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Inhibiting the endocannabinoid degrading enzymes FAAH
and MAGL during zebrafish embryogenesis alters
sensorimotor function
Lakhan S. Khara1,*, Md Ruhul Amin2 and Declan W. Ali1,3,4

ABSTRACT
The endocannabinoid system (eCS) plays a critical role in a variety
of homeostatic and developmental processes. Although the eCS
is known to be involved in motor and sensory function, the role of
endocannabinoid (eCB) signaling in sensorimotor development
remains to be fully understood. In this study, the catabolic enzymes
fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase
(MAGL) were inhibited either simultaneously or individually during
the first ∼24 h of zebrafish embryogenesis, and the properties of
contractile events and escape responses were studied in animals
ranging in age from 1 day post-fertilization (dpf) to 10 weeks. This
perturbation of the eCS resulted in alterations to contractile activity at
1 dpf. Inhibition of MAGL using JZL 184 and dual inhibition of FAAH/
MAGL using JZL 195 decreased escape swimming activity at 2 dpf.
Treatment with JZL 195 also produced alterations in the properties of
the 2 dpf short latency C-start escape response. Animals treated with
JZL 195 exhibited deficits in escape responses elicited by auditory/
vibrational stimuli at 5 and 6 dpf. These deficits were also present
during the juvenile developmental stage (8- to 10-week-old fish),
demonstrating a prolonged impact to sensory systems. These
findings demonstrate that eCS perturbation affects sensorimotor
function, and underscores the importance of eCB signaling in the
development of motor and sensory processes.
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INTRODUCTION
To exert its wide array of physiological influences, the
endocannabinoid system (eCS) depends on the signaling of
endogenous cannabinoid compounds. The endocannabinoids
(eCBs) known as anandamide (AEA) and 2-arachidonoylglycerol
(2-AG) are highly lipophilic compounds that act as the natural ligands
of the eCS. The eCS is involved in neurobiological processes such as
neural development, the fine-tuning of neuronal connections,
sensation, pain and synaptic plasticity (Guindon and Hohmann,
2009; Kano et al., 2009; Martella et al., 2016). Importantly, eCBs are
produced and degraded upon physiological demand (Hussain et al.,

2017). Consequently, enzymes involved in eCB synthesis and
degradation tightly regulate eCS activity. The eCS enzymes N-acyl
phosphatidylethanolamine phospholipase D (NAPE-PLD) and
diacylglycerol lipase (DAGL) are responsible for the synthesis of
AEA and 2-AG, respectively (Lu and Mackie, 2016), whereas fatty
acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL)
are the primary serine hydrolase enzymes that mediate the breakdown
of AEA and 2-AG, respectively (Blankman et al., 2007; Cravatt et al.,
1996). Cannabinoids typically exert effects through the inhibitory G-
protein-coupled cannabinoid receptors known as CB1R and CB2R
(Howlett, 2005), but can also interact with additional receptors such
as GPR55 and transient receptor potential (TRP) channels (Amin and
Ali, 2019; Morales et al., 2017; Zimov and Yazulla, 2007). Because
cannabinoid receptors contribute to motor function (Luchtenburg
et al., 2019), and because TRP channels are intimately linked with
sensory systems, there is a need to understand the connection between
the eCS and sensorimotor processes.

Several reports indicate the significance of the eCS in motor
function and its involvement in sensory systems (Luchtenburg et al.,
2019; Martella et al., 2016; Muller et al., 2019; Rodríguez de
Fonseca et al., 1998). Antagonism of CB1R and CB2R in zebrafish
embryos reduces locomotor activity, causes motor neuron defects
and alters nicotinic acetylcholine receptor expression (Sufian et al.,
2019). Similar effects are seen following inhibition of the eCB
catabolic enzymes FAAH and MAGL (Sufian et al., 2021).
Moreover, exposure to phytocannabinoids reduces miniature
endplate currents in zebrafish white muscle fibers and depresses
locomotor activity (Ahmed et al., 2018; Amin et al., 2020).
Mammalian studies also demonstrate that locomotor activity is
altered by exposure to phytocannabinoids or cannabinoid receptor
agonists (Drews et al., 2005; Taffe et al., 2015). Additionally,
knockdown of dagla causes axonal aberrations, decreased
locomotion and sensory deficits in optokinetic responses
(Martella et al., 2016). Finally, phytocannabinoid exposure in
zebrafish embryos reduces the responsiveness to auditory stimuli
(Ahmed et al., 2018). Taken together, these findings suggest that the
eCS plays an important role in sensorimotor function and the
development of sensory and motor systems (Muller et al., 2019).

Despite these findings, there is still much to explore regarding
how eCB signaling, particularly during early life, contributes to
aspects of both motor and sensory function. To address this, our
study seeks to investigate how an early perturbation of the eCS – by
inhibiting the enzymes FAAH and MAGL – impacts functional
sensorimotor development in young zebrafish. To do this, we used
pharmacological inhibitors that are specific to FAAH and MAGL.
The compound known as URB 597 is a selective FAAH inhibitor,
whereas JZL 184 selectively inhibits the activity of MAGL (Long
et al., 2009a; Piomelli et al., 2006). Lastly, JZL 195 is used as a dual
inhibitor that simultaneously acts on both FAAH and MAGL (LongReceived 19 February 2022; Accepted 7 April 2022
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et al., 2009b). The efficacy and specificity of these compounds was
recently assessed in zebrafish embryos and it was established that
each of these drugs specifically reduces the activity of their
respective target enzyme (Sufian et al., 2021). Previous work in
rodent models using the FAAH inhibitors URB 597 and
SSR411298 has established that FAAH inhibition is met with
increased levels of AEA (Danandeh et al., 2018; Griebel et al.,
2018), while additional work demonstrated that the MAGL
inhibitors SAR127303 and JZL 184 produced increased 2-AG
levels (Griebel et al., 2015; Long et al., 2009a). Furthermore, dual
inhibition of both FAAH and MAGL using JZL 195 elevated both
AEA and 2-AG at levels that are comparable to selective inhibition
of either enzyme alone (Long et al., 2009b). These findings are
indicative of overactivated eCS signaling. Thus, the goal of the
present study was to investigate the developmental role of eCS
signaling in locomotor and functional sensorimotor development.

