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Abstract: The catecholaldehyde hypothesis for the pathogenesis of Parkinson’s disease centers on
accumulation of 3,4-dihydroxyphenylacetaldehyde (DOPAL) in dopaminergic neurons. To test the
hypothesis, it is necessary to reduce DOPAL and assess if this improves locomotor abnormalities.
Systemic administration of rotenone to rats reproduces the motor and central neurochemical abnor-
malities characterizing Parkinson’s disease. In this study, we used the monoamine oxidase inhibitor
(MAOI) deprenyl to decrease DOPAL production, with or without the antioxidant N-acetylcysteine
(NAC). Adult rats received subcutaneous vehicle, rotenone (2 mg/kg/day via a minipump), or
rotenone with deprenyl (5 mg/kg/day i.p.) with or without oral NAC (1 mg/kg/day) for 28 days.
Motor function tests included measures of open field activity and rearing. Striatal tissue was assayed
for contents of dopamine, DOPAL, and other catechols. Compared to vehicle, rotenone reduced
locomotor activity (distance, velocity and rearing); increased tissue DOPAL; and decreased dopamine
concentrations and inhibited vesicular sequestration of cytoplasmic dopamine and enzymatic break-
down of cytoplasmic DOPAL by aldehyde dehydrogenase (ALDH), as indicated by DA/DOPAL and
DOPAC/DOPAL ratios. The addition of deprenyl to rotenone improved all the locomotor indices,
increased dopamine and decreased DOPAL contents, and corrected the rotenone-induced vesicular
uptake and ALDH abnormalities. The beneficial effects were augmented when NAC was added to
deprenyl. Rotenone evokes locomotor and striatal neurochemical abnormalities found in Parkinson’s
disease, including DOPAL buildup. Administration of an MAOI attenuates these abnormalities,
and NAC augments the beneficial effects. The results indicate a pathogenic role of DOPAL in the
rotenone model and suggest that treatment with MAOI+NAC might be beneficial for Parkinson’s
disease treatment.

Keywords: Parkinson’s disease; DOPAL; catecholaldehydes; monoaminoxidase inhibitor; n-acetylcysteine

1. Introduction

In Parkinson’s disease, it is generally accepted that nigrostriatal deficiency directly
and solely reflects neuronal loss. The extent of catecholamine depletion in Parkinson’s
disease, however, is greater than can be accounted for by denervation alone [1]. This
discrepancy suggests that in the putamen there is a population of dysfunctional but extant
residual dopaminergic neurons that are “sick but not dead”—and therefore potentially
salvageable [1,2]. These abnormalities may be related to cytoplasmic buildup of the cate-
cholaldehyde 3,4-dihydroxyphenylacetaldehyde (DOPAL). DOPAL, the immediate product
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of the action of monoamine oxidase (MAO) on cytoplasmic dopamine, is toxic to cat-
echolaminergic neurons (Figure 1) [3]. According to the catecholaldehyde hypothesis,
DOPAL is central to the degenerative process in Parkinson’s disease [4,5].
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Figure 1. Concept diagram showing enzymatic steps in the synthesis, vesicular storage, release, reup-
take, and metabolism of dopamine (DA) and norepinephrine (NE). DA is synthesized in the neuronal
cytoplasmic via tyrosine hydroxylase (TH) acting on tyrosine to form DOPA and then L-aromatic-
amino-acid decarboxylase (LAAAD) acting on DOPA. Most of cytoplasmic DA is taken up into
vesicles via the vesicular monoamine transporter (VMAT), but a minority undergoes enzymatic oxi-
dation catalyzed by monoamine oxidase (MAO) to form 3,4-dihydroxyphenylacetaldehyde (DOPAL).
DOPAL is metabolized by aldehyde dehydrogenase (ALDH) to form 3,4-dihydroxyphenylacetic acid
(DOPAC), which exits the cell. DA in the vesicles undergoes enzymatic hydroxylation catalyzed
by DA-beta-hydroxylase (DBH) to form NE. Catecholamines released into the extracellular fluid is
taken back up into the cytoplasm via the cell membrane DA transporter (DAT) or cell membrane NE
transporter (NET). NE in the cytoplasm can undergo vesicular uptake or MAO-catalyzed oxidative
deamination to form 3,4-dihydroxyphenylglycolaldehdyde (DOPEGAL), which is reduced by alde-
hyde/aldose reductase (AR) to form 3,4-dihydroxyphenylglycol (DHPG). DHPG rapidly exits the
neuron. The six endogenous catechols in white rectangles were measured simultaneously. Font sizes
correspond roughly to tissue concentrations of the analytes in rat striatum and peri-striatal tissue.

