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Abstract.

Background: Parkinson’s disease (PD) is a relentless, chronic neurodegenerative disease characterized by the progressive
loss of substantia nigra (SN) neurons that leads to the onset of motor and non-motor symptoms. Standard of care for PD
consists of replenishing the loss of dopamine through oral administration of Levodopa; however, this treatment is not disease-
modifying and often induces intolerable side effects. While the etiology that contributes to PD is largely unknown, emerging
evidence in animal models suggests that a significant reduction in neuroprotective Protein Kinase A (PKA) signaling in the
SN contributes to PD pathogenesis, suggesting that restoring PKA signaling in the midbrain may be a new anti-PD therapeutic
alternative.

Objective: We surmised that pharmacological activation of PKA via intraperitoneal administration of Forskolin exerts anti-PD
effects in symptomatic PTEN-induced kinase 1 knockout (PINK1-KO), a bona fide in vivo model of PD.

Methods: By using a beam balance and a grip strength analyzer, we show that Forskolin reverses motor symptoms and loss
of hindlimb strength with long-lasting therapeutic effects (>5 weeks) following the last dose.

Results: In comparison, intraperitoneal treatment with Levodopa temporarily (24 h) reduces motor symptoms but unable to
restore hindlimb strength in PINK1-KO rats. By using immunohistochemistry and an XF24° BioAnalyzer, Forskolin treatment
reverses SN neurons loss, elevates brain energy production and restores PKA activity in SN in symptomatic PINK1-KO rats.
Conclusion: Overall, our collective in vivo data suggest that Forskolin is a promising disease-modifying therapeutic alternative
for PD and is superior to Levodopa because it confers long-lasting therapeutic effects.
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INTRODUCTION
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to double by 2040 [2]. The economic, emotional,
and physical toll from the individual and the soci-
etal perspective has proven immense. Economically
speaking, it is estimated that the total financial bur-
den of PD treatment and management will exceed
79 billion by 2037 [3]. Motor symptoms typi-
cally manifest in PD patients when more than
90 % of dopaminergic neurons die, leading to a
significant reduction in the production of the neu-
rotransmitter dopamine. A diagnosis of PD is made
clinically, usually presenting with a unique set of
motor symptoms (MS), including resting tremor,
postural instability, slow gait with muscle stiffness
[4], and early emotional impairment [5]. In addi-
tion, the accompanying non-motor symptoms (NMS)
are substantial and include features such as anxi-
ety, chronic fatigue, massive constipation, decreased
REM sleep, apathy, and major clinical depression
with bouts of anxiety as the primary emotional man-
ifestations [6]. The pathogenesis of PD involves
gene mutations that contribute to approximately 10%
of all PD cases and environmental factors, includ-
ing exposure to mitochondrial-specific toxins [7].
Indeed, genetic mutations in over more than 18 PD-
associated genes encode for proteins that regulate
mitochondrial function, lysosomal function, antioxi-
dant sensing pathways, mitochondrial turnover, and
the ubiquitin-proteasome pathway [7]. The discovery
that mutations in PTEN-induced kinase 1 (PINK1),
an atypical serine/threonine (ser/thr) kinase that mod-
ulates mitochondrial function/structure, leads to the
second most common, autosomal-recessive, juvenile
form of PD revealed that mitochondrial dysfunction
and disruption in kinase signaling underlies the eti-
ology of PD [8, 9]. Mitochondrial dysfunction and
oxidative stress contribute to ubiquitin-proteasome
system failure, which contributes to the misfolding
of a-synuclein and protein aggregation [10-12]. It
is this impairment of protein clearance (associated
with dysfunction of the ubiquitin-proteasome and
autophagy-lysosomal systems) that leads to the accu-
mulation of intracellular protein aggregates termed
Lewy bodies which can contribute to dopaminergic
neuronal death [10, 11]. A reduction in neuropro-
tective PKA and neurotrophic signaling in the brain
may contribute to etiology in PD [13]. Recently,
our research group discovered that a decrease in the
level of brain-derived neurotrophic factor (BNDF)
and in the activity of Protein Kinase A (PKA)—a
well-characterized ser/thr kinase that modulates
critical neuronal functions, including neuronal plas-
ticity, survival, and development- contributes to

mitochondrial dysfunction, oxidative stress and loss
of dendritic arbors in midbrain dopamine neurons in
PINK1-deficient rodents [13, 14]. In aggregate, these
observations in experimental animal models of PD
suggest that restoring PKA signaling in the midbrain
may be a therapeutic alternative to reverse the loss of
SN neurons in PD.

Unfortunately, standard of care for PD does not
alter the course of the disease [15]. In addition to
the non-disease modifying nature of PD therapies,
which consists of replenishing the loss in dopamine
through oral or intramuscular administration of Lev-
odopa, as well as providing other pharmaceutical
alternatives to PD patients who are resistant to Lev-
odopa treatment, including anticholinergics agents,
dopaminergic agonists, catechol o-methyl transferase
(COMT) inhibitors, and inhibitors of MAO-B, induce
significant side effect profiles resulting from the
delivery of dopamine to extra-striatal regions [16, 17].
Recent developments in the treatment of PD have
explored a host of therapeutic alternatives, ranging
from providing neurotrophic factors, gene-mediated
regenerative therapies to drug repurposing existing
FDA-approved drugs [18]. However, many of these
therapeutic pursuits are invasive and carry their risks.
Meanwhile, the development of more effective, non-
invasive, and disease-modifying agents has never
been more urgent.

Forskolin is a labdane-type diterpenoid made
within the plant Coleus forskohlii, native to India and
Southeast Asia. The compound itself is synthesized
within the cells that contain structures known as oil
bodies which are themselves stored inside cells within
the bark of the root [19, 20 1981]. Interestingly, as
an efficient adenylate cyclase activator that elevates
the intracellular levels of cyclic AMP [21], Forskolin
has shown great potential as a neuroprotective agent
with the capacity for neurogenesis by enhancing PKA
activity. In a recent study, Forskolin was shown to
prevent the death of rat cerebellar neurons in vitro
from damage induced by the long-term neurotoxic
action of glutamate [22]. Forskolin is currently a safe,
commercially available oral weight loss supplement
worldwide with reported benefits [23, 24]. While
some research studies have suggested that Forskolin
may confer neuroprotection of neurons against a dif-
ferent toxic insults, its neuroprotective potential in
the treatment of PD remains to be explored.

The objective of the present study was to com-
pare the efficacy of a natural compound, Forskolin,
to the current standard of care therapy, Levodopa,
in the treatment of PD in the PINK-1 Knockout
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(PINK1-KO) [14, 25] rat model, a bone fide model
of PD that faithfully recapitulates robust loss of SN
neurons, exhibits impaired motor performance, loss
of brain energy production, and corporeal fatigue as
evident by a significant reduction in hindlimb strength
[14]. By restoring the level of PKA activity in the
brain, we hypothesized that Forskolin could improve
motor symptoms, as measured by grip strength and
motor coordination by using beam balance, to a
greater extent than the Levodopa treatments. We
also hypothesized that Forskolin has the capacity to
restore energy production in the SN [26] in PINK1
KO rats and could restore the loss of dopaminer-
gic neurons. Lastly, we hypothesized that Forskolin
injection treatment could restore the loss of PKA
activity observed in the SN in PINK1-KO rats.

METHODS
Animal procedures

All in vivo studies were performed following
the National Institutes of Health Office of Labora-
tory Animal Welfare Policy and Institutional Animal
Care and Use Committee (IACUC) at the Univer-
sity of Nevada, Reno (protocol #20-09-1086). In
brief, male and female WT (Charles River Labora-
tories International, Inc.) and PINK1-KO (Horizon
Discovery) Long-Evans rats at 10 months old were
used for assessing for motor function and immuno-
histochemistry (IHC) studies. The following cohorts
of animalsgroups were used for this study: 1) 14-
month-old female PINK1-KO rats were used for the
Forskolin vs. Levodopa study, and 2) female WT and
PINK1-KO 11-month-old rats were used for the phar-
macological “washout” studies to analyze the extent
that Forskolin confers anti-PD effects following the
intraperitoneal (I.P.) administration of the last dose.
The animals were maintained under controlled tem-
perature 25-26°C, 12h light/dark cycle, with food
and water ad libitum. Importantly, all animals were
humanly treated per ARRIVE guidelines and individ-
ually caged three days before the behavioral assays.

