
Identification of minimum
essential therapeutic mixtures
from cannabis plant extracts by
screening in cell and animal
models of Parkinson’s disease

Michael G. Morash1, Jessica Nixon1, Lori M. N. Shimoda2,
Helen Turner2, Alexander J. Stokes3, Andrea L. Small-Howard4

and Lee D. Ellis1*
1National Research Council of Canada, Halifax, NS, Canada, 2Laboratory of Immunology and Signal
Transduction, School of Natural Sciences and Mathematics, Chaminade University, Honolulu, HI,
United States, 3Laboratory of Experimental Medicine, John A Burns School of Medicine, University of
Hawaii, Honolulu, HI, United States, 4GBS Global Biopharma, Inc., Ottawa, ON, Canada

Medicinal cannabis has shown promise for the symptomatic treatment of

Parkinson’s disease (PD), but patient exposure to whole plant mixtures may

be undesirable due to concerns around safety, consistency, regulatory issues,

and psychoactivity. Identification of a subset of components responsible for the

potential therapeutic effects within cannabis represents a direct path forward

for the generation of anti-PD drugs. Using an in silico database, literature

reviews, and cell based assays, GB Sciences previously identified and

patented a subset of five cannabinoids and five terpenes that could

potentially recapitulate the anti-PD attributes of cannabis. While this work

represents a critical step towards harnessing the anti-PD capabilities of

cannabis, polypharmaceutical drugs of this complexity may not be feasible

as therapeutics. In this paper, we utilize a reductionist approach to identify

minimal essential mixtures (MEMs) of these components that are amenable to

pharmacological formulation. In the first phase, cell-based models revealed

that the cannabinoids had the most significant positive effects on

neuroprotection and dopamine secretion. We then evaluated the ability of

combinations of these cannabinoids to ameliorate a 6-hydroxydopmamine

(OHDA)-induced change in locomotion in larval zebrafish, which has become a

well-established PD disease model. Equimolar mixtures that each contained

three cannabinoids were able to significantly reverse the OHDA mediated

changes in locomotion and other advanced metrics of behavior. Additional

screening of sixty-three variations of the original cannabinoid mixtures

identified five highly efficacious mixtures that outperformed the original

equimolar cannabinoid MEMs and represent the most attractive candidates

for therapeutic development. This work highlights the strength of the

reductionist approach for the development of ratio-controlled, cannabis

mixture-based therapeutics for the treatment of Parkinson’s disease.

OPEN ACCESS

EDITED BY

Jorge Manzanares,
Miguel Hernández University of Elche,
Spain

REVIEWED BY

Robert B. Laprairie,
University of Saskatchewan, Canada
Luzia Sampaio,
Federal University of Rio de Janeiro,
Brazil
Trevor James Hamilton,
MacEwan University, Canada
Meng Jin,
Qilu University of Technology
(Shandong Academy of Sciences), China

*CORRESPONDENCE

Lee D. Ellis,
lee.ellis@nrc-cnrc.gc.ca

SPECIALTY SECTION

This article was submitted to
Neuropharmacology,
a section of the journal
Frontiers in Pharmacology

RECEIVED 29 March 2022
ACCEPTED 15 August 2022
PUBLISHED 05 October 2022

CITATION

Morash MG, Nixon J, Shimoda LMN,
Turner H, Stokes AJ, Small-Howard AL
and Ellis LD (2022), Identification of
minimum essential therapeutic mixtures
from cannabis plant extracts by
screening in cell and animal models of
Parkinson’s disease.
Front. Pharmacol. 13:907579.
doi: 10.3389/fphar.2022.907579

COPYRIGHT

© 2022 Morash, Nixon, Shimoda,
Turner, Stokes, Small-Howard and Ellis.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 05 October 2022
DOI 10.3389/fphar.2022.907579

https://www.frontiersin.org/articles/10.3389/fphar.2022.907579/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.907579/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.907579/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.907579/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.907579/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.907579&domain=pdf&date_stamp=2022-10-05
mailto:lee.ellis@nrc-cnrc.gc.ca
https://doi.org/10.3389/fphar.2022.907579
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.907579


KEYWORDS

Parkinson’s disease, cannabinoids, zebrafish, dopamine, neuroprotection, movement
disorder, cannabis, cannabidiol

Introduction

Neurodegeneration in Parkinson’s disease (PD), Alzheimer’s

disease, Lewy Body Dementia, and Huntington’s disease is a

growing health burden. Among these, the pathophysiology of PD

has been intensively studied, but its underlying cause remains

enigmatic (Gan-Or et al., 2015; Bandres-Ciga et al., 2020; Mani

et al., 2021). Mechanistically, motor symptoms of PD are linked

to the death of dopamine (DA)-producing neurons in the

substantia nigra (Surmeier, 2018; Gonzalez-Rodriguez et al.,

2020) and to the deposition of misfolded alpha-synuclein

protein aggregates in Lewy bodies (Greenamyre and Hastings,

2004; Lin et al., 2019). Desensitization of the DA response system

has also been documented, suggesting that both DA production

and efficacy are compromised in PD (More and Choi, 2015).

Most of the agents currently approved for treating PD address

symptoms of DA depletion, such as bradykinesia, and do not

modify disease progression. Levodopa remains the most

common symptomatic treatment for PD; however, 30–35% of

patients develop Levodopa Induced Dyskinesia (LID) after as

little as 24 months of Levodopa usage (Utsumi et al., 2013; More

and Choi, 2015). Given these significant side effects, there

remains a need for non-Levodopa based symptomatic

therapies for PD.

The potential for cannabis-derived compounds to provide

symptom improvement in PD patients is suggested by anecdotal

and patient reported outcomes (PRO) data (Venderova et al.,

2004; Feeney et al., 2021; Yenilmez et al., 2021). Unfortunately,

with native cannabis or cannabis extracts, there are unnecessary

and unwanted psychoactive side effects from delta-9

tetrahydrocannabinol (THC) (Oultram et al., 2021), along

with plant material contamination and complexities in the

accurate delivery of therapeutic extracts (Couch et al., 2020;

Wiseman et al., 2021) that may compromise patient safety.

Additionally, single cannabinoid therapeutics composed of

THC or cannabidiol (CBD) do not fully recapitulate the PRO

effectiveness of the native plant (Turner et al., 2017) or it’s

extracts (Blasco-Benito et al., 2018; Russo, 2018; Ferber et al.,

2020). This suggests that cannabis plant extracts, which contain

hundreds of compounds, include components other than these

major cannabinoids that contribute significantly to their

effectiveness. The pharmacodynamic properties of the

cannabinoid and terpene active ingredients from cannabis

plant extracts have been described in detail (Maayah et al.,

2020; Patricio et al., 2020). In the cannabinoid research field,

the ability of cannabis-derived ingredients to act synergistically

by enhancing or diminishing the net effectiveness of a therapy

has been identified and is referred to as the ‘entourage effect’

(Ben-Shabat et al., 1998; Russo, 2011). While the entourage effect

is typically expected to be modulated pharmacodynamically

through the interactions of multiple ligands with one or more

receptors, pharmacokinetic effects such as metabolism have also

been demonstrated (Cogan, 2020). This makes assessing their

activity more complicated, but also makes them potentially more

effective therapeutics than single target drugs due to positive co-

operative interactions. The cannabinoids and terpenes from

cannabis plant extracts are ligands of multiple receptors

including metabotropic cannabinoid receptors, ionotropic

cannabinoid receptors, serotonin receptors, and orphan

G-protein coupled receptors, making it likely that they would

individually act as multi-target drugs (Stasilowicz et al., 2021),

and indeed cannabis extracts demonstrate more potency than

CBD alone in cell based assays (Milligan et al., 2022). A number

of minor cannabinoids have been shown to bind to CB1 and

CB2 receptors, although with varying affinities (Zagzoog et al.,

2020). While some terpenes have shown an additive effect with

cannabinoid agonists in rodents (LaVigne et al., 2021), the direct

interaction of terpenes with the CB receptors (Santiago et al.,

2019; Finlay et al., 2020) and TRP channels (Heblinski et al.,

2020) is contested. Developing a model to study these complex

interactions is a critical step to the rational design of multi-

component, efficacious, cannabis-inspired therapeutics for PD.

Based on the complexity, side effects, and off target

interactions that may be inevitable using whole plant extracts,

it is essential to identify the core components of cannabis that are

required for the treatment of PD. To this end in 2016, using a

combination of in silico (Reimann-Philipp et al., 2020) and cell

based assays, GB Sciences identified and patented a mixture of

8 essential cannabis components that when combined with CBD

or cannabinol (CBN) recapitulated the anti-Parkinsonian activity

anecdotally ascribed to whole plant cannabis (U.S. Patent

Number 10,653,640). These compounds include the three

minor cannabinoids cannabigerol (CBG), cannabichromene

(CBC), and cannabidivarin (CBDV) (<5% of the original

cannabis extracts), and five terpenes (α-pinene, trans-

nerolidol, limonene, linalool, and phytol). While the

identification of 8 compounds from a pool

of >100,000 represents a tremendous reduction in complexity,

unfortunately these mixtures remain difficult to formulate into

therapeutics owing to the diversity of the chemical structures and

the differences in pharmacokinetics of each component. Aside

from the practical difficulties in creating therapeutics containing

multiple drugs, known as Fixed-dose Drug Combinations

(FDCs), these polypharmaceuticals also present challenges

with respect to patient interactions (Gautam and Saha, 2008).

