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Abstract 

Background: Whole‑plant cannabis extracts are consumed by the public for medical and non‑medical (“recrea‑
tional”) purposes but are poorly researched compared to pure cannabinoids. There is emerging evidence that can‑
nabis extracts comprising complex mixtures of cannabinoids may have different biological effects from that of pure 
cannabinoids. In the current study, we sought to assess the effect of whole‑plant cannabis extracts produced from 
different chemotypes of cannabis on the normal behavior of zebrafish larvae.

Methods: Three cannabis plant chemotypes were used in this study that contained either high amounts of THC, 
high amounts of CBD, high but equal amounts of THC and CBD, or low but equal amounts of THC and CBD. Following 
solvent extraction, liquid chromatography coupled to high‑resolution mass spectrometry (LC‑HRMS) was performed 
for the detection and quantitation of target cannabinoids. Larval zebrafish behavioral models were subsequently 
used to assess the effect of the four different whole‑plant cannabis extracts on the normal larval behavior using the 
DanioVision behavioral tracking systems and software. To compare, changes in the behavior activity levels for 30 min 
periods were compared to controls using 2‑way ANOVA with multiple comparisons followed by a Bonferroni post hoc 
test.

Results: It was found that the whole‑plant extracts that contained high levels of THC had similar effects on larval 
behavior, while the high CBD and low THC:CBD extracts produced distinct effects on normal larval behavior. Exposure 
of larvae to concentration‑matched levels of THC and CBD found in the extracts revealed that a subset of the canna‑
bis extracts tested had similar behavioral profiles to the pure cannabinoids while others did not.

Conclusions: To our knowledge, this is the first study to test and compare the bioactivity of different whole‑plant 
cannabis extracts in larval zebrafish. This work will provide a framework for future studies of distinct cannabis extracts 
and will be useful for comparing the bioactivity of extracts from different cannabis chemotypes as well as extracts 
made through various heating processes. It will also act as the first stage of assessment before testing the extracts 
against zebrafish models of toxicity and disease.
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Background
Cannabis produces numerous biologically active sub-
stances and is used both for medical and non-med-
ical (“recreational”) purposes. While the individual 
substances found in cannabis have varying biological 
effects of their own, studies have also reported complex 
interactions between individual substances (Andre et al., 
2016; McPartland & Russo, 2001). Synergistic interac-
tions between individual substances in cannabis are 
known typically as the “entourage effect.” For example, 
an entourage effect has been described between ∆-9 tet-
rahydrocannabinol (THC) and cannabidiol (CBD), the 
main cannabinoids found in cannabis (Russo & Guy, 
2006; Russo, 2011). However, these interactions are com-
plex and may also result in the inhibition of their individ-
ual effects depending on a number of factors, such as the 
ratios or levels of each compound and whether the com-
pounds are administered sequentially or simultaneously 
(Russo, 2011; Canada Go, 2018; Zuardi et al., 2012; Davis 
& Hatoum, 1983; Freeman et al., 2019a).

Zebrafish larvae have become a well-recognized, 
sought-after model and a rapid screening tool for test-
ing the bioactivity of neuroactive compounds, including 
cannabinoids (Selderslaghs et al., 2010; Parng et al., 2007; 
Sipes et  al., 2011; de Esch et  al., 2012; Rennekamp & 
Peterson, 2015). Zebrafish larvae have a highly conserved 
endocannabinoid system and express cannabinoid recep-
tors and neurotransmitters found in mammalian systems 
(Krug & Clark, 2015; Lam et al., 2006; Rodriguez-Martin 
et al., 2007; McPartland et al., 2007). Several of the mod-
els developed use larval behavior as a platform to assess 
the activity of cannabinoids (Akhtar et  al., 2013; Boa-
Amponsem et  al., 2019; Ellis et  al., 2018; Hasumi et  al., 
2020; Samarut et  al., 2019; Chousidis et  al., 2020; Carty 
et  al., 2019). These pharmacologically relevant behavio-
ral models use potential changes in locomotion as assays 
to measure both basal activity and standard responses 
to external stimuli (Ellis & Soanes, 2012; Ingebretson & 
Masino, 2013; Irons et al., 2013). For example, the light/
dark preference test is based on larvae exhibiting an 
innate avoidance response to dark environments and is 
considered an anxiety-like behavior that can be used to 
assess the efficacy of anxiolytics (Maximino et al., 2010; 
Steenbergen et al., 2011).

