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Abstract

Aim: Harmaline (HR) is a monoamine oxidase inhibitor (MAQI) and antioxidant alkaloid obtained from Banis-
teriopsis caapi and Peganum harmala, where experimental studies have been conducted to support modern
medicine. The electrophysiological impact of short-term and long-term HR treatment on the penicillin G-induced
epileptic model in rats was examined in this study.

Methods: Eighty-four adult male Wistar rats were randomly assigned to two groups: one received a single dose/
day of HR, and the other received repeated doses/days of HR. Each group was further divided into six subgroups
based on the dose of HR (10, 50, and 100 mg/kg). Epileptiform activity (EA) was triggered in the experimental
groups with intracortical penicillin administration. Electrophysiological data were collected and analyzed using
electrocorticography (ECoG). The serum levels of superoxide dismutase (SOD), catalase (CAT), glutathione per-
oxidase (GPx), and glutathione reductase (GR) were measured using the Enzyme-Linked Immuno Sorbent Assay
(ELISA) method to assess the free radical scavenger effects of HR. The latency, frequency, and amplitude of EA
waves and serum antioxidant marker levels were analyzed statistically.

Results: There was no observed EA in the sham group. Nevertheless, the results showed that both acute and
chronic HR treatment increased the seizure threshold dose-dependently (p<0.05). It was observed that the acute
HR group reduced the frequency and amplitude of spike-wave discharges up to the 10th period, compared to
the control and other groups, and did not affect these parameters in the remaining periods. No significant differ-
ence was observed in the chronic groups in terms of spike wave frequency and spike-wave amplitude, except for
some time periods. In addition, while there was a significant increase in antioxidant enzyme levels of the chronic
HR group compared to the control and other groups (P<0.05), there was no significant difference in the acute
groups.

Conclusion: It was observed that HR did not affect spike wave frequencies and amplitudes in all acute groups,
except for the 10th period and in chronic HR groups. HR prolonged the latency to first EA onset in acute and
chronic groups and may have an antioxidant effect with long-term use.
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Oz

Amag: Harmalin (HR), modern tibbi desteklemek amaciyla deneysel ¢alismalarin yapildigi Banisteriopsis caapi ve
Peganum harmala bitkilerinden elde edilen, monoamin oksidaz inhibitért (MAOI) ve antioksidan bir alkaloiddir. Bu
calismada kisa sureli ve uzun sureli HR tedavisinin sicanlarda penisilin G ile induklenen epileptik model tizerindeki
elektrofizyolojik etkisi incelenmistir.

Yéntemler: Seksen dort yetiskin erkek Wistar sican rastgele iki gruba ayrildi. Akut gruba tek doz/giin HR, kro-
nik gruba tekrarlayan doz/giin HR verildi. Her grup ayrica HR (10, 50 vel00 mg/kg) dozuna gore alti alt gruba
ayrildi. intrakortikal penisilin uygulamasiyla deney gruplarinda epileptiform aktivite (EA) tetiklendi. Elektrofizy-
olojik veriler, elektrokortikografi (ECoG) kullanilarak izlendi ve analiz edildi. HR’nin serbest radikal temizleyici et-
kilerini degerlendirmek icin stiperoksit dismutaz (SOD), katalaz (CAT), glutatyon peroksidaz (GPx) ve glutatyon

reduktazin (GR) serum seviyeleri Enzim Bagli immuno-Sorbent testi (ELISA) yéntemi kullanilarak olctldi. EA Received/Gelis : 07.02.2024
dalgalarinin latensi, frekansi ve amplittdi ile serum antioksidan belirtec duzeyleri istatistiksel olarak analiz edildi. Accepted/Kabul: 15.04.2024
Bulgular: Sham grubunda EA gértlmedi. Ancak sonuglar hem akut hem de kronik HR tedavisinin ndbet esigini DOI: 10.21673/anadoluklin.1433359

doza bagli olarak arttirdigini gésterdi (p<0.05). Akut HR grubu kontrol ve diger gruplarla karsilastirildiginda dik-

en dalga desarjlarinin sikligi ve genliginde 10. periyoda kadar dusurtrken, kalan periyotlarda bu parametreleri .
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INTRODUCTION

Epilepsy, distinguished by recurring and sudden sei-
zures, ranks as the fourth most prevalent neurological
disorder, following stroke, migraine, and Alzheimer’s
disease. Despite encompassing diverse structural alter-
ations such as genetic factors, traumatic brain injury,
central nervous system infections, or brain tumors,
approximately 65% of patients exhibit no discernible
cause (1). Currently, around 65 million people world-
wide receive treatment for epilepsy (2). Despite the
treatment with classical, second, or third-generation
antiepileptic drugs targeting the underlying patho-
physiological processes of epileptogenesis, approxi-
mately 30% of epilepsy patients still exhibit resistance
to these drugs (3). Additionally, the existing antiepi-
leptic medications used in treatment often come with
significant side effects, necessitating the use of two or
more antiepileptic drugs for some patients. Epileptic
seizures develop due to an increase in excitatory neu-
rotransmitters such as glutamate or a decrease in in-
hibitory neurotransmitters like gamma-aminobutyric
acid (GABA). Hence, antiepileptic drugs either aug-
ment GABA activity in the brain or manifest their
impact through the inhibition of glutamate receptors
(4). Therefore, these substances acting on neurons may
generally cause a delay in epileptiform activity. For this
purpose, the harmaline we used in the study may af-
fect the pathways involved in the formation of epilepsy
(Hypothesis 1, H,).

