transdurally by approximation of
a hot probe to the Dura mater. The development of
a dark red color was an indicator of complete ther-
mocoagulation. After the procedure, the skins were
sutured and body temperatures were maintained in
the normal range (36.5°C to 37.5°C) until recovery
from the anesthesia.

JM-20 treatments

Animals were randomly divided into 5 experi-
mental groups (n= 8): (1) Sham-vehicle, (2) Ische-
mia-vehicle, (3) Ischemia-JM-20 (2 mg/kg), (4) Is-
chemia-JM-20 (4 mg/kg), and (5) Ischemia-JM-20 (8
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mg/kg). The JM-20 doses were chosen based on
previous neuroprotective effects reported elsewhere
(Nufiez-Figueredo et al., 2014a). The animals were admin-
istered with JM-20 or vehicle by oral gastric gavage
one hour after surgical interventions and during six
consecutive days. The dissimilarities in the dosing
volumes were alleviated by correcting the concen-
tration to ensure a constant volume (10 mL/kg).
Immediately before use, JM-20 was suspended in a
0.05% carboxymethyl cellulose solution (vehicle).

Cylinder test

The functional outcome was evaluated using the
cylinder test that exposes forelimb preference when
the animal rears to explore its environment by mak-
ing forelimb contact with the cylinder walls. To
prevent habituation to the cylinder, the number of
movements recorded was limited to 20. The occur-
rences of sole use of the ipsilateral (to the lesion) or
contralateral forelimb, or the simultaneous use of
both forelimbs, were counted and the asymmetry
score was calculated by the formula previously de-
scribed (de Vasconcelos Dos Santos et al., 2010). Animals
in all groups were tested one day before the ische-
mia and at post-ischemic days 2, 3 and 7. After the
last evaluation, the brains of the animals were dis-
sected for histopathological study.

Histopathology

Animals (n = 8 for each group) were anesthe-
tized and transcardially perfused with ice-cold 0.9%
saline for 10 min and then for 15 min with 4% para-
formaldehyde in 0.1 mmol/L phosphate buffer. An-
imals were decapitated, and the brains were al-
lowed to post-fix overnight in 4% paraformalde-
hyde. Brains were embedded in paraffin, sliced in 5
mm thick coronal sections of different cerebral re-
gions and processed for hematoxylin and eosin
(H&E). In the hemisphere ipsilateral to the ischem-
ic insult, a light microscope BRo44 (Carl Zeiss) with
an immersion objective lens (40 x ) and a large-field
ocular lens (8 x) was used to measure the cortical
normal and damaged neurons from sham-operated,
vehicle- or JM-20-treated brains. Cells showing at-
rophy, shrinkage, nuclear pyknosis, dark cytoplas-
mic coloration or ambient empty spaces all indicat-
ed cell degeneration (Bian et al,, 2007). An ocular grid
with a square side of 130 pm in the ocular lens was

http://jppres.com/jppres
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used to count the total numbers of normal and
pathological neurons in each fixed cortical region
using Image] 1.41 (National Institutes of Health,
USA). Cell counts were expressed as a percentage of
the sham group.

Statistical analysis

The software program GraphPad Prism 5.0
(GraphPad Software Inc., USA) was used. The data
were expressed as the mean + SEM. Comparisons
between the different groups were performed by
the one-way analysis of variance (ANOVA) followed
by the Newman-Keuls multiple comparison tests.
Differences were considered statistically significant
at p<o.os5.

RESULTS

JM-20 treatment fully restored function of the
impaired forelimbs

Fig. 1 shows that the oral administration of JM-
20 decreased significantly the asymmetry score in a
doses-dependent manner (p<o.os5) with respect to
ischemic group in all evaluation sections. JM-20 at 8
mg/kg elicited similar asymmetric profile than the
sham group indicating fully restoration of the im-
paired forelimbs function.

