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Abstract
Background: The presumed implication of thromboembolic and oxidative stress pathways in parkinsonism
guided the current research toward the exploration of the anticoagulant dabigatran etexilate (DE) as a
thrombin inhibitor in the cobalt chloride (CoCl2)-induced parkinsonism (CIP) model, a model of significance

to industrial toxins-related health issues.

Methods: Oral CoCl2 (12.5 mg/kg) was administered daily for 60 days, with the introduction of benztropine

mesylate (BM) (10 mg/kg) and/or DE (3 mg/kg) on day 31. Rearing, postural instability, and pasta handling
were evaluated, followed by histopathologic examination of the substantia nigra (SN) and striatum (STR).
The expressions of brain dopamine receptor 2 (D2), adenosine receptor 1 (A1) and 2A (A2A), and protease-

activated receptor 1 (PAR1), as well as the brain levels of dopamine (DA), endothelin 1 (ET1),
malondialdehyde (MDA), and glutathione (GSH), were assessed.

Results: BM+DE restored the number of rears to the control level, compared to being reduced in the CIP
model. BM+DE restored the first, second, third, and average displacement distances to the control level,
compared to being reduced in the CIP model. BM+DE was superior to either BM or DE in restoring the time
to finish eating pasta and the number of adjustments of forepaws while eating to control levels after being
affected in the CIP model. BM+DE restored DA to the control level and was superior to DE in restoring D2 to

the control level. BM+DE was superior to BM in restoring A1 and A2A, increasing A1/A2A beyond the control

level. BM+DE was superior to BM in restoring PAR1 and ET1 to control levels. BM+DE was superior to BM in
restoring MDA to the control level and was superior to both BM and DE in increasing GSH beyond the control
level. BM+DE exhibited the highest percentage of preserved neurons in SN, which was negatively correlated
with MDA.

Conclusion: BM+DE offers a therapeutic potential for parkinsonism triggered by chronic exposure to CoCl 2.

The implication of thrombin-related factors and oxidative stress in the modulation of the dopaminergic-
adenosinergic crosstalk is plausible.

Categories: Neurology, Pharmacology, Therapeutics
Keywords: adenosine, benztropine, cobalt chloride, dabigatran, dopamine, endothelin 1, glutathione,
malondialdehyde, parkinsonism, protease-activated receptor 1

Introduction
Parkinson’s disease (PD) is the second most common neurodegenerative disorder after Alzheimer’s
disease [1]. According to World Health Organization estimates, the elderly population will continue to
increase, possibly to 17% of the population by 2050. Treatment for the management of neurodegenerative
diseases will be concomitantly increased [2]. PD, formerly thought of as an age-related disorder, can also
affect adults as young as 18 years old [3]. Early onset PD (age >40) is slowly progressive [4]. The incidence of
PD is lower in females than in males [5].

Decreased dopaminergic signaling relative to higher cholinergic signaling triggers motor incoordination [6].
Parkinsonism is characterized by resting tremors, rigidity, bradykinesia, akathisia (inability to sit still), and
an unstable posture. Parkinsonism (parkinsonian disorders) include PD, atypical parkinsonism, and
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secondary parkinsonism. Currently, the therapeutic approach to target parkinsonism is limited to
reinforcing the dopaminergic pathway, for instance, by administering the dopamine (DA) precursor,
levodopa. An alternative is to suppress the cholinergic pathway by administering central anticholinergic
drugs. Anticholinergic antiparkinsonian drugs are used as monotherapy in the early stage of the disease,
thereby delaying the need for levodopa [7]. One anticholinergic antiparkinsonian drug, benztropine, has a
relatively favorable pharmacokinetic profile in addition to a long terminal half-life [8]. An efficient strategy
to stop the progression of parkinsonism and arrest the death of dopaminergic neurons has not yet been
found.

The adenosine receptor 1 (A1) is widely expressed in the basal ganglia, a dopaminergic-enriched brain area
affected in parkinsonism, and there is an abundance of A2A expression in the brain. Both A1 and A2A are
co-expressed in the striatum (STR), a part of the basal ganglia, and heterodimerized in ischemic and hypoxic
brain conditions. Notably, A1-A2A heterodimers have distinct functions from those of either receptor alone,
potentially creating separate pharmacologic targets [9,10]. Interestingly, A2A heterodimerization with the
dopamine receptor 2 (D2) inhibits D2 [11]. Furthermore, A2A expressed on cholinergic neurons of the STR
induces acetylcholine release, supporting the role of adenosinergic signaling in the dopaminergic-
cholinergic imbalance in parkinsonism [12]. We aimed to explore the A1/A2A expression ratio, inspired by a
previous exploration of pharmacologic agents targeting A1/A2A heterodimers in motor dysfunction [13].
Since A2A has constitutive activity even in the absence of adenosine, the A1/A2A expression ratio, but not
the adenosine level, seemed relevant to our aim [14].

The implication of oxidative stress in parkinsonism is currently under extensive exploration. In
parkinsonism, the oxidant/antioxidant imbalance in oxidative stress can be triggered by hypoxia and/or
inflammation. In turn, oxidative stress can trigger inflammation and other brain pathologies. Oxidative
stress in parkinsonism is characterized by increased lipid peroxides, such as malondialdehyde (MDA),
especially in younger patients, but there is no relation to the duration of the disease [15]. The parkinsonism-
associated increase in MDA is accompanied by reductions in several antioxidants, including glutathione
(GSH) [16]. The depletion of GSH has been previously reported to correlate positively with disease
severity [17].

Furthermore, along with oxidative stress, hypoxia triggers the release of the vasoactive amine endothelin 1
(ET1) [18]. In response to vasoactive compounds such as thrombin, ET1 mediates vasoconstriction,
endothelial dysfunction, and platelet adhesion through the activation of protease-activated receptor 1
(PAR1). Apart from its known mitogenic activity, ET1 provokes and is provoked by proinflammatory
cytokines, suggesting its possible involvement in neuroinflammatory disorders. As a component of oxidative
stress, ET1 has also been shown to be elevated even in the early stages of parkinsonism [19].

Thrombin, a serine protease and well-known clotting factor, exerts its vascular responses by activating
PAR1. The neuroinflammation triggered by thrombin is an integral part of parkinsonism [20]. The high
expression of PAR1 in dopamine-enriched brain areas has prompted an investigation of the relationship
between PAR1 and the dopaminergic system in parkinsonism [21]. The interaction between factors of the
coagulation cascade and parkinsonism was hypothesized by Reuland and Church, and the tendency for
thrombus formation may increase the likelihood of complications in parkinsonism [22]. The role of PAR1 in
the progression of parkinsonism remains enigmatic. Dabigatran etexilate (DE), a direct thrombin inhibitor
administered orally, reduces both free and clot-bound thrombin, which may be useful to elucidate the roles
of PAR1 and ET1 in the pathogenesis of parkinsonism.

Environmental factors, including exposure to neurotoxic heavy metals, contribute to the increased risk of
developing parkinsonism. Cobalt, released from cobalt chloride (CoCl2), is a neurotoxin that induces cell

death by apoptosis and necrosis, peripheral sensory and motor defects, tremor, and cognitive decline [23].
The potential involvement of cobalt in parkinsonism is supported by its role in the formation of α-synuclein
neurofibrils [24]. Cobalt is employed in the medical industry as a component in joint prostheses. Cobalt
measured in the systemic circulation 10 years after hip prosthesis is 5- to 10-fold higher than the maximum
permissible blood concentration [25]. Modeling parkinsonism using CoCl2 stems from its established

induction of hypoxia-induced neurotoxicity both in vitro and in vivo, as well as its previous implication in
neuronal damage, which was responsive to antioxidants [26,27]. CoCl2-induced parkinsonism (CIP) models

also display oxidative stress, ET1 release, and inflammation [28-31]. Thus, CIP seemed appropriate to
replicate many features of the pathogenic factors addressed in this study.

