10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.04.425279; this version posted January 9, 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(which was not certified by peer review) is the author/funder.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.

Embryonic exposur e to cannabidiol disruptsactive neural circuits, an effect increased by

AO-tetrahydrocannabinol and involving CB1R and CB2R in zebrafish

Richard Kanyo®®, Md Ruhul Amin®, Laszlo F. Locskai®®, Danika D. Bouvier ®,

AlexandriaM. Olthuis®, W. Ted Allison®® €, and Declan W. Ali ®”

&Centre for Prions & Protein Folding Disease, University of Alberta, Edmonton AB, T6G 2M8
P Department of Biological Sciences, University of Alberta, Edmonton AB, T6G 2E9, Canada

¢ Department of Medical Genetics, University of Alberta, Edmonton AB, T6G 2H7

* Author for correspondence (phone: (780) 492-6094; fax: (780) 492-9234; email:

declan.ali @ualberta.ca)

15


https://doi.org/10.1101/2021.01.04.425279

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.04.425279; this version posted January 9, 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(which was not certified by peer review) is the author/funder.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.

Abstract

Considering the wide spread use of cannabis as a recreational and medicinal drug, a knowledge
gap exists regarding biological mechanisms and health implication. In the light of legidative
changes, delayed effects of cannabis upon brief exposure during embryonic development are of
high interest as early pregnancies often go undetected. We hypothesized that brief early
cannabinoid exposure impacts neural activity by affecting embryonic brain devel opment through
cannabinoid-1 (CB1R) and -2 (CB2R). Zebrafish larvae were exposed to cannabidiol (CBD) and
AU-tetrahydrocannabinol (THC) until the end of gastrulation (1-10 hours post-fertilization) and
analyzed later in development (4-5 days post-fertilization). In order to measure neural activity,
we implemented the fluorescence based calcium detector CaMPARI (Calcium-Modulated
Photoactivatable Ratiometric Integrator) and optimized the protocol such that a high number of
samples can be economically used in a 96-well format complemented by locomotor analysis. Our
results revealed that neural activity was decreased by CBD more than THC. At higher doses both
cannabinoids could reduce neural activity close to a level comparable to anesthetized samples
and locomotor activity was abolished. Interestingly, the decrease was more pronounced when
CBD and THC were combined. At the receptor level, CBD-mediated reduction of locomotor
activity was partially prevented using CB1R or CB2R inhibitors. Overall, we provided a
mechanistic link to perturbed brain development in vivo, which seems to involve CBD and
receptors, CB1R and CB2R. Future studies are warranted to reveal other cannabinoids and
receptors involved in this pathway to understand the full health implications of cannabis

consumption on fetal development.
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I ntroduction

Publicly, cannabis is used as a recreational drug [1] that is often portrayed as harmless,
yet the health implications are not fully understood. Interestingly, extracts of the Cannabis sativa
plant have been used for medical purposes for amost 5000 years [2]. However, scientific
knowledge is limited and despite controversy, some countries continue to legalize cannabis for
recreational use. Cannabis has been reported to be one of the most used drugs during pregnancy
and key compounds, A I-tetrahydrocannabinol (THC) and cannabidiol (CBD), can readily cross
the placenta [3-6]. We were especially interested in CBD due to the reported health benefits and
availability in many natural products including oils and food [7]. In the past, the negative
impacts of cannabis in connection to embryonic development have been principally associated
with the psychoactive THC [8]. In humans, epidemiological and clinical studies associate
maternal cannabis exposure to behavioural disturbances in the offspring linked to increased risk
for neuropsychiatric disorders [9]. In rats, maternal exposure of THC changed a series of
behaviours in the offspring, including water-induced grooming, increased light sensitivity and
altered exploratory behaviour [10]. Recently, the negative impacts of cannabis have expanded
and also include the non-psychotropic CBD, which disrupts motor-neuron development in
zebrafish [11]. This study is in contrast to reports that suggest positive health benefits of CBD,

by treating nausea during pregnancy [12, 13].

The mechanistic pathway(s) by which THC and CBD are toxic are elusive. Recently,
these two cannabinoids were linked to the sonic hedgehog signaling pathway in mice and
zebrafish, and appears to involve cannabinoid type 1 receptor (CB1R) [14, 15]. It is well
established that THC binds and activates as a partial agonist two distinct classes of G-coupled

protein receptors, CB1R and CB2R [16]. Both receptors are highly expressed in neuronal tissue
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where CB1R islocalized mostly in the CNS [17-19] and CB2R in the peripheral nervous system
[20], although CB2R has been also linked to the CNS [21-23]. CBD has been reported to interact
with a lower affinity to CB1R and CB2R rdlative to THC, and rather antagonizes cannabinoid-
induced effects indirectly through other receptors [24-28]. Additional datato illuminate signaling

pathways of THC and CBD in vivo would be of great value.

