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Abstract

Stroke is frequently associated with severe neurological decline and mortality, and its incidence is expected to increase due to
aging population. The only available pharmacological treatment for cerebral ischemia is thrombolysis, with narrow therapeutic
windows. Efforts aimed to identify new therapeutics are crucial. In this study, we look into plausible molecular and cellular
targets for JM-20, a new hybrid molecule, against ischemic stroke in vivo. Male Wistar rats were subjected to 90 min middle
cerebral artery occlusion (MCAO) following 23 h of reperfusion. Animals treated with 8 mg/kg JM-20 (p.o., 1 h after reperfu-
sion) showed minimal neurological impairment and lower GABA and IL-1f3 levels in CSF when compared to damaged rats that
received vehicle. Immunocontent of pro-survival, phosphorylated Akt protein decreased in the cortex after 24 h as result of the
ischemic insult, accompanied by decreased number of NeuN™ cells in the peri-infarct cortex, cornu ammonis 1 (CA1) and dentate
gyrus (DG) areas. Widespread reactive astrogliosis in both cortex and hippocampus (CA1, CA3, and DG areas) was observed
24 h post-ischemia. JM-20 prevented the activated Akt reduction, neuronal death, and astrocytes reactivity throughout the brain.
Overall, the results reinforce the pharmacological potential of JM-20 as neuroprotective agent and provide important evidences
about its molecular and cellular targets in this model of cerebral ischemia.
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Introduction

Stroke is frequently associated with severe neurological impair-
ment and mortality. Its incidence is expected to increase due to
prolonged life expectancy. Ischemic stroke is a consequence of a
reduced or complete interrupted cerebral blood flow, which rap-
idly affects neural cells via a complex interplay of processes like
excitotoxicity, neuroinflammation, and apoptosis [1, 2]. Thus far
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and despite many years of research, the only available pharma-
cological treatment for the acute phase of cerebral ischemia is the
intravenous tissue plasminogen activator (tPA), yet within 4.5 h
[3]. Thus, all efforts aimed to the identification of new therapeutic
approaches directed to improve the recovery and quality of life of
stroke patients are crucial.

A recent approach for the rational design of new candidates
against ischemic stroke has gained worldwide attention:
multitarget-directed molecules that include a variety of hybrid
compounds acting simultaneously on diverse biological tar-
gets [4, 5]. Our group has developed a new multifunctional
molecule, JM-20 (3-ethoxycarbonyl-2-methyl-4-(2-
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nitrophenyl)-4,11-dihydro-1H-pyrido[2,3-b][1,5]benzodiaze-
pine) [6], with promising neuroprotective effect against cere-
bral ischemia [7—12].

This 1,5-benzodiazepine fused to a dihydropyridine moiety
has shown to possess several pharmacological effects in both,
in vivo and in vitro models of brain ischemia [7, 9, 10]. Oral
administration of JM-20 protects against permanent [11] and
transient focal cerebral ischemia [9] in rats, involving anti-
excitotoxic and mitoprotective mechanisms. A modulatory
effect over glutamatergic system was also observed in synap-
tic vesicles, in which JM-20 reduced the H*-ATPase activity
and the vesicular glutamate uptake, whereas in cultured astro-
cytes and co-cultured neurons and astrocytes, the molecule
increases the neurotransmitter uptake [8]. A first approach to
the anti-inflammatory and anti-apoptotic properties of JM-20
was conducted in organotypic hippocampal slice cultures de-
prived of oxygen and glucose (OGD) to resemble ischemia/
reperfusion damage [7].

Now, our group aimed to evaluate the effects of middle
cerebral artery occlusion (MCAO) and JM-20 on astrocytes
reactivity in peri-infarct regions of the rat brain and on the
release of pro- and anti-inflammatory cytokines (IL-13 and
IL-10, respectively). Taking into account that PI3K/Akt cell
signaling pathway may have a role in preventing cellular death
after JM-20 treatment, as was previously demonstrated [7],
here, we assessed Akt activation and neuronal survival after
MCAUO. Finally, the concentration of gamma-aminobutyric
acid (GABA) in the cerebrospinal fluid (CSF) was also inves-
tigated in order to evaluate if the effect of JM-20 may involve
the release of this inhibitory neurotransmitter.

Materials and Methods
Animals

Adult male Wistar rats (CENPALAB, Havana, Cuba)
weighing 260-285 g were housed under controlled light and
environmental conditions (12 h light/dark cycle at a tempera-
ture of 22-24 °C) with water and commercial food ad libitum.
All experimental procedures were performed in accordance
with national and institutional guidelines under approved an-
imal protocols (Animal Care Committee of Federal University
of Rio Grande do Sul, Brazil and CIDEM, Havana, Cuba). All
efforts were made to prevent suffering and to minimize the
number of animals used.