> H,: Harmaline prolongs the latency of epilepti-

form activity.

Abnormal discharges and spike waves appear in
the electroencephalography (EEG) during epilepto-
genesis. Several epilepsy models using experimental
animals, such as cats and rats, have been developed to
understand the pathways in epilepsy. In these studies,
epilepsy models were created by administering peni-
cillin G intraperitoneally, and electroencephalographic
recordings were obtained. Spike wave discharges were
recorded, and various drug efficacies were evaluated.
Furthermore, local application of penicillin to the cor-
tex surface or interior also reported the induction of
epileptiform activity. Recent research has turned to
medicinal plants intending to suppress epileptic sei-
zures (Hypothesis 2, H.).

> H,: Harmaline reduces the EA frequency and
amplitude of spike waves.

The antioxidant properties of various experimen-
tal models have demonstrated a reducing effect on
the severity and frequency of seizures. Many plants
are known to have anticonvulsant effects, and various
electrophysiological studies are being conducted with
these anticonvulsant and antioxidant plants. One such
medicinal plant is Peganum harmala (5). These alka-
loids were first isolated from Peganum harmala and
Banisteriopsis caapi in 1847 (6). The seeds of the plant
have been employed in the treatment of various ail-
ments such as fever, diarrhea, subcutaneous tumors,
joint diseases, cough, diabetes, hypertension, and
asthma (7-8). However, the traditional use of Pega-
num harmala has increased in the past two decades.
Studies on the use of Peganum harmala seeds date
back to 1980, while research on harmaline began in
2000. These studies predominantly focus on revealing
the analgesic, antitumor, anti-inflammatory, broncho-
dilator, anticonvulsant, and antiepileptic properties of
harmaline. There are also studies investigating the an-
ticonvulsant properties of Peganum harmala and the
effect of harmaline on seizure thresholds (9).

The dry seeds of the plant contain approximately
5.6% harmaline, 4.3% harmin, 0.6% harmalol, and
0.1% tetrahydroharmine, which are known as human
monoamine oxidase (MAQ) inhibitors (10). More-
over, the beta-carboline harmaline, with a molecular
formula of C13H14N2O, has been reported to ex-
hibit antidepressant, anxiolytic, anticonvulsant, seda-
tive, hallucinogenic stimulant, excitatory stimulant,
and antitumor effects. Studies by Rahimian (2023)
reported that intraperitoneal harmaline administra-
tion reduced seizure threshold in mice. Hence, the
study demonstrates that Peganum harmala, through
its prevention of complex neuronal damage resulting
from neurodegeneration caused by oxidative stress, is
effective against various neurodegenerative diseases,
including epilepsy (11). An imbalance between oxida-
tive and antioxidant systems can lead to the detrimen-
tal effects of free radicals. Flavonoids such as harma-
line have been shown to mitigate the potential harm-
ful effects of free radicals in diseases related to neu-
ronal degeneration, including epilepsy. Experimental
evidence clearly indicates that flavonoids, structurally
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similar to benzodiazepines, modulate the GABAA-CI
channel complex, exhibiting antiepileptic activity (12,
13). Therefore, due to their phenolic structures, fla-
vonoids may play a modulating role in the treatment
of neurodegenerative diseases by disrupting cellular
oxidative processes in the central nervous system (14,
15). Oxidative stress originates from an overabun-
dance of reactive oxygen species, encompassing hy-
droxyl radicals (HO), superoxide anion radicals (02),
hydrogen peroxide (H202), peroxyl radicals (HOO),
and elevated levels of nitric oxide. The brain is par-
ticularly susceptible to harm owing to its heightened
oxygen demand and extensive mitochondrial activity.
Additionally, seizures increase the production of reac-
tive oxygen molecules, leading to oxidative damage to
biomolecules (16).

Therefore, the following hypotheses were investi-
gated and their compatibility with the literature was
examined (Hypothesis 3, H,).
> H,: Due to its antioxidant properties, harmaline

is neuroprotective, has monoamine oxidase in-

hibitor (MAOi) properties, and protects against
epileptiform activity.

Peganum harmala, containing beta-carboline
group alkaloids such as harmaline, norharman, har-
man, harmol, and harmin, has been the subject of
recent research into its antidepressant, antitumor,
antidiabetic, analgesic, anti-addictive, antihyperten-
sive, anticoagulant, antimicrobial, antioxidant, anti-
inflammatory, and anticonvulsant effects (17). In
this research, we examined the antioxidant impact
of intraperitoneal harmaline applications in a dose-
dependent manner, alongside their effects on EA, in
order to explore the hypotheses formulated. The pri-
mary objective of this study is to investigate the ef-
fects of harmaline on EA and its potential neuropro-
tective role attributed to its antioxidant properties, in
alignment with the formulated hypotheses. Through
experimental models involving intraperitoneal ad-
ministration of harmaline at varying doses, the study
aims to elucidate whether harmaline prolongs the la-
tency of epileptiform activity, reduces the frequency
and amplitude of spike waves associated with EA, and
exhibits neuroprotective effects against epileptiform
activity by acting as a monoamine oxidase inhibitor
(MAOI).
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I
MATERIALS AND METHODS

Animals

Wistar male rats, aged 2-3 months and weighing 270+30

grams, were accommodated in optimal conditions,
maintaining a room temperature of 23 °C, 60+5% hu-
midity, and a 12:12 light-dark cycle (N=84). The experi-
mental animals employed in this research were sourced
from the Duzce University Experimental Animals Re-
search and Application Center (Diizce, Tiirkiye). They
were provided ad libitum access to both feed and wa-
ter. The study received ethical approval from the Duzce
University Animal Research Local Ethics Committee
(date: 16.04.2018, decision no: 2018/1/1).