Two functional abnormalities tend to build up cytoplasmic DOPAL in residual dopamin-
ergic terminals—decreased vesicular monoamine transporter 2 (VMAT2) activity that is
responsible to the vesicular sequestration of cytoplasmic catecholamines [6–8] and de-
creased metabolism of DOPAL by aldehyde dehydrogenase (ALDH) [6,9]. DOPAL, in turn,
inhibits the activities of tyrosine hydroxylase [10] and L-aromatic amino acid decarboxylase
(LAAAD) [11] and decreases transmembrane DA uptake [5]. A mathematical model of
empirical data on catechols derived from cardiac sympathetic innervation in Parkinson’s
disease revealed similar dysfunction in catecholamine metabolism, storage, and fate [12].

The Molecular Basis of the Catecholaldehyde Hypothesis

The catecholaldehyde hypothesis is founded on changes in biochemical–cellular pro-
cesses resulting from a decrease in ALDH and VMAT2 activity and DOPAL accumulation.
A better understanding of the array of pathological changes requires a deeper understand-
ing of the molecular basis of these abnormalities. The storage of monoamines in vesicles
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requires a transporter that will efficiently and quickly transfer them from the cytoplasm
against a particularly high concentration and an acidic and electrochemical gradient [13].
Much information about the significance of VMAT2 in Parkinson’s disease was learned
from studies conducted on mice that are heterozygous for VMAT2 [14] or VMAT2-deficient
mice [15], where a decrease in the activity of the transporter was shown to be strongly
related to Parkinson’s disease [16].

The other determinant of DOPAL accumulation is a decrease in ALDH activity. A
decrease in VMAT2 activity by itself could lead to a shift of dopamine from within the
vesicle into the cytoplasm, where an effective metabolism of the cytoplasmic dopamine
through MAO to form DOPAL, which is turned immediately and efficiently to DOPAC
through ALDH, would at least prevent the accumulation of DOPAL, and thus, its neuro-
toxicity. With intact ALDH, dopaminergic neurons with reduced vesicular sequestration
would have been dysfunctional, but there was no extensive destruction of these neurons
as occurs in the disease. In Parkinson’s disease, however, ALDH activity is impaired, and
therefore the detoxification capacity of catecholadehydes is impaired, which leads to the
neurodegenerative process [17,18]. This is the fundamental rationale of the double-hit
concept, which is supported by neurochemical findings in the post-mortems of Parkinson’s
disease patients. ALDH dysfunction has been implicated in a number of neurological
disorders, including Parkinson’s disease. ALDH dysfunction in Parkinson’s disease may
be due to genetic factors and mitochondrial dysfunction [6,18–20].

Until recently, no animal model had been shown to reproduce the pattern of brain
catecholaminergic abnormalities found in Parkinson’s disease—in particular, decreased
vesicular sequestration, decreased activities of LAAAD and ALDH, and DOPAL buildup.
Recently, we analyzed the striatal neurochemical profile following systemic administration
of rotenone to Sprague Dawley rats, a well-established animal model of Parkinson’s dis-
ease [21–23]. Rotenone caused striatal depletion of dopamine, increased striatal DOPAL,
and induced the double hit of decreased vesicular sequestration and decreased ALDH ac-
tivity [24]. We therefore concluded that the rat rotenone model replicates the changes found
in humans and is in line with the neurochemical profile that underlies the catecholaldehyde
hypothesis.

To test the catecholaldehyde hypothesis, it is imperative to demonstrate a beneficial
effect of an intervention aimed at lowering DOPAL levels. This was the primary purpose of
the present study. We assessed the locomotor effects of combining rotenone with deprenyl,
an MAO inhibitor (MAOI) that is known to decrease DOPAL production [25] and is used
as an anti-parkinsonian drug [26].

