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Abstract

Background: Studies explored the therapeutic role of agents inhibiting RAS in
epilepsy. Fewer studies addressed the electrophysiological changes associated
with angiotensin converting enzyme inhibitors (ACEIs) in terms of sustained
seizures (status epilepticus). Sodium valproate (SVPA), a broad-spectrum
anticonvulsant, has been associated with adverse cardiac events upon long-
term use, in contrast to the beneficial role of ACEls in cardiovascular disorders.
This work explored the potential effects of ramipril, an ACEIl, compared to SVPA, on
the behavior, and electrophysiology of the brain and heart in a rat model of status
epilepticus. The dose dependent pattern of the presumed ramipril activities was
investigated.

Methods: Adult male_rats were assigned into seven groups, controls, IP
pyridostigmine (36 mg/kg)-induced status epilepticus (PISE), oral SVPA (58 mg/kg),
andthree groups receiving oral ramipril at respective doses of 5 (R5),10 (R10), and 20
mg/kg (R20). Rat behavior was assessed using Racine’s motor convulsion scorin
for 10 minutes. Blood pressure was recorded, and electroencephalography (EEG
and electrocardiography (ECG) were performed on the sedated rats 24 hours
after recovery.

Results: Despite the partial behavioral improvement of motor convulsions
with RS and RI0 exhibited epileptogenic activity, as indicated by the increased
relative power of fast and slow gamma waves and total EEG power. RI0 triggered
arrhythmia and cardiac ischemia as indicated by absence of P wave, along with
ST elevation and tall T wave, slowed heart rate and prolonged QRS, QTc, and RR
intervals.

Conclusion: PISE was resistant to sodium valproate and ramipril. Ramipril
at low and moderate doses induced epileptogenic activity and, especially at
moderate dose, precipitated cardiac ischemia and arrhythmia.

Summary

The debatable role of ramipril in epilepsy was studied in a rat model of
pyridostigmine-induced status epilepticus, compared to sodium valproate.
Increasing ramipril doses did not resolve status epilepticus in rats. Instead, low
and moderate doses exhibited epileptogenic activity, opposite to high dose
ramipril and sodium valproate. Blood pressure was dose-dependently reduced
with ramipril. Electrocardiography showed evidence of cardiac arrythmia and
ischemia, especially with the moderate ramipril dose. The behavioral and EEG
indices correlated with systolic blood pressure and ECG changes.
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Introduction

Epilepsy is one of the most common global neurological
disorders, affecting around 50 million people worldwide.
Epilepsy adversely affects the productive life of humans
by disturbing the normal motor, cognitive, and emotional
development,alongwithbeingassociatedwithanincreasedrisk
of mortality, reaching up to three times higher incidence than
the general population [1]. Epileptogenesis is the functional
abnormality of neuronal networks increasing seizure
susceptibility [2] which precedes the symptomatic reveal of
epilepsy and manifests as abnormal electroencephalography
(EEG) changes. Addressing epileptogenesis seems crucial to
seizure control, being identified as a continuous, progressive
process that extends beyond the occurrence of seizures. This
identification makes detecting epileptogenesis an appealing
aspect of pharmacologic epilepsy control [3]. EEG can detect
epileptiform activity even in absence of seizures, offering
early detection and management of epilepsy in asymptomatic
cases or the resumption of AEDs after withdrawal in seizure-
free patients [4]. Scalp EEG allows recordings on a large
scale, reflecting summative electrical discharges from
indefinite neuronal networks [5]. Nonetheless, therapeutic
responses should not be judged, solely, upon EEG due to the
contribution of other risk factors, including, among others,
genetic factors [6]; hence, our study adopted Racine’s scoring
system for behavioral assessment of motor convulsions.