MATERIALS AND METHODS
Animal care, drugs and exposure
The animals used in this study were wild-type zebrafish [Danio
rerio (Hamilton 1822)] of the Tubingen Longfin (TL) strain. All
animal housing and experimental procedures in this study were
approved by the Animal Care and Use Committee of the University
of Alberta (AUP 00000816) and were in compliance with the
Canadian Council on Animal Care guidelines of the humane use of
animals for research purposes. For breeding and egg collection,
adult male and female zebrafish were placed in breeding tanks on
the evening before eggs were required. The followingmorning, eggs
were collected immediately after fertilization. Embryos and larvae
were housed in a 28.5°C incubator set on a 12 h:12 h light:dark
cycle. Embryos and larvae were provided with embryo medium
(60 mg ml−1, Instant Ocean, pH 7.0).
The pharmacological compounds used in this study (all

obtained from Adooq Bioscience, Irvine, CA, USA) were the
selective FAAH inhibitor URB 597 at concentrations of 1, 2, 5,
10 and 20 µmol l−1, the selective MAGL inhibitor JZL 184 at
concentrations of 1, 2, 5, 10 and 20 µmol l−1, and the dual FAAH/
MAGL inhibitor JZL 195 at exposure concentrations of 1, 2 and
5 µmol l−1. Fewer concentrations of JZL 195 were used owing to it
possessing similar inhibitory capabilities to the combined treatment
with both URB 597 and JZL 184 (Figs S1 and S2). All compounds
listed here were dissolved in dimethyl sulfoxide (DMSO) – the final
DMSO concentration was 0.1%, and thus 0.1% DMSO was used as

the vehicle control. The drug exposure took place immediately after
egg fertilization until 24 h post-fertilization (hpf ), effectively
spanning from ∼0 to 24 hpf (Sufian et al., 2021). Embryos were
exposed to compounds diluted in embryo medium. At 24 hpf, all
exposure medium was replaced and washed several times with fresh
embryo medium. Following the exposure period, animals were
allowed to develop until needed for further experiments.

Spontaneous coiling activity
At 1 dpf, the assessments of spontaneous coiling activity were
performed using DanioScope 1.1 (Noldus, Wageningen, The
Netherlands) to analyze video recordings of embryos still encased
within their chorion (de Oliveira et al., 2021; Zindler et al., 2019).
Video recordings of the 1 dpf embryos were taken under a
dissecting microscope connected to a high-speed camera (AOS
S-PRI 1995, AOS Technologies, Dättwil, Switzerland). This
activity was assessed immediately after the wash-out of exposure
compounds. Spontaneous coiling activity (%) was measured to
indicate the proportion of time that embryos were actively
contracting, while the burst count min−1 represents the mean
number of contractions performed by embryos averaged per minute.

Escape swimming performance
To assess swimming following aC-start escape response, individual
2 dpf embryos were positioned in the center of a 140 mm Petri dish
containing embryo medium. The Petri dish was set on top of an
infrared backlight source to be viewed by a Basler GenICam
scanning camera (Basler acA1300-60gm) with a 75 mm f2.8
C-mount lens, provided by Noldus. Escape responses in zebrafish
embryos were triggered by delivering an acute mechanical stimulus
to the head of the embryo by using a thin fishing line (Berkley
Fishing, Spirit Lake, IA, USA, model BGQS60C-15). Each embryo
was tested alone in this open field to minimize obstacles and
interactions with other fish. Swimming performance was analyzed
using the movement tracking software EthoVision XT-11.5
(Noldus). Mean swimming distance (cm) and mean swimming
velocity (cm s−1) were analyzed when assessing escape swimming
performance.

Embedded escape response assessments
To assess escape response parameters, embryos at 2 dpf were
partially immobilized using 2% low-melting point agarose (LMPA)
at 26–30°C. The LMPA gel was cut away from the tails of the
embryos, allowing for the tail’s full range of motion, while leaving
the head embedded in place – similar to methods used previously
(Shan et al., 2015). The embryos were immersed in embryo medium
and were allowed to acclimate for 20 min. Mechanical stimuli were
applied by ejecting a 15 ms pulse of 2% Phenol Red (Sigma-Aldrich)
from a Picospritzer II (General Valve Corporation). The pulse was
delivered through borosilicate glass micropipettes (Stutter
Instrument; O.D.: 1.2 mm, I.D.: 094 mm, length: 10 cm), which
were pulled using a Flaming/Brown Stutter Instrument micropipette
puller (Stutter Instrument model P-97). The pipettes were positioned
above the embryo’s otolith, and delivered a single acute stimulus to
the head, which evoked a C-start tail flip. This behavior was video
recorded using the AOS S-PRI 1995 high-speed camera noted above.

