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Abstract

Prolonged prenatal or adult exposure to ethanol is detrimental to mental and physical
well-being, resulting in developmental abnormalities, progressive addiction and ultimate
death. A growing number of studies have shown the therapeutic potential of cannabinoids in
ethanol-related behaviors in mammals. However, the potential pharmacological actions of
cannabinoids in ethanol responses have not been examined in the model organism Drosophila
melanogaster. Here, we systematically investigated the effects of various cannabinoids on
ethanol preference, ethanol sensitivity and tolerance, and ethanol-induced developmental
defect in Drosophila. We showed that treatment with the phytocannabinoid cannabidiol
(CBD) displayed a significant decrease in preference for consuming ethanol in adult flies.
Interestingly, cannabinoids exhibited differential roles in short- and long- term ethanol
tolerance in flies. Although cannabinoids had no detectable effects on short-term ethanol
tolerance, CBD and the endocannabinoid anandamide (AEA) suppressed long-term tolerance
to ethanol. Moreover, ethanol exposure delayed larval-to-pupal development and increased
larval/pupal size. Unexpectedly, treatment with CBD or endocannabinoids did not attenuate
ethanol-induced developmental delay, instead, exacerbated its detrimental effect. Thus, our
systematical study reveals, for the first time, a differential role of the cannabinoids in the

modulation of ethanol-related responses in Drosophila.
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Introduction

Cannabis sativa, also known as marijuana or hemp, is an annual herbaceous plant
known for its medicinal and recreational purposes. Since the discovery of the main
constituents in Cannabis in the 1960s and the naturally-occurring endocannabinoid system in
1990s (Mechoulam et al., 2014), researchers have focused on understanding of the medicinal
relevance of different constituents derived from Cannabis and endogenous endocannabinoids.
The Cannabis sativa plant produces more than 545 constituents (EISohly and Gul, 2015),
among which more than 100 constituents were isolated and identified as phytocannabinoids
(Hanus et al, 2016). Aside from the known psychoactive component A°’-
tetrahydrocannabinol (THC), cannabidol (CBD) is the most commonly studied
phytocannabinioid due to its non-psychotomimetic property. Other non-psychoactive
phytocannabinoids including cannabigerol (CBG), cannabichromene (CBC) and
cannabidivarin (CBDV) have also been characterized. The plant derivatives or synthetic
cannabinoids interact with the endocannabinoid system which consists of endogenous ligands
N-arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG), cannabinoid
receptors and endocannabinoid-degrading enzymes (Mechoulam et al., 2014). Collectively,
these cannabinoids are particularly of high interest due to their potential therapeutic values.
Preclinical studies in rodents showed that CBD decreased alcohol intake with improvement in
hepatic and neurocognitive outcomes (De Ternay et al., 2019; Turna et al., 2019). Recently, a
clinical study reported reduction in disruptive behaviors in children and young adults treated
with CBD (Koren et al., 2021). Furthermore, emerging studies in Drosophila have
documented the therapeutic effects of cannabinoids in food intake and various diseases
including cardiovascular disease, Parkinson’s disease and seizure. Cannabinoids exhibited an
inhibitory effect on food intake presumably through reduced lipid metabolism (He et al.,

2021). Prolonged inhalation of marijuana increased cardiac contractility in adult flies (Goémez
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et al, 2019). The neuroprotective role of synthetic cannabinoid CP55940 and
endocannabinoids was evident in paraquat-induced toxicity (Jimenez-Del-Rio et al., 2008)
and seizure (Jacobs and Sehgal, 2020), respectively. Although a range of cannabinoids have
been found to modulate diverse behavioral effects in Drosophila, the canonical CBip
receptors were found to be non-existent (McPartland et al., 2001). It is plausible that
cannabinoids exert their effects through non-canonical G-protein coupled receptors (GPCR)
which consist of SHTia receptors, GPR55 and transient receptor potential (TRP) channels
(Cristino et al., 2020). These studies are suggestive of cannabinoids acting on these non-
canonical targets to modulate various behaviors in these pathological states.

Fetal alcohol spectrum disorder (FASD) and alcohol use disorder (AUD) are major
global health issues resulting from increased alcohol consumption driven by social-cultural
factors (Carvalho et al., 2019; Lange et al., 2017). While human studies and rodent models
are popular among researchers to investigate alcohol-related disorders (Ehrhart et al., 2019;
Marquardt and Brigman, 2016), Drosophila melanogaster has also been increasingly used as
an important model to elucidate the underlying mechanisms due to the high conservation of
genome and resemblance of alcohol-induced behaviors to mammals. It has been well
documented that the adult flies exhibited the key features of alcohol-induced behaviors. The
fruit flies were initially found to be attracted to ethanol with the ability to detect the presence
of ethanol (McKenzie and McKechnie, 1979) and more recent studies revealed that flies
displayed preference to ethanol food, a behavioral response similar to humans (Devineni and
Heberlein, 2009; Ja et al., 2007; Park and Ja, 2020). Acute and chronic ethanol intoxication
led to an increase in locomotion in the flies (Wolf et al., 2002) which progressed to
impairment of motor skills with the loss of postural control and the inability to upright
themselves (Moore et al., 1998). This was followed by subsequent sedation (Petruccelli et al.,

2016; Singh and Heberlein, 2000; Wolf et al., 2002). When flies were repeatedly exposed to
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ethanol upon recovery, the flies developed tolerance to ethanol with increased latency to
sedation (Parkhurst et al., 2018; Scholz et al., 2005; Scholz et al., 2000). Prolonged exposure
to ethanol or ethanol at high concentrations could result in lethality (Devineni and Heberlein,
2012). To mimic prenatal exposure to ethanol in FASD, involuntary feeding of the larvae
with ethanol exhibited developmental delay to eclosion of adult flies which displayed altered
neurobehavioral changes (McClure et al., 2011).

