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Cannabis exposure during gestation evokes significant molecular modifications to neurodevelopmental programs leading to neurophysiological and behavioral abnormalities in humans. The main neuronal receptor for Δ9-tetrahydrocannabinol (THC) is the type-1 cannabinoid receptor CB1R, one of the most abundant G-protein-coupled receptors in the nervous system. While THC is the major psychoactive phytocannabinoid, endocannabinoids (eCBs) are the endogenous ligands of CB1R and are known to act as retrograde messengers to modulate synaptic plasticity at different time scales in the adult brain. Accumulating evidence indicates that eCB signaling through activation of CB1R plays a central role in neural development. During development, most CB1R localized to axons of projection neurons, and in mice eCB signaling impacts axon fasciculation. Understanding of eCB-mediated structural plasticity during development, however, requires the identification of the precise spatial and temporal dynamics of CB1R-mediated modifications at the level of individual neurons in the intact brain. Here, the cell-autonomous role of CB1R and the effects of CB1R-mediated eCB signaling were investigated using targeted single-cell knockdown and pharmacologic treatments in Xenopus. We imaged axonal arbors of retinal ganglion cells (RGCs) in real time following downregulation of CB1R via morpholino (MO) knockdown. We also analyzed RGC axons with altered eCB signaling following treatment with URB597, a selective inhibitor of the enzyme that degrades Anandamide (AEA), or JZL184, an inhibitor of the enzyme that blocks 2-Arachidonoylglycerol (2-AG) hydrolysis, at two distinct stages of retinotectal development. Our results demonstrate that CB1R knockdown impacts RGC axon branching at their target and that differential 2-AG and AEA-mediated eCB signaling contributes to presynaptic structural connectivity at the time that axons terminate and when retinotectal synaptic connections are made. Altering CB1R levels through CB1R MO knockdown similarly impacted dendritic morphology of tectal neurons, thus supporting both pre- and postsynaptic cell-autonomous roles for CB1R-mediated eCB signaling.
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Introduction

About 2.5–5.0 percent of pregnant women in the US report using cannabis during gestation, yet little is known about the effects of cannabinoid exposure during pregnancy (Henschke, 2019). Various large-scale longitudinal linkage studies have demonstrated potential consequences that include low birth weight, impulsivity and hyperactivity in children, and higher rates of anxiety, depression and in drug abuse later in life (Calvigioni et al., 2014). Similarly, maternal cannabinoid exposure during lactation may impact brain development postnatally due to its high concentration in breast milk, eight times that of a mother’s plasma levels (Henschke, 2019). It is therefore important to have a clear understanding of the roles of endocannabinoids (eCBs) and their receptors during early neuronal differentiation to better understand the biological mechanisms involved in cannabis use and the functional consequences of cannabinoid exposure on the developing brain. A large number of studies have shown that eCBs have critical functions in fetal and postnatal brain development, neuronal connectivity, and glial cell differentiation (Berghuis et al., 2007; Harkany et al., 2007, 2008a,b; Martinez et al., 2020; Marinelli et al., 2023). eCBs are important neuromodulators of multiple central neurotransmitter systems that are essential for fetal brain development (Gaffuri et al., 2012). eCBs released from post-synaptic neurons serve as retrograde signals that suppress neurotransmitter release at cortical synapses (Freund et al., 2003), but also can act in a non-retrograde and/or autocrine manner to modulate synaptic function and can interact with other neuromodulatory systems (Castillo et al., 2012). Dissociated cell cultures, mouse, and zebrafish models with targeted deletion of the cannabinoid receptor type-1 (CB1R) have shown that neurite extension and axon fasciculation are affected by altered cannabinoid signaling (Mulder et al., 2008; Watson et al., 2008; Wu et al., 2010). In the visual system, pharmacological activation or blockade of CB1R activity can modulate growth cone morphology of cortical and retinal neurons in culture and affects the topographic organization of retinal projections in the brain of knockout mice (Argaw et al., 2011). Because eCBs dynamically regulate brain development, the timing and duration of cannabinoid exposure may have differential effects on developing neurons, and long-term consequences may vary depending on the cellular context. Studies are therefore needed to characterize roles of eCB signaling at multiple stages of brain and neural development in intact organisms especially given that exogenously administered cannabinoids possess medicinal properties and their recreational and therapeutic use in the management of nausea and vomiting during pregnancy is on the rise (Henschke, 2019). Here, we characterized cellular mechanisms by which eCB signaling modulates neural circuit development in vivo by differentiating cell-autonomous effects versus global effects of pharmacologic treatments. Moreover, our in vivo single-cell analysis allowed us to distinguish between the influence of cannabinoids on developing synaptic circuits at distinct times of development.