The present study aimed to explore the effects of long-term administration of DE alone or combined with
BM in a male rat CIP model. Motor functions were assessed behaviorally, and dopaminergic signaling was
examined along with the histopathology of the SN and STR. Adenosinergic signaling, thrombin-related
factors, and oxidative stress were evaluated as well, being relevant to the presumed pathogenesis of
parkinsonism as well as to DE dynamics. The novelty of our study stems not only from exploring the
therapeutic benefit of DE in the CIP model, as compared to its combined use with BM but also from
introducing a contemporary concept of integrating the abovementioned biomarkers to the established
dopaminergic-adenosinergic crosstalk in the pathogenesis of parkinsonism.
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Materials And Methods
Experimental animals and grouping
Adult male Wistar albino rats, 7-8 months old (200 - 250 g) were obtained from the Animal House of Faculty
of Medicine, Kars Al-Ainy, Cairo University, Cairo, Egypt, and were kept, six rats per cage, in the
acclimatization room at Medical Pharmacology Department, Faculty of Medicine Kasr Al-Ainy, Cairo
University for 7 days before the start of the training sessions, under standard conditions (22±2°C room
temperature; 40% - 55% relative humidity; 12-h light/dark cycle with lights on at 07:30 AM), and access to
food and water ad libitum. Animal handling and experimentation were conducted according to the updated
ARRIVE guidelines 2.0. All animal experiments were carried out in accordance with the Guide for the Care
and Use of Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health. All
experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee,
Cairo University (CU-III-F-81-22).

Adult male Wistar albino rats (N=54) were equally divided into nine groups of six rats each. All control rats
(groups I-V) were administered 12.5 mL/kg distilled water (DW) (vehicle control for CoCl2) orally each day

for 60 days. In group I, from days 31-60, 10 mL/kg DW was injected intraperitoneally (IP) (control for
benztropine mesylate (BM)). Group II additionally received 15 mL/kg dimethyl sulfoxide (DMSO; Amazon,
USA) orally from days 31-60 (control for DE). Group III received 10 mg/kg BM (Flagship Biotech
International Private Limited, India) administered intraperitoneally (IP) from days 31-60 [32]. The IP route
of administration for BM was chosen to avoid the slowing effect of multiple doses on the gastric emptying
rate in rats, in an attempt to reduce alterations of oral absorption of CoCl2 and/or DE when combined with

BM in the parkinsonism model groups [33]. DE-treated rats (group IV) were additionally administered daily
oral DE (3 mg/kg) (Raxuter Chemicals, India) on days 31-60, followed by 10 mL/kg DW injected IP as in
group I [34]. From days 31-60, BM+DE-treated rats (group V) were administered 3 mg/kg DE orally as in
group IV, and 10 mg/kg BM injected immediately after DE administration, as in group III (Table 1).

Group (n = 6) Agent(s) Dose Timing
Route of
administration

Control

12.5 mL/kg DW (60
days)

DW (30 days) 10 mL/kg  IP

DMSO
DMSO (30
days)

15 mL/kg  Oral

BM-treated BM (30 days) 10 mg/kg 1 hour after DW IP

DE-treated
DE (30 days) 3 mg/kg 1 hour after DW Oral

DW (30 days) 10 mL/kg Immediately after DE IP

BM+DE-treated
BM (30 days) 10 mg/kg Immediately after DE IP

DE (30 days) 3 mg/kg 1 hour after DW Oral

CoCl2-induced

parkinsonism

CoCl2 (60 days)

CoCl2 (30 days) 12.5
mg/kg

 Oral

DW (30 days) 10 mL/kg 1 hour after CoCl2 IP

BM-treated model BM (30 days) 10 mg/kg 1 hour after CoCl2 IP

DE-treated model
DE (30 days) 3 mg/kg 1 hour after CoCl2 Oral

DW (30 days) 10 mL/kg Immediately after DE IP

BM+DE-treated model
BM (30 days) 10 mg/kg Immediately after DE IP

DE (30 days) 3 mg/kg 1 hour after CoCl2 Oral

TABLE 1: Experimental design and animal grouping.
DW: distilled water; DMSO: dimethyl sulfoxide; BM: benztropine mesylate, DE: dabigatran etexilate, CoCl2: cobalt chloride, IP: intraperitoneal

CoCl2 (Sigma-Aldrich, USA) was used to induce parkinsonism (CIP). Groups VI-IX were orally administered

CoCl2 (12.5 mg/kg) for 60 days [35]. In group VI, from days 31-60, rats were injected IP with DW 1 h after
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receiving CoCl2 (as in group I). From days 31-60, BM-treated CIP model rats (group VII) received BM-

injected IP 1 h after receiving CoCl2 (as in group III). The DE-treated CIP model rats (group VIII) received DE

orally from days 31-60, 1 h after CoCl2, followed by IP DW as in group IV. BM+DE-treated model rats (group

IX) were administered CoCl2 and received BM+DE from days 31-60, as in group V (Table 1). Both oral and IP

routes were adopted so the pattern of administration was consistent in all studied groups. All treatments
were given after an overnight fast.

Assessments of motor function
On day 60 after the treatments, the following three tests were performed to assess motor function.

Rearing Behavior

Rats were placed in a clear cylinder (30 cm in height and 15 cm in diameter) for 5 min. In this assay, the rat
will try to contact the cylinder wall by standing on its hind paws (rearing) as part of its exploratory behavior.
A rearing movement is defined when both forepaws are on the floor of the cylinder, elevated to the wall, and
then return to the floor. The assay was video-recorded, and the number and maximum duration of rears were
calculated. The cage was cleaned with 5% ethanol to remove olfactory cues in between individual
rats [36,37].

Postural Instability Test (PIT)

The PIT was performed according to the method described by Woodlee et al. [38]. This test is initiated only
after the rat is comfortable with relaxed muscles while being held. Each rat is held vertically by the hindlimbs
so that its forelimbs can touch a piece of sandpaper kept on the table to prevent slipping or dragging. One
forelimb is restrained lightly against the rat’s torso, and its nose is aligned at the zero line. The rat moves
forward gradually, advancing the center of gravity. The animal initiates a catch-up step to restore its
balance, and the new position of the rat’s nose is recorded. After stepping twice, the average of the two
distances from the initial zero line and the new line attained by the rat’s nose is calculated and considered as
the first displacement distance (cm) required to regain its balance. This procedure was repeated thrice for
each forelimb to yield three displacement distances (cm), by bringing the animal back to the zero position
after each round. First, second, and third displacement distances for the right and left forepaws were
compared, as well as the average displacement distances for the right and left forepaws. The percent change
from first to third displacement for each of the right and left forepaws was also calculated.

Pasta Handling Test

Pasta (spaghetti) was incorporated in rat feed for 2 weeks prior to testing; six pieces of pasta, 4 cm long and
1.5 mm wide, were provided to each rat. On the test day, after an overnight fast, each tested rat was isolated
from its cage mates and put in a plexiglass cage. They were provided three pieces of the same type of pasta.
A video recording was initiated with the lens of the camera positioned lower than the level of the cage floor
tilted slightly upward to facilitate visualization of postural instability. During recording, one piece of pasta
was presented to each rat per session, for three sessions. It was dropped in the front area of the cage so that
the rat would face the video camera. Pasta strands were marked at 1.5 cm segments to facilitate visualization
of strand movement. If the rat moved away from the scope of the camera lens, the trial was ignored. The time
to pick up the pasta stick (TPP), the time to finish eating it (TTF) and the number of times each forepaw was
adjusted per piece (NTAF) were obtained from the video recording. Recording was paused once the rat
stopped and was resumed once it started eating again. Forepaw movements were classified at the onset of
eating as either a grasp or a guide. The grasp forepaw was held at the lower part of the pasta piece in a
whole-paw grasp, while the guide forepaw was used more often, with the pasta segment held near the mouth
in between one or more digits and the thumb nub. The adjustment was defined as any visible release-regrasp
of the pasta piece or reformation of paw-hold of the pasta piece by extension-flexion and/or abduction-
adduction of the digits [39,40]. The maximum duration of recording was 15 min.

Quantitative reverse transcription-polymerase chain reaction (qRT-
PCR) of D2, A1, A2A, and PAR1 receptors
On day 60, and after assessments of motor function, rats were euthanized by decapitation under general
anesthesia (mixture of ketamine (70 mg/kg) and xylazine (7 mg/kg) delivered intravenously). Their brains
were removed from the skull, and the two hemispheres of each rat were separated and randomly assigned for
biochemical and histopathologic assessments. To illustrate the dopamine-adenosine crosstalk and the
involvement of PAR1 receptors in the potential therapeutic role of DE, alone or combined with BM, as well
as in the CIP model, we used quantitative real-time PCR analysis to determine the gene expression of D2,
A1, A2A, and PAR1 receptors. Rat brain hemispheres were washed in phosphate-buffered saline using
vigorous titration, collected by centrifugation, and stored at −22°C. Total RNA was isolated using the
ToTALLY RNA kit (Ambion, Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. The
RNA pellet was extracted with ethanol, dried, and dissolved in 10 μl of water. RNA concentration was
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determined by absorbance at 260 nm. Total RNA (100 ng) was reverse-transcribed (50°C for 30 min) and
amplified using the Titan RT-PCR (Boehringer Ingelheim, Germany) system. Single-stranded cDNA products
were denatured and subjected to PCR amplification (30 cycles). Each PCR cycle consisted of denaturing at
94°C for 45 s, annealing at 64°C for 45 s, and extension at 72°C for 60 s. The amplified products were
separated by 1.2% agarose gel electrophoresis, and the bands were visualized using ethidium bromide. The
RNA sequences were analyzed in triplicate using a Perkin Elmer/Applied Biosystems Division 7700 Sequence
Detector (USA). The primers were designed using the Perkin Elmer/Applied Biosciences Primer Express
software (USA) based on mRNA sequences reported in the National Center for Biotechnology Information
database (USA) (Table 2).