In our mathematical modeling of the phases of the progression of Parkinson’s disease
from initiation to its final stages, it seems that the likelihood of disease modifying strategies
succeeding depends on the timing [27], with maximal chances to benefit when intervention
is initiated early. In this study, we therefore treated animals with deprenyl soon after
rotenone administration began. MAO inhibition increases cytoplasmic dopamine levels
(because of the vesicular sequestration defect in Parkinson’s disease) which in turn go
through spontaneous oxidation to cysDA. In the rat pheochromocytoma cell line (PC12)
treated with MAOI and to which antioxidant NAC was added as an adjuvant therapy, there
was reduced MAOI-induced increase in cysDA levels and an enhanced beneficial effect of
the MAOI treatment [28]. We therefore included in the study an additional intervention—
combined treatment with MAOI and NAC to rotenone-treated animals.

In this study, rats received rotenone, rotenone and deprenyl, rotenone and deprenyl
and NAC, or sham treatment via subcutaneous reservoir minipumps. Locomotor tests
were conducted to verify induction of a parkinsonian movement disorder. Brain tis-
sue of the striatum region was analyzed for levels and ratios of endogenous catechols.
From the concept diagram in Figure 1, if there was decreased vesicular sequestration of
cytoplasmic catecholamines, then brain tissue DA/DOPAL, DA/DOPAC, and NE/3,4-
dihydroxyphenylglycol (DHPG) ratios would be decreased. If there was decreased ALDH
activity, the ratio of DOPAC/DOPAL would be decreased.
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2. Results

Administering rotenone by continuous subcutaneous infusion resulted in gradual
weight loss. The group treated with rotenone lost 52.1 ± 21.9 g of weight, representing
a 15% decrease from baseline, compared to the control group, which gained 79.3 + 2.8 g
during the four weeks of the experiment (p = 0.01).

2.1. Rotenone Induces Neurochemical and Functional Abnormlities

The effect of rotenone on the neurochemical indices showed a significant decrease in
dopamine and an increase in DOPAL and DHPG (Table 1). In addition, the neurochemical
profile demonstrates a significant effect of rotenone on the two processes that determine
DOAPL levels (Table 2): a decrease in VMAT2 and ALDH activity (Figure 2).

Table 1. Brain tissue catechols (means ± SEM) in rats treated with vehicle (VEH), rotenone
(ROT), or rotenone and deprenyl (ROT+DEP), or rotenone and deprenyl and N-acetylcysteine
(ROT+DEP+NAC). Below the table—statistically significant differences between groups in each
parameter.

Catechol VEH ROT ROT+DEP ROT+DEP+NAC

DHPG 50.37 ± 3.96 abc 96.17 ± 5.06 ade 27.71 ± 4.87 bd 29.46 ± 2.37 ce

NE 112.90 ± 11.38 bc 112.03 ± 11.4 de 284.45 ± 27.81 bdf 422.02 ± 50.54 cef

DOPA 44.28 ± 3.51 abc 65.53 ± 4.33 ade 32.34 ± 1.41 bd 29.66 ± 1.44 ce

DOPAL 685.94 ± 72.6 abc 1152.1 ± 97.38 ade 429.46 ± 96.88 b*df 192.6 ± 37.93 cef

DA 2665.91 ± 203.7 abc 1417.14 ± 101.42 ade 6304.3 ± 482.63 bdf 4621.73 ± 1078.77 cef

DOPAC 957.93 ± 88.81 c 1029.42 ± 133.55 e 754.8 ± 88.80 516.14 ± 300.14 ce

DOPET 110.67 ± 10.86 bc 125.68 ± 26.76 de 52.09 ± 7.55 bdf 23.28 ± 17.43 cef

CysDA 25.05 ± 2.33 abc 13.75 ± 1.61 ad 48.78 ± 13.04 bd 53.51 ± 14.28 c

Abbreviations: DHPG: 3,4-dihydroxyphenylglycol; NE: norepinephrine; DOPA: 3,4-dihydroxyphenylalanine;
DOPAL: 3,4-dihydroxyphenylacetaldehyde; DA: dopamine; DOPAC: 3,4-dihydroxyphenylacetic acid; CysDA:
cysteinyl-dopamine. Statistics: a: p < 0.05 for VEH vs. ROT; b: p < 0.05 for VEH vs. ROT+DEP; c: p < 0.05 for VEH
vs. ROT+DEP+NAC; d: p < 0.05 for ROT vs. ROT+DEP; e: p < 0.05 for ROT vs. ROT+DEP+NAC; f: p < 0.05 for
ROT+DEP vs. ROT+DEP+NAC. * Not significant in analysis of variance with multiple comparisons. Number of
animals treated with vehicle—10, and all other intervention groups—8 animals per group.