Motor coordination and grip strength test

Every motor coordination and grip strength trial
were recorded before (basal — “day 0”) and after the
treatment with drugs (treated — “day 10”), and every
week after for the “washout” assay (week 2 to 7) and
Levodopa assay (week 2 to 4).

Grip strength assays

The grip strength test is a well-validated behav-
ioral test used to measure rodent muscle strength of
the hindlimbs (HL) and forelimbs (FL) [27]. This in
vivo assay estimates the rat grip force on FL and HL.
By employing a dynamometer, the rat grip strength
(g) was normalized to the weight of each animal
(kg) under baseline conditions (saline treated) and in
pharmacologically-treated rats. The highest strength
value for each rat was recorded and considered as the
maximum muscular force.

The beam balance (BB) test measures the equi-
librium and fine motor coordination in animals by
allowing rats to cross through an inclined, 1-meter
long beam from an open space to an enclosed dark
box at varying widths (2—6 cm) [28]. Briefly, a beam
balance apparatus (Panlab Harvard Apparatus) com-
posed of a dark box and two ledges tapered beams of
2cm (6 cm for training) mounted on two tripods at
an angle of 15° from the floor (modified from Tung
et al. [29]), with the highest point set at 90 cm from
the level of the dark box. The setup included a safety
ledge mounted below the beam and a light source at
the end of the beam to motivate the animals to climb
the beam up to the dark box as described in Sweis et
al. [30] with minor modifications.

During the training phase, animals were trained
once on two beams of gradually decreasing widths,
followed by three trials at the 2 cm beam with 30s
of rest between attempts upon reaching the dark box
the next day as previously published [30]. The cross-
time of each beam (s) and the number of slips were
measured by using the JWatcher™ software (version
0.9). To adhere to the guideline of rigor and reduce
bias, it is worth nothing that the number of foot slips
and falls were quantified blind to the observer record-
ing and analyzing the videos (genotype or treatments
were not known for each animal). Additionally, only
the number of foot slips and falls were scored for
each animal only for the time frames in which the
animal was advancing towards the dark box at the
end of the beam balance. To assess the rat’s behav-
ioral performance on the BB, we assigned a value of
1 point to each foot slip, whereas a value of 2 points
was assigned for each fall (value of 2). Both metrics
were compiled as one score termed the Total Score
(TS) value.

Pharmacological treatments of rats

The animals were subjected to intraperitoneal (I.P.)
administration of Forskolin (1.6 mg/kg body weight)
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atdays 1, 3,5, 7,and 9 or with saline solution (vehicle
control). As an additional control, some animals were
left untreated to analyze any placebo effects caused
by the saline solution. Overall, the following con-
trol and experimental groups were assigned: 1) WT
rats intraperitoneally injected with vehicle (PBS 1x
10 % DMSO, WT), PINKI1-KO rats injected with
Forskolin (Fsk), and the PINK1-KO rats injected with
the vehicle (Veh).

Washout studies with Forskolin

To measure the long-term effects of Forskolin,
we designed a “washout” study using three groups
of animals (WT, Veh, and Fsk). Eleven-month-old
female rats were used for this study; the weight,
crossing time, and motor coordination tests were
recorded for baseline performance prior to the phar-
macological treatments and analyzed again following
LP. injections with Forskolin (1.6 mg/kg) or Lev-
odopa (12 mg/kg) and analyzed described above. The
Forskolin treatment consisted of an LP. injection
of Forskolin or vehicle at days 1, 3, 5, 7, and 9.
The behavioral tests were recorded weekly until the
effects of Forskolin treatment wore off (week 2—6).

To evaluate the performance of Forskolin vs. Lev-
odopa in terms of reducing motor symptoms and
corporeal fatigue in PINK1-KO rats, we performed
additional beam balance and grip strength studies in
a select cohort of symptomatic PINK1-KO rats that
were intraperitoneally treated with vehicle control,
Forskolin, or with Levodopa. This study consists of
two groups of 14-month-old female PINK1-KO rats;
the Forskolin treated and the Levodopa-treated group.

The Levodopa group consisted of PINK1-KO rats
that were treated with an L.P. injection of Levodopa
(10mg/kg body weight) and Carbidopa (12 mg/kg
body weight) one hour before performing the beam
balance test ten days following the last dose as pre-
viously published [31]. On day 11, animals were
subjected to another dose of Levodopa/Carbidopa
for another week before performing another assess-
ment of motor coordination using the beam balance
(week 2). Finally, the motor coordination test was
performed as described above for an additional two
weeks (weeks 3 and 4). The animals in the Forskolin
group (Fsk) were dosed as described previously, with
the sequential I.P. administration of Forskolin on days
1,3,5,7, and 9 and analyzed for motor coordination
for four weeks in a similar manner as the Levodopa-
treated animals.

Preparation of brain slice

The rats were anesthetized with isoflurane
(5%) and perfused transcardially with 120mL
(10 mL/min) of artificial cerebrospinal fluid solution
(120 mM NaCl, 3.5 mM KCl, 1.3 mM CaCl2, 1 mM
MgCI2, 0.4mM KH2PO4, 5mM HEPES, 10 mM
Glucose, pH 7.4) at 37°C. The right hemisphere was
preserved for assessment of brain energy production
by using the XF24°¢ Seahorse Analyzer (see below),
whereas the left hemisphere was saved for perform-
ing downstream IHC-mediated analysis of loss of
dopamine neuron in the SN as further described
below. The specific brain coordinates used to obtain
slices from the prefrontal cortex (PFC) and the SN
were localized using the stereotaxic atlas for rats from
Paxinos and Watson [32].

Assessment of energy production in the brain

To assess the effects of Forskolin on brain energy
production, an XF24¢ Extracellular Flux Analyzer
was employed to measure the real-time oxygen con-
sumption rates (OCRs) and extracellular acidification
rates (ECARs), as proxies of mitochondrial func-
tion and glycolysis, respectively. Coronal sections
of 150 wm thickness of the right hemispheres were
obtained by employing a vibratome (VT 1200S, Leica
Microsystems, Germany). For this assay, we ana-
lyzed the bioenergetic profile in five brain slices
per animal that were placed into the wells of a
24 well islet capture microplate (XF24 islet cap-
ture microplate, Seahorse Bioscience). Subsequently,
OCRs and ECARs were measured by following a
protocol previously published [14]. In brief, biopsy
punches of 1.2 mm diameter from each brain region
were isolated and mounted on the bottom of each
well from the plate. Mesh capture screens, previ-
ously submerged in XF Base Medium were carefully
mounted immediately over the tissue, and 700 wL of
Agilent Seahorse XF Base Medium (supplemented
with 2mM L-glutamine, 1 mM Na pyruvate, 10 mM
glucose and 4 mg/ml BSA, pH 7.4) was added into
each well.

Three dilutions of pharmacological reagents/
toxins were prepared in XF Medium as follows:
25uM oligomycin from Streptomyces diasta-
tochromogenes (1404-19-9, Sigma Aldrich), 15 uM
carbonyl cyanide 4-(trifluoromethoxy) phenylhydra-
zone (FCCP, 370-86-86, Sigma Aldrich) and a
mixture of 20 wM antimycin-A from Streptomyces
sp. (1397-94-0, Sigma Aldrich) containing 20 uM
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rotenone (R8875, Sigma Aldrich). Briefly, 75 pL of
each drug were injected successively in a final vol-
ume of 925 pL in each well. Four wells, one per row,
were employed as blank wells for each 24 well Sea-
horse microplate. To perform the mitochondrial stress
assay using the XF24¢ Analyzer, we followed a well-
validated protocol [14]. Each measuring cycle was
programmed to consist of 3 min of mixing, 3 min
of waiting, and OCRs and ECARs were measured
for 2 min. In addition, five cycles were employed to
analyze the baseline OCRs, seven cycles were used
to evaluate ATP-dependent OCRs (oligomycin), five
measurements were used to measure maximal OCRs
(FCCP), and six cycles to evaluate mitochondrial-
dependent OCRs.