Video recordings were analyzed using the motion analysis
software ProAnalyst (Xcitex Inc., Woburn, MA, USA). Focusing
on the C-shaped bend of the embryo’s tail, the following parameters
were assessed: latency to initiate C-start escape response (ms),
maximum speed of tail contraction (mm ms−1), maximum
acceleration of tail contraction (mm ms−2), angle of C-bend (deg),

List of symbols and abbreviations

2-AG 2-arachidonolglycerol
AEA anandamide
A/V auditory/vibrational
dpf days post-fertilization
DAGL diacylglycerol lipase
DMSO dimethyl sulfoxide
eCB endocannabinoid
eCS endocannabinoid system
FAAH fatty acid amide hydrolase
hpf hours post-fertilization
LMPA low-melting point agarose
M-cell Mauthner cell
MAGL monoacylglycerol lipase
NAPE-PLD N-acyl phosphatidylethanolamine phospholipase D
TRP transient receptor potential
TL Tubingen Longfin
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time to achieve maximum C-bend angle (ms) and angular velocity
(deg ms−1).

Assessing responsiveness to auditory/vibrational stimuli
Embryos and larvae aged 3, 4, 5 and 6 dpf were assessed for their
responsiveness to auditory/vibrational (A/V) stimuli in a manner
similar to previous methods (Ahmed et al., 2018; Kohashi et al.,
2012). Six fish were placed into a 35×10 mm Petri dish containing
embryo medium and were allowed to acclimate for 20 min prior to
the application of the stimulus. The A/V stimulus was created using
Audacity (version 2.2.1) to generate a sawtooth waveform audio
tone of 500 Hz at 95–100 dB, and was played through a set of
computer speakers (Logitech Z150, Logitech, Newark, CA, USA).
C-start escapes in response to the A/V stimulus were video recorded
using an AOS S-PRI 1995 high-speed camera. Upon delivering the
A/V stimulus, the response rate (%) was determined as the
proportion of short latency C-start escape responses that occurred
within each cohort of animals.
Juvenile zebrafish between the ages of 8 and 10 weeks were also

used for A/V response assessments. This experiment used an
identical set-up in terms of acclimation period, stimulus delivery
and video recording as the larval assessments; however, the juvenile
fish were tested individually and were placed in a modified 120 ml
glass specimen jar (Thermo Fisher Scientific) filled with 50 ml of
28.5°C dechlorinated water, as opposed to a Petri dish, to
appropriately accommodate for the increased size of juveniles.

Statistics
All data and statistical analyses were performed using GraphPad
Prism (version 9.2.0, GraphPad Software, San Diego, CA, USA).
All values are reported as means±s.e.m. In most cases, one-way
ANOVA followed by Dunnett’s multiple comparisons test against
the 0.1% DMSO vehicle control was performed to determine
statistical differences (P<0.05). For comparisons of juvenile A/V
responsiveness, an unpaired two-tailed t-test was performed to
determine statistical differences (P<0.05).

RESULTS
Inhibition of eCB degradation enzymes reduces contractile
activity in embryos
Because zebrafishmotor development is known to be affected by eCS
perturbation, our first assessments revolved around examining one of
the earliest observable locomotor processes known as burst activity
(Colwill and Creton, 2011a; de Oliveira et al., 2021). This
spontaneous coiling activity provides the earliest indication of
locomotor development, representing the initial formation of
immature synaptic contacts between the CNS and muscle fibers at
the neuromuscular junction (Grunwald et al., 1988; Saint-Amant,
2006). The experiments in the following section were replicated 4
times (N=4).
Vehicle-treated embryos exhibited a mean burst activity of

4.1±0.4% (n=93) (Fig. 1A,C,E). Treatment with 1, 2 and
5 µmol l−1 URB 597 did not significantly affect burst activity
(Fig. 1A). However, embryos treated with 10 and 20 µmol l−1 URB
597 exhibited a significant reduction in burst activity at 1.7±0.3%
(P<0.001, n=41) and 2.0±0.4% (P<0.01, n=60), respectively.
Animals treated with 1, 2, 5, 10 and 20 µmol l−1 JZL 184
experienced a significant decrease in burst activity relative to the
vehicle (P<0.05), with the largest reductions occurring in the
20 µmol l−1 JZL 184 group (2.1±0.3%, P<0.001, n=80) (Fig. 1C).
These reductions appear to display a dose-dependent trend. With
regards to the dual FAAH/MAGL inhibitor JZL 195, treatment with

1 µmol l−1 JZL 195 did not cause significant impacts to burst activity.
However, treatment with 2 and 5 µmol l−1 JZL 195 resulted in
decreased burst activity with mean activity percentages of 1.8±0.2%
and 2.2±0.3% (P<0.001, n=63 and n=75), respectively (Fig. 1E).

The burst count showed a similar trend to the burst activity. Vehicle
treated embryos displayed a mean count of 4.1±0.4 bursts per minute
(n=93) (Fig. 1B,D,F). Treatment with 10 and 20 µmol l−1 URB
597 resulted in a significant reduction in mean burst count min−1

(2.1±0.4, P<0.01, n=41 and 2.9±0.4, P<0.01, n=60, respectively)
(Fig. 1B). JZL 184 treatment resulted in a reduction in mean burst
count min−1 in all tested concentrations (P<0.05) (Fig. 1D). Lastly,
treatment with 2 and 5 µmol l−1 JZL 195 resulted in a significantly
decreased burst count min−1 of 2.1±0.2 (P<0.001, n=63) and 2.9±0.4
(P<0.05, n=75), respectively (Fig. 1F).

Escape swimming is negatively impacted byMAGL inhibition
and dual FAAH/MAGL inhibition
The C-shaped tail flip elicited at the onset of C-start escapes is a
hardwired reflex response that is crucial for survival (Colwill and
Creton, 2011b). Escape swimming begins with a C-start, followed
by bursts of swimming to quickly propel the animal away from the
aversive stimulus. In this next series of experiments, we analyzed
the escape swimming that takes place after a C-start has been
performed by 2 dpf embryos (Fig. 2A). The experiments in this
section were replicated a total of 4 times (N=4). The traces in Fig. 2A
outline the swimming paths taken by individual animals following a
C-start escape response.