Here, we characterized the role of cannabinoids in the modulation of various ethanol
responses using the Drosophila melanogaster model. We confirmed that the adult flies
exhibited preferential ethanol consumption, ethanol tolerance, and ethanol-induced
developmental delay, consistent with the previous studies. Interestingly, treatment with CBD
significantly decreased ethanol preference in adult flies. Moreover, we showed that flies
treated with CBD and AEA displayed less resistance to ethanol sedation with suppression of
long-term tolerance to ethanol. In addition, we reported unexpected findings that ethanol-
induced developmental delay was not attenuated by CBD or endocannabinoids treatment.
Overall, our study systematically interrogates the effects of cannabinoids on various ethanol-

related behaviors and suggests selectivity of cannabinoids on ethanol responses.

Material and methods
Fly stocks and maintenance

The Canton S flies (#64349) used in all experiments were obtained from the
Bloomington Drosophila stock center (BDSC), Indiana, USA. All flies were raised on
standard food medium under a 12 h light/12 h dark cycle with temperature maintained at
25°C and relative humidity at 70%. All behavioral assays were performed on 3-5-day-old
adult male flies and these flies were subjected to light CO, anesthesia and allowed to recover

for at least 2 days before any behavioral experimentation.
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Drug treatment and delivery

The following cannabinoids were used in this study (Table 1): 1) phytocannabinoids —
CBD (0.02 mg/ml, 0.1 mg/ml, 0.5 mg/ml and 1 mg/ml), CBDV, CBG and CBC (0.1 mg/ml),
2) endocannabinoids — 2-AG and AEA (0.01 mg/ml and 0.1 mg/ml), and 3) synthetic
cannabinoids - CP55940 (0.02 mM, 0.05 mM and 0.5 mM). These drugs were dissolved in
ethanol or methanol and the stock solutions were further diluted to the desired concentrations
in different food medium depending on behavioral assays. Due to the nature of behavioral
tests used in this study, various feeding methods were utilized to treat the flies.

For the ethanol preference assay, flies were presented with cannabinoid-containing
liquid food (5% sucrose, 5% yeast extract) or the respective control food in the glass
capillaries while cannabinoid-containing solid food (2% agar and 10% sucrose) was
administered in the caps of Eppendorf tubes to assess ethanol sedation sensitivity and
tolerance, and ethanol-induced lethality in adult flies. In the ethanol developmental exposure
assay, eggs were collected and placed on standard food medium containing cannabinoids
and/or ethanol.

Ethanol preference assay

The preference for consuming ethanol was assessed using the CApillary FEeder
(CAFE) assay (Devineni and Heberlein, 2009; Ja et al., 2007). Eight adult male flies were
transferred into a vial containing 1% agarose with four 5 ul glass capillaries (VWR, USA).
The capillaries were inserted from the top of the vial via adaptors made of pipette tips (He et
al., 2021). Following pre-treatment with cannabinoid-containing liquid food or control liquid
food for two days, the flies were presented with two capillaries filled with normal liquid food
and the remaining with normal liquid food + 15% ethanol. The amount of food consumed in
the capillaries was measured for two consecutive days and replaced with fresh food daily.

Identical vials lacking flies were utilized as controls in each assay to determine evaporation


https://doi.org/10.1101/2021.08.14.456340

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.14.456340; this version posted August 14, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

from the capillaries. The mean amount of evaporation was subtracted from the food
consumption data. The ethanol preference index was quantified as the (consumption of food
with ethanol — consumption of normal liquid food) / total consumption.
Ethanol sedation sensitivity and tolerance assays

The ethanol sedation sensitivity and tolerance assays were performed as previously
described (Maples and Rothenfluh, 2011). On the experimental day, the flies were transferred
to new empty vials which were subsequently covered with a fresh plug infused with 500 pl of
75% ethanol. The vials were tapped three times on the lab bench at a 1-minute interval to
startle and knock the flies to the bottom of the vial. Following a 10-second observational
period, the number of sedated flies at the bottom of the vial that were unable to upright
themselves was recorded every minute. The time to 50% sedation (ST50) was determined
whereby 50% of the flies remained sedated. To examine the effect of cannabinoids on ethanol
sedation sensitivity and short-term ethanol tolerance, groups of 8 male flies underwent
cannabinoid training for 2 or 4 days before behavioral testing. The sensitivity to ethanol-
induced sedation of the flies was measured as ST50 following the first exposure to ethanol
vapor for 25 minutes (ST50-0hr). Flies were subsequently transferred to normal food vials to
recover at 25°C. Flies were examined for ethanol sedation (ST50-4hr) four hours following
the first ethanol exposure. The short-term ethanol tolerance of the flies was assessed through
the percentage change in time taken for ethanol sedation at four hours (ST50-4hr — ST50-0Ohr)
/ ST50-Ohr (%). To further investigate the effects of cannabinoids on long-term ethanol
tolerance, the flies were subjected to repeated ethanol exposure for 25 minutes daily for 5
days. Following the assessment of the innate ethanol tolerance of flies on day O prior to
cannabinoid treatment, the flies were treated with cannabinoids for 4 days and the behavioral
assay was performed daily concomitantly with cannabinoid treatment. The ST50 was

measured every 24 hours for 4 consecutive days to determine the long-term change in ethanol
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tolerance. Long-term tolerance to ethanol was calculated by determining the percentage
change in ST50 at daily (ST50-Day1-4 — ST50-Day0) / ST50-Day0 (%), respectively.
Ethanol lethality assay

