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Abstract

Objective: Assessment of heart rate variability (HRV) is a non-invasive and reliable method
to evaluate autonomic disorders after cerebral ischemia. The present study was conducted to
investigate the therapeutic potential of IC87201 in reducing post-stroke cardiac dysfunction.

Keywords: Cerebral ischemia; Heart rate
variability; IC87201; Middle cerebral artery
occlusion; Stroke

Materials and methods: Cerebral ischemia was induced by the middle cerebral artery
occlusion (MCAO) method in 15 anesthetized adult male rats in three MCAO, MCAO+ DXM, and
MCAO+ IC87201 groups, for one hour. Electrocardiogram was recorded before, and 48 hours
after ischemia and drug administration, and HRV parameters were calculated from R-R intervals.
In the treatment groups, IC87201 and Dextromethorphan hydrobromide monohydrate (DXM)
were injected after an ischemic period.
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Results: After brain ischemia, the R-R interval decreased and consequently heart rate
increased. The R-R intervals were used to extract the HRV frequency and time domains,
including normalized low frequency (LF), high frequency (HF), LF/HF ratio, and standard
deviation of R-R interval (SDRR). Normalized LF and LF/HF ratio enhanced 48 hours after
ischemia, while normalized HF and SDRR significantly reduced compared to the pre-ischemic
state. All HRV parameters had returned to their pre-ischemic level 48 hours after IC87201 and
DXM administration, except SDRR, which recovered only in the IC87201 administered group.

Conclusion: Based on our findings, it can be concluded that cerebral ischemia significantly
worsens HRV parameters as a result of sympathetic overactivity. These changes were reversed
by administering DXM and 1C87201, but IC87201 has generally been more effective in lowering
lesions. As a result, IC87201 can be introduced as an effective substance for the treatment of
post-ischemic cardiac side effects.

The heart rate variability (HRV) analysis is a noninvasive
technique for examining autonomic function, that is required
just an electrocardiogram (ECG) recording. HRV allows for

Introduction

Stroke is the second reason for death and the third leading

cause of disability in the world [1]. The reason for stroke can
be a rupture of a blood vessel inside the brain (hemorrhagic
stroke) or occlusion of a cerebral artery (ischemic stroke)
[2], the latter with a prevalence of 87% is the most common
cause [3]. There is considerable evidence that cerebral
ischemia has deleterious effects on cardiac function, and
cardiac-related death is one of the leading causes of death
post-stroke [4]. The brain-heart axis is a useful model for
comprehending how the autonomic central nervous system,
which can be damaged after a stroke, interacts with the heart’s
autonomic regulation [5,6].
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the analysis of parameters related to parasympathetic or
sympathetic activity, as well as their variations under various
conditions, in the time and frequency domains [7]. HRV is
defined as the fluctuations in the intervals between normal
heartbeats and can be extracted from R-R interval variation
in an electrocardiogram [8]. HRV is constantly altering as a
result of the dynamic nature of autonomic nervous system
(ANS) activity. A single HRV measurement represents the
immediate activity of the ANS at a particular time. Reduced
HRV is a sign of diminished ANS responses, and the severity
of the disease is related to this process. On the other hand, a
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rise in HRV would signify the return of ANS modulation [9].
It appears that the autonomic dysfunction continues during
the chronic phase of stroke. In fact, ischemic stroke usually
increases and decreases sympathetic and parasympathetic
markers, respectively [10], which may cause cardiac
autonomic disorder [11,12], myocardial damage [13-15],
and changes in heart rate variability [16]. So, there is rising
attention to HRV analysis as a potential tool for prognosis
and comprehension of underlying mechanisms in post-stroke
autonomic dysfunction.

Improved cardiac function may be achieved with the aid of
substances that have the therapeutic potential to treat stroke-
induced brain injury. Several studies have examined the use
of NMDA receptor antagonists and preventing excitotoxicity
as one of the most significant damage-causing mechanisms
in cerebral ischemia due to numerous side effects such
as nausea, vomiting, cardiovascular and psychomimetic,
however, they have failed to become a therapeutic strategy for
ischemic stroke [17-20]. Therefore, targeting NMDA receptor
downstream signaling pathways can be considered as an
alternative strategy. Small molecules have been developed
recently that appear to be effective in reducing post-stroke
injuries. IC87201, which Florio identified in 2009, is one of
those chemical agents [21].

