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ABSTRACT
Haloperidol decanoate (HD) has been implicated in cognitive impair-
ment. Agomelatine (AGO) has been claimed to improve cognition.
We aimed at investigating the effects of HD 1 low- or high-dose
AGO on cognition, verifying the melatonergic/dopaminergic to
the cholinergic hypothesis of cognition and exploring relevant
cardiovascular issues in adult male Wistar albino rats. HD 1
high-dose AGO prolonged the step-through latency by 161.47%
(P< 0.0001), increased the time spent in bright light by1439.49%
(P < 0.0001), reduced the time spent in dim light by –66.25% (P <
0.0001), and increased the percent of alternations by 171.25%
(P < 0.0001), despite the reductions in brain acetylcholine level
by –10.67% (P < 0.0001). Neurodegeneration was minimal,
while the mean power frequency of the source wave was re-
duced by –23.39% (P < 0.05). Concurrently, the relative expression
of brain melatonin type 2 receptors was reduced by –18.75% (P <
0.05), against increased expressions of dopamine type 5 receptors
by 122.22% (P < 0.0001) and angiopoietin-like 4 by 1119.18%
(P < 0.0001). Meanwhile, electrocardiogram (ECG) demon-
strated inverted P wave, reduced P wave duration by –36.15%

(P < 0.0001) and PR interval by –19.91% (P < 0.0001), pro-
longed RR interval by 127.97% (P < 0.05), increased R wave
amplitude by1523.15% (P< 0.0001), and a depressed ST seg-
ment and inverted T wave. In rats administered AGO, HD, or
HD1 low-dose AGO, Alzheimer’s disease (AD)-like neuropatho-
logic features were more evident, accompanied by extensive
ECG and neurochemical alterations. HD 1 high-dose AGO en-
hances cognition but alters cardiac electrophysiology.

SIGNIFICANCE STATEMENT
Given the issue of cognitive impairment associatedwith HD and the
claimed cognitive-enhancing activity of AGO, combined high-dose
AGO with HD improved cognition of adult male rats, who exhibited
minimal neurodegenerative changes. HD1 high-dose AGOwas rel-
atively safe regarding triggering epileptogenesis, while it altered car-
diac electrophysiology. In the presence of low acetylcholine, the
melatonergic/dopaminergic hypothesis, added to angiopoietin-like
4 and Kr€uppel-like factor 9, could offer some clue, thus offering
novel targets for pharmacologicmanipulation of cognition.

Introduction
Over time, the cholinergic deficiency hypothesis culminating

in cognitive and memory disruptions has proven realistic
when memory-enhancing medications relied on increasing ace-
tylcholine (ACh) (Baxter and Crimins, 2018). Unlike the early
reduction in ACh levels, the involvement of acetylcholinester-
ase (AChE), the ACh metabolizing enzyme, seemed to occur
relatively late (Perini et al., 2002). Among neurotransmitters

implicated as modifiers of cholinergic signaling is melatonin,
which was able to prevent the inhibition of ACh synthesizing
enzyme in several neuronal proteins (Guermonprez et al., 2001).
Durand-de Cuttoli et al. (2018) discussed dopamine interactions
with ACh in modifying multiple brain functions, including cogni-
tive performance. Furthermore, dopamine type 5 receptors (D5)
were claimed to assist the role of ACh in maintaining healthy
learning and memory processes (Rizzi and Tan, 2017).
The link between some antipsychotic medications, sleep is-

sues, and dementia, with subsequent progressive neurodegen-
eration and cognitive impairment, were previously explored
(Pillai and Leverenz, 2017; Xu et al., 2020). Regular monthly
injections of the depot form of haloperidol, haloperidol decanoate
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(HD), results in the slow release of free haloperidol into the sys-
temic circulation. Warnings have been issued regarding the use
of HD in cases of neurologic and cardiac disorders, including
some types of dementia, cerebrovascular stroke, arrhythmia,
and heart failure. In rodent studies, HD precipitated QTc pro-
longation, and increasing the dose of HD to 1 mg/kg or above
precipitated ventricular arrhythmia. The induced cardiac ad-
verse effects seemed of interest based on the reported link be-
tween cardiovascular issues and cognitive defects (Liang et al.,
2021). However, off-label use of haloperidol in patients with
dementia-associated agitation and psychotic features is still
adopted (M€uhlbauer et al., 2021).
In clinical practice, HD can be coadministered with hypnotics

and/or antidepressants to alleviate some of the antipsychotics-
associated adverse effects such as agitation, depression, and in-
somnia (Haldol decanoate Package Leaflet 2020). Agomelatine
(AGO), a hypnotic and antidepressant drug, acts as a nonselec-
tive melatonin [melatonin type 1 receptor and melatonin type 2
receptor (MT2)] agonist and a serotonin 5-HT2C receptor antag-
onist (Gobbi and Comai, 2019). Unlike other antidepressants,
AGO exerts an additional anxiolytic activity (Yohn et al., 2017)
and was considered a favorable hypnotic in terms of its claimed
enhancing effect over learning and memory, in addition to its
neuroprotective properties (Gupta et al., 2015). Hence, AGO
has been suggested as a potential treatment for the cogni-
tive defects and psychotic features associated with low mus-
carinic signaling in human psychoses and animal models of
schizophrenia (Barak and Weiner, 2009).
As cerebrovascular disorders were implicated in cognitive

deficits (Hedges et al., 2019), recently, angiopoietin-like 4
(ANGPTL4), a member of the angiogenic-regulating secreted
protein superfamily (Zhu et al., 2012), which plays a key role
in angiogenesis, was found to serve as a diagnostic biomarker
in patients with clinically assessed vascular-related cognitive
defects (Chakraborty et al., 2018). Currently, research on the
implication of ANGPTL4 in neurologic disorders is ongoing.
Identified as a required regulator of central nervous system

and neuronal maturation (Pollak et al., 2018), Kr€uppel-like
factor 9 (KLF9) is a member of the novel Kr€uppel-like factor
family of evolutionarily conserved zinc finger transcription fac-
tors (Wang et al., 2008). Targeting KLF9 was able to improve
stress-provoked depression, as well as other related behavioral
issues (Besnard et al., 2018). KLF9 was also linked to cardiac
ischemia (Yan et al., 2019). Up until now, the involvement of
KLF9 in neuronal dysfunctions remains an obscure area of re-
search interest.
Therefore, the diversity of factors affecting cognition drew

our attention to conduct our experiment, where we aimed at
comparing the effects of long-term combined HD 1 AGO on
cognition. Conducting behavioral tests, while analyzing the
brain’s electrical signals, with special emphasis on beta and
delta wave activities, being closely linked to cognition as well
as to each other (Harmony, 2013; Jang et al., 2019), together
with histopathologic examination were integral parts of our
assessments. The electrical activity of the heart was recorded
as well to identify any relevant cardiovascular issues. The
cholinergic deficiency hypothesis of cognition was verified
against the melatonergic/dopaminergic hypothesis. ANGPTL4
and KLF9 were investigated as respective novel mediators of
brain vascularization and neuroregeneration. Secondarily,
we aimed at discriminating between two commonly used AGO
doses in research. The presumptive cognitive, neuropathological,

biochemical, and cardiac outcomes of our experiment would have
important clinical implications by offering novel cognitive en-
hancers and/or raising awareness about combined HD 1 AGO
use, taking into consideration the balance between benefit and
risk potentialities.

Materials and Methods
Experimental Design and Treatments

All experimental procedures comply with the ARRIVE guidelines
and were carried out in accordance with the National Research Coun-
cil’s Guide for the Care and Use of Laboratory Animals. Animals’
housing, handling, and experimentation were approved by the Institu-
tional Animal Care and Use Committee of Cairo University (CU/III/F/
53/22). Adult male Wistar albino rats aged 7 to 8 months (200–250 g)
were obtained from Animal House of Faculty of Medicine, Kasr
Al-Ainy, Cairo University. Animals were maintained at six rats/
cage in the Acclimatization Room at the Medical Pharmacology De-
partment, Faculty of Medicine. Kasr Al-Ainy, Cairo University for
7 days before the start of the experiment, under standard condi-
tions (22±2�C room temperature; 45%–50% relative humidity;
12-hour light/dark cycle with lights on at 07:30), with free access to
food and water. Training sessions, drug administration, as well as
behavioral tests were conducted between 10:00 and 16:00.

To investigate the long-term effects of HD and/or AGO (low and
high dose) on cognition, rats (n 5 42) were divided equally into the fol-
lowing seven groups: 1) control group [10 mL/kg distilled water (DW),
oral]; 2) corn oil-treated group (0.08 mL/kg corn oil, deep intramuscu-
lar at back of thigh); 3) low-dose AGO (Sigma-Aldrich Co., Ltd, USA)
(40 mg/kg, oral); 4) high-dose AGO (80 mg/kg, oral) (Can et al., 2018);
5) HD (Sigma-Aldrich) (4 mg/kg, deep intramuscularly at back of
thigh) (Debonnel et al., 1990; He et al., 2017); 6) HD (4 mg/kg deep
IM) 1 low-dose AGO (40 mg/kg, oral); and 7) HD (4 mg/kg deep i.m.) 1
high-dose AGO (80 mg/kg, oral). HD was dissolved in corn oil, while
AGO was suspended in distilled water (Veronesi et al., 2021). All treat-
ments were administered once daily for 6 weeks. HD was administered
once weekly. No pharmacokinetic interactions were previously reported
between HD and AGO; however, on days when rats were to receive
both drugs, we preferred to administer oral AGO prior to the deep in-
tramuscular injection of HD, to avoid any minor agony resulting from
the HD injection that would make rats uncomfortable when handled to
receive AGO by oral gavage. On the last day of the experiment, rats
were dosed and weighed, then behavioral assessments were done, fol-
lowed by electroencephalogram (EEG) and electrocardiogram (ECG) of
the sedated animals. Subsequently, rats were sacrificed by decapitation
under intravenous ketamine anesthesia, followed by brain dissection.
Brains were halved into right and left brain hemispheres, and each
brain hemisphere was weighed.