FDCs can pose a challenge with dosage adjustments of individual

drugs, drug interactions, and off-target effects, with each

additional ingredient creating more opportunities for adverse
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reactions. Thus, the identification of the minimal set of cannabis

ingredients that can recapitulate the effects of whole plant is

crucial in the creation of a multicomponent therapeutic.

Therefore in this study we sought to further reduce the

number of compounds in the patented formulation to a

minimal essential mixture (MEM) that could recapitulate as

many of the effects of the original combination as possible

with the goal of generating a mixture that would be more

amenable to pharmacological production. Two cell assays

were initially used to evaluate the potential therapeutic

efficacy of the mixtures by using both an in vitro

neuroprotection assay and a dopamine secretion assay in

dopaminergic neuronal cell models. From these cell assays, we

identified the cannabinoids as being largely responsible for the

activity seen in the patented mixture with a nominal effect of the

terpenes. We then assayed multiple drug combinations that

contained three individual cannabinoids for their ability to

ameliorate a 6-hydroxydopmamine (OHDA)-induced model

of PD in zebrafish larvae. The results have allowed us to move

sequentially from the remarkable chemical complexity of the

cannabis plant, to moderately complex mixtures with potential

PD-therapeutic activity as evaluated in cell models, to refined

minimal essential mixtures of cannabinoids that demonstrate

therapeutic effects on OHDA treated zebrafish. The sequentially

reductionist process used in this study preserves some of the

entourage-like effects of whole plant extracts, while achieving

‘relative’ simplicity within MEM that is a requirement for

obtaining the manufacturing and quality control advantages of

single ingredient drugs.

Materials and methods

Chemicals and cell lines

All cannabinoids used in this study were purchased as 1 mg/

ml standards in methanol (Sigma, Ontario, Canada):

Cannabidiol (CBD), Cannabichromene (CBC), Cannabidivarin

(CBDV), Cannabigerol (CBG), and Cannabinol (CBN). The α-
pinene (98% purity), trans-nerolidol (>85% purity), and

Methanol (99.9% purity) were also purchased from Sigma

(Sigma, Ontario, Canada). D-Limonene (96.9% purity) was

purchased from MPBIO (MP Biomedicals LLC, Ohio, USA),

Linalool (>96% purity) was purchased from TCI (TCI, Oregon,

USA) and Phytol was from Agilent Technologies (Agilent

Technologies, Inc., Rhode Island, USA). All terpenes were

diluted in methanol. 6-hydroxydopamine (OHDA) (Sigma,

Ontario, Canada) was diluted in saline buffer (0.9% NaCl)

supplemented with 0.02% Ascorbic acid. Mixtures produced

for cell line experiments used equimolar components as

follows: MIX-1 = minor cannabinoids (CBC, CBG and

CBDV) + Terpenes (Linalool, α-pinene, limonene, t-nerolidol

and phytol), MIX-2 = terpenes only, and MIX-3 = Minor

cannabinoids only. Individual major cannabinoids, CBD and

CBN, were added at the same equimolar amount. Please refer to

legends in Figures 3, 6 for specifics regarding mixture

compositions.

Cell lines used were from ATCC (Manassas, Virginia, United

States). Cath.a cells (sp. = mouse, cat# CRL-11179), a CNS

catecholaminergic cell line, were cultured according to ATCC

instructions and were induced to CAD differentiated status by

serum deprivation (0.5% FBS culture for 36 h) prior to

experiments as described (Qi et al., 1997). PC12 cells (sp. =

rat, ATCC #CRL-1721) were cultured in RPMI 10% FBS.

PC12 differentiation used Minimal Essential Medium

containing 1% HS and 0.5% FBS, then the cells were treated

with 100 ng/ml NGF, 100 ng/ml basic fibroblast growth factor

(bFGF), and serum-starved media containing 2 mg/ml BSA for

2 days (Jeon et al., 2010). Schematic representations of exposure

paradigms available in Supplementary Figure S2.

In vitro neuroprotection assays

Neuroprotective effects were assessed based on the ability of

both individual compounds and mixtures of compounds to

protect against neuronal cell death induced by 1-methyl-4-

phenylpyridinium (MPP+) in the 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP)-based selective cytotoxicity assay

(Arshad et al., 2014). MPP+ is an active metabolite of MPTP

that is known to cause human Parkinsonism after injection

(Langston and Palfreman, 2014). As in Arshad et al. (2014),

MPTP/MPP+ assays were performed in vitro on Cath. a cells by

applying each compound or mixture of compounds to the cell

cultures 18 h after application of MPP+ (Arshad et al., 2014). Cell

viability assessments were performed using a standard MTT cell

viability assay (MTT Cell Proliferation Assay Kit, Cayman

Chemicals, Ann Arbor, Michigan, Item No. 10009365). Cell

viability was assessed 24 h after exposure to MPP+, which is

6 h after exposure to the tested compound or compoundmixture.

Percent protection was normalized toMPTP control alone (100%

cell death). To establish an effective dose range across the

compounds in this assay system, the neuroprotective effects of

each individual compound were tested at 5 different

concentrations (Supplementary Figure S1). Based on these

results the individual and equimolar mixtures were tested in

the cell assays at 10 µM each (Figure 1). Equimolar mixtures

contained 10 µM of each compound. In all cases vehicle controls

contained methanol at equal concentrations to those found in

test compounds/mixtures, ≤ 5%.

In vitro dopamine-release assay

In parallel with the neuroprotection assays, cannabinoid and

terpene compounds were tested alone and in mixtures to
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determine their effects on dopamine release from differentiated

PC12 cells (Greene and Tischler, 1976). PC12 cells were

differentiated as described (Jeon et al., 2010; Hu et al., 2018).

Supernatant samples were collected from 3 replicate wells 30 min

after application of PMA/Ionomycin (positive control) or the

indicated compounds, and dopamine was measured in the

medium using the Dopamine ELISA Kit #KA1887 from

Abnova (Abnova, California, US) according to manufacturer’s

instructions. For dopamine secretion, dopamine release was

normalized to PMA/ionomycin control (0% baseline).

Zebrafish

The fish used in this study were wild-type AB/Tubingen

hybrids. Age-matched embryos were reared in Pentair Aquatic

Ecosystem (Apopka, Florida, USA) nursery baskets (200 embryos

per basket) on a ZebTec Recirculation Water Treatment System

(Tecniplast, Buguggiate, Varese, Italy) at 28.5 ± 0.5°C, on a 14-

h day–10-h night light cycle. All adult zebrafish husbandry and

breeding was in accordance with the Canadian Council of

Animal Care guidelines.

Behavioral testing in zebrafish

All compounds were diluted in 100% methanol (MeOH)

and experiments were performed in a HEPES buffered E3

(HE3) medium (5 mM NaCl, 0.17mM KCl, 0.33 mM CaCl2-

2H2O, 0.33 mM MgSO4-7H2O, 10 mM HEPES, pH 7.2).

Individual 120 h post fertilization (hpf) larval zebrafish

were transferred to a 48-well microtiter plate in 500 μL of

HE3 media. Larvae were acclimated for at least 1 hour in a

lighted 28.5°C incubator (photon flux: 3–5 μmol s−1 m2) prior

to experimentation and larval behavior was analyzed using

DanioVision larval tracking systems with EthoVisionXT14/

15 software (Noldus Information Technology Inc., Virginia,

USA). Distance traveled was measured using dynamic

subtraction at 28.5°C over 120 min with the first 90 min

under lighted conditions (15 µmol m-2 s-1), followed by

alternating 5-min dark/light cycles. Each larvae represents

an independent measurement. Any larvae that were dead or

displayed phenotypic abnormalities were removed from

analysis. 12 larvae were used in each experimental

condition, and at least 2 replicates of each concentration

were performed.

FIGURE 1
Cannabinoids produce significant neuroprotection in MPTP/MPP+ assay. Data are presented as the percent protection from MPTP/MPP+ cell
death evaluated based on the MTT cell viability assay, where the experimental value is normalized relative to the vehicle control. An asterisk *
indicates a p-value <0.05 for the replicates relative to their respective vehicle control replicates. MIX-1, MIX-2, and MIX-3 tested without or with the
addition of a major cannabinoid (CBD or CBN) a hashtag # represents p < 0.05 major cannabinoid vs. native mixture. Calculated (hashed
shading) prediction of efficacy based on the sum of the efficacy of each ingredient measured separately and Measured (open shading) efficacy are
shown. Each data point in the figure represents the mean ± the standard deviation of twenty-four experimental results obtained at 10 µM of each
major or minor cannabinoid and terpene (alone or in equimolar mixtures as described in the inset table in Panel). Twenty-four experimental results
were obtained by repeating eight independent experiments three times on three different days (”8 × 3”).