1C87201 affects the proteins attached to the intracellular
surface of NMDA receptors and inhibits the interaction
between postsynaptic density protein 95 (PSD-95) and n-NOS
proteins that reduce nitrogenic stress and excitotoxicity
injuries without preventing NMDA receptor postsynaptic
currents [22,23]. Therefore, for the first time, we designed
this research to investigate the therapeutic potential of
IC87201 on HRV alteration induced by cerebral ischemia.
Dextromethorphan hydrobromide monohydrate (DXM),
an NMDA receptor antagonist, has additionally been used
to compare the effects of blocking the NMDA receptor
by controlling its activity through intracellular signaling
pathways.

Materials and methods

Animals and drugs

Animal procedures were performed in accordance with the
local Ethics Committee of Shiraz University, Shiraz, Iran. The
research work was approved by the Ethics Committee of the
Biology Department, Shiraz University (SU-9531466). Adults
Sprague- Dawley male rats, weighing 275-350 g obtained
from the Comparative and Experimental Medical Center of
Shiraz University of Medical Sciences (SUMS), Shiraz, Iran.
The rats were housed in an animal house with a controlled
light cycle and temperature and available water and food
access. Rats were acclimatized for one week prior to surgery.
1C87201 (CAS number: 866927-10-8) and Dextromethorphan
hydrobromide monohydrate (CAS number: 6700-34-1) were
purchased from Tocris Bioscience (United Kingdom) and
Sigma Aldrich companies, respectively.
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Middle cerebral artery occlusion procedure

Transient brain ischemia was induced wusing the
intraluminal filamenttechnique described by Koizumi. Animals
were anesthetized with intraperitoneal (i.p.) administration
of Ketamine (100 mg/Kg) and Xylazine (10 mg/Kg). The right
common carotid artery (CCA) was exposed through a midline
incision on the neck and then carefully dissected from the
vagus nerve and its sheath, external carotid artery (ECA), and
internal carotid artery (ICA). A heat-rounded head and silicon
coated 4-0 monofilament nylon suture was inserted into the
common carotid artery and advanced into the lumen of the
ICA until it blocked the origin of the middle cerebral artery
(MCA). One hour after MCAO, reperfusion was performed by
withdrawing the suture. Finally, the incision was sutured and
sprayed with oxytetracycline. The core body temperature was
maintained at 37 °C £ 0.8 °C using a rectal thermometer and a
heating pad throughout and after the surgery [24].

Experimental protocols

The experimental protocol is shown in Figure 1. The
rats (n = 15) were randomly assigned into three groups
by block randomization: MCAO, MCAO+ DXM, and MCAO+
1C87201. They were anesthetized with intraperitoneally
(i.p.) administration of Ketamine (100 mg/kg) and Xylazine
(10 mg/kg) [25], and core temperature was maintained at
37 °C using a rectal thermometer and a heating pad. Then, the
electrocardiogram (ECG) recording leads were inserted in the
prone position. In all groups, The ECG was monitored using
the lead II configuration. The ECG signal was continuously
displayed on a computer connected to a PowerLab system (AD
Instrument Company, Australia) before, and 48 hours after
cerebral ischemia induction. After the ischemic period ends,
vehicle, 1C87201 (10 mg/kg) [26], and Dextromethorphan
hydrobromide monohydrate (DXM) (50 mg/kg) [27] were
injected intraperitoneally in the MCAO, MCAO+ DXM, and
MCAO+ 1C87201 groups, respectively. And the ECG was
recorded separatelyintheanimals ofeach group. The frequency
domains of HRV including low-frequency (LF, 0.04 Hz
- 0.15 Hz), and high-frequency (HF, 0.15 Hz - 0.4 Hz) bands
were calculated from RR intervals. Then normalized power
in the LF and HF bands was calculated as LF (n.u.) = LF/ (LF
+ HF), HF (n.u.) = HF/ (LF + HF), and from the two indices
the LF/HF ratio was calculated. Also. The standard deviation
of R-R interval (SDRR) as a presentation of total HRV was
evaluated [28]. In all three groups, before surgery, a baseline
electrocardiogram was recorded, as the sham group (negative
control), which is mentioned in the study as the pre-ischemic
state.