Behavioral Assessments of Cognition
Dim to Bright Light Preference Test (Derived from Pas-

sive Avoidance Test). One square glass box, measuring 30 cm ×
30 cm × 30 cm (length × width × height), was divided into two parti-
tions by a manually removable opaque barrier. The smaller compart-
ment (10 cm × 30 cm × 30 cm) was transparent to room lights, and
the other larger partition (20 cm × 30 cm × 30 cm) was surrounded by
an opaque box with one open side (the side toward the smaller parti-
tion). For exploration and learning, training was conducted by trans-
ferring rats, one cage at a time, to the laboratory room to be left
without intervention for 30 minutes. Afterward, one rat was placed in
the smaller illuminated partition of the glass box, out of sight from the
other rats, where the animal was allowed to explore for 30 seconds;
then the manual barrier was removed, and the rat was allowed to wan-
der freely, transitioning between bright and dim light partitions for
5 minutes. This was repeated three times, at 15-minute intervals. Each
time the rat entered the dim light compartment, a brief and sudden
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pinprick was applied to its back. After the third test trial and once the
rat left the dim light partition, the barrier was put back and the rat
was left for 10 seconds in the bright light chamber, followed by its re-
turn to the home cage. This was repeated on 2 successive days (Fig. 1).
After a retention period of 24 hours to assess short-term memory, each
individual rat was replaced in the light compartment and permitted to
enter the dark partition; testing was conducted in the absence of the
painful stimulus. The time (in seconds) until the first complete entry
into the dim light chamber with all four paws was taken as the “step-
through latency.” The total time allowed for exploration of both parti-
tions was 180 seconds (3 minutes), and the percent of time (in seconds)
spent in each of the bright and dim light chambers was calculated (Rao
Barkur and Bairy, 2015).

Y-Maze Test. The Y-maze test was used to assess spatial working
and recognition memory. It consisted of three equally spaced arms (each
120�, 20 cm long, 13 cm wide, and 20 cm high), labeled A, B, and C, con-
verging in an equilateral triangular central zone of 15 cm at its longest
axis (Roghani et al., 2006). Each rat was placed in arm B, facing the cen-
ter, while all three arms were opened. The rat was permitted to move
freely for 5 minutes. Arm entry was considered when all four paws were
completely inside one arm with the rat’s snout facing the end of the arm
(Miedel et al., 2017). The sequence of arm entries was manually recorded
and the number of alternations, defined as consecutive entries in all three
arms, was also counted. The percent of alternations was calculated
[(Number of spontaneous alternations/Maximum alternations (Total num-
ber of arms entered – 2)) × 100] (Onaolapo et al., 2012), as were the total
distance traveled in the maze within each arm and within the central
zone and the number of entries per arm. The apparatus was cleaned with
70% ethanol and water between individual rats (Miedel et al., 2017).

Electrophysiologic Recordings
Electroencephalography. Following the behavioral assessments,

EEG was performed during the daytime and for 5 minutes per rat,

with animals sedated using single 350 mg/kg intraperitoneal of 10%
chloral hydrate. EEG recording was accomplished in sedated rats with
closed eyes using the data acquisition system PowerLab 4/30 (ML866,
ADInstruments, Australia), Animal BioAmp (ML136, ADInstruments),
and Laboratory Chart software v7.2. Subdermal scalp needle electrodes
(MLA1203; ADInstruments) were inserted according to the manufac-
turer’s brochure (ADInstruments). Recordings were performed at a
sampling rate of 1 kHz, at 500 lV range, high-pass filter of 0.1 Hz, low-
pass filter of 200 Hz, and with mains-filter on. Source EEG signal, re-
corded on channel 1, was filtered to beta, as were delta rhythms (chan-
nels 2 and 3), using the same sampling rate and range, with the
respective bandpass filters of 12 to 30 and 0.5 to 4 Hz. Offline global
power analysis was applied. Total EEG power (V2), mean power fre-
quency (Hz), and mean EEG amplitude (lV), of source, beta, and
delta waves were obtained and illustrated on different channels.
The spike discriminator was set up to detect bipolar spikes at a fit
tolerance of 20 lV and peak at 50 lV, with time from 1 millisecond to
1000 milliseconds, and was used to illustrate mean EEG amplitude. To
compare amplitudes of different EEG waves, the absolute numerical
values were adopted in statistical analysis.

Electrocardiography. Following EEG recordings, ECG was per-
formed using the data acquisition system PowerLab 4/30 (ML866,
ADInstruments) during the daytime and for 5 minutes per rat, at a
sampling rate of 4 kHz, 20 mV range, high-pass filter of 0.3 Hz,
low-pass filter of 1 kHz, and with mains-filter on, according to the
manufacturer’s brochure (ADInstruments). Offline analysis was done
on input channel 1 (source channel), to obtain data for heart rate (HR)
[beats per minute (bpm)]; amplitudes (millivolts) of P, Q, R, S, ST, and
T waves; and duration (milliseconds) of P wave, PR interval, QRS com-
plex, QT, QTc, JT, T peak-Tend (TpTe), and RR intervals. Averaging
view was preset at rat ECG values and set to average 10 beats
(P wave 5 atrial contraction; PR interval 5 atrio-ventricular conduc-
tion; Q wave 5 the negative deflection that precedes the R wave;
R wave 5 positive upward deflection that follows the Q wave;

Fig. 1. Sequence of events in training session for the dim to bright light preference of adult male Wistar albino rats subdivided into control (oral
DW or i.p. corn oil), low-dose AGO (oral 40 mg/kg), high-dose AGO (oral 80 mg/kg), HD (i.p. 4 mg/kg, once weekly), HD 1 low-dose AGO, and
HD 1 high-dose AGO.
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S wave5 small negative wave following the R wave; QRS 5 duration
of ventricular contraction; T wave 5 ventricular relaxation; QT 5

time from start of ventricular contraction until the end of ventricular
relaxation; QTc 5 time from start of ventricular contraction until the
end of ventricular relaxation (corrected for heart rate); J wave 5

point at the end of QRS; JT interval 5 ventricular repolarization,
from end of ventricular contraction (QRS) until the end of ventricular
relaxation; ST segment 5 the interval between ventricular depolari-
zation and ventricular repolarization (line between J point and start
of T wave); Tpeak-Tend 5 transmural dispersion of ventricular repo-
larization. To compare amplitudes of different ECG waves, the abso-
lute numerical values were adopted in statistical analysis.

Body Weight and Weights of Right and Left Brain Hemispheres
At the end of the study, rats’ body weights (g) were assessed. Fol-

lowing the behavioral assessments and electrophysiologic recordings,
rats were euthanized by decapitation under intravenous ketamine an-
esthesia, brains were dissected, and then each hemisphere was sepa-
rated and weighed (g).

Pathologic Assessment
The rats’ brains were immersed in 10% formalin then processed in

alcohol and xylene and embedded in paraffin blocks. Two sections
were cut at 5 microns by Leica cryostat; one was stained with H&E,
while the other was stained with Congo Red stain. The digital images
of the selected tissue preparations were photographed using Olympus
DP26 digital net camera attached to an Olympus CX31 microscope.
We examined the specimens for the presence of astrocytic hyperplasia,
inflammatory cells, edema, and gliosis. Histopathological changes
were scored from 0 to 3, based on the presence and extent of neuritic
plaques, neurofibrillary tangles, and beta-amyloid deposition (Hyman
et al., 2012).

ELISA of Brain Acetylcholine
The protein level of ACh (nmol/mg tissue protein) was calculated

according to the manufacturer’s brochure (MyBiosource, San Diego,
CA, USA).

Catalytic Activity of Acetylcholinesterase
The catalytic activity of AChE (units/L) was assessed by the thio-

choline production rate using spectrophotometry (Jenway, USA).
Fifty lL of rats’ brain tissue homogenate was added to the assay
buffer and the working reagent as per the manufacturer’s recom-
mendations (Sigma-Aldrich). Absorption was determined at 412 nm
for a period of 10 minutes at 2-minute intervals.

Quantitative Real-Time Polymerase Chain Reaction of Brain
Homogenate

The gene expressions of AChE, MT2, D5, ANGPTL4, and KLF9
were detected using the RNeasy Purification Reagent (Promega,
Madison, WI, USA). Spectrophotometry (Jenway) was used to measure
the isolated RNA at 260 nm. The extracted RNA was reverse tran-
scribed into cDNA by a Reverse Transcription System Kit (Fermentas,
USA). The cDNA was produced from 5 lg of total RNA extracted with
1 lL (20 pmol) of antisense primer and 0.8 lL of superscript AMV re-
verse transcriptase for 60 minutes at 37�C. The relative abundances of
the mRNA species were assessed by the SYBR Green method and an
ABI Prism7500 Sequence Detector System Applied Biosystem with
software version 3.1 (StepOne, USA). The PCR primers used were de-
signed with Gene Runner Software (Hastings Software Inc., Hastings,
NY, USA) from RNA sequences in GenBank (Table 1). All primer sets
had a calculated annealing temperature of 60�C. Quantitative reverse-
transcription polymerase chain reaction analysis was performed in du-
plicate in a 25-lL reaction volume consisting of 2× SYBR Green PCR
Master Mix (Applied Biosystems, USA), 900 nM of each primer, and 2
to 3 lL of cDNA. The amplification conditions were 2 minutes at 50�C,
10 minutes at 95�C, and 40 cycles of denaturation at 95�C for 15 sec-
onds and annealing/extension at 60�C for 10 minutes. Data from the
real-time assays were calculated by Sequence Detection Software ver-
sion 1.7 (PE Biosystems, Foster City, CA, USA). The relative expres-
sion levels of AChE, MT2, D5, ANGPTL4, and KLF9 were calculated by
the comparative Ct method as stated by the manufacturer’s recommen-
dations (Applied Biosystems, USA). Normalization for variation in the
expression of each target gene was performed in reference to the mean
critical threshold values of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) housekeeping gene expression by the DDCt method.

Statistical Analysis
Sample size calculation was done using G*Power software v. 3.1.9.4.,

at a level of significance alpha 5 0.05 and power (1-beta) 5 0.9. Data
were coded and entered using the Statistical Package for the Social
Sciences v. 28 (IBM Corp., Armonk, NY, USA). Normally distributed
quantitative variables were presented as mean ± S.D. Nonnormally dis-
tributed quantitative variables were presented as median and inter-
quartile range. Comparisons between groups were done using ANOVA
with multiple comparisons post hoc Tukey’s test for the normally dis-
tributed quantitative variables. The Kruskal–Wallis test with multiple
comparisons post hoc adjusted Mann–Whitney test were used for the
nonnormally distributed quantitative variables. Correlations between
quantitative variables were done using Spearman rho correlation coeffi-
cient. A P value < 0.05 was considered statistically significant.