Finally, the bioenergetics parameters in brain slices
were recorded in accordance with the manufacturer’s
recommendation (XF24¢ Extracellular Flux Ana-
lyzer Agilent Technologies): the non-mitochondrial
OCRs, basal respiration, the maximal respiration, the
proton (H+) leak, ATP production, and spare respi-
ratory capacity. Also, the basal glycolysis and the
glycolytic capacity as ECARs parameters were ana-
lyzed for each brain slice.

Immunofluorescence assay

Indirect immunolabeling of brain slices was
performed as previously published [14] with the fol-
lowing minor modifications. Shortly, the left cerebral
hemispheres from treated rats were fixed with 4 %
paraformaldehyde (PFA, w/v), dehydrated by using
a gradient of sucrose solution (10%, 20%, and 30%).
Then, the brain hemisphere was embedded in a mix-
ture of Optimial Cutting Temperature (OCT) media
containing 30% sucrose, frozen with liquid nitro-
gen snap frozen, then stored at —80°C and sliced
in a cryostat (Leica CM1510-S). The SN was sec-
tioned in 12 pm brain slices (stereotaxic coordinates
were: 2.88 mm to 4.32 mm from the interaural line
and —6.12 mm to —4.64 mm from bregma according
to Paxinos and Watson [32]), collected on pre-coated
slides (Superfrost Plus Gold Microscope Slides,
Fisher Scientific) and stored at —20°C until used.

The tissue was blocked and permeabilized 1 h
by using a 3 % bovine serum albumin (BSA) with
0.05 % Triton X-100 in PBS (BSA - 1x PBS-T),
then incubated for 2 h with tyrosine hydroxylase
(TH) antibody (Thermo Fisher Scientific P21962,
1:400) in primary antibody solution (1x PBS 1.5%
BSA), CREB (1:500 in 2.5% BSA & TBST; 9197S;
Cell Signaling Technology, Denver, MA), or with

Phospho-CREB (Ser'3%) (1:100 in 2.5% BSA &
TBST; 9198S; Cell Signaling Technology, Denver,
MA). Next, the brain slices were washed extensively
in 1X PBS-T, 10 min per wash, three times, and then
incubated with the secondary antibody (Alexa Fluor
647, goat anti-rabbit IgG, 1:1000). Finally, nuclei
were labeled by exposing the tissue to nucleic acid
stain 4’,6-diamidino-2-phenylindole dihydrochloride
(DAPI) mixed in a solution of 70% glycerol at a
final concentration of 1.25 pg/ml to visualize nuclei.
The brain slices were then cover-slipped and imaged
by using an EVOS-FL Cell Imaging System (Life
Technologies) equipped with EVOS Light cubes spe-
cific for GFP (excitation/emission of 470/510 nm),
RFP (excitation/emission of 531/593 nm), and Cy5
(excitation/emission of 628/692 nm), at magnifica-
tions of 20 x (numeric aperture 0.45) or 40 x (numeric
aperture 0.60). Epifluorescence images of TH-stained
neurons were captured with a 4X objective. The
collected images were analyzed using ImageJ 1.50i
software.

In order to assess the loss of SN dopamine neurons
as a consequence of a loss of endogenous PINK1
in PINK1-KO rats or assess for a rescue of neu-
rodegeneration by Forskolin treatment, the integrated
fluorescence intensity, mean fluorescence density
over the area of the region of interest (ROI), was
measured over the TH-specific area of each immunos-
tained brains slice as quantified by using NIH ImageJ
(Bethesda, MD, version 1.50i). The integrated den-
sity was then normalized to the total number of cells in
the ROI based on DAPI staining. The ratio of the inte-
grated density of TH by DAPI counts is an accurate
and well accepted metric to assess for neurodegen-
eration of midbrain dopamine neurons as previously
published [14].

PKA activity assay

The rats were anesthetized by using 5% isoflurane
and transcardially perfused with saline solution as
described above (Preparation of Brain Slice section).
The brain was then harvested, collected, and washed
in ice-cold 1x PBS solution. The midbrain samples
were obtained as described before by employing the
following brain coordinates: 2.88 mm to 4.32 mm
from interaural line and —6.12 mm to —4.64 mm from
bregma. 100 mg of tissue from the midbrain was then
homogenized in 1 mL ice-cold lysis buffer (HEPES
25 mM, NaCl 150 mM, EDTA 5 mM, 10% glycerol,
and 1% Triton-x100) followed by performing 20-25
strokes by using the tissue glass homogenizer. The
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1 mL processed tissue was subsequently centrifuged
(14,500 rpm, 30 min at 4°C), and the supernatant was
collected and transferred to a new 1.5 mL tube. The
protein quantification was performed by using the
BCA reagent kit, and the sample was stored at —80°C
until used.

The PKA assay was then performed per the man-
ufacturer’s instructions with some modifications as
previously published [13]. To assess for PKA activity,
one duplicate sample of each tissue from each ani-
mal was treated with the pharmacological inhibitor
of PKA N-{{(2E)-3-(4-Bromophenyl)prop-2-en-1-
yl}amino }ethyl)isoquinoline-5-sulfonamide (H-89,
10 M) in order to calculate the PKA activity and
subtract from the total activity in the sample.

Specifically, 1 pl of lysate containing 0.25 g of
total protein was added to the well with 29 pl of
kinase buffer assay, and 10 pl of ATP was added to
each well except the blank to start the reaction. The
96-well plate was then incubated for 25 min at 30°C,
and the reaction was stopped by emptying the con-
tents of each well. Then, 40 ul of Phosphospecific
Substrate Antibody to each well were added (except
the blank) and incubated at room temperature for
60 min. The plate was washed by adding 100 pl 1X
Wash Buffer 4 times. After that, 40 pl of diluted Anti-
Rabbit HRP conjugated IgG secondary antibody was
added to each well (except the blank) and incubated
at room temperature for 30 min. The washing step
was repeated 4x, 100 pl per well. Finally, the 60 .l
of 3,3/,5,5'-Tetramethylbenzidine (TMB) substrate to
each well was added and incubated at room tempera-
ture for 5 min. The colorimetric reaction was stopped
by adding 20 pl of stop solution to each well, and the
absorbance was measured at 450 nm.

Statistical analyses

Unless otherwise indicated, all in vivo and in vitro
data are expressed as mean &+ S.E.M. from at least
three independent experiments or from at least 4-5
animals per experimental condition. Behavioral data
from rats prior and after pharmacological admin-
istration to Forskolin, Levodopa, or saline solution
(vehicle) were analyzed by employing a Student’s
t-test (two-tailed) for pairwise comparisons or by
Multiple group comparisons were done by perform-
ing one-way ANOVA followed by a Mann Whitney’s
test for non-parametric data followed by Bonferroni-
corrected Tukey’s test by using the GraphPad Prism
software (version 6.0). p values less than 0.05 were
considered statistically significant.

RESULTS

Unlike PINK1-KO mice, PINK1-KO rats recapitu-
late many symptoms of PD, including uncoordinated
motor movement, loss of balance and gait, and
decreased hindlimb muscle strength—an indicated
of chronic fatigue—accompanied by overt loss of
midbrain dopamine neurons and concomitant accu-
mulation of phosphorylated a-synuclein [20, 25,
33-35]. Additionally, PINK1-KO rats show signif-
icant neurochemical and bioenergetic alterations in
the midbrain and PFC and a significantly decreased
level of brain-derived neurotrophic factor (BDNF)
and various antioxidant proteins [14, 25, 33]. Given
that pharmacological upregulation of PKA signaling
or by applying molecular biology approaches (e.g.,
transient expression of PKA holoenzyme), can com-
pensate for mitochondrial dysfunction, reverse the
loss of ATP production and transmembrane poten-
tial, as well reverse the loss of dendrites induced by
loss of PINK1 function in neurons [13, 36], we sur-
mised that pharmacological activation of PKA via
I.P. administration of Forskolin, a strong pharmaco-
logical activator of cyclic AMP-mediated signaling
pathways [37], can exert neuroprotective effects in
symptomatic PINK1-KO rats in a similar manner as
observed in PINK1-deficient cells (PINK1-deficient
SH-SYSY neuroblastoma cells and primary corti-
cal neurons) [13, 36]. To test this hypothesis, we
evaluated the effects of intraperitoneal injection of
Forskolin on motor symptoms, corporeal fatigue, loss
of SN neurons, and brain metabolism by employing
a battery of pre-validated behavioral and biochemi-
cal tests approaches as published [14] and as further
described below.