Inclusion Criteria

o Male Wistar Breed Rats: Only male Wistar breed
rats were included in the study to maintain unifor-
mity and minimize potential confounding factors
related to gender differences.

« Controlled Feeding: Rats received controlled feed-
ing from birth until they reached the age of 2-3
months to ensure consistent nutritional intake and
minimize variability in physiological parameters.

o Regular Weight Monitoring: Animal weight was
measured every other day to track growth pat-
terns and ensure that rats were within the specified
weight range for inclusion in the study.

o Content Analysis of Feeds: The feeds consumed by
the animals underwent content analysis to ensure
that they met the daily nutritional requirements
without exceeding the recommended amounts.

o Controlled Water Consumption: Water consump-
tion of the animals was controlled to maintain hy-
dration levels and minimize potential confounding
factors related to dehydration.

o Monitoring of Physiological Parameters: Urination
rates, body temperatures, and body mass indexes
were recorded regularly to monitor the overall
health and well-being of the animals throughout
the study period.

o Anesthesia Suitability Assessment: Prior to the ex-
periment, suitability for anesthesia was assessed
by measuring blood glucose levels to ensure that
animals could safely undergo experimental proce-
dures without complications.
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Table. 1: Experimental groups, substances doses and administration route

Group Substance Dose Route Acute group (n) Chronic group (n)
Sham (SG) Saline 1 ml/kg/day LP. 7 7
Only Harmalin (OHG) Harmaline 100 mg/kg/day LP. 7 7
Control (Penicillin G, CG) Saline 1 ml/kg/day LP. 7 7
10 mg/kg Harmaline (HR10) Harmaline 10 mg/kg/day LP. 7 7
50 mg/kg Harmaline (HR50) Harmaline 50 mg/kg/day LP. 7 7
100 mg/kg Harmaline (HR100) Harmaline 100 mg/kg/day LP. 7 7

SG: Sham group, CG: Control group, HR10: 10 mg/kg Harmaline, HR50

toneal, n: Number of animals, min: Minute
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Figure 1. Duration of administration of substances in acute and chronic harmaline groups ( min:Minute)

» Supervised Monitoring: Daily monitoring and
examination of animals under the supervision of
a veterinarian ensured their health and welfare
throughout the study.

o Minimum Weight Requirement: Animals with a
live weight of 270+30 grams or less on the day of
the study were excluded from the study to ensure
consistency and reliability of experimental results.

Exclusion Criteria

o Less than 2% of animals cared for at the experi-
mental animal center were excluded from the study
if they did not meet the specified inclusion criteria.
The study incorporated an adequate sample size,
determined through power analysis, to guarantee
statistical power and the reliability of the experi-
mental outcomes.

Substances and doses

Harmaline (Chemical abstract service number: 304-
21-2) was administered intraperitoneally (LP.) to the
rats at doses of 10, 50, and 100 mg/kg in our study
(Sigma-Aldrich, Missouri, USA). It was dissolved in
dimethyl sulfoxide (DMSO) mixture and diluted with
saline (Merk, Darmstadt, Germany). The induction of
epilepsy was achieved by intracortical (I.C.) adminis-
tration of Penicillin G potassium salt (I.E. Ulagay ilag,
Istanbul, Tiirkiye) at a volume of 2 pl, containing 500
IU. Anesthesia was induced using urethane (Sigma-
Aldrich, Missouri, USA) at a dosage of 1.25 g/kg ad-
ministered intraperitoneally (I.P.).

Surgical procedure
The animals were anesthetized with urethane and po-
sitioned in a stereotaxic frame (Harvard Instruments,
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Figure 2. Epileptiform activity recording obtained by intracortical penicillin injection ( IP.:Intraperitoneal,
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Figure 3. (CG; Control Group, Acute HR10; Acute 10mg/kg harmaline, Acute HR50; Acute 50mg/kg harmaline, Acute
HR100; Acute 100mg/kg harmaline, Chronic HR10; Chronic 10mg/kg harmaline, Chronic HR50; Chronic 50mg/kg
harmaline, Chronic HR100; Chronic 100mg/kg harmaline, sec: Second (*; p=0.003, **; p=0.009).