JM-20 treatment reduced ischemia-induced
histopathological damage

H&E staining showed histological changes in
cortical regions of injured brains (ischemia-vehicle)
including shrunken cells with condensed and trian-
gulated-pyknotic nuclei surrounded by swollen cel-
lular process and cytoplasmic eosinophilia (Fig. 2A).
In contrast, normal tissue patterns were observed in
cortical sections from sham animals (Sham). JM-20
(4 and 8 mg/kg) inhibited the ischemia induced
damage in cortical sections (Fig. 2A). The most im-
portant histological signs of neuroprotection elicit-
ed by JM-20 treatment were the preservation of cor-
tical neurons. In this sense, Fig. 2B shows a signifi-
cant decrease (p<0.05) in injured cortical neurons
when animals were treated with 4 and 8 mg/kg JM-
20 compared with the vehicle group.
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Figure 1. Recovery from the ischemia-
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E " . —o— Ischemia-JM-20 (8 mg/kg) JM-20 (2, 4 and 8 mg/kg) treated groups.
> 254 % JM-20 (or vehicle) was orally adminis-
< tered at a therapeutic scheme during six
04 consecutive post-ischemic days, begin-

ning at day one, 1 h after surgery. Data
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metry score of the group (n = 8) + SEM.
*P<o0.05 versus vehicle treated group.

b Figure 2. Histological evaluation (hematoxylin -eosin staining) of the

post-ischemic effects of acute JM-20 treatment. The panels show repre-
sentative images (A) and morphometric analysis of cortical regions (B) of
the sham-operated, vehicle-, and JM-20-treated animals seventh days
after ischemic damage. In the vehicle treated animals the morphological

c
d
e evidences of neuronal damage were identified as follow: arrows («)
a shrunken neurons, head arrows (<) triangulated-pyknotic nuclei, and
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ischemia. Different letters: p<o.05, by ANOVA and post hoc Newman-
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DISCUSSION

The multifunctional mechanism of action of JM-
20 (Nunez-Figueredo et al., 2014a, 2014b, 2014¢, 2015, Ramirez-
Séanchez et al., 2015) and their potent neuroprotective
effect in rats subjected to MCAOt (Nufiez-Figueredo et
al., 2014a) prompted us to extend our research to an-
other in vivo study to improve our preclinical data.
To evaluate whether the administration of JM-20
after cortical ischemia leads to functional recovery,
ischemic animals were treated with different doses
of JM-20, and their sensorimotor performance was
measured together with histopathological changes.
This study found that JM-20 treatment caused a
significant recovery in the function of impaired
forelimb, in close association with neuronal protec-
tion at histological level. As previously suggested (Li
and Stephenson, 2002), preclinical studies demonstrat-
ing neurological function preservation in addition
to a reduction in histopathological damage may
improve the predictive value of animal models for
clinical efficacy of novel neuroprotective agents.

One hypothesis for the etiology of neuronal
damage arising from ischemic insult is the oxidative
and excitotoxic damage originated from free radi-
cals and glutamate overload, respectively (Hansel et
al,, 2014). Mitochondria are both, source and target of
these deleterious events that contribute to the or-
ganelle dysfunction and the propagation of the is-
chemic lesion. Current neuroprotective interven-
tions consider mitochondrial dysfunction as a po-
tential therapeutic target against brain ischemia.
Several evidences consistently suggest that the or-
ganelle play an essential role in the cerebrovascular
unit damage after an ischemic insult. It can inte-
grate injurious signals involved in their own struc-
tural and functional damage that interfere with en-
ergetic supply, and also amply signals that eventu-
ally leads to cell death (Christophe and Nicolas, 2006;
Mazzeo et al., 2009; Perez- Pinzon et al., 2012). Therefore,
there has been increasing interest in the identifica-
tion of new classes of compounds that simultane-
ously target several toxic processes in ischemic neu-
ronal cells, including those that act at the mito-
chondrial level.

Our former researches showed that JM-20 is a
strong antioxidant, anti-calcic and anti-apoptotic
that targets brain mitochondria and preserves the
energetic homeostasis (Nufiez-Figueredo et al, 2014a,
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2014b, 2014c, Ramirez-Sanchez et al., 2015). This molecule
also modulates the glutamatergic system by differ-
ent mechanism, including the inhibition of vesicu-
lar H-ATPase activity and the augmentation of glu-
tamate uptake in astrocytes and neurons/ astro-
cytes co-culture (Nunez-Figueredo et al., 2015). Our re-
sults corroborated the beneficial effects of JM-20
against cerebral ischemia and paved the way for a
potential therapeutic clinical application.

CONCLUSIONS

The multimodal action of JM-20 that act at both
mitochondrial and glutamatergic system, could ex-
plain the anti-ischemic effect here observed, which
improves the current preclinical data of JM-20
against cerebral ischemia and support the further
examination of its potential clinical use to treat
acute ischemic stroke.
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