Vehicle-treated embryos displayed a mean swimming distance of
6.4±0.6 cm (n=49) (Fig. 2B,D,F). Animals exposed to URB 597
(any concentration) did not experience significant alterations to
escape swimming relative to the vehicle control (P>0.05) (Fig. 2B).
However, treatment with JZL 184 at concentrations equal to or
greater than 5 µmol l−1 resulted in significantly smaller swimming
distances compared with controls (Fig. 2D) (P<0.01). A 24 h
treatment with JZL 195 resulted in severe reductions, with mean
swimming distances ranging from 3.8±0.5 cm (P<0.001, n=38) in
the 1 µmol l−1 JZL 195 group to values as low as 0.7±0.1 cm
(P<0.001, n=38) in the 5 µmol l−1 treated group (Fig. 2F).

The mean velocity of escape swimming in vehicle-treated embryos
was 0.30±0.03 cm s−1 (n=49) (Fig. 2C,E,G). URB 597 and JZL 184
treatments did not affect mean swimming velocity in a statistically
significant manner (P>0.05, n=37–49) (Fig. 2C,E); however, animals
treated with JZL 195 experienced significant reductions in escape
swimming escape velocity (Fig. 2G). For instance, embryos treated
with 1 µmol l−1 JZL 195 had a mean velocity of 0.19±0.02 cm s−1

(P<0.01, n=38), whereas animals treated with 2 and 5 µmol l−1 JZL
195 demonstrated mean velocities of 0.14±0.02 cm s−1 (P<0.001,
n=37) and 0.04±0.01 cm s−1 (P<0.001, n=38), respectively. These
results indicate that singular inhibition of FAAH does not have an
effect on escape swimming at 2 dpf, whereas inhibition of MAGL
alters swimming distance, and dual inhibition of FAAH/MAGL has a
profound impact on escape swimming.

C-start escape properties are adversely affected primarily by
dual FAAH/MAGL inhibition
Next, we investigated parameters associated with the C-start escape
response evoked by mechanical stimuli. To do this, we embedded
2 dpf embryos in 2% LMPA gel to isolate the initial C-shaped
contraction. Representative time-lapse photos of a C-bend response
are shown in Fig. 3A. Here, we used concentrations of enzyme
inhibitors that had intermediate and maximal effects on escape
swimming as determined in the previous set of experiments. We

3

RESEARCH ARTICLE Journal of Experimental Biology (2022) 225, jeb244146. doi:10.1242/jeb.244146

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



then assessed parameters such as the latency of the response, peak
velocity, peak acceleration, rotational angle and time to maximum
bend (Figs 3 and 4). The experiments described within this section
were replicated 5 times (N=5).
Vehicle treated embryos demonstrated a mean C-start response

latency of 10.2±0.7 ms (n=20) (Fig. 3B). A significant increase in
response latency relative to the vehicle control was seen in embryos
treated with 20 µmol l−1 JZL 184 (13.0±1.2 ms, P<0.05, n=16) and
5 µmol l−1 JZL 195 (17.8±1.3 ms, P<0.001, n=15). In terms of the
maximum speed of the tail during the C-bend, vehicle treated
animals achieved a maximum speed of 0.23±0.01 mm ms−1 (n=20)
(Fig. 3C) and only animals treated with 5 µmol l−1 JZL 195 had a
reduced maximum speed of 0.29±0.02 mm ms−1 (P<0.05, n=15).
No other treatment resulted in changes to this metric. With respect to
peak acceleration of the C-bend, vehicle control embryos displayed
a maximum acceleration of 0.11±0.01 mm ms−2 (n=20) (Fig. 3D),
and the only treatment that resulted in a change to this parameter was
5 µmol l−1 JZL 195, where the peak acceleration was 0.08
±0.01 mm ms−2 (P<0.01, n=15).

The mean rotational angle achieved by the tail was 158±9.9 deg
in vehicle treated embryos (n=20) (Fig. 4A). Treatment with
5 µmol l−1 JZL 195 resulted in a small but significant reduction in
the C-bend angle (129±6.6 deg, P<0.05, n=15). Despite this
significant reduction in the angle of the C-bend caused by
5 µmol l−1 JZL 195, there was no significant impact on the time
to complete a full C-bend (Fig. 4B). Finally, vehicle control
embryos exhibited an angular velocity of 5.4±0.4 deg ms−1 (n=20),
which was significantly reduced by 5 µmol l−1 JZL 195
(4.3±0.3 deg ms−1, P<0.05, n=15) (Fig. 4C). These findings
show that inhibition of FAAH and MAGL together leads to small
effects in the C-start escape response in embryonic zebrafish.