We have previously developed a multimodal behavioral 
assay that measures both the changes in baseline activity 
and a light/dark stimulus response as a platform to assess 
the effect of acute exposure to THC and CBD (Achen-
bach et al., 2018). In this previous study, we demonstrated 
acute exposure to each compound produces a distinct 
pattern of larval behavior, with THC exposure leading 
to a general decrease in activity, while CBD decreased or 
eliminated the normal larval response to the light/dark 

transition at levels that did not affect the baseline activ-
ity. When combined, THC and CBD appeared to display 
an entourage effect on larval behavior. Additionally, we 
have shown that THC and CBD can oppose several larval 
behaviors generated by disease models of pain (nocicep-
tion) and seizures (Ellis et al., 2018; Samarut et al., 2019). 
These studies substantiate the use of zebrafish larval 
behavior as a model for researching the effects of can-
nabinoids and provide a platform with which to test the 
bioactivity of other cannabinoids, cannabinoid products, 
and complex mixtures.

In the current study, we sought to assess the effect of 
whole-plant cannabis extracts produced from differ-
ent chemotypes of cannabis on the normal behavior 
of zebrafish larvae. In order to assess if the acute larval 
behavioral response patterns produced by these differ-
ent extracts were primarily due to the effects of THC and 
CBD, we also compared the activity patterns produced 
by the extracts to concentration-matched levels of THC 
and CBD in each extract. We found that each extract pro-
duced unique and partially overlapping effects on larval 
behavior. Importantly, we have also shown that exposure 
to THC and CBD alone is not sufficient to replicate the 
behavioral patterns produced by exposure to the extracts. 
These data raise the possibility that other extract compo-
nents may modulate the observed effects on behavior.

Materials and methods
Fish husbandry
Adult zebrafish (Danio rerio) were maintained accord-
ing to standard animal care protocols (Westerfield, 
1995; Westerfield, 2000), in accordance with the Cana-
dian Council of Animal Care (CCAC) guidelines. Adult 
AB/Tubingen zebrafish were housed on a re-circulating 
aquatic system at 28.5 ± 1 °C, pH 7.0–7.2 on a 14:10-h 
light:dark schedule. Embryos from multiple breeding 
pairs were collected and pooled in buffered E3 media 
(5 mM NaCl, 0.17 mM KCl, 0.33 mM  CaCl2-2H2O, 0.33 
mM  MgSO4-7H2O, 10 mM HEPES, and pH 7.2) for 4–6 
h. Following incubation at 28.5 ± 1 °C, embryos were 
housed in nursery baskets (< 200 embryos per basket) 
(Pentair Aquatic Eco-system, Apopka, FL, USA) in 3-L 
tanks (Tecniplast, Buguggiate, VA, Italy), with matching 
conditions to adults. Larvae were removed from the re-
circulating system using buffered E3 media at 120 h post-
fertilization (hpf) to be used in experiments that day.

Plant extract generation
Three cannabis plant chemotypes, purchased from 
Aurora Cannabis (Vancouver, British Columbia, Can-
ada), were used in this study to generate four distinct 
extracts. One chemotype contained high levels of THC 
(Henik, Aurora Cannabis), one contained high levels of 
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CBD (Treasure Island, Aurora Cannabis), and the last 
chemotype contained equal amounts of THC and CBD 
(#385, Aurora Cannabis) albeit prepared two different 
ways to create two extracts with differing cannabinoid 
compositions. The four extracts were prepared from 
ground, dried cannabis plant material prepared with a 
coffee grinder. Samples were then weighed out in tripli-
cate using approximately 200 mg of dried cannabis plant 
material for extraction. For three of the extracts, dried 
plant material was heated in a 95 °C temperature oven 
without solvent for 3 h to decarboxylate acid cannabi-
noids to their neutral forms. Following decarboxylation, 6 
mL of pure 100% ethanol were added, and the sample was 
sonicated for 10 min at room temperature, the solvent 
was removed, and the sample was sonicated again with 
a fresh 6 mL of ethanol. Both ethanol fractions were then 
combined, filtered, dried, and weighed. The same extrac-
tion process as above was followed to make the fourth 
extract with the exception that no heating was applied to 
create the extract with low levels of both THC and CBD. 
The extracts were re-suspended in 2 mL of pure 100% 
methanol and diluted to a working stock concentration of 
1 mg/mL in pure 100% methanol. The four extracts cre-
ated are identified in this paper as high THC, high CBD, 
high-temp THC:CBD, and low-temp THC:CBD.