Zebrafish embryos have several advantages that complement mammalian models.
Experiments are economical because many embryos are available, and exposure studies are
simple. Translucent larvae provide opportunities to implement cutting-edge fluorescing calcium
sensors and measure neural activity. Further, past studies suggest that the endocannabinoid
system plays a role in zebrafish development [29-31]. Both cannabinoid receptors investigated
here have similar expression profiles in the CNS compared to mammals, with CB1R sharing a
70% protein sequence identity with the human homolog [18, 31]. Considering the anticipated
effects of THC and CBD, high-throughput quantification of neural activity following early
exposures would be of great interest. In this study, the calcium modulated photoactivatable
ratiometric integrator (CaMPARI) [32], was implemented. Green fluorescing CaMPARI
undergoes photoconversion (PC) to a red fluorescing protein only in the presence of intense 405
nm light and high Ca®* levels. This conversion is irreversible, thus creating a temporal snapshot
in aform of aratiometric red/green output. CaM PARI is expressed exclusively in neuronal tissue
due to a pan-neural promoter (elavi3, ak.a HuC) and is a direct read-out of relative neural
activity. Initially, the photoconversion was not efficient, but our optimized protocol allows for
high-throughput well-plate-formats. Locomotion was also quantified from the same larvae as an

independent proxy. Here, we investigated the effects of the two most abundant cannabinoids
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found in the plant, THC and CBD, on neural activity and characterized CB1R and CB2R in vivo

on the CBD effects using zebrafish.

METHODS
Animal Ethicsand zebrafish husbandry

Zebrafish maintenance was approved by the Animal Care & Use Committee: Biosciences at the
University of Alberta and operated under the guidelines of the Canadian Council of Animal
Care. The fish were maintained in the University of Alberta fish facility at 28°C under a 14/10

light/dark cycle as previously described [33].

Engineering CaM PARI transgenic zebrafish for integrative calcium imaging.

Zebrafish expressing CaMPARI, i.e. the Tg[elavi3:CaMPARI (W391F+V398L )] "%
line were generated as described previously [34, 35]. We re-derived CaMPARI fish in response

to afederal moratorium limiting zebrafish import into Canada [36].

CaMPARI photoconversion

For photoconversion, bright green Tg[elavi3:CaMPARI (W391F+V398L)]"**'* |arvae at
4 dpf were placed in a 96-well plate containing 150 ul egg water (made as previously decribed
[33]) and acclimatized for 2 h. The central 48 wells of the plate were exposed to 405 nm LED
array (Loctite) for 300 sec at a distance of 10 cm. LED array illuminated the plates entirely and

evenly. The plates were floating in water at room temperature to ensure that the larvae did not
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113 overheat. For imaging, the larvae were anesthetized in 0.24 mg/mL tricaine methanesulfonate
114 (MS-222, Sigma) following photoconversion. MS-222 was washed out and zebrafish were rested

115  for aday prior locomotor activity assay.
116
117 CaMPARI analysis

118 The ratio of fluorescent emissions, taken as red photoconverted CaMPARI in ratio to
119 green CAMPARI, was interpreted as relative neural activity, as previousy defined [32]. Images
120  were obtained with an InCell 2000 microscope (GE Healthcare, US). 96-well plates were run
121 using FITC (1 second exposure) and dsRed (2 second exposure) channels. ImageJ was used to
122 quantify the fluorescence mean of the red (dsRed) and green (FITC) channels. The area of the
123 optic and hind brain area were quantified as those regions were most consistent in the view. A
124  mask was applied to exclude noise outside of the CNS. Statistics used one-way ANOVA and
125  Dunnett’s multiple comparison test with GraphPad Prism Software (Version 7, GraphPad, San

126  Diego, CA).

127
128  Quantifying Locomotor activity

129 The same zebrafish larvae being placed in the 96-well plate the day prior for CaMPARI
130 analysis were quantified for locomotion using Baser GenlCaM (Basler acA 1300-60) scanning
131  camera (75-mm 2.8 C-mount lens) and EthoVision® X T-11.5 software by Noldus (Wageningen,
132 Netherlands) as described previously [37, 38]. This set-up allowed to see whether there is a
133 correlation between level of neural activity and the the mean activity % within a swimbout

134  (swimbout size). Swimbout size was shown to increase in response to the convulsant PTZ
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135  previously [39] and here it can be a useful marker for neural activity. Transparent Casper strain
136  zebrafish [40] were unable to be tracked as ususal with Noldus. Therefore, quantification of
137 swimbouts provided an additional advantage. Clear movement was detected above the noise
138  treshold due to movement of the pigmented eyes. Although the % swimbout is small, reliable
139  measurements were obtained. Only clear swimbouts were quantified, which were set above a
140  treshold of 0.1 % of activity. Figure 1F shows that measuring the mean activity of a swimbout is
141 auseful tool in obtaining output that is clearly diminished in presence of MS-222. In addition,
142  the output also shows sensitivity in fredy swimming larvae. Statistics used here were as

143  described above.