Despite the availability of multiple antiepileptic
medications, resistant cases persist , yielding the so called
‘intractable’ or ‘pharmaco-resistant’ epilepsy [7], leading to
the potentially lethal status epilepticus (SE). SE is defined
as either a convulsive or a non-convulsive episode lasting
for = 5 minutes, or recurrent seizure activity without
regaining conscious level in between (recovery) [8]. The
notion that some antiepileptic drugs (AEDs) can target
the renin-angiotensin system (RAS) [9,10] has driven the
attention towards the exploration of this system in terms
of epileptogenesis and epilepsy. Some studies highlighted
the potential ability of phenobarbital, benzodiazepines, and
acetazolamide-all of which are known AEDs- to alter the
RAS [11,12]. In this context, serum renin was elevated in
patients having seizures while serum level of phenobarbital
was low [13]. In rat’s brain, the inhibitory activity of the
AEDs, diazepam and carbamazepine, over the angiotensin
converting enzyme (ACE)- the enzyme responsible for
angiotensin II (Ang II) synthesis- [14-16], and, conversely,
the favorable effects of RAS inhibitors in curing epilepsy
[9,17,18] underpinned the possible involvement of RAS
in epileptogenesis. Despite that Ang II was regarded as
a proconvulsant factor which inhibition by angiotensin
converting enzyme inhibitors (ACEls) yielded favorable
outcomes in epilepsy control, ACEls of the sulfhydryl group,
such as captopril and zofenopril, and those of the non-
sulfhydryl group, such as enalapril and fosinopril, did not
have significant anticonvulsant activity in a mouse model
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of audiogenic-stimulated seizures [19]. Even that ACEIs can
precipitate seizures [20] as rationalized by a peripheral-to-
central escape of angiotensin I, thus enhancing the central
conversion to Ang II. Nonetheless, the antiepileptic activity
of one of the broad-spectrum AEDs, valproic acid, was
potentiated by RAS inhibitors [21,22]. Thus, comparing
the valproic acid derivative, sodium valproate (SVPA), to
ramipril, one of the less studied ACEIs in terms of epilepsy,
seemed appealing.

Furthermore, the link between some cardiovascular
disorders, including ischemic heart diseases, and arrhythmia,
and epilepsy [23-25] has guided our study to investigate the
link between the cardiovascular effects of ramipril to its
presumed activity in epilepsy. More importantly, seizures
seemed a threat to the heart and can trigger cardiomyocyte
injury as well as arterial hypertension [26,27]. Some of the
epilepsy-triggered arrhythmia involved atrial fibrillation,
bradyarrhythmia and ventricular arrhythmia [28-30]. These
cardiac complications are potential contributors to sudden
unexpected death, with an incidence of 0.09 to 2.4 per 1000
person-years [31,32]. The need to compare the antiepileptic
activity of ramipril to SVPA in terms of cardiovascular
events stems from the reported increased risk of long-term
arrhythmia in SVPA-treated patients with epilepsy and a
three-fold increase in ventricular fibrillation-related sudden
cardiac death [33]. Still, studies are lacking as regards the
acute cardiovascular effects of SVPA in the peri-ictal period
of status epilepticus.

Therefore, we compared the effects of ramipril to SVPA in
a pyridostigmine-induced status epilepticus (PISE) in adult
male rats. Three different doses of ramipril were employed to
assess whether presumed effects followed a dose-dependent
pattern, the lowest dose is the one commonly adopted in
research. Secondly, we explored whether the behavioral,
EEG, and ECG changes were linked.

Materials and methods

All experimental procedures comply with the ARRIVE
guidelines and were carried out in accordance with JoVE'’s
animal use guidelines Animals. Animals’ housing, handling
and experimentation were approved by the Institutional
Animal Care and Use Committee of Cairo University (CU/
III/F/46/24).