Table 2. Catechol ratio and the process reflected (means ± SEM) in rats treated with vehicle (VEH),
rotenone (ROT), rotenone and deprenyl (ROT+DEP), or rotenone and deprenyl and N-acetylcysteine
(ROT+DEP+NAC). Below the table—statistically significant differences between groups in each
parameter.

Catechol Ratio Process VEH ROT ROT+DEP ROT+DEP+NAC

DA/DOPAL VMAT2 4.42 ± 0.64 abc 1.27 ± 0.13 ade 22.27 ± 5.7 bd 28.22 ± 4.14 ce

DA/DOPAC VMAT2 3.01 ± 0.34 abc 1.6 ± 0.3 ade 9.11 ± 1.3 bd 10.5 ± 1.11 ce

NE/DHPG VMAT2 2.28 ± 0.20 abc 1.18 ± 0.12 ade 12.68 ± 2.46 bd 14.61 ± 1.43 ce

DA/ALL VMAT2 1.72 ± 0.21 ac 0.79 ± 0.18 ade 5.89 ± 1.01 d 6.92 ± 0.54 ce

DOPAC/DOPAL ALDH 1.43 ± 0.07 abc 0.98 ± 0.14 ade 2.48 ± 0.49 bd 2.89 ± 0.45 ce

Abbreviations: DHPG: 3,4-dihydroxyphenylglycol; NE: norepinephrine; DOPA: 3,4-dihydroxyphenylalanine;
DOPAL: 3,4-dihydroxyphenylacetaldehyde; DA: dopamine; DOPAC: 3,4-dihydroxyphenylacetic acid; VMAT:
vesicular monoamine transporter type 2; ALDH: aldehyde dehydrogenase. Statistics: a: p < 0.05 for VEH vs. ROT;
b: p < 0.05 for VEH vs. ROT+DEP; c: p < 0.05 for VEH vs. ROT+DEP+NAC; d: p < 0.05 for ROT vs. ROT+DEP;
e: p < 0.05 for ROT vs. ROT+DEP+NAC.
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Figure 2. Change (logarithmic scale), compared to vehicle (VEH) in the activity of vesicular
monoamine transporter type 2 (VMAT2), as expressed by DA/DOPAL, DA/DOPAC, NE/DHPG,
and DA/ALL ratios; and aldehyde dehydrogenase (ALDH), expressed by DOPAC/DOPAL ratio, in
rats treated with rotenone (ROT), ROT and deprenyl (DEP), and ROT with DEP and N-acetylcysteine
(NAC). Mean values of the intervention group were divided by the mean value of the vehicle in
each ratio (Table 2). Note the decrease in the activity of these processes with rotenone and the miti-
gating effect of the intervention with DEP alone or with NAC. Abbreviations of catechols: DHPG:
3,4-dihydroxyphenylglycol; NE: norepinephrine; DOPAL: 3,4-dihydroxyphenylacetaldehyde; DA:
dopamine; DOPAC: 3,4-dihydroxyphenylacetic acid.

Parallel to the neurochemical changes, at the end of the study (day 28), rotenone
induced motor impairment, with a reduction in the amount of rearing (p = 0.019 compared
to the control group); and on the open-field test indices, there was reduction in the distance
the animal moved (p < 0.0001) and their velocity (p < 0.001), compared to the control group
(Table 3).

Table 3. Locomotor parameters and the day that they were recorded (means ± SEM) in rats treated
with vehicle (VEH), rotenone (ROT), rotenone and deprenyl (ROT+DEP), or rotenone and deprenyl
and N-acetylcysteine (ROT+DEP+NAC). Below the table—statistically significant differences between
groups in each parameter.