MA, USA) under the supervision of a veterinarian,
ensuring vital signs were evaluated and electrophysi-
ological observations were conducted in accordance
with literature studies (16). After shaving the head re-
gion, the scalp was incised midline from front to back
with a scalpel. Subsequently, the bony portion over the
left cerebral cortex was delicately thinned using a mi-
crodrill (FST Rechargeable Microdrill, KF Technology,
Rome, Italy) and carefully removed.
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Experimental groups

Before commencing the experiment, rats were cat-
egorically divided into two primary groups: chronic
administration (n=42) and acute administration
(n=42) (Table 1). In the SG group, only surgical pro-
cedures were performed. OHG group, which only re-
ceived 100 mg/kg of harmaline. CG group, which only
received Penicillin G (500IU/2 i, i.c.). HR10, HR50,
and HR100 groups, which received HR+Penicillin
G. Except for penicillin, all of the substances used in
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Figure 4. CG; Control Group, Acute HR10; Acute 10mg/kg harmaline, Acute HR50; Acute 50mg/kg harmaline, Acute
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Figure 5. CG; Control Group, Acute HR10; Acute 10mg/kg harmaline, Acute HR50; Acute 50mg/kg harmaline, Acute
HR100; Acute 100mg/kg harmaline, Chronic HR10; Chronic 10mg/kg harmaline, Chronic HR50; Chronic 50mg/kg
harmaline, Chronic HR100; Chronic 100mg/kg harmaline; P. 5 minute period
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Figure 6. Effect on antioxidant optic density levels after harmaline administration in acute and chronic harmaline
groups (*; p=0.001, **; p=0.003, ***; p=0.002) ).
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the study were administered intraperitoneally for 21
days in the chronic group. The harmaline-only group
(OHG) was given only harmaline. The substances were
administered to the animals in the acute group during
the experiment (Figure 1).

Creation of penicillin-induced epileptiform
activity

Intracortical penicillin administration triggered the
initiation of epileptiform activity. The induction of ep-
ileptiform activity through penicillin administration
involved the intracortical injection of 500 IU/2 pl of
penicillin. The administration of penicillin to the so-
matomotor cortex was conducted using a microinjec-
tor (Hamilton, Reno, USA). The injection coordinates
were set at 2 mm lateral, 1 mm anterior and 1.2 mm
deep to the Bregma line (18).

Electrophysiological records

Rats in the chronic group were prepared for surgery
at the end of the 21st day, and rats in the acute group
were prepared for surgery on the same day that har-
maline was administered. First, animals were admin-
istered 1.25 g/kg urethane i.p. Anesthesia was applied.
The left portion of the skull bone was then removed
and two silver/silver chloride electrodes were placed in
the somatomotor cortex area. After the electrodes were
placed, electrocorticographic (ECoG, PowerLab/8SP,
ADInstruments, NSW, Australia) recordings were
obtained during the experiment. Rats were appropri-
ately anesthetized, and after the removal of the skull
region (blue area) as illustrated in Figure 1, the injec-
tion was performed at the point indicated by the black
dot located 2 mm lateral to and 1 mm anterior to the
bregma. Five-minute basal activity records were taken
before epileptiform activity was initiated with peni-
cillin. Intracortical administration of penicillin (500
IU / 2 ul) resulted in epileptiform activity (EA). Data
analysis was conducted utilizing the PowerLab Chart
v.8.0 software package (ADInstruments Pty Ltd., CO,
US). Each animal underwent ECoG recordings lasting
125 minutes. Bipolar spike and spike-wave complexes,
indicative of EA, were scrutinized. Additionally, with-
in 120-minute intervals of ECoG recordings for each
animal, the mean, median, minimum, and maximum
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values of spike-wave frequency and amplitudes per 5
minutes were quantified and utilized as data.

Determination of antioxidant activity
Subsequent to the ECoG procedure, rat blood samples
were collected into tubes with yellow caps and sub-
jected to centrifugation at 4,000 rpm for 15 minutes.
(Heraeus labofuge 400, Thermo Scientific, Waltham,
Massachusetts, USA). The serum obtained after cen-
trifugation was stored at -20 °C until the day of testing.
The enzyme-linked immunosorbent assay (ELISA)
kits for superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), and glutathione reduc-
tase (GSR) levels in the serum were used (Shanghai
Sunred Biological Technology Co., Ltd, Shanghai,
China). Optical density values were obtained by per-
forming the ELISA test according to the procedure in
the kit manual.

Statistical analysis

The sample size was calculated by considering the cor-
relation coeflicient of 0.40, which is stated in the litera-
ture as the limit for a moderate relationship in the vari-
ables whose clinical relationships were examined. The
G*Power (G*Power ver. 3.0.10, Franz Faul, Universitat
Kiel, Germany) package program was used to determine
the required sample size for the study. As a result of the
analysis (with 0,85 power, a=0.05 type I error, =0.10
type II error, critical F value= 2,267), a correlation coef-
ficient of at least 0.40 was found to be significant (19).
The total required minimum sample size in each large
group was determined to be 42 animals.

The initiation time of the initial epileptiform activ-
ity, spike-wave frequency, and spike-wave amplitude
were automatically computed from the records acquired
for each animal using computer software (Lab Chart 8,
ADInstruments Pty Ltd, Castle Hill, NSW, Australia).
Epileptiform activity records were segmented into five-
minute intervals for analysis. Group differences in the
onset time of the first epileptiform activity, spike-wave
frequency, and amplitude measurements within each
period were evaluated through the one-way ANOVA
test, and homogenous subgroups were identified using
the multiple comparison method. To compare groups
regarding ELISA SOD, CAT, GR, and GPx values, the
ANOVA test was employed, and homogenous sub-
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groups were identified for distinct groups using the
multiple comparison method. Statistical Package for
the Social Sciences package program version 23.0 (SPSS
Inc., Chicago, IL, USA) was used for the analyses. One-
way ANOVA was employed as a statistical analysis to
assess differences in antioxidant activity within groups
periodically. Differences with a P value below 0.05 were
considered statistically significant.