Gene Forward primer sequence Reverse primer sequence

D2 5'CTT CAC ATG GCT GGG CTA TGT3' 5'GCG GAA CTC GAT GTT GAA GG3'

A1 5' CTC CAT TCT GGC TCT GCT CG 3' 5'ACA CTG CCG TTG GCT CTC C3'

A2A 5'CCA TGC TGG GCT GGA ACA3' 5'GAA GGG GCA GTA ACA CGA ACG3'

PAR1 5'ACTATTTCTCCGCCTTCTCCGCCAT3' 5'TCACGCAGACGCAGAGGAGGAGGTAAGC3'

Beta-actin 5'GGTCGGTGTGAACGGATTTGG3' 5'ATGTAGGCCATGAGGTCCACC3'

TABLE 2: Gene-specific primer pairs for quantitative real-time polymerase chain reaction of
dopamine receptor type 2 (D2), adenosine receptor type 1 (A1), adenosine receptor type 2A (A2A),
and protease-activated receptor 1 (PAR1).
Beta-actin was used as the control housekeeping gene.

D2: dopamine receptor 2; A1: adenosine receptor 1, A2A: adenosine receptor 2, PAR1: protease-activated receptor 1

ELISA determination of brain levels of DA, ET1, MDA, and GSH
To explore whether DE, alone or combined with BM, as well as CoCl2 can affect brain DA levels by altering

inflammatory and oxidative stress responses, brain levels of DA (ng/50 mg brain tissue), ET1 (pg/50 mg brain
tissue), MDA (pmol/50 mg brain tissue), and GSH (mmol/50 mg brain tissue were determined according to
the manufacturers’ protocols. DA and ET1 ELISA kits were purchased from Cusabio (USA). MDA and GSH
ELISA kits were purchased from MyBioSource (USA).

Preparation of paraffin sections and hematoxylin and eosin (H&E)
staining of striatum and substantia nigra
To identify parkinsonism pathognomonic neuronal lesions in CIP model rats and determine whether they
were targeted using DE, alone or combined with BM, brain hemispheres were sectioned coronally. The
caudal and ventral halves contained the SN and STR, respectively, in which differential damage to either
dopaminergic cell bodies or terminals can occur [41]. Brain sections were fixed in 10% buffered formalin and
embedded in paraffin. Multiple coronal sections (5 μm) of the SN and STR were stained using H&E and
examined to visualize dopaminergic cell bodies and dopaminergic terminals, respectively. Visualization of
H&E-stained sections was performed by two investigators who were blinded to the animal grouping. A third
external examiner concurred and ascertained the microscopic findings.

Histomorphometric analysis of substantia nigra
To determine the extent of dopaminergic neuronal loss and recovery, the percentage of preserved neurons in
the SN was calculated in 10 non-overlapping microscopic fields. The count of intact neurons in H&E-stained
slices of the SN was quantified using the Leica Qwin 500 (Cambridge, UK) image analysis system and a
computer that adjusted the camera sensitivity (at magnification ×400). The percentage of preserved neurons
was measured in relation to the global count of neuronal cells. Each slide was examined by two investigators
who were blinded to the animal grouping. A third external examiner concurred and ascertained the neuron
count.

Statistical analysis
The sample size was calculated using GPower v.3.1.9.4, adopting an effect size (d) of 2.2, α of 0.05, and
power of 0.95. The experimental data were analyzed using GraphPad Prism software v. 10.1.2 (GraphPad
Software, Inc., San Diego, CA, USA). Data are presented as mean ± standard deviation (SD) or median and
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interquartile range (IQR). Comparisons between groups were carried out using the Kruskal-Wallis test,
followed by Dunn’s post hoc test for non-normally distributed data, and analysis of variance (ANOVA)
followed by Tukey’s post hoc test for normally distributed data. Correlations were performed using
Spearman’s rho coefficient. Differences were considered statistically significant when P < 0.05.

Results
As the results of the DMSO group (II) did not differ significantly from control rats receiving DW (I), the
comparisons in the text refer to the control group receiving DW (I).

DE, alone or combined with BM, restored the number of rears to control
level
CoCl2 impaired rearing behavior in rats as detected by a significantly reduced number of rears relative to

controls ((10.83±1.84 vs. 23.5±3.39) (F (8,45) = 16.26, ρ < 0.0001)) (Figure 1) with no significant changes of
the maximum rearing duration. The BM-, DE-, and BM+DE-treated model groups exhibited significant
improvements in rearing behavior, as evidenced by increased number of rears compared to the CIP model
((22.17±2.86, 24.33±3.67, and 26.67±4.32, respectively) (F (8,45) = 16.26, Ρ < 0.0001)), to be restored to
control levels in the three treated CIP model groups (Figure 1). No significant differences were detected
comparing BM-, DE-, and BM+DE-treated model groups. Surprisingly, the administration of BM-, DE-, or
their combination to controls reduced the number of rears ((16.17±0.75, 15.00±3.29, and 17.00±2.10,
respectively) (F (8,45) = 16.26, Ρ < 0.0001)) (Figure 1).
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FIGURE 1: BM+DE improved number of rears (n=6).
Data are expressed as mean ± SD.

DMSO: dimethyl sulfoxide; CIP: cobalt chloride-induced parkinsonism; BM: benztropine mesylate; DE: dabigatran
etexilate

*Ρ < 0.05, **Ρ < 0.01, ***Ρ < 0.001, ****Ρ < 0.0001 vs controls; # # # #Ρ < 0.0001 vs CIP.

DE, alone or combined with BM, restored the displacement distances of
both forepaws to control levels
CoCl2 significantly reduced the first displacement distances of both the right and the left forepaws

((3.33±0.75 and 3.67±0.61 cm, respectively, vs. control 7.74±0.90 and 8.22±0.44 cm, respectively) (F (8,45) =
16.09, Ρ < 0.0001; F (8,45) = 26.08, Ρ < 0.0001, respectively)) (Figures 2a-2b). Similarly, CoCl2 significantly

reduced the second displacement distances of both the right ((3±0.71 vs. 8.34±0.45 cm) (t (9) = 21.20, Ρ <
0.05)) (Figure 2c) and the left forepaws ((3.51±0.69 vs. 7.39±0.56 cm) (F (8,45) = 30.12, Ρ < 0.0001))
(Figure 2d). This was also the case comparing the third displacement distance of the right and the left
forepaws ((3.92±0.59 and 3.58±0.59 cm, respectively, vs. control 7.77±0.61 and 7.41±1.03 cm, respectively) (F
(8,45) = 28.57, Ρ < 0.0001 and F (8,45) = 16.63, Ρ < 0.0001, respectively)) (Figures 2e-2f). Averaging the three
displacement distances of each forepaw emphasized the significant impairments induced by CoCl2, as they