Motor
Parameter Day VEH ROT ROT+DEP ROT+DEP+NAC

Rearing
(counts)

BL 6.50 ± 0.89 4.18 ± 0.69 6.00 ± 1.20 6.00 ± 0.73
End 3.8 ± 0.53 a 2.00 ± 0.38 ade 3.57 ± 0.48 d 3.57 ± 0.30 e

Distance (cm) BL 2962.3 ± 240.8 2831.4 ± 250.0 1328.0 ± 524.3 2325.2 ± 346.6
END 2291.1 ± 201.9 abc 972.8 ± 132.7 ade 1540.5 ± 259.84 bd 1765.9 ± 67.9 ce

Velocity
(cm/min)

BL 9.87 ± 0.80 9.44 ± 0.83 4.43 ± 1.75 8.31 ± 0.89
END 7.64 ± 0.68 abc 3.23 ± 0.32 ade 5.02 ± 0.85 bd 5.39 ± 0.39 ce

Abbreviations: BL: baseline. Statistics: a: p < 0.05 for VEH vs. ROT; b: p < 0.05 for VEH vs. ROT+DEP; c: p < 0.05
for VEH vs. ROT+DEP+NAC; d: p < 0.05 for ROT vs. ROT+DEP; e: p < 0.05 for ROT vs. ROT+DEP+NAC.

2.2. Deprrenyl Alone or with NAC Mitigate the Rotenone-Induced Neurochemical and
Functional Abnormlities

The addition of deprenyl to rats receiving rotenone reversed the neurochemical pat-
tern induced by rotenone alone, increased dopamine levels, and decreased the aldehyde
metabolites DOPAL and DHPG (Table 1). Deprenyl also reversed the negative effect of
rotenone on the activity of VMAT2 and ALDH (Table 2, Figure 2).

At the end of the study (day 28), deprenyl added to rotenone-treated rats yielded
an increase in the number of rearing (p = 0.028), the distance (p = 0.048), and the velocity
(p = 0.036), compared to rotenone without deprenyl (Table 3).
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Examining the effect of NAC added to deprenyl treatment in rotenone-treated rats
on the neurochemical profile showed a further decrease in DOPAL and a further increase
in dopamine (Table 1). This change was not associated with change in the motor indices
(Table 3).

3. Discussion

Parkinson’s disease is a neurodegenerative disease whose treatment is mainly symp-
tomatic. Understanding mechanisms is a means and a critical step for developing drugs
that can modify the progression of the disease [29]. The catecholaldehyde hypothesis cen-
ters on accumulation of the autotoxin DOPAL, an obligatory intermediate of intra-neuronal
cytoplasmic dopamine. DOPAL accumulation in dopaminergic cells is cytotoxic [30,31]. A
“double hit” of decreased ALDH and VMAT2 activity causes the accumulation (Figure 1).
Recently, we showed that rotenone given continuously to rats induces the locomotor and
neurochemical impairments typical of Parkinson’s disease. To establish a role for DOPAL
in inducing the features of the disease, we tested in the rotenone model whether an inter-
vention that decreases DOPAL production improves the parkinsonian phenotype. This
demonstration supports the catecholaldehyde hypothesis for the distinct motor phenotype
of the disease.

Our results confirmed that rotenone increases DOPAL levels by decreasing VMAT2
and ALDH activities. These findings repeat what was described in more detail in the
original studies presenting the rotenone Parkinson’s disease model [21,24]. Administering
an MAOI significantly lowered the DOPAL levels, restored VMAT2 and ALDH activity,
and improved movement impairment. It is important to note that deprenyl itself has no
motor effects in a non-parkinsonian setting [32]. We used deprenyl as a pharmacological
means to reduce DOPAL. This was not the purpose for which this molecule was developed,
which was to create a means to increase dopamine levels in neurons that are involved in
Parkinson’s disease [26]. In our model, this property of the drug was confirmed as expected.
We have now shown that deprenyl also reduces DOPAL levels.