MCAO+ Vehicle
48 hours later

ECG recording in pre
MCAO+ DXM ECG

ischemic state

Middle cerebral artery
occlusion (1 hour)

MCAO+ 1C87201

Figure 1: Experimental procedure.
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Neurological deficits evaluation

Neurological deficit scores (NDS) in both groups were
performed as follows: pre-stroke, 4- and 24-hours post-
stroke. Neurological findings were scored on a 5-point scale.
The criterion of the evolution was as follows: grade 1 had
no observable neurological deficit, grade 2 was given to rats
that showed flexion of contra lateral torso or forelimb upon
lifting by their tail, or failure to extend their forepaw when
suspended vertically, forelimb flexion and shoulder adduction,
grade 3 was for circling to the contralateral side of the middle
cerebral artery occluded hemisphere when the animal is held
by the tail on a flat surface, but with normal posture at rest,
grade 4 was assigned to loss of righting reflex and decreased
resistance to lateral push, and finally, grade 5 was for no
spontaneous motor activity [29]. If the animal score was 1 or
died from brain ischemia, they were excluded from the study
and were replaced with another one.

Statistical analysis

All data were analyzed by Graph Pad Prism software
(version 9. 1. 0). And expressed as mean + SEM. Statistical
differences were measured by one-way analysis of variance
(ANOVA) combined with the LSD post hoc test for multiple
group comparisons. The behavioral scores for Garcia
neurological test were analyzed using repeated-measures
ANOVA. Values of p < 0.05 were considered significant.

Results

All animals were evaluated for their neurological deficit
pre-stroke, 4- and 24-hours post-stroke. As shown in Figure 2,
NDS as an indicator of the ischemia induction, is significantly
higher post-ischemia (p < 0.05). 48 hours after ischemia, the
R-R interval in the MCAO group was noticeably shorter than
it was in the pre-ischemic state. In the IC87201 administered
group, the RR interval significantly returned to normal

0.0008

0.0003

Neurological deficite score (NDS)

Figure 2: Evaluation of neurobehavioral function using Neurological deficit score
(NDS) pre, 4 and 24 hours post ischemia. Data are mean + SEM.
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levels, whereas this recovery was not seen in the DXM group
(Figure 3A). Additionally, heart rate (HR) in the ischemic state
was markedly elevated and returned to normal in 1C87201
administered group but not the DXM group (Figure 3B). Figure
4A displays the LF/HF ratio value among animals subjected
to stroke and drug administration. 48 hours following brain
ischemia, this ratio increased in the MCAO group, but this rise
was not statistically significant. The LF/HF ratio returned to
the pre-ischemic state in the presence of IC87201 and DXM
(Figure 4A). Additionally, normalized LF and HF were evaluated
separately, and it was discovered that following ischemia, LF
(n.u.) increased and HF (n.u.) decreased compared to the pre-
ischemic state, although LF (n.u.) elevation was not statistically
significant. Figure 4, parts B and C, it's illustrated that both
of these factors returned to their pre-ischemic states in the
1C87201 and DXM receiving groups. The only time domain
parameter assessed in this study, the standard deviation of
R-R intervals (SDRR), decreased following cerebral ischemia
and increased in the presence of [C87201 but not DXM to the
normal level (Figure 4D).

A 0.0005 0.0211

0.0 35

0.0004

Hear rate (BPM) -
- § B £ E S

R-R Inferval {sec)

Figure 3: R-R interval (A) and heart rate (B) recording pre- ischemia, and 48 hours
post- ischemia in MCAO, MCAO + DXM, and MCAO + IC87201 groups. Data are
mean = SEM.

0.0053 (LI ER

0.0194

SDRR (ms)
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Figure 4: LF/HF ratio (A), normalized LF (B), normalized HF (C), and SDRR (D)

recording pre- ischemia, and 48 hours post- ischemia in MCAO, MCAO + DXM,
and MCAO + IC87201 groups. Data are mean + SEM.
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Discussion

Stroke is one of the fatal diseases that have a significant
impact in a variety of situations. The acute and chronic
phases of stroke frequently involve autonomic dysfunction.
HRYV analysis as a noninvasive method has garnered a lot of
interest in clinical testing to evaluate autonomic function.
HRV frequency domain measurements approximate the
distribution of absolute or relative power into frequency
bands. The variability in measurements of the inter-beat
interval (IBI), or the interval between heartbeats, is measured
by time-domain indices of HRV [30]. In the present study, R-R
intervals were recorded and HRV frequency and time domains
were extracted from it. The LF (n.u.) and HF (n.u.) were
measured as indicators of sympathetic and parasympathetic
activity, respectively. Further evidence of sympathovagal
balance was provided by the LF/HF ratio. As a representation
of total HRV, the SDRR factor was also calculated.