Cannabinoid quantitation using LC‑HRMS
Liquid chromatography coupled to high-resolution mass 
spectrometry (LC-HRMS) was performed on a mass 
spectrometer (Thermo Exactive™, Ottawa, Ontario, Can-
ada), equipped with an electrospray ionization source. 
This allowed for the detection of target cannabinoids 
with a mass accuracy of less than 5 ppm. Separation was 
performed on an UPLC HSS-T3 column (2.1 × 100mm 
1.8 μm, Acquity) (Waters, Milford, MA, USA) with gra-
dient elution using mobile phases of 0.1% formic acid in 
de-ionized water and 0.1% formic acid in methanol. MS 
acquisitions were done in positive mode with instru-
ment resolution at 50 K across a mass range from m/z 
190–1000.

The 10 cannabinoid standards (pure THC and CBD 
were also used in the acute testing) were purchased from 
Sigma Aldrich (Darmstadt, Germany) and included CBD, 
CBDA, THC, THCA, CBC, CBCA, CBN, CBG, CBGA, 
and THCV (Cerilliant, Round Rock, TX, USA). The con-
centration of each standard was 1 mg/mL, and a dilution 
series containing all of these standards was prepared in 
methanol, at the following concentrations: 0.005 μg/
mL, 0.01 μg/mL, 0.025 μg/mL, 0.05 μg/mL, 0.1 μg/mL, 
0.25 μg/mL, 0.5 μg/mL, and 1 μg/mL. The extracts were 
diluted in methanol to ensure they fell within the linear 
range of the calibration curve to determine the amount 
of cannabinoids in extract materials (mg/g). We later 

presented the final concentration of the cannabinoids as 
a percentage of the total weight of the material.

Acute behavioral testing
At 120 hpf, zebrafish larvae were transferred to a 48-well 
plate with 1 larva per well in 450 μL of buffered media 
using a micropipette and acclimated for 2 h at 28.5 °C 
in a light incubator. The extracts were stored as a 1 mg/
mL 100% methanol stock solution at − 20 °C. Working 
solutions were prepared new each day at a 10× concen-
tration in 0.5% methanol (also our control). Fifty micro-
liters of 10× extract solution was pipetted into each well 
to reach the final concentration. In order to allow for a 
comparison between extracts, the dilution series tested 
was initially based on the weight concentration of each 
extract (μg/mL), and a standard dilution series was used 
for each compound (0.25–2 μg/mL). Each experimen-
tal replicate comprised 12 larvae per extract concentra-
tion which was completed in triplicate yielding a final 
36 larvae per treatment and 96 for controls (combined 
over extract experiments). Following the addition of the 
extract solution, each plate was placed directly into the 
DanioVision-automated behavioral tracking system (Nol-
dus, Wageningen, the Netherlands) and exposed to our 
standardized behavioral assay which consisted of 1.5 h of 
consistent white light (15–16 μM/s/m) followed by alter-
nating 5-min periods of light or dark for 30 min. Follow-
ing the behavioral assessment, the larvae were visually 
scored for any abnormalities, and dead, necrotic, or visu-
ally affected larvae were removed from the behavioral 
analysis. The patterns of behavior induced by each extract 
were assessed using the EthoVisionXT13/14/15 software 
(Noldus). Behavioral profiles were generated by averaging 
the total distance traveled (mm) quantified into 60-s bins. 
We then selected three periods of the 2-h experiment for 
further statistical analysis, the first 30 min of the experi-
ment, the period from 60–89 min, and the third during 
the first light to dark transition. To quantify the changes 
in behavior during these periods, activity levels for the 
two 30-min periods were compared to controls using 
2-way ANOVA with multiple comparisons followed by a 
Bonferroni post hoc test where p < 0.05. To quantify the 
response of a transition from a light to a dark environ-
ment, we normalized the total average activity (distance 
moved) in the first 5-min dark transition to the previous 
5 min in the light and again used 2-way ANOVA with a 
Bonferroni post hoc (p < 0.05) test to determine the sta-
tistical significance (GraphPad, San Diego, CA, USA).