3.1. The Centrality of DOPAL in Dopamine Neuronal Toxicity

A growing body of evidence indicates that DOPAL accumulation is toxic, due to
oxidative stress, mitochondrial damage, and protein changes (particularly pathological
aggregation of alpha-synuclein), all of which are linked to the development and progres-
sion of Parkinson’s disease [33–37]. The interaction between DOPAL and alpha-synuclein
is complex and includes several mechanisms. DOPAL was found to bind covalently to
alpha-synuclein, which leads to the formation of adducts that modify the protein structure
and increase the propensity to oligomerize. DOPAL has also been shown to increase the fib-
rillization of alpha-synuclein, leading to the formation of more toxic and stable aggregates.
DOPAL impairs the cellular ability to clear these aggregates; consequently, larger, and more
stable aggregates are created. The toxicity of these aggregates derives from their ability to
disrupt normal cellular processes, impair synaptic function, and later cause neuronal death.
Moreover, DOPAL exerts deleterious effects on other processes such as inducing oxidative
stress [38], impairing mitochondrial activity [39], quinonizing other proteins [34], reducing
neuronal resilience [40], and collectively accelerating cytotoxic processes leading to the
death of dopaminergic nerve cells. A recent comprehensive review details the relation-
ship between alpha-synuclein and deprenyl, the MAOI we chose to reduce DOPAL, and
it suggests that MAOIs counteract the deleterious effects on mitochondrial malfunction,
oxidative stress, apoptosis, and alpha-synuclein aggregation [41]. Moreover, it has been
shown that alpha-synuclein is not as toxic as it is in the presence of DOPAL [42].

A variety of cellular processes are adversely affected by DOPAL, but which of these
are actually responsible for motor impairment is a challenging question. A comprehen-
sive computational modeling of events in catecholaminergic neurons identified several
functional abnormalities in residual dopaminergic nerve terminals, which contribute to
depletion of neurotransmitter stores [12], as confirmed in this model [24]. In addition,
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neural activity might be impaired due to DOPAL-induced damage to the neural projections
of dopaminergic neurons [40]. DOPAL also affect the dopamine transporter and thus
compromises the normal synaptic activity of dopaminergic neurons [43,44].

3.2. Should MAOI for Parkinson’s Disease Be Revisited?

The effect of DOPAL-lowering intervention highlights the promise of mechanism-
directed intervention and, in the case of the catecholaldehyde hypothesis, a DOPAL-directed
approach. A straightforward treatment is preventing DOPAL production by inhibiting
MAO. Disappointingly, the clinical experience with MAOIs did not achieve the expected re-
sults. There can be two reasons for this. The first is the fact that the benefit of MAOI-induced
increase in dopamine levels in a disease with a vesicular sequestration defect results in the
accumulation of dopamine in the cytoplasm rather than the vesicles. The accumulating
cytoplasmic dopamine then spontaneously oxidizes to products such as aminochrome and
5-S-cysteinyl DA (cysDA), which are themselves neurotoxic [45–47]. Thus, the benefit of low-
ering DOPAL was partially or even largely mitigated by accumulating these toxic oxidative
products. Support for this explanation can be found in a study on PC12 cell culture, where
cells were treated to increase DOPAL [28]. The administration of an MAOI did reduce
DOPAL levels but at the cost of an increase in cysDA. In that model, the addition of the
antioxidant NAC neutralized the spontaneous oxidation of dopamine and prevented the
increase in cysDA. In our study, we therefore also tested the effect of the addition of NAC to
the treatment of MAOI. It is important to note that not all antioxidants remain active after
the first pass through the liver, and not every antioxidant passes the blood–brain barrier
sufficiently. Studies examining the effect of antioxidants on patients with Parkinson’s
disease have shown mixed results [48–51]. In our study, we chose NAC due to (1) the
experience with this antioxidant in the PC12 model, as noted above; (2) the studies that
demonstrated blood–brain barrier penetration, as shown by measuring NAC levels in the
spinal fluid after oral administration in patients with Parkinson’s disease [52]; and (3) the
fact that NAC had been shown to substantially mitigate DOPAL-induced oligomerization
of alpha-synuclein [34]. Our results demonstrated that NAC supplementation increases the
DOPAL-lowering effect of MAOI in the rotenone model.