Frontiers in Pharmacology frontiersin.org04

Morash et al. 10.3389/fphar.2022.907579

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.907579


6-Hydroxydopamine Parkinson’s model
development and advanced behavioral
analysis

Larvae were exposed to varying concentrations of 6-

hydroxydopamine (OHDA) from 48 to 120 h post fertilization

(hpf). 15 dechorionated larvae were transferred in 5 ml of HE3 to

each well of a six-well plate. The 5 ml exposure media was

replaced daily, and ascorbic acid/saline buffer (used to

resuspend OHDA) was used as a vehicle control. Larvae were

then loaded into 48-well microtiter plate in 500 μL of HE3 media

as described above. Schematic representations of exposure

paradigms available in Supplementary Figure S2.

In addition to distance travelled, activity was measured as a

percentage change in pixel density during data acquisition. The

integrated visualization feature in EthoVision software (Noldus

Information Technology Inc., Virginia, USA) was used to detect

larval activity during three distinct activity types: high (greater

than 0.5% pixel change per sampling), moderate (between

0.03 and 0.5%), and inactive (less than 0.03%) states. The

frequency with which larvae switched between activity states

and the cumulative duration of time spent in each activity state

was then measured. Metrics were captured in 1 min bins, and the

average over 90 min was used to calculate each metric in each

activity state. For frequency calculations, the number of times

larvae switched between activity states (high, moderate, and low)

was calculated (termed Total Frequency). The cumulative

amount of time spent in the high and moderate activity states

combined (termed Cumulative Duration) was averaged over

90 min and measured as a percentage.

Equimolar minimum essential mixture and
defined cannabinoid-ratio MEM testing
using OHDA PD model

Acute behavioral assays were performed on the cannabinoids

selected for the study as described above except larvae were

loaded into the well plates with 450 µL HE3. Immediately prior to

recording 50 μL of 10 × test compound solution was added to

each well. For the OHDA challenge experiments 150 µM OHDA

was used for all challenge experiments. During media

replacements at 72 and 96 hpf, 25 µL of 200X stock solutions

of the respective cannabinoid or E-MEM was added to the

exposure media. At 120 hpf larvae were washed with HE3 and

transferred in 500 μL to 48-well plates. Behavioral analysis was

then performed as described above. All experiments were

performed at least in duplicate. The E-MEM selected for

further study (above) were combined in non-equimolar ratios

(defined cannabinoid-ratios DCR-MEM) and subjected to both

the total distance and activity analysis metrics, as described

above. This procedure was done in 3 steps, reducing a single

component by 50% (a 1:2 ratio relative to their original equimolar

concentrations) or 90% (a 1:10 ratio relative to their original

equimolar concentrations), reducing 2 components by 50% (1:2)

or 90% (1:10), or a defined cannabinoid-ratio (DCR)-MEM

reducing 2 components by different cannabinoid-ratios (1:2 or

1:10 relative to their original equimolar concentrations).

Analysis and statistical methods

The mean ± the standard deviations were calculated for

all samples in the cell assays. A two-tailed student’s t-test was

used to evaluate the statistical differences between sample

types. Calculation of statistical significance for total distance

traveled over 90 min was performed by one-way ANOVA

using a Dunnett’s multiple comparison test using GraphPad

Prism 7.04 software (La Jolla, California, United States).

Comparisons of either OHDA + Drug vs. OHDA, or Drug

vs. MeOH were performed as an unpaired Student’s t-test.

An asterisk is used to represent a p-value less than 0.05 or

lower, unless otherwise defined.

Results

Neuroprotective effects of cannabis-
compounds alone and in combination

At 10 μM, all of the individual cannabinoids except CBC

displayed some neuroprotective effects while none of the

terpenes were able to prevent MPTP/MPP+ induced apoptosis

(Figure 1). Amixture of the minor cannabinoids and the terpenes

(MIX-1) showed a substantial neuroprotective effect with an

increase in cell survival of 37 ± 3.8%. Mixtures of either the

terpenes alone (MIX-2) or the minor cannabinoids (MIX-3) were

then created to assess their contribution to the overall activity of

MIX-1. MIX-2 (terpenes) showed a limited overall protection

(4 ± 1.1%) while MIX-3 (minor cannabinoids) demonstrated

similar activity to MIX-1 (25 ± 0.5%). The effects of the major

cannabinoids were then assessed by adding each individually to

the mixtures. CBD increased cell survival in all three mixtures

(62 ± 3.1% vs. 37 ± 3.8% (MIX1), 16 ± 3% vs. 4 ± 1.1% (MIX-2)

and 31 ± 2.2% vs. 25 ± 0.5% (MIX-3). The effects of the second

major cannabinoid (CBN) were similar but less pronounced than

those seen for CBD. Importantly, in all cases the mixtures were

more neuroprotective than would have been estimated from the

sum (hashed shading area of bars) of their individual effects.

Effects of cannabis-compounds in
mixtures on dopamine-release responses

In parallel with the MPTP testing described in the previous

section, we tested the effects of the same individual compounds
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and mixtures on dopamine release from PC12 cells (Figure 2).

The major cannabinoids, CBD (6.0 ± 0.3% DOPA release) and

CBN (8.1 ± 0.4% DOPA release), were the only individual

compounds tested that produced a statistically significant (p <
0.05) increase in dopamine release. The relative performance of

the mixtures in the dopamine assay was similar to the trend

observed in the MPTP/MPP+ assay. MIX-1 led to the largest

increase in DOPA release of 31 ± 1.6%, followed by MIX-3 (21 ±

1.1%), while the DOPA release for MIX-2 was not significant.

Again, we also evaluated the effectiveness of adding the major

cannabinoids (CBD or CBN) to each MIX relative to the

effectiveness of each MIX alone. When CBD was added to

MIX-1, the effectiveness was increased leading to a DOPA

release of 46 ± 2.3% for MIX-1 + CBD, while adding CBN to

MIX-1 did not significantly increase the DOPA release. The

addition of CBD or CBN to MIX-2 were able to produce modest

but significant increases in dopamine secretion up to 7.0 ± 0.4%

DOPA release for MIX-2 + CBD and 6.0 ± 0.3% DOPA release

for MIX-2 + CBN. Similarly, the addition of CBD to MIX-3

produced an increase in DOPA release relative to MIX-3 alone

(MIX-3 + CBD produced 18 ± 0.9% DOPA release), while the

addition of CBN to MIX-3 produced a significant reduction in the

DOPA release compared toMIX-3 alone (MIX-3 + CBD produced

14 ± 0.7% DOPA release). As in the neuroprotection assays,

mixtures of the components were able to elicit significantly

more robust responses than the individual components.

Taken together, these results demonstrate that the effects of

the mixtures cannot be attributed to a single ingredient. On the

contrary, it suggests that interactions between the components in

the mixtures are critical for the maximal efficacy of the mixture.

In addition, it appears from the cell assay data that the terpene

components of the mixtures have a minimal contribution on

their efficacy and that the cannabinoid components are sufficient

to use as a potential therapeutic.

Assessment of cannabinoid effects in a
zebrafish OHDA Parkinson’s model

In order to test whether the cannabinoids and cannabinoid-

based mixtures identified by the cell screening assays would

potentially alleviate symptomatic effects in an animal model of

Parkinson’s disease, we applied a previously developed zebrafish

larval model of dopamine cell loss caused by exposure to 6-

hydroxydopamine (OHDA) (Feng et al., 2014; Cronin and

Grealy, 2017; Benvenutti et al., 2018) and refined it based on a

FIGURE 2
Cannabinoids mixtures elicit significant dopamine secretion. The experimental value is presented as the normalized value, which is a percent of
the positive control value (secretion achieved with PMA/Ionomycin application). An asterisk * indicates a p-value <0.05 for the replicates relative to
their respective vehicle control replicates. MIX-1, MIX-2, and MIX-3 were tested without or with the addition of a major cannabinoid (CBD or CBN). A
hashtag # represents p < 0.05major cannabinoid vs. native mixture. Calculated (hashed shading) prediction of efficacy based on the sum of the
efficacy of each ingredient measured separately and Measured (open shading) efficacy were shown. Each data point in the figure represents the
mean ± the standard deviation of twenty-four experimental results obtained at 10 µM of each major or minor cannabinoid and terpene (alone or in
equimolar mixtures as described in the inset table in Panel B). Twenty-four experimental results were obtained by repeating eight independent
experiments three times on three different days (”8 × 3”).
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determination of OHDA dose and time conditions. We found that

larval exposure to OHDA produced a concentration-dependent

decrease in the baseline activity during an initial 90-min period in

the light (Figures 3A,B). It also led to a non-significant increase in

the maximum response to the light/dark transition (startle

response) at 225 µM. Based on these findings, we selected

150 µM OHDA as our testing model as it produced a decrease

in activity during the 90-min baseline period, which can be

considered a model of bradykinesia, while not impacting the

startle response which suggests a minimal effect on general

locomotor function (Figure 3). Visual assessment of the OHDA

treated larvae appeared to show a more complex pattern of

behavior than could be assessed by a simple measure of

distance travelled. We observed that OHDA treated larvae,

when at rest, displayed a small, periodic side-to-side movement

with no velocity that may represent a ‘resting tremor’. This

behavior had not been previously defined and further highlights

the significance of the OHDA exposure to act as a model of PD.