Dual inhibition of FAAH/MAGL produces deficits to A/V
responsiveness
Short latency C-start escapes also occur in response to auditory
stimuli which can be evoked by delivering an A/V stimulus
(Burgess and Granato, 2007; Kohashi et al., 2012). A/V stimuli-
induced responses develop after 3 dpf and are functionally mature
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Fig. 1. Contractile activity of zebrafish embryos
is reduced from inhibiting endocannabinoid
degrading enzymes. Spontaneous coiling activity
of embryos at the age of 1 day post-fertilization
(dpf) was video-recorded and analyzed using
DanioScope 1.1. (A,B) Effects on activity (%) and
burst count min−1 for the vehicle (n=93) and
treatment concentrations of 1, 2, 5, 10 and
20 µmol l−1 for URB 597 (n=62, 44, 58, 41 and 60,
respectively). (C,D) Effects on activity (%) and
burst count min−1 for the vehicle (n=93) and
treatment concentrations of 1, 2, 5, 10 and
20 µmol l−1 JZL 184 (n=49, 53, 68, 54 and 80,
respectively). (E,F) Effects on activity (%) and burst
count min−1 for the vehicle (n=93) and treatment
concentrations of 1, 2 and 5 µmol l−1 JZL 195
(n=45, 63 and 75, respectively). All treatments were
run together, but for ease of viewing, the graphs are
separated according to the compound being
tested. Thus the vehicle controls in A, C and E are
similar and the vehicles in B, D and F are similar.
Activity (%) represents the proportion of time spent
performing coiling movements over the recording
period, while burst count min−1 represents the
average number of individual contractions per
minute. N=4 experiments with 11–23 animals per
experiment for each treatment. Asterisks indicate
treatment groups that are significantly different
from the vehicle control group (*P<0.05, **P<0.01,
***P<0.001; one-way ANOVA, followed by
Dunnett’s multiple comparisons test). Error bars
represent s.e.m.
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by 6 dpf (Kohashi et al., 2012). The experiments described here on
3 and 4 dpf animals were replicated 4 times (N=4), while
experiments on 5 and 6 dpf fish were replicated 5 times (N=5).
Examining the A/V responsiveness in embryos and larvae from 3

to 6 dpf revealed that vehicle treated animals demonstrate a mean
A/V escape response rate of 12.5±4.2% at 3 dpf (n=24) (Fig. 5A),
and a response rate of 37.5±4.2% at 4 dpf (n=24) (Fig. 5B). There
were no differences amongst any of the treatments at 3 and 4 dpf,
demonstrating that at these stages, the functional development of
this response proceeds normally. At 5 dpf, vehicle control larvae
exhibited a mean A/V escape response rate of 80±6.2% (n=30)
(Fig. 5C). Treatment with URB 597 or JZL 184 had no effect on the

response rate while treatment with 2 µmol l−1 JZL 195 caused A/V
response deficits with a mean response rate of 46.7±9.7% (P<0.05,
n=30). The effect of 5 µmol l−1 JZL 195 was more severe at 43.3
±4.0% (P<0.01, n=30). At 6 dpf, the responsiveness to A/V stimuli
in control animals became more robust with a mean response rate
of 93.3±4.0% (n=30) (Fig. 5D). Treatment with 5 or 20 µmol l−1

of either URB 597 or JZL 184 once again did not produce any
significant alterations to A/V responsiveness, whereas treatment
with 2 and 5 µmol l−1 JZL 195 both caused a significant decline
in the responsiveness to A/V stimulus, with response rates of
60.0±11.3% (P<0.05, n=30) and 53.3±8.2% (P<0.05, n=30) for 2
and 5 µmol l−1 JZL 195, respectively.
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Fig. 2. Escape swimming is severely
reduced by MAGL and dual FAAH/MAGL
inhibition. Escape swimming at 2 dpf was
assessed following an acute touch stimulus.
(A) Representative tracings of the swimming
path are shown for vehicle, 5 µmol l−1 URB
597, 5 µmol l−1 JZL 184 and 2 µmol l−1 JZL
195. (B,C) The effects of vehicle (n=49) and 1,
2, 5, 10 and 20 µmol l−1 URB 597 (n=39, 45,
49, 42 and 43, respectively) on swimming
distance and velocity. (D,E) The effects of
vehicle (n=49) and 1, 2, 5, 10 and 20 µmol l−1

JZL 184 (n=37, 41, 46, 40 and 40,
respectively) on swimming distance and
velocity. (F,G) The effects of vehicle (n=49)
and 1, 2 and 5 µmol l−1 JZL 195 (n=38, 37 and
38, respectively) on swimming distance and
velocity was analyzed using EthoVision XT-
11.5. All treatments were run together, but for
ease of viewing, the graphs are separated
according to the compound being tested. Thus
the vehicle in B, D and F are similar and the
vehicle in C, E and G are similar. Swimming
distance (mm) and mean velocity of burst
swimming (mm s−1) was examined by testing
each animal individually. N=4 experiments
with 9–13 animals per experiment for each
treatment. Asterisks indicate treatment groups
that are significantly different from the vehicle
control group (**P<0.01, ***P<0.001; one-way
ANOVA, followed by Dunnett’s multiple
comparisons test). Error bars represent s.e.m.
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Juvenile zebrafish experience response deficits to A/V
stimuli following FAAH/MAGL inhibition
To determine whether the impairments to A/V responsiveness
displayed by JZL 195 treated larvae were also experienced in older