MCAO-Induced Focal Cerebral Ischemia

MCAO and reperfusion were performed as previously de-
scribed, using an intraluminal filament model [13]. Briefly,
anesthesia was induced with ketamine (75 mg/kg, i.p.) and
xylazine (8 mg/kg, i.p.). The right carotid region was exposed,

and the external and common carotid arteries were ligated
with a 3-0 silk suture. A 25 mm length 4-0 nylon monofila-
ment (Somerville, Brazil), whose tip had been rounded and
coated with poly-L-lysine [14, 15], was introduced (18—
20 mm) through the internal carotid artery, thereby occluding
the MCA origin. After 90 min of MCAO, reperfusion was
permitted by gentle withdrawal of the suture (under the same
anesthetic conditions as surgery). Until recovery, body tem-
perature was maintained within the normal range (from 36.5
to 37.5 °C) using a heating pad. Control animals undergo
sham surgery without suture insertion. Twenty-three hours
after reperfusion, functional outcomes were evaluated, ani-
mals were sacrificed, and brains were rapidly removed for
further analysis.

Drug Treatment and Experimental Groups

The behavior of the rats subjected to MCAO was examined
after recovery from surgery, and only those animals showing
contralateral forelimb dysfunction were included for further
experimentation. Animals were randomly assigned to four
groups: (1) control ischemia/reperfusion (I/R) group treated
with vehicle, (2) I/R treated with 8 mg/kg JM-20, sham-
operated group treated with vehicle, and (4) sham-operated
group treated with 8 mg/kg JM-20. JM-20 was synthesized,
purified, and characterized as previously reported [6]. A single
dose of the drug or vehicle was orally administered (by gastric
gavage) 1 h after reperfusion (2% hours after ischemia onset)
ensuring a constant volume of 4 mL/kg. JM-20 was suspended
in a 0.05% (w/v) carboxymethylcellulose (CMC) solution
(vehicle) immediately before use. The dose of JM-20 was
selected based on our previous results [9].

Neurological Deficit Scoring

Neurobehavioral deficits were assessed according to a six-
point scale: 0 = no observable neurological deficits, 1 = failure
to extend left forepaw fully, 2 = circling to the left if pulled by
tail, 3 = spontaneously circling to the left, 4 = no spontaneous
activity with a depressed level of consciousness, and 5 = death
[14, 16].

CSF and Tissue Processing

After 23 h of reperfusion, rats were anesthetized, placed in a
stereotaxic apparatus, and CSF samples (about 60 pL per rat)
were drawn by direct puncture of the cisterna magna with an
insulin syringe (27-gauge ' inch needle) [17, 18]. In order to
obtain cell-free supernatants, all samples were centrifuged at
10,000xg in an Eppendorf centrifuge during 5 min and stored
(=80 °C) until analysis.

For P-Akt/Akt expression analysis by western blotting,
dorsal segments of three cortical regions (~2 mm thick) were
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dissected out from ipsilateral hemisphere to be separately an-
alyzed: +4.20 to +2.20, +1.20 to —0.80, and —1.70 to —
3.70 mm A.P. with respect to Bregma (Fig. 1) [19]. In the case
of glial fibrillary acidic protein (GFAP) expression, analysis
was conducted in a single slice (approximately +4.20 to —
3.70 mm A.P. with respect to Bregma). The tissue was ho-
mogenized using lysis solution [4% sodium dodecylsulfate
(SDS), 2.1 mM EDTA, and 50 mM Tris-HCI, pH 6.8] con-
taining a protease (p8340, Sigma, St. Louis, MO, USA) and
phosphatase inhibitors cocktail (sc-45045, Santa Cruz, CA,
USA). Aliquots were taken for protein determination [20]
and the homogenates were normalized with sample buffer
[62.5 mM Tris-HCI, pH 6.8, 2% (w/v) SDS, 5% b-
mercaptoethanol, 10% (v/v) glycerol, 0.002% (w/v)
bromophenol blue].