Thus, in addition to analyzing distance travelled by the larvae as

described above, larval activity was also analyzed using a % pixel-

change based assessment (Figures 3C,D). The activity was divided

into three types: high, moderate, and inactive states. The high and

moderate activities reflect burst swimming (escape behavior) and

slower speed foraging swimming respectively (Budick and

O’Malley, 2000). The inactive state was set between 0 and

0.03% change as a way to quantify the ‘resting tremor’ as a

unique phenotype in the OHDA treated zebrafish larvae.

OHDA treatment caused a reduction in the frequency of all

states (Figure 3C). Typically, OHDA treatment resulted in a

50–60% reduction in activity state transitions for all three states

(Figure 3C). As shown in Figure 3D, all larvae spent themajority of

their time in the inactive state, with untreated larvae spending

~80% of their activity in the inactive state, ~15% in the moderately

active state and ~5% in the highly active state (Figure 3D).

The OHDA treated larvae spent a greater fraction of their

time in the inactive state (~90%) with a concomitant

decrease in moderate and high activities (5 and 1% respectively).

Assessment of behavioral response to
cannabinoids and equimolar MEMs

Initial experiments were conducted to determine the effective

concentration ranges of each of the five pure, individual

cannabinoids. In general, the cannabinoids tested acutely

showed a similar effect on baseline larval behavior to that

FIGURE 3
Validation of the larval zebrafish OHDAmodel. Panel (A) Behavioral profiles of total distance traveled (60 s bins) following OHDA exposure from
48 to 120 hpf. Panel (B) Total distance travelled during the first 90 min in the light following OHDA exposure from 48 to 120 hpf (n = 36). Advanced
activity analytics (C,D) of Total Frequency of switching between activity states (C) and the nested Cumulative Duration in each activity state (D) (n =
48). CC vs. OHDA, ** = p < 0.01 **** = p < 0.0001.
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previously profiled for CBD (Achenbach et al., 2018). As the

concentration was increased, the normal response to a light to

dark transition was abolished. The effective concentration range

was considered the concentrations between a no observable effect

level (NOE) and a level that had a minimal statistically significant

effect on behavior (Table 1). At the concentrations of the

cannabinoids tested there was a slight opposition to the

150 µM OHDA induced hypoactivity, however, the effects

were not significant.

In order to assess possible potentiating effects between

the cannabinoids, three component, equimolar minimum

essential mixtures (E-MEM) of the 5 cannabinoids were

prepared (Figure 4A). Three of these E-MEMs; A, C and G

showed a significant opposition to the OHDA induced

TABLE 1 Cannabinoid dilution series testing results. The effects of purified individual cannabinoids was tested acutely on 120 hpf zebrafish larvae.
Also, the pure individual cannabinoids were also evaluated for their ability to reverse OHDA-mediated hypoactivity. L/D = Light/dark startle
response.

Chemical Concentration
range

Phenotype OHDA treatment

Cannabidiol (CBD) 0.25–4 µM Immediate increase in activity at 2 µM Sedative and abolished L/D
at 2 µM

No significant change in activity
0.125–1 µM

Cannabinol (CBN) 0.25–4 µM Immediate increase in activity at 1 µM Sedative and abolished L/D
at 1 µM

No significant change in activity
0.1–1 µM

Cannabichromene
(CBC)

0.1–3 µM Immediate increase in activity at 0.5 µM Sedative and abolished L/D
at 0.5 µM

No significant change in activity
0.1–0.5 µM

Cannabidivarin (CBDV) 0.25–4 µM Immediate increase in activity at 2.5 µM Sedative and abolished L/D
at 2.5 µM

No significant change in activity
0.1–0.5 µM

Cannabigerol (CBG) 0.25–3 µM Immediate increase in activity at 2 µM Sedative and abolished L/D
at 2 µM

No significant change in activity
0.25–1 µM

FIGURE 4
Equimolar Minimum Essential Mixtures (E-MEM) alleviate OHDA mediated hypoactivity. Panel (A) Five cannabinoids (CBs) were used to create
the 10 possible three component equimolar mixtures. Panels (B,C) Each of the 500 nM E-MEM (166.7 nM of each cannabinoid) was assessed for its
ability modify total distance travelled of (B)Carrier Control (CC) or (C) 150 µMOHDA. Data is normalized to either CC (B) or OHDA (C) (100%). MEM+
OHDA vs. OHDA, * = p < 0.05, **p < 0.01.
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hypoactivity as measured by the total distance travelled

(Figure 4C) while not displaying any effect on carrier

control larvae (Figure 4B).

The equimolar MEMs (A, C and G) were further analyzed

using the refined activity metrics. At 500 nM all three E-MEMs

except E-MEM-C, significantly affected Frequency,

Cumulative Duration (CD) and Total distance as measured

using refined activity metrics vs OHDA (Figures 5B,D,F).

250 nM dilutions of the E-MEMs abolished these changes,

except with relation to Frequency and CD in 250 nM E-MEM

A (Figure 5B). No recovery was apparent for the 100 nM E-

MEM experiments for Frequency or CD metrics. 500 nM

MEM G increased the activity of MeOH treated control

larvae as measured by Frequency and CD, (Figures 5A,C),

but not total distance (Figure 5E).

Identification of optimal, defined
cannabinoid-ratio minimum essential
mixture

Based on the results from the equimolar mixture

experiments, a comprehensive series of experiments were

performed where one or two components of each mixture

were reduced by 50% (1:2 ratio relative to the equimolar

MEM) and/or 90% (1:10 ratio relative to the equimolar

MEM) to produce novel molar ratios for further efficacy

studies. The defined cannabinoid-ratio minimum essential

mixtures (DCR-MEMs) that produced the most significant

opposition to the PD-like effects of OHDA will be described

herein (Figure 6) and a comprehensive summary of all of the

results is included in Table 2. Optimization of all three E-MEMs

FIGURE 5
Equimolar MEMs alleviate both OHDA mediated Total Frequency and Cumulative Duration deficits. Activity metrics of Total Frequency (A,B),
Cumulative Duration (C,D) and Total Distance (E,F) for equimolar MEMs at 500, 250 and 100 nM (166.7, 83.3 and 33.3 nM each ingredient
respectively). MEM vs. methanol carrier control (A,C,E), and MEM+150 µM OHDA vs. 150 µM OHDA (B,D,F). *p < 0.05, **p < 0.01, ***p < 0.001.
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led to a substantial opposition to PD-like, OHDA mediated

changes in Frequency and Cumulative Duration, while having

no effect on methanol treated controls (Figure 6). For E-MEM A,

the 250 nM equimolar mixture performed as well as the

optimized version (a 50% decrease in CBDV from the original

500 nM dilution). None of theMEMC optimized ratios were able

to improve upon the 500 nM original dilution without causing

increased activity against methanol controls. Several optimized

ratios were developed for MEM G that improved upon the

original equimolar response to OHDA, while not affecting

methanol treated larvae. Specifically, ratio 5 displayed the

greatest response in both the Frequency and Cumulative

Duration metrics (Figure 6).

Discussion

Summary of findings: Use of the zebrafish
OHDA model to reduce complexity of
cannabinoid mixtures that demonstrated

efficacy in cell-based MPTP-
neuroprotection and dopamine release
assays

Anecdotal and Patient Reported Outcomes (PRO) suggest

that c Cannabis can alleviate the symptoms of several

neurological disorders, including PD. Analysis of clinical

meta-data offers mixed evidence in support of medical

cannabis. While well tolerated, medical cannabis has been

shown to have limited benefit in improving dyskinesia and

motor function (Thanabalasingam et al., 2021), although

patients did report improvements in sleep quality and quality

of life (Urbi et al., 2022). Conversely, cannabis-derived

phytocannabinoids have shown a clear neuroprotective effect

in rodent models (Prakash and Carter, 2021). While these meta-

analyses reveal that medicinal cannabis has therapeutic potential,

in order to become a recommended intervention in the treatment

of PD, more studies will be required.

However, the use of cannabis as a therapeutic is hampered by

a number of factors, including the presence of psychoactive

FIGURE 6
Optimal DCR-MEM ratios alleviate both OHDAmediated frequency and cumulative duration deficits. Activity metrics of Total Frequency (A–C)
and Cumulative Duration (B–D). Optimal DCR-MEM vs. methanol carrier control (A,B), and Optimal DCR-MEM+150 µM OHDA vs. 150 µM OHDA
(C,D). * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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compounds, potential negative chemical interactions, and non-

standardized drug delivery methods (inhalation, edibles, dermal).

Because there are hundreds of ingredients in cannabis extracts

that may have therapeutic potential along with an extremely large

number of possible combinations of these constituents, it may be

impossible to systematically test every combination in order to

identify the optimal mixture of purified components that make

cannabis derived compounds good potential therapeutics.