animals, we raised fish into their late juvenile stages (8–10 weeks)
and tested them for A/V responsiveness across three cohorts (N=3)
(Fig. 6A). Animals treated with 2 µmol l−1 JZL 195 were tested
here, as this was the minimal concentration that altered A/V
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Fig. 3. C-start escape is partially altered by exposure to high concentrations of JZL 184, and is severely altered by high concentrations of JZL 195.
Embryos at the age of 2 dpf were partially embedded in 2% low-melting point agarose (LMPA) and acclimated for 20min before using a Picospritzer II to deliver an
acute pulse of 2% Phenol Red solution to the head as a mechanical stimulus. (A) Representative images depicting the C-shaped tail flip performed by an
immobilized vehicle control embryo after being stimulated. The time scale (ms) of the C-start is shown from its onset to its peak. (B–D)Bar graphs depict the results
for vehicle control (n=20) and treatments with 5 and 20 µmol l−1 URB 597 (n=15 and 19), 5 and 20 µmol l−1 JZL 184 (n=18 and 16) or 2 and 5 µmol l−1 JZL 195
(n=14 and 15). The following metrics were assessed: (A) response latency (ms) to initiate C-start escape after being stimulated, (B) maximum speed achieved by
the tail during the C-start escape (mm s−1) and (C) maximum acceleration achieved by the tail during the C-start escape (mm s−2). N=5 experiments with 3–5
animals per experiment. Asterisks indicate treatment groups that are significantly different from the vehicle control group (*P<0.05, **P<0.01, ***P<0.001; one-way
ANOVA, followed by Dunnett’s multiple comparisons test). Error bars represent s.e.m.
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Fig. 4. Dual FAAH/MAGL inhibition produces deficits to
the C-bend properties of the tail. Immobilized embryos at
the age of 2 dpf were subjected to an acute mechanical
stimulus and were assessed for their C-bend properties.
(B–D) Bar graphs depict the results for vehicle control (n=20)
and treatments with 5 and 20 µmol l−1 URB 597 (n=15 and
20), 5 and 20 µmol l−1 JZL 184 (n=18 and 17) or 2 and
5 µmol l−1 JZL 195 (n=15 and 15). The assessed metrics
include: (A) angle of C-bend (deg), (B) length of time to
achieve the maximum C-bend angle (ms) and (C) angular
velocity, which represents the maximum C-bend angle over
the time it takes to achieve it (deg ms−1). N=5 experiments
with 3–5 animals per experiment. Asterisks indicate
treatment groups that are significantly different from the
vehicle control group (*P<0.05; one-way ANOVA, followed
by Dunnett’s multiple comparisons test). Error bars
represent s.e.m.
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responsiveness at 5 and 6 dpf. Vehicle control animals demonstrated
an A/V escape response rate of 85±2.6% (n=26) (Fig. 6B), while
juvenile zebrafish that had previously been exposed to 2 µmol l−1

JZL 195 during embryogenesis displayed a significantly reduced
response rate of 55.1±6.2% (P<0.05, n=25), which was similar to
larval fish. This finding shows that the sensorimotor deficits caused
by eCS perturbation persist into the late juvenile period of
development.

DISCUSSION
In this study, we found that early disruption of the eCS by blocking
the activity of FAAH, MAGL or both FAAH and MAGL
simultaneously during embryogenesis alters aspects of locomotor
and sensorimotor function. The aim of our study was to provide a
more comprehensive foundation to investigate how the eCS is
involved in functional locomotor and sensorimotor development.
Our results on the effects of the dual inhibitor JZL 195 show that
both FAAH and MAGL activity are important for normal
sensorimotor activities, as demonstrated from reduced contractile
activity at 1 dpf, altered escape responses at 2 dpf, and deficits to
A/V responsiveness which first appear at 5 dpf and are still present
during adolescence. Singular inhibition of FAAH had little overall
effect on sensorimotor function, whereas inhibition of MAGL alone
resulted in small but significant effects on the development of
locomotor behaviors. Importantly, our results show that the activity
of both FAAH and MAGL together is essential for normal
sensorimotor development, which suggests a synergistic dynamic
between these two catabolic enzymes.

Our study involved using pharmacological inhibitors to disrupt
eCS signaling by blocking the activity of eCB catabolic enzymes.
Targeting eCB catabolic enzymes has been suggested to be a
promising approach in studying the role of eCB signaling, and this
has been reported in several studies using rodents (for a review, see
Zou and Kumar, 2018). For example, in mice, blocking FAAH using
SSR411298 caused an increase in hippocampal AEA in a dose-
dependent manner, without affecting the levels of 2-AG (Griebel
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Fig. 5. Embryonic and larval responsiveness to
auditory/vibrational stimuli is altered by dual FAAH/
MAGL inhibition. A 500 Hz audio tone was delivered to
embryos/larvae to assess their responsiveness to
auditory/vibrational stimuli. Animals were tested in
groups of 6 and were allowed 20 min of acclimation prior
to receiving the stimulus. C-start escape responses were
recorded and the proportion of responding larvae is
shown as the response rate (%). Bar graphs depict the
response rates for vehicle control and treatments with 5
and 20 µmol l−1 URB 597, 5 and 20 µmol l−1 JZL 184 or 2
and 5 µmol l−1 JZL 195 in (A) 3 dpf embryos, (B) 4 dpf
larvae, (C) 5 dpf larvae and (D) 6 dpf larvae. N=4
experiments for 3 and 4 dpf, and N=5 experiments for 5
and 6 dpf with 6 animals per experiment for each
treatment, thus n=24 for 3 and 4 dpf assessments, and
n=30 for 5 and 6 dpf assessments. Asterisks indicate
treatment groups that are significantly different from the
vehicle control group (*P<0.05, **P<0.01; one-way
ANOVA, followed by Dunnett’s multiple comparisons
test). Error bars represent s.e.m.
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Graphics in A were created with BioRender.com.
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et al., 2018). Additionally, similar findings are seen from
administering URB 597 to rats, where blocking FAAH activity
causes a significant rise in the FAAH substrates AEA,
palmitoylethanolamide and oleoylethanolamide (Danandeh et al.,
2018). Inhibiting MAGL activity in mice with SAR127303
substantially increases hippocampal levels of 2-AG without altering
the levels of AEA (Griebel et al., 2015), while blocking MAGL with
JZL 184 in mice results in an 8-fold increase in the levels of 2-AG in
the brain (Long et al., 2009a). Lastly, dual inhibition of FAAH/
MAGL using JZL 195 elevates the levels of both 2-AG and AEA in
the brain of mice in a dose-dependent manner (Long et al., 2009b). In
zebrafish, although FAAH/MAGL mediated changes in eCB levels
remain to be investigated, the efficacy and specificity of the particular
drugs selected in our study have previously been confirmed in
zebrafish embryos (Sufian et al., 2021).
The previous reports by Sufian and colleagues focus on