Results
Cannabinoid profile of extracts
Three separate cannabis chemotypes were obtained 
from a Canadian commercial supplier and were selected 
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based on their varying cannabinoid compositions. The 
chemotypes are described based on their levels of THC 
and CBD with the first having high levels of THC and no 
CBD (high THC), the next had a high level of CBD and 
a low level of THC (high CBD), and the last had roughly 
equal amounts of THC and CBD (high-temp THC:CBD 
and low-temp THC:CBD). The equal ratio chemotype 
was used to create two extracts that contained primar-
ily either decarboxylated or non-decarboxylated can-
nabinoids. The first was generated by exposing the plant 
material to a high temperature (high temp) before the 
extraction, and the second was left at room temperature 
(low temp) before the extraction (Table 1).

Each extract was profiled by LC-HRMS in order to 
measure the levels of the 10 primary cannabinoids with 
commercially available standards. The most notable dif-
ferences in the cannabinoid profile were for the low-
temp THC:CBD extract which had low levels of both 
THC and CBD and higher levels of THCA and CBDA 
than were present in the other extracts. In comparison 
with the other extracts evaluated, the high CBD extract 
had a higher level of CBC and both the high THC 
extract and the high CBD extracts had higher levels of 
CBG (Table 1).

Acute effects of extracts on behavior
The acute behavioral response of zebrafish larvae follow-
ing exposure to individual extracts was used as a model to 
assay the potential neural activity of each extract. Larval 
behavior was initially monitored for 90 min in the light 
followed by three successive 5 min periods of alternating 
dark and light transitions, which induce a stress response 
(Maximino et  al., 2010; Steenbergen et  al., 2011). The 
activity pattern produced during the initial period of light 
was previously used to assess the effect of acute expo-
sure to THC and CBD on larval behavior. The previous 
study revealed that acute exposure to both THC and 
CBD could lead to an initial increase in activity during 
the first 10–30 min of exposure that then dropped to a 
level at which it plateaued. The plateau level for THC was 
lower than that of non-treated controls, while the CBD 
plateau level returned to levels not significantly different 

than controls at the concentrations tested (Achenbach 
et al., 2018). In the current study, acute exposure to the 
extracts produced similar patterns of activity; however, 
there were distinct concentration-dependent differences 
between the extracts. The high THC extract showed 
a peak in activity above control levels at 1 and 2 μg/mL 
that then decayed to a plateau level below that of controls 
(Fig.  1A). Exposure to the high CBD extract produced 
a similar initial peak in activity at 2 μg/mL; however, as 
the concentration was decreased, this initial increase in 
activity was sustained for longer periods of time remain-
ing elevated for the first 30 min following exposure at 0.5 
and 1 μg/mL (Fig. 1B). Unlike the high THC extract, the 
high CBD extract plateaued at a level that was not signifi-
cantly different than controls. The low-temp THC:CBD 
extract showed only a small initial increase in activity at 2 
μg/mL that then plateaued at a level lower than controls 
(Fig.  1C). The high-temp THC:CBD extract produced 
concentration response profiles that appeared to mirror 
that of the high-THC extract (Fig. 1D). In order to make 
direct comparisons of the concentration response profiles 
between the extracts, we compared the total activity for 
the first 30 min following exposure and the final 30 min 
of the light cycle, which represents the plateau period of 
the activity pattern. During the initial 30 min, there was a 
reduction in activity following exposure to the high THC 
extract at 0.25 μg/mL, while there was no significant dif-
ference between the other three extracts and controls 
(Fig. 1E). At 0.5 μg/mL, the high CBD extract produced a 
significant increase in activity, while there was no signifi-
cant change in activity between the other three extracts 
and controls. At 1 and 2 μg/mL, the high THC, high 
CBD, and high-temp THC:CBD extracts all led to signifi-
cant increases in activity, while the low-temp THC:CBD 
extract did not produce a change in activity compared to 
controls. During the final 30 min of the light cycle, the 
high THC and low-temp THC:CBD extracts produced a 
significant decrease in activity compared to controls at all 
concentrations tested, while the high CBD extract only 
showed a reduction in activity at 2 μg/mL and the high-
temp THC:CBD reduced the activity at 0.25 and 1 μg/mL 
(Fig. 1F).