Endocannabinoids (eCBs) are lipophilic molecules, which are thought to be synthesized on demand from plasma membrane components through multiple biosynthetic pathways (Freitas et al., 2018). Dietary polyunsaturated fatty acids (PUFAs) serve as precursors for eCBs in the brain. Arachidonic acid (AA), the principal n-6 PUFA in the brain, is produced from linoleic acid (LA), and serves as the precursor to anandamide (AEA), an important eCB that has been implicated in several aspects of neural development (Harkany et al., 2007; Maccarrone et al., 2014; Anderson et al., 2015). Similar to AEA, docosahexaenoic acid (DHA, 22:6n-3), a n-3 polyunsaturated fatty acid (n-3 PUFA) and an essential component of the central nervous system (CNS), is also synthesized from dietary precursors such as α-linolenic acid (ALA) (Freitas et al., 2018). Previous work from our laboratory assessed how depriving such dietary PUFAs from adult maternal Xenopus frogs affects retinotectal development. Using Xenopus as a model, we demonstrated that maternal n-3 PUFA deficiency significantly alters the morphology and early connectivity of developing central neurons in the progeny, coincident with reduced embryonic brain DHA levels and a decrease in BDNF-mediated neurotrophic support (Igarashi et al., 2015). Maternal dietary DHA supplementation was able to rapidly reverse the n-3 PUFA mediated developmental deficits (Igarashi et al., 2015). AEA, similarly to DHA derivatives in the brain, is synthesized by the N-acyl phosphatidylethanolamine-specific phospholipase D (NAPE-PLD) and hydrolyzed by fatty acid amide hydrolase (FAAH). Another major eCB that can also bind CB1R with high affinity is 2-Arachidonoylglycerol (2-AG), synthetized by hydrolysis from diacylglycerols (DAGs) by two lipases, DAGLα and DAGLβ, and hydrolyzed by monoacylglycerol lipase (MAGL). Here, we used the relative simplicity of the Xenopus visual system to examine basic underlying cellular mechanisms by which n-6 PUFA-derived eCBs modulate presynaptic connectivity. We explored how altered cannabinoid signaling can adversely affect presynaptic retinal ganglion cell (RGC) axons at distinct epochs of development, specifically during axon targeting and during the development of structural and functional brain connectivity. By examining dynamic cellular changes in presynaptic connectivity in postmitotic neurons we were able to differentiate effects of endocannabinoids in the intact, developing brain, and to correlate structural with functional changes.



Materials and methods


Animals

Xenopus laevis tadpoles were obtained by either in vitro fertilization of oocytes or by natural mating of adult females primed with human chorionic gonadotropin. Female and male pairs were left to mate overnight and embryos were collected following 12 h post-injection. Tadpoles were raised in rearing solution [60 mM NaCl, 0.67 mM KCl, 0.34 mM Ca(NO3)2, 0.83 mM MgSO4, 10 mM HEPES, pH 7.4, and 40 mg/l gentamicin] plus 0.001% phenylthiocarbamide to halt melanocyte pigmentation, with a 12-h light and dark cycle. Tadpoles from stage 38/39 (2.5 to 3 days post-fertilization at 20°C) to stage 45 (5 days post-fertilization at 20°C) were anesthetized during experimental manipulations with 0.05% tricaine methanesulfonate (Finquel; Argent Laboratories, Redmond, WA, USA). Staging of embryos was performed according to Nieuwkoop and Faber (1956). The sex of tadpoles used for experimentation and analyses was random and unknown, as gonadal differentiation in Xenopus laevis begins well after stage 49 (Piprek et al., 2017), 9 to 13 days postfertilization. Animal procedures were approved by the Institutional Animal Care and Use Committee of the University of California, Irvine (Animal Welfare Assurance Number A3416–01).