were significantly reduced relative to controls ((3.42±0.48 and 3.59±0.31 cm, respectively, vs. 7.95±0.50 and
7.67±0.49 cm, respectively) (F (8,45) = 60.29, Ρ < 0.0001 and F (8,45) = 74.23, Ρ < 0.0001, respectively))
(Figures 2g-2h). Relative to the untreated model, BM, DE, and their combination significantly increased the
first displacement distance of the right forepaw ((7.20±1.27, 7.87±0.59, and 8.18±0.74 cm, respectively) (F
(8,45) = 16.09, Ρ < 0.0001)) (Figure 2a). Similarly, the first displacement distance of the left forepaw was
significantly increased in each of the BM-, DE, and BM+DE-treated model groups ((2.21±0.71, 8.20±0.44, and
8.16±0.58 cm, respectively) (F (8,45) = 26.08, Ρ < 0.0001)) (Figure 2b). The first displacement distances of
both forepaws were restored to control levels in all treated model groups. No significant differences were
detected among the BM-, DE-, and BM+DE-treated model groups. Both DE and BM+DE, but not BM,
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increased the second displacement distances of the right forepaw relative to the untreated CIP model
((8.37±0.53 and 8.49±0.61 cm, respectively) (t (9) = 21.20, ρ < 0.05) and t (9) = 21.20, Ρ < 0.01, respectively)),
restoring them to control levels. In this context, the DE-treated model group did not significantly differ from
the BM+DE-treated model group (Figure 2c). Notably, the second displacement distance of the right forepaw
in the BM-treated model did not significantly differ from that of controls. The second displacement
distances of the left forepaw were significantly increased after BM, DE, and BM+DE treatments of the CIP
model ((7.95±0.52, 8.19±0.44, and 8.49±0.45 cm, respectively) (F (8,45) = 30.12, Ρ < 0.0001)), restoring them
to control levels. No significant variations were found comparing BM-, DE-, and BM+DE-treated model
groups (Figure 2d). BM, DE, and their combination substantially improved the third displacement distance of
the right forepaw, showing significantly higher values than the untreated CIP model ((7.72±0.52, 7.79±0.53
and 8.16±0.59, respectively) (F (8,45) = 28.57, Ρ < 0.0001)), restoring them to control levels (Figure 2e). Such
improvement also applied to the third displacement distance of the left forepaw; BM, DE, and their
combination increased the distance significantly relative to the untreated CIP model ((7.70±1.05, 8.02±0.58,
and 8.47±0.61 cm, respectively) (F (8,45) = 16.63, Ρ < 0.0001)), restoring them to control levels (Figure 2f).
Notably, the enhanced third displacement distances of both forepaws did not vary significantly among the
three treated model groups. Treatment with BM, DE, or their combination significantly increased the
average displacement distance of the right forepaw ((7.72±0.19, 8.01±0.25, and 8.28±0.38 cm, respectively) (F
(8,45) = 60.29, Ρ < 0.0001)). Such improvements resulted in their restoration to control levels (Figure 2g)
with no significant variations among the three treated model groups. Similarly, the significant
improvements in the average displacement distance of the left forepaw exerted by BM, DE, and their
combination were remarkable ((7.92±0.56, 8.11±0.31, and 8.35±0.37 cm, respectively) (F (8,45) = 74.23, Ρ <
0.0001)). Such improvements resulted in their restoration to control levels (Figure 2h). In this context, no
significant differences were detected among the three treated model groups. The percent change from the
first to the third displacement distances of the right and left forepaw did not show any significant
differences among all studied groups.
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FIGURE 2: BM+DE improved postural instability (n=6).
a) First displacement distance of the right forepaw; b) First displacement distance of the left forepaw; c) Second
displacement distance of the right forepaw; d) Second displacement distance of the left forepaw; e) Third
displacement distance of the right forepaw; f) Third displacement distance of the left forepaw; g) Average
displacement distance of the right forepaw; h) Average displacement distance of the left forepaw.

Data are expressed as mean ± SD.

DMSO: dimethyl sulfoxide; CIP: cobalt chloride-induced parkinsonism; BM: benztropine mesylate; DE: dabigatran
etexilate.

* Ρ < 0.05, ****Ρ < 0.0001 vs controls; #Ρ < 0.05, # #Ρ < 0.01, # # # #Ρ < 0.0001 vs CIP; & &Ρ < 0.01 vs BM+DE-
treated model.

DE combined with BM restored TTF to the control level and improved
NTAF beyond the control level in the pasta handling test
CoCl2 delayed the TPP relative to controls ((76.67±6.19 vs. 16.17±3.60 s) (t (9) = 29.20, Ρ < 0.05)) (Figure 3a),

prolonged the TTF ((178.50±11.01 vs. control 116.50±13.98) (t (9) = 22.32, Ρ < 0.05)) (Figure 3b), and reduced
the NTAF ((5.33±1.86 vs. 13.33±1.03) (F (8,45) = 14.63, Ρ < 0.0001)) (Figure 3c). Unlike BM and DE, which did
not alter TPP or TTF, BM+DE substantially improved the TTF, but not the TPP, to be accelerated relative to
the CIP model ((115.50±4.97 vs. 178.50±11.01) (t (9) = 22.32, Ρ < 0.05)), restoring it to control level
(Figure 3b). Nonetheless, BM and DE did not exhibit significant differences relative to controls regarding
TPP or TTF. BM, DE, and BM + DE significantly increased the NTAF relative to the CIP model ((14.83±1.47,
13.83±2.99, and 19.00±2.37, respectively, vs. 5.33±1.86) (F (8,45) = 14.63, Ρ < 0.0001)). Both BM and DE
restored the NTAF to the control level, while the NTAF of BM+DE-treated CIP rats significantly exceeded the
control level ((13.33±1.03) (F (8,45) = 14.63, Ρ < 0.01)) (Figure 3c).
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FIGURE 3: BM+DE improved pasta handling (n=6).
a) Time to pick up pasta from the cage floor; b) Time to finish eating; c) Number of times of adjustments of
forepaws while eating.

Data are expressed as mean ± SD.

DMSO: dimethyl sulfoxide; CIP: cobalt chloride-induced parkinsonism; BM: benztropine mesylate; DE: dabigatran
etexilate.

*Ρ < 0.05, **Ρ < 0.01, ****Ρ < 0.0001 vs controls; # Ρ < 0.05, # # # # Ρ < 0.0001 vs CIP; & Ρ < 0.05, & & Ρ < 0.01
vs BM+DE-treated model; $Ρ < 0.05 vs DE-treated model.

DE combined with BM restored DA and D2 to control levels
Brain DA level was reduced in the CIP model relative to controls ((0.20±0.01 against 0.31±0.02) (F (8,45) =
24.63, Ρ < 0.0001)) (Figure 4a). Likewise, brain D2 mRNA expression in the CIP model was downregulated
relative to controls ((0.08±0.02 vs. 1.19±0.01) (t (9) = 28.12, Ρ < 0.01)) (Figure 4b). Relative to the untreated
CIP model, BM, DE, and BM+DE significantly increased brain DA ((0.31±0.02, 0.32±0.02, and 0.32±0.02,
respectively, vs. 0.20±0.01) (F (8,45) = 24.63, Ρ < 0.0001)), restoring it to control levels. Notably, no
significant differences were found comparing the three treated model groups (Figure 4a). Both BM and
BM+DE significantly upregulated D2 ((1.18±0.00 and 1.18±0.01, respectively, vs. 0.08±0.02) (t (9) = 28.12, Ρ <
0.01)), restoring it to control levels; however, DE did not cause a significant effect relative to untreated CIP
model or controls (Figure 4b).
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FIGURE 4: BM+DE restored brain dopaminergic signaling (n=3).
a) Dopamine (DA); b) Dopamine receptor type 2 (D2).

Data are expressed as mean ± SD.

DMSO: dimethyl sulfoxide; CoCl2; cobalt chloride; CIP: cobalt chloride-induced parkinsonism; BM: benztropine
mesylate; DE: dabigatran etexilate.

**Ρ < 0.01, ****Ρ < 0.0001 vs controls; # #Ρ < 0.01, # # # #Ρ < 0.0001 vs CIP.

The brain level of DA was positively correlated with the relative expression of brain D2 (r = 0.319, Ρ <0.05).
Correlations between dopaminergic signaling and behavioral indices are illustrated in Figure 11
(Appendices).