Results
When comparing the behavioral, electrophysiological, bio-

chemical, and pathologic aspects, no significant differences

TABLE 1
Primers Sequences of AChE, MT2, D5, ANGPTL4, KLF9, and GAPDH as housekeeping genes

Parameter Forward and Reverse Primers Gene Bank Accession Number

AChE Forward: 50-TTGGAGTCTCGAGGGTCATT-30
Reverse: 50-GGACGAGGGCTCCTACTTTC-30

XM_039089843.1

MT2 Forward: 50-CCCCACAGCCTCTTCTTAGCACTTG-30
Reverse: 50-CAGATGCACCAGTAGCGGTTGATG-30

NM_001393841.1

D5 Forward: 50-CCACATGATACCGAATGCAG-30
Reverse: 50-CACAGTCAAGCTCCCAGACA-30

NM_012768.1

ANGPTL4 Forward: 50-CCAATGGCCTTTCCCTGCCCTT-30
Reverse: 50-TTTTACGCTGCTGCCGTTGCC-30

XM_039079419.1

KLF9 Forward: 50-AAGCTCCGCAGCCACCCTCA-30
Reverse: 50-CGGCGCGGTTGGAGATGGAA-30

>NM_057211.2

GAPDH
(House keeping)

Forward primer: 50-GATGCTGGTGCTGAGTATGTCG-30

Reverse primer: 50-GTGGTGCAGGATGCATTGCTGA-30

NM_017008.4
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were identified between control rats receiving corn oil and
those administered DW. The comparison with controls was
applied to both receiving DW or corn oil, but r values men-
tioned in the text involved comparison relative to control
rats receiving DW, unless indicated otherwise.

HD + High-Dose AGO Ameliorated the Indices of Dim-to-
Bright Light Preference and Y-Maze Tests

HD + High-Dose AGO Prolonged the Step-through
Latency. Compared with controls, 6-week administration of
daily oral low-dose AGO reduced the step-through latency (sec-
onds) by –58.69% [F(6, 49) 5 206.348, P < 0.0001] (Fig. 2A),
while it increased the percent time spent in bright light by
1173.03% [F(6, 49) 5 30.636, P < 0.0001], against reducing
the percent time spent in dim light by –27.70% [F(6, 49) 5
18.321, P5 0.007] (Fig. 2B).
Unlike the low-dose, high-dose AGO prolonged the step-

through latency relative to controls by 1249.23% [F (6, 49) 5
206.348, P < 0.0001] (Fig. 2A), without affecting the percent
time spent in bright or that spent in dim light (Fig. 2B).
When testing the short-term memory and spatial memory of

adult male rats, long-term weekly injections of HD resulted in

significantly higher percent time spent in bright light com-
pared with controls (1162.75%) [F(6, 49) 5 30.636, P 5 0.001]
without affecting the percent time spent in dim light or the
step-through latency, relative to controls (Fig. 2, A and B).
When compared with controls, HD 1 low-dose AGO did not

affect the step-through latency (Fig. 2A) but increased the per-
cent time spent in bright light by 1176.82% [F(6, 49) 5
30.636, P < 0.0001], as was with either treatment, against
reducing the percent time spent in dim light by –35.23%
[F(6, 49) 5 18.321, P < 0.0001] (Fig. 2B).
HD 1 high-dose AGO prolonged the step-through latency

relative to controls by 161.47% [F(6, 49) 5 206.348, P <

0.0001] (Fig. 2A), together with increasing the percent time
spent in bright light by 1439.49% [F(6, 49)5 30.636, P <

0.0001], versus reducing the percent time spent in dim light
by –66.25% [F(6, 49)5 18.321, P < 0.0001] (Fig. 2B).
HD + High-Dose AGO Increased the Percent of Al-

ternations. Compared with controls, no significant changes
were noticed in the other studied groups regarding the num-
ber of alternations in the Y maze paradigm (Fig. 3A).
While both low and high AGO doses reduced the percent of

alternations between the arms of the Y-maze relative to

Fig. 2. Dim to bright light preference test. Adult male Wistar albino rats subdivided into control (oral DW or i.p. corn oil), low-dose AGO (oral
40 mg/kg), high-dose AGO (oral 80 mg/kg), HD (i.p. 4 mg/kg, once weekly), HD 1 low-dose AGO, and HD 1 high-dose AGO, showing (A) step-
through latency (seconds) until the rats enter the dim partition with all four paws; (B) the percent time spent in the bright light (right column
bars) and dim compartments (left column bars). Data are expressed as mean ± S.D. Significant when P < 0.05. **P < 0.01, ****P < 0.0001 com-
pared with controls (DW). 1P < 0.05, 11P < 0.01, 1111P < 0.0001 compared with controls (corn oil). ####P < 0.0001 compared with low-dose
AGO. $$$$P < 0.0001 compared with high-dose AGO. @@@@P < 0.0001 compared with HD. &&P < 0.01, &&&&P < 0.0001 compared with
HD 1 low-dose AGO. Low-dose AGO: 40 mg/kg; high-dose AGO: 80 mg/kg.

Fig. 3. Y-maze test. Adult male Wistar albino rats subdivided into control (oral DW or i.p. corn oil), low-dose AGO (oral 40 mg/kg), high-dose
AGO (oral 80 mg/kg), HD (i.p. 4 mg/kg, once weekly), HD 1 low-dose AGO, and HD 1 high-dose AGO, showing (A) number of alternations;
(B) percent of alternations. Data are expressed as mean ± S.D. Significant when P < 0.05. **P < 0.01, ****P < 0.0001 compared with con-
trol group (DW). 1P < 0.05, 1111P < 0.0001 compared with controls (corn oil). ##P < 0.01, ####P < 0.0001 compared with low-dose AGO.
$$P < 0.01, $$$$P < 0.0001 compared with high-dose AGO. @P < 0.05, @@@@P < 0.0001 compared with HD. &P < 0.05, &&&&P < 0.0001 compared
with HD 1 low-dose AGO. Low-dose AGO: 40 mg/kg; high-dose AGO: 80 mg/kg.
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controls by –47.74% and –48.94%, respectively [F (6, 49) 5
28.046, P 5 0.002 and P < 0.001], HD did not affect such a
paradigm (Fig. 3B).
Comparing HD 1 low-dose AGO to controls receiving DW,

there was no significant change regarding the percent of alter-
nations. However, relative to controls receiving corn oil, the
percent of alternations was reduced by –33.10% [F(6, 49) 5
28.046, P 5 0.030] (Fig. 3B).
Notably, HD 1 high-dose AGO increased the percent of al-

ternations relative to controls by 171.25% [F(6, 49) 5 28.046,
P < 0.0001] (Fig. 3B).

HD + High-Dose AGO Reduced the Mean Power Frequency
of Source and Beta EEG Waves

HD + High-Dose AGO Redeemed the Total Beta
Power to Control Level. In all studied groups, total EEG
power (V2) was not significantly affected (Fig. 4A).
Neither low-dose AGO nor HD affected total beta power;

however, high-dose AGO increased total beta power (V2) relative to
controls by1206.00% [t (6)5 28.670, P5 0.014] (Figs. 4B and 7A).
Combined HD 1 low-dose AGO did not affect total beta

power, consistent with the effect of either medication in this
context (Figs. 4B and 7A). Combined HD 1 high-dose AGO re-
deemed the total beta power to the control level (Figs. 4B and
7A). The total delta power (V2) was not affected in any of the
studied groups (Fig. 4C), as was with total EEG power.
HD + High-Dose AGO Reduced the Mean Power

Frequency of Source EEG Wave. While the mean power
frequency of the source wave (Hz) was increased with HD rela-
tive to controls by 132.54% [F(6, 49) 5 12.400, P 5 0.001]
(Figs. 5A and 7B), neither low-nor high-dose AGO affected the
mean power frequency of the source wave (Fig. 5A).
Combined HD 1 low-dose AGO redeemed the mean power

frequency of the source wave to the control level, in contrast to

HD 1 high-dose AGO, which reduced the mean power fre-
quency of the source wave by –23.39% [F (6, 49) 5 12.400, P 5
0.044] (Figs. 5A and 7B).
As for the mean power frequency beta (Hz), it was not sig-

nificantly different when comparing the treated groups to con-
trols receiving DW. However, when compared with controls
receiving corn oil, the mean power frequency beta was reduced
with both low and high AGO doses by –35.92% and –39.07%,
respectively [F(6, 49) 5 9.389, P < 0.0001] as well as with HD
by –36.42% [F (6, 49) 5 9.389, P < 0.0001] (Figs. 5B and 7C).
Consistent with the effect of either medication, combined

HD 1 AGO, regardless of the AGO dose, displayed reduced
mean power frequency beta relative to controls receiving corn
oil by –35.12% and –37.12%, respectively [F (6, 49) 5 9.389,
P < 0.0001], but such differences did not reach significance
when compared with controls receiving DW (Figs. 5B and 7C).
While the mean power frequency delta (Hz) with low-dose

AGO was reduced relative to controls by –38.01% [F (6, 49) 5
2.207, P 5 0.037], neither high-dose AGO nor HD affected the
mean power frequency delta (Fig. 5C).
Combined HD 1 low-dose AGO redeemed the mean power

frequency delta, while HD 1 high-dose AGO did not affect it,
as was with either treatment (Fig. 5C).
HD + High-Dose AGO Redeemed the Mean Ampli-

tudes of Source, Beta, and Delta Waves. While low-dose
AGO did not affect the mean amplitude of the source wave
(lV), both high-dose AGO and HD increased the mean ampli-
tude of the source wave relative to controls by 1278.17% and
1105.65%, respectively [t (6) 5 45.706, P < 0.0001] (Figs. 6A
and 7D).
While HD 1 low-dose AGO exhibited a persistently higher

mean amplitude of source wave relative to controls (1189.16%)

Fig. 4. Total EEG power (V2) of adult male Wistar albino rats subdivided into control (oral DW or i.p. corn oil), low-dose AGO (oral 40 mg/kg),
high-dose AGO (oral 80 mg/kg), HD (i.p. 4 mg/kg, once weekly), HD 1 low-dose AGO, and HD 1 high-dose AGO, showing (A) source wave;
(B) beta wave; (C) delta wave. Data are expressed as median and interquartile range. Significant when P < 0.05. *P < 0.05 compared with con-
trol (DW). 1P < 0.05 compared with controls (corn oil). ##P < 0.01 compared with low-dose AGO. $P < 0.05, $$P < 0.01 compared with high-
dose AGO. Low-dose AGO: 40 mg/kg; high-dose AGO: 80 mg/kg.
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[t (6) 5 45.706, P < 0.0001], HD 1 high-dose AGO redeemed
the mean amplitude of the source wave to that of control rats
(Figs. 6A and 7D).
Moreover, with both high-dose AGO and HD, the predomi-

nance of positive source waves was observed, unlike controls
displaying, mainly, negative EEG waves (Figs. 6A and 7D).
The predominance of negative source waves was restored

with combined treatment, regardless of the AGO dose, as was
with controls (Figs. 6A and 7D).
High-dose AGO increased the mean beta amplitude (lV) rel-

ative to controls by 1414.29% [t (6) 5 45.116, P < 0.0001]
(Figs. 6B and 7E), an effect that was not observed with either
low-dose AGO or HD, alone or combined.
Notably, the high-dose AGO-mediated beta amplitude in-

crease was redeemed to control levels with HD 1 high-dose
AGO (Fig. 6B).
Concerning beta polarity, low-dose AGO displayed predomi-

nantly negative beta waves, thus reverting the positive polar-
ity of beta wave in controls (Fig. 6B). Both high-dose AGO and
HD, whether alone or combined, exhibited similar positive po-
larity as in controls (Fig. 6B). The negative polarity of beta
wave persisted with combined HD 1 low-dose AGO (Fig. 6B).
Regarding the mean delta amplitude (lV), while low-dose

AGO did not affect it, both high-dose AGO and HD exhibited
higher mean delta amplitudes relative to controls by 1167.27%
and 1265.00%, respectively [t(6) 5 41.331, P < 0.0001]
(Figs. 6C and 7F).