Immunohistochemistry

Stage 42 to stage 47 tadpoles were euthanized with tricaine methanesulfonate and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.5, for 2 h. For coronal sections, tadpoles were cryoprotected in 30% sucrose overnight and embedded in OCT compound (Sakura Finetek, Torrance, CA, USA), and 25-μm cryostat sections were obtained. Coronal sections at the level of the optic tectum were incubated with a rabbit polyclonal antibody against a synthetic peptide from the N-terminal extracellular region of human CB1 receptor (1:200 dilution; Cayman Chemicals) or a rabbit polyclonal antibody against the cannabinoid receptor CB1(1–77) (1:250 dilution, Cat# 209550, Calbiochem). CB1R primary antibodies were visualized using goat anti-rabbit Alexa 488 secondary antibodies (1:500 dilution; Invitrogen, Eugene, OR, USA). The specificity of CB1R antibodies (1:500 dilution) to recognize endogenous Xenopus CB1R was previously tested and confirmed by Western blot analysis: a band of∼60 kDa was detected by anti- CB1R antibodies in stage 45 Xenopus brain lysates similar to the chick brain (da Silva Sampaio et al., 2018).



Transfection of morpholinos or plasmids

Downregulation of CB1R expression was performed using lissamine-tagged morpholino anti-sense oligonucleotides (300 nmol, Genetools, Philomath, OR, USA) to block protein translation in Xenopus tadpoles similar to published studies (Santos et al., 2018), a treatment that results in 40–60% reduction in protein levels. A morpholino (MO) against Xenopus laevis cannabinoid receptor 1 Cnr1 mRNA was designed with the sequence 5′-GGCCATCCAGAATTGACTTCATTAC-3′ as described in Zheng et al. (2015). A standard lissamine-tagged control morpholino oligonucleotide with the following sequence 5′-CCTCTTACCTCAgTTACAATTTATA-3′ with no known targeting effects was used for control comparisons. Targeted downregulation of CB1R expression in developing RGCs or in tectal neurons was achieved using single-cell electroporation in developing Xenopus tadpoles (Liu and Haas, 2011). Prior to electroporation, tadpoles were anesthetized with 0.05% tricaine methanesulfonate. A CUY-21 edit stimulator was used to electroporate and transfect individual RGCs or tectal neurons of stage 42–43 tadpoles. RGCs or tectal neurons were co-electroporated with lissamine-tagged CB1R MO (150 nmol pipette concentration) and a cell-filling dye Alexa Fluor 488 dextran, 3,000 MW (2 mg/111 μl pipette concentration, Invitrogen, Eugene, OR, USA), with one electroporation performed per tadpole. Reagents were loaded onto an aluminosilicate pipette (AF100-64-10, 1.00 mm, 0.64 mm, 10 cm) with a pulled tapered-tip with an opening of about 0.5 μm. Neurons transfected with a standard lissamine-tagged control MO (100 nmol pipette concentration) and Alexa Fluor 488 dextran were used as a control comparison with CB1R MO transfected neurons. Tadpoles were then raised at 22°C until stage 45 (1 day later). Co-transfections of lissamine-tagged morpholinos and Alexa 488 dextran were confirmed via fluorescence microscopy. In some tadpoles, leaky single-cell electroporations resulted in more than one transfected neuron. Only tadpoles with individual RGC axons or tectal neurons double-labeled with lissamine and Alexa 488 dextran in the optic tectum were selected for two-photon confocal imaging and analysis (Santos et al., 2018).