To assess whether cannabinoids alter ethanol-induced lethality, the flies were placed
into an empty vial with a fresh plug containing 1 ml of 100% ethanol for 45 minutes
following pre-treatment with cannabinoids for 2 or 4 days. After exposure to the ethanol
vapor, they were transferred into vials with normal food and allowed to recover for 24 hours.
The number of dead flies was counted. The ethanol-induced lethality of the flies (%) was
calculated as (number of dead flies/number of total flies) x 100%.
Developmental ethanol exposure assay

Eggs were collected on standard fly food medium for 24 hours. These eggs were
suspended in sterile water and the same volume of eggs was distributed to different vials
containing food medium with 1) ethanol (0%, 5%, 7.5% and 10%), 2) cannabinoids (0.02
mg/ml, 0.1 mg/ml and 0.5 mg/ml CBD, 0.02 mM CP55940, 0.01 mg/ml AEA and 0.01
mg/ml 2-AG), 3) ethanol (10%) + cannabinoids. The number of pupae was counted every 12
h from 5 to 12 days AEL and these data was used to calculate the time taken for the
development of 50% of the eggs to pupa formation (DT50) and the egg-to-pupa survival. To
examine whether ethanol affects larval and pupa growth, the size of the wondering third
instar larvae (wL3) and pupa was measured using Imagel.
Statistical Analysis

Statistical analysis was performed using Prism 7.03 (GraphPad Software, USA). Data
was analyzed using Student’s t-test or one-way ANOVA followed by Dunnett’s post-hoc test.
When one-way ANOVA indicates significance with Bartlett’s test which represents unequal
variance, non-parametric Kruskal-Wallis test followed by Dunn’s multiple comparison test

was performed. Differences between the treatment groups were considered to be statistically
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significant at * p < 0.05, ** p < 0.01, *** p < 0.001. All graphs were represented as mean +

standard error of mean (S.E.M).

Results
CBD decreased preference for ethanol in flies

A previous study demonstrated that adult flies exhibit preferential ethanol
consumption (Devineni and Heberlein, 2009), indicating that Drosophila melanogaster can
successfully model this specific behavior which is conserved in vertebrates. Consistently, our
findings showed that the control flies exhibited a robust preference for consuming the food
containing a high concentration of ethanol (15%) when compared to non-ethanol food (Figure
1). The flies were pre-trained with cannabinoids-containing liquid food in the capillaries for 2
days (day-2 and day-1) prior to the measurement of ethanol preference in the subsequent two
days (day 1 and day 2) using the CAFE assay (Figure 1A). We investigated whether
cannabinoids could affect ethanol preference in these pre-treated adult flies. Amongst the
phytocannabinoids, pre-treatment with 0.1 mg/ml and 1mg/ml CBD significantly reduced the
ethanol preference index on day 2, but not on day 1 (Figures 1B and 1C). In line with our
previous study (He et al., 2021), the average food consumption of flies was significantly
decreased with CBD at the higher concentration (Figures S1B), but not the low concentration
(Figure S1A). In addition, we also assessed the preference for ethanol with various
phytocannabinoids including CBDV, CBC and CBG at 0.1 mg/ml. In contrast to CBD, these
flies displayed similar preference for ethanol on both day 1 and day 2 to their respective
controls (Figures 1D-1F). Likewise, the ethanol preference of flies pre-treated with the
synthetic cannabinoid CP55940 was not altered (Figures 1G) while a significant reduction in
food intake was observed in CP55940-treated flies (Figure S1C). Pre-treatment with

endocannabinoids AEA (Figure 1H) and 2-AG (Figure 1I)-also did not affect ethanol
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preference in flies. However, a trend towards decreased preference of ethanol with 2-AG
treatment was observed (Figure 11). Taken together, these findings suggest an inhibitory role
of CBD on ethanol preference in flies.
Cannabinoids did not alter short-term ethanol tolerance in flies