For immunohistochemical analysis, the animals were
transcardially perfused with 0.9% saline followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4).
The brains were removed and post-fixed in the same solu-
tion at room temperature overnight and then were incubated
in a 30% sucrose solution for 2 days. Coronal slices (50 pm)
were obtained using a Vibratome (Leica Biosystems,
Mannheim, Wetzlar, Germany). Three slices taken through
the rostrocaudal axis from prefrontal and frontoparietal cor-
tex and hippocampus (nine slices total) were selected per
animal. In the cortex, analyses were conducted in the peri-
infarct area of the ischemic brains or anatomically similar
area in sham animals (Fig. 1). In the hippocampus, the cornu
ammonis 1 (CA1), CA3, and dentate gyrus (DG) subregions
were identified, according to Paxinos and Watson [19].

Determination of Cytokine Levels in CSF

Pro-inflammatory interleukin-13 (IL-1f3) and anti-
inflammatory interleukin-10 (IL-10) cytokine concentrations
in CSF were measured using specific enzyme-linked immu-
nosorbent assay (ELISA) kits according to the recommenda-
tions of the supplier (R&D Systems). The results are
expressed as picogram per milliliter (pg/mL).

HPLC Procedure

High-performance liquid chromatography (HPLC) was used
to quantify the GABA levels in CSF cell-free supernatant
aliquots [21]. Briefly, samples were filtered and derivatized
with o-phthalaldehyde and mercaptoethanol. CSF samples
were separated with a reverse phase column (Supelcosil LC-
18, 250 mm x 4.6 mm, Supelco) in a Shimadzu Instruments
liquid chromatograph. The mobile phase flowed at a rate of
1.4 mL/min, and column temperature was 24 °C. Buffer com-
position was A, 0.04 mol/L NaH,PO4H,O buffer, pH 5.5,
containing 20% of methanol; and B, 0.01 mol/L NaH,POy,
H,O buffer, pH 5.5, containing 80% of methanol. The
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Fig. 1 Schematic illustration showing cortical regions analyzed by
Western blot (gray). Immunohistochemistry (dotted square) was
conducted in peri-infarct regions of the cortex and also in hippocampus
(CALl, CA3, and DG subregions)

gradient profile was modified according to the content of buff-
er B in the mobile phase: 0% at 0.00 min, 50% at 30 min,
100% at 30.01-35.00 min, and 0% at 35.01-40.00 min.
Absorbance was read at 360 and 455 nm, excitation and emis-
sion, respectively, in a Shimadzu fluorescence detector.
Concentration of GABA was expressed in micromolar [22].

Western Blot Analysis

To investigate the phosphorylation status of Akt, proteins
(50 pg per lane) were resolved on 12% SDS-PAGE and trans-
ferred to nitrocellulose membranes using a semi-dry transfer
apparatus (Bio-Rad Trans-Blot SD, Hercules, CA, USA).
Membranes were incubated for 60 min at 4 °C in blocking
solution (Tris-buffered saline containing 5% powdered skim
milk and 0.1% Tween-20, pH 7.4) and further incubated over-
night at 4 °C with the appropriate primary antibody dissolved
in the blocking solution. The primary antibodies anti-
phosphorylated Akt (Serd73; P-Akt, 1:1000, Cell Signaling
Technology), anti-Akt (1:1000; Cell Signaling Technology),
anti-GFAP (1:3000, Sigma), and anti-{3-actin (1:1000, Cell
Signaling Technology) were used. The membranes were then
incubated with horseradish peroxidase-conjugated secondary
antibody (1:2000, Amersham Pharmacia Biotech, Piscataway,
NJ, USA) for 2 h. The chemiluminescence (ECL, Amersham
Pharmacia Biotech) was detected using X-ray films (Kodak
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X-Omat, Rochester, NY, USA) that were scanned, and bands
were quantified using ImagelJ 1.50 software (National
Institutes of Health, USA). Data are expressed as percentage
of control values.

Immunohistochemistry

Sections from specified regions were permeabilized and
blocked during 2 h with phosphate-buffered saline (PBS),
pH 7.4, containing 3% BSA and 0.1% Triton X-100. Then,
slices were incubated overnight at 4 °C with the following
primary antibodies: mouse anti-neuron-specific nuclear pro-
tein (NeuN, 1:500, Sigma) and rabbit anti-GFAP (1:500,
Sigma) to label astrocytes.

After rinsing in PBS, antigens were visualized with appro-
priate secondary antibodies: Alexa Fluor 594-conjugated goat
anti-mouse (1:500, Invitrogen) or Alexa Fluor 488-conjugated
donkey anti-rabbit (1:500, Invitrogen). Tissues were counter-
stained with DAPI (1:1000, 0.1%, Sigma) and mounted in DPX
Mounting Medium (Sigma). All images were captured with an
Olympus IX70 Microscope (Olympus, Tokyo, Japan) and fur-
ther analyzed using ImageJ 1.50 software (National Institutes of
Health, USA). Adobe Photoshop was used as a digital layout
tool for composition and overlay of acquired images.