DE combined with BM restored A1 and A2A mRNA to control levels,
yielding an A1/A2A expression ratio exceeding the control level
The CIP model showed significant downregulation of brain A1 expression relative to controls ((1.01±0.01 vs.
1.06±0.01) (F (8, 45) = 56.60, Ρ < 0.0001)) (Figure 5a) and a significant upregulation of brain A2A ((1.09±0.01
vs. 0.91±0.05) (t (9) = 32.90, Ρ < 0.01)) (Figure 5b). These CoCl2-mediated changes yielded a significantly

reduced A1/A2A ratio ((0.93±0.01 vs. 1.17±0.06) (t (9) = 35.56, Ρ < 0.0001)) (Figure 5c). Relative to the
untreated CIP model, BM, DE, and BM+DE upregulated brain A1 expression ((1.03±0.01, 1.06±0.01, and
1.05±0.01, respectively) (F (8, 45) = 56.60, Ρ < 0.0001)). In this context, the effects of both DE and BM+DE
exceeded that of BM (F (8, 45) = 56.60, Ρ < 0.0001), such that brain A1 expression remained significantly
lower in the BM-treated model group relative to controls (F (8, 45) = 56.60, Ρ < 0.0001) (Figure 5a). As for
brain A2A expression, it was downregulated by both DE and BM+DE relative to the CIP model ((0.90±0.08) (t
(9) = 32.90, Ρ < 0.01)), restoring it to control levels (Figure 5b). This was not the case with BM which did not
alter brain A2A expression relative to the CIP model, yet with no significant difference compared to
controls. Treating the CIP model using DE and BM+DE increased the A1/A2A ratio ((1.16±0.10 and 1.18±0.10,
respectively) (t (9) = 35.56, Ρ < 0.05, (t (8) = 35.56, Ρ < 0.01, respectively)). The increased brain A1/A2 ratio
was more substantial with BM+DE as evidenced by a significantly higher level relative to controls (t (9) =
35.56, Ρ < 0.05). BM did not achieve a significant effect on the brain A1/A2A ratio which remained
significantly reduced relative to controls ((1.01±0.02) (t (9) = 35.56, Ρ < 0.05)) (Figure 5c).
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FIGURE 5: BM+DE restored brain adenosinergic signaling (n=3).
a) Adenosine receptor type 1 (A1); b) Adenosine receptor type 2A (A2A); c) Ratio of A1/A2A.

Data are expressed as mean ± SD.

DMSO: dimethyl sulfoxide; CIP: cobalt chloride-induced parkinsonism; BM: benztropine mesylate; DE: dabigatran
etexilate

*Ρ < 0.05, **Ρ < 0.01, ****Ρ < 0.0001 vs controls; #Ρ < 0.05, # #Ρ < 0.01, # # # #Ρ < 0.0001 vs CIP; @ @ @ @Ρ
< 0.0001 vs BM-treated model; &Ρ < 0.05, &&&&Ρ < 0.0001 vs BM+DE-treated model.

Notably, the relative expression of brain A2A was negatively correlated with brain DA levels (r = -0.547, Ρ
<0.0001) as well as with brain D2 expression (r = -0.303, Ρ <0.05). A1/A2A ratio was positively correlated
with DA levels (r = 0.513, Ρ <0.0001). These correlations are illustrated in Figure 12 (Appendices).

Correlations of adenosinergic signaling with motor behavior
A2A expression was negatively correlated with the number of rears (r = -0.528, Ρ <0.0001) as well as with the
average displacement distance of the right forepaw (r = -0.522, Ρ <0.0001). In contrast, the A1/A2A ratio was
positively correlated with the average displacement distance of the right forepaw (r = 0.510, Ρ <0.0001).
Brain A1 expression was negatively correlated with the TPP (r = -0.546, Ρ <0.0001). These and other
correlations are illustrated in Figure 13 (Appendices).

DE combined with BM restored PAR1 expression and ET1 to control
levels
The CIP model significantly upregulated brain PAR1 expression compared to control levels ((4.06±0.04 vs.
0.79±0.15) (t (9) = 46.47, Ρ < 0.05)) (Figure 6), together with increasing brain ET1 levels ((821.64±70.38
against 233.5±3.16) (t (9) = 44.48, Ρ < 0.05)) (Figure 7). Both DE and BM+DE downregulated brain PAR1
expression compared to the untreated CIP model ((0.76±0.16 and 0.72±0.11, respectively) (t (9) = 46.47, Ρ <
0.05, t (9) = 46.47, Ρ < 0.01, respectively)), restoring it to control levels. In contrast, BM did not significantly
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affect brain PAR1 expression which remained significantly higher than controls ((1.02±0.01) (t (9) = 46.47, Ρ <
0.05)) (Figure 7). Both DE and BM+DE reduced brain ET1 levels compared to the untreated CIP model
((222.14±1.42 and 216.32±2.41, respectively) (t (9) = 44.48, Ρ < 0.001, t (9) = 44.48, Ρ < 0.0001, respectively)),
restoring it to control levels. This was not the case with BM which did not significantly affect brain ET1, yet
with no significant variation from the controls (Figure 7). The brain level of ET1 was positively correlated
with the relative expression of brain PAR1 (r = 0.812, Ρ <0.0001).

FIGURE 6: BM+DE restored brain protease-activated receptor 1 (PAR1)
expression (n=3).
Data are expressed as mean ± SD.

DMSO: dimethyl sulfoxide; CIP: cobalt chloride-induced parkinsonism; BM: benztropine mesylate; DE: dabigatran
etexilate

*Ρ < 0.05 vs controls; #Ρ < 0.05, # #Ρ < 0.01 vs CIP

FIGURE 7: BM+DE restored brain endothelin 1 (ET1) level (n=3).
Data are expressed as mean ± SD.

DMSO: dimethyl sulfoxide; CIP: cobalt chloride-induced parkinsonism; BM: benztropine mesylate; DE: dabigatran
etexilate

*Ρ < 0.05 vs controls; ###Ρ < 0.001, ####Ρ < 0.0001 vs CIP.
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Correlations of the thrombin-related factors to motor behavior and
dopaminergic and adenosinergic signaling
Both PAR1 expression and ET1 levels were negatively correlated with the number of rears (r = -0.594, Ρ
<0.0001; r = -0.528, Ρ <0.0001, respectively). These and other correlations are illustrated in Figure 14
(Appendices). Both PAR1 expression and ET1 levels were positively correlated with A2A expression (r =
0.571, Ρ <0.0001; r = 0.582, Ρ <0.0001, respectively). Conversely, both PAR1 and ET1 were negatively
correlated with A1/A2A ratio (r = -0.669, Ρ < 0.0001; r = -0.648, Ρ < 0.0001, respectively). These and other
correlations are illustrated in Figures 15-16 (Appendices).

DE combined with BM restored MDA and MDA/GSH ratio and increased
GSH beyond control levels
A pronounced increase in brain MDA level was observed in the CIP model compared to controls ((70.62±1.28
vs. 41.93±0.39) (t (9) = 44.97, Ρ <0.0001)) (Figure 8a) against a prominent reduction in brain GSH level
((11.11±2.00 vs. 20.39±1.07) (F (8, 45) = 17.63, Ρ <0.0001)) (Figure 8b). Nonetheless, MDA/GSH did not show
any significant change. Both DE and BM+DE significantly reduced brain MDA levels relative to the CIP model
((42.64±0.44 and 42.01±0.47, respectively) (t (9) = 44.97, Ρ <0.05, t (9) = 44.97, Ρ <0.0001, respectively)),
restoring it to the control level. In contrast, BM did not significantly modify brain MDA level (46.02±0.05)
which remained significantly higher than controls (t (9) = 44.97, Ρ <0.01) (Figure 8a). BM, DE, and BM+DE
significantly increased brain GSH levels relative to the CIP model ((19.31±1.42, 20.30±4.33 and 29.33±2.43,
respectively) (F (8, 45) = 17.63, Ρ <0.001, F (8, 45) = 17.63, Ρ <0.0001, and F (8, 45) = 17.63, Ρ <0.0001,
respectively). BM+DE exhibited the highest effect on brain GSH level, exceeding the control level (F (8, 45) =
17.63, Ρ <0.0001. This was not the case with either BM or DE, in which GSH was restored to the control level
(Figure 8b). Also, BM+DE significantly reduced brain MDA/GSH (1.44±0.11) compared to the untreated CIP
model (6.52±1.09) (t (9) = 38.33, Ρ <0.0001) (Figure 8c). Notably, the brain level of MDA was negatively
correlated with that of GSH (r = -0.445, Ρ <0.001).
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FIGURE 8: BM+DE exerted an antioxidant effect (n=3).
a) Malondialdehyde (MDA); b) Glutathione (GSH); c) Ratio of MDA/GSH.

Data are expressed as mean ± SD.

DMSO: dimethyl sulfoxide; CIP: cobalt chloride-induced parkinsonism; BM: benztropine mesylate; DE: dabigatran
etexilate

*** Ρ < 0.001, ****Ρ < 0.0001 vs controls; # Ρ < 0.05, ## Ρ < 0.01, ### Ρ < 0.001, ####Ρ < 0.0001 vs CIP; &Ρ <
0.05 vs BM+DE-treated model; ^ Ρ < 0.05 vs BM-treated control.