Therefore, one approach to identify the essential elements in

cannabis is to logically and experimentally reduce the complexity

of these mixtures while retaining as much of the original

bioactivity as possible. More specifically, one may increase the

probability of a positive therapeutic outcome by identifying the

top performing mixture at each level of reduced complexity

without exhaustively (and blindly) attempting to test every

possible variation.

In this paper, we demonstrated the utility of a multitiered

approach to identify minimum essential mixtures that are

pharmacologically active in cell and animal models of PD.

The research presented in this manuscript is predicated on a

previously identified patented mixture of cannabis derived

compounds (U.S. Patent Number 10,653,640). In our previous

work, an in-silico database containing the relative percentages (%

wt/wt) of the components found in extracts from different

varieties of the cannabis plant (Reimann-Philipp et al., 2020)

was used to identify a pool of cannabis components with

therapeutic potential. The efficacy of >1,000 complex mixtures

derived from this original pool of cannabis components were

tested using dopaminergic cell models of PD (U.S. Patent

Number 10,653,640). Based on this information, the most

effective preliminary mixtures were reduced to complex

mixtures derived from 10 cannabis-based compounds

TABLE 2 Summary of Efficacy of Defined Cannabinoid Ratio MEM activities in the OHDA assay in zebrafish. The concentrations of each of the three
cannabinoids tested shown in each field of this table are shown starting with the CBD concentration (labeled in the top row). The CBD
concentration is used to divide the results table into three columns. The second cannabinoid and concentration for each ratio result is in the first
column of the table and is used to further divide the table into nine sets of nine results, and the last cannabinoid and concentration is above the cell in
the row containing the label of the original equimolar ratio formula. Astrices (* = p < 0.05, ** = p < 0.01, *** = p < 0.001) on either side of the “/”
represent the level of statistical significance in change in the Total Frequency of Activity State Change metric (right-side)/Cumulative Duration
metric (left-side) of zebrafish exposed to the MEM + OHDA versus the OHDA-alone group. Zeroes represent no statistically-significant change in
activity, “-” indicates a further reduction (increase in PD-like symptoms, p < 0.05)) in activity. N/A = combinations not selected because of the
inactivity of their precursors. Bolded cells also showed an MEM dependant increase on methanol treated control larvae.

166.6 nM CBD 83.3 nM CBD 16.6 nM CBD

MIX A 166.6 nM
CBDV

83.3 nM
CBDV

16.6 nM
CBDV

166.6 nM
CBDV

83.3 nM
CBDV

16.6 nM
CBDV

166.6 nM
CBDV

83.3 nM
CBDV

16.6 nM
CBDV

166.6 nM
CBC

*/* ***/* 0/0 */* 0/0 0/0 */0 0/0 0/0

83.3 nM
CBC

0/0 0/0 0/0 0/0 ***/* N/A 0/0 N/A N/A

16.6 nM
CBC

**/0 0/0 **/0 0/0 N/A N/A 0/0 N/A 0/0

MIX C 166.6 nM
CBN

83.3 nM
CBN

16.6 nM
CBN

166.6 nM
CBN

83.3 nM
CBN

16.6 nM
CBN

166.6 nM
CBN

83.3 nM
CBN

16.6 nM
CBN

166.6 nM
CBC

**/* 0/0 */0 0/0 0/0 0/0 0/0 0/0 0/0

83.3 nM
CBC

0/0 ***/* 0/0 0/0 0/0 N/A **/0 N/A N/A

16.6 nM
CBC

0/0 */0 **/0 0/0 N/A N/A 0/0 N/A 0/0

MIX G 166.6 nM
CBDV

83.3 nM
CBDV

16.6 nM
CBDV

166.6 nM
CBDV

83.3 nM
CBDV

16.6 nM
CBDV

166.6 nM
CBDV

83.3 nM
CBDV

16.6 nM
CBDV

166.6 nM
CBG

*/* */0 0/0 */* 0/0 0/0 */* ***/* */0

83.3 nM
CBG

0/0 **/* 0/- ***/* 0/0 N/A 0/0 N/A N/A

16.6 nM
CBG

0/0 0/0 0/0 0/0 N/A N/A 0/0 N/A 0/*
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containing both cannabinoids and terpenes for further testing.

We used two cell models to initially reduce the complexity of this

patented mixture and to define the most efficacious minimum

essential mixtures in the animal model. The MPTP/MPP+ assay

used in this study models several aspects of PD pathology,

including mitochondrial dysfunction and calcium

dysregulation, neuronal cytotoxicity resulting from the

calcium dysregulation in the mitochondria and the

concomitant increase in the production of reactive oxygen

and nitrogen species (Cassarino et al., 1997). For this assay we

chose Cath.a cells, which are murine neurons from the Locus

Coeruleus (LC), one of the earliest sites of PD neurodegeneration

(Paredes-Rodriguez et al., 2020). Additionally, because

cannabinoids reportedly modulate DA secretion (More and

Choi, 2015), we also used dopamine-release assays to measure

the ability of these compounds to supplement low dopamine

production levels through increased DA secretion. PC12 cells are

dopaminergic neuroendocrine cells that have been extensively

characterized and are highly amenable to pharmaceutical

manipulation (Zhang G. et al., 2019). The cell-based data

demonstrated clearly that the cannabinoids provided both

neuroprotective and dopamine secretion abilities not seen in

the terpene mixtures alone (Figures 1, 2). Because PD has a

complex pathology, no single cell line can recapitulate all of the

mechanistic details. Thus future work will endeavor to continue

to validate the cell line observations in additional animal models,

potentially using ex vivo cultures of dopaminergic neurons.

Importantly, in both of these assays, the cannabinoids

demonstrated positive interactions that may be explained by

the entourage effect. While more data and modeling are required

to determine whether the activity of these combinations

represent true synergy (Lederer et al., 2019), the maximal

effects seen in the mixtures do represent more than the

expected sum of their individual effects. Based on these

findings, the terpenes were eliminated from the pool of

compounds prior to testing the candidate Minimum Essential

Mixtures (MEMs) in the zebrafish model of PD.

A larval zebrafish model was selected to assess the ability of the

cannabinoid mixtures to alleviate the movement disorders

associated with Parkinson’s disease. When larval zebrafish are

exposed to 6-hydroxydopamine (OHDA), there is a dose-

dependent effect that leads to the inactivation and eventual death

of DA-producing cells of the substantia nigra (Zhang W. et al.,

2019). DA-producing neuronal cell loss and associatedDAdepletion

in the striatum are correlated with altered motor behavior and

changes in the movement patterns of zebrafish (Feng et al., 2014;

Cronin and Grealy, 2017; Benvenutti et al., 2018). Zebrafish larval

locomotion is often divided into burst swimming (high velocity) and

slow swimming (lower velocity) states (Budick and O’Malley, 2000).

Not surprisingly, these disparate behaviors have been mapped to

multiple different regions of the brain that are enervated

substantially by dopaminergic neurons (Drapeau et al., 2002;

McLean and Fetcho, 2004; Severi et al., 2014).

In the current study, we observed a third activity state,

characterized by a zero-velocity, tremor-like movement.

Attempts to quantify this activity led us to develop

advanced analytics of larval behavior, and further

evaluation of the etiology of this phenotype is ongoing. The

use of the zebrafish OHDA model allowed for a reduction in

the complexity and a refinement of the ratios of the original

cannabinoid mixtures that demonstrated efficacy in the cell-

based assays. MEMs containing CBD and CBDV or CBD and

CBC demonstrated the greatest therapeutic potential. These

MEMs can now be tested in additional, higher-cost, preclinical

model systems.

Support for evaluating the
endocannabinoid system as a drug
development target for Parkinson’s
disease

While cannabinoids have been suggested as potential agents

for treating a spectrum of neurological disorders, including PD, the

mechanism by which they exert these actions in unknown. A

priori, cannabinoids would appear to be promising drugs for

targeting the mechanistic pathways that underlie PD with

respect to their effects on movement and potentially modifying

disease progression through neuroprotective actions. The minor

cannabinoids are ligands for a number of receptors, including CB1,

CB2, peroxisome proliferator-activated receptors (PPARs),

serotonin 5-HT1a receptors, TRPV1 and others (Walsh et al.,

2021). These receptors likely play roles in a number of the known

multifactorial etiologies of PD, including mitochondrial Ca2+

homeostasis, intracellular Ca2+ signaling, reactive oxygen

species, and neuro-inflammatory pathways (More and Choi,

2015). Increasing evidence supports a modulatory role for the

ECB system in movement and movement disorders through bi-

phasic modulation of dopaminergic, glutamatergic, and

GABAergic receptors within ECB retrograde-signaling systems

(Catlow and Sanchez-Ramos, 2015; More and Choi, 2015). The

human endocannabinoid (ECB) system is therefore an attractive

target for the development of novel treatments for neurologic

disorders.