Similar to ethanol preference, the flies exhibit a series of acute ethanol intoxicated
behaviors which are conserved in mammals. The acute reversible events begin with
hyperactivity, followed by uncoordinated motor activity and subsequent sedation (Bainton et
al., 2000; Singh and Heberlein, 2000). We first examined whether cannabinoids could
regulate ethanol sedation sensitivity in flies. The flies were pre-treated with cannabinoid-
containing food for 2 or 4 consecutive days prior to the measurement of sedation sensitivity
to ethanol at two time points of 0 hr and 4 hr (Figure 2A and S2A). The ethanol-induced
sedation sensitivity was quantified as the time taken for 50% of the flies to be sedated during
ethanol exposure (ST50). Flies were pre-treated for 2 days with various phytocannabinoids
including CBD at 0.1 mg/ml and 1 mg/ml (Figure 2B), CBC, CBDV (Figure 2D), CBG
(Figure 2F) at 0.1 mg/ml, synthetic cannabinoid CP55940 at 0.5 mM (Figure 2F) and
endocannabinoids AEA (Figure 2H) and 2-AG (Figure 2J) at 0.01 mg/ml and 0.1 mg/ml. The
ST50s of the flies treated with these cannabinoids were similar as compared to the respective
controls. Thus, these cannabinoids did not affect ethanol sedation sensitivity in flies.
Prolonged 4-day treatment of selective cannabinoids consisting of CBD (Figure S2B),
CP55940 (Figure S2D) and 2-AG (Figure S2F) did not alter the sensitivity to ethanol either.
We further investigated whether cannabinoids could regulate short-term tolerance to ethanol
which is derived from the percentage change in sedation sensitivity at two different time
points. Previous studies provided evidence of the development of tolerance to ethanol in adult
flies during the second ethanol exposure (Berger et al., 2008; Scholz et al., 2000).

Consistently, we also found that flies pre-treated with the control solutions were more

10
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resistant to sedation during the second exposure to ethanol with an increase in tolerance
change of 85.84 £ 4.71 %. CBD treatment at both concentrations led to a trend towards
decreased short-term ethanol tolerance; however, it is not statistically significant (Figure 2C).
Furthermore, flies pre-treated with CBD for 4 days did not alter the short-term ethanol
tolerance (Figure S2C). Two-day treatment with the other phytocannabinoids including 0.1
mg/ml CBC, 0.1 mg/ml CBDV or 0.1 mg/ml CBG did not affect short-term ethanol tolerance
(Figure 2E, 2G). Similarly, flies pre-treated with CP55940 at 0.5 mM or AEA at 0.01 mg/ml
and 0.1 mg/ml displayed similar tolerance change when compared to the control groups
(Figure 2G, 2I and S2E). Although pre-treatment with 0.1 mg/ml 2-AG for 2 days slightly
decreased short-term ethanol tolerance, the difference was insignificant (Figure 2K).
Likewise, the short-term ethanol tolerance change was not significantly different to the
controls when the flies were pre-treated for 4 days (Figure S2G). Thus, these findings
indicate that cannabinoids did not affect short-term tolerance of ethanol in flies.
CBD and AEA reduced long-term tolerance to ethanol in flies

Following the assessment of short-term ethanol tolerance, we further characterize the
effects of cannabinoids on long-term tolerance to ethanol. We focused on selective
cannabinoids, namely CBD, CP55940, AEA and 2-AG, and investigated their potential effect
on long-term ethanol tolerance. To this end, we first assessed innate ethanol sedation
sensitivity on day 0 and repeated the same test once per day for 4 consecutive days (day 1 to
4) coupled with cannabinoid treatment (Figure 3A). Repeated exposure to 75% ethanol daily
resulted in increased tolerance throughout the experiment from day 1 to day 4 (Figure 3B-E).
Interestingly, flies treated with CBD at the low concentration of 0.1 mg/ml were less resistant
to ethanol-induced sedation with the sedation time significantly lower from day 2 onwards
when compared to the control-treated flies and this effect was sustained throughout the

experiment (Figure 3B). However, CBD at the higher concentration of 1 mg/ml did not
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significantly suppress the ethanol tolerance although there is a trend towards decreased
tolerance. There was a lack of CP55940 effect on long-term ethanol tolerance change (Figure
3C). Interestingly, treatment with AEA at both concentrations of 0.01 mg/ml and 0.1 mg/ml
reduced sedation sensitivity to ethanol. However, the difference in the percentage of tolerance
change was only significant at day 4 when flies were pre-treated with 0.1 mg/ml AEA (Figure
3D). However, treatment with 0.01 mg/ml and 0.1 mg/ml 2-AG did not affect long-term
tolerance to ethanol (Figure 3E). These results indicate that CBD and AEA could mediate
long-term tolerance to ethanol.
Cannabinoids did not alter ethanol-induced lethality in adult flies

Prolonged exposure to high concentrations of ethanol eventually resulted in sedation
and subsequent death of the flies (Devineni and Heberlein, 2012). To explore whether
cannabinoids could affect ethanol-induced lethality, the flies were pre-treated with
cannabinoids for 2 or 4 consecutive days prior to exposure to high concentration of ethanol
vapor at 100% (Figure 4A). Our initial findings in 3-day-old flies demonstrated that exposure
to 100% ethanol for 35 minutes resulted in lethality rate of 12.73 £ 4.07 %. This was
significantly increased to 42.50 + 3.92% with 40 min ethanol exposure. With the extension of
the duration of ethanol exposure to 43 and 45 minutes, the lethality rate of the flies was
significantly higher at 59.44 + 8.26 % and 66.36 + 6.91%, respectively. These observations
indicated a time-dependent effect on ethanol-induced lethality of the flies. Therefore, flies
were subsequently exposed to 100% ethanol vapor for 45 minutes to understand the role of
cannabinoids in ethanol-induced lethality. Pre-treatment of the flies with CBD and CP55940
for 2 days did not rescue or alleviate ethanol-induced lethality (Figure 4B). Likewise, flies
fed with endocannabinoids of AEA (Figure 4D) and 2-AG (Figure 4F) for 2 days also
resulted in high lethality which was similar to the flies fed with the respective controls.