Correlations of oxidative stress with motor behavior as well as
adenosinergic, and thrombin-related biomarkers
MDA level was negatively correlated with the number of rears (r = -0.602, Ρ <0.0001) and the average
displacement distance of the right forepaw (r = -0.563, Ρ <0.0001). Conversely, the GSH level was positively
correlated with the average displacement distance of the left forepaw (r = 0.512, Ρ <0.001) and the NTAF (r =
0.600, Ρ <0.0001). Unlike GSH, the MDA/GSH ratio was negatively correlated with the average displacement
distance of the left forepaw (r = -0.505, Ρ <0.001). and with the NTAF (r = -0.575, Ρ <0.0001). These and
other correlations are illustrated in Figure 17 (Appendices). MDA was positively correlated with A2A (r =
0.651, Ρ <0.0001) while being negatively correlated with A1/A2A ratio (r = -0.732, Ρ <0.0001). Moreover,
MDA was positively correlated with both PAR1 and ET1 (r = 0.726, Ρ <0.0001; r = 0.748, Ρ <0.0001,
respectively). Unlike MDA, GSH was negatively correlated with ET1 (r = -0.573, Ρ <0.0001). MDA/GSH ratio
was negatively correlated with A1 (r = -0.510, Ρ <0.001). Conversely, MDA/GSH was positively correlated
with both PAR1 and ET1 (r = 0.726, Ρ <0.0001; r = 0.748, Ρ <0.0001, respectively). These and other
correlations are illustrated in Figures 18-20 (Appendices).

DE combined with BM partially restored the neurodegenerative changes
induced by CoCl2
In contrast to the normal microstructure of the SN and STR of controls, BM-, DE-, and BM+DE-treated
controls (Figures 9a-9b), the CIP model was afflicted by neuronal degeneration in the SN with evidence of
Lewy bodies. Also, vacuolation as well as inflammatory infiltrates appeared within the STR (Figures 9c-9d).
In the BM-treated model group, both the SN and STR had an apparently normal architecture (Figures 9e-9f).
In the DE-treated model group, Lewy bodies persisted in the SN (Figure 9g), and inflammatory infiltrates as
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well as scattered vacuoles were found in the STR (Figure 9h). The BM+DE-treated model group exhibited
normal SN (Figure 9i) and STR microstructures (Figure 9j).

FIGURE 9: BM+DE mitigated neuroinflammatory and neurodegenerative
changes (H&E-stained sections of substantia nigra (SN) and striatum
(STR)).
a) SN of controls, DMSO, BM-, DE-, and BM+DE- treated controls; b) STR of controls, DMSO, BM-, DE-, and
BM+DE- treated controls; c) SN of CIP showing neuronal loss (L) and exhibiting Lewy bodies (arrows); d) STR of
CIP revealing vacuolation (V) and inflammatory cellular infiltration (circle); e-f) Respective SN and STR of BM-
treated model group displaying normal microstructure; g) SN of DE-treated model exhibiting Lewy bodies
(arrows); h) STR of DE-treated model showing persistence of inflammatory infiltrate (circle) with scattered
vacuolation (V); i-j) Respective SN and STR of BM+DE-treated model showing normal architecture.

SN: substantia nigra; STR: striatum; DMSO: dimethyl sulfoxide; CIP: cobalt chloride-induced parkinsonism; BM:
benztropine mesylate; DE: dabigatran etexilate

DE combined with BM exhibited the highest percent of preserved
neurons among the treated model groups
Remarkably, BM-treated controls showed a significantly increased percentage of preserved neurons in the
SN (F (8, 81) = 259.80, Ρ < 0.05). This was not the case with DE or BM+DE-treated controls. The CIP model
exhibited a significantly reduced percentage of preserved neurons in the SN relative to controls ((45.00±5.66
against 95.10 ±1.66) (F (8,81) = 259.80, Ρ < 0.0001)) (Figure 10). The percentage of preserved neurons in the
SN was significantly higher in the BM, DE, and BM+DE-treated CIP rats (78.80±4.87, 63.80±3.05 and
86.60±3.63, respectively) than that of the untreated CIP model rats (F (8, 81) = 259.80, Ρ < 0.0001); however,
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the percentage of preserved neurons in the SN remained significantly lower than controls (F (8, 81) = 259.80,
Ρ < 0.0001). Notably, the percentage of preserved neurons in the SN with BM+DE treatment significantly
exceeded those observed with BM and DE (F (8, 81) = 259.80, Ρ < 0.0001). Also, BM-treated CIP rats
exhibited a significantly higher percentage of preserved neurons in the SN than DE-treated CIP rats (F (8, 81)
= 259.80, Ρ < 0.0001) (Figure 10). Interestingly, the percent of preserved neurons in the SN was negatively
correlated with brain MDA level (r = -0.285, Ρ <0.05).
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FIGURE 10: BM+DE partially restored dopaminergic neurons (n=3).
Data are expressed as mean ± SD.

SN: substantia nigra; STR: striatum; DMSO: dimethyl sulfoxide; CIP: cobalt chloride-induced parkinsonism; BM:
benztropine mesylate; DE: dabigatran etexilate

*Ρ < 0.05, ****Ρ < 0.0001 vs controls; # # # #Ρ < 0.0001 vs CIP model; @ @ @ @ Ρ < 0.0001 vs BM-treated
model; &&&& Ρ < 0.0001 vs BM+DE-treated model.

Discussion
Given the treatment-resistant cases of parkinsonism, short-lived therapeutic effects of some of the
conventional antiparkinsonian medications, and non-compliance due to related side effects, there is
increased interest in the exploration of novel antiparkinsonian modalities. Since patients with parkinsonism
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have a higher rate of thrombus formation [42]. DE was an attractive pharmacologic tool for exploration. The
DE dose employed herein (3 mg/kg) was lower than the doses used in many hematologic studies in rats [43-
45] because the central effects of thrombin are independent of its systemic procoagulant activity. In addition,
the thrombin concentration needed to activate brain receptors is lower than that required for the
conventional coagulation cascade [46].

In this study, the CIP model disturbed rearing behavior, mimicking the occurrence of a late, moderate-to-
severe form of parkinsonism [47]. In partial agreement with our model, short-term (7 days) exposure to a
higher dose of CoCl2 (150 mg/kg) precipitated motor incoordination in young adult male Wistar rats,

associated with increased MDA and reduced GSH levels [48]. Compared to our CIP model, a 60-day low-dose
rotenone administration to rodents did not cause prominent motor dysfunction [49]. A higher rotenone dose
precipitated defective rearing behavior, yet caused mortality in the tested animals, with ill-defined
pathological features [36], which was not the case in our model. Thus, the CIP model could offer a better
alternative to other models in terms of survival on long-term exposure, while featuring a pronounced motor
dysfunction and the pathognomonic neurodegenerative changes of parkinsonism. CoCl2-impaired motor

performance in the pasta handling test, a test corresponding to impaired human reach-to-grasp behavior.
The significance of the pasta handling paradigm relies on motor coordination programming. Motor
incoordination was previously linked to dopaminergic deficit [50]. The CoCl2-associated motor dysfunction

during the PIT highlighted the loss of postural reflexes. An atypical form of parkinsonism is anticipated if
postural instability occurs within 3 years of onset, which resembles our CIP model [51].

DE, especially when combined with BM, produced substantial improvement in all three motor behavior
assessments in this study, even exceeding the effect of BM at some point. In agreement with our results, in a
rat model of rotenone-induced parkinsonism, oral DE delivered at five times the dose used in this study
increased DA level [52]. Remarkably, the substantially higher preservation of dopaminergic neurons in the
BM - than in the DE-treated model highlights the implication of non-dopaminergic mechanisms in motor
improvement. Even though postural instability has been reported to occur with >80% dopamine
depletion [53], the motor effect in our CIP model was obvious, despite less DA depletion and a mean
preserved dopaminergic neurons in the SN of approximately 45%. Although a long period of CoCl2 was used

to trigger neurotoxicity in this study, dopaminergic loss was not severe. Previous in-vivo studies
demonstrated that exposure of both adult male Sprague-Dawley rats to 28-day IP CoCl2 (0.1, 0.0.5, or 1

mg/kg) and rabbits to 18-day intravenous CoCl2 injections triggered moderate

neurotoxicity [54,55]. Paradoxical to the previously reported activation of presynaptic D2 autoreceptors to
compensate for reduced DA, the positive correlation of DA level with D2 expression, identified in this study,
indicates that this mechanism failed in the CIP model [56]. DE monotherapy failed to exert significant D2
upregulation relative to the untreated CIP model. Restoring DA to control levels with DE monotherapy is not
a paradox though, given the partial enhancement of neurodegenerative changes. In this study, BM+DE
therapy better restored SN and STR microstructures and dopaminergic neurotransmission than BM and DE
monotherapies.