Transfection of RGCs with plasmids by electroporation to visualize axon arbors and presynaptic sites

A 2–5 μL mix of Green fluorescent protein (GFP)-synaptobrevin and tdTomato plasmids at equimolar amounts (1 μg/μL) were loaded into an aluminosilicate glass capillary needle and mounted onto a three-axis manual micromanipulator. Tadpoles at stage 28–32 were anesthetized with 0.05% tricaine methanesulfonate and placed in an anesthetic-saturated Sylgard cushion with a custom-made trench. Tadpoles were mounted on their side, with the right eye up, using a standard size harp slice grid. A second micromanipulator holding a pair of cathode and anode copper electrodes were placed 0.1 mm apart to span the diameter of the eye. About 1–2 nL of DNA mix was pressure injected into the anterior chamber near the lens at 20 psi and 15 ms duration using a Picospritzer III pipet holder. A Grass SD9 stimulator was used to simultaneously deliver single currents of 40 V, 200 Hz, 2 ms delay, and 2 ms duration. Tadpoles recovered in fresh rearing solution immediately after electroporation. Tadpoles at stages 39–45 were screened and those with single RGCs expressing tdTomato and punctate GFP-syb in their axon terminals were selected and used for experimentation and imaging.



Pharmacologic manipulations of endocannabinoid levels

We used two experimental paradigms to compare the potential effects of increased AEA signaling with those of 2-AG during RGC axon targeting, branching and presynaptic differentiation in intact animals. Swimming Xenopus laevis tadpoles were treated with URB597 an inhibitor of FAAH, or JZL184 a potent inhibitor of MAGL-2, at two distinct stages of visual system development; at stage 38–39 when RGC axons target the optic tectum and at stage 45, when they begin to actively branch. Tadpoles starting at stage 38–39 were reared in multi-well plates in the presence of either URB597 (2.5 μM in 0.1% Dimethyl sulfoxide (DMSO) in rearing solution; Cayman Chemicals, Ann Arbor, MI, USA), JZL184 (2.5 μM in 0.1% DMSO in rearing solution; Cayman Chemicals), or vehicle solution (0.1% in DMSO) for a total of 3 days (until stage 45) in the presence of the drug, with replenishment of fresh pharmacologic agent and rearing solution every 24 h. The concentration of the pharmacologic agents used is within the lowest concentration range shown to be effective and elicit differential effects on sensorimotor function in Xenopus tadpoles and zebrafish larvae (Miraucourt et al., 2016; Khara et al., 2022). Tadpoles were then imaged in vivo every 24 h for 3 days beginning at stage 45 and reared between observation intervals in the absence of the drug treatment. For pharmacologic treatment of tadpoles beginning at stage 45, tadpoles with single RGCs expressing tdTomato and punctate GFP-synaptobrevin in their axon terminals were first imaged (0 h) and then immediately transferred to fresh rearing solution with either vehicle (0.1% DMSO), URB597 (2.5 μM), or JZL184 (2.5 μM). Tadpoles were reared for 24 h in the presence of the drug and then anesthetized to obtain a second imaging time point (24 h). After the second imaging, tadpoles were returned to fresh rearing solution with fresh drug, reared for 24 h and then imaged (48 h imaging time point). In a subset of experiments aimed to assess the acute effects of drug treatment, stage 45 tadpoles with single RGCs expressing tdTomato and punctate GFP-synaptobrevin in their axon terminals were anesthetized after the initial imaging and 1 nL of vehicle solution or 1 nL of a 50 μM solution of URB597 was injected into the ventricle and lateral side of the tectal neuropil. Tadpoles were then transferred to fresh rearing solution for recovery and were then imaged 6, 12 and 24 h after initial imaging, at stage 45.