Prolonged 4-day pre-treatment with CBD, CP55940 (Figure 4C) and AEA (Figure 4E) also

12
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did not alter ethanol-induced lethality. Although the difference was insignificant, pre-
treatment with 2-AG at the higher concentration of 0.1 mg/ml for 4 days displayed a slight
reduction in the lethality of the flies (Figure 4G). Overall, our results suggest that
cannabinoids play a negligible role in the modulation of ethanol-induced lethality in flies.
Cannabinoids did not rescue ethanol-induced developmental delay and lethality in
Drosophila

Our observations of cannabinoid selectivity on various ethanol-induced behaviors
prompted us to further study whether cannabinoids could affect larval/pupal development
following ethanol exposure. It has been reported that exposure to ethanol during early
developmental stages was detrimental to development and survival from embryogenesis to
adult flies eclosion (McClure et al., 2011). This is consistent with our current findings that
ethanol exposure to embryos at high concentrations of 7.5% and 10% significantly increased
the number of days taken for pupal formation (Figure 5A). Eggs reared on non-ethanol food
developed to pupae from 5.5 days after egg laying (AEL), with 50% of total pupae forming
by 6.46 £ 0.13 days. The pupal formation was delayed with increasing ethanol concentrations
from 5% to 10%. When exposed to 5% and 7.5% ethanol, the respective average time taken
for formation of 50% pupae (DT50) was 7.29 + 0.24 days and 8.19 + 0.33 days. As compared
to the non-ethanol conditions, there was an approximate delay of 4 days for pupal formation
at 10.46 £ 0.22 days with 10% ethanol exposure. While increasing ethanol concentrations
delayed pupal development, there was a significant ~50% decrease in the relative number of
pupae forming with 10% ethanol exposure as compared to the control group (Figure 5B).
This indicates that ethanol-reared embryos resulted in larval developmental delay, retarded
pupal formation and even lethality. Moreover, ethanol exposure also exhibited a dose-
dependent effect on the size of larvae and pupae. The average size of the control 3™ instar

wandering larvae (wL3) and pupae was 18.03 + 0.37 mm? and 14.68 + 0.36 mm?, respectively.
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When the eggs were reared on 10% ethanol containing food medium, there was a ~30%
increase in the size of larvae to 23.59 + 0.43 mm? and pupae to 19.03 + 0.28 mm?. There is a
negative correlation of increasing ethanol levels with larval development/survival, and a
positive relationship with larval/pupal body size.

A recent study has shown that treatment of CBD significantly improved the survival
rate of ethanol-intoxicated M. sexta larvae (Park et al., 2019). We next determined whether
cannabinoids could rescue or alleviate ethanol-induced developmental delay and/or lethality.
Eggs raised on food medium containing 10% ethanol and CBD at 0.02 mg/ml or 0.1 mg/ml
displayed slightly longer period of larval development and lower survival rate when
compared to the control group raised on food medium containing 10% ethanol only (Figure
6A and 6B). Despite that, exposure of the eggs to CBD alone appeared to display adverse
effects on the development of eggs to pupae in a dose-dependent manner (Figure S3A).
Furthermore, treatment with CP55940 only (Figure S3B) or CP55940 with 10% ethanol
(Figure 6C-D) did not affect larval development and viability. Unexpectedly, ethanol-induced
developmental delay was significantly deteriorated upon 0.01 mg/ml AEA (Figure 6E) or 2-
AG co-treatment (Figure 6G). Despite a trend towards decreasing viability with
endocannabinoid treatments, the relative number of pupae was not significantly different
from the control groups (Figure 6F and 6H). When the eggs were reared on food medium
containing AEA or 2-AG alone, the time taken for pupal formation was unaltered (Figure
S3C-D). In contrast to the previous study that CBD treatment alleviates ethanol-induced
death in the tobacco hornworm (Park et al., 2019), our findings unexpectedly suggest that the
detrimental effects of ethanol-induced developmental delay and toxicity are not attenuated by

CBD or CP55940 treatment, instead, are further exacerbated by endocannabinoids.

Discussion
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Previous studies using the Drosophila model have highlighted the protective role of
cannabinoids in food intake (He et al., 2021), seizure (Jacobs and Sehgal, 2020), paraquat-
evoked toxicity (Jimenez-Del-Rio et al., 2008) and cardiac function (Goémez et al., 2019).
However, it remains unexplored whether cannabinoids affect ethanol responses in Drosophila
which has been shown to be effective in modelling complex ethanol behaviors in mammals.
It is well established that adult flies displayed preference to ethanol, resistance to ethanol
sedation and lethality following prolonged ethanol exposure (Devineni and Heberlein, 2009;
Devineni and Heberlein, 2012; Scholz et al., 2000). Furthermore, early exposure to ethanol
induced developmental delay (McClure et al., 2011). In this current study, we provide new
insights into the role of cannabinoids in ethanol-related behaviors. We systematically
investigated the effects of cannabinoids on a spectrum of behaviors including ethanol
preference, ethanol sedation sensitivity and ethanol lethality, and ethanol-induced
developmental delay in Drosophila.