144
145 RMOA44 staining

146 The zebrafish used in this experiment were of the Tuebingen Longfin strain. Set-up was
147  similar as described above. Following the experiment, larvae were stained with anti-RM 044
148  (Thermo Fisher Scientific, Waltham, MA, USA) and imaged using a Zeiss LSM 710 confocal

149  microscope (Oberkochen, Germany) as described elsewhere [41].

150

151 Resaults

152 High-throughput assessment of CaM PARI isareliable metric of neural activity.

153 In this study the objective was to gain insight in the effects of THC and CBD on neural
154  activity during early embryonic development. We measured neural activity with CaMPARI.
155 CaMPARI photoconverts irreversibly from a green to a red fluorescing protein only if user-

156  applied 405 nm light application coincides with high calcium levels (Fig. 1A) [32]. Red and
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157  green fluorescing CaMPARI are quantified as ratio (referred here as “CaMPARI activity"). We
158  expressed CaMPARI through a pan-neural promoter, elavi3 (ak.a HUC) exclusively in the CNS
159  and thus as a read-out of neural activity (Fig. 1B). Here, we optimized the use of CaMPARI
160  zebrafish for an automated high-content INCell2000 plate-reader (Fig.1C). CaMPARI transgene
161  expression was most suitable for this platform at 4 dpf, which is a suitable balance of fluorescing

162  intensity and a sufficiently developed brain.

163 CaMPARI activity was quantified and displayed as a heatmap consisting of the red/green
164  ratio in fluorescing intensities. At 4 dpf, optic tectum and hindbrain regions of larvae showed a
165  clear measureable output, whereas without photoconversion CaMPARI activity was nearly zero
166  (Fig. 1D and E). To establish a baseline of near-zero neural activity, larvae were anesthetized
167  with MS-222, and a significant reduction in red/green ratio was obtained compared to freely
168  swimming larvae (Fig. 1D and E). In contrast, drug-induced neural activity, with the established
169  convulsants pentylenetetrazole (PTZ) or 4-aminopyridine (4-AP), showed a consistent increase
170  in CaMPARI activity, even at concentrations considered to be minimal when inducing seizure

171 (Fig. 1D, E)[34,35].

172 We benchmarked our CaMPARI outputs against locomotor activity of zebrafish larvae,
173  which is an established metric of neural activity [43]. We chose 5 dpf as an optimal
174  developmental timepoint for analyzing locomotor activity, because younger larvae are largely
175 inactive. Larvae were left in the same 96-well plate for assessng CaMPARI and locomotion.
176  Exposing larvae to photoconversion with LED light the day before had no impact on the mean
177  locomotor activity (Fig. 1F). Larvae anesthetized with MS-222 did not display any detectable

178  swimbouts (Fig. 1F). The level of neural activity correlated with locomotor activity and will be
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179  presented later. Overall, these results show that CaMPARI, deployed in zebrafish larvae is a

180  reliable high-throughput tool for measuring neural activity.

181

182  CBD and THC reduce subsequent neural activity.

183 We sought to assess how embryonic exposure to cannabinoids impacts upon subsequent
184  neura activity later in development. Here, the doses of CBD and THC aligned with our previous
185  work [11], reflecting high cannabis consumption in humans. Comparisons of our dosage to
186  humans requires various considerations: (i) blood plasma concentrations can peak up to 0.25
187  mg/l while smoking a single cigarette [44]; (ii) the content of THC has increased in the past 20
188  years, and (iii) doses of intraperitoneally administered medical CBD can vary greatly, from 5-
189  100mg/kg, and daily maximum of 1500mg/kg [45,46]. The current study uses up 6 pg/mL of
190 THC and 3 pg/mL CBD with an estimated 0.1-10% of this passing through the chorion to reach

191  the embryo.