Experimental design and treatments

Adult male Wistar albino rats aged 7-8 months (200-250
g) were obtained from Animal House of Faculty of Medicine,
Kasr Al-Ainy, Cairo University. Animals were maintained
4-5 rats/cage in the Acclimatization Room at the Medical
Pharmacology Department, Faculty of Medicine. Kasr Al-Ainy,
Cairo University for 7 days before the start of the experiment,
under standard conditions (22 + 2 °C room temperature;
45% - 50% relative humidity; 12-hour light/dark cycle with
lights on at 07:30), with access to food and water ad libitum.
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Adult male Wistar albino rats (N = 78) (250-300 g) were
divided into the following seven groups: Controls (n = 9),
wherein rats received sc. distilled water (1 mL/kg), 30 min.
before oral distilled water (1 mL/kg), followed by IP distilled
water (1 mL/kg); Dimethyl sulfoxide (DMSO) (Amazon, USA)
(n = 9), wherein rats received sc. distilled water (1 mL/kg),
30 min. before oral DMSO (1 mL/kg), followed by IP distilled
water (1 mL/kg); Pyridostigmine-induced seizures (PISE) (n
=12),whereinrats, pre-treated with 1 mg/kg sc. Scopolamine
methyl bromide (Sigma-Aldrich Co., St. Louis, USA) -to block
the peripheral cholinergic effect of pyridostigmine- [34], were
injected, 30 min. before IP pyridostigmine bromide (Sigma-
Aldrich Co., St. Louis, USA) (0.5 mg/kg), guided by a pilot
study starting with a dose of 36 mg/kg-based on a the relative
acetylcholinesterase inhibitory activity of pyridostigmine
compared to physostigmine [35]; SVPA (Sigma-Aldrich Co.,
St. Louis, USA) (n = 12), wherein rats were administered oral
SVPA (5 mg/kg) [36], immediately prior to pyridostigmine
+ scopolamine methyl bromide; Ramipril (Sigma-Aldrich Co.,
St. Louis, USA) (n = 36), wherein rats received oral ramipril,
immediately prior to pyridostigmine + scopolamine methyl
bromide, at respective doses of 5mg/kg designated as R5,
10 mg/kg designated as R10, and 20 mg/kg, designated as
R20 [37]. All treatments were received once, after 12-hour
fasting as food delays the oral absorption of SVPA [38].
No pharmacokinetic interactions were observed between
pyridostigmine and either SVPA or ramipril. As a rescue
medication in status epilepticus, IP lorazepam (Pfizer, USA)
(0.94 mg/kg) was available [39]. In case of cardiac arrest, IM
atropinesulfate (Sigma-Aldrich Co., St. Louis, USA) (0.5 mg/kg)
was available [40] (Figure 1).

5,

Racine’s scoring for the behavioral assessment of motor seizures

Each rat was placed in a square glass box, measuring 30
cm x 30 cm x 30 cm (length x width x height), unseen from
the other counter peers of the same cage, to be left for 30
min. to accommodate. Starting 5 min. after treatments’
administration, the rat’s motor behavior was video recorded
for 10 min. Scoring was done on scale from 0-7, where: 0
= no response; 1 = gustatory movements and scratching;
2 = tremor and hindlimb extension; 3 = head nodding and
stepping backwards; 4 = rearing and forelimb clonus; 5 =
rearing, clonus, and falling; 6 = whole-body jerks; and 7 =
tonic-clonic seizures and ‘wet dog’ shaking [41]. After 4.59
min. of recording, in case of spontaneous termination of
seizures, the rat was left for recovery for another 30 min. In
case of persistent seizures lasting for = 5 min., termination
of seizures was done using lorazepam. The glass box was
cleared with ethanol to avoid any olfactory cues.

Non-invasive blood pressure measurement

Following a 24-hour recovery period from seizures,
systolic and diastolic blood pressure were recorded using
rat tail plethysmography (PanLab, Spain).Rats were sedated
with I[P 350 mg/kg chloral hydrate (350 mg/kg). Pulse
pressure was calculated as:

Pulse pressure (mmHg) = Systolic BP (mmHg) - diastolic
BP (mmHg)

Electroencephalography (EEG)

Following blood pressure recording, EEG was performed

[ Adult male Wistar albino rats (N = T8), equally divided into 7 groups J
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Figure 1: Experimental design and animal grouping. Adult male Wistar albino rats (N = 78) were divided into seven groups. DMSO:
Dimethyl-sulfoxide; SVPA: Sodium Valproate; EEG: Electroencephalography; ECG: Electrocardiography.
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during the daytime. EEG recording lasted 5 min. per rat while
sedated with closed eyes using the data acquisition system
PowerLab 4/30 (ML866, ADInstruments, Australia); Animal
BioAmp (ML136, ADInstruments, Australia) and Lab Chart
software v8.2. Subdermal scalp needle electrodes (MLA1203;
ADInstruments, Australia) were inserted according to the
manufacturer’s brochure (ADInstruments, Australia). Prior
to recording, the setup of the instrument was adjusted as
mentioned previously in [42]. Using Data Pad commands,
offline analysis for the following was done: Total EEG power
(V?), mean power frequency (Hz), and mean EEG amplitude
(uV), of source, fast gamma, slow gamma, beta, alpha, theta,
and delta waves. The relative power of each frequency band
was calculated:

Relative power of band frequency = Total power of the
band frequency (V?) + Total power of source EEG wave(V?)