Potential primary outcomes from the study
Delay in the Time of Onset of Epileptiform Activity:
Both acute and chronic administration of harmaline
can cause a dose-dependent delay in the time of on-
set of penicillin-induced EA. This delay may reveal the
potential antiepileptic effect of harmaline.

Decrease in Spike-Wave Frequency: Acute harma-
line administration can lead to a statistically significant
decrease in spike-wave frequency at certain intervals;
such a finding may indicate a potential modulation of
epileptiform activity. However, in chronic harmaline
groups, this effect may not occur due to some meta-
bolic dysregulation.

Increase in Antioxidant Enzyme Levels: Chronic
administration of harmaline can significantly increase
the levels of antioxidant enzymes such as catalase
(CAT), superoxide dismutase (SOD), and glutathione
peroxidase (GPx). This demonstrates the potential
neuroprotective effect of harmaline thanks to its anti-
oxidant properties.

Secondary outcomes from the study

Effect on Spike Wave Amplitude: While harmaline
showed some statistically significant effects on spike-
wave amplitude during acute administration, these ef-
fects were not consistent across all time periods. Over-
all, harmaline did not significantly alter spike wave
amplitude during epileptiform activity.

Antiepileptic and Neuroprotective Effects: The
study confirms previous findings suggesting that har-
maline has antiepileptic properties, as evidenced by
its ability to delay the onset time of EA and modulate
spike-wave frequency. In addition, the increase in an-
tioxidant enzyme levels in chronic harmaline groups
supports the hypothesis that harmaline may have a
neuroprotective effect thanks to its antioxidant prop-
erties.

The findings imply that harmaline warrants explo-
ration as a promising candidate for epilepsy therapy,
potentially owing to its ability to modulate monoamine
transmission and exert antioxidant properties. How-
ever, further investigation is imperative to unravel the
precise molecular mechanisms driving its antiepileptic
and neuroprotective actions, as well as to assess its vi-
ability as a novel therapeutic intervention for epilepsy.

|
RESULTS

Electrocorticographic results

The substance harmaline was exclusively examined

in the harmaline groups (OHG) to assess its potential
impact on the basal brain activities of rats. The inves-
tigation revealed that doses of 10, 50, and 100 mg/kg
of harmaline administered in both acute and chronic
groups did not elicit any discernible effect on basal
activity. Additionally, it is noteworthy to mention that
no epileptic activity was observed in the Sham groups
throughout the entirety of the experiment.

Analysis of penicillin-induced epileptiform
activity

The induction of epileptic activity was achieved
through intracortical administration of 500 IU/2 ul
of penicillin at a depth of 1.2 mm, utilizing a Ham-
ilton microinjector. Epileptic discharges, character-
ized by spike-wave formations, emerged 3-8 minutes
post-penicillin injection, as depicted in Figure 2. Ac-
cording to the electrocorticographic (ECoG) record-
ings obtained within the initial five minutes following
penicillin injection in the control groups, an average
amplitude of 1.01 mV was observed. The amplitude
generated waves of approximately 2 mV until the 30th
minute. Subsequently, an increase was noted at the
50th minute, reaching its maximum value between the
50th and 55th minutes, followed by a declining trend
throughout the recording period.

In the first five minutes after penicillin injection,
132 spike-wave complexes were identified in the ECoG
records of the control groups. The intervals with the
highest number of spike-wave complexes were ob-
served between the 21st and 25th minutes, totaling
258 spike-wave complexes. Although the values re-
mained relatively consistent thereafter, a decrease in
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the number of spike-wave complexes was observed af-
ter the 50th minute. By the 120th minute, the number
of spike-wave complexes had decreased to 130.

Onset Latency of Initial Epileptiform Activity
The appearance of spike waves indicative of epilepti-
form activity commenced between the 5th and 10th
minutes following penicillin administration. Upon
comparison of the short and long-term harmaline
groups with the control group (penicillin), it was ob-
served that the acute harmaline application groups
exhibited a dose-dependent increase in seizure onset
time (p = 0.003). Similarly, in the chronic groups, har-
maline prolonged the onset time of epileptiform activ-
ity in a dose-dependent manner, mirroring the trend
observed in the acute groups (p = 0.009) (see Figure 3).
These findings confirm that harmaline prolongs the la-
tency of epileptiform activity in both acute and chron-
ic groups, thereby supporting our H1 hypothesis.

Time-dependent effect of harmaline on

the Spike-Wave Frequency of Epileptiform
Activity

The acute administration of harmaline at doses of 10
mg/kg, 50 mg/kg, and 100 mg/kg resulted in notable
differences in epileptiform activity spike wave counts
compared to the control group. Specifically, at the 10
mg/kg dose, significant differences were observed up
to the 40th minute, while at the 50 mg/kg dose, this ef-
fect extended to the 45th minute, and at the 100 mg/kg
dose, it persisted until the 35th minute (p=0.01). How-
ever, beyond these time points, although the spike-
wave counts remained lower than the control group
from the 40th to the 120th minute, statistical signifi-
cance was not reached except for specific intervals.