192 We wanted to gain insight into the effects of CBD and THC separately (Fig. 2A), and
193  therefore each was applied in a dose-response format. This validation was necessary as
194  CaMPARI has not been used in studying cannabinoids. Compounds were added to the bath early
195  inanimal development at (0.5 hpf) and then washed out towards the end of gastrulation (10 hpf).
196 CaMPARI was imaged at 4 dpf and locomotor activity was assessed at 5 dpf (Fig. 2B). Animals
197  that were exposed to CBD at concentrations of 2 pg/ml and 3 pug/ml exhibited a dose-dependent
198 reduction in CaMPARI activity (Fig. 2C, F). These reductions in CaMPARI output are
199  substantial when compared against the ~50% reduction we observed in anesthetized larvae,

200 where little neural activity is expected. Coordinate with this, locomotion was also reduced
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201  starting at 1.5 pg/ml and was significant at 3 pg/ml (Fig. 2F). THC had a smilar effect than
202 CBD and also reduced neural activity at higher doses, 4 pg/ml and 6 pg/ml, (Fig. 2F and G).
203  Locomotor activity exhibited a more extensive reduction a 6 pg/ml. We compared neural
204  activity and locomotion in the same individuals exposed to effective doses of cannabinoids and
205  found significant correlations (Fig. S2; CBD r=0.52 and THC r=0.71). Indeed, most larvae, that
206  displayed reduced neural activity also showed reduced locomotion. Together, our findings show

207  that both CBD and THC reduced neural activity when exposed early in development.

208

209 Antagonistic effects of CBD on neural activity isenhanced when combined with sub-
210  effective doses of THC. Cannabis consumption during pregnancy exposes the fetus to THC and
211 CBD in concert. In order to investigate whether CBD and THC have a combined effect that is
212 different from either compound on its own, neural activity was measured when larvae were
213 exposed to both cannabinoids, using the same timeline as the previous experiment (Fig. 2B).
214 First, various sub-effective doses of CBD were applied from 0.5 to 1.5 pg/ml in the presence of 2
215  pg/ml THC (identified as sub-effective in Fig. 2). Preliminary dosage attempts revealed small,
216 but significant differences on neural activity when combining 0.5 or 1.5 pg/ml CBD with 2.0
217  pg/ml THC (Fig. S3A and B). Locomotor activity also trended towards a dose-dependent
218  reduction during concerted application of CBD and THC, but was statistically non-significant
219  (Fig. S3C). Next, CBD and THC were added in a 1:1 ratio mixture at 1.0 and 2.0 pg/ml each. An
220 enhanced antagonistic effect was revealed on neural activity when both CBD and THC were
221  added at 2.0 pg/ml. CBD by itself at 2.0 pg/ml significantly reduced neura activity (Fig.3D)
222 consistent with results in Fig.2D, but CBD and THC together, further reduced neural activity

223 compared to CBD or THC aone (Fig. 3D and E). Locomotor activity was mainly affected by
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224  CBD with no additional reduction when compared to CBD and THC combined (Fig. 3F). No
225  significant effect on neural activity or locomotor activity was obtained when 1.0 pg/ml of CBD
226  and THC was applied (Fig. 3A-C). Due to the effect on locomotion, we also wanted to assess the
227  integrity of neurons in connection to motor axons. Reticulospinal neurons in the hindbrain were
228  stained with RMO44 antibody targeting NEFM, an established marker for neuronal damage [47,
229  48]. Indeed, RMO44 immunostaining was further reduced when CBD and THC were combined
230  at 2.0 pg/ml suggesting that both CBD and THC affect neuronal health (Fig. 4S). Together, these
231  results suggest that CBD and THC are more potent in reducing neural activity when applied in

232 combination.

233

234 CB1R and CB2R are both required for CBD-induced reduction of locomotor
235  activity. Some reports suggest that CBD mediates its actions through CB1- and CB2- receptors
236 [24]. To test whether these two receptors are involved in the neuronal toxicity mediated by CBD
237  invivo, we deployed corresponding receptor inverse agonist AM251 and antagonist AM630. As
238  described previously, the experimental timeline is as depicted in figure 2B with CBD being
239  added immediately after AM251 and AM630. When analyzing CaMPARI activity, our results
240 revealed that the CBD-mediated reduction in neural activity could not be completely prevented
241 with concentrations from 0.1 to 10 nM AM251 or AM630 in the presence of 3 ug/ml of CBD
242  (Fig. 4A-C, D). In contrast, CBD-mediated reduction of locomotor activity was prevented with a
243 concentration of AM251 aslow as 1 nM (Fig. 4D) or with 10 nM of AMG630. In the absence of
244  CBD, when using the maximum dose (10 nM) of AM251 or AM630, neither antagonist had an
245  effect. This finding excludes the possibility that the effect of AM251 or AM630 on locomotion

246 were independent of CBD (Fig. 4G and H). Overall, this suggests a role for both CB1R and
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247  CBZR receptors in CBD-mediated effects on locomotor activity. In sum, inhibiting CB1R and
248  CBZ2R can amédliorate the negative impacts of early CBD on late CNS function, at least with

249  respect to locomotion.