Intraperitoneal administration of Forskolin
reverses motor symptoms and hindlimb fatigue in
PINK1-KO rats

Consistent with prior literature [14, 25], both male
and female 10-month-old PINK1-KO rats show
significantly impaired motor coordination and hind
motor strength as assessed by the beam balance and
grip strength analyzer, respectively. Indeed, PINK1-
KO rats showed a significant two-fold increase in
the number of foot slips and falls from the balance
beam relative to 10-month-old WT rats (summarized
as a total score, p <0.0001, Fig. 1), a pathology
that is concomitant with a significant 40 % decrease
in hindlimb grip strength (p <0.0001, Fig. 2). In
aggregate, our behavioral data is consistent with
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Fig. 1. Forskolin treatment improves motor coordination in PINK1-KO rats. A) Quantification of motor coordination using the aggregate
beam balance score in female WT and PINK1-KO rats that were untreated (basal), treated with vehicle (Veh) control, or treated I.P. with
Forskolin solution (Fsk) at 1.6 mg/kg for 10 days. B) Quantification of motor coordination using the aggregate beam balance score assessed
in male WT and PINK1-KO rats that were untreated (basal), treated with vehicle (Veh) control, or with Forskolin solution (Fsk) at 1.6 mg/kg
for 10 days. C) Aggregate beam balance test scores in other females and males of WT and PINK1-KO rats that were untreated (basal),
treated with vehicle (Veh) control, or treated I.P. with Forskolin solution (Fsk) at 1.6 mg/kg for 10 days. Note that the higher the score is
a collective measure of both the mean number of slips and falls per crossing in the beam balance as previously published. The data shows
that Forskolin completely reduced the impaired motor coordination in PINK1-KO rats to a similar level as in untreated or vehicle-treated
WT rats. D) “Washout” studies showing the balance beam test score of female WT LP. treated with vehicle (WT), and PINK1-KO rats, with
vehicle (Veh) or treated with Forskolin solution (Fsk) at 1.6 mg/kg for 10 days. The magenta dashed arrow indicates the start of the indicated
treatment, and the solid arrow shows the end of the treatment. For A, B, and C, six animals were employed per group, whereas three animals
per group were used in D. Data are expressed as the total score per crossing. Mean + SEM. n=8-11 animals per group, *p < 0.05, one-way
ANOVA with Tukey’s multiple comparisons test. A #p <0.05 vs. Fsk group; *p <0.05 vs. WT group.

prior reports that have observed significant onset rats [14]. As in the beam balance test, we observed
of motor symptoms in middle-aged PINK1-KO rats gender-related differences in hindlimb grip strength.
[14, 25, 31, 33, 38, 39]. Interestingly, we observed Specifically, male 10-month-old PINK1-KO rats
gender-related differences in both motor deficits and showed a more accentuated reduction in hindlimb
hindlimb fatigue in PINK1-KO rats. Specifically, we grip strength (~60% reduction) compared to WT
observed significant motor deficits accentuated in rats, whereas female rats showed a more modest
10-month-old male rats compared to age-matched reduction in hindlimb grip strength (~25% reduc-
WT rats, whereas a more modest effect was observed tion) compared to WT rats (Fig. 2A, B). While there
in female PINK1-KO rats (Figs. 1 and 2). Overall, were no significant differences between WT males
our behavioral data suggest that PINK1-KO male and females with respect to motor coordination as
rats show exacerbated motor deficits (p < 0.05) with assessed by the balance beam test (p =0.7425), there
respect to the PINK1-KO female rats, a pathology was a significant difference in hindlimb grip strength
that is consistent with the reduced motor deficit pre- in age-matched WT males compared to age-matched

viously observed in young 2-month-old PINK1-KO WT females (Fig. 2, p <0.01). Therefore, in light
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Fig. 2. Forskolin treatment reversed muscle fatigue in the hindlimbs of PINK1-KO rats. A) Compiled analysis of grip strength in the hind
limbs as assessed by a grip strength analyzer in female WT and PINK1 KO rats that were left untreated (basal), or L.P. treated with vehicle
(Veh), or with Forskolin solution (Fsk) at 1.6 mg/kg for 10 days or in B) male WT and PINK1-KO rats, or C) aggregated grip strength data
for both male and female rats. D) Representative line graphs of a longitudinal washout study that assessed the mean grip strength in the
hindlimbs of female WT treated or PINK1-KO rats that were left untreated (Basal) or LP. treated with vehicle (Veh) or treated with Forskolin
solution (Fsk). The magenta dashed arrow indicates the start of the treatment, whereas the solid arrow shows the end of the treatment. Data
are expressed as the total score per crossing (Mean &= SEM. *p < 0.05, One-way ANOVA with Tukey’s multiple comparisons test, n=_8-11
animals per group, A #=significant to Fsk group; * = significant to WT group).

of these gender-based differences in hindlimb grip
strength, we disaggregated all behavioral data based
on gender and normalized value to its same-gender
control group in subsequent in vivo assays.

Next, we assessed the effects of pharmacolog-
ical enhancement of cAMP-dependent increase of
PKA signaling in the brain and PD symptoms in
PINK1-KO rats. Specifically, treatment of PINK1-
KO rats with L.P. injections of Forskolin (1.6 mg/kg
body weight 5X for 10 days) significantly improved
the balance beam performance of PINKI1-KO rats
as evident by a 55% decrease in the balance beam
total score observed in Forskolin-treated PINKI1-
KO rats compared with untreated PINK1-KO basal
values (p <0.0001), and 41% with respect to the
vehicle-treated group (Fig. 1A-C, p <0.05). While
it is clear that L.P. injections of Forskolin signifi-
cantly improves motor performance in 10-month-old

PINK1-KOrrats, it is worth noting that vehicle-treated
PINK1-KO rats showed a modest but significant
improvement compared to untreated PINK1-KO rats
(24% improvement, p <0.05), which were not sub-
jected to the beam balance test. This effect may be
attributed to “intrinsic improvement”, a behavioral
phenomenon observed in rats that show enhanced
motor performance induced by practice and progres-
sive learning in rats that are subjected to the repeated
crossing of beam balance irrespective of any experi-
mental conditions [40, 41]. Nevertheless, PINK1-KO
rats treated with Forskolin showed a statistically sig-
nificant improvement in motor performance control
regardless of gender compared to those solely treated
with the vehicle (Fig. 1A-C). With respect to hindlimb
grip strength, we observed a 22% significant increase
in hindlimb grip strength in Forskolin-treated PINK1-
KO rats compared to untreated PINK 1-KO rats and to
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a similar extent as vehicle-treated animals (Fig. 2C).
In addition, I.P. administration of Forskolin was
able to completely restore hindlimb grip strength
in both females and males to a similar manner as
in WT rats (Fig. 2A, B). It is worth noting that
no statistical differences were observed between
untreated/vehicle-treated WT rats and PINKI1-KO
rats treated with Forskolin, suggesting that pharmaco-
logical activation of the cAMP-PKA pathway reduces
motor deficits and elevated hindlimb muscle strength
in Parkinsonian rats in a similar manner as in WT rats.