To compare the mean amplitudes of EEG waves among
the studied groups, the absolute numerical values were
adopted in statistical analysis. The needle electrodes were
swabbed with alcohol pad in between each rat.

Electrocardiography (ECG)

Following EEG recordings, ECG was performed using
the data acquisition system PowerLab 4/30 (ML866,
ADInstruments, Australia) during the daytime, for 5 min
per rat. The software settings were adjusted as mentioned
in [42] and according to the manufacturer’s brochure
(ADInstruments, Australia). Channel 1 was used for
recording. Using Data Pad commands, offline analysis to
obtain data for heart rate (HR) (beats per minute (bpm)),
amplitudes (millivolts) of P, Q, R, S, ST, and T waves, and
duration (seconds) of P wave, PR interval, QRS complex, QT,
QTc, JT, Tpeak-Tend, and RR intervals, and calculated ]Tc.
(P wave = Atrial contraction; PR interval = Atrio-ventricular
conduction; Q wave = The negative deflection that precedes
the R wave; R wave = Positive upward deflection that follows
the Q wave; S wave = Small negative wave following the R
wave; QRS = Duration of ventricular contraction; T wave =
Ventricular relaxation; QT = Time from start of ventricular
contraction until the end of ventricular relaxation; QTc =
Time from start of ventricular contraction until the end of
ventricularrelaxation (corrected for heartrate); ] wave =Point
at the end of QRS; JT interval = Ventricular repolarization,
from end of ventricular contraction (QRS) until the end of
ventricular relaxation; JTc = Ventricular repolarization,
from end of ventricular contraction (QRS) until the end
of ventricular relaxation (corrected for heart rate); ST
segment = The interval between ventricular depolarization
and ventricular repolarization (line between ] point and
start of T wave); Tpeak-Tend = Transmural dispersion of
ventricular repolarization. The Averaging view was preset at
rat ECG values and set to average over 1 second. The needle
electrodes were swabbed with alcohol pad in between each
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rat. After completion of all experimental procedures, rats
were euthanized by decapitation under general anesthesia
using IP ketamine/xylazine (40/5 mg/kg) [43].

JTc (seconds) = QTc (seconds) - QRS duration (seconds)
Statistical analysis

Sample size calculation was done using G*Power software
v. 3.1.9.4,, at level of significance alpha = 0.05 and power
(1-beta) = 0.80. Sample size was increased adopting the
mortality rate encountered in the PISE model during pilot
study. Data were coded and entered using GraphPad Prism
v. 10.4.0 (IBM Corp., Armonk, NY, USA). The distribution
of data was assessed using the Kolmogorov-Smirnov and
the Sapiro-Wilk tests. Normally- distributed quantitative
variables were presented as mean * standard deviation (SD),
while non- normally distributed quantitative variables were
presented as median and interquartile range. Categorical
variables were presented as relative frequencies. Pairwise
comparisons were done using analysis of variance (ANOVA)
with multiple comparisons post hoc Tukey’s test for the
normally distributed quantitative variables; Brown-Forsythe
and Welch ANOVA for the normally distributed quantitative
variables with unequal variances; Kruskal-Wallis test with
multiple comparisons post hoc Dunn’s test for the non-
normally distributed quantitative variables. Fischer’s exact
test was used for categorical variables when the expected
frequency was less than 5. A P value < 0.05 was considered
statistically significant. Correlations between quantitative
variables were done using Spearman rho correlation
coefficient. Correlation coefficient T’ > 6 was considered a
strong correlation.

Results and discussion

This work was conducted to explore the effect of ramipril
compared to SVPA in a rat model of PISE, pre-treated with
scopolamine methyl bromide, to block the peripheral
muscarinic effects of pyridostigmine. The behavioral
assessment of motor seizures was done using Racine’s
scoring. EEG was done as the gold standard diagnostic
tool for epileptogenesis, even in absence of seizures. ECG
was adopted presuming some links between cardiac and
neurologic alterations in the context of seizures precipitation
and mitigation, if any.

R5 reduced Racine’s score

Compared to controls, all PISE rats experienced seizures
lasting more than 5 minutes (100% with a score of 7 vs. 0%,
P <0.0001). Compared to PISE, only R5, but not R10 or R20,
showed a significantly lower number of rats experiencing SE,
and with reduced scoring of < 6 (22.22%, p < 0.01).