Table 1 Analysis of the average cannabinoid concentrations in extracts prepared from different cannabis chemotypes as measured by 
LC‑HRMS (%). ND not detectable

Extract ID Cannabinoid quantification (%)

CBD THC CBDA THCA CBC CBCA CBN CBG CBGA THCV

High THC ND 80.8 0.10 2.19 0.83 ND 0.60 1.22 0.57 0.56

High CBD 63.8 3.01 17.2 ND 3.48 0.61 ND 1.20 0.51 ND

Low‑temp THC:CBD 1.31 2.41 29.9 21.8 ND 2.27 ND ND 0.43 ND

High‑temp THC:CBD 28.3 28.5 9.51 0.57 1.59 ND 0.14 0.44 0.30 ND
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Following the 90 min in the light environment, the larvae 
were exposed to three successive light to dark transitions 
(Fig. 2). The transition from a light to a dark environment 
produces an increase in larval activity that is considered a 
stress response (Maximino et al., 2010; Steenbergen et al., 
2011). Previous work from our lab showed distinct differ-
ences in the effect of acute exposure to THC or CBD on 
the light to dark transition response, with CBD reducing 
the response, while THC had a nominal effect on the light 
to dark transition at the concentrations tested (Achenbach 
et al., 2018). All four of the extracts tested showed a con-
centration-based reduction in the dark response with the 
high THC, high CBD, and high-temp THC:CBD extracts 
eliminating the response at 2 μg/mL (Fig.  2). In order to 

statistically compare the response to the transition, the 
activity during the 5 min in the light proceeding the dark 
transition was subtracted from the activity during the 5 
min in the dark (Fig. 2E). It was found that the high THC 
and high CBD extracts reduced the response at 1 and 2 μg/
mL, while the low temp THC:CBD reduced the response at 
2 μg/mL. Interestingly, the high-temp THC:CBD mixture 
produced an increase in the dark response at 0.5 μg/mL 
and an elimination of the response at 2 μg/mL.

Comparing the acute effects of matched concentrations 
of pure THC/CBD to those of the extracts
Since the changes in behavior produced by exposure to 
the extracts was similar to that previously shown for pure 

Fig. 1 Larval locomotion following exposure to high THC, high CBD, low‑temp THC:CBD, and high‑temp THC:CBD extracts. A–D Larval behavioral 
profiles following exposure to extracts at varying concentrations. The average distance traveled is presented in millimeters per 1 min bin ± standard 
error (SEM) and time in minutes. E, F The average distance traveled ± SEM is presented in millimeters per 30 min bin and time in minutes. Each 
bar represents an n = 36 (extract) to 96 (control) larvae. *Significant difference from experimental control as measured by ANOVA followed by a 
Bonferroni post hoc test (p < 0.05)
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Fig. 2 Larval locomotion following exposure to high THC, high CBD, low‑temp THC:CBD, and high‑temp THC:CBD extracts. A–D Larval behavioral 
profiles following exposure to extracts at varying concentrations during the alternating 5‑min light/dark cycles. The average distance traveled is 
presented in millimeters per 1 min bin ± standard error (SEM) and time in minutes. E Difference in the average distance traveled between the 
first 5‑min dark cycle and the preceding 5‑min light. Average distance ± SEM is presented in millimeters per 5 min bin and time in minutes. Each 
bar represents an n = 36 (extract) to 96 (control) larvae. *Significant difference from experimental control as measured by ANOVA followed by a 
Bonferroni post hoc test (p < 0.05)