Next, we evaluated the extent to which the in vivo
neuroprotective effects of Forskolin persist follow-
ing L.P. administration (1.6 mg/kg body weight 5X
for 10 days) by performing “washout” studies in a
cohort of severely symptomatic PINK1-KO rats. In
an analogous manner to human clinical trials, the
“washout” period in our animal studies is defined
as the time by which PINK1-KO rats receive no
additional “treatment” (Forskolin) and subsequently
analyzed for motor performance and hindlimb mus-
cle strength once a week for up to 6 weeks during the
washout phase (immediately following the last dose)
until the neuroprotective effects of Forskolin dissi-
pated. Given that middle-aged male PINK1-KO rats
gained excessive bodyweight compared to female rats
(Supplementary Figure 1), we decided to perform the
washout studies in symptomatic female 11-month-
old PINK1-KO rats only as part of our study design
and to rule out any undesired body mass effect and
increase the rigor of our in vivo washout studies.
Remarkably, Forskolin was able to efficiently reduce
motor deficits and restore hindlimb muscle strength
in a similar manner as in WT rats lasted at least three
weeks (Fig. 1B). Interestingly, the anti-Parkinsonian
effects of Forskolin in ameliorating motor coordi-
nation in symptomatic PINK1-KO rats persisted for
three weeks before the animals “relapsed” follow-
ing cessation of treatment, whereas the ability of
Forskolin to restore hindlimb strength lasted more
than five weeks with no indication of potential relapse
at the observed time frame (Fig. 2D). In aggregate,
our behavioral data suggest that [.P. administration of
Forskolin can restore motor coordination and reverse
muscle fatigue in symptomatic 10-month-old PINK1-
KO rats.

Consistent with other studies, we observed that
PINK1-KO rats significantly gained an excessive
amount of weight by 10 months of age compared
with WT age-matched rats (Supplementary Figure 1)
[14]. Given that Forskolin has been used over the
years as an over-the-counter drug for weight loss,

it is conceivable that long-term I.P. administration
of Forskolin can induce significant weight loss and
thereby improve motor coordination in PINK1-KO
rats due to the potential thermogenic effects induced
by consumption of Forskolin in animals and humans.
However, this is not the case as we observed no sig-
nificant differences in the mean weight of PINK1-KO
rats treated with Forskolin compared to untreated or
vehicle-treated rats for up to five weeks during the
washout studies (Supplementary Figure 1).
Interestingly, we observed that 10-month-old
PINK1-KO rats showed significantly reduced beam
balance crossing times with respect to WT rats
irrespective of the treatment (vehicle or Forskolin),
presumably due to the hyperkinetic behavior obser-
ved in middle-aged PINKI1-KO rats as reported
by other groups [42]. However, we observed no
significant differences between vehicle-treated and
Forskolin-treated PINK1-KO rats, suggesting that
Forskolin does not enhance locomotion speed in
PINK1-KO rats (Supplementary Figure 1).

Intraperitoneal administration of Forskolin can
reverse the bioenergetic alterations in the SN of
PINK1-KO rats

We have previously shown that 2-month-old
PINK1-KO rats showed bioenergetic alterations in
the brain [14]. Given that Forskolin, or enhance-
ment of PKA-mediated signaling, can compensate
for the loss in oxidative phosphorylation, reverse
Drpl-dependent mitochondrial fission, and elevated
oxidative stress in PINKI1-deficient cortical neu-
rons [13, 36], we wanted to evaluate the extent by
Forskolin can reverse the deficit in mitochondrial res-
piration and glycolysis in SN dopamine neurons in
PINK1-KO rats [14] by using the XF24¢ Extracel-
lular Flux metabolic Bioanalyzer. Specifically, we
evaluated the bioenergetic profile (oxidative phos-
phorylation and glycolysis) in I mm x 1 mm, 10 pm
thick slices of the SN [26] and of the PFC derived
from WT and PINK1-KO rats treated with either
vehicle alone or with L.P. injection with Forskolin
(1.6mg/kg) for 10 days (Fig. 3). In brief, our
aggregate bioenergetic data show that the lack of
endogenous PINKI1 induces a significant decrease
in both the basal (p <0.05, Fig. 3A, C) and max-
imal mitochondrial respiration (p <0.01, Fig. 3E),
decreased proton leak (p <0.01, Fig. 3G) along with
a modest decrease of the non-mitochondrial oxy-
gen consumption (Fig. 3D) in the SN of PINK1-KO
rats compared to WT rats, whereas no statistical
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Fig. 3. Forskolin restores total energy production in Substantia nigra (SN) of PINK1-KO rats. A) Representative trace for an oxygen
consumption rate (OCR) assessment in midbrain slices derived from 10-month-old WT vs. PINK1-KO rats, B) representative trace for a
Extracellular Acidification Rate (ECARs) assessment in midbrain slices derived from 10-month-old WT vs. PINK1-KO rats as measured
from an XF24° Seahorse BioAnalyzer in SN slices treated with vehicle, untreated or with 1.6 mg/kg of Forskolin by I.P. administration for 10
days. The following bioenergetic parameters were calculated from at least three mitochondrial respiration and glycolysis assays, including:
C) Basal respiration, D) Non-mitochondrial oxygen consumption rate. E) Maximal respiration. F) Spare respiratory capacity. G) Proton
leak. H) ATP production, I) Basal glycolysis, and J) Glycolytic capacity. (Mean = SEM. *p < 0.05, one-way ANOVA with Tukey’s multiple

comparisons test, n=8-11 animals per treatment group).

changes were observed in PFC (data not shown).
In addition, 10-month-old PINK1-KO rats showed
a robust decrease in basal and maximal glycolytic
rates (glycolysis) as measured by the basal and
maximal ECARs (p <0.05, Fig. 3B, I-J), whereas
only a non-significant decrease in glycolytic capacity
(also known as maximal glycolysis) was observed in
PINK1-KO rats relative to WT rats (Fig. 3J). Thus
far, our bioenergetic data indicate that PINK1-KO
rats show a significant decrease in both glycolysis
and oxidative phosphorylation in the SN.

Conversely, I.P. administration of Forskolin for 10
days completely restored many parameters of OCRs
and ECARs in the SN derived from 10-month-old
PINK1-KO rats similarly as age-matched WT rats,
including basal OCR (p < 0.01, Fig. 3C) and maximal
(p <0.001, Fig. 3E) OCRs, the non-mitochondrial
OCRs (p <0.05, Fig. 3D), proton leak (p <0.01,
Fig. 3G), and in basal glycolysis (p <0.01, Fig. 31)
to a similar extent as SN slices derived from WT
rats. Overall, our bioenergetic data suggest that acti-
vation of cyclic AMP-dependent signaling via LP.
administration of Forskolin can reverse the mito-
chondrial pathology and bioenergetic deficiencies in
symptomatic PINK1-KO rats, presumably by elevat-
ing PKA signaling in the mitochondrion via the PKA
scaffold Dual Specificity A-kinase anchoring protein
1 (D-AKAP1) [36].

Moreover, in order to understand the bioener-
getic alterations induced by loss of PINK1 and the
extent that Forskolin can reverse an imbalance in
energy landscape in Parkinsonian rats, we analyzed
the OCR/ECAR ratios for the baseline state (basal
OCR/ECAR) in addition to the maximum bioener-
getic potential as measured when the mitochondrial
membrane potential is collapsed by the mitochon-
drial uncoupler FCCP (maximal OCR/ECAR) as
previously published but with the minor modifica-
tions [14]. In brief, we observed that in SN slices,
the lack of PINKI1 elicits an unexpected increase in
OCRS/ECARs ratio and as well as an increase in
maximal OCRSs/ECARs, as stimulated when brain
slices are incubated in the presence of FCCP (Sup-
plementary Figure 2), data that is consistent with our

prior observations in PBMCs derived from young
PINK1-KO rats [14]. Overall, the increase in the
OCRS/ECARs ratio is likely a consequence of the
more profound reduction in ECARs relative to the
reduction in OCRs in PINK1-KO rats, given that
both bioenergetic metrics are altered to some level
(Fig. 3). However, we observed that PFC slices
derived from PINK1-KO rats showed a metabolically
switch from oxidative phosphorylation to glycoly-
sis compared to WT rats, indicating a “pervasive”
metabolic dysregulation in the brain that warrants fur-
ther investigation. However, in both the SN and the
PFC, Forskolin restored the OCR/ECAR ratio (bioen-
ergetic landscape) to a similar extent as in WT rats
(Supplementary Figure 2).