embryonic gross morphology, neuronal morphology and basal
swimming, which represent the capacity for basic locomotor
function (Saint-Amant, 2006; Sufian et al., 2021). The present
study expands on this by investigating the function of sensorimotor
activities such as escape responses that are elicited by specific
stimuli. Importantly, the majority of activities assessed here are
driven by different cues, and they represent the functionality of
escape response circuits (Carmean and Ribera, 2010; Kohashi et al.,
2012; Saint-Amant and Drapeau, 1998). Our findings in this report
suggest a more dominant role for 2-AG signaling in zebrafish
functional sensorimotor development, because few effects were
observed through the individual inhibition of FAAH. However, dual
FAAH/MAGL inhibition imposes the most detrimental effects on
motor development, and on the sensory-driven behaviors that we
examined here (Sufian et al., 2021). Previously, we also reported
that exposure to these FAAH andMAGL inhibitors for the first 24 h
of development resulted in reduced body lengths andmorphological
deformities (Sufian et al., 2021). Likewise, embryonic zebrafish
exposed to cannabinoids also experience reduced body lengths,
morphological aberrations, and when grown to adulthood, the
females are smaller in size than age-matched controls (Ahmed et al.,
2018; Pandelides et al., 2020). These findings show that
cannabinoid-related morphological deformities observed during
embryonic and larval development may not fully recover between
the larval, juvenile and adult periods.
In zebrafish, primary motor neurons originate at ∼9 hpf during

gastrulation (Westerfield et al., 1986). These developing motor
axons then extend outwards from the spinal cord to innervate
muscle cells. It is likely that the locomotor deficits observed at 1 and
2 dpf are partially due to motor neuron defects caused by FAAH/
MAGL inhibition, which was demonstrated previously (Sufian
et al., 2021). As motor neurons establish neuromuscular
connections, this coincides with the formation of functional
networks for locomotor activities in zebrafish (Drapeau et al.,
2002). For instance, embryonic white muscle fibers play a
significant role in early locomotion, as white fibers are
predominantly recruited during rapid and reflexive movements,
which make up the zebrafish’s motor repertoire during the 1–3 dpf
period of development (Buckingham and Ali, 2004; Buss and
Drapeau, 2002). Meanwhile, as larval development progresses, the
more tonic role of embryonic red muscle fibers further emerges, as
rhythmic beat-and-glide swimming first develops between 3 and
4 dpf (Ahmed and Ali, 2016; Drapeau et al., 2002). Thus, functional
motor neurons are critical for facilitating these diverse
neuromuscular programs. Besides motor neurons, the transient
Rohon–Beard neurons, which typically begin undergoing apoptosis

after ∼34 hpf, are also known to play an important role in
controlling embryonic movement in zebrafish (Slatter et al.,
2005). Rohon–Beard neurons along with cerebrospinal fluid-
contacting neurons are thought to control and mediate motor
neuron activation in early sensorimotor processes (Henderson et al.,
2019). However, it is unclear whether the eCS is involved in the
development and function of these cells.

Another critical cell type developing within the first 24 h of
zebrafish embryogenesis is the Mauthner cell (M-cell) and its
homologs MiD2cm and MiD3cm found within the hindbrain
(Kimmel et al., 1990). These large neurons, which begin developing
at 8 hpf, are essential for initiating sensorimotor escape responses,
and are crucial for controlling locomotor functions and for relaying
incoming mechanosensory and auditory information (Bang et al.,
2002). As M-cells develop, they form complex escape circuits that
involve synaptic contacts with motor neurons to orchestrate rapid
escape movements (Kimmel et al., 1990). In order to coordinate
escape responses, when an M-cell is stimulated by mechanical or
acoustic stimuli, it transmits excitatory glutamatergic signals to the
contralateral motor neurons, resulting in muscular contractions that
propel the animal away from the source of the stimulus (Brownstone
and Chopek, 2018). Conversely, ipsilateral motor neurons are
inhibited, leading to the inhibition of ipsilateral muscle fibers,
which enables an agonist–antagonist muscular relationship to
facilitate rapid escapes. Previous work shows that axonal growth
and fasciculation of M-cells and hindbrain reticulospinal neurons is
altered by knocking down the CB1R in zebrafish (Watson et al.,
2008). Furthermore, embryonic exposure to Δ9-
tetrahydrocannabinol reduces the diameter of M-cell axons, likely
suggesting that its electrophysiological properties are altered (Amin
et al., 2020). These findings highlight the importance of the eCS in
M-cell development. Thus, the increased response latencies
observed here may be indicative of defects in the synaptic
contacts of M-cells, leading to altered M-cell-mediated
communication. Because this reflex response occurs on the order
of milliseconds, alterations to M-cell morphology or synaptic
communications may impose deficits to escape response latency.
With all this in mind, the known impacts of FAAH/MAGL
inhibition on motor neurons in conjunction with the potential for
effects on cell populations such as Rohon–Beard neurons and M-
cells must be investigated.

Within the first 7 days of zebrafish embryonic/larval
development, the inner ear undergoes a large increase in the
population and density of hair cells, rendering them more sensitive
to auditory stimuli (Lu and DeSmidt, 2013). Additionally, M-cells
also become receptive to auditory information around ∼3 dpf, when
synaptic connections between the M-cells and the otoliths become
established (Bang et al., 2002). These developments are associated
with increased receptiveness to auditory inputs; therefore, we
sought to establish how this aspect of sensory development is
functionally affected by FAAH/MAGL inhibition. We detected
larval A/V response deficits in animals treated with the dual FAAH/
MAGL inhibitor JZL 195, demonstrating that eCS activity is
important for the development of functional auditory-escape
circuits. As there was no significant effect from singular
inhibition of FAAH or MAGL, our findings suggest a possible
synergy between the activity of both FAAH and MAGL in the early
development of auditory escape. Interestingly, significant effects of
FAAH/MAGL inhibition were observed at 5 and 6 dpf, but not at 3
and 4 dpf. M-cell synaptic contacts are still undergoing early
development between 3 and 4 dpf when inner ear hair cells are still
at an immature stage where the sensitivity to A/V inputs is likely
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low. Perhaps the escape response circuit becomes more susceptible
to alterations as development proceeds and the synaptic connections
become more advanced by 5 and 6 dpf. However, the exact reason
for the effects being experienced at 5 and 6 dpf and not at 3 and
4 dpf is unclear at this time.
Despite being adolescent animals, juvenile zebrafish exhibit most