The success of our model was evident when finding that
all rats in the PISE group exhibited generalized (score 6-7)
sustained (> 5min.) seizures. Neither SVPA, R10, nor R20
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mitigated PISE. R5 reduced seizure severity but remained
significantly higher than in controls. Seizures were one of
the reported adverse drug reactions of pyridostigmine but
with less incidence compared to donepezil and rivastigmine
-anti-Alzheimer’s medications of the same category-
reversible anticholinesterases- [44]. Some reports indicated
that toxicity from carbamate anticholinesterases is most
commonly attributed to pyridostigmine, rather than other
members of the same group, including physostigmine,
neostigmine and echothiophate [45].

Despite that SVPA was effective in several seizure models
[46,47], it was not able to prevent status epilepticus [48]
as was in the PISE model. Similarly, the lack of efficacy
of anticonvulsants was previously reported in male mice
receiving IP pyridostigmine bromide (5 mg/kg) [49].

R5, but neither R10 nor R20, partially reduced the
severity of PISE. Interestingly, angiotensin II was implicated
in potentiating the inhibitory effect of GABA agonists in
pentylenetetrazole-induced seizures, while increased the
seizure threshold in bicuculline-induced seizures [50],
perhaps rationalizing the lack of efficacy in PISE model. In
contrast, [P captopril (50 mg/kg), another ACEI, exerted an
antiseizure activity a kainic acid rat model as was detected
behaviorally and by EEG [51,52]. Nonetheless, captopril
itself, which was effective in the strychnine-induced seizure
model [50] aggravated the bicuculline-induced seizures [53].

Ramipril reduced systolic and diastolic BP in a dose dependent
manner

Compared to controls, PISE exhibited reduced systolic BP
and pulse pressure. The reductions of systolic BP and pulse
pressure with PISE were consistent with some cases of ictal
hypotension, less common than ictal hypertension though.
Despite blocking the peripheral anticholinergic effects using
hyoscine, rats blood pressure was reduced perhaps owing to
the seizure-associated fear and subsequent vasodilatation
similar to vasovagal syncope [54].

On the contrary, SVPA significantly increased systolic
BP and pulse pressure relative to PISE, but not to controls.
Compared to controls, R5, R10, and R20 significantly reduced
systolic and diastolic BP as well as pulse pressure in a dose
dependent manner, as anticipated (Figures 2a-c).

R5 and R10 increased the total power of source, fast gamma,
and slow gamma EEG waves

Despite the overt SE exhibited in Racine’s scoring, no
significant EEG changes were detected PISE following 24-
hour recovery. Despite being ineffective in PISE model,
SVPA reduced the total power of source wave and that of
the fast gamma wave, reflecting reduced cortical excitability.
Similar to the current study, SVPA did not significantly alter
the power of beta and alpha waves [55]. Unlike our PISE
rat model, scalp EEG recording in awake patients with eyes
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Figure 2: Non-invasive blood pressure of adult male Wistar albino rats
(N = 63). a. Systolic blood pressure (mmHg). b. Diastolic blood pressure
(mmHg). c. Pulse pressure (mmHg). Data are expressed as mean +
SD. DMSO: dimethyl-sulfoxide; PISE: pyridostigmine-induced status

epilepticus; SVPA: sodium valproate; BP: blood pressure. P < 0.05 is
considered statistically significant. * p <0.05, ** p < 0.01, *** p < 0.001, and
**x% p <0.0001.

closed receiving SVPA showed increased power of each of
theta (3.5-7.5 Hz) and delta (1.5-3.5 Hz) waves compared
to untreated patients with idiopathic generalized seizures.
Although not the focus of this study, fast EEG waves were
linked to enhanced cognition [56], while the opposite could
reflect reduced cognition which is consistent to some reports
highlighting the link between valproate and cognitive
dysfunction, as was detected in males with uncontrolled
seizures in the dose range used herein [57].