For quantitative analyses, NeuN™ cells with intact and
round nuclei were counted as surviving neurons. To evaluate
morphological aspects of astrocytes, GFAP* cells with clearly
visible cell nuclei and soma were selected and the length of the
longest cellular processes (the distance between the nucleus
and the tip of an extended process) was measured using the
plugin Neuron] of the ImageJ 1.50 software.

Statistical Analysis

GraphPad Prism 7.0 software (GraphPad Software Inc., USA)
was used to determine significant differences among experi-
mental groups. The data were expressed as the mean + SEM.
Comparisons among different groups were performed by un-
paired ¢ test (neurological score), one-way analysis of variance
(ANOVA) followed by the Newman-Keuls multiple compar-
ison test, or two-way ANOVA followed by the Dunnett’s mul-
tiple comparison test (NeuN-positive cells). Correlation was
analyzed by Pearson’s correlation. Differences were consid-
ered statistically significant at P < 0.05.

Results

JM-20 Improved Functional Outcome After Transient
MCAO

The behavioral examination was carried out 24 h after the
MCAO surgery to investigate whether JM-20 effects

promoted neurological recovery. In contrast with sham-
operated animals (vehicle- or JM-20 treated, data not shown),
ischemic rats showed a clear contralateral motor deficit
(Fig. 2) accordingly to the neurological scale used. The most
frequently observed clinical sign of cerebral damage was the
spontaneously circling to the left likely due to the paralysis of
the contralateral forelimb. In contrast, treatment with JM-20
significantly reduced (P < 0.05) the behavioral deficit caused
by the ischemia so that decreasing the neurological score re-
lated to movement and posture abnormalities. The results con-
firm previous work [9] showing that acute, oral treatment with
the drug consistently improves functional outcomes after is-
chemic stroke in rats.

Effects of JM-20 on IL-1B, IL-10, and GABA Levels
in CSF of Ischemic Rats

The detection of biological markers in CSF, including neuro-
transmitters and inflammatory mediators, has proven to be
useful for diagnosis, and pathological and pharmacological
studies of different neurological diseases in humans and ro-
dents [18, 23]. Here, we investigated the effect of JIM-20 on
GABA, pro-inflammatory (IL-1[3), and anti-inflammatory
(IL-10) cytokine levels in CSF as indicative of an unbalance
in neurotransmitter release and inflammatory response, re-
spectively. Transient MCAO augmented the concentration of
GABA in comparison with sham treated with vehicle and
sham treated with JM-20 groups (4.56 +£0.68 vs 3.07+0.73
and 3.25+0.74; P < 0.05) (Fig. 3a). The treatment with JM-20
did not modify the levels of GABA when comparing (3.69 =
0.61; P>0.05) versus either sham or ischemic rats.

A correlation analysis between the levels of excitatory ami-
no acids (EAA) in the CSF (previously published by our
group) [9] and the GABA concentrations showed here was
performed. Animals with elevated glutamate and aspartate
levels also showed higher GABA concentrations (i.e., ische-
mic group), indicating that the increment of this inhibitory
neurotransmitter may be related to the EAA increase after
MCADO. The analysis revealed that there was a moderate pos-
itive correlation (=10.52, P=0.03; Fig. 3b) between GABA
and glutamate concentrations and a strong positive correlation
between GABA and aspartate concentrations (r=0.62, P=
0.008; Fig. 3b).

Figure 4a, b shows that MCAO surgery did not alter the
levels of cytokines (pg/mL) (IL-13 and IL-10; 291.8 £+ 28 and
152.9 +24, respectively) in the CSF since differences with
respect to sham treated with vehicle (240.9+ 10 and 180.3 +
5) were not detected (P> 0.05). Although JM-20 produced no
effects in IL-10 release (172.4 = 14) when comparing with all
groups, it produced a significant (P < 0.05) decrease of IL-1f3
(180.9 +24) with respect to vehicle-treated ischemic rats.
Differences in this pro-inflammatory cytokine levels between
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Fig. 2 Post-ischemic JM-20 treatment improved the functional outcome
after experimental stroke. No neurological impairment was observed in
sham-operated animals (results not shown), but severe deficit was detect-
ed in the vehicle-treated MCAO group, related to circling movements,
paw flexion, and decreased spontaneous movements. JM-20 treatment
(8 mg/kg, single dose) 1 h after reperfusion significantly reduced the
neurological score, improving functional performance of the ischemic
rats. ***P <0.001 by unpaired ¢ test, n =12 per group. Data represent
individual scores and mean + S.E.M are also plotted

ischemia and sham treated with JM-20 group (160.5 + 26,
P <0.05) were also observed.