The correlation of motor behavior with dopaminergic signaling was not as strong as that with the non-
dopaminergic pathways tested in this study. The CIP model might be considered a model of “atypical
parkinsonism” in which the dopaminergic deficit occurs secondarily. In this case, poor response to levodopa
and/or dopaminergic agonists is anticipated [57]. A reduced brain A1/A2A expression ratio, owing to A1
downregulation and A2A upregulation, was detected in the CIP model. A2A upregulation strongly correlated
with some motor indices and showed a strong negative correlation to DA. A2A density was previously linked
to the severity of parkinsonism and was negatively correlated to DA in postmortem patient specimens [58].
Meanwhile, in this study, the stronger correlation detected between the adenosinergic signaling and DA
level (not D2 expression) suggested that A2A might regulate DA without heterodimerizing with D2. In this
model, an A1 antagonist mitigated the potential therapeutic effect of dipyridamole, an antiplatelet and A2A
antagonist, highlighting the implication of A1 in modulating responses to A2A [59]. The ability of BM, alone
or combined with DE, to restore DA, D2, and A1, and to largely preserve dopaminergic neurons in SN,
conflicts with other studies that found that A1 agonism counteracted the D2 agonistic activity [60,61]. Such
discrepancies could be justified by the intricate A1/D2 interaction, as the local infusion of A1 antagonists
inhibited DA release in some parts of the brain, whereas it enhanced DA release in other parts such as the
nucleus accumbens [62]. Nonetheless, increasing A1/A2A with BM+DE treatment was consistent with the
role of A1 as a neuroprotective factor during ischemia, hypoxia, and stroke [63], thus confronting A2A,
regarded as a neurodegenerative factor in parkinsonism [64], and with the claims about A1 decreasing the
potency and efficacy of A2A [65]. Studies addressing the disequilibration between A1 and A2A in
parkinsonism are still lacking, a research gap that was addressed in our work. Although our study showed no
significant correlations between A1 and either DA or D2, the strong positive correlation between DA and
A1/A2A and the strong negative correlation between PAR1, ET1, and MDA, on one side, and A1/A2A, on the
other side, highlighted the possibility that A1 can modulate DA by indirectly altering the optimum A1/A2A
ratio, thus conferring antithrombotic, anti-inflammatory and antioxidant activities. The therapeutic efficacy
of A1 agonists could be short-lived given that prolonged A1 activation induces its internalization, with a
reported link to neuronal death by priming the brain for subsequent A2A-induced neurodegeneration [66].
For this reason, the therapeutic utility of a dual A1/A2A agonist/antagonist could be explored especially
since A1/A2A was correlated with various motor indices in this study. In favor of this hypothesis, the best

 

2025 Abdelmissih et al. Cureus 17(3): e80486. DOI 10.7759/cureus.80486 19 of 33

javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


motor improvement was observed with BM+DE, when A1/A2A ratio exceeded the control level. In contrast
to the persistently low A1/A2A ratio with BM administration, owing to a persistently lower A1 despite a
restored A2A, DE monotherapy was able to restore the A1/A2A ratio. The notion that a non-selective
adenosine antagonist such as caffeine was beneficial in patients with PD exhibiting postural instability and
gait disturbance and the lack of significant correlation between A1 and A2A in our work highlighted that A1-
A2A crosstalk is not sufficient to rationalize the changes observed in parkinsonism.

We assessed ET1 and PAR1, not only as indicators of vascular status of the brain but also relative to DE
dynamics. The neurodegenerative and neuroinflammatory changes observed in the CIP model, along with
PAR1 upregulation and ET1 increase, harmonizes with the work of Ishida et al. [21] who found increased
PAR1 expression in postmortem specimens of patients with parkinsonism. The lack of significant correlation
between PAR1 and the percentage of preserved neurons in the SN is in partial agreement with in vitro
studies of rat neurons revealing that the thrombin-triggered dopaminergic neuronal loss in the SN is
independent of PAR1 expression, unlike the thrombin-provoked hippocampal apoptosis that was mediated
through PAR1 activation [67]. PAR1 restoration using DE, alone or combined with BM, was consistent with
previous reports highlighting the ability of DE to attenuate PAR1 signaling comparable to PAR1
antagonists [68], subsequently reversing thrombin-triggered proinflammatory and pro-apoptotic
activities [69]. Such changes matched the correlations between these thrombin-related factors and several
behavioral indices. In contrast to our work, thrombin-activated PAR1 was shown to prevent PD-triggered
motor dysfunction but with no beneficial effect on dopaminergic depletion [70]. Unlike DE, alone or
combined with BM, BM did not significantly affect PAR1 in our CIP model. Some reports suggested that the
addition of a thrombin inhibitor together with PAR1 manipulation could yield better outcomes, based on the
ability of PAR1, in the presence of thrombin, to heterodimerize with other receptors, thus maintaining its
functional activity [71]. Similarly, previous studies have highlighted the role of ET1 in systemic
inflammation associated with parkinsonism [72-74]. Notably, the cascade of significant correlations between
these thrombin-related factors and dopaminergic signaling, stronger when dealing with adenosinergic
signaling, verified that adenosinergic signaling is an intermediary pathway by which thrombin-related
signaling modulates dopaminergic neurotransmission. Increased brain levels of endothelin were previously
associated with oxidative stress [75], which was corroborated in this study by the strong positive and
negative correlations between ET1 and each of MDA and GSH, respectively. The oxidative stress-endothelin
correlations were complemented by the strong positive correlations linking PAR1 to the MDA level and
MDA/GSH ratio. Oxidative stress in parkinsonism was corroborated by the correlations between MDA and
GSH, and their ratio, and multiple motor indices.

In line with the CIP-associated oxidative stress, adult male Wistar rats administered 20-day IP CoCl2 (4

mg/kg)-around one-third of the dose used herein-exhibited neuronal necrosis as well as elevated MDA in the
hippocampus and temporal lobe [76]. Elevated MDA was also detected in patients with parkinsonism [15,
77]. In contrast, Ahlskog et al. and Çokal et al. reported that MDA did not differ in patients with PD, whether
treated with levodopa or not [78-79]. BM+DE increased GSH beyond the control level while reducing MDA.
DE monotherapy restored both MDA and GSH to control levels, while BM did not significantly affect MDA,
which remained higher than the control level but was able to restore GSH to the control level. The ability of
DE, alone or combined, to exert some antioxidant activity in the CIP model was previously explored using
resveratrol [80], an agent that allows plasmin activation from its precursor, thus exerting a thrombolytic
activity. The therapeutic benefit of increasing GSH beyond the control level with BM+DE was consistent with
the mitigation of neurodegeneration in a previous rat model of parkinsonism when the antioxidant level was
increased in dopaminergic neurons of SN [81]. The therapeutic utility of GSH in parkinsonism was justified
in terms of the detoxification of byproducts of DA oxidation [82]. Nonetheless, the administration of oral
GSH per se in parkinsonism was previously associated with modest efficacy [83]. Presumably, the antioxidant
activity of BM+DE synergized its manipulation of the correlated adenosinergic and thrombin-related
signaling, thus modulating the dopaminergic neurotransmission, culminating in a better preservation of
dopaminergic neurons in SN and enhanced motor behavior. The significant negative correlation linking
MDA, but not GSH, to the percentage of preserved neurons in SN, suggests a distinct role of antagonizing
MDA to confer neuroprotective activity, which might apply to our CIP model, unlike other models of
parkinsonism focusing on the prominent neuroprotective effects of GSH [84,85]. Targeting more than one
pathway simultaneously could yield promising outcomes, as in our study.

Our work adopted the intricate pathways pertaining to parkinsonism, opening multiple alternative gateways
to explore novel antiparkinsonian therapeutic modalities. To our knowledge, no previous study has
addressed the multifaceted pathogenesis of parkinsonism in the CIP model, encompassing the
dopaminergic, adenosinergic, thrombin-related, and oxidative stress signaling “tetralogy”.

Our study had some limitations. Tracking the levels of cobalt, acetylcholine, and thrombin in the brain
might have added insights to our findings; however, the assessed parameters were sufficient to serve our
aim, without complicating the interpretation of results.