Both R5 and R10 exhibited extensive EEG changes, also
opposing R20. R20 opposed R5 and R10 in terms of reducing
the total power of source wave and fast gamma, as was with
SVPA. Additionally, R20, but neither R5 nor R10, increased
the relative power of alpha. The ability of R5 and R10, more
than R20, to exert substantial EEG changes could reflect the
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saturation of brain transport mechanisms when increasing
ramipril doses [58], or otherwise, the dose dependent
reduction in BP reduced the central delivery of ramipril [59].
The increased relative power of fast and slow gamma EEG
waves associated with R5 could highlight an epileptogenic
activity [60-62]. This was corroborated by R5 exceeding R10
inincreasing the total power of source EEG wave and the mean
power frequency of fast gamma EEG wave to > 100 Hz. Also,
R5 increased the total power of delta EEG wave, consistent
with intracranial epileptiform discharges recorded using
scalp EEG, especially at a frequency = 1.4 Hz [63] similar to
this work. Such an EEG slowing was reported in patients with
myoclonic or non-convulsive status epilepticus as well [64]
and during the post-ictal recovery period [65]. R5 exceeded
R10 in increasing the amplitude of beta wave, the minimum
amplitude of alpha wave and theta waves, and the maximum
amplitude of theta wave. Although not the focus of this
work, the increased beta amplitudes could reflect a possible
anxiogenic activity attributed to ramipril [66], or it might
reflect a state of enhanced cognition [67] as could be deduced
from the concomitantly increased alpha and theta amplitudes
[68,69], despite ongoing controversies [70,71]. R10 reduced
the mean power frequency of source wave against increasing
its amplitude, still in the fast, low amplitude wave range of
gamma. Also, R10 increased the amplitude of fast gamma
wave, added to increasing the maximum power of slow
gamma wave. These changes might reflect an epileptogenic
activity corroborated by the simultaneously increased delta
amplitude [63]. In contrast, R10 reduced the relative powers
of beta and theta waves, possibly indicating some memory
impairment [72,73], although not within the scope of this
research. The opposed EEG changes seen with R20 to those
of R5 in terms of reduced the total power of source and fast
gamma waves against increasing the relative power of alpha
wave might be consistent to the lack of behavioral efficacy
of R20 [74-76]. Changes in source wave, fast gamma, slow
gamma, beta, alpha, theta, and delta waves are illustrated in
Figures 3a-i, 4a-j, 5a-i, 6a-d, 7a-g, 8a-f, and 9a-h, respectively.
Figure 10 illustrates samples of EEG recordings of the studied
groups.

R10 abolished P wave, caused bradycardia, and prolonged
QRS and QTc

Compared to controls, neither PISE nor SVPA significantly
altered ECG. The changes in BP in absence of variations in
heart rate support that the BP changes might occur at
distinct brain areas from those involved in heart rate, so
that hypotension might occur, even in presence of increased
heart rate [77]. In this study, the lack of significant heart rate
and diastolic BP variabilities mimicked those trigerred by
electrical stimulation of medial prefrontal cortex Brodmann
area 25 in patients [78]. The lack of significant ECG changes
seemed reassuring and complying with the claimed
cardioprotective effect of SVPA in patients with epilepsy
[79]. The potential of SVPA to trigger adverse cardiac
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events owing to the induction of weight gain and metabolic
disturbances [80] does not apply herein, given the adopted
acute model and SVPA single dosing regimen. Notably, some
studies found no association between long-term use of SVPA
and cardiac adverse events in new cases of status epilepticus
as well as in children with status epilepticus using 5-30 mg/
kg doses, as detected by ECG and echocardiography [81,82].
It is worth mentioning that adverse cardiac events could
occur in presence of uncontrolled seizures [24], rationalizing
the SVPA-associated mortality rate similar to PISE, despite
rescue attempts.