Fatty acid analysis of tadpole samples

A total of twenty tadpoles per experimental condition, either at stage 38–39 or at stage 45, were treated as above with either URB597 (2.5 μM in 0.1% DMSO in rearing solution; Cayman Chemicals, Ann Arbor, MI, USA), JZL184 (2.5 μM in 0.1% DMSO in rearing solution; Cayman Chemicals), or vehicle solution (0.1% DMSO) for 1 h. Tadpoles were then transferred to fresh rearing solution without the drug, anesthetized in 0.05% Finquel, quickly rinsed to remove most of the rearing solution containing the drug, and immediately frozen until further processing for fatty acid analysis. Frozen tadpole samples were homogenized, extracted and processed for liquid chromatography-mass spectrometry (LC/MS-MS) analyses as in Torrens et al. (2023). Triplicate experiments were used for the statistical analysis of data. One-way and two-way ANOVA with Tukey’s multiple comparison tests were used to statistical analysis of data. Results were considered significant in comparison to control when p ≤ 0.05.



In vivo real-time confocal microscopy imaging

At stage 45, tadpoles were anesthetized with 0.05% tricaine methanesulfonate and mounted in a 35 × 10-mm Petri dish containing an agar cushion (2.5% w/v agar gel in 1× MR). Tadpoles were screened with 10× and 20× objective lenses using an epifluorescence microscope for the presence of fluorescently labeled RGC axons innervating the contralateral side of the optic tectum or individual tectal neurons in the optic tectum. Tadpoles were transferred to a custom-made anesthetic-saturated Sylgard chamber and positioned in place using a standard size harp slice grid. Imaging of tadpoles co-transfected with MOs and Alexa 488 dextran was performed using an inverted laser scanning LSM780 confocal microscope (Zeiss), equipped with a MaiTai Ti: Sapphire multiphoton laser system and a 63× objective. Tadpoles were imaged over the course of 3 days, at 24-h intervals. A two-photon wavelength of 760 to 780 was used to image the Alexa 488 cell-filling dye in RGC axons or in tectal neurons in the midbrain. Neurons in tadpoles co-transfected with tdTomato and GFP-synaptobrevin were imaged using a Nikon PCM2000 laser-scanning confocal microscope equipped with Argon and HeNe lasers. To assess the effects of long-term drug treatment, tadpoles were first imaged at stage 45 and every 24 h later over the course of 2 days. To assess the acute effects of treatment, tadpoles were imaged at 6, 12 and 24 h after the initial imaging at stage 45. Images were collected in a 1 μm interval throughout the extent of the arbor. Tadpoles were allowed to recover in fresh rearing solution immediately after imaging.



Neuronal arbor analysis

In brief, three-dimensional images of fluorescently-labeled RGC axon or tectal neuron dendritic arbors were manually reconstructed blind to treatment using the Neuromantic tracing software version 1.7.5 (Myatt et al., 2012). Each axonal or dendritic arbor was reconstructed plane-by-plane from the image z-stack and was then measured and analyzed using the Neuromantic software. Branch tips were identified as the terminal ends of primary axons or dendrites. The total arbor including branch tips was thresholded, binarized, and skeletonized with the Neuromantic software so that the arbor was represented as a single pixel width. Processes of more than 5 μm in length were considered branches, while processes less than 5 μm were categorized as filopodia (Alsina et al., 2001; Marshak et al., 2007; Manitt et al., 2009). To measure the number of GFP-synaptobrevin puncta in GFP-synaptobrevin and tdTomato double-labeled axons, overlapped images were digitized, selected for color (yellow; locations of complete red and green overlay with hue and pixel intensity values between 16–67 and 150–255, respectively) and binarized as in Alsina et al. (2001) using the MetaMorph software (Molecular Devices, Inc., San Jose, CA, USA). GFP-synaptobrevin labeled puncta of 0.5–1.0 μm2 in size (size of smallest puncta observed) and 150–255 pixel intensity values were considered single synaptic clusters. The number of pixels representing the GFP-synaptobrevin puncta were counted with MetaMorph (Alsina et al., 2001) and normalized by the length of the axon arbor. Similar synaptic cluster values were obtained by digital or manual counting of yellow puncta. Student’s t-tests and one-way ANOVA with Tukey’s or Sidak’s multiple comparison tests were used for the statistical analysis of the data. Results were considered significant in comparison to control as follows: *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.001, unless otherwise indicated on the graph.