Another possible reason for the failure of MAOIs in clinical trials is related to the
timing of the intervention. In those studies, the pharmacological intervention was given to
symptomatic patients, most of them several years after diagnosis. Mathematical modeling
of the neurodegenerative progression in Parkinson’s disease has identified three phases:
homeostasis, dyshomeostasis, and advanced neurodegenerative, when symptoms are
evident [27]. Intervention in the advanced phase can improve symptoms but does not affect
the course of the disease, since most of the relevant neurons have already been destroyed.
This model may explain the failure of MAOI as a disease-modifying strategy. According
to this mathematical model, early intervention would substantially delay the onset of
symptomatic disease. In our study, we therefore chose to initiate the pharmacological
intervention immediately upon the onset of disease induction. This information may open
a field of treatment opportunities by influencing the DOPAL level in dopaminergic neurons,
either through reducing production or increasing detoxification; treatments targeting the
various interactions of DOPAL with alpha-synuclein; and the effects of DOPAL on other
cellular proteins and the formation of oxidative stress.

3.3. Study’s Limitations and Strengths

The study presents several limitations: We did not test the dose–response and time–
response relationships, nor did we test the entirety of rotenone’s motor effects, and only
representative tests. We did not examine neuropathology as another outcome of the
DOPAL-lowering effect. Concerning the latter, our primary objective in this study was
to link neurochemical abnormalities with functional impairment in an animal model of
Parkinson’s disease, specifically to associate DOPAL levels with locomotor indices. The
study design did not include neuropathological data for two reasons: feasibility and
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conceptual. Neurochemical analysis of striatal tissue for catechols does not allow the
use of formaldehyde, yet neuropathological analysis depends on that. Therefore, we
relied on available neuropathological data on rotenone and DOPAL for the specified
purpose of this functional–neurochemical study [3,21,22,53]. Regarding the effect of MAOI,
based on the large body of evidence about MAOI in Parkinson’s disease, the primary
pharmacological effect is increasing neuronal dopamine, thereby improving locomotor
function, which may or may not be directly related to observable neuropathological changes.
This is consistent with our understanding that efforts should be directed toward correcting
functional abnormalities. These limitations are important but do not compromise the
findings or their interpretation. As to the study’s strengths, this is the first reported test of
the catecholaldehyde hypothesis in an animal model of Parkinson’s disease. We also point
to the potential of combination therapy for Parkinson’s disease—MAOI and NAC. Lastly,
this report used a model that reflects multiple biochemical lesions similar to what have
been found in Parkinson’s disease patients.

In summary, in the rotenone model, motor impairment typical of Parkinson’s disease is
observed parallel to DOPAL increase, secondary to a combined defect in VMAT and ALDH.
Lowering DOPAL levels improves the rotenone-induced parkinsonian motor impairment.
Reducing DOPAL is achieved by inhibiting the enzyme responsible for its production—
MAO. This inhibition is enhanced by adding the central antioxidant NAC. These data pave
the way for expanding research on the catecholaldehyde hypothesis and its translation
to therapeutics. It is necessary to complete the characterization of the model, especially
expand on alpha-synuclein and neural function, and to test neuroprotective strategies
by interventions targeting specific processes or combined treatment (such as MAOI with
NAC), strategies that can be ascertained clinically through objective biomarkers.

4. Material and Methods

The animal research procedures in this study were in accordance with the guidelines
of the Chaim Sheba Medical Center and approved by the Animal Care Committee, Sheba
Medical Center, Tel Hashomer. The investigators were not blinded as to the treatment
conditions.

4.1. Animals

Sprague Dawley male rats (350 ± 30 g, 10 weeks old) were obtained from Envigo RMS
(Jerusalem, Israel). The rats had at least 3 days to acclimate before surgery (minipump
implantation) (BioTest, Kfar-Saba, Israel) and experiments. After the surgery, the rats were
housed separately in cages in an animal care facility at 22 ◦C with a 14 h light (6:00–20:00)
and 10 h dark (20:00–6:00) cycle, with free access to food and water. Body weight was
measured once a week.

4.2. Materials

Dimethyl sulfoxide (DMSO) (Sigma, Rehovot, Israel) and polyethylene glycol (PEG)
(CS Chemicals, Haifa, Israel) were mixed in a 1:1 ratio and used as a vehicle to emulsify
rotenone. Rotenone was used emulsified in a 6.7 mg/mL DMSO/PEG mixture and in-
jected into an Alzet minipump until the pump was full. For vehicle-treated rats, the 1:1
DMSO/PEG mixture was used alone. Deprenyl (Sigma, Rehovot, Israel) was prepared in a
concentration of 1.75 mg/mL in 0.9% sodium chloride for injection.