Notably, increased mean delta amplitude persisted with
combined HD 1 low-dose AGO (1330.46%) [t(6) 5 45.116, P <

0.0001]. Conversely, combined HD 1 high-dose AGO re-
deemed the mean delta amplitude to that of controls (Figs. 6C
and 7F).
Moreover, the predominance of positive delta wave was ob-

vious with both high-dose AGO and HD, unlike the predomi-
nantly negative delta wave seen with controls (Fig. 6C). While
the predominance of positive polarity persisted with combined
HD 1 low-dose AGO, combined HD 1 high-dose AGO redeemed
delta polarity to negative as in controls (Figs. 6C and 7F).

In ECG Recordings HD + High-Dose Prolonged RR Interval,
in Association with Tall R and Inverted P and T Waves

HD + High-Dose Redeemed the Heart Rate to Con-
trol Level. Noticeably, as compared with control rats, the
heart rate (bpm) was reduced with both high-dose AGO and
HD by –21.75% [F(6, 49) 5 7.821, P < 0.012] and –26.20%
[F (6, 49) 5 7.821, P 5 0.001], respectively. Meanwhile, the
heart rate was not affected with low-dose AGO (Fig. 8A).
With combination therapy, regardless of the AGO dose, the

heart rate was redeemed to that of controls (Fig. 8A).
HD + High-Dose AGO Exhibited an Inverted P, with

Shortening of P Wave Duration. In comparison with con-
trols, both high-dose AGO and HD reduced the P wave ampli-
tude (millivolts) by –54.13% [F (6, 49) 5 11.392, P 5 0.001]
and –76.95% [F (6, 49) 5 11.392, P < 0.0001], respectively,

Fig. 5. Mean power frequency (Hz) of adult male Wistar albino rats subdivided into control (oral DW or i.p. corn oil), low-dose AGO (oral 40 mg/kg),
high-dose AGO (oral 80 mg/kg), HD (i.p. 4 mg/kg, once weekly), HD 1 low-dose AGO, and HD 1 high-dose AGO, showing (A) source wave;
(B) beta wave; (C) delta wave. Data are expressed as mean ± S.D. Significant when P < 0.05. *P < 0.05, **P < 0.01 compared with controls
(DW). 1111P < 0.0001 compared with controls (corn oil). #P < 0.05, ####P < 0.0001 compared with low-dose AGO. $P < 0.05, $$P < 0.01 compared with
high-dose AGO. @@@@P < 0.0001 compared with HD. Low-dose AGO: 40 mg/kg; high-dose AGO: 80 mg/kg.
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and reduced the P wave duration (milliseconds) by –27.64%
and –36.53%, respectively [F(6, 49) 5 47.413, P < 0.0001],
while low-dose AGO reduced the P wave duration by –40.00%
[F (6, 49) 5 47.413, P < 0.0001] but did not affect the P wave
amplitude (Fig. 8, B and C). Moreover, P was inverted with
HD (Fig. 8B).
Combined HD 1 low-dose AGO did not redeem either the

P wave amplitude or duration, to remain persistently reduced
relative to controls by –64.80% [F (6, 49) 5 11.392, P <

0.0001] and –25.03% [F(6, 49) 5 47.413, P < 0.0001], respec-
tively (Fig. 8, B and C). P was inverted as well (Fig. 8B).
In contrast, combined HD 1 high-dose AGO redeemed the P

wave amplitude to control levels, but it was persistently in-
verted and of reduced duration relative to controls by –36.15%
[F (6, 49) 5 47.413, P < 0.0001] (Fig. 8, B and C).
HD + High-Dose AGO Reduced PR Interval. Notably,

relative to controls, PR interval (milliseconds) was shorter
with both AGO doses by –15.06% [F (6, 49) 5 17.210, P <
0.0001] and –12.03% [F (6, 49) 5 17.210, P 5 0.001], respec-
tively, as well as with HD (–16.14%) [F (6, 49) 5 17.210, P <

0.0001] (Fig. 8D).
PR interval was redeemed to control levels with HD 1 low-

dose AGO (Fig. 8D). However, HD 1 high-dose AGO exhibited
a persistently reduced PR interval relative to controls by
–19.91% [F (6, 49) 5 17.210, P < 0.0001] (Fig. 8D).
HD + High-Dose Exhibited the Tallest R Wave. Both

AGO doses as well as HD increased R wave amplitude (milli-
volts) relative to controls by 180.53% [t (6) 5 50.104, P 5
0.003], 1131.09% [t(6) 5 50.104, P < 0.0001], and 1163.29%
[t(6) 5 50.104, P < 0.0001], respectively (Fig. 8E).
Relative to controls, tall R wave was also displayed with

combination therapy, more obviously with HD 1 high-dose
AGO, where it increased by 1226.19% and 1523.15%, respec-
tively [t (6) 5 50.104, P < 0.0001] (Fig. 8E).

HD + High-Dose Redeemed S Wave Amplitude to
Control Level. While low-dose AGO reduced S wave ampli-
tude (millivolts) relative to controls by –54.34% [t (6) 5
39.890, P 5 0.002], high-dose AGO did not affect S wave am-
plitude. Such S wave amplitude reduction was also evident
with HD (–73.55%) [t (6) 5 39.890, P < 0.0001] (Fig. 8F).
While HD 1 low-dose AGO displayed a persistently reduced

S wave amplitude relative to controls by –95.26% [t (6) 5
39.890, P < 0.0001], HD 1 high-dose AGO redeemed S wave
amplitude to control levels (Fig. 8F).
The downward deflection of S wave amplitude was obvious

with all studied groups, apart from HD 1 low-dose AGO, in
which the S wave was directed upwards (Fig. 8F).
HD + High–Dose AGO Did Not Affect QRS Duration.

Only low-dose AGO reduced QRS interval (milliseconds) relative
to controls by –26.27% [F (6, 49)5 8.680, P5 0.013] (Fig. 8G).
Despite being unvaried from controls, HD exhibited a more

prolonged QRS compared with high-dose AGO by 133.99%
[F(6, 49) 5 8.680, P 5 0.003] (Fig. 8G). HD 1 low-dose AGO
redeemed QRS interval to control levels. HD 1 high-dose
AGO did not affect QRS interval, consistent with either drug
(Fig. 8G).
HD + High-Dose AGO Redeemed QTc Interval to

Control Level. Relative to controls, both AGO doses exhib-
ited shorter QT interval (milliseconds) by –37.78% and –36.85%,
respectively [F(6, 49) 5 22.284, P < 0.0001] and QTc intervals
(milliseconds) by –35.20% and –37.63%, respectively [F (6, 49) 5
48.047, P < 0.0001], while with HD, QTc, but not QT interval,
was reduced by –11.19% [F (6, 49) 5 48.047, P 5 0.022]
(Fig. 8H).
QTc, but not QT interval, was persistently reduced with HD1

low-dose AGO when compared with controls by –24.98%
[F(6, 49) 5 48.047, P < 0.0001], unlike the redeemed QT
and QTc intervals with HD 1 high-dose AGO (Fig. 8H).

Fig. 6. Mean amplitude (microvolts) of adult male Wistar albino rats subdivided into control (oral DW or i.p. corn oil), low-dose AGO (oral 40 mg/kg),
high-dose AGO (oral 80 mg/kg), HD (i.p. 4 mg/kg, once weekly), HD 1 low-dose AGO, and HD 1 high-dose AGO, showing (A) source wave;
(B) beta wave; (C) delta wave. Data are expressed as median and interquartile range. Significant when P < 0.05. ****P < 0.0001 compared with
controls (DW). 11P < 0.01 compared with controls (corn oil). 1111P < 0.0001 compared with controls (corn oil). ##P < 0.01, ####P < 0.0001 com-
pared with low-dose AGO. $P < 0.05, $$P < 0.01, $$$$P < 0.0001 compared with high-dose AGO. @@@@P < 0.0001 compared with HD. &&&&P < 0.0001
compared with HD 1 low-dose AGO. Low-dose AGO: 40 mg/kg; high-dose AGO: 80 mg/kg.
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HD + High-Dose AGO Redeemed JT Interval. Both
AGO doses as well as HD exhibited shorter JT intervals (milli-
seconds) relative to controls by –44.69% [F (6, 49) 5 22.244,
P < 0.0001], –56.63% [F (6, 49) 5 22.244, P < 0.0001], and
[F (6, 49) 5 22.244, P 5 0.018], respectively (Fig. 8I).
Combined HD 1 AGO, regardless of the AGO dose, re-

deemed JT interval to that of control rats (Fig. 8I).
HD + High-Dose AGO Exhibited ST Depression of

High Amplitude. The amplitude of elevated ST (millivolts)
seen with low-dose AGO exceeded the amplitudes of depressed
ST seen with both controls by 1717.26% [t(6) 5 28.187, P <

0.028] and high-dose AGO by 11565.68% [t (6) 5 28.187, P <

0.044] (Fig. 8J).

Although HD did not affect ST amplitude, it triggered ST el-
evation of an amplitude comparable to the ST depression seen
with controls and high-dose AGO (Fig. 8J). Despite that com-
bined HD 1 low-dose AGO redeemed the ST amplitude to con-
trol levels, ST was still elevated, unlike the ST depression in
controls (Fig. 8J). Combined HD 1 high-dose AGO exhibited a
depressed ST segment as controls but of amplitude exceeding
controls by 11632.64% [t (6) 5 28.187, P < 0.0001] (Fig. 8J).
HD + High-Dose AGO Displayed Inverted T Wave of

Increased Amplitude. Neither AGO nor HD affected T
wave amplitude (millivolts) when compared with controls
(Fig. 8K). Similarly, combined HD 1 low-dose AGO did not
affect T wave amplitude (Fig. 8K).