Visual avoidance task

Stage 45 tadpoles were placed in a 14 cm×15 cm glass Petri dish, with darkened walls, filled with 80 ml of modified rearing solution at room temperature. The dish was placed on a monitor screen and a solid, opaque box was placed over the monitor to eliminate outside light. A camera was affixed to the opening at the top of the box for video recording. Visual stimuli were produced by a custom-written program modified and adapted from published protocols (Dong et al., 2009; Khakhalin et al., 2014). Four tadpoles were placed in the Petri dish per trial for each of the experimental conditions. A video loop containing randomly distributed black circles of 0.3 mm radius was projected on a white background. This size was found to produce optimal responses to the stimulus as shown in Nagel et al. (2015). Swimming tadpoles were exposed to the moving circles for a period of 30 s per trial for a total of six trials per tadpole. The tadpole’s response to every circle encountered was analyzed blind to treatment, with frame-by-frame replay of recorded behaviors, by tracing each tadpole’s swimming path. Tadpoles were observed to freeze, swim in circles, and/or swim away by altering their direction, speed, or both when presented with stimuli. These responses were counted as visual reactions to the stimuli. Failure to alter the swimming path, move away from the circle or a lack of freezing behavior was considered a failure to respond. Experiments were performed during the light phase of the 12-h light-dark cycle. Treatments were identical to those of drug treatment and in vivo imaging studies with the exception that tadpoles were exposed to pharmacologic agents in rearing solution beginning at stage 45 and tested for the behavioral task 24 h later. The behavior of a total of 20–24 tadpoles was analyzed per condition from three independent experiments: Student’s t-tests and one-way ANOVA with Tukey’s multiple comparison tests were used for the statistical analysis of the data. Results of behavioral analysis were considered significant as follows: *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.001.




Results


CB1R expression in the retina and midbrain of Xenopus tadpoles

Studies have shown that the endocannabinoid receptor CB1R is dynamically regulated during the development of Xenopus laevis embryos, with its mRNA being detected as early as stage 28 and protein at stage 41 (Migliarini et al., 2006). To define cell-autonomous roles for the CB1 receptor during retinotectal development, we first set out to confirm CB1R expression in Xenopus at the time when retinotectal circuits begin to form. We performed immunohistochemistry on coronal sections of stage 42 and stage 45 tadpoles using two distinct polyclonal antibodies against CB1R that showed consistent immunoreactivity patterns. In the Xenopus eye, strong CB1R expression localized to the RGC, inner plexiform and inner nuclear layers (Figures 1A, B) in agreement with published studies (Miraucourt et al., 2016), as well as in the optic nerve (Figure 1C). CB1R immunoreactivity was also strongly localized to cell bodies and neuropil within the Xenopus midbrain and hindbrain (Figures 1D–F). As illustrated in Figure 1G, individual neuronal cell bodies and processes projecting to the neuropil could be distinguished by their strong CB1R immunoreactivity. Little CB1R immunoreactivity was detected near the ciliary margin of the retina, where retinal precursor cells localize at these stages (Figure 1A), and was similarly absent in the proliferative areas of the brain (Figures 1D–G). Thus, the expression patterns of CB1R in Xenopus are consistent with potential pre- and postsynaptic cell-autonomous roles in postmitotic neurons in the developing visual system.
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FIGURE 1
CB1R expression in the developing Xenopus visual system. (A,B) Coronal section of a retina of a stage 45 tadpole shows localization of strongest CB1R immunoreactivity (green) in the ganglion cell layer (gcl), inner nuclear layer (inl), and the inner plexiform layer (ipl). The cellular layers are clearly denoted by the DAPI staining in (A) (blue). Note the absence of CB1R immunoreactivity in the ciliary margin (cm). (C) Strong CB1R immunoreactivity is also observed in the optic nerve head (ONH) where RGC axons exit the retina, and along the optic nerve (ON). (D–F) CB1R expression in the brain is illustrated by the coronal sections of midbrain (D), caudal midbrain (E,F) and rostral hindbrain (G) where CB1R immunoreactivity (green) localizes to cell bodies that lay medially and in the adjacent neuropil of stage 43 to stage 45 tadpoles. Note the individual neuronal cell bodies and processes projecting to the neuropil with strong CB1R immunoreactivity (G, arrow). In (D,E,G), the DAPI staining highlights the lower CB1R immunoreactivity in the proliferative zones near the ventricle (V) and its absence in the dorsal-most portion of the brain. Scale bars = 50 μm. Similar patterns of CB1R immunoreactivity were obtained with two commercial antibodies to CB1R (A,B,E–G; Cayman Chemicals, and C,D; Calbiochem).