250

251  Discussion

252 In some jurigdictions, including Canada, cannabis has been legalized despite the lack of
253  mechanistic understanding and health implications. Cannabis consumption has increased in the
254 past decade [49, 50] and reports emerged associating prenatal cannabis consumption with
255  tillbirths™ and autism spectrum disorder, a neurodevelopmental syndrome [52, 53]. Ye,
256  cannabis and CBD oil have been used by consumers to treat labor pain [54]. Cannabis has been
257  shown to have detrimental effects on developing embryos in rats and chicken [10, 55]. More
258  recently, new evidence revealed that exposure to not only the more widely studied THC, but also
259  CBD, during gastrulation impacts the overall development in zebrafish [11]. Interestingly, the
260 effect of the two key cannabinoids, CBD and THC, were delayed, and observed after the

261  exposure had ended.

262 In vitro, CBD and THC can function through CB1R and CB2R, which are expressed in
263 neuronal tissue [16-22, 24]. Our goal was specifically to investigate the effects of CBD, and how
264 it might interact with the more widely studied THC, during early development and characterize
265  the impact on neural activity in vivo using our CaMPARI assay. We found that neural activity
266  was reduced later in zebrafish development upon brief exposure of not only THC, but also CBD
267 early in development. Surprisngly, CBD had similar impacts on neural activity at lower

268  concentrations compared to THC. Notably, the impact of CBD was increased by sub-effective
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269  doses of THC. Our data quantifying locomotion, suggested that the CBD-mediated effect

270 involves CB1R and CB2Rs.

271

272 CaMPARI Assay

273 We optimized CaMPARI such that this innovation can be used for large number of
274  samples to screen compounds in future studies. Zebrafish larvae can be deployed in a 96-well
275  set-up quantifying locomotion [39, 42, 56-61]. Nevertheless, locomotor activity is not a direct
276  measurement of neural activity. Calcium sensors, such as the GCaMP series [62, 63], or more
277  recently GECO [64, 65], are more accurate, but CAMPARI became more practical once we
278  optimized the assay. CaMPARI provides a temporal-snapshot of neural activity in the freely
279 swimming animal, which can be anesthetized and imaged after the experiment [32].
280  Furthermore, the ratiometric red/green signals are imaged together and mitigate inter-individual
281  differences in expression levels or focal plane. We optimized conditions for a well-plate set-up
282  analyzing neural activity in the optic tectum and hindbrain. Unfortunately, less defined areas or
283  gpecific neurons could not be quantified. Furthermore, when interpreting our data as neura
284  activity, it is important to consider that when anesthetized a clear red to green CaMPARI ratio
285  can be dtill measured. This is unlikely due to autofluoresence because larvae that were not
286  photoconverted yielded zero CaMPARI activity. We cannot exclude the possibility that due to
287  longer photoconversion some CaMPARI has converted into the red fluorescence version even
288  when anesthetized. It is well established that when anesthetized with MS-222, neurons are barely
289  active [69, 70]. Indeed, our behavioural assay shows no locomotion in the presence of MS-222.

290  We believe this method is a suitable technique to measure substantial changes in neural activity

15


https://doi.org/10.1101/2021.01.04.425279

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.04.425279; this version posted January 9, 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.

291  inthelarger parts of the zebrafish CNS. Considering the advantages, this method outweighs its

292 limitation and could serve for future studies, especially in connection with epilepsy.

293

294  Delayed implications after early embryonic exposure of CBD and THC

295 Both CBD and THC have been implicated in embryonic development including abnormal
296  changes to neurons. Delayed abnormalities after early exposure of key cannabinoids have only
297  recently been investigated [11]. Here, early exposure of CBD and THC during the first 10 hours
298 of embryonic development reduced neural activity when measured days later, in a dose-
299  dependent manner. These later effects may be due to abnormal neurodevelopment and/or the
300 dow release of the cannabinoids from the tissue due to their lipophilic nature. Consistent with
301 this finding, zebrafish larvae with a similar exposure (5-10 hpf) to cannabinoids have shown
302  effects that could be due abnormal development (at 5 dpf). This was not exclusive to neurons,
303 but included other changes such as morphological abnormalities, decreased survival rate,
304 decreased mEPCs activity (may relate to muscle development), decreased heart rate and delayed
305 hatching [11]. Considering the specific time-window of exposure (first 10 hours in
306 development), an abrupt effect on the developmental program including neurons seems
307 plausble. Interestingly, CBD seemed to impact neural activity at a lower concentration than
308 THC, which also aligns with our previous study [11]. It is important to acknowledge that CBD
309 consumption has been documented to help with seizures and cancer by reducing pain [71, 72].