R5 prolonged P duration, indicating reduced inter-atrial
conductivity, also considered a poor prognostic factor in
stroke [83], while reducing R amplitude, indicating poor R
wave progression, which was considered a poor prognostic
factor in terms of survival [84]. R10 abolished P wave,
induced ST elevation and tall T wave, denoting myocardial
ischemia, precipitated bradycardia and prolonged QRS,
QTc, and RR intervals, denoting heart block. In uncontrolled
epilepsy, the risk of cardiovascular disorders, including
myocardial infarction and sudden cardiac death is high
owing to hypoxia during seizure attacks [85]. The P wave
changes associated with R10 suggest atrial fibrillation or
flutter, or otherwise P wave and PR interval could be hidden
in the prolonged QRS. The absence of P wave in presence
of bradycardia could reflect sinus dysfunction, one of the
central autonomic changes during interictal episodes [86].
Instead, sinus dysfunction might trigger seizures, secondary
to reduced cerebral blood flow [87]. Our findings showed
evidence of bradycardia and atrial fibrillation among
common cardiovascular adverse reactions encountered in
seizures [88]. Peri-ictal bradyarrhythmia, including AV block
up to asystole, might occur when bilateral seizure activity
is evident on EEG or it might accompany parasympathetic
activation, especially with temporal lobe epilepsy [89,90].
QT prolongation, another ECG abnormality recorded during
seizures, was also observed in the post-ictal period in this
study [91]. Changes in heart rate, P amplitude, P duration,
PRinterval, R amplitude, S amplitude, ST height, T amplitude,
QRS, QT, QTc, JT, JTc, TpTe, and RR intervals are illustrated
in Figures 11la-o, respectively. Figure 12 illustrates ECG
recordings of the studied groups.

Systolic BP was strongly correlated to Racine’s scoring,
while P amplitude and duration as well as QTc were strongly
correlated to EEG waves

Only systolic BP was negatively correlated to Racine’s
scoring (r = -0.67, p < 0.001) (Figure 13a). A negative
correlation between systolic BP and Racine’s scoring could
highlight the implication of autonomic dysfunction in PISE
model [92].

P amplitude was negatively correlated to the total EEG
power (r = -0.62, p < 0.01) (Figure 13b) emphasized that
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Figure 3: Source EEG wave of adult male Wistar albino rats (N = 633. a. Total power (V2). Data are expressed as mean £ SD. b. Maximum
power (Vz). c. Minimum power (V2). d. Mean power frequency (Hz). e. Maximum power frequency (Hz). f. Minimum power frequency

(Hz). g. Average amplitude (V). h. Maximum amplitude (uV). Data are expressed as median and interquartile range. i. Minimum
amplitude (uV). Data are expressed as mean + SD. DMSO: dimethyl-sulfoxide; PISE: pyridostigmine-induced status epilepticus; SVPA:
Sodium Valproate; BP: Blood Pressure. p < 0.05 is considered statistically significant. * p <0.05, ** p < 0.01, *** p < 0.001, and **** p <0.0001.

sinus dysfunction might trigger seizures, possibly secondary
to reduced cerebral blood flow [87].

Limitations of this study

All assessments apart from Racine’s scoring could not be
made during the acute severe seizures but rather following
24-hour recovery period.

P duration was positively correlated to the relative power
of fast gamma (r = 0.63, p < 0.01) (Figure 13c), while being
negatively correlated to the relative power of slow gamma (r
=-0.77,p < 0.0001) (Figure 13d), perhaps substantiating the
contribution of cerebral ischemia to epileptogenesis.

Conclusion

R5 reduced the severity of status epilepticus induced
by pyridostigmine; however, this was accompanied by
epileptogenic activity as detected 24 hours later. Neither
SVPA, R10 nor R20 yielded anticonvulsant activities in
PISE model. The EEG changes noticed with SVPA and R20
highlighted reduced cortical excitability, in contrast to R5
and R10, which demonstrated epileptogenic activity, and

QTcwasnegatively correlated totherelative power oftheta
wave (r =-0.68, p < 0.01) (Figure 13e), possibly highlighting
impaired cognition, the latter might complicate epileptogenic
activity [93,94]. Conversely, QTc was positively correlated
to the mean amplitudes of source and delta waves (r = 0.64

and r = 0.63, respectively, p < 0.01) (Figures 13f and g). The
prolonged QTc denoting heart block might have contributed
to cerebral ischemia and subsequent epileptogenesis. Other
correlations are illustrated in Figure 14.