of the adult characteristics, with the exception of male/female sexual
differentiation (Parichy et al., 2009). Juveniles at ∼8 weeks of age
possess functionally mature lateral line and inner ear hair cells,
indicating that the auditory receptiveness of juvenile zebrafish likely
reflects that of fully developed adults (Olt et al., 2014). Interestingly,
despite the functional maturation of these cells, juveniles
experienced the same response deficits as larval animals after
treatment with JZL 195, indicating that there was no recovery from
the effects of eCS perturbation on A/V responses. In mammals,
CB1Rs are shown to be expressed in the cochlea (Zheng et al.,
2007), while CB2Rs are expressed in inner ear hair cells and, to a
lesser extent, in outer ear hair cells (Martín-Saldaña et al., 2016).
Because a likely consequence of JZL 195 treatment would be the
abnormal activation of cannabinoid receptors located within the
inner and outer ear, it is possible that this leads to hair cell
dysfunction. Furthermore, given the prevalent expression of TRPA1
and TRPV4 channels in the hair cells of the zebrafish lateral line and
inner ear organs, and the known agonistic actions of eCBs with
TRPA1, TRPV1 and TRPV4 (Germanà et al., 2018), eCS
perturbation may impact auditory development through TRP
channel interactions (Amato et al., 2012; Corey et al., 2004;
Watanabe et al., 2003). Over-activation of eCS signaling likely
exhibits premature and extensive activation of these receptor
systems, consequently impinging upon auditory function during
early life as well during later developmental stages.
Our results show that the activity ofMAGL has a more significant

role than FAAH in sensorimotor development, which has
implications for the abundance of AEA versus 2-AG. During
early development, the levels of AEA are relatively low compared
with 2-AG (Fride, 2008). Furthermore, in zebrafish embryos, 2-AG
is maintained at levels over 10-fold higher than AEA, indicating that
2-AG is vastly more abundant, and likely has a greater influence on
receptor systems during embryogenesis (Martella et al., 2016). In
terms of the cannabinoid receptors, AEA shows preferential binding
towards CB1R, while 2-AG has affinity for both CB1R and CB2R
(Zou and Kumar, 2018). Genetic expression of the cannabinoid
receptors is present as early as 1 hpf in zebrafish, indicating that the
primary eCS receptors are sensitive to the effects of eCBs within the
period of our exposure paradigm (Oltrabella et al., 2017). Previous
work in rodent models studying the effects of dysregulated eCB
signaling found that the anxiolytic effects and locomotor alterations
caused by FAAH/MAGL inhibition are prevented through blocking
CB1R. In rats, the anti-anxiety effects induced by the FAAH
inhibitor URB 597 can be blocked by the CB1R antagonist
rimonabant (Danandeh et al., 2018; Kathuria et al., 2003). In
zebrafish, the increased risk-taking and exploratory locomotor
behaviors caused by the dual FAAH/MAGL inhibitor JZL 195
was partially blocked by treatment with the CB1R
antagonist SR141716A (Boa-Amponsem et al., 2019). Lastly,
hypolocomotion in adult rats caused by treatment with the MAGL
inhibitor JZL 184 and JZL 195 was prevented by treatment with
SR141716A (Seillier et al., 2014). Interestingly, CB1Rs have been
shown to co-localize with TRPV1 in mouse brain, and CB2Rs co-
localize with TRPV1 in human dorsal root ganglia, further
highlighting the interplay between these receptor systems and the
eCS ligands (Anand et al., 2008; Cristino et al., 2006).

Consequently, in terms of sensory function, because AEA and its
derivatives are not limited to CB1R interactions and may also act as
high-affinity agonists of TRPA1 and TRPV1, these receptor
systems are of great interest for further exploration, especially
given our observations in the present study (Morales et al., 2017;
Muller et al., 2019). Additionally, our group has recently observed
the expression of trpv1 as early as 1 dpf in the lateral line, and in
Rohon–Beard and trigeminal neurons, further highlighting its
potential involvement in eCS-related sensorimotor development
(Son and Ali, 2022). The receptor mechanism at work here remains
to be determined and is currently under investigation by our group;
however, given our current and previous findings (Sufian et al.,
2021), it is likely that the sensorimotor alterations observed in our
study are mediated in part by CB1R as well as TRPA1 and TRPV1.

The eCS is complex in its multifaceted involvement in
homeostasis and development, and although there is more
emerging work aimed towards understanding its importance
within the context of cannabis, further exploring the endogenous
machinery is equally important. From examining early life stages in
zebrafish, our findings support the existing bodies of evidence
demonstrating that the eCS plays an important role in locomotor
development, and expands on this by presenting varied assessments
of sensorimotor function in developing animals to establish a
stronger foundation in cannabinoid biology.
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Fig. S1. Treatment with both URB 597 and JZL 184 produces similar deficits to 2 dpf escape

swimming (A) distance and (B) mean swimming velocity as JZL 195 does. 
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Fig. S2. Treatment with both URB 597 and JZL 184 produces similar deficits to 6 dpf A/V 

responsiveness as JZL 195 does. 
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