Preclinical studies using exogenous cannabinoids have shown

their ability to act as neuroprotectants for dopamine (DA)-

producing neurons, to reduce oxidative stress and

neuroinflammation, and to provide relief from the motor

symptoms of PD (More and Choi, 2015; Bandres-Ciga et al.,

2020). Loss of dopaminergic neurons in the substantia nigra pars

compacta (SNpc) region and their projecting fibers in the striatum

are one of the core pathological features of Parkinson’s disease

(Gonzalez-Rodriguez et al., 2020). A significant body of literature

also demonstrates that cannabinoids can individually restore

mitochondrial Ca2+ homeostasis, intracellular calcium signaling,

and protect against cytotoxic oxidative stress that would otherwise
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harm DA-producing neurons (Ryan et al., 2009; Turner et al., 2017;

Peres et al., 2018). PD patients in PRO studies reported motor

symptom relief from cannabis use; where they reported

improvements/decreases in bradykinesia, muscle rigidity, tremor,

and dyskinesia in decreasing order of significance (More and Choi,

2015). The data in this study support the idea that ECB-targetingwill

modify Parkinsonian movement disorders and provides a MEM for

further experimentation.

In this work, cell models of PD allowed for the screening of

complex mixtures of cannabis-derived ingredients and identified the

cannabinoids as those being responsible for the neuroprotective

(MPTP/MPP+ assays) and dopamine secretory effects. Using the

OHDA zebrafish model of Parkinsonian movement disorders,

three MEMs containing equal parts of three cannabinoids each

were identified that could significantly relieve the OHDA-related

motor symptoms. An additional 63 variations using different ratios

of the 3 originalMEMwere also tested, and 22 out of 63 of the defined

cannabinoid ratio variations also significantly improved OHDA-

related symptoms in zebrafish. Five of these 22 MEMs

outperformed the original mixtures and will be further tested in

more advanced animalmodels to develop new therapeutic options for

Parkinson’s patients.

Conclusions

Cannabis has therapeutic promise in PD. However, there is a

need to move beyond whole plant extracts and generate safe,

reproducible medicines for patients. This paper identified

promising minimal essential mixtures of cannabinoids based on

a step-wise, strategic approach to reducing the complexity of the

plant secondary metabolome. The sequential use of in silico, in vitro,

andmedium throughput in vivo experimental systems has generated

refined, de-risked, mixtures that can now be tested in additional,

higher-cost, preclinical model systems of PD.
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SUPPLEMENTARY FIGURE S1
Preliminary dilution range testing of cannabinoids in MPTP/MPP+

protection assay. The percent protection from MPTP/MPP+ induced
cytotoxicity was initially measured at 5 concentrations to establish an
effective dose range. * = p < 0.05. See manuscript for methods.

SUPPLEMENTARY FIGURE S2
Schematic representation of exposure paradigms for cell culture MPP+/
MPTP survival and Dopamine release assays, and the 6-OHDA larval
zebrafish assay. Test = addition of test compound or mixture. hpf =
hours post-fertilization.

References

Achenbach, J. C., Hill, J., Hui, J. P. M., Morash, M. G., Berrue, F., and Ellis, L. D.
(2018). Analysis of the uptake, metabolism, and behavioral effects of cannabinoids
on zebrafish larvae. Zebrafish 15, 349–360. doi:10.1089/zeb.2017.1541

Arshad, A., Chen, X., Cong, Z., Qing, H., and Deng, Y. (2014). TRPC1 protects
dopaminergic SH-SY5Y cells from MPP+, salsolinol, and N-methyl-(R)-salsolinol-
induced cytotoxicity. Acta Biochim. Biophys. Sin. 46, 22–30. doi:10.1093/abbs/
gmt127

Bandres-ciga, S., Saez-Atienzar, S., Kim, J. J., Makarious, M. B., Faghri, F., Diez-
Fairen, M., et al. (2020). Large-scale pathway specific polygenic risk and
transcriptomic community network analysis identifies novel functional pathways
in Parkinson disease. Acta Neuropathol. 140, 341–358. doi:10.1007/s00401-020-
02181-3

Ben-shabat, S., Fride, E., Sheskin, T., Tamiri, T., Rhee, M. H., Vogel, Z., et al.
(1998). An entourage effect: Inactive endogenous fatty acid glycerol esters enhance
2-arachidonoyl-glycerol cannabinoid activity. Eur. J. Pharmacol. 353, 23–31. doi:10.
1016/s0014-2999(98)00392-6

Benvenutti, R., Marcon, M., Reis, C. G., Nery, L. R., Miguel, C., Herrmann, A. P.,
et al. (2018). N-acetylcysteine protects against motor, optomotor and
morphological deficits induced by 6-OHDA in zebrafish larvae. PeerJ 6, e4957.
doi:10.7717/peerj.4957

Blasco-benito, S., Seijo-Vila, M., Caro-Villalobos, M., Tundidor, I., Andradas, C.,
Garcia-Taboada, E., et al. (2018). Appraising the "entourage effect": Antitumor
action of a pure cannabinoid versus a botanical drug preparation in preclinical
models of breast cancer. Biochem. Pharmacol. 157, 285–293. doi:10.1016/j.bcp.2018.
06.025

Budick, S. A., and O’malley, D. M. (2000). Locomotor repertoire of the larval
zebrafish: Swimming, turning and prey capture. J. Exp. Biol. 203, 2565–2579. doi:10.
1242/jeb.203.17.2565

Cassarino, D. S., Fall, C. P., Swerdlow, R. H., Smith, T. S., Halvorsen, E. M., Miller,
S. W., et al. (1997). Elevated reactive oxygen species and antioxidant enzyme
activities in animal and cellular models of Parkinson’s disease. Biochim. Biophys.
Acta 1362, 77–86. doi:10.1016/s0925-4439(97)00070-7

Catlow, B., and Sanchez-ramos, J. (2015). Cannabinoids for the treatment of
movement disorders. Curr. Treat. Options Neurol. 17, 370. doi:10.1007/s11940-015-
0370-5

Cogan, P. S. (2020). The ’entourage effect’ or ’hodge-podge hashish’: The
questionable rebranding, marketing, and expectations of cannabis
polypharmacy. Expert Rev. Clin. Pharmacol. 13, 835–845. doi:10.1080/17512433.
2020.1721281

Couch, J. R., Grimes, G. R., Green, B. J., Wiegand, D. M., King, B., and Methner,
M. M. (2020). Review of NIOSH cannabis-related health hazard evaluations and
research. Ann. Work Expo. Health 64, 693–704. doi:10.1093/annweh/wxaa013

Cronin, A., and Grealy, M. (2017). Neuroprotective and neuro-restorative effects
of minocycline and rasagiline in a zebrafish 6-hydroxydopamine model of
Parkinson’s disease. Neuroscience 367, 34–46. doi:10.1016/j.neuroscience.2017.
10.018

Drapeau, P., Saint-Amant, L., Buss, R. R., Chong, M., Mcdearmid, J. R., and
Brustein, E. (2002). Development of the locomotor network in zebrafish. Prog.
Neurobiol. 68, 85–111. doi:10.1016/s0301-0082(02)00075-8

Feeney, M. P., Bega, D., Kluger, B. M., Stoessl, A. J., Evers, C. M., De Leon, R., et al.
(2021). Weeding through the haze: A survey on cannabis use among people living
with Parkinson’s disease in the US. NPJ Park. Dis. 7, 21. doi:10.1038/s41531-021-
00165-y

Feng, C. W., Wen, Z. H., Huang, S. Y., Hung, H. C., Chen, C. H., Yang, S. N., et al.
(2014). Effects of 6-hydroxydopamine exposure on motor activity and biochemical
expression in zebrafish (Danio rerio) larvae. Zebrafish 11, 227–239. doi:10.1089/zeb.
2013.0950

Ferber, S. G., Namdar, D., Hen-Shoval, D., Eger, G., Koltai, H., Shoval, G., et al.
(2020). The "entourage effect": Terpenes coupled with cannabinoids for the
treatment of mood disorders and anxiety disorders. Curr. Neuropharmacol. 18,
87–96. doi:10.2174/1570159X17666190903103923

Finlay, D. B., Sircombe, K. J., Nimick, M., Jones, C., and Glass, M. (2020).
Terpenoids from cannabis do not mediate an entourage effect by acting at
cannabinoid receptors. Front. Pharmacol. 11, 359. doi:10.3389/fphar.2020.
00359

Gan-or, Z., Dion, P. A., and Rouleau, G. A. (2015). Genetic perspective on the role
of the autophagy-lysosome pathway in Parkinson disease. Autophagy 11,
1443–1457. doi:10.1080/15548627.2015.1067364

Gautam, C. S., and Saha, L. (2008). Fixed dose drug combinations (FDCs):
Rational or irrational: A view point. Br. J. Clin. Pharmacol. 65, 795–796. doi:10.
1111/j.1365-2125.2007.03089.x

Gonzalez-rodriguez, P., Zampese, E., and Surmeier, D. J. (2020). Selective
neuronal vulnerability in Parkinson’s disease. Prog. Brain Res. 252, 61–89.
doi:10.1016/bs.pbr.2020.02.005