Cell-autonomous CB1R signaling impacts RGC axon morphology

A number of studies support roles for CB1R signaling during RGC differentiation and function in Xenopus as in other species (Martella et al., 2016; Miraucourt et al., 2016; Middleton et al., 2019; Elul et al., 2022). However, direct effects of CB1R -mediated endocannabinoid signaling in the development of visual central connectivity have not been demonstrated. Here, we examined potential CB1R cell-autonomous effects by downregulating its expression through targeted CB1R MO knockdown in tadpoles at the time when retinotectal connections form. Single-cell co-electroporation of lissamine-tagged Control or CB1R MO together with Alexa 488 dextran was used to downregulate CB1R expression at stage 43 and visualize individual RGC axons as they terminate in the optic tectum beginning at stage 45, 24 h after MO transfection. While axons from RGCs transfected with the CB1R MO targeted normally within the tectal neuropil, their branching patterns and morphologies differed from those of RGCs in tadpoles transfected with Control MO (Figure 2). Qualitatively, axons from RGCs with CB1R knockdown had more branches that terminated in growth cones and/or took abnormal turns (Figure 2A). When quantifying the total number of branches in axons imaged 48 h after transfection, axons from RGCs with CB1R knockdown had significantly fewer branches when compared to axons from RGCs transfected with Control MO (Control MO 19.61 ± 2.72 branches, CB1R MO 8.0 ± 1.41 branches; n = 23 axons per condition, with one axon imaged per tadpole; Figure 2B). To determine the time course of the knockdown effect, a smaller sample of tadpoles with targeted RGC MO knockdown were imaged over the course of 3 days, beginning at stage 45, 24 h after transfection. Axon branch number was significantly lower in RGCs with CB1R MO knockdown at the first imaging interval and remained low when compared to controls at the end of the observation period, while control RGC axons tended to increase their branch number over the course of 3 days (n = 12 axons for Control MO, n = 11 axons for CB1R MO, one axon imaged per tadpole; Figure 2C). These results demonstrate that presynaptic RGCs that express CB1Rs are capable to respond cell-autonomously to acute alterations in eCB signaling.
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FIGURE 2
CB1R downregulation alters RGC axon morphology. (A) Projections of three individual RGC axons transfected with Control MO (top) or CB1R MO (bottom) imaged in vivo by two-photon confocal microscopy. While axons from RGCs transfected with the CB1R MO targeted normally within the tectal neuropil, their branching patterns and morphologies differed from those of RGCs in tadpoles transfected with Control MO. Qualitatively, axons from RGCs with CB1R knockdown had more branches that terminated in growth cones (arrows) and/or took abnormal turns (arrowheads). The tracing for the third CB1R MO sample axon better illustrates the abnormal turn (red; curved arrow) taken by the axon. The asterisk in the third Control MO sample points to the growth cone of a targeting RGC axon. Scale bars = 50 μm. (B) Quantitatively, axons from RGCs with CB1R knockdown had significantly fewer branches when compared to axons from RGCs transfected with Control MO 48 h after transfection (n = 23 axons per condition, one axon per tadpole). (C) When imaging over the course of 3 days, axon branch number was significantly lower in RGCs with CB1R MO knockdown at the initial imaging (stage 45), with a trend at the 24-h imaging interval (+24 h) and remaining significantly lower when compared to controls at the end of the imaging period (+48 h). Control MO n = 12; CB1R MO n = 11. Mean ± SEM. *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.001.