https://doi.org/10.29328/journal.jnnd.1001106

possibly some cognitive enhancement attributed to R5.
Ramipril exerted dose-dependent reductions in BP, which
may have contributed to epileptogenesis . Despite the
therapeutic failure of SVPA in PISE model, SVPA could be
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Figure 4: Fast gamma EEG wave of adult male Wistar albino rats (N = 63). . a. Total power (V2). b. Maximum power (V,). c. Minimum
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0.05 is considered statistically significant. *

p <0.05, ** p <001, *** p < 0.001, and **** p < 0.0001.
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Figure 9: Delta EEG wave of adult male Wistar albino rats (N = 63). a. Total power (V2). b. Maximum power (V2). c. Minimum power (V2).
Data are ex&oressed as median and interquartile range. d. Mean power frequency (Hz). Data are expressed as mean  SD. e. Average
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Pressure. p < 0.05 is considered statistically significant. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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Figure 10: Sample of EEG of adult male Wistar albino rats of a. Controls. b. PISE. c. SVPA. d. R5. e. R10. f. R20. EEG was done for sedated
rats with closed eyes using the data acquisition system PowerlLab 4/30 (ML866, ADInstruments, Australia); Animal BioAmp (ML136,

ADInstruments, Australio) and Lab Chart software v8.2, using subdermal scalp needle electrodes (MLA1203; ADInstruments, Australic)
inserted according to the manufacturer’s brochure (ADInstruments, Australia). PISE: Pyridostigmine-induced Status Epilepticus; SVPA:
Sodium Valproate; R5: Low dose ramipril (5 mg/kg); R10: Moderate dose ramipril (10 mg/kg); R20: High dose ramipril (20 mg/kg).
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Figure 11: ECG of adult male Wistar albino rats (N=63). a.HR (bpm). b. P amplitude (mV). c. P duration (seconds). d. PRinterval (seconds).
e. R amplitude (mV). f. S amplitude. Data are expressed as median and interquartile range. g. ST height (mV). Data are expressed as

mean + SD. h. T amplitude (mV). i. QRS interval (seconds). j. QT (mV). k. QTc (mV). 1. JT (mV). m. JTc (mV). n. TpTe (seconds). o. RR interval
(seconds). Data are expressed as median and interquartile range. DMSO: Dimethyl-sulfoxide; PISE: Pyridostigmine-induced Status
Epilepticus; SVPA: Sodium Valproate; TpTe: T end-Tpeak; QTc: Heart rate-corrected QT interval; JTc: heart rate-corrected JT interval;
HR: Heart Rate; bpm: Beat per minute. p < 0.05 is considered statistically significant. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p <0.0001.
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Figure 12: Sample of ECG of adult male Wistar albino rats of a. Controls. b. PISE. c. SVPA. d. R5. e. R10. f. R20. ECG was done for sedated
rats with closed eyes using the data acquisition system Powerlab 4/30 (ML866, ADInstruments, Australia) according to the
manufacturer's brochure (ADInstruments, Australia). Each figure consists of 3 panels: upper left: Actual ECG tracing, upper right:
waterfall plot, and lower: averaging of beats over 1second. PISE: pyridostigmine-induced status epilepticus; SVPA: Sodium Valproate;
R5: low dose ramipril (5 mg/kg); R10: moderate dose ramipril (10 mg/kg); R20: high dose ramipril (20 mg/kg).

Figure 13: Scatter plots of a. systolic BP (mmHg) and Racine’s scoring. b. P amplitude (mV) and total power of source EEG wave (V2).
c. P duration (seconds) and relative power of fast gamma EEG wave. d. P duration (seconds) and relative power of slow gamma EEG
wave. e. QTc (seconds) and relative power of theta EEG wave. f. QTc (seconds) and mean amplitude of source EEG wave (uV). g. QTc
(seconds) and mean amplitude of delta EEG wave (uV). BP: blood pressure. p < 0.05 is considered statistically significant. * r > 0.6 is
considered as strong.
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Figure 14: Correlation matrix among the studied groups between Racine’s scoring, blood pressure, EEG, and ECG parameters. EEG:

Electroencephalography; ECG: Electrocardiography. p < 0.05 is considered statistically significant.

regarded as safe in terms of cardiac electrophysiology. As
with ramipril-induced EEG changes, the ECG recordings,
especially with R10, indicated arrhythmogenic and ischemic
activities, some of which were strongly correlated to some
EEG aspects of epileptogenesis, potentially contributing
to intractable seizure, also triggering some EEG aspects of
cognitive dysfunction. Ramipril monotherapy, particularly
at high doses, should be avoided in the PISE model due
to its therapeutic failure and potential to exacerbate
epileptogenesis through adverse hypotension and cardiac
events. Further research work using other models of epilepsy
is warranted.
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