JM-20 Prevented the Decrease of P-Akt
and the Increase of GFAP Expression Induced
by Ischemia in the Cerebral Cortex

To look into possible mechanisms by which JM-20 exerts the
neuroprotective effects observed here, we explored the PI3K
cell signaling pathway by measuring the phosphorylation state
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Fig. 3 Effect of JM-20 treatment on GABA levels in CSF of ischemic
rats. Cerebrospinal fluid was collected 23 h after reperfusion and analyzed
by HPLC to determine GABA concentration (a). Correlation between
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of the protein kinase Akt, through western blotting. Several
regions of the cerebral cortex were studied (as represented in
Fig. 1).

Pro-survival, P-Akt diminished after MCAO at the end of
the reperfusion period in all cortical regions, as shown in
Fig. 5a, b. The P-Akt/Akt ratio falls by approximately 0.5
times in prefrontal (+4.20 to +2.20 mm) and frontoparietal
cortices (+1.20 to —0.80 and —1.70 to —3.70 mm A.P. with
respect to Bregma) when compared to sham values (P < 0.05).
The levels of P-Akt in ischemic rats treated with JM-20 were
similar to those in sham-operated animals (P> 0.05) but sig-
nificantly higher when compared to vehicle-treated ischemic
rats [P <0.001 in the prefrontal cortex, P <0.01 and P <0.05
in frontoparietal cortex (+1.20 to —0.80 and —1.70 to —
3.70 mm, respectively)]. Figure 5a, b also reflects that no
difference (P> 0.05) in total Akt was observed.

Regarding GFAP immunocontent in cortex, we observed
(Fig. 5d) that JM-20 counteracted the ischemia-induced in-
crease of this astrocytic marker. GFAP immunocontent (%
of control) is almost 45% higher than sham (either vehicle-
or JM-20 treated, P <0.05) and ischemic rats that received
drug treatment (P < 0.05).

Reactive Astrogliosis Accompanied Neuronal Death
in Peri-infarct Cortex, CA1, and DG and Extended
to CA3: Effects of JM-20

The effect of I/R on neuronal survival and astrocyte reactivity
was investigated in several regions of the rat brain using NeuN
and GFAP immunostaining, respectively (Fig. 6). Results in
Table 1 evidenced that ischemic damage in animals receiving
vehicle treatment extended to peri-infarct regions of the pre-
frontal (44 + 5 NeuN" cells/0.1 mmz) and frontoparietal (56 =
11 NeuN™ cells/0.1 mm?) cortices and to CA1 (107 +17
NeuN™ cells/0.1 mm?) and DG (199+21 NeuN*

30+
B o o Glut
e Asp
g 204
=
<
5 10_
r=0.62
0- p=0.008
I I I 1 1 1
2 3 4 5 6 7

GABA levels (M)

excitatory amino acids (EAA) and GABA concentrations is also depicted
(b). Bars represent mean values = SEM (n =46 per group). *P < 0.05 by
ANOVA and post hoc Newman-Keuls Multiple Comparison tests
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Fig. 4 Effect of IM-20 treatment on IL-1f (a) and IL-10 (b) concentra-
tions in CSF ofischemic rats. Cerebrospinal fluid was collected 23 h after
reperfusion and analyzed by HPLC. Bars represent mean values = SEM

cells/0.1 mm?) subregions of hippocampus, all showing de-
creased number of NeuN" cells and abundant cells with vac-
uolated nucleus (respect to sham-vehicle group). GFAP im-
munoreactive cells augmented not only in these regions with
respect to sham groups but also in CA3. Treatment with JM-
20 prevented both the decrease of NeuN™ cells (prefrontal
cortex and CA1) and the increase of GFAP* cells in all studied
regions except CA3, comparing with control ischemic rats,
and showed no statistically significant differences (P> 0.05)
when compared with sham-vehicle group.

The degree of hypertrophy of astrocytes was assessed by
measuring the longest processes of GFAP™ cells from speci-
fied regions. The length of primary astrocytic processes was
similar in sham animals receiving vehicle or JM-20, as shown
in Table 1. On MCAO-lesioned rats, however, astrocytes ex-
hibited prominent signs of hypertrophy since GFAP" process-
es were longer than in the sham groups (Fig. 6) on all prefron-
tal and frontoparietal cortices and hippocampus (CA1, CA3,
and DG). Enlargement of the astrocytic processes 24 h post-
MCAO was effectively inhibited by JM-20 treatment.