Amongst the various cannabinoids, the non-psychoactive phytocannabinoid CBD and
endocannabinoids exhibited selectivity on ethanol behaviors with the observations of
decrease in preferential ethanol consumption or long-term ethanol tolerance. These results
appear to be promising as reduction in ethanol intake and tolerance could possibly decrease
the likelihood of progression into chronic ethanol-related health issues. Similar to our
findings, a recent study has reported that treatment with CBD in mice reduced ethanol
preference and consumption in a two-bottle choice paradigm in a dose-dependent manner
(Viudez-Martinez et al., 2018). It is evident that ethanol preference and ethanol tolerance are
modulated by the canonical endocannabinoid system whereby the biological effects of the
two main endocannabinoids, AEA and 2-AG, are mediated mainly through the CBi»
receptors (Cristino et al., 2020). In contrast to our findings, many studies in the rodent models

have shown opposing effects of endocannabinoids on ethanol preference. High ethanol
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preference in mice was significantly decreased with blockade of the canonical CB1, receptors
or in CBj receptor knock out mice (Gallate and McGregor, 1999; Hungund et al., 2003; Wang
et al., 2003). Furthermore, in vitro studies demonstrated that chronic exposure to ethanol led
to accumulation of AEA (Basavarajappa and Hungund, 1999a; Basavarajappa et al., 2003)
and 2-AG (Basavarajappa et al., 2000). The upregulation of endocannabinoid levels led to
persistent activation of CBi» receptors, thus resulting in the downregulation of the
availability of these receptors (Basavarajappa and Hungund, 1999b). Both endocannabinoids,
AEA and 2-AG, are inactivated through intracellular enzymatic degradation through fatty
acid amidohydrolase (FAAH)-mediated hydrolysis to arachidonic acid (AA) and
ethanolamine or glycerol, respectively (Basavarajappa, 2007). With chronic exposure to
ethanol, the impairment of degradation machinery could account for the accumulation of
endocannabinoids. Previously, the findings of in vivo studies reported increase in ethanol
preference and decrease in ethanol sensitivity in mice administered with FAAH inhibitors and
FAAH knock out mice (Blednov et al., 2007; Falenski et al., 2010), indicative of the
importance of endocannabinoids in the regulation of ethanol preference and sedation. The
contrasting effects of cannabinoids in different animal models could be due to the diversity of
the cannabinoid system. It is evident that the canonical CBi» receptor-mediated signaling
pathway is non-existent in Drosophila due to the absence of these receptors (McPartland et
al., 2001). We thereby postulate that endocannabinoids could exert their effects via identified
non-canonical receptors or unknown CBy; like receptors. Notably, CBD exhibits low binding
affinity to the canonical receptors (Cristino et al., 2020) and is known to have diverse
interaction with other systems through various GPCRs including GPR55, SHTia receptors,
TRPV1 channels and opioid receptors (De Petrocellis et al., 2011; Kathmann et al., 2006;
Russo et al., 2005; Ryberg et al., 2007). The selectivity of CBD in the ethanol behaviors

could be modulated through different GPCR-mediated pathways. However, more work is
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required to unravel the underlying mechanisms of these cannabinoids in ethanol behaviors.
Apart from the possibility of differential modulation of the cannabinoids on these ethanol
behaviors via different pathways, the processes mediating these ethanol behaviors are
dissociable in Drosophila. For instance, the male flies were found to be more susceptible to
sedation and less resistant to ethanol lethality (Devineni and Heberlein, 2012). Our findings
demonstrated that treatment with CBD and endocannabinoid AEA suppressed long-term
ethanol tolerance without affecting ethanol-induced lethality, suggesting that these
cannabinoids have specific functional implications in chronic ethanol responses.

As selective cannabinoids displayed protective effects on ethanol preference and long-
term ethanol tolerance in the adult flies, it will be interesting to determine whether
cannabinoids affect development in Drosophila. Exposure to CBD alone, but not CP55940
and endocannabinoids, led to a significant delay in normal larval development in Drosophila.
This finding is consistent with a study in tobacco hornworm Manduca sexta whereby the
larvae reared on food containing high concentration of CBD displayed significant reduction
in size and increased lethality (Park et al., 2019). Exposure to CP55940 throughout the
neurulation stage, a critical morphogenetic event during human gestation, induced
craniofacial and brain abnormalities in mice (Fish et al., 2016; Gilbert et al., 2016) and
zebrafish (Fish et al., 2019). The naturally-occurring CBD and synthetic cannabinoid
CP55940 have adverse effects on the processes governing normal development possibly due
to disruptions to cannabinoid-signaling pathway during growth. The innate endocannabinoid
system plays a critical role in the regulation of fundamental developmental processes,
especially development of the central nervous system and synaptic communication
(Basavarajappa et al., 2009; Clarke et al., 2021; Harkany et al., 2007).