Fig. 7. Actual EEG tracings (PowerLab 4/30; ML866, ADInstruments, Australia) of adult male Wistar albino rats subdivided into control
(oral DW or i.p. corn oil), low-dose AGO (oral 40 mg/kg), high-dose AGO (oral 80 mg/kg), HD (i.p. 4 mg/kg, once weekly), HD 1 low-dose
AGO, and HD 1 high-dose AGO, showing (A) total beta power (V2*E�12); (B) mean power frequency source wave (Hz); (C) mean power fre-
quency beta (Hz); (D) mean EEG amplitude (microvolts); (E) mean beta amplitude (microvolts); (F) mean delta amplitude (microvolts). Total
power, mean power frequency, and mean amplitude are obtained by offline analysis of source, beta, and delta waves using LabChart
v.7.2 software.
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Fig. 8. ECG analysis of adult male Wistar albino rats subdivided into control (oral DW or i.p. corn oil), low-dose AGO (oral 40 mg/kg), high-dose AGO (oral
80 mg/kg), HD (i.p. 4 mg/kg, once weekly), HD 1 low-dose AGO, and HD 1 high-dose AGO, showing (A) heart rate (bpm). Data are expressed as mean ±
S.D. (B) P wave amplitude (microvolts). Data are expressed as median and interquartile range. (C) P wave duration (milliseconds). Data are expressed as
mean ± S.D. (D) PR interval (milliseconds). Data are expressed as mean ± S.D. (E) R wave amplitude (microvolts). Data are expressed as median and inter-
quartile range. (F) S wave amplitude (microvolts). Data are expressed as median and interquartile range. (G) QRS duration (milliseconds). Data are expressed
as mean ± S.D. (H) QT and QTc intervals (milliseconds). Data are expressed as mean ± S.D. (I) JT interval (milliseconds). Data are expressed as mean ± S.D.
(J) ST amplitude (microvolts). Data are expressed as median and interquartile range. (K) T wave amplitude (microvolts). Data are expressed as median and in-
terquartile range. (L) TpTe (milliseconds). Data are expressed as mean ± S.D. (M) RR interval (milliseconds). Data are expressed as mean ± S.D. Significant
when P < 0.05. *P < 0.05, **P < 0.01, ****P < 0.0001 compared with controls (DW). 1P < 0.05, 11P < 0.01, 1111P < 0.0001 compared with con-
trols (corn oil). #P < 0.05, ##P < 0.01, ####P < 0.0001 compared with low-dose AGO. $P < 0.05, $$P < 0.01, $$$$P < 0.0001 compared with high-dose
AGO. @P < 0.05, @@P < 0.01, @@@@P < 0.0001 compared with HD. &P < 0.05, &&P < 0.01, &&&&P < 0.0001 compared with HD 1 low-dose AGO.
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Combined HD 1 high-dose AGO exhibited a higher T wave
amplitude relative to controls by 1303.47% [t(6) 5 34.150, P <

0.0001]. Also, T wave was inverted with HD 1 high-dose AGO,
unlike controls and the other studied groups (Fig. 8K).
HD + High-Dose AGO Redeemed T Peak-Tend Inter-

val to Control Level. Both AGO doses reduced TpTe inter-
val (milliseconds) relative to controls by –48.42% and –46.49%,
respectively [F(6, 49) 5 18.951, P < 0.0001], while HD did not
affect TpTe interval (Fig. 8L). Combined HD 1 AGO, regard-
less of the AGO dose, redeemed the TpTe interval to control
level (Fig. 8L).
HD + High-Dose AGO Prolonged RR Interval. While

low-dose AGO did not affect RR interval (milliseconds), both
high-dose AGO and HD prolonged RR interval beyond control
levels by 130.60% [F (6, 49) 5 7.034, P < 0.012] and 140.01%
[F (6, 49) 5 7.034, P < 0.0001], respectively (Fig. 8M).
While combined HD 1 low-dose AGO redeemed RR to con-

trol levels, combined HD 1 high-dose AGO displayed a persis-
tently prolonged RR interval relative to controls by 127.97%
[F (6, 49) 5 7.034, P 5 0.028], consistent with the individual
effects of HD and high-dose AGO (Fig. 8M). Actual ECG trac-
ings illustrated some of the aforementioned differences among
the studied groups (Fig. 9, A–F).

HD + High-Dose AGO Redeemed the Weights of Both
Brain Hemispheres to Control Levels

HD + High-Dose AGO Did Not Affect Body Weight.
Compared with controls, neither AGO nor HD affected the
body weight of rats (Fig. 10A).
In contrast, combined HD 1 low-dose AGO increased the

body weight of rats relative to controls by 120.36% [F(6, 49) 5

7.466, P 5 0.002] (Fig. 10A), while combined HD 1 high-dose
AGO did not affect the rats’ body weight, which was consistent
with the effects of individual treatments (Fig. 10A).
HD + High-Dose AGO Redeemed the Weights of

Both Right and Left Brain Hemispheres. Compared
with controls, both AGO doses reduced the weight of each of
the right brain hemisphere by –25.16% and –23.27%, respec-
tively [F(6, 49) 5 72.087, P < 0.0001] and left brain hemi-
sphere by –20.81% and –13.42%, respectively [F (6, 49) 5
47.732, P < 0.0001], more obvious with low-dose AGO, unlike
HD which did not affect the weight of the brain hemispheres
(Fig. 10, B and C).
Combination therapy with either AGO dose was able to re-

solve the changes seen with AGO monotherapy, redeeming
the weights of the right and left brain hemispheres to control
levels (Fig. 10, B and C).

HD + High-Dose AGO Ameliorated the Microstructural
Changes Provoked by Either Drug

While control rats showed normal brain microstructure
(Fig. 11A), prolonged low-dose AGO yielded mild fascicular
edema of the brain, together with astrocytic hyperplasia and re-
active gliosis, associated with scarce neuritic plaques (Fig. 11B),
scored as A0, B1, and C1, based on the respective absence of
beta-amyloid plaques, presence of scarce neurofibrillary tangles
in limited areas, and infrequently encountered neuritic plaques.
High-dose AGO resulted in mild to moderate inflammatory

cellular infiltrate of the brain with mild fascicular edema,
accompanied by astrocytic hyperplasia, and reactive gliosis
(Fig. 11C), scored as A0, B0, and C1, based on the respective

Fig. 9. Actual ECG tracing of (A) control group (receiving either DW or corn oil); (B) low-dose AGO (oral 40 mg/kg, daily); (C) high-dose AGO
(oral 80 mg/kg, daily); (D) HD (i.p. 4 mg/kg, once weekly); (E) HD 1 low-dose AGO; (F) HD 1 high-dose AGO. Recordings are done using (PowerLab
4/30; ML866, ADInstruments, Australia), and tracings are generated using LabChart v.7.2 software. In each 9A to 9F: Upper left tracing: Waterfall
plot depicting three-dimentional aspects of the stacked averaged successive heart betas recorded over 5 minutes, showing duration [horizontal
plane (x-axis)], amplitude [vertical plane (y-axis)], along timing axis (z plane). Upper right tracing: ECG beats for 1 minute. Lower tracing: Aver-
aging 10 beats.
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absence of beta-amyloid plaques, neurofibrillary tangles,
and infrequently encountered neuritic plaques.
Weekly HD injections for 6 weeks induced moderate fascicu-

lar edema, astrocytic hyperplasia, and reactive gliosis, added to
scattered neurofibrillary tangles (Fig. 11D). Such changes were
scored as A0, B1, and C2, based on the respective absence of
beta-amyloid plaques, presence of neurofibrillary tangles in lim-
ited areas, and frequently encountered neuritic plaques.
Combined HD 1 low-dose AGO caused mild fascicular

edema, with remaining astrocytic hyperplasia, reactive gliosis,
scattered neurofibrillary tangles as well as few neuritic plaques
(Fig. 11E) and had an average score of A0, B1, and C1, based
on the respective absence of beta-amyloid plaques, presence of
neurofibrillary tangles in limited areas, and infrequently en-
countered neuritic plaques.
Combined HD 1 high-dose AGO yielded mild fascicular

edema with minimal astrocytic hyperplasia and reactive glio-
sis (Fig. 11F) and a score of A0, B0, and C0, based on the respec-
tive absence of beta-amyloid plaques, neurofibrillary tangles,
and neuritic plaques.

HD+ High-Dose AGO Reduced Brain ACh Level and MT2
Expression, Against Increasing D5 Expression While
Redeeming KLF9 to Control Levels

HD+ High-Dose AGO Reduced Brain ACh Level, with
Redemption of Brain AChE Expression and Activity. In
contrast to both AGO doses, which increased brain ACh

relative to controls by176% and132%, respectively [F (6, 49)5
1441.982, P < 0.0001], HD reduced the brain level of ACh by
–26% [F (6, 49)5 1441.982, P < 0.0001] (Fig. 12A).
Combined HD to either AGO dose ameliorated the varia-

tions in brain ACh level, as demonstrated by significantly
higher ACh levels relative to HD [F (6, 49) 5 1441.982, P <
0.0001] and significantly lower ACh levels relative to AGO
doses [F(6, 49) 5 1441.982, P < 0.0001]. Such recovery was in-
complete, so that HD 1 low-dose AGO and HD 1 high-dose
AGO exhibited persistently reduced brain ACh levels relative
to controls by –7.33% and –10.67%, respectively [F(6, 49) 5
1441.982, P < 0.0001] (Fig. 12A).
Paradoxically, both AGO doses displayed increased brain

AChE expression beyond control levels by 194.12% and
152.94%, respectively [F (6, 49)5 55.649, P< 0.0001] (Fig. 12B).
This also applied to AChE activity, which was increased be-
yond the control level with both AGO doses by 129.55% and
123.52%, respectively [F(6, 49) 5 151.60, P < 0.0001] (Fig.
12C). However, neither brain AChE expression nor activity
was affected by prolonged HD treatment (Fig. 12, B and C).
While HD 1 low-dose AGO reduced brain AChE expression

and activity relative to controls by –29.41% [F (6, 49) 5 55.649,
P5 0.022] and –26.93% [F (6, 49) 5 151.60, P 5 0.018], respec-
tively, HD 1 high-dose AGO redeemed the brain AChE expres-
sion and activity to control levels (Fig. 12, B and C).
HD + High-Dose AGO Downregulated Brain MT2

Against Upregulating Brain D5. Aligned with the in-
creased brain ACh and AChE observed with both AGO doses,

Fig. 10. Body and brain weights of adult male Wistar albino rats subdivided into control (oral DW or i.p. corn oil), low-dose AGO (oral 40 mg/kg),
high-dose AGO (oral 80 mg/kg), HD (i.p. 4 mg/kg, once weekly), HD 1 low-dose AGO, and HD 1 high-dose AGO, showing (A) body weight;
(B) weight of the right brain hemisphere; (C) weight of the left brain-hemisphere. Data are expressed as mean ± S.D. Significant when P < 0.05. **P <
0.01, ****P < 0.0001 compared with controls (DW). 11P < 0.01, 1111P < 0.0001 compared with controls (corn oil). #P < 0.05, ####P < 0.0001 compared
with low-dose AGO. $P < 0.05, $$$$P < 0.0001 compared with high-dose AGO. @P < 0.05, @@@@P < 0.0001 compared with HD. &&P < 0.01 com-
pared with HD 1 low-dose AGO.
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brain MT2 expression was also increased relative to controls
by 162.5% and 1137.5%, respectively [F (6, 49) 5 284.188,
P < 0.0001] (Fig. 12D).