Together, these findings indicate that 90 min MCAO and
further reperfusion affect neuronal viability and astrocyte
function even in distal, peripheral regions of the lesion, and
JM-20 treatment is able to inhibit it, thus providing
neuroprotection.

Discussion

Population aging has been growing a lot in recent decades,
and the twenty-first century will witness even more rapid ag-
ing than did the century just past. Therefore, despite the ad-
vances in public health and medicine, the age-related disease
(including stroke) incidence has not changed [24].

Cerebral ischemia, the most prevalent form of stroke, oc-
curs when a thrombus or an embolus blocks the blood flow to

W
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Sham Ischemia

(n=4-6 per group). *P < 0.05 by ANOVA and post hoc Newman-Keuls
Multiple Comparison tests

parts of the brain [2]. Stroke patients often have to confront a
neurological decline that limits physical, psychological, and
functional aspects of living. Recently, the design of drugs able
to interact with different targets involved in the pathological
cascade of neurodegenerative diseases has emerged as alter-
native to reach (or to improve) therapeutic effectiveness.
These multi-target-directed ligands contain different
pharmacophore moieties from identified bioactive molecules,
and its development allows the simplification of therapeutic
regimen and obviates the challenge of simultaneously admin-
istering multiple drugs [25].

JM-20 was first identified as a suitable candidate for use in
cerebral ischemia few years ago [10]. This multipotent mole-
cule was specifically developed to combine the GABAergic
activity of benzodiazepines with anti-calcic effects of
dihydropyridines.

In the present study, we evaluated the neuroprotective ef-
fect of IM-20 treatment on neurological status, as well as on
some neurochemical parameters, in rats subjected to transient
cerebral ischemia (90 min MCAO). With respect to functional
benefits (Fig. 2), our results are in accordance with previous
studies demonstrating that JM-20 protected rats from neuro-
logical impairment and death [9, 11].

In our previous report about the neuroprotective mech-
anisms of JM-20, we showed that the concentration of
EAA (glutamate and aspartate) increased in the CSF of
MCAO-induced ischemic rats [9]. Now, we focused on
GABA, and we observed that it is also increased, as seen
in Fig. 3a, which indicates that the ischemic insult im-
paired both excitatory and inhibitory neurotransmission.
Based on the correlation that we found between both ef-
fects (showed in Fig. 3b), the higher concentration of
GABA in the CSF after MCAO may reflect an increase
in the release of GABA as a self-defense mechanism in
an attempt to counteract excitotoxicity, like what has been
previously suggested on the literature [26, 27].
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Fig. 5 Western blot analysis of A
Akt and GFAP expression in the
rat cortex 24 h post-MCAO. a—¢
Representative blotting and
quantitative analyses of the
phosphorylation state of Akt
(expressed as pAkt/Akt ratio) in
three cortical regions distributed
throughout the anteroposterior
axis of the frontoparietal cortex. d

+4.20 to +2.20 mm

B +1.20 to -0.80 mm

Representative blotting and a4 ; * inialP 2.5 —_—
quantitative analyses of the % 204 5
immunocontent of GFAP. 1.57 — 1 ’ -
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Keuls Multiple Comparison tests
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On the other hand, the treatment with JM-20 prevented the
increase of GABA, likely due to a secondary effect of the drug
against excitotoxicity and neuronal death, since the treatment
diminished EAA levels and infarct as well [9].

The levels of cytokines appear altered in CSF and serum
after cerebral ischemia in rodents and humans [28, 29].
However, we did not observe a significant effect induced by
23 h of I/R on pro-inflammatory IL-1( and anti-inflammatory
IL-10 (when compared with sham-vehicle group). The result
is in part contradictory because cytokines are usually used as
biochemical markers of inflammation caused by stroke.
Although several techniques have been described for the col-
lection of CSF from rats, unfortunately, blood contamination
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arises like a common problem for these techniques [30, 31].
Taken these facts into account, and also that JM-20 decreased
the IL-13 when compared to ischemia-vehicle group, as we
can see in Fig. 4a, we suggest further studies in which the
levels of cytokines would be measured in the cerebral tissue,
allowing the selection of specified regions of interest (e.g.,
ischemic penumbra) and to avoid the contamination with
blood. Immunohistochemical studies for activated microglia
should be also included, since neuroinflammatory response is
mainly attributed to glial cells (i.e., astrocytes and microglia).