In the chronic harmaline groups, a similar pattern
was observed. For instance, the chronic administra-
tion of 10 mg/kg harmaline resulted in a non-statis-
tically significant decrease in spike wave counts up to
the 30th minute compared to the control group. Sub-
sequent intervals showed statistically significant dif-
ferences, particularly between the 36th and 45th min-
utes and from the 96th to 120th minutes.

Likewise, the chronic administration of 50 mg/
kg harmaline demonstrated significant differences in
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spike-wave counts during specific intervals, notably in
the initial 5-minute period and from the 80th to 120th
minutes. Moreover, the chronic administration of 100
mg/kg harmaline led to a statistically significant de-
crease in spike wave counts up to the 15th minute and
subsequent intervals from the 21st to the 30th minute.
However, no statistical differences were found dur-
ing certain intervals despite higher spike wave counts
compared to the control group. Overall, it was ob-
served that harmaline did not significantly affect spike
wave frequencies throughout the recording period.
Thus, despite partial decreases in spike-wave frequen-
cies, our H2 hypothesis was rejected.

Harmaline Effect on Spike-Wave Amplitude
In our investigation, animals receiving an acute dose of
10 mg/kg harmaline exhibited statistically significant
differences in spike-wave amplitudes compared to the
control group in every 5-minute interval up to the 40th
minute (p=0.01). While between the 41st and 65th min-
utes, with the exception of the interval between 51-55
minutes where significance was maintained compared
to the control group, spike wave amplitudes were higher
without statistical significance. Subsequently, from the
66th to the 110th minute (excluding intervals between
76-80 and 86-90 minutes where amplitudes were higher
but not statistically significant), each 5-minute period
showed significantly lower spike wave amplitudes com-
pared to the control group (p=0.02). However, no statis-
tical significance was observed between the 111th and
120th minutes, despite lower amplitudes compared to
the control group.

In the acute harmaline group receiving a dosage of
50 mg/kg, statistically significant differences in spike-
wave amplitudes compared to the control group were
observed at every 5-minute interval up to the 40th
minute (p=0.01). Despite higher amplitude values
compared to the control group between the 41st and
50th minutes, statistical significance was not reached.
Similarly, during each 5-minute period between the
51st and 70th minutes, although spike wave values
were lower than the control group, no statistical dif-
ference was observed. However, from the 71st to the
120th minutes (excluding the 61-65 minute interval),
significant differences in spike-wave amplitudes com-
pared to the control group were noted (p=0.015).
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In the acute harmaline group administered a dos-
age of 100 mg/kg, statistically significant differences
in spike wave amplitudes compared to the control
group were observed in every 5-minute interval up to
the 30th minute (excluding the 0-5 minute interval)
(p=0.01). Although amplitude values were lower than
the control group between the 31st and 35th minutes
and between the 36th and 40th minutes, no statisti-
cal difference was observed. From the 41st to the 60th
minutes, significant differences in spike-wave ampli-
tudes compared to the control group were noted in
each 5-minute interval. However, between the 61st
and 120th minutes (excluding intervals between 71-75
and 76-80 minutes), although spike wave amplitudes
were lower than the control group, no statistical sig-
nificance was observed.

In the chronic harmaline group receiving a dosage
of 10 mg/kg, although spike wave amplitude was lower
than the control group up to the 10th minute, statisti-
cal significance was not reached. Subsequent intervals
between the 11th and 20th minutes showed higher
amplitude values than the control group and were sta-
tistically significant. Intervals between 21-25, 36-40,
41-45, 81-85, 86-90, and 51-55, 56-60, 66-70, 71-75,
76-80 minutes exhibited lower spike wave amplitudes
compared to the control group and were statistically
significant. However, between the 91st and 120th min-
utes (excluding intervals between 111-115 minutes),
no statistical significance was observed despite lower
spike wave amplitudes compared to the control group.

In the chronic harmaline group administered a
dosage of 50 mg/kg, spike wave amplitude was sig-
nificantly lower than the control group up to the 10th
minute. Between the 11th and 30th minutes, amplitude
values were higher than the control group and statisti-
cally significant. Although spike wave amplitudes were
higher than the control group up to the 50th minute,
no statistical significance was observed. However,
from the 51st to the 120th minutes (excluding the 61-
65 minute interval), spike-wave amplitudes were lower
than the control group and statistically significant.

In the chronic harmaline group administered a dos-
age of 100 mg/kg, spike-wave amplitude was higher
than the control group and statistically significant up
to the 25th minute. Although amplitude values were
higher than the control group between the 26th and

45th minutes, no statistical significance was observed.
Intervals between 46-55, 61-65, and 81-120 minutes ex-
hibited lower spike wave amplitudes compared to the
control group and were statistically significant (p=0.01).
Despite the statistically significant decreases in certain
intervals during EA recordings induced by harmaline,
no significant impact on spike-wave amplitudes was ob-
served. Thus, our H2 hypothesis was rejected.