Greenamyre, J. T., and Hastings, T. G. (2004). Biomedicine. Parkinson’s--
divergent causes, convergent mechanisms. Science 304, 1120–1122. doi:10.1126/
science.1098966

Greene, L. A., and Tischler, A. S. (1976). Establishment of a noradrenergic
clonal line of rat adrenal pheochromocytoma cells which respond to nerve
growth factor. Proc. Natl. Acad. Sci. U. S. A. 73, 2424–2428. doi:10.1073/
pnas.73.7.2424

Heblinski, M., Santiago, M., Fletcher, C., Stuart, J., Connor, M., Mcgregor, I. S.,
et al. (2020). Terpenoids commonly found in cannabis sativa do not modulate the
actions of phytocannabinoids or endocannabinoids on TRPA1 and
TRPV1 channels. Cannabis Cannabinoid Res. 5, 305–317. doi:10.1089/can.2019.
0099

Hu, R., Cao, Q., Sun, Z., Chen, J., Zheng, Q., and Xiao, F. (2018). A novel method
of neural differentiation of PC12 cells by using Opti-MEM as a basic induction
medium. Int. J. Mol. Med. 41, 195–201. doi:10.3892/ijmm.2017.3195

Jeon, C. Y., Jin, J. K., Koh, Y. H., Chun, W., Choi, I. G., Kown, H. J., et al. (2010).
Neurites from PC12 cells are connected to each other by synapse-like structures.
Synapse 64, 765–772. doi:10.1002/syn.20789

Langston, J. W., and Palfreman, J. (2014). The case of the frozen addicts : How the
solution of a medical mystery revolutionized the understanding of Parkinson’s
disease. Amsterdam, The Netherlands: IOS Press.

Lavigne, J. E., Hecksel, R., Keresztes, A., and Streicher, J. M. (2021). Cannabis
sativa terpenes are cannabimimetic and selectively enhance cannabinoid activity.
Sci. Rep. 11, 8232. doi:10.1038/s41598-021-87740-8

Lederer, S., Dijkstra, T. M. H., and Heskes, T. (2019). Additive dose response
models: Defining synergy. Front. Pharmacol. 10, 1384. doi:10.3389/fphar.2019.
01384

Lin, K. J., Lin, K. L., Chen, S. D., Liou, C. W., Chuang, Y. C., Lin, H. Y., et al.
(2019). The overcrowded crossroads: Mitochondria, alpha-synuclein, and the endo-
lysosomal system interaction in Parkinson’s disease. Int. J. Mol. Sci. 20, E5312.
doi:10.3390/ijms20215312

Maayah, Z. H., Takahara, S., Ferdaoussi, M., and Dyck, J. R. B. (2020). The
molecular mechanisms that underpin the biological benefits of full-spectrum
cannabis extract in the treatment of neuropathic pain and inflammation.
Biochim. Biophys. Acta. Mol. Basis Dis. 1866, 165771. doi:10.1016/j.bbadis.2020.
165771

Mani, S., Sevanan, M., Krishnamoorthy, A., and Sekar, S. (2021). A systematic
review of molecular approaches that link mitochondrial dysfunction and
neuroinflammation in Parkinson’s disease. Neurol. Sci. 42, 4459–4469. doi:10.
1007/s10072-021-05551-1

Mclean, D. L., and Fetcho, J. R. (2004). Relationship of tyrosine hydroxylase and
serotonin immunoreactivity to sensorimotor circuitry in larval zebrafish.
J. Comp. Neurol. 480, 57–71. doi:10.1002/cne.20281

Milligan, C. J., Anderson, L. L., Bowen, M. T., Banister, S. D., Mcgregor, I. S.,
Arnold, J. C., et al. (2022). A nutraceutical product, extracted from Cannabis sativa,
modulates voltage-gated sodium channel function. J. Cannabis Res. 4, 30. doi:10.
1186/s42238-022-00136-x

Frontiers in Pharmacology frontiersin.org14

Morash et al. 10.3389/fphar.2022.907579

https://doi.org/10.1089/zeb.2017.1541
https://doi.org/10.1093/abbs/gmt127
https://doi.org/10.1093/abbs/gmt127
https://doi.org/10.1007/s00401-020-02181-3
https://doi.org/10.1007/s00401-020-02181-3
https://doi.org/10.1016/s0014-2999(98)00392-6
https://doi.org/10.1016/s0014-2999(98)00392-6
https://doi.org/10.7717/peerj.4957
https://doi.org/10.1016/j.bcp.2018.06.025
https://doi.org/10.1016/j.bcp.2018.06.025
https://doi.org/10.1242/jeb.203.17.2565
https://doi.org/10.1242/jeb.203.17.2565
https://doi.org/10.1016/s0925-4439(97)00070-7
https://doi.org/10.1007/s11940-015-0370-5
https://doi.org/10.1007/s11940-015-0370-5
https://doi.org/10.1080/17512433.2020.1721281
https://doi.org/10.1080/17512433.2020.1721281
https://doi.org/10.1093/annweh/wxaa013
https://doi.org/10.1016/j.neuroscience.2017.10.018
https://doi.org/10.1016/j.neuroscience.2017.10.018
https://doi.org/10.1016/s0301-0082(02)00075-8
https://doi.org/10.1038/s41531-021-00165-y
https://doi.org/10.1038/s41531-021-00165-y
https://doi.org/10.1089/zeb.2013.0950
https://doi.org/10.1089/zeb.2013.0950
https://doi.org/10.2174/1570159X17666190903103923
https://doi.org/10.3389/fphar.2020.00359
https://doi.org/10.3389/fphar.2020.00359
https://doi.org/10.1080/15548627.2015.1067364
https://doi.org/10.1111/j.1365-2125.2007.03089.x
https://doi.org/10.1111/j.1365-2125.2007.03089.x
https://doi.org/10.1016/bs.pbr.2020.02.005
https://doi.org/10.1126/science.1098966
https://doi.org/10.1126/science.1098966
https://doi.org/10.1073/pnas.73.7.2424
https://doi.org/10.1073/pnas.73.7.2424
https://doi.org/10.1089/can.2019.0099
https://doi.org/10.1089/can.2019.0099
https://doi.org/10.3892/ijmm.2017.3195
https://doi.org/10.1002/syn.20789
https://doi.org/10.1038/s41598-021-87740-8
https://doi.org/10.3389/fphar.2019.01384
https://doi.org/10.3389/fphar.2019.01384
https://doi.org/10.3390/ijms20215312
https://doi.org/10.1016/j.bbadis.2020.165771
https://doi.org/10.1016/j.bbadis.2020.165771
https://doi.org/10.1007/s10072-021-05551-1
https://doi.org/10.1007/s10072-021-05551-1
https://doi.org/10.1002/cne.20281
https://doi.org/10.1186/s42238-022-00136-x
https://doi.org/10.1186/s42238-022-00136-x
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.907579


More, S. V., and Choi, D. K. (2015). Promising cannabinoid-based therapies for
Parkinson’s disease: Motor symptoms to neuroprotection. Mol. Neurodegener. 10,
17. doi:10.1186/s13024-015-0012-0

Oultram, J. M. J., Pegler, J. L., Bowser, T. A., Ney, L. J., Eamens, A. L., and Grof, C.
P. L. (2021). Cannabis sativa: Interdisciplinary strategies and avenues for medical
and commercial progression outside of CBD and THC. Biomedicines 9, 234. doi:10.
3390/biomedicines9030234

Paredes-rodriguez, E., Vegas-Suarez, S., Morera-Herreras, T., De Deurwaerdere,
P., andMiguelez, C. (2020). The noradrenergic system in Parkinson’s disease. Front.
Pharmacol. 11, 435. doi:10.3389/fphar.2020.00435

Patricio, F., Morales-Andrade, A. A., Patricio-Martinez, A., and Limon, I. D.
(2020). Cannabidiol as a therapeutic target: Evidence of its neuroprotective and
neuromodulatory function in Parkinson’s disease. Front. Pharmacol. 11, 595635.
doi:10.3389/fphar.2020.595635

Peres, F. F., Lima, A. C., Hallak, J. E. C., Crippa, J. A., Silva, R. H., and Abilio, V. C.
(2018). Cannabidiol as a promising strategy to treat and prevent movement
disorders? Front. Pharmacol. 9, 482. doi:10.3389/fphar.2018.00482

Prakash, S., and Carter, W. G. (2021). The neuroprotective effects of cannabis-
derived phytocannabinoids and resveratrol in Parkinson’s disease: A systematic
literature review of pre-clinical studies. Brain Sci. 11, 1573. doi:10.3390/
brainsci11121573

Qi, Y., Wang, J. K., Mcmillian, M., and Chikaraishi, D. M. (1997). Characterization
of a CNS cell line, CAD, in which morphological differentiation is initiated by serum
deprivation. J. Neurosci. 17, 1217–1225. doi:10.1523/jneurosci.17-04-01217.1997