Stroke lesions are considered to involve focal and peri-
focal zones. In the rat, the focal area (the “ischemic core”)
after MCAO usually comprise the lateral part of the



Mol Neurobiol (2019) 56:502-512

509

A
)
©
<=
]
>
c APl K “GFAP/NeuN/DAPI
2
b
o
Q¢
TR RISy A
> 2
o8 Gr a5 At
2
J] ;
> “r ¥
(o)
<<
U
= %
<} :
N 3
2 :
%

C : ;
o Ui
e K&
2
2 -2
g t NeuN part | ¥
=
() ’
f VN3 B
. :
a4 ' o
2 ’ -- ‘
S & .
o GEEN
= 5 7
2 P ;
@] i
2 8
g '
= 'Y
o
Y
= y

Fig. 6 Representative photomicrographs of peri-infarct regions of the rat
brain after ischemia/reperfusion. Rats received 8 mg/kg JM-20 or vehicle
(p-0.; sham and MCAO-injured rats) 1 h post-reperfusion. Coronal sec-
tions from prefrontal and parietal cortex (a) and from hippocampal sub-
regions CAl (b), CA3 (c¢), and DG were immunostained using neuron-
specific nuclear protein (NeuN) and the astrocytic marker glial fibrillary

caudoputamen and the overlying neocortex, while the latter
(the “penumbra”) consists of large parts of the neocortex
which are not sufficiently supplied by collateral flow [32,
33]. The ischemic penumbra has received considerable atten-
tion of researchers because neural cells can be potentially sal-
vaged from death by recirculation and drug administration.
In this work, peri-infarct areas were chosen considering the
literature and our own experience. Immunohistochemical
analyses were directed to the adjacent zones to those critically
damaged accordingly with TTC staining [9]. Our results

Sham

MCAO

Vehicle

JM-20

Vehicle

JM-20

Sham-veh O

GFAP/NeuN?DAPI

Sham-JM-20

5
=
Qo
4
o
=

MCAO-JM-20

acidic protein (GFAP). Arrowheads show neurons with diminished reac-
tivity and vacuolated nuclei. Illustrative GFAP* astrocytes with enlarged
processes are indicated with arrows. d Enlargement of representative
astrocytic cells from CA3. The treatment with JM-20 increased the num-
ber of surviving neurons reducing the number of hypertrophic astrocytes
as well. Scale bar=40 (a, b, ¢) or 20 um (d)

confirmed that JM-20 actually limits the extension of the brain
injury. Ischemia caused a reduction in the number of intact
neurons (NeuN immunoreactivity, Table 1 and Fig. 6) in sus-
ceptible areas of the brain, that is, cortex and CA1 [34, 35].
The effect of IM-20 preventing neuronal death is likely related
to its ability to prevent the decrease of P-Akt (Fig. 5), a protein
kinase involved in pro-survival pathways [36-38]. The as-
sumption is additionally supported by previous studies in
which this effect accompanied the reduction of direct (GSK-
3f3) and indirect (caspase-3) pro-apoptotic downstream targets
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Table 1 Immunohistochemical

analysis by brain regions 24 h Sham-vehicle Sham-JM-20 MCAO-vehicle MCAO-IM-20
post-ischemia
NeuN* cells/0.1 mm?
Prefrontal cortex 90 £ 7% 107 £ 4% 44 +5 73+4
Parietal cortex 105 £ 5% 141 + 7 56 +11 107 + 7%
CAl 171 & 6** 178 £ 10%* 107 =17 201 & 3%
CA3 128 £ 12 132+9 112 +£12 135+ 10
DG 267 £+ 20%* 202 +£21 199 £21 203 +£23
GFAP* cells/0.1 mm®
Prefrontal cortex 29 + 4% 24 + 6%* 39+8 30 + 6*
Parietal cortex 30 £ 6% 29 & Gk 42+ 4 31 £ 6
CAl 35 & ek 4] & 9k 69 +£21 45 & 13%*
CA3 39+ 11% 41 £ 11* 5716 49+ 10
DG 55 £ 10%* 56 + 14* 76 £13 53 & 4
Length of the longest astrocytic processes (GFAP) (p1m)
Prefrontal cortex 214 £2.7* 21.5+£4.8% 253+£3.9 20.8 £ 5.0%*
Parietal cortex 19.9 + 2. 7% 20.9 £2.9%* 240+29 20.6 + 3.6%*
CAl 22.3 +2.5% 22.2 + 4 4% 256 +2.8 21.7 + 4.7%%
CA3 21.4 +4.3% 21.5+£3.0% 244 +3.7 21.0 + 3.4%
DG 18.3 £ 4.7% 214 +£3.7* 23.6+3.9 19.9 + 4.6%*

Data are shown as mean + SEM

#P<0.05, **P<0.01, ***P<0.001 versus MCAO-vehicle

of P-Akt in organotypic hippocampal cultures subjected to
OGD and treated with JM-20 [7].