Table 2 Calculated equivalent levels of pure THC and CBD (μM) found in the cannabis extracts at 0.25, 0.5, 1, and 2 μg/mL

Extract concentration (μg/mL) 0.25 0.5 1 2

CBD (μM) THC (μM) CBD (μM) THC (μM) CBD (μM) THC (μM) CBD (μM) THC (μM)

High THC 0.00 0.64 0.00 1.29 0.00 2.57 0.00 5.14

High CBD 0.51 0.00 1.02 0.00 2.03 0.01 4.06 0.02

Low‑temp THC:CBD 0.01 0.02 0.02 0.04 0.04 0.08 0.08 0.15

High‑temp THC:CBD 0.23 0.23 0.45 0.45 0.90 0.91 1.80 1.81
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THC and CBD, we assessed if the behavioral response 
patterns produced by the different extracts were primar-
ily due to the presence of THC and/or CBD. The larvae 
were exposed to concentration-matched levels of THC 
and CBD found in each extract at each of the extract con-
centrations tested above (Table 2).

During the first 30 min in the light following acute 
exposure, larvae treated with equimolar levels of THC/
CBD to the high THC extract had higher activity levels 
than the extract at 0.5 and 2 μg/mL (Fig. 3A). For the high 
CBD extract and the low-temp THC:CBD extract, equi-
molar levels of pure THC/CBD produced higher levels of 
activity at 0.25 and 0.5 μg/mL and lower levels of activ-
ity at 1 and 2 μg/mL (Fig. 3B, C). Equimolar THC/CBD 
exposure led to an increased activity level compared to 
the high-temp THC:CBD extract at 0.25 and 2 μg/mL 
(Fig. 3D).

For the plateau period, exposure to equimolar THC/
CBD amounts produced a lower level of activity 

compared to the high THC extract at 0.25 and 2 μg/mL 
and a higher level of activity at 0.5 and 1 μg/mL (Fig. 4A). 
For the high CBD and low-temp THC:CBD extracts, 
exposure to equimolar THC/CBD produced a higher 
level of activity at 0.25 and 0.5 μg/mL and a lower level 
of activity at 1 and 2 μg/mL (Fig.  4B, C). Exposure to 
equimolar THC/CBD levels to the high temp THC:CBD 
resulted in a higher level of activity at 0.25 μg/mL and a 
lower activity level at 0.5 and 2 μg/mL (Fig. 4D).

Lastly, we compared the normalized activity levels for 
the dark transition. For the high THC extract, equimolar 
levels of THC/CBD produced a higher level of activity at 
0.25 μg/mL and a lower level at 1 and 2 μg/mL (Fig. 5A). 
Exposure to the equimolar THC/CBD compared to the 
high CBD extract produced a lower activity level at 0.5 and 
1 μg/mL (Fig.  5B). For the low-temp THC:CBD extract, 
equimolar THC/CBD exposure only showed a significant 
change in the activity level at 2 μg/mL where exposure to 
the equivalent THC/CBD amounts created a heightened 

Fig. 3 Larval locomotion following exposure to high THC, high CBD, low‑temp THC:CBD, and high‑temp THC:CBD extracts. Larval behavioral 
profiles following exposure to the extract and molar equivalence of THC/CBD at varying concentrations. Average distance traveled ± standard 
error (SEM) is presented over the first 30 min of the light cycle. Each bar represents an n = 36. *Significant difference from experimental control as 
measured by ANOVA followed by a Bonferroni post hoc test (p < 0.05)
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response (Fig.  5C). The high-temp THC:CBD equimolar 
THC/CBD exposure produced a lower activity level at 1 
μg/mL and a higher activity level at 2 μg/mL (Fig. 5D).