As the combinatorial intake of marijuana/Cannabis and alcohol is prominently

increasing in pregnant women (Young-Wolff et al., 2017), we aim to understand the
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relationship of ethanol and cannabinoids on development in Drosophila. The interesting and
unexpected finding in our study is that endocannabinoids exacerbated ethanol-induced
embryo-to-pupal  developmental delay. Although exogenous administration of
endocannabinoids alone did not affect normal development, combinatorial exposure to these
cannabinoids and ethanol negatively impacted development and viability in Drosophila.
Based on these observations, endocannabinoids function differently in the absence or
presence of ethanol, suggesting that a potential interaction between endocannabinoids and
ethanol is detrimental to development. Endocannabinoids have been shown to be conserved
inhibitors of Hedgehog signaling (Khaliullina et al., 2015). A recent study has demonstrated
that cannabinoids exacerbated alcohol teratogenesis through CB; receptor-Hedgehog pathway
in zebrafish (Fish et al., 2019). In vivo studies using the rodent models have revealed that
postnatal exposure to ethanol increased the levels of AEA (Vinod et al., 2006) but not 2-AG
and CB; receptors, thus leading to neurodegeneration through the AEA/CB: receptor
signaling pathway (Subbanna et al., 2013). It was recently shown that AEA analog,
Arachidonoyl-20-chloroethylamide, with low amount of ethanol induced dysmorphogenesis
in zebrafish (Boa-Amponsem et al., 2019). In addition, we also observe a slight delay in
ethanol-induced pupal development and decrease in viability with CBD treatment although
the difference was insignificant. In line with our finding, prenatal exposure to CBD enhanced
the eye and face malformation induced by ethanol (Fish et al., 2019). However, CBD was
found to be a rescuing agent following exposure to ethanol in the tobacco hornworm (Park et
al., 2019). Notably, other cannabinoids including the psychoactive A’-THC, synthetic
cannabinoids HU-210 and CP 55,940 also worsened ethanol-induced birth defects (Fish et al.,
2019) and neurodegeneration (Hansen et al., 2008).

The differential effects of cannabinoids in different ethanol responses could be due to

several reasons. Firstly, the endocannabinoid system differs between the model organisms. It
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is notable that the canonical CBi.; receptors are absent in Drosophila while being abundant in
mammals (McPartland et al., 2001). The mechanistic pathway of the cannabinoids in the
modulation of ethanol behaviors in Drosophila is presumably mediated via non-CBip
receptors. The identified non-canonical receptors of CBD and endocannabinoids are 5-HTia
receptors, GPR55, TRPV1 channels, opioid receptors and peroxisome proliferator-activated
receptor (PPAR) (Cristino et al., 2020). Secondly, the selectivity of cannabinoids could
possibly to due to the exposure of the cannabinoids at different developmental stages. The
cannabinoids could function differently on the developing and mature systems during
development and adulthood.

This present study has characterized the effects of cannabinoids on various ethanol-
related responses in Drosophila. Our results demonstrate that selective phytocannabinoid and
endocannabinoids reduced ethanol preference and long-term ethanol tolerance in adult flies.
Despite being protective towards selective ethanol-related behaviors, these cannabinoids
function differently in the presence of ethanol during the developmental stages.
Combinatorial exposure to ethanol and endocannabinoids is detrimental to larval
development. In conclusion, this study has shown evidence of differential modulation of

cannabinoids on ethanol behaviors.
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Figure 1. CBD decreased ethanol preference in flies. (A) A schematic diagram of the
experimental timeline for the ethanol preference assays. Following two days of cannabinoid
treatment, flies were fed with control or ethanol liquid food and the preference for ethanol
was measured daily for two consecutive days (day 1 and day 2). (B, C) Pre-treatment of 0.1
mg/ml CBD (B) and 1 mg/ml CBD (C) significantly decreased preference for ethanol food on
day 2. The ethanol preference was not affected in flies pre-treated with 0.1 mg/ml CBDV (D),
0.1 mg/ml CBC (E), 0.1 mg/ml CBG (F), 0.5 mM CP55940 (G) (n=15-27). The ethanol
preference of flies pre-treated with AEA (H) was also similar to the control groups (n=28).
Flies fed with 2-AG (I) displayed a trend of reduction in ethanol preference although
statistically non- significant (n=22). Significance was determined using two-tailed unpaired t-

test and one-way ANOVA, * p <0.05. All data are represented as mean = S.E.M.
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Figure 2. Cannabinoids did not alter short-term ethanol tolerance in flies. (A) A
diagram of the experimental timeline for the ethanol sedation sensitivity and short-term
ethanol tolerance assays. Flies were fed with various cannabinoids for 2 days before assessing
the sedation sensitivity to ethanol at O hr and 4 hr. The change in ethanol sensitivity at both
time points determines the short-term ethanol tolerance of the flies. Pre-treatment with
phytocannabinoids including CBD at 0.1 mg/ml and 1 mg/ml (B, C), CBC, CBDV (D, E) and
CBG (F, G) at 0.1 mg/ml, and synthetic cannabinoid CP55940 at 0.5 mM (F, G) did not alter
both ethanol sedation sensitivity and short-term ethanol tolerance (n=10-29). (H, I) Flies pre-
treated with AEA (H, I) and 2-AG (J, K) also did not affect both parameters (n=9-24).
Statistical analysis was performed using one-way ANOVA. All data are represented as mean

+ S.E.M.
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Figure 3. CBD and AEA reduced long-term tolerance to ethanol in flies. (A) A diagram
of the experimental timeline of long-term ethanol tolerance assay in adult flies. Following the
assessment of innate ethanol sedation sensitivity at day 0, the flies were treated with
cannabinoids for 4 consecutive days and were subjected to ethanol sedation sensitivity assay
once daily from day 1 to day 4. Treatment with 0.1 mg/ml CBD (B) and 0.1 mg/ml AEA (D)
decreased the tolerance in ethanol sedation sensitivity from day 2 to day 4 (n=9-21). However,
there was a lack of detectable effect on long-term ethanol tolerance with CP55940 (C) and 2-
AG (E) pre-treatment (n=9). Statistical significance at each time point was determined using