Forskolin reverses the loss of TH neurons in
10-month-old PINKI-KO rats

Consistent with other research groups, our IHC
analysis of midbrain dopamine neurons in SN slices
show that PINKI-KO rats experienced significant
neurodegeneration in the SN as evident by a sig-
nificant reduction in the TH-specific fluorescence
in midbrain slices compared to age-matched WT
rats at 10 months of age (p <0.01, Fig. 4) [33,
38]. To assess the prevalence of TH-stained neu-
rons in each SN slice, the integrated TH-specific
fluorescence intensity for each representative epiflu-
orescence micrograph was normalized the SN to the
number of nuclei identified by DAPI staining. Given
that I.P. administration of Forskolin elicits strong
anti-Parkinsonian effects in 10-month-old PINKI-
KO rats (Fig. 1), we then investigated whether the
ability of Forskolin in reversing motor symptoms is
associated with delaying/reversing the loss of SN
neurons. Indeed, we observed that I.P. administra-
tion of Forskolin completely restores the TH-specific
fluorescence in the SN from 10-month-old PINK1-
KO rats to a similar extent as in age-matched
WT rats (p=0.58, WT/Veh vs. PINK1-KO/Fsk) and
significantly elevated compared to PINK1-KO rats
treated with vehicle control (p <0.01, Fig. 4). Over-
all, our data show that I.P.-mediated administration
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Fig. 4. Forskolin treatment reverses the loss of SN neurons in PINK1-KO rats. A) Representative epifluorescence micrographs of midbrain
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month-old WT rat treated with the vehicle solution or from B) 10-month-old PINK1-KO rat treated with the vehicle solution or from C)
PINK1-KO rats I.P. treated with 1.6 mg/kg body weight of Forskolin. D) Compiled analysis on the mean fluorescence intensity of TH (red
channel) in midbrain slices for the indicated treatment groups (WT, Veh, and FSK) in both male and female rats. The integrated density
for the TH-specific fluorescence signal within the SN region was quantified and normalized to the number of DAPI-stained nuclei (blue
channel) in the SN of WT rats treated with vehicle solution (WT) and PINK1-KO rats treated with vehicle solution (Veh) or Forskolin (Fsk)
(Mean =+ SEM. *p < 0.05, One-way ANOVA with Tukey’s multiple comparisons test, n =6 rats per experimental group). SNC, substantia
nigra pars compacta; SNR, substantia nigra pars reticulata; SNL, substantia nigra pars lateralis. Scale bar: 100 wm. DAPI, Blue; TH, Red.

of Forskolin can reverse the loss of SN midbrain
dopamine neurons in middle-aged PINK1-KO rats.
To determine whether the anti-Parkinsonian effects
of Forskolin (Figs. 1-3) are associated with PKA
activation in the brain, we performed PKA kinase
activity assays by using a well-validated ELISA kit
as previously published [13] but with minor modifica-
tions. Briefly, we evaluated the global PKA activity
in the SN of WT and PINK1-KO rats treated with
Forskolin or with vehicle solution. Consistent with
a reduction of PKA activity in the SN observed in
10-month-old PINK1-KO mice [13], we observed a
similar significant reduction in PKA activity in the SN
derived from PINK1-KO rats (Fig. 5). On the other
hand, the I.P. administration of Forskolin restored
PKA activity in SN derived from 10-month-old

PINK1-KO rats to a similar manner as age-matched
WT rats. In further support of activation of PKA-
related pathways by Forskolin, Western blot of lysates
from the substantia nigra collected from WT or
PINK1-KOrats treated with vehicle or I.P administra-
tion of Forskolin showed that Forskolin treatment was
able to significantly reverse the loss in PKA-mediated
phosphorylation of CREB (Serine 133) in PINKI1-
KO rats. Additionally, Forskolin in PINK1-KO rats
achieved a modestly but significantly increase in
p-CREB compared to WT rats treated with vehi-
cle control (Supplementary Figure 3). In summary,
our data suggest that the anti-Parkinsonian effects of
Forskolin are causally linked to its ability to reverse
the loss of PKA activity in the midbrain of Parkinso-
nian rats.
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group (B). (Mean £ SEM. *p < 0.05, unpaired two-tailed -test, 3-6 animals per group).

The ability of Forskolin to reverse motor
symptoms of PD and corporeal fatigue are
long-lasting

To date, there are no disease-modifying treat-
ments for PD. Standard of care only provides
symptomatic relief via oral or I.P. administration of
Levodopa/Carbidopa in PD patients by replenishing
the loss of dopamine in the central nervous sys-
tem. Given the significant anti-Parkinsonian effects
induced by LP. administration of Forskolin in
symptomatic PINK1-KO rats (Figs. 1-3), we then
performed longitudinal in vivo studies to investigate
the therapeutic efficacy of Forskolin in symptomatic
PINK1-KO rats compared to standard of care (Lev-
odopa/Carbidopa). To this end, another cohort of
animals consisting of two groups of three symp-
tomatic, female PINK1-KO rats with similar body
weight and motor symptom scores were either L.P.
injected with Levodopa/Carbidopa or with Forskolin
for up to ten days, once a day, and assessed for motor
symptoms and hindlimb strength by performing the
beam balance assays and measuring muscle strength
using the strength analyzer. As expected, I.P. adminis-
tration with Levodopa/Carbidopa significant reverse
motor symptoms as assessed by the beam balance
assay in 14-month-old PINK1-KO rats as previously
published Kelm-Nelson et al. [35], although that
research study found a non-significant effect of Lev-
odopa in reducing motor symptoms in §-month-old
PINK1-KO rats. However, the ability of Levodopa
in reversing motor deficits in female PINK1-KO rats
only lasted less than a week following the last dose,
consistent with its short-term therapeutic effects in
PD humans. Interestingly, no significant effects of
L.P. administration of Levodopa on hindlimb strength

were observed in 14-month-old PINK1-KO rats.
However, unlike Levodopa/Carbidopa, and consis-
tently with our previous findings, I.P. administration
of Forskolin for five days significantly eliminated
motor symptoms, and these anti-Parkinsonian effects
persisted more than two weeks following cessation of
treatments (Fig. 6A), data that is consistent with our
prior washout studies (Fig. 1D and 2D). Additionally,
unlike Levodopa/Carbidopa treatment, I.P. adminis-
tration completely restored hindlimb grip strength
which persisted more than two weeks following the
last dose (Fig. 6B).

In summary, our collective behavioral, metabolic,
and immunofluorescence data show that L.P. injec-
tion of Forskolin induces strong anti-Parkinsonian
effects, including reversing motor symptoms, bioen-
ergetic alterations, corporeal fatigue, and loss of
midbrain dopamine neurons, presumably by restoring
PKA activity in the SN of symptomatic PINKI1-
KO rats. These anti-Parkinsonian effects induced by
Forskolin, in terms of motor deficits and loss of grip
strength, are long-lasting and superior to that con-
ferred by Levodopa.

DISCUSSION

PD is the second most common neurodegenera-
tive disorder that affects nearly 1% of the population
over 50 years and 2.5% over 70 years [43, 44].
It is a progressive, debilitating neurodegenerative
disorder characterized by the loss of dopaminergic
neurons in the SN that compromises the patient qual-
ity of life [45]. PD is classified into subtypes based
on age (early-onset or late-onset), genetic linkage
(idiopathic or genetic), and phenotype, the pres-
ence of motor impairment or cognitive impairment
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Fig. 6. Intraperitoneal administration of Forskolin, but not Levodopa treatment, exhibits long-term anti-Parkinsonian effects in PINK1-KO
rats. Representative longitudinal washout studies in 10-month-old WT and PINK1-KO rats that were L.P. treated with Levodopa (green
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while Levodopa can temporarily alleviate motor symptoms, only the anti-PD effects of Forskolin persisted more than two weeks following
the cessation of treatment. Additionally, only I.P. administration of Forskolin but not Levodopa treatment was able to restore hindlimb
muscle strength significantly in PINK1-KO rats, an anti-parkinsonian effect that persists following the cessation of treatment (solid arrow,

magenta = Forskolin; Black = Levodopa).