4.3. Study Protocol

For minipump insertion, rats were anesthetized using 3% isoflurane and placed in
a small animal stereotaxic frame. An Alzet minipump was implanted subcutaneously at
the dorsum of the neck. Rotenone was dissolved in equal volumes of DMSO/PEG vehicle
and administered continuously via the minipump at 2 mg/kg/day. In the rat rotenone
model [22], the behavioral phenotype is evident by several days of treatment in adult
rats. We therefore set the duration of the current study to 28 days. Rats were treated
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with a dosage of 5 mg/kg/day deprenyl dissolved in normal saline and administered via
intraperitoneal injection.

Rats were stratified into 4 groups: (1) vehicle-treated group (n = 10); (2) rotenone-
treated group (n = 8); (3) rotenone and deprenyl-treated group (n = 8); (4) rotenone and
deprenyl and NAC treated group (n = 8). The duration of the study for each rat was 28 days.
Group 1 (vehicle treatment) underwent minipump implantation subcutaneously, and the
pump contained only the vehicle. Group 2 (rotenone), Group 3 (rotenone+deprenyl) and
Group 4 (rotenone+deprenyl+NAC) underwent minipump implantation, and the pump
contained rotenone in the vehicle. Groups 3 and 4 also received daily intraperitoneal
injections of deprenyl, and group 4 received NAC in drinking water (1 mg/kg/day). The
rats were in metabolic cages to ascertain the amount of NAC they drank.

On day 28, the animals were euthanized by 3% isoflurane overdose. Dissections
took place immediately after sacrifice. The brain was removed, tissue of the striatum was
dissected out on an ice pack. Each sample (approximately 3 mm × 3 mm× 3 mm) was
placed in a plastic cryotube, frozen immediately in liquid nitrogen, and stored at −80 ◦C
until assayed.

4.4. Locomotor Tests

The rearing and open field tests are a widely used tool in animal models for stroke
and Parkinson’s disease [54,55]. Locomotor tests were carried out at bassline and on day 28.
We repeated the tests we described previously [24]. Briefly, for the open field test, rats were
placed in an apparatus (measurements—100 cm × 100 cm × 30 cm for length, width and
height) and were allowed free exploration while being videotaped for 5 min. The recordings
were analyzed for distance and average velocity during this period. For rearing, rats
were placed in a rectangular plastic apparatus (measurements—30 cm × 34 cm × 16 cm
for length, width, and height) and videotaped for 2 min to record spontaneous rearing
behavior. Total rearing number was the number of times the animal was leaning on its hind
legs and dethatching its forelegs. This parameter allowed evaluation of the ability of the
rat to perform activities that require physical strength, coordination, and balance.

4.5. Neurochemical Assays

Tissue samples were transferred in dry ice to the catecholamine resource facility,
thawed at room temperature and homogenized in dilute 20% 0.2 M phosphoric acid, 80%
0.2 M acetic acid in a fume hood. Aliquots of the supernatant were assayed for catechol
contents by batch alumina extraction followed by liquid chromatography with series
electrochemical detection, as described previously [56]. NE, DOPAC, DHPG, DOPAL,
DOPET, DOPA, and dopamine were assayed simultaneously. Tissue concentrations were
expressed in pmol/mg wet weight.

4.6. Statistics

Data analysis was performed with IBM SPSS 23, using analyses of variance followed
by Tukey’s post-hoc test. Independent-means t-tests were used to compare the results
of biochemical analyses between the vehicle- and rotenone-treated groups and between
the rotenone alone vs. rotenone + deprenyl groups and rotenone + deprenyl + NAC vs.
rotenone+deprenyl groups. Locomotor data were generated using a video tracking software
(EthoVision v.15, Wageningen, The Netherlands). The neurochemical assay personnel were
blinded to the treatment conditions until the results were tabulated. Mean values ± SEM
are shown in Table 1. Statistical significance was defined by a p value < 0.05.
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