310  Nevertheless, our study suggests caution during pregnancies.

311 Considering that cannabis contains large proportions of both CBD and THC, we looked

312  at the effects of these two compounds in combination and found a more potent effect in
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313  decreasing neural activity. Reticulospinal neurons in the hindbrain of the zebrafish control motor
314  neurons during swimming [47, 73]. In line with a reduction in locomotion, we observed reduced
315  staining when exposed to both cannabinoids, suggesting that the reticulospinal neuronal integrity
316  was indeed compromised. However, this finding did not explain why locomotor activity was
317 mainly influenced by CBD. This could be due in part that CBD has a greater effect at lower
318  concentration than THC. The effect of CBD may be amplified by effecting motor neurons and
319 potentially muscle development. Overadll, these findings were surprising, because CBD was
320 found to negate the effects of THC on CB1R [26]. One possibility is that at higher concentrations
321 both, CBD and THC, affect the developmental program. In contrast, at lower concentrations and
322 in fully developed brains the impact of CBD and THC is different. This could result in
323  overriding the negating effects of CBD. Indeed, severa receptors have been shown to have
324  different affinities to THC and CBD [24]. A second possihility, therefore, is that at high
325  concentration CBD and THC affect receptors other than CB1Rs and CB2Rs. This could explain
326  why inhibiting CB1R and CB2R did not fully prevent CBD-mediated reduction of neural

327  activity, asfurther discussed below.

328

329  Potential mechanisminvolved in the delayed effect of CBD and THC

330 At this stage, it is unclear what mechanism(s) account for the reduction in neural activity
331 later in development when embryos are exposed briefly to CBD and THC in the first hours after
332 fertilization. In this study, we were especially interested in the less widely studied CBD. Using
333  HEK cells several receptor candidates have been identified showing to interact with CBD [24]. A

334  recent study supports a functional role of CB1R and CB2R role in zebrafish [33]. Here, by
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335 inhibiting CB1R, and CB2R, we found that the reduction in locomotor activity mediated by CBD
336 was partially prevented at nanomolar concentrations of the inhibitors suggesting that,
337  mechanigtically, CBD acts through both receptors. Previous studies have implied that CBD may
338  bind to both CB1R and CB2R in vitro [24] and our study isin support that these interactions are
339 important in vivo. In line with this, CBD can lead to abnormal craniofacial and brain
340 development in mice and zebrafish, which is mediated through CB1R and the hedgehog
341 dignaling pathway [15]. Whether CB2R can mediate its effects through the same pathway
342  remains to be determined. An explanation to why inhibiting CB1R and CB2R did prevent the
343  maximum effect of CBD, which is delayed, could relate to the fact that the CB1R and CB2R
344  receptors are expressed very early in development and found on stem cell progenitor cells [74].
345  As mentioned above an early effect may impact the developmental program such that changes
346  persist until later even if cannabinoids are no longer present in the circulation. Changes may not
347  be specific to the CNS as CB receptors are not only expressed in neuronal progenitor cells, but in
348  stem cells forming other types of tissues [74]. This could explain our previous study CBD
349  affected heart-rate and overall morphology after 5 dpf when exposed only briefly during
350 gastrulation [11]. The CBD-mediated reduction in neural activity was not prevented when either
351 CB1 or CB2Rs wereinhibited. While the reason for thisis unclear, it could relate that the effects
352  of CBD are larger outside the optic tectum and the hindbrain and more visible when quantifying
353 locomotion. It is possible that other receptors such as TRPV1 are involved [27, 75, 76], but this

354  needsfurther investigation.

355

356 Conclusion
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357 Overal, both CBD and THC exposure during embryonic stages had a negative impact on
358 later neural activity, which was additive when combined. Together, this could mean that the
359  impact of cannabis on early development is higher than using isolated compounds and profound.
360  Our findings also support an in vivo mechanism of CBD functioning through CB1R and CB2R.
361  We believe this study opens up a new path for investigating detailed mechanisms, including
362  other receptors, in specific neurons that are affected by cannabinoid toxicity early in
363  development and persist. The accumulating evidence for prenatal cannabis consumption having
364 negative consequences on neurodevelopmental disorders in the offspring [3] has to be
365 considered. As the recreational use is becoming legalized and socially acceptable, more studies
366 are warranted to not only fully understand the impact on human development, but also the