In contrast, HD reduced brain MT2 by –57.5% [F (6, 49) 5
284.188, P < 0.0001] (Fig. 12D), as was with ACh. While com-
bined HD 1 low-dose AGO redeemed brain MT2 to control

Fig. 11. H&E stained brain specimens of adult male Wistar albino rats subdivided into control (oral DW or i.p. corn oil), low-dose AGO (oral
40 mg/kg), high-dose AGO (oral 80 mg/kg), HD (i.p. 4 mg/kg, once weekly), HD 1 low-dose AGO, and HD 1 high-dose AGO, showing (A) normal
brain tissue in control rats (H&E, 100x); (B) scattered neuritic plaques (arrow) with low-dose AGO (H&E, 100x); (C) mild to moderate inflammatory cellu-
lar infiltrate (circles) with high-dose AGO (H&E, 100x); (D) scattered neurofibrillary tangles (arrowhead) with HD (H&E, 200x); (E) scattered neurofibril-
lary tangles (arrowheads) as well as neuritic plaques (arrows) with HD 1 low-dose AGO (H&E, 100x); (F) HD 1 high-dose AGO (H&E, 100x);
(G) positive Congo Red staining showing astrocytic hyperplasia with reactive gliosis detected in all treated groups (Congo Red, 100x).

Fig. 12. Biochemical parameters in brain homogenate of adult male Wistar albino rats subdivided into control (oral DW or i.p. corn oil), low-dose
AGO (oral 40 mg/kg), high-dose AGO (oral 80 mg/kg), HD (i.p. 4 mg/kg, once weekly), HD 1 low-dose AGO, and HD 1 high-dose AGO, showing
(A) ACh level; (B) AChE; (C) AChE activity; (D) MT2; (E) D5; (F) ANGPTL4; (G) KLF9. Data are expressed as mean ± S.D. Significant when P <
0.05. *P < 0.05, **P < 0.01, ****P < 0.0001 compared with controls (DW). 1P < 0.05, 11P < 0.01, 1111P < 0.0001 compared with controls (corn oil).
####P < 0.0001 compared with low-dose AGO. $P < 0.05, $$$$P < 0.0001 compared with high-dose AGO. @@@@P < 0.0001 compared with
HD. &&&&P < 0.0001 compared with HD 1 low-dose AGO.
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level, HD 1 high-dose AGO displayed a persistently reduced
brain MT2 relative to controls by –18.75% [F(6, 49) 5 284.188,
P 5 0.018] (Fig. 12D).
In contrast to brain acetylcholine, AChE, and MT2, brain

D5 relative expression exhibited significant reductions with
both AGO doses relative to controls by –69.63% and –72.59%,
respectively [F (6, 49) 5 153.895, P < 0.0001] (Fig. 12E).
Unlike AGO, HD increased brain D5 relative expression rel-

ative to controls by 118.52% [F(6, 49) 5 153.895, P 5 0.004]
(Fig. 12E), in contrast to its effect on brain MT2. While HD 1
low-dose AGO redeemed brain D5 expression to control levels,
HD 1 high-dose AGO exhibited a persistently higher brain D5
compared with controls by 122.22% [F (6, 49) 5 153.895, P <

0.0001] (Fig. 12E).
HD+ High-Dose AGO Was the Least to Increase

Brain ANGPTL4 While Redeeming Brain KLF9 to
Control Level. Compared with controls, the relative expres-
sion of brain ANGPTL4 was increased with both AGO doses
by 1352.06% and 1256.16%, respectively [F(6, 49) 5 500.816,
P < 0.0001] as well as with HD by 1228.77% [F (6, 49) 5
500.816, P < 0.0001] (Fig. 12F).
Such brain ANGPTL4 increase was not redeemed with either

HD 1low-dose AGO or HD 1 high-dose AGO to exceed control
levels by 1242.47% and 1119.18%, respectively [F (6, 49) 5
500.816, P < 0.0001], more obvious when low-dose AGO was
used in combination (Fig. 12F).
Unlike brain ANGPTL4, both AGO doses as well as HD re-

duced brain KLF9 expression relative to controls by –75%,
–72.81%, and –15.63%, respectively [F(6, 49) 5 437.511, P <

0.0001] (Fig. 12G).
While HD 1 low-dose AGO displayed a persistently lower

brain KLF9 relative to controls by –18.75% [F(6, 49) 5 437.511,
P < 0.0001], HD 1 high-dose AGO redeemed brain KLF9 to
control levels (Fig. 12G). A descriptive summary of the study
findings is provided in Table 2.

Total EEG Power Was Positively Correlated with Brain
MT2 While TpTe Was Negatively Correlated to AChE
Activity and Brain ANGPTL4 Was Negatively Correlated
with KLF9

Total EEG power was positively correlated to brain MT2 re-
ceptors expression (r 5 0.83, P 5 0.040) (Fig. 13A). TpTe was
negatively correlated to AChE activity (r 5 –0.69, P < 0.0001)
(Fig. 13B). The weight of each of the right and left brain hemi-
sphere was negatively correlated to AChE activity (r 5 –0.56,
r 5 –0.72, respectively, P < 0.0001) (Fig. 13C).
AChE activity was positively correlated to ACh level (r 5

0.53, P < 0.0001) and AChE expression (r5 0.65, P <

0.0001) (Fig. 13D). Conversely, AChE activity was nega-
tively correlated to brain D5 (r5 –0.60, P < 0.0001). (Fig.
13E). While AChE activity was positively correlated to
ANGPTL4 (r 5 0.51, P < 0.0001), it was negatively corre-
lated to brain KLF9 (r 5 –0.52, P < 0.0001) (Fig. 13F).
The brain level of ACh was positively correlated to brain

MT2 (r5 0.94, P5 0.005), while negatively correlated to brain
D5 (r 5 –0.93, P 5 0.007) (Fig. 13G). The brain MT2 was neg-
atively correlated to brain D5 (r 5 –0.99, P < 0.0001) (Fig.
13H). Brain ANGPTL4 was negatively correlated to brain
KLF9 (r 5 –0.94, P 5 0.005) (Fig. 13I).

Discussion
To our knowledge, this is the first study to address the cog-

nitive impact of chronic HD combined with AGO, compared
with either drug. Our work discriminated between two AGO
doses (40 mg/kg and 80 mg/kg) commonly employed in previ-
ous research work. As HD releases active haloperidol, our dis-
cussion included the studies on both HD and haloperidol, the
latter being the more extensively studied. The selection of
male rats matched the reports highlighting a better perfor-
mance of males when assessing visual-spatial tasks (McCarrey
et al., 2016) employed herein. In clinical settings, one of the
major indications for the use of HD is schizophrenia, which is
more prevalent in males (X. Li et al., 2022). Avoiding the ef-
fects of fluctuating hormones during estrus cycles and poten-
tial effects on some of the assessed signaling mechanisms
(Gunn et al., 2016; Spencer et al., 2008; Zachry et al., 2021),
the male gender was chosen.
In agreement with the lack of cognitive alteration with pro-

longed corn oil intake in control rats, a randomized controlled
trial reported a similar lack of additional benefit after 6-month
corn oil intake in subjects with normal cognition (Maltais
et al., 2022). However, other studies demonstrated improved
cognition following alternate-day intraperitoneal injection of
corn oil to a mouse model of Down syndrome after 30 days
(Giacomini et al., 2018) or when corn oil, supplemented by
other vitamins, was consumed by humans (Gutierrez et al.,
2021).
In this study, the cognitive improvement observed with HD 1

high-dose AGO could be attributed to enhanced dopaminer-
gic signaling (Speranza et al., 2021). The involvement of the
MT2/D5 interplay is plausible, given the concomitant reduc-
tion in brain MT2 against D5 upregulation, further sup-
ported by the negative correlation between MT2 and D5,
corroborating the inhibitory effect of melatonin over dopa-
mine signaling through D1 and D2 receptors (Sweis, 2005).
Furthermore, the positive correlation between brain ACh
and MT2 versus the negative correlation linking ACh to D5
was in partial agreement with a reduced brain ACh, reliev-
ing the disinhibition of dopaminergic neurons and subse-
quently enhancing dopamine release (Exley & Cragg, 2008).
Based on the assumption that a “cholinergic-melatonergic-
dopaminergic trialogue” exists in the context of cognition, we
hypothesized that the concomitantly reduced brain ACh and
downregulated MT2, subsequently upregulating brain D5,
might enhance some aspects of cognition, complementary to
the cholinergic dysfunction hypothesis, which could involve
other aspects of cognition, depending on the disordered function
in context. The involvement of noncholinergic pathways was
supported herein when opposite neurochemical changes ob-
served with both AGO doses precipitated some cognitive im-
pairment. In the presence of similar ACh, MT2, and D5
changes as HD 1 high-dose AGO, such cognitive impair-
ment was not evident with HD, despite showing the most
extensive neuropathologic affection. Thus, the cholinergic-
melatonergic-dopaminergic trialogue we hypothesized could
be the basis to explore novel pharmacologic targets, offering
diverse therapeutic alternatives that might not only fill ma-
jor cognitive gaps between normal individuals but also ame-
liorate resistant cases to the currently available cognitive
enhancers.
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TABLE 2
Descriptive summary of the main findings, studying adult male Wistar albino rats subdivided into control (oral DW or i.p. corn oil), low-dose
AGO (oral 40 mg/kg), high-dose AGO (oral 80 mg/kg), HD (i.p. 4 mg/kg, once weekly), HD 1 low-dose AGO, and HD 1 high-dose AGO

Groups Assessments Low-Dose AGO High-Dose AGO HD HD 1 Low-Dose AGO HD 1 High-Dose AGO

Dim to bright light preference
Latency # " Unaffected Unaffected "
Percent time spent in bright

light
" Unaffected " " "

Percent time spent in dim
light

# Unaffected Unaffected # #

Y-maze test
Number of alternations Unaffected Unaffected Unaffected Unaffected Unaffected
Percent of alternations # # Unaffected Unaffected "