Antioxidant effect of harmaline

Upon analyzing the CAT optical density levels ob-
tained from the ELISA test, the chronic HR10 and
HR100 groups exhibited statistically significant differ-
ences compared to both the control and other groups
(p = 0.003). Similarly, SOD levels in animals from
the chronic HR100 group showed statistical signifi-
cance compared to both the control and other groups
(p=0.01). Furthermore, GPx levels in the chronic
HR10 and HR100 groups were statistically significant
compared to the control and other groups (p=0.02).
Conversely, when comparing the GR levels among the
groups, no statistically significant difference was ob-
served (p=0.06) (Figure 6). These results suggest that
long-term administration of harmaline may possess
neuroprotective properties, thus confirming our H3
hypothesis.

I
DISCUSSION AND CONCLUSION

The beta-carboline alkaloids present in nature have

been reported in various plants, including Banisteri-
opsis caapi and Peganum harmala (20). These com-
pounds are known to bind to benzodiazepine, sero-
tonin, opioid, and imidazoline receptors in the hu-
man body and brain. Additionally, they interact with
enzymes such as cytochrome P450 and MAO (21).
Due to these properties, they exhibit a wide range of
psychopharmacological effects (22). The present study
investigated the effects of harmaline administration on
electrocorticographic (ECoG) activity and penicillin-
induced epileptiform activity in rats, as well as its po-
tential antioxidant properties. Our findings contribute
to understanding harmaline’s impact on epileptiform
activity and its neuroprotective potential. Harmaline
derived from Peganum harmala seeds demonstrated

Anatolian Clinic Journal of Medical Sciences, September 2024; Volume 29, Issue 3

313



m Anadolu Klin / Anatol Clin

negligible impact on seizures in a mouse model of
maximal electroshock. These findings confirm the
prolongation of EA latency with H,. However, the co-
administration of 3 mg/kg diazepam alongside doses
of 50 mg/kg and 100 mg/kg harmaline revealed an
antiepileptic effect in both groups. In the presented
study, the impact of chronic and acute doses of har-
maline, administered intraperitoneally (LP.), on the
onset time, frequency, and amplitude of penicillin G-
induced epileptiform activity was investigated in male
Wistar rats. Additionally, the potential protective ef-
fect of harmaline on the biochemical mechanisms of
epilepsy was examined based on its antioxidant prop-
erties (11). Harmaline, administered in doses of 10,
50, and 100 mg/kg in both acute and chronic settings,
did not demonstrate any discernible effect on basal
brain activities. This suggests that harmaline does
not significantly alter normal brain function under
the conditions tested. Additionally, no epileptic activ-
ity was observed in the Sham groups throughout the
experiment, indicating the specificity of harmaline’s
effects on epileptiform activity induced by penicillin.
This finding showed that harmaline used for long or
short periods does not cause epileptic seizures. Never-
theless, both the acute and chronic harmaline groups
exhibited a delayed onset time of epileptiform activity
in comparison to the control group, and this delay was
dose-dependent. Assessment of spike-wave frequency
and amplitude in the acute harmaline group revealed a
statistically significant reduction compared to the con-
trol group. Conversely, in the chronic groups, no nota-
ble differences were observed in spike-wave frequency
and amplitude of epileptiform activity compared to
the control group. Previous studies have elucidated
the neuroprotective effects of harmala alkaloids, spe-
cifically their modulation of calcium channels (23).
However, these findings do not mean that harmaline
has a reducing effect on spike-wave amplitudes and
frequencies (H,). Penicillin-induced epileptiform
activity, characterized by spike-wave formations,
emerged within 3-8 minutes post-administration, as
expected. Our analysis of ECoG recordings revealed a
time-dependent increase in spike-wave amplitude fol-
lowing penicillin injection, peaking between the 50th
and 55th minutes before declining. Spike-wave com-
plexes were most prevalent between the 21st and 25th
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minutes, reflecting the dynamic nature of epileptiform
activity induced by penicillin.

Regarding the onset latency of initial epileptiform
activity, harmaline administration prolonged the sei-
zure onset time in a dose-dependent manner, both
acutely and chronically. This supports the hypothesis
that harmaline extends the latency of epileptiform ac-
tivity, suggesting a potential antiepileptic effect.

The time-dependent effect of harmaline on spike-
wave frequency demonstrated significant differences
compared to the control group, particularly at lower
doses and earlier time points. However, beyond certain
intervals, harmaline did not significantly affect spike-
wave frequencies, indicating a limited impact on the
overall frequency of epileptiform activity over time. In
terms of spike-wave amplitude, harmaline administra-
tion led to significant differences compared to the con-
trol group, especially in the acute phase and at lower
doses. However, while statistically significant differenc-
es were observed during specific intervals, harmaline
did not exert a consistent effect on spike-wave ampli-
tudes throughout the recording period. Harmaline, in
particular, blocks voltage-gated calcium channels, re-
ducing calcium entry into cells. The neuroprotective ef-
fect of harmaline was more pronounced in the chronic
groups in our study. Another study in rat dorsal root
ganglia showed that harmaline dose-dependently in-
hibited voltage-gated calcium, sodium, and potassium
channels, mainly acting on L and N types of calcium
channels. The interaction of harmala alkaloids with the
imidazoline contained in Peganum harmala was also
shown to have antiepileptic effects (24).