367 mechanisms of the diseases.
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662  Figure 1: High-throughput quantification of neural activity in freely-swimming zebrafish
663 larvae. A, Cacium-modulated photoactivatable ratiometric integrator (CaMPARI)
664  photoconverts from green fluorescent emission to red emission in presence of both high calcium
665  concentrations and a bright 405 nm light source. This photoconversion is irreversible and thus
666  Ccreates a temporal snapshot, integrated over the time window of light application, of increased
667  calcium levels (neural activity) as a red-to-green ratio of fluorescing CaMPARI. B, Lateral view
668  of green fluorescing CaMPARI merged with brightfield image shows expression of this neural
669  activity biosensor in the CNS due to a pan-neural promoter (elavi3 aka HuC) allowing the red-to-
670 green ratio of CaMPARI to be interpreted as a direct output of relative neural activity of freely-
671 swimming larvae. C, Larvae were transferred to 48 wells in the centre of a 96-well plate to
672  ensurethat the 405 nm LED FHood Array covers al larvae entirely. To minimize overheating, the
673 plate was floating in a waterbath at 10 cm distant to the LED while CaMPARI was
674  photoconverted (PC) by the LED Flood Array. Variations in fluorescence intensity of a sample
675 dueto variable larvae positioning in different wells are normalized due to the ratiometric feature
676  of the CaMPARI output. D, Lateral view of zebrafish akin to panel B with Exemplar “CaM PARI
677  Activity” heat maps that were acquired in the 96 well plate using an automated INCell 2000
678  high-content microscope and reveal a consistent 2-fold reduction in neural activity when the
679 larvae were anesthetized with MS-222 and an expected increase when neural activity was
680  stimulated with convulsants, pentylenetetrazole (PTZ) and 4-aminopyridine (4-AP). Top,
681  Enlarged lateral view from freely swimming larvae illustrating the optic tectum and hindbrain
682  areas (dotted line) from which the R/G ratio was obtained. Heat maps show ratio of red/green
683 (R/G) fluorescent output as indicated by the calibration bar and can be interpreted as relative

684  calcium levels or neural activity. CNS regions with higher levels of neural activity trandlate to
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685  higher R/G values and are reported here as “hotter” pixelsin image. E, Neural activity, inferred
686  from the mean R/G ratio in optic tectum and hindbrain, increases and decreases following
687  application of stimulants or anesthetics, respectively. CaMAPRI is reduced to baseline in
688 M S222-anaesthetized fish and photoconversion is undetectable when CaMPARI photoconverting
689  light is omitted. Dashed green line represents mean for MS-222 anesthetized samples, which
690  show a clear reduction in signal compared to freely swimming larvae and provides a baseline
691  “near-zero”’ activity level for reference in subsequent experiments. Drivers of neural activity,
692  such as the convulsants PTZ and 4-AP induce a significant increase in CaMPARI signa F,
693  Locomotor activity was measured using behavioural tracking software. PC light from the day
694 prior a 4 days post-fertilization did not affect locomotion at 5 dpf. Anesthetic (MS-222)
695 treatment abolished any swimbouts. Biological replicates are individua larvae = n. **

696  Significantly different from freely swimming samples, p<0.01.

697

698 Figure 2: Early application of Cannabidiol (CBD) and AO-tetrahydrocannabinol (THC)
699  reduce subsequent neural activity and locomotor activity. A, The chemical structures of key
700  cannabinoids used in this study: CBD and THC. B, Timeline of experimental set up where
701 zebrafish embryos were treated with drugs between 0.5 and 1 hour post-fertilization (hpf) and
702 washed out at 10 hpf towards the end of gastrulation. CaMPARI imaging was obtained at 4 days
703  post-fertilization (dpf) and locomotor activity was tracked at 5 dpf. C and F, Representative
704  CaMPARI activity maps obtained from treated larvae and corresponding quantification and
705  statistics shown in D and G, respectively. E and H, Locomotor activity of the same larvae. C,
706  CBD reduces neural activity and locomotor activity as shown in D and E. F, THC requires a

707  higher does than CBD to reduce neural activity and locomotor activity as shown in G and H.
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708  CaMPARI heat maps show ratio of R/G channels as indicated by the calibration bar., with higher
709 ratios (hotter colours) representing greater neural activity. Green-dashed lines depict mean
710 basdine (zero) value for MS-222 anesthetized samples (From Fig 1). Biological replicates are
711 n=8-19. * is p<0.05; ** p<0.01 compared to the vehicle control (0.3 % MeOH in experiments