EEG
Total EEG power Unaffected Unaffected Unaffected Unaffected Unaffected
Total beta power Unaffected " Unaffected Unaffected Redeemed
Total delta power Unaffected Unaffected Unaffected Unaffected Unaffected
Mean power frequency

source
Unaffected Unaffected " Redeemed #

Mean power frequency beta Unaffected Unaffected Unaffected Unaffected Unaffected
Mean power frequency

delta
# Unaffected Unaffected Redeemed Unaffected

Mean amplitude Unaffected " " " Redeemed
Polarity of source wave Unaffected Inverted (Positive) Inverted (Positive) Redeemed Redeemed
Mean amplitude beta Unaffected " Unaffected Unaffected Redeemed
Polarity of beta wave Inverted

(Negative)
Unaffected Unaffected Inverted

(Negative)
Redeemed

Mean amplitude delta Unaffected " " " Redeemed
Polarity of delta wave Unaffected Inverted

(Positive)
Inverted
(Positive)

Inverted
(Positive)

Redeemed

ECG
Heart rate Unaffected # # Redeemed Redeemed
P duration # # # # #
P amplitude Unaffected # # # Redeemed
Polarity of P wave Unaffected Unaffected Inverted Inverted Inverted
PR interval # # # Redeemed #
R amplitude " " " " "
S amplitude # Unaffected # # Redeemed
S wave direction Unaffected Unaffected Unaffected Inverted upwards Unaffected
QRS interval # Unaffected Unaffected Redeemed Unaffected
QTc # # # # Redeemed
ST amplitude " Unaffected Unaffected Redeemed "
ST direction Elevated Depressed Elevated Elevated Depressed
JT # # # Redeemed Redeemed
T wave amplitude Unaffected Unaffected Unaffected Unaffected "
T wave inversion Unaffected Unaffected Unaffected Unaffected Inverted
TpTe # # Unaffected Redeemed Redeemed
RR Unaffected " " Redeemed "

Body and brain weights
Body weight Unaffected Unaffected Unaffected " Unaffected
Weight of the right brain-

hemisphere
# # Unaffected Redeemed Redeemed

Weight of the left brain-
hemisphere

# # Unaffected Redeemed Redeemed

Brain pathology
Inflammatory cellular

infiltrate
Mild to moderate

Fascicular edema Mild Mild Moderate Mild Mild
Astrocytic hyperplasia Yes Yes Yes Yes Minimal
Reactive gliosis Yes Yes Yes Yes Minimal
Neuritic plaques Scarce Scarce Frequent Few
Neurofibrillary tangles Scarce Scattered Scattered

Beta-amyloid plaques
ABC score A0B1C1 A0B0C1 A0B1C2 A0B1C1 A0B0C0

Brain biochemical analysis
ACh level " " # # #
AChE catalytic activity " " Unaffected # Redeemed

Gene expression relative to GAPDH
AChE " " Unaffected # Redeemed
MT2 " " # Redeemed #
D5 # # " Redeemed "
ANGPTL4 " " " " "
KLF9 # # # # Redeemed

Data provided involves comparison with control rats receiving DW.
" Increase; # Decrease.
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We extended our cholinergic-melatonergic-dopaminergic tri-
alogue to ANGPTL4 and KLF9, being essential targets in the
issue of distorted brain microstructure (Zheng et al., 2021). To
our knowledge, no previous studies have assessed the effects

of prolonged treatment with HD, AGO, and their combination
on brain ANGPTL4 and KLF9 in the context of cognition. We
found that the HD 1 high-dose AGO was the least to induce
ANGPTL4 expression but, more importantly, without altering

Fig. 13. Scatter plots showing correlations between (A) total EEG power and MT2 expression (r 5 0.83, P 5 0.040); (B) TpTe and AChE activity
(r 5 – 0.69, P < 0.0001); (C) the weight of each of the right and left brain hemisphere and AChE activity (r 5 –0.56, r 5 –0.72, respectively, P <
0.0001); (D) AChE activity and each of ACh level and AChE expression (r 5 0.53, r 5 0.65, respectively, P < 0.0001); (E) AChE activity and D5
expression (r 5 –0.60, P < 0.0001); (F) AChE activity and each of ANGPTL4 and KLF9 expression (r 5 0.51, r 5 –0.52, respectively, P < 0.0001);
(G) ACh and each of MT2 (r 5 0.94, P 5 0.005) and D5 expression (r 5 0.93, P 5 0.007); (H) D5 and MT2 expressions (r 5 – 0.99, P < 0.0001);
(I) ANGPTL4 and KLF9 expressions (r 5 –0.94, P 5 0.005). Spearman rho. Significant when P < 0.05.
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KLF9 expression, unlike the other treated groups, in which
KLF9 was downregulated. Thus, our study proposed the impli-
cation of KLF9 deficiency in cognitive disorders, as was with
KLF2 in the mouse model of AD and in humans (Fang et al.,
2017; Wu et al., 2013). The negative correlation between
ANGPTL4 and KLF9 highlighted their inverse relationship in
the context of cognition (Shuff et al., 2021), after previous
studies detected elevated ANGPTL4 in postmortem specimens
of patients with AD (Yan et al., 2019) and its association with
poor prognosis of ischemic stroke (Zheng et al., 2021).
The relatively less cognitive improvement observed with HD 1

low-dose AGO could be attributed to worse neuropathologic fea-
tures and different neurochemical alterations, lacking similar
MT2 and D5 changes as HD 1 high-dose AGO, added to a more
extensive ANGPTL4 upregulation against a downregulated
KLF9, reinforcing the cholinergic-melatonergic-dopaminergic
trialogue and the feasibility to explore noncholinergic targets
for cognitive dysfunction (Doraiswamy, 2002; Petrikis et al.,
2004). The exclusive increase in body weight with HD1 low-dose
AGOmight have also contributed, based on previous studies link-
ing obesity to reduced cognition (Buie et al., 2019; T. Li et al.,
2022). Though not the focus of this work, it is interesting to men-
tion that HD 1 low-dose AGO was the only treatment regimen
associated with a downregulated brain AChE expression and re-
duced catalytic activity, emphasizing the negative correlation be-
tween AChE and body mass index reported in a recent study
involving female university students (Hamouda et al., 2019). It is
noteworthy to highlight that reduced ACh occurred, despite a
downregulated AChE. So whether this is some sort of protective
compensatory mechanism to arrest the progression of cholinergic
deficiency (Brown, 2019) requires further elaborative research
work and, if proven, could rationalize the lack of efficacy of anti-
cholinesterases in some cases of cognitive impairment. In our
study, the positive correlation linking AChE activity and the
brain ACh level could validate such a compensatory relationship.
In our model, the slight cognitive amelioration following pro-

longed HD administration was associated with increased mean
power of source wave frequency, so that the power spectral
density of the source wave was maximum at a frequency corre-
sponding to the fast gamma range (60–100 Hz) (Colgin, 2016),
linked to enhanced memory and learning in previous mice
models (Sharpe et al., 2020; Zheng et al., 2016). Although HD
induced almost similar neurochemical alteration as HD 1
high-dose AGO, one of the major differences was KLF9 down-
regulation; the other was the extensive AD-like features. In a
previous rodent model, daily intramuscular injection of halo-
peridol (1.5 mg/kg) for 28 days induced neurodegenerative
changes in the striatum and hippocampus (Polydoro et al.,
2004), justifying the less cognitive impairment seen with HD, rel-
ative to acute intraperitoneal haloperidol injection (0.05 mg/kg)
in rotenone-treated neonatal male Wistar rats (Varga et al.,
2021). Nonetheless, the effect of HD on cognition seems contro-
versial (Lalonde & Strazielle, 2017).
Both AGO doses improved some cognitive features and

worsened others. The improvement of some cognitive indices
using AGO agreed with previous studies Navarro-Franc�es and
Arenas, 2014; Rao Barkur and Bairy, 2015; Meseguer Henarejos
et al., 2020). The associated increased brain ACh, if supporting
the cognitive improvement, could not justify the featured
cognitive dysfunction, except after applying the hypothetical
cholinergic-noncholinergic crosstalk, in which the concomi-
tantly increased ACh and upregulated MT2, subsequently

downregulating D5, added to the inclusion of ANGPTL4 up-
regulation, against KLF9 downregulation are introduced as
novel co-players in the cognitive issue paradigm. Consider-
ing the inverse relationship between AChE activity on one
side, enhanced herein, and brain D5 and KLF9 on the other
side, as well as its positive link to ANGPTL4, AChE activity
should be considered an independent factor in the cognitive
dilemma. Elevated ACh activates presynaptic muscarinic
receptors, thus suppressing the excitatory inputs needed for
memory retrieval, leading to cognitive dysfunction (Hasselmo,
2006). Nonetheless, the concomitantly upregulated AChE ex-
pression along with enhanced catalytic activity highlighted its
plausible protective role to maintain an optimum ACh level
(Brown, 2019), thus justifying some concurrent cognitive im-
provement. The excess melatonergic precipitating cognitive dys-
function was previously supported by a phase IV clinical trial
involving women above 60 years old who experienced memory
impairment following 1 to 6 months of melatonin intake
(Melatonin and Memory loss, a phase IV clinical study of FDA
data - eHealthMe). In our experiment, such worsening did not
occur with either HD, when MT2 was downregulated, or HD 1
low-dose AGO, when MT2 was redeemed to control levels. The
associated reduced weight of the right and left brain hemi-
spheres harmonized with the cognitive dysfunction and was in
partial agreement to a previous correlation between brain size
and both cognitive decline and dementia risk (Tan et al., 2017),
possibly supporting the use of brain size as a surrogate marker
to predict behavioral aspects of AD (Boublay et al., 2020). The
inverse relationship linking the brain-hemispheric weights and
AChE catalytic activity supports, in part, the therapeutic merit
of anticholinesterases in neurodegenerative disorders, regard-
less of ACh level. It is worth mentioning that the brain weight
might not be an accurate indicator though, based on the discrep-
ancies between the changes of the weights of the brain hemi-
spheres and the extent of neuropathology, as observed with HD.
In contrast to our work, neither brain weights nor brain micro-
structure was changed when Yang et al. (2019) employed toxic
AGO doses, but for a shorter duration of >28 days. The du-
ration might be a crucial determinator, as in various disease
models, short-term AGO did not provoke AD-like features
(Yucel et al., 2016; Chanmanee et al., 2022).
The discrepancies between the treated groups could be also