Conclusions
CoCl2 replicated the motor dysfunction, neurodegeneration of SN and STR, and defective dopaminergic

signaling associated with other parkinsonian models. Our CIP model illustrated the crosstalk between the
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dopaminergic, adenosinergic, thrombin-related, and oxidative stress pathways. The CIP model might not
exemplify the primary implication of dopaminergic deficit in the triggered motor dysfunction but rather fits
a model in which defective dopaminergic neurotransmission is secondary to the non-dopaminergic effect.

BM+DE improved motor dysfunction, with partial recovery of neuronal insults in SN and STR, by resolving
the defective DA and D2, increasing A1/A2A, and restoring PAR1, ET1, and MDA/GSH. Employing BM+DE in
other models of parkinsonian is warranted, especially when thromboembolic events and oxidative stress are
anticipated.

Appendices

FIGURE 11: Significant correlations between dopaminergic signaling
and motor indices.
a) Dopamine (DA) and number of rears (r = 0.391, Ρ <0.01), b) DA and the average displacement distances of the
right and left forepaws (r = 0.357, P <0.05; r = 0.457, Ρ <0.01, respectively), c) DA and time to pick pasta (TPP) (r
= -0.293, Ρ <0.05), d) DA and time to finish eating (TTF) (r = -0.299, Ρ <0.05), e) Dopamine receptor type 2 (D2)
and the number of rears (r = 0.400, Ρ <0.01), f) D2 and the average displacement distance of the left forepaw (r =
0.445, Ρ <0.01), g) D2 and TPP (r = -0.346, Ρ <0.05), h) D2 and TTF (r = -0.346, Ρ <0.05).

DA: dopamine; D2: dopamine receptor type 2; TPP: time to pick pasta; TTF: time to finish eating

Spearman rho. Significant when Ρ < 0.05.
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FIGURE 12: Significant correlations between dopaminergic and
adenosinergic signaling.
a) Adenosine receptor type 2A (A2A) and each of dopamine (DA) and dopamine receptor type 2 (D2), b) A1/A2A
and DA.

A2A: adenosine receptor type 2A, A1/A2A: ratio of adenosine receptor type 1 and adenosine receptor type 2A;
DA: dopamine; D2: dopamine receptor type 2.

Spearman rho. Significant when Ρ < 0.05.
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FIGURE 13: Significant correlations between adenosinergic signaling
and motor indices.
a) each of adenosine receptor type 2A (A2A) and adenosine receptor type 1 (A1)/A2A, and number of rears, b) A1
and the average displacement distance of the left forepaw, c) A2A and the average displacement distance of each
of the right and the left forepaw, d) A1/A2A and the average displacement distance of each of the right and the left
forepaw, e) A1 and time to pick pasta (TPP), f) A1/A2A and each of TPP and number of times of adjustments of
forepaws (NTAF).

A1: adenosine receptor type 1; A2A: adenosine receptor type 2A; A1/A2A: ratio of adenosine receptor type 1 and
adenosine receptor type 2A; TPP: time to pick up pasta; NTAF: number of times of adjustment of forepaws.

Spearman rho.  Significant when Ρ < 0.05.
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FIGURE 14: Significant correlations among protease-activated receptor
1 (PAR1), endothelin 1 (ET1), and motor indices.
a) Protease-activated receptor 1 (PAR1) and the number of rears, b) Endothelin 1 (ET1) and the number of rears,
c) PAR1 and the average displacement distance of each of the right and the left forepaw, d) ET1 and the average
displacement distance of each of the right and the left forepaw, e) PAR1 and each of time to pick pasta (TPP) and
time to finish eating (TTF), f) ET1 and each of TPP and TTF, g) PAR1 and number of times of adjustments of
forepaws (NTAF), h) ET1 and NTAF.

PAR1: protease-activated receptor 1; ET1: endothelin 1; TPP: time to pick up pasta; TTF: time to finish eating;
NTAF: number of times of adjustment of forepaws.

Spearman rho. Significant when Ρ < 0.05.
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FIGURE 15: Significant correlations between dopaminergic signaling
and each of protease-activated receptor 1 (PAR1) and endothelin 1
(ET1).
a) Protease-activated receptor 1 (PAR1) and dopamine (DA), b) Endothelin 1 (ET1) and DA, c) PAR1 and
dopamine receptor type 2 (D2).

PAR1: protease-activated receptor 1; ET1: endothelin 1; DA: dopamine; D2: dopamine receptor type 2

Spearman rho. Significant when Ρ < 0.05.
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FIGURE 16: Significant correlations between adenosinergic signaling
and each of protease-activated receptor 1 (PAR1) and endothelin 1
(ET1).
a) Protease-activated receptor 1 (PAR1) and adenosine receptor type 1 (A1), b) Endothelin 1 (ET1) and A1, c)
PAR1 and adenosine receptor type 2A (A2A), d) ET1 and A2A, e) PAR1 and A1/A2A, f) ET1 and A1/A2A.

PAR1: protease-activated receptor 1; ET1: endothelin 1; A1: adenosine receptor type 1; A2A: adenosine receptor
type 2A; A1/A2A: ratio of adenosine receptor type 1 and adenosine receptor type 2.

Spearman rho.  Significant when Ρ < 0.05.
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FIGURE 17: Significant correlations between motor indices and each of
malondialdehyde (MDA) and glutathione (GSH).
a) each of MDA and GSH, and the number of rears, b) MDA/GSH and the number of rears, c) MDA and the
average displacement distance of each of the right and the left forepaw, d) GSH and the average displacement
distance of each of the right and the left forepaw, e) MDA/GSH and the average displacement distance of each of
the right and the left forepaw, f) MDA and each of TPP and TTF, g) MDA and NTAF, h) GSH and each of TPP and
NTAF, i) MDA/GSH and each of TPP and NTAF.

MDA: malondialdehyde; GSH: reduced glutathione; MDA/GSH: ratio of malondialdehyde and reduced glutathione;
TPP: time to pick up pasta; TTF: time to finish eating; NTAF: number of times of adjustment of forepaws.

Spearman rho.  Significant when Ρ < 0.05.

 

2025 Abdelmissih et al. Cureus 17(3): e80486. DOI 10.7759/cureus.80486 27 of 33

https://assets.cureus.com/uploads/figure/file/1414686/lightbox_6399a220f10811efbfe2ed4bfcdb9b83-Supp-.-Fig.-7.png


FIGURE 18: Significant correlations between dopaminergic signaling
and each of, malondialdehyde (MDA) and glutathione (GSH).
a) Malondialdehyde (MDA) and each of dopamine (DA) and dopamine receptor type 2 (D2), b) Glutathione (GSH)
and each of DA and D2, c) MDA/GSH and each of DA and D2.

MDA: malondialdehyde; GSH: reduced glutathione; MDA/GHS: ratio of malondialdehyde and reduced glutathione;
DA: dopamine; D2: dopamine receptor type 2.

Spearman rho. Significant when Ρ < 0.05.
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FIGURE 19: Significant correlations between adenosinergic signaling
and each of, malondialdehyde (MDA) and glutathione (GSH).
a) each of malondialdehyde (MDA) and glutathione (GSH), and adenosine receptor type 1 (A1), b) MDA/GHS and
A1, c) each of MDA and GSH, and adenosine receptor type 2A (A2A), d) MDA/GSH and A2A, e) each of MDA and
GSH, and A1/A2A, f) MDA/GSH and A1/A2A.

MDA: malondialdehyde; GSH: reduced glutathione; MDA/GSH: ratio of malondialdehyde and reduced glutathione;
A1: adenosine receptor type 1; A2A: adenosine receptor type 2A; A1/A2A: ratio of adenosine receptor type 1 and
adenosine receptor type 2.

Spearman rho.  Significant when Ρ < 0.05.
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FIGURE 20: Significant correlations among protease-activated receptor
1 (PAR1), endothelin 1 (ET1), and each of malondialdehyde (MDA) and
glutathione (GSH).
a) Malondialdehyde (MDA) and each of protease-activated receptor 1 (PAR1) and endothelin 1 (ET1), b)
Glutathione (GSH) and each of PAR1 and ET1, c) MDA/GSH and each of PAR1 and ET1.

MDA: malondialdehyde; GSH: reduced glutathione; MDA/GSH: ratio of malondialdehyde and reduced glutathione;
PAR1: protease-activated receptor 1; ET1: endothelin 1.

Spearman rho.  Significant when Ρ < 0.05.
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