one-way ANOVA followed by Dunnett’s post-hoc test * p < 0.05 and ** p < 0.01. All data
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are represented as mean + S.E.M.
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Figure 4. Cannabinoids did not alter ethanol-induced lethality in flies. (A) Flies were fed
with cannabinoids for 2 (B, D, F) or 4 consecutive days (C, E, G) prior to exposure to 100%
ethanol vapor for 45 minutes. The number of flies which died from ethanol exposure was

examined 24 hours following recovery. Pre-treatment of CBD, CP55940 (B, C), AEA (D, E)
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and 2-AG (F, G) for 2 or 4 days displayed similar lethality percentage of flies after ethanol

exposure (n=14-22). Statistical analysis was performed using one-way ANOVA. All data are

represented as mean = S.E.M.
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Figure 5. Exposure to ethanol delayed larval development and increased larval/pupal
size. Eggs were collected and reared on normal food medium containing ethanol with
increasing concentrations from 0% to 10%. (A) Exposure to high concentrations of ethanol at
7.5% and 10% significantly increased the time taken for the development of 50% eggs to
pupae (DT50) (n=7-14). (B) The relative number of pupae formed was significantly lower as
compared to the control group when exposed to 10% ethanol only (n=7-14). Ethanol
exposure increased the size of larvae (C) and pupae (D) in a dose-dependent manner (n=5-23).
Statistical significance was performed using one-way ANOVA followed by Dunnett’s post-

hoc test, ** p < 0.01 and *** p <0.001. Data are represented as mean + S.E.M.
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Figure 6. Cannabinoids did not rescue ethanol-induced developmental delay and
lethality in Drosophila. Eggs were raised on food medium with 10% ethanol and
cannabinoids or the respective control solutions. The time taken for the development from
eggs to pupae (left panel) and survival of pupae (right panel) were assessed in this assay.
There was no effect of CBD (A, B) and CP55940 (C, D) on the development and survival of
egg-to-pupa (n=10-12). However, treatment with AEA (E) or 2-AG (G) significantly
increased time taken for pupal formation (n=13-15). Although AEA (F) and 2-AG (H)
decreased ethanol-induced lethality, the difference was not significant. Statistical analysis
was performed using two-tailed unpaired t-test or one-way ANOVA followed by Dunnett’s

post-hoc test (n=10-15 vials/group). All data are represented as mean = S.E.M.
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Figure S1. CBD and CP55940 treatments reduced food intake in flies. Following 2-day
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pre-treatment of cannabinoids, the flies were presented with non-ethanol or ethanol
containing liquid food for 2 consecutive days. The average daily food consumption following
cannabinoid treatment was recorded. Pre-treatment with 1 mg/ml CBD (B), but not 0.1 mg/ml
CBD (A) significantly inhibited food intake. Flies pre-treated with 0.5 mM CP55940 (C)
consumed significantly less food as compared to the control groups. Statistical significance
was determined using one-way ANOVA followed by Dunnett’s post-hoc test, * p < 0.05, **

p <0.01 and *** p <0.001 (n=18-22 vials/group). The data are represented as mean + S.E.M.
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Figure S2. 4-day pre-treatment of cannabinoids did not affect ethanol sedation
sensitivity and short-term ethanol tolerance. (A) The experimental timeline for the ethanol
sedation sensitivity and short-term ethanol tolerance assay where the flies were pre-treated
with cannabinoids for 4 consecutive days before the behavioral test. Pre-treatment with CBD

at 0.1 mg/ml and 1 mg/ml (B, C), CP55940 at 0.5 mM (D, E) and 2-AG at 0.01 mg/ml and
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0.1 mg/ml (F, G) did not affect sedation sensitivity and short-term tolerance to ethanol (n=9-

12). Statistical analysis was performed using one-way ANOVA. All data are represented as

mean + S.E.M.
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Figure S3. CBD delayed larval development. Eggs were raised on cannabinoid-containing
food medium. (A, B) CBD at 0.1 mg/ml and 0.5 mg/ml, but not at 0.02 mg/ml, significantly
delayed the larval development (A) (n=6-10). Treatment with CP55940 (B), AEA (C) and 2-
AG (D) did not affect normal pupal formation (n=10-15). One-way ANOVA followed by

Dunnett’s post-hoc test was applied to determine statistical significance, *** p <0.001.
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Table 1. The list of cannabinoids used in this study

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.14.456340; this version posted August 14, 2021. The copyright holder for this preprint

Cannabinoids Name Solvent Final Source
Concentration
Phytocannabinoids | Cannabidiol (CBD) Methanol | 0.02 mg/ml Cayman
0.1 mg/ml Chemicals,
0.5 mg/ml USA
1 mg/ml
Cannabidivarin (CBDV) | Methanol | 0.1 mg/ml
Cannabichromene (CBC) | Methanol | 0.1 mg/ml
Cannabigerol (CBG) Methanol | 0.1 mg/ml
Endocannabinoids | Anandamide (AEA) Ethanol | 0.01 mg/ml Tocris
0.1 mg/ml Bioscience,
2-Arachidonoylglycerol | Methanol | 0.01 mg/ml UK
(2-AQ) 0.1 mg/ml
Synthetic CP55940 Methanol | 0.02 mM Sigma-
cannabinoids (mimics the effects of A°- (0.008 mg/ml) | Aldrich,
THC) 0.05 mM USA
(0.02 mg/ml)
0.5 mM
(0.2 mg/ml)

38


https://doi.org/10.1101/2021.08.14.456340