attributed to differences recovered on EEG recordings, impact-
ing sleep (Zavecz et al., 2023), albeit this was not our focus.
With low-dose AGO, a reduced mean power frequency delta
wave was noticeable, seemingly reflecting an enhanced non-
rapid eye movement previously detected in mice receiving the
same AGO dose intraperitoneally for 21 days (Tchekalarova
et al., 2020). The sleep-promoting ability of high-dose AGO
was evident when total beta power was increased, being
linked to a tranquilizing activity (Walker et al., 2001) and a
sleep-like state (Fernandez-Mendoza et al., 2019), substanti-
ated by concurrently increased delta amplitude (Kawai et al.,
2016). With HD 1 low-dose AGO, the increased delta wave
amplitude exceeded that observed with HD, indicating differ-
ent sleep-promoting potentialities (Jones et al., 2014) and sub-
sequent differential effects on cognition.
It is noteworthy to add some findings involving different epi-

leptogenic activities that could not be overlooked, not only as
part of the pharmacovigilance evaluation of HD-AGO combi-
nation but also due to their relevance, based on the link be-
tween epileptogenesis and both working memory impairment
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(Arski et al., 2022) and the occurrence of dementia-like cogni-
tive decline (Chin and Scharfman, 2013; Imfeld et al., 2013).
In this context, the reduced mean power frequency of the
source wave added to the undisturbed polarity of EEG waves
detected with HD 1 high-dose AGO, exhibiting cognitive en-
hancement, highlighted a lower risk for epileptogenic activity
(Kara et al., 2020), against the increased mean power frequency
of source wave seen with HD, showing minimal cognitive im-
provement, reflected discrepant effects on cortical excitability
(Barbiero et al., 2007; Ly et al., 2016) and varied potentialities
for proconvulsant activity (Zhou and Li, 2020). Knowing that
the EEG montage was uniform among all studied groups and
that the source wave is likely to be negative as corresponding to
superficial depolarizations using scalp electrodes, the inversion
of negative to positive polarity observed in source and delta
waves seen with HD, high-dose AGO and HD 1 low-dose AGO,
might increase the likelihood of proconvulsive activity, with a
possible link to reduced cognitive performance (Janati et al.,
2013) or improvement, especially in the presence of AD-like
neuropathologic features. Therefore, such epileptogenic activity
contributed, in part, to the cognitive deterioration observed
with high-dose AGO and the lack of substantial cognitive im-
provement with HD and HD 1 low-dose AGO. The implication
of melatonin in provoking epileptogenesis was encountered pre-
viously in human cases (Sandyk et al., 1992; Sheldon, 1998)
and was corroborated herein by detecting a positive correlation
between brain MT2 and total EEG power, added to high-dose
AGO displaying the highest source EEG wave amplitude in the
presence of MT2 upregulation.
The brain-cardiac crosstalk was recently reported (Yamaguchi

et al., 2020; Lin et al., 2022) and was demonstrated in patients
who experienced myocardial injury following cerebral stroke
(Krause et al., 2017). Similarly, manipulation of central neuro-
transmission can impact cardiorespiratory function (D�ıaz et al.,
2021). In turn, cardiac ischemia might alter brain neurotransmis-
sion and trigger neuroinflammatory changes (D�ıaz et al., 2020),
also impacting cognitive performance (Amorim et al., 2022; van
Nieuwkerk et al., 2023). Therefore, ECG was recorded.
Our work is one of few studies investigating the impact

of prolonged AGO administration on cardiac electrophysiol-
ogy in a normal setting, while other studies and reviews
evaluated the use of melatonin in managing cardiovascular
diseases, employing animals and patients with disordered
cardiac functions (Dominguez-Rodriguez, 2012; Sun et al.,
2016; Nduhirabandi and Maarman, 2018).
In this study, while all treatments triggered changes indica-

tive of cardiac ischemia and arrhythmia, it is worth mentioning
that the most extensive ECG alterations were observed with
both AGO doses, possibly rationalizing the concurrent cognitive
dysfunction. Exclusively, reduced TpTe interval, indicating re-
duced time for transmural dispersion of ventricular repolariza-
tion (Opthof et al., 2009), was evident with both AGO doses.
Interestingly, the catalytic activity of brain AChE, enhanced
with both AGO doses, was negatively correlated to TpTe. When
such AChE activity was reduced or unaltered, TpTe was unaf-
fected. A thorough literature search did not reveal studies out-
lining the significance of short TpTe nor its correlation to central
AChE activity. Most studies focused on TpTe prolongation as a
risk of ventricular tachycardia and fibrillation (Zumhagen
et al., 2016; Tse et al., 2017). As late sodium channels or so-
dium-calcium exchange are important determinants of TpTe in-
terval (Antzelevitch, 2007), the occurrence of channelopathies

or electrolyte imbalances could have provoked such an accelera-
tion. Recently, a case report published in 2022 (Siao et al.,
2022) suggested a causal relationship between AGO and car-
diac arrhythmias, supporting the AGO-triggered cardiac electri-
cal events found in our work. In male and female rats
administered 28 days of oral daily AGO at doses of 200, 400,
and 800 mg/kg, exceeding the doses used in clinical settings, there
was no evidence for microstructural cardiac abnormalities (Yang
et al., 2019). The ECG disturbances detected herein should be fur-
ther weighed against some of the recently claimed vascular bene-
fits of AGO when administered to female Wistar rat models of
lipopolysaccharide-induced endothelial injury (Asci et al., 2022).
Contrasting low- to high-dose AGO, the former reduced

QRS duration and was associated with elevated ST; the latter
reduced P wave amplitude, prolonged RR interval, and slowed
HR. The slowed HR associated with prolonged RR interval
suggests a sinus node or autonomic dysfunction, triggering
bradycardia and recurrence of atrial fibrillation (AF) (Ama-
syali et al., 2014). RR was adopted also as a prognostic marker
in patients with AF (Zy�sko et al., 2021); in turn, AF can pro-
voke bradycardia (Barrett et al., 2012). The reduced P wave
amplitude, denoting reduced atrial contractility, can also be
associated with a higher risk for AF, added to heart failure
(Park et al., 2016; Ostrowska et al., 2022; Zhang et al., 2023).
ST elevation reflected the possibility of cardiac ischemia (Cop-
pola et al., 2013). Reduced QRS interval, corresponding to ac-
celerated inter- or intraventricular conduction, together with
ST elevation, albeit denoting apparently favorable enhanced
ventricular conduction and early repolarization, as previously
published in case reports by (Wolpert et al., 2008), the clini-
cians were advised to be cautious as these EEG features might
denote abnormal sodium channels disorders or increased Pur-
kinjie fibers penetrating deep into the myocardium.
The ECG changes observed with HD were, seemingly, akin

to those seen with high-dose AGO; however, inverted P wave,
elevated ST, and prolonged QRS duration relative to high-dose
AGO were superimposed. The inverted P wave could indicate a
sinus node dysfunction or myocardial infarction (Khanna et al.,
2022). The extensive ECG changes could have some clue to the
worst neuropathology featured with HD (Shuff et al., 2021).
HD 1 AGO, regardless of AGO dose, triggered de novo ECG

features, distinct from either HD or AGO monotherapy. HD 1
low-dose AGO caused a positive upstroke of S wave, while
HD 1 high-dose AGO triggered a tall, inverted T wave, indica-
tive of cardiac ischemia (Kashou et al., 2019).
Despite that combined HD 1 AGO redeemed many of the

HD- and AGO-induced ECG changes, inverted P wave, ob-
served with HD, and reduced P wave duration as well as tall
R wave, seen with both HD and AGO, persisted. HD 1 low-
but not high-dose AGO redeemed the reduced PR interval, as
seen in the other treated groups. In turn, HD 1 high-but not
low-dose AGO redeemed the reduced QTc seen in the other
treated groups. The reduced P wave duration, denoting re-
duced atrial conductivity, can be also associated with a higher
risk for AF and heart failure. The reduced PR interval, signify-
ing an accelerated atrio-ventricular conduction, heightened
AF risk, predisposing also to the potentially lethal ventricular
fibrillation (Neshiewat et al., 2023). The increased R wave ampli-
tude could highlight an increased blood mass inside the
cardiac ventricles during early ventricular depolarization,
predisposing to ventricular hypertrophy (Bonoris et al.,
1978). A persistent tall R wave could denote myocardial
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ischemia and/or bundle branch block (Sinno et al., 2008),
both being previously documented as adverse events of halo-
peridol (Ter Bekke and Volders, 2020). Reduced QTc, reflect-
ing accelerated cardiac repolarization, could occur secondary to
channelopathies or electrolyte imbalances (https://www.acc.org/
latest-in-cardiology/articles/2016/10/05/08/06/short-qt-syndrome),
predisposing to arrhythmia (Anttonen et al., 2009).
Although no mortalities occurred, such adverse ECG changes

should be weighed against the cognitive benefit when transi-
tioning to clinical settings, given the higher risk of AF-related
hospitalization in patients with heart failure and the substan-
tial risk for morbidity and sudden cardiac death reported in pa-
tients with heart failure in case of arrhythmia (Masarone et al.,
2017; Yuyun et al., 2023).
Limitations of the Study. Biochemical analysis did not

include cardiac specimens. Liver function tests and electrolytes
were not assessed.

Conclusion
HD 1 high-dose AGO displayed the best cognitive perfor-

mance, matching the ameliorated neuropathology among
treated groups, despite reduced brain ACh. HD 1 high-dose
AGO was the least to alter the EEG recordings, scavenging
the epileptogenic-like activity noticed with AGO and HD. HD 1
high-dose AGO was the least to increase brain ANGPTL4, re-
deeming brain AChE expression and activity to control lev-
els, and exclusively resolving KLF9 downregulation. The
arrhythmogenic and ischemic ECG abnormalities did not
match such cognitive improvement.
Either low- or high-dose AGO exhibited a perplexed cogni-

tive amelioration and worsening, against trivial cognitive im-
provement with HD. High-dose AGO exhibited epileptogenic
activity on EEG more than low-dose AGO. Both AGO and HD
provoked profound derangements of brain ACH, AChE, MT2,
D5, ANGPTL4, and KLF9, along with AD-like neuropathologic
features, extensive with HD. The disturbed brain microstruc-
ture as well as MT2 and D5 alterations were redeemed with
HD 1 low-dose AGO, featuring some cognitive improvement
but less than HD 1 high-dose AGO.
Based on our preclinical experiment, HD 1 high-dose AGO

could offer a potential cognitive enhancer. Periodic ECG monitor-
ing is recommended. Applying to female animals warrants fur-
ther investigations. Exploring HD and other antipsychotics,
combined to AGO, in models of dementia-triggered psychotic fea-
tures and schizophrenia should be addressed. Further research
work is required to elucidate the neurologic benefit versus car-
diac risk of this combination in preclinical and clinical settings.
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