[46]. The NMS include neuropsychiatric symptoms,
autonomic impairment, cognitive impairment, major
clinical depression, onset of bouts of anxiety, loss
of olfaction, and taste [4, 44, 47]. Motor symptoms
of PD include rigidity, bradykinesia, resting tremors,
postural and gait instability. By the time motor symp-
toms become apparent, the progression of disease is
already advanced in the patient as there is an approx-
imate more than 90% loss of dopaminergic neurons
[48]. Currently, no treatment can reverse the progres-
sion of PD.

The therapies for PD are classified based on
their target of the action. While the primary focus
of the PD treatments is to stabilize the dopamin-
ergic and neurotransmitter system impairment of
the brain, the alleviation of motor and NMS is
a priority for neurologists as it severely impairs
the quality of life of the PD patient, the patient
family, and caregivers [6, 49]. PD treatment also
incorporates counseling, exercise, deep brain stim-
ulation, and various pharmacological agents focused
on increasing neurotransmitter activity or reducing
the breakdown of neuronal homeostasis [18, 50,
51]. Standard of care therapy include pharmacolog-
ical agents like dopamine precursors and agonists
and enzymatic inhibitors that decrease the neuro-
transmitter breakdown, monoamine oxidase (MAQ)
inhibitors, COMT inhibitors, aromatic amino acid
decarboxylase (AAAD) inhibitors, cholinesterase
inhibitors, etc. [52]. Among these drugs, Levodopa, a
dopamine precursor, is the standard gold therapy for
controlling motor symptoms of PD [51].

Levodopa, as the others PD treatments, is pre-
scribed based the severity of the motor symptoms,
comorbidities, safety, tolerability, and cost [1]. Lev-
odopa can be administered orally, after which it is
absorbed into the bloodstream and transported to the
brain through the large neutral amino acid transporter.
Once the Levodopa reaches the brain, it is converted
to dopamine by the aromatic acid decarboxylase in
the SN pars compacta and stored in the presynaptic
neuron. When dopamine is needed, it is released into
the synaptic cleft, where it can bind to the dopamin-
ergic receptors (D1 and D2). In the intestine and
blood, Levodopa is metabolized by the AAAD and
the COMT, reducing its quantity and bioavailability
to cross the brain-blood barrier and exert its ther-
apeutic effect in the brain, co-administration with
Carbidopa is necessary [53, 54].

Despite its wondrous ability to reduce the motor
symptoms of PD, Levodopa treatment has a “wear-
off” process, which diminishes its effect over time
and requires co-administration of other drugs to fully
address the motor symptoms and maintain the life
quality of the patients at a later stage of PD [55, 56].
Furthermore, reports had shown that up to 40% of
patients treated with Levodopa develop dyskinesia
within five years of treatment initiation [53, 57-59],
with 3% of the Levodopa treated patients presenting
a severe form of dyskinesia. However, in early-
onset PD patients showing non-motor symptoms or
mild to moderate motor symptoms as the initial
treatment is avoided, other drugs like dopamine ago-
nists, cholinesterase inhibitors, etc., are prescribed to
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reduce the risk of Levodopa-induced dyskinesia [60].
Also, these drugs can be co-administered with the
Carbidopa/Levodopa treatment to reduce the daily
Levodopa dose up to 30%, reducing the onset of
Levodopa-induced dyskinesia [57, 60]. Levodopa-
induced dyskinesia is correlated with the age of onset
of PD and the length and amount of the Levodopa
treatment; therefore, early treatment with Levodopa
increases the risk of Levodopa-induced dyskinesia
[53]. Since the advent of Levodopa, the historical
perspective on standard of care treatment for PD has
shown little progress in developing proven disease
modifying therapeutics that are safe, does not induce
dyskinesias or resistance to therapy in advanced PD
patients, and with long-lasting therapeutic effects.
The present study, shows preclinical evidence in
a Parkinsonian model that Forskolin, a pharmaco-
logical enhancer of cAMP-signaling, shows potent
anti-PD effects in terms of reducing motor symp-
toms, alleviating chronic fatigue and in reversing
loss of SN neurons in a feedforward loop that pro-
motes long-lasting therapeutic effects (Figs. 1-3 and
5). Given that a reduction in global, neuroprotective
PKA signaling in the brain contributes to PD pathol-
ogy, the therapeutic effects of enhancers of cAMP
signaling was previously explored by other research
groups. Indeed, previous research groups have pro-
posed that pharmacologically-active compounds that
can “boost” cAMP production (adenylyl cyclase- AC
activators), signaling (CAMP analogs or precursors),
or that are able to reduce its breakdown (phosphodi-
esterase — PDE inhibitors) can have therapeutic use
in PD by activating or potentiating the cAMP-PKA
pathway while maintaining the dopamine agonists or
precursors side effects to the minimum [61].

PDEs are enzymes that control cAMP and
c¢GMP metabolism and act as modulators of cAMP-
dependent signaling [62]. To date, only a few clinical
studies have been conducted in a small population
of PD patients. For instance, in the study published
by Cassaccia et al. [63], PD patients were orally
administered Rolipram, a PDE inhibitor, on a double-
blind trial in conjunction with a Levodopa/Carbidopa
and with Lisuride, a dopamine receptor agonist. The
results of this small clinical study found that in a treat-
ment of 3 mg of Rolipram daily, 50% of the patients
presented modest, albeit non-significant, improve-
ment of motor symptoms, without any adverse events
noted when combined with Lisuride. Also, the lack of
evidence of the therapeutic effect of caffeine (another
PDE inhibitor) in PD, begs the question of whether
or not the modulation of cAMP levels in the brain

can be used as therapy for PD. The lack of thera-
peutic efficacy of the PDE inhibitors in PD can due
to the fact that many isoforms of PDE in the brain
have been identified (~100 PDE enzymes), and from
those, there are more than 9 that are expressed solely
in the striatum [61, 64, 65].

Our study shows the first preclinical evidence that
Forskolin exerts anti-Parkinsonian effects in vivo.
Forskolin treatment restored the motor coordination
and hindlimb grip strength of the PINKI1-KO rats
at 10-, 11-, and 14-month-old, therapeutic effects
that lasted more than five weeks following the last
day of treatment (Figs. 1 and 2). Given that female
PINK1-KO rats showed moderate motor symptoms
compared to male rats at 10-month-old (Fig. 1A,
B), we performed “washout” studies in older female
PINK1-KO rats. Our results showed that by 11
months of age, the female PINK1-KO rats demon-
strated a Parkinsonian phenotype as indicated by
the increased total score values in the balance beam
and the hindlimb grip strength fatigue (Fig. 1D
and 2D). Interestingly, the neuroprotective effects of
I.P. administaion of Forskolin in ameliorating motor
coordination in symptomatic PINK1-KO rats per-
sisted for three weeks before the animals relapsed
following cessation of treatment, whereas the abil-
ity of Forskolin to restore hindlimb strength lasted
more than five weeks (Figs. 1 and 2). In aggregate,
our behavioral data suggest that I.P. administration of
Forskolin can restore motor coordination and reverse
muscle fatigue in symptomatic 10-month-old PINK1-
KO rats. When comparing Forskolin with Levodopa,
both treatments improved the motor coordination in
PINK1-KO rats; nevertheless Forskolin induced a
long-lasting therapeutic effect in terms of reducing
motor symptoms and reverse the loss of hindlimb
strength compared to Levodopa. Previously, Kelm-
Nelsen et al. [35] tested effects of Levodopa on motor
coordination of 8-month-old PINK1-KO male rats
on a tapered beam. However, they observed no sig-
nificant improvement in the average number of foot
sls of PINK1-KO rat group treated with Levodopa.
Interestingly, we found that Forskolin induced a com-
plete restoration of hindlimb grip strength whereas
Levodopa did not have an effect (Fig. 6).