Sympatheticpredominance duringanischemicstroke along
with the catecholamine surge, results in cardiac autonomic
dysfunction [10,11]. Patients with ischemic stroke exhibit
impaired autonomic nervous system activity in the form of
persistent sympathetic/parasympathetic tonus imbalance
and decreased HRV [31]. According to our observation in the
MCAO group, increased LF, decreased HF, and sympathovagal
imbalance toward sympathetic overactivation, which is
characterized by an increase in the LF/HF ratio, all point to
impaired autonomic function.

Several studies have looked into the post-stroke autonomic
nervous system’s dysfunction. Stroke patients, especially
those with right-sided ischemia, show lower total HRV and HF
and elevated LF and LF/HF ratio which denotes an increase in
sympathetic system activity [5,32,33]. The standard deviation
of R-R intervals (SDRR) also known as the standard deviation
of normal to normal intervals or (SDNN) [34] is considered a
representation of total HRV. In fact, the SDRR is the standard
deviation of the intra-beats interval for all sinus beats. Both of
these parameters measure how these intervals vary over time
[30]. It has been shown that HRV time domain measurements,
including SDNN, were lower in acute-stage stroke patients
compared to healthy control. Several studies have suggested
that cerebral asymmetries may play arole in automatic cardiac
control. In other words, the sympathetic and parasympathetic
responses are primarily mediated by the right and left insular
cortex, respectively [35]. Furthermore, when right and left-
sided insular strokes were compared, it was found that
right-sided middle cerebral artery strokes had significantly
lower SDNN values [15,36]. In light of this, patients with
right-sided strokes tended to have increased sympathetic
cardiac modulation, which was supported by a change in the
sympathovagal balance in favor of increased sympathetic
activity [11,37]. Predominant sympathetic overactivation and
reduction of heart rate variability and changes in its related
parameters as a result of inducing right hemisphere ischemia
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in this research are consistent with previously mentioned
studies.

Our findings revealed that all of the aforementioned
HRV parameters recovered to their pre-ischemic states in
the groups receiving DXM and 1C87201, with the exception
of SDRR, which was only affected by 1C87201. Both of these
substances interfere with NMDA receptors. Since one of the
main contributors to cerebral ischemia-induced injury is
excitotoxicity via NMDA receptors, targeting these receptors
can be a suitable therapeutic approach for preventing
brain damage and subsequent cardiac dysfunction. The
neuroprotective effects of DXM, as a non-competitive NMDA
receptor antagonist, have been investigated and confirmed in
numerous post-cerebral ischemia studies [38]. However, the
use of NMDA receptor antagonists cannot be considered an
appropriate treatment solution due to numerous side effects
[1]. Recently, targeting intracellular signaling pathways of
these receptors has been considered as an alternative strategy
to lessen the severity of ischemia-induced damage.

IC87201 as a de novo small molecule can disrupt protein-
protein interaction between PSD-95 and n-NOS in the
intracellular part of the NMDA receptor without effect on its
postsynaptic currents. Therefore, it reduces the production
of nitric oxide without affecting the catalytic activity of the
n-NOS and, as a result, prevents damage caused by nitrogen
free radicals. These features introduce IC87201 as a beneficial
candidate to reduce cerebral ischemia injuries and subsequent
cardiac complications.

In the present study, both DXM and 1C87201 successfully
reduced cardiac damage induced by cerebral ischemia, which
may be attributed to the neuroprotective properties of these
agents. In regional middle cerebral artery stroke, insular
infarction is the primary sign which affects cardiovascular
autonomic function [39]. Considering the expression of NMDA
receptors in the insular cortexand its key role in controlling the
ANS activity, the resulting cardiac effect of DXM and 1C87201
can be attributed to their central improving function on the
insula. Some researchers have reported that insular cortex
NMDA receptor activation leads to sympathetic hyperactivity
[40] which is consistent with our findings. By contrasting the
effects of IC87201 and DXM, it is clear that modulating the
activity of the NMDA receptor, either by blocking it entirely
or by targeting its downstream pathways, has a significant
positive impact on heart rate variability. IC87201, however,
has been more successful in improving some parameters.
Therefore, its potential as an effective substance can therefore
be examined more precisely.

Conclusion

In general, our results support previous studies on the
brain-heart axis role during acute ischemic stroke. The right
middle cerebral artery occlusion results in sympathetic
overactivation and decreased HRV. In the present study, for
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the first time, the impact of IC87201 on reducing post-stroke
cardiac dysfunction was examined, and it was discovered that
IC87201 can significantly recover these injuries. Therefore, a
more comprehensive investigation of 1C87201's therapeutic
potential is required.
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