Today, many essential functions for astrocytes in healthy
CNS had been recognized. They are involved in the metabolic
and ionic homeostasis, establishment and maintenance of the
blood brain barrier, trophic support of neurons, and also in the
control of several aspects of the synaptic transmission [39,
40]. Under pathological situations, however, the role of astro-
cytes is less clear and remains controversial due to the molec-
ular complexity of the reactive astrogliosis. The latter consti-
tutes a response of astrocytes seen in pathological situations
such as ischemia. Reactive astrocytes exhibit altered expres-
sion of many genes and distinct functional and morphological
features, often including proliferation [41-43]. Controlled ac-
tivation of astrocytes is considered beneficial to neurons, but
reactive astrocytes may lose their neuroprotective functions or
even gain neurotoxic properties.

Here, immunohistochemical analysis for GFAP showed
that astrogliosis resulted from transient ischemia in rats treated
with vehicle in those regions where neuronal survival was
affected and even in those where not, such as CA3. Since
reactive astrocytes were observed under both situations, to
determine whether astrocytes negatively or positively contrib-
ute to neuronal fate results is difficult to explain.

The observed differences between hippocampal subregions
with respect to the cellular response that ultimately lead to
selective vulnerability/resistance to injury remain incomplete-
ly understood but could be related to astrocytes response [44,

@ Springer

45]. As discussed by Anderson et al., reactive astrocytes ex-
hibit a large potential for heterogeneity at multiple levels, in-
cluding gene expression, topography (distance from lesions),
CNS regions, local (among neighboring cells), cell signaling,
and function [40]. In summary, beyond the discussed effects
that ischemia could exert directly on astrocytes, we should not
overlook that astroglia may be responding to changes in their
environment such as alterations in extracellular ions and ami-
no acids, and to transient postischemic changes in neurons,
even in those regions less susceptible to ischemia [35].

Our results suggest that astrocytes could constitute a cellu-
lar target for JIM-20 treatment. Here, we demonstrated that
GFAP immunopositive cells and morphological changes,
assessed as length of the longest astrocytic process, became
reduced following treatment in all regions. Previously, we
showed that JM-20 (10 uM) increased GFAP immunoreactiv-
ity in CA1 and DG in organotypic hippocampal cultures ex-
posed to OGD [7], when compared with vehicle-treated cul-
tures. Apparently contradictory with the effect described here,
differences between both studies could be ascribed to the type
of injury (60 min OGD vs 90 min MCAO) and how neural
cells respond to that injury. While OGD did not modify GFAP
reactivity and therefore did not cause astrogliosis, MCAO
actually induced astrocyte response after 23 h of reperfusion.
On the other hand, neuroprotective role of JM-20 (limiting
neuronal death) was seen associated to GFAP increase in the
former and to reducing astrocyte reactivity in the later, both
counteracting deleterious consequences of damage inductors.
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In the author’s opinions, certain interesting issue originates
from the exposed results. First, as we discussed earlier, neu-
roinflammation after MCAO and further reperfusion were in-
directly measured through the levels of cytokines in CSF, but
microglia activation, a main player in the inflammatory re-
sponse, remains unexamined. Second, we have demonstrated
an inhibitory effect of JM-20 over reactive astrogliosis at early
post-reperfusion period after the ischemic insult, but long-
term impacts on post-ischemic recovery and astrocytes func-
tionality of these effects should be addressed in the future.

In conclusion, we confirmed that JM-20 treatment reduced
clinical signs of neurological deterioration induced by 90 min
of MCAO. Ischemic animals treated with this multifunctional
molecule showed concentrations of GABA and IL-1f3 in CSF
that were similar to those observed in sham-operated animals.
On the other hand, the reduction of neuronal death in the
ipsilateral hemisphere afforded by JM-20 after MCAO was
associated with (1) the activation of the pro-survival protein
Akt and (2) the inhibition of widespread reactive astrogliosis
in the peri-infarct regions of the rat brain, indicating some
molecular and cellular target for JM-20 therapy in experimen-
tal stroke. Recently, the development of strategies to protect
normal astrocyte physiology and function has emerged as a
new alternative to improved therapeutic efficacy of novel
neuroprotectants, and thus, the results provide new experi-
mental evidences about JM-20 potential to promote post-
stroke recovery.
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