Monoamine oxidase catalyzes the oxidative deami-
nation of amines and neurotransmitters, playing a role
in mood disorders, depression, and oxidative stress.
The investigation into harmaline’s antioxidant proper-
ties revealed significant differences in catalase (CAT),
superoxide dismutase (SOD), and glutathione per-
oxidase (GPx) levels in the chronic harmaline groups
compared to controls. This suggests that long-term
administration of harmaline may confer neuroprotec-
tive benefits, possibly through its antioxidant effects.
Studies on Peganum harmala have shown that these
plants suppress the MAO enzyme, improving mood
and mental perception. Considering epilepsy treat-
ment mechanisms, studies have suggested that thera-



Ozkan and Demir

Effect of harmaline on epileptiform activity in rats pg

peutic options targeting the NMDA receptor complex,
which our study used harmaline for, are more effective.
Harmaline, used in our study, is believed to block the
NMDA receptor by binding to the glycine site, thereby
reducing intracellular calcium entry and exhibiting
antiepileptic effects. Chemicals acting as glycine an-
tagonists have been shown to block NMDA and exert
antiepileptic effects in previous studies (25).

When considering epilepsy treatment mecha-
nisms, alongside new genetic models, gaining more
knowledge about different aspects of monoaminergic
neurotransmission using human genetic biomark-
ers can elucidate the complex roles of monoamines
in the pathophysiology of epilepsy (26). It is thought
that the adrenergic neuron-modulating property of
harmaline reduces the development of epileptiform
activity (27-28). The effects of harmaline, which has
an MAOI property, on brain monoamine transmission
have been investigated. The role of monoamines in ep-
ilepsy mechanisms was first demonstrated in a study
using the adrenergic neuron blocker, reserpine. After
reserpine administration, it was observed that the on-
set time of convulsions was prolonged. Another study
in MAO-deficient mice showed slower development of
seizures compared to the control group, attributed to
elevated levels of serotonin and norepinephrine neu-
rotransmitters (29). In the study conducted by Abdul-
rahman and Alsahrani (2016), harmaline was shown
to be anticonvulsant (18, 30).

Furthermore, in addition to the obtained electro-
corticogram (ECoG) recordings, the effects of harma-
line on blood levels of free radicals were investigated.
Free radical levels were examined in all the same
groups in this study. Superoxide dismutase, catalase,
glutathione reductase, and glutathione peroxidase lev-
els were assessed to determine free radical levels. Only
in the group receiving chronic harmaline application,
CAT, SOD, GPx, and GR were significantly increased.
The results of the study indicate that harmaline has an-
tiepileptic and free radical-scavenging effects (31, 32).
To support this effect, further studies can explore glu-
tamate and GABA levels and receptor distribution in
the same groups (33,34,35).

In the chronic harmaline application groups, the
levels of antioxidant enzymes were found to be sta-
tistically significant compared to the control group.

Long-term use of harmaline reduces the levels of
free radicals (H,). Recent studies have implicated in-
creased levels of free radicals in the pathophysiology
of epilepsy (36,37,38). Oxidative stress is involved in
the pathogenesis of many neurodegenerative diseas-
es, including Alzheimer’s, Parkinson’s, and epilepsy
(39,40,41,42,43).

In the presented study, harmaline was found to have
an experimental anti-epileptic effect when applied in
rats with induced epilepsy models, suggesting its anti-
oxidant properties. Therefore, it is considered to be an-
tiepileptic. Additionally, further studies may reveal that
drugs developed from harmaline could play a signifi-
cant role in the treatment of epilepsy through mono-
amine transmission and glutamate blockade. One of
the primary limitations of this study is the absence of
molecular analysis to determine the negative or posi-
tive feedback mechanisms of the molecules involved in
the Monoamine Oxidase Inhibitor (MAOi) pathways
within the brain tissues of rats with epileptiform activ-
ity (EA). This limitation hinders a comprehensive un-
derstanding of the intricate biochemical interactions
underlying harmaline’s effects on epileptiform activity
and its antioxidant properties. The translational rel-
evance of the findings may be limited due to the use
of animal models, specifically rats, in this study. While
animal models provide valuable insights into the bio-
logical mechanisms underlying disease processes, the
extrapolation of these findings to human epilepsy treat-
ment requires careful consideration of species-specific
differences and potential variations in drug responses.
However, this is the first study to electrophysiologi-
cally examine the effects of acute and chronic HR in a
penicillin-induced epileptiform activity model. We can
say that 10, 50, and 100 mg/kg doses of harmaline in
acute groups have an effect in short periods. We can
also see its antioxidant properties in long-term use. Fu-
ture studies can investigate the molecular connection
pathways of MAOi mechanism and antioxidant effect.

In conclusion, our study provides insights into
the effects of harmaline on epileptiform activity and
its potential antioxidant properties. Harmaline pro-
longed the latency of epileptiform activity, particularly
in the acute and chronic phases, supporting its poten-
tial antiepileptic properties. While harmaline exerted
significant effects on spike-wave frequency and ampli-
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tude during specific intervals, its overall impact was
limited, suggesting a nuanced relationship between
harmaline and epileptiform activity. Additionally,
the observed alterations in antioxidant enzyme levels
indicate a potential neuroprotective role for harma-
line, which warrants further investigation. Overall,
our findings contribute to understanding harmaline’s
pharmacological effects and its therapeutic potential
in epilepsy and neuroprotection.
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