Our compiled bioenergetic data suggest that
activation of cAMP-dependent signaling via LP.
administration of Forskolin can reverse bioenergetic
deficiencies in symptomatic PINK1-KO rats (Fig. 3),
presumably by elevating PKA signaling in the mito-
chondrion via the PKA scaffold Dual Specificity
A kinase anchoring protein 1 (D-AKAP1) [36].
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Previously, Villeneuve et al. [38] reported a sig-
nificant increase in the OCRs in the striatum of
PINK1-KO rats compared to WT rats, suggesting that
the loss of PINKI1 leads to substantial bioenergetic
alterations in the striatum. Consistent with our data
(Fig. 3), Zhi et al. [66] found a substantial decrease in
the basal and maximal respiration in the SN of aged
(10-14 months) PINK1-KO mice compared to WT
mice.

Our bioergentic data in the SN of PINK1-KO rats
shows that Forskolin likely potentiates neuroprotec-
tive effects of PKA activation when mitochondria
are damaged by the lack of PINK1. The molecular
mechanism through which Forskolin enhances mito-
chondrion function in vivo may be elicited via the
activation of cAMP/PKA downstream of PINK1 [36].
Indeed, consistent with its ability to enhance oxida-
tive phosphorylation and energy level in the brain,
L.P. administration Forskolin in vivo enhances oxida-
tive phosphorylationand glycolysis in the SN (Fig. 3),
which can lead to an increase in OCRs by enhancing
complex I activity [67] or the cytochrome c oxi-
dase [68]. Previous studies have shown that Forskolin
diminishes oxidative stress and neuroinflammation
in rodents in different models of neurodegenera-
tion [21, 69, 70]. Moreover, Forskolin has been
demonstrated to enhance mitochondrial function and
elicit mitochondrial fusion via PKA-mediated phos-
phorylation of Drpl, an enhancer of mitochondrial
fission, and elevate neuronal bioenergetics, specif-
ically by enhancing oxidative phosphorylation via
PKA-mediated phosphorylation of complex I to
increase electron flow through complex I activity,
reduced level of ROS, and increase ATP produc-
tion through the ATP synthase in neuronal cells
[71], improved mitochondrial membrane potential
in stressed neurons [22, 72], and restore complex
I, II, IV and V activities in the brain, dimin-
ished the level of neuroinflammatory cytokines and
improved behavior in a rat model of autism spec-
trum disorders [73]. Our in vivo bioenergetics data
(Fig. 3) so far is consistent with Forskolin exerting an
increase oxidative phosphorylation in the substantia
nigra PINK1-KO rats which may be partly due to
downstream enhancement of PKA-mediated phos-
phorylation of complex proteins or PKA-mediated
fusion of mitochondria by phosphorylating Drpl.
Therefore, additional future studies are warranted to
determine whether PKA-mediated phosphorylation
of the mitochondrial fission mediator Drpl (Ser637)
[74, 75], a proxy of PKA activity in mitochondria
associated with neuroprotective effects against toxic

insults, and increase electron flow of complexes I
and IV are increased in mitochondria derived from
the substantia nigra from PINK1-KO rats as a poten-
tial mechanism by which Forskolin elevates oxidative
phosphorylation in vivo (Fig. 3).

In addition, our in vivo data show that I.P. admin-
istration of Forskolin is disease modifying, at least in
the PINK1-KO rat model. Indeed, I.P. administration
of Forskolin can restore the dopaminergic loss in the
SN of Parkinsonians rats (Fig. 4). Our data shows that
PINKI1-KO rats present significant neurodegenera-
tion of the SN, as evidenced by a significant reduction
in the integrated density of TH-specific fluorescence
signal in midbrain slices compared to age-mated WT
rats at 10 months. The significant reduction TH-
specific fluorescence is consistent with other groups
that reported a decrease in TH-positive neurons and
a reduction of the area of the SN [33, 38]. In the
PINK1-KO rats, the dopaminergic loss has been
controversial, some groups reported no dopaminer-
gic neurodegeneration [42] or decrease in dopamine
concentration in the SN [76], however, it is worth
noting that those studies have been conducted at an
early age (8-month-old). As previously reported, the
NMS can precede the dopaminergic neuron loss and
the dopaminergic loss precedes the MS of PD [48].
PINK1-KO rats faithfully recapitulates NMS as pre-
viously reported. For instance, Marquis et al. [42]
showed that PINK1-KO rats exhibited NMS includ-
ing vocalization deficits, anhedonia and anxiety at
8 months old. In our study, we observed significant
loss of SN neurons in symptomatic 10-month-old
PINK1-KO rats which occurred with a significant
loss of hindlimb strength, a NMS associated with
chronic fatigue in PD patients. Given that Forskolin
has been used extensively in cell culture protocols to
stimulate differentiation of neuronal stem cells and
neuropheres to midbrain dopamine neurons, the abil-
ity of Forskolin to restore the dopaminergic loss in the
SN could be attributed to its ability to stimulate neuro-
genesis in the substantia nigra. This is consistent with
previous in vitro studies that demonstrate cytoprotec-
tive effects of Forskolin. For example, Maruoka et
al. (2011) found that Forskolin induces neurite out-
growth in PC12 cells via Nur77, an orphan nuclear
receptor and immediate-early response gene; also, it
has been described that Forskolin can induce neu-
ronal differentiation of embryonal carcinoma stem
cells Ntera2 [77]. However, given that neurogene-
sis occurs throughout the lifetime of the rat and a
basal level of neurogenesis has been observed to
occur following brain lesion with MPTP treatment
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[78-81], it is possible that an intrinsic, low base-
line level of neurogenesis is further enhanced with
L.P. treatment with Forskolin in middle aged, symp-
tomatic PINK1-KO rats. However, future Western
blot studies are needed to determine whether mark-
ers of neurogenesis are enhanced by Forskolin in
[.P-treated PINK1-KO rats or by performing BrdU
content assays in the midbrain in BrdU-fed PINK1-
KO rats to further functionally dissect the molecular
mechanisms by which Forskolin reverses loss of mid-
brain dopanie neurons.

In this study, we show that Forskolin can exert
its neuroprotective and neuromodulatory effect in
PINK1-KO rats via the activation of the AC-cAMP-
PKA pathway. The anti-Parkinsonian effects of
Forskolin has been linked to its ability to reverse
the loss of PKA activity in the midbrain of Parkinso-
nian rats as assessed by performing an ELISA-based
assay to measure PKA activity [13]. On the other
hand, I.P. administration of Forskolin completely
restored PKA activity in SN derived from 10-month-
old PINKI-KO rats to a similar manner as age
matched WT rats (Fig. 5). This data is consistent with
our previous research findings showing that enhanc-
ing downstream PKA activity can compensate for
loss of PINK1 function in neuroblastoma cells and in
PINK1-deficient primary cortical neurons [13, 36].
Consistent with the PKA activity assay data, West-
ern blot analysis in substantia nigra from PINK1-KO
rats L.P. treated with Forskolin was able to not only
reverse the loss in the ratio of the level of phospho-
CREB (Ser 133) to total CREB in PINK1-KO rats
but also significantly increased the level of p-CREB
relative to vehicle treated WT. Overall this Western
blot data further demonstrates that I.P. treatment of
symptomatic PINK1-KO rats with Forskolin elicits
activation of neuroprotective PKA-related signal-
ing pathways (Supplementary Figure 3). Therefore,
based on our in vivo data, the neuroprotective effects
of Forskolin is likely attributed to an increase in the
synthesis of cAMP synthesis via adenylate cyclase,
especially given the fact that cAMP-mediated sig-
naling pathways modulates a myriad of neuronal
functions. Specifically, in the striatum, cAMP partic-
ipates in the regulation of glutamatergic excitatory
synaptic transmission, facilitates the striatal neu-
rotransmission [61, 82] and can trigger the PKA
pathway phosphorylating the CREB which regulates
the expression of immediate early genes [83].

In summary, our results show that Forskolin have
an anti-Parkinsonian effect in vivo in a bone fide ani-
mal model for PD. Our studies also support that the

therapeutic effect of Forskolin is mediated trough the
AC-cAMP-PKA pathway; our preclinical data opens
the possibility of using Forskolin and other drugs
that elevate the cAMP levels. Finally, our results also
highlight the need to further evaluate the therapeutic
benefits of Forskolin in the setting of PD, either in
isolation or in combination with current standard of
care options such as Levodopa.
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