712 with CBD and 0.6 % MeOH for THC).
713

714  Figure 3: Antagonistic effect of CBD on neural activity is enhanced when combined with
715  sub-effective doses of THC. Zebrafish larvae were exposed to a series of CBD and THC
716  concentrations by themselves or in combination, which are mostly sub-effective, or in the case of
717  CBD, were minimally effective. A and D, Exemplar CaMPARI activity heat maps show an
718  additive effect (minimizing neural activity) when exposed to 2 pg/ml (D) of each CBD and THC
719  compared to CBD or THC by themselves (as plotted in E). When 1 pg/ml of 1:1 CBD and THC
720  was applied, ratios shows no additive effect asillustrated by quantifications and statisticsin B. C
721 and F, Locomotor activity from the same well at 5 dpf shows a clear reduction when CBD and
722 THC is combined at 2 pg/ml each, but reduction mediated by CBD alone is aimost as low as
723 when combined with THC suggesting that CBD is the main component affecting |locomotor
724  activity. R/G isindicated by the calibration bar. Green-dashed lines depict mean values for MS-
725 222 anesthetized samples (from Figure 1). Biological replicates are n=15-25. * compared to
726  vehicle control (equal amount of MeOH in all experiments); * compared to CBD plus THC. One

727  symbol isp<0.05; Two symbolsis p<0.01.

728
729  Figure 4: Cannabinoid receptor 1 (CB1R) and CB2R are both involved in CBD-mediated

730  reduction of locomotor activity. Zebrafish larvae were exposed to CBD (3 pg/ml) with CB1R-
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731  and CBZ2R inhibitors, AM251 and AMG630, respectively. A and B, Exemplar CaMPARI heat
732 maps showing R/G ratios obtained at 4 dpf. C and D, Corresponding quantifications showing
733  CBD mediated-reduction of neural activity is not fully rescued when CBI1R is inhibited with
734 AM251 or CB2R with AM630 in the nanomolar range. E and F, Locomotor activity at 5 dpf
735  shows a clear rescue when inhibiting either CB1R or CB2R with 0.1 nM AM251, or 10 nM
736 AMG630, respectively. G and H, shows that applying AM251 or AM630 without CBD did not
737  affect CaMPARI activity or locomotion. All samples contained the same amount of vehicle
738  DMSO (0.1 %) and MeOH (0.3 %) including the vehicle control (Veh.). Green-dashed lines
739  depict mean values for MS-222 anesthetized samples. Biological replicates are n=13-30. * is

740  p<0.05; ** p<0.01 compared to CBD.

741

742  Figure S1: Supplementary figure accompanying Fig.2. Re-plotting data to illustrate that CBD
743 shows an effect at lower concentration than THC. Quantifications of CaMPARI activity (left) or
744  locomotor activity (right) showing a statistical difference between CBD and THC at 4 or 5 days
745  post-fertilization when adding 3.0 pg/ml of either cannabinoids. Green-dashed lines depict mean
746 values for MS-222 anesthetized samples. Biological replicates are n=14-28. Statistics using

747  unpaired t-test shows ** p<0.01 compared to CBD.

748

749  Figure S2: Supplementary figure accompanying Fig.2. Re-plotting data from groups that were
750  untreated, treated with vehicle, CBD (3 pg/ml) or THC (6 pg/ml) to assess CaMPARI activity
751  vs. Locomotor activity within the same individual larvae. There is a significant positive linear

752  correlation between neural activity and locomotor activity when corresponding vehicle controls
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(black circles) were plotted with either CBD (A, red circles) or THC (B, blue circles). Green-

dashed lines depict mean values for M S-222 anesthetized samples.

Figure S3: Supplementary figure accompanying Fig.3. Additive effects in reducing neural
activity are also obtained at lower CBD concentrations while THC concentration is kept
constant. A, Exemplar CaMPARI activity heat maps obtained at 4 days post-fertilization show an
effect at 0.5 and 1.5 pg/ml of CBD when combined with 2 pg/ml THC compared to CBD as
illustrated by quantifications in B. C, Locomotor activity from the same well at 5 dpf. R/G as
indicated by the calibration bar. Green-dashed lines depict mean values for MS-222 anesthetized

samples. Biological replicates are n=14-28. * is p<0.05; ** p<0.01 compared to CBD.

Figure $4: Supplementary figure accompanying Fig.3. RMO44 staining of reticulospinal
neurons in the hindbrain shows a decrease in fluorescence intensities when combining CBD and
THC at 2 pg/ml at 5 dpf compared to when CBD or THC was added alone. Images show

exemplar biological replicates, left to right, from corresponding treatment group, top to bottom.
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