Discussion
Numerous studies have shown that zebrafish have a highly 
homologous endocannabinoid system to that of humans 
and that behavioral models can be used to assess the bio-
activity of the endocannabinoid system along with its 
potential as a therapeutic target (Krug & Clark, 2015; Ellis, 
2018; Oltrabella et  al., 2017). The previous studies have 
primarily tested pure compounds or mixtures thereof. The 
current study is the first to use zebrafish to test the behav-
ioral effects associated with exposure to a series of differ-
ent cannabis extracts. We have shown that this model of 
acute exposure in larval zebrafish is useful for identify-
ing the distinct and concentration-dependent behavioral 
responses from exposure to cannabinoid extracts with 
unique cannabinoid profiles. We have also shown that 

extracts prepared from the same plant material by two dif-
ferent procedures (high-temperature and low-temperature 
exposure) display distinct acute effects on larval behavior.

Our lab has previously shown that larval exposure to 
pure THC or CBD resulted in distinct concentration-
response behavioral profiles (Achenbach at al., 2018; 
Maximino et  al., 2010). While both THC and CBD ini-
tially produced an increase in activity compared to 
controls, this increase was larger and more sustained 
following CBD exposure. In addition, following this 
increase in activity, the larvae exposed to THC had their 
activity level plateau at a level below controls, while the 
larvae exposed to CBD had their activity plateau at a level 
not significantly different than controls (Achenbach et al., 
2018). The patterns of activity produced by the extracts 
in the current study appear to show similar complex 
concentration-dependent behavioral activity patterns 
compared to the pure THC and CBD profiles from the 
previous study. Not surprisingly, the high THC extract 

Fig. 4 Larval locomotion following exposure to high THC, high CBD, low‑temp THC:CBD, and high‑temp THC:CBD extracts. Larval behavioral 
profiles following exposure to the extract and molar equivalence of THC/CBD at varying concentrations. The average distance traveled ± SEM is 
presented over 30 min (60–89 min) of the light cycle. Each bar represents an n = 36. *Significant difference from experimental control as measured 
by ANOVA followed by a Bonferroni post hoc test (p < 0.05)
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produced an activity pattern similar to pure THC, and 
the high CBD extract induced activity pattern was simi-
lar to pure CBD. Interestingly, the high-temp THC:CBD 
extract produced an activity pattern that appeared more 
aligned to that of the high THC rather than the high CBD 
extract.

In order to make a direct comparison between the 
activity of the pure cannabinoids and the extracts, 
the second part of the study compared the behavioral 
response following exposure to equivalent molar lev-
els of pure THC and CBD to that found in each extract. 
Importantly, the activity patterns produced by exposure 
to pure THC and CBD did not consistently match that 
of the corresponding cannabis extracts themselves. The 
most pronounced difference was for the light-dark transi-
tion response where the high THC extract and the high 
CBD extract reduced, but did not eliminate the response 
to the dark stimulus at 1 μg/mL of extract, while the 
pure THC and CBD preparations at equimolar levels 

nearly eliminated the response. Similarly, exposure to the 
equimolar levels of THC/CBD to the high-temperature 
THC:CBD extract at 1 μg/mL reduced the transition 
response compared to the extract; however, in contrast 
to the high THC and high CBD extracts, at 2 μg/mL, the 
pure THC/CBD 1:1 treated larvae showed a higher tran-
sition response compared to the extract-treated larvae. 
Our aforementioned work has shown that, when com-
bined, CBD can shift the concentration response pat-
tern of THC at levels of CBD that are sub-phenotypic on 
their own (Achenbach et al., 2018). Consistent with these 
previous findings, our current results suggest that while 
THC and CBD are the dominant neuroactive compounds 
in the extracts tested, the activity of the other cannabi-
noids found in those extracts appear to be contributing 
to the differences in the activity levels of the extracts ver-
sus pure THC and CBD. This could be considered a more 
complex entourage effect where other components of the 
cannabis extracts (other cannabinoids, terpenes, etc.) 