Reimann-philipp, U., Speck, M., Orser, C., Johnson, S., Hilyard, A., Turner, H.,
et al. (2020). Cannabis chemovar nomenclature misrepresents chemical and genetic
diversity; survey of variations in chemical profiles and genetic markers in Nevada
medical cannabis samples. Cannabis Cannabinoid Res. 5, 215–230. doi:10.1089/can.
2018.0063

Russo, E. B. (2011). Taming THC: Potential cannabis synergy and
phytocannabinoid-terpenoid entourage effects. Br. J. Pharmacol. 163,
1344–1364. doi:10.1111/j.1476-5381.2011.01238.x

Russo, E. B. (2018). The case for the entourage effect and conventional breeding of
clinical cannabis: No "strain, " No gain. Front. Plant Sci. 9, 1969. doi:10.3389/fpls.
2018.01969

Ryan, D., Drysdale, A. J., Lafourcade, C., Pertwee, R. G., and Platt, B. (2009).
Cannabidiol targets mitochondria to regulate intracellular Ca2+ levels. J. Neurosci.
29, 2053–2063. doi:10.1523/JNEUROSCI.4212-08.2009

Santiago, M., Sachdev, S., Arnold, J. C., Mcgregor, I. S., and Connor, M. (2019).
Absence of entourage: Terpenoids commonly found in cannabis sativa do not
modulate the functional activity of d9-THC at human CB1 and CB2 receptors.
Cannabis Cannabinoid Res. 4, 165–176. doi:10.1089/can.2019.0016

Severi, K. E., Portugues, R., Marques, J. C., O’Malley, D. M., Orger, M. B., and
Engert, F. (2014). Neural control and modulation of swimming speed in the larval
zebrafish. Neuron 83, 692–707. doi:10.1016/j.neuron.2014.06.032

Stasilowicz, A., Tomala, A., Podolak, I., and Cielecka-Piontek, J. (2021). Cannabis
sativa L. As a natural drug meeting the criteria of a multitarget approach to
treatment. Int. J. Mol. Sci. 22, E778. doi:10.3390/ijms22020778

Surmeier, D. J. (2018). Determinants of dopaminergic neuron loss in Parkinson’s
disease. FEBS J. 285, 3657–3668. doi:10.1111/febs.14607

Thanabalasingam, S. J., Ranjith, B., Jackson, R., and Wijeratne, D. T. (2021).
Cannabis and its derivatives for the use of motor symptoms in Parkinson’s disease:
A systematic review and meta-analysis. Ther. Adv. Neurol. Disord. 14,
17562864211018561. doi:10.1177/17562864211018561

Turner, H., Chueh, D., Ortiz, T., Stokes, A. J., and Small-Howard, A. L.
(2017). Cannabinoid therapeutics in Parkinson’s disease: Promise and
paradox. J. Herbs, Spices Med. Plants 23, 231–248. doi:10.1080/10496475.
2017.1312724

Urbi, B., Corbett, J., Hughes, I., Owusu, M. A., Thorning, S., Broadley, S. A., et al.
(2022). Effects of cannabis in Parkinson’s disease: A systematic review and meta-
analysis. J. Park. Dis. 12, 495–508. doi:10.3233/JPD-212923

Utsumi, H., Okuma, Y., Kano, O., Suzuki, Y., Iijima, M., Tomimitsu, H., et al.
(2013). Evaluation of the efficacy of pramipexole for treating levodopa-induced
dyskinesia in patients with Parkinson’s disease. Intern. Med. 52, 325–332. doi:10.
2169/internalmedicine.52.8333

Venderova, K., Ruzicka, E., Vorisek, V., and Visnovsky, P. (2004). Survey on
cannabis use in Parkinson’s disease: Subjective improvement of motor symptoms.
Mov. Disord. 19, 1102–1106. doi:10.1002/mds.20111

Walsh, K. B., Mckinney, A. E., and Holmes, A. E. (2021). Minor cannabinoids:
Biosynthesis, molecular Pharmacology and potential therapeutic uses. Front.
Pharmacol. 12, 777804. doi:10.3389/fphar.2021.777804

Wiseman, M. S., Bates, T., Garfinkel, A., Ocamb, C. M., and Gent, D. H.
(2021). First report of powdery mildew caused by golovinomyces ambrosiae on
cannabis sativa in Oregon. Plant Dis. 105, 2733. doi:10.1094/PDIS-11-20-
2455-PDN

Yenilmez, F., Frundt, O., Hidding, U., and Buhmann, C. (2021). Cannabis in
Parkinson’s disease: The patients’ view. J. Park. Dis. 11, 309–321. doi:10.3233/JPD-
202260

Zagzoog, A., Mohamed, K. A., Kim, H. J. J., Kim, E. D., Frank, C. S., Black, T.,
et al. (2020). In vitro and in vivo pharmacological activity of minor cannabinoids
isolated from Cannabis sativa. Sci. Rep. 10, 20405. doi:10.1038/s41598-020-
77175-y

Zhang, G., Buchler, I. P., Depasquale, M., Wormald, M., Liao, G., Wei, H., et al.
(2019a). Development of a PC12 cell based assay for screening catechol-O-
methyltransferase inhibitors. ACS Chem. Neurosci. 10, 4221–4226. doi:10.1021/
acschemneuro.9b00395

Zhang, W., Sun, C., Shao, Y., Zhou, Z., Hou, Y., and Li, A. (2019b). Partial
depletion of dopaminergic neurons in the substantia nigra impairs olfaction and
alters neural activity in the olfactory bulb. Sci. Rep. 9, 254. doi:10.1038/s41598-018-
36538-2

Frontiers in Pharmacology frontiersin.org15

Morash et al. 10.3389/fphar.2022.907579

https://doi.org/10.1186/s13024-015-0012-0
https://doi.org/10.3390/biomedicines9030234
https://doi.org/10.3390/biomedicines9030234
https://doi.org/10.3389/fphar.2020.00435
https://doi.org/10.3389/fphar.2020.595635
https://doi.org/10.3389/fphar.2018.00482
https://doi.org/10.3390/brainsci11121573
https://doi.org/10.3390/brainsci11121573
https://doi.org/10.1523/jneurosci.17-04-01217.1997
https://doi.org/10.1089/can.2018.0063
https://doi.org/10.1089/can.2018.0063
https://doi.org/10.1111/j.1476-5381.2011.01238.x
https://doi.org/10.3389/fpls.2018.01969
https://doi.org/10.3389/fpls.2018.01969
https://doi.org/10.1523/JNEUROSCI.4212-08.2009
https://doi.org/10.1089/can.2019.0016
https://doi.org/10.1016/j.neuron.2014.06.032
https://doi.org/10.3390/ijms22020778
https://doi.org/10.1111/febs.14607
https://doi.org/10.1177/17562864211018561
https://doi.org/10.1080/10496475.2017.1312724
https://doi.org/10.1080/10496475.2017.1312724
https://doi.org/10.3233/JPD-212923
https://doi.org/10.2169/internalmedicine.52.8333
https://doi.org/10.2169/internalmedicine.52.8333
https://doi.org/10.1002/mds.20111
https://doi.org/10.3389/fphar.2021.777804
https://doi.org/10.1094/PDIS-11-20-2455-PDN
https://doi.org/10.1094/PDIS-11-20-2455-PDN
https://doi.org/10.3233/JPD-202260
https://doi.org/10.3233/JPD-202260
https://doi.org/10.1038/s41598-020-77175-y
https://doi.org/10.1038/s41598-020-77175-y
https://doi.org/10.1021/acschemneuro.9b00395
https://doi.org/10.1021/acschemneuro.9b00395
https://doi.org/10.1038/s41598-018-36538-2
https://doi.org/10.1038/s41598-018-36538-2
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.907579


Glossary

ANOVA Analysis of Variance

Ca calcium

CaCl2-2H2O Calcium chloride

CB1 Cannabinoid receptor 1

CB2 Cannabinoid receptor 2

CBC Cannabichromene

CBD Cannabidiol

CBDV Cannabidivarin

CBG Cannabigerol

CBN Cannabinol

CC Carrier Control

DA Dopamine

DCR-MEM Defined Cannabinoid-Ratios Minimal Essential

Mixture

ECB Endocannabinoid

E-MEM Equimolar Minimal Essential Mixture

GABA Gamma amino Butyric Acid

h hour

HE3 HEPES buffered E3

Hpf Hours Post Fertilization

KCl Potassium chloride

LID Levodopa Induced Dyskinesia

Lim Limonene

Lin Lanalool

MEM Minimal Essential Mixture

MeOH Methanol

MgSO4-7H2O Magnesium hydrate heptahydrate

MPP 1-methyl-4-phenylpyridinium

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

NaCl Sodium Chloride

Nero trans nerolidol

OHDA 6-hydroxydopamine

PD Parkinson’s disease

Phyt Phytol

Pin alpha pinene

PRO Patient Reported Outcomes

SNpc Substantia Nigra pars compacta

TH Tyrosine Hydroxylase

THC Δ-9 tetrahydrocannabinol

TRPV1 Transient Receptor Potential cation channel subfamily V

member 1
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