Fig. 5 Larval locomotion following exposure to high THC, high CBD, low‑temp THC:CBD, and high‑temp THC:CBD extracts. Larval locomotion 
following exposure to extracts and equimolar THC/CBD equivalents at varying concentrations is presented as the difference in the average distance 
traveled between the first 5 min dark cycle and the preceding 5 min light ± SEM. Each bar represents an n = 36. *Significant difference from 
experimental control as measured by ANOVA followed by a Bonferroni post hoc test (p < 0.05)
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act synergistically with THC and CBD to impact their 
activity (McPartland & Russo, 2001; Russo & Guy, 2006; 
Russo, 2011).

From our profiling of the four extracts, there appear to 
be different levels in each extract of the eight other can-
nabinoids evaluated. Some of the cannabinoids meas-
ured, specifically CBC, CBG, and CBDA, appear to be 
at concentrations that could contribute to the biologi-
cal effect of the extracts on the larvae (Table  1). While 
THC and CBD interactions are well studied compared 
to other cannabinoids (Freeman et  al., 2019b), there is 
growing evidence in mammalian models that other can-
nabinoids like the ones found in the extracts tested in 
this study can also impact the effects of THC. For exam-
ple, THCV was subjectively noted to reduce the intensity 
of some effects caused by THC (e.g., dampening of the 
stereotypic increased heart rate associated with acute 
THC consumption) that may indicate a reduction in 
the potential side effects associated with THC exposure 
(Englund et  al., 2015). In addition, co-administration 
of CBC with THC reduced THC-associated lethality in 
mice (Hatoum et al., 1981) and CBN has been observed 
to work synergistically with THC to potentiate the anti-
nociceptive effects of THC (Welburn et al., 1976).

The mechanism by which the compounds found within 
the extracts may interact is complex. This is highlighted 
by the fact that CBD has been shown to antagonize the 
CB1 receptors in the presence of THC, while having little 
binding affinity for the CB1 receptor on its own (Thomas 
et  al., 2007). In addition, CBD is known to have numer-
ous potential target proteins outside of the CB1 receptor 
that may have an effect on the THC-induced larval activ-
ity and suggests a complex interaction with and effect on 
THC activity (Vitale et  al., 2021). The complexity of the 
THC-CBD interaction is further increased by the pres-
ence of other cannabinoids and neuroactive compounds 
in the extracts. Future work will be required to study the 
effects that the other individual cannabinoids profiled in 
this study may have on larval behavior. This along with the 
study of complex mixtures of the pure compounds may 
help to ascertain the contributions of each to the changes 
in behavior and the mechanisms by which they interact.

Further chemical characterization of the extracts will 
also provide information on the presence of other poten-
tially bioactive compounds found in cannabis such as ter-
penes, which may also exert biological effects.

Conclusions
The importance of this study lies in the fact that we have 
now shown that zebrafish larvae can be used as a plat-
form to assess the bioactivity of cannabis extracts. More-
over, our current acute model proves that these extracts 
have a distinct impact on baseline larval activity as well 

as stress responses in larvae. Cannabis extracts are a 
wide family of products that are used for both medical 
and non-medical (“recreational”) purposes. The chemi-
cal profile of the various extracts depends on the source 
of the material being extracted (i.e., “chemotype”) and 
the extraction solvent/method (Brighenti et  al., 2017; 
Baranauskaite et al., 2020). We have shown in this study 
that a simple difference at a single step in the extraction 
procedure (i.e., temperature) can have a profound effect 
on the chemical profile and subsequent bioactivity of the 
extracts. While products derived from cannabis, such 
as extracts, are available for consumption by the public, 
there is currently a lack of knowledge of their effects. 
There is then an urgent need to study these products 
and to understand what biological effects these complex 
chemical mixtures may have. The results of this study 
provide a first step in using zebrafish models to further 
characterize these products and the interactions of the 
complex mixtures of chemicals found therein. Further 
work using the zebrafish model presented here along 
with other zebrafish larval models, such as various dis-
ease and toxicological models (Ellis et al., 2018; Samarut 
et  al., 2019; Ellis & Soanes, 2012), may provide impor-
tant insights into the safety and efficacy of using different 
cannabis extract-based products.
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