Endocannabinoid levels and pharmacologic manipulation in Xenopus embryos and tadpoles

To further examine effects of altered endocannabinoid signaling on presynaptic retinotectal connectivity, we exposed tadpoles to pharmacologic agents starting at two distinct stages of development, at stage 38/39, when the first RGC axons travel to and begin to innervate the optic tectum (Holt and Harris, 1983), and at stage 45 when retinotectal connections actively form (Alsina et al., 2001). Tadpoles at these stages were evaluated for fatty acid content to determine endogenous levels and confirm the efficacy of the treatment. Tadpoles were treated with URB597 (2.5 μM), a selective inhibitor of FAAH, the enzyme that degrades AEA and related compounds, or JZL184 (2.5 μM), a potent and selective inhibitor of MAGL, the enzyme that blocks 2-AG hydrolysis. In control, vehicle-treated tadpoles, levels of AEA, palmitoylethanolamide (PEA) and oleoylethanolamide (OEA) were lower at stage 38 and increased by stage 45 (Table 1). URB597 treatment at stage 38 did not significantly change the levels of AEA, PEA, OEA or 2-AG (Table 1). However, at stage 45, URB597 treatment significantly increased AEA and OEA levels but did not change PEA or 2-AG levels when compared to vehicle or JZL184-treated tadpoles (Table 1), indicating the efficacy of the FAAH inhibitor treatment and suggesting that fatty acid synthesis and metabolism are dynamically regulated. Similar to AEA, levels of 2-AG were lower in stage 38 tadpoles than at stage 45 but were orders of magnitude higher than those of AEA at both stages (Stage 38; AEA approx. 20 pg/mg of protein, 2-AG approx. 470 ng/mg protein; Table 1). Interestingly, treatment of tadpoles with JZL184 significantly increased 2-AG levels at stage 38 when compared to vehicle or URB597-treated tadpoles but not at stage 45 (Table 1), again suggesting a differential, dynamic regulation 2-AG synthesis and metabolism during development. Levels of AEA, PEA or OEA were not significantly different in JZL184 treated tadpoles from those in vehicle-treated tadpoles at either of the two stages analyzed (Table 1), eliminating the possibility of off-target effects.


TABLE 1    Fatty acid analysis of tadpole samples.
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Rate of axon branching is selectively increased after URB597 treatment in actively branching RGCs

To further evaluate how endocannabinoid receptor activation impacts RGC axon morphology at the time that retinotectal connections form, we examined potential changes in RGC axon targeting, branching and synaptic differentiation upon changes in eCB levels by imaging individual RGC axons co-expressing tdTomato and GFP-synaptobrevin as they innervate the tectal neuropil in stage 45 tadpoles. We used URB597 to increase endogenous AEA levels in the brain. Microinjection of a single, acute dose of URB597 (1 nL of 50 μM solution) into the optic tectum resulted in a rapid change in RGC axon morphology at the target within the first 6 h after treatment when compared to vehicle-injected controls (Figures 3A, B). The number of branches and the rate of RGC axon branching (change in branch number) in URB597 treated tadpoles was significantly higher than in controls during the first 6 h after treatment (0–6 h; Control 105.5 ± 5.4%; URB597 152.1 ± 5.9%, p = 0.0002; Figure 3C). While URB597-treated axons continued to branch and increased their complexity at the 12- and 24-h imaging time points (Figure 3B), the rate of axon branching returned to that of control levels by the 12-h imaging time point (Figure 3C). Thus, the effects of acute increase in eCB signaling, as a result from blocking hydrolysis of AEA and related eCBs by the FAAH inhibitor, were rapid and involved a significant remodeling of axon arbors. To further evaluate effects of a more chronic treatment, we exposed tadpoles to URB597 for a period of 48 h at stage 45 when axons actively branch. Immediately after initial imaging, we reared stage 45 tadpoles with RGCs expressing tdTomato and GFP-synaptobrevin in URB597 (2.5 μM in rearing solution) for 2 days. RGC axons in URB597-treated tadpoles significantly increased their number of branches during the first 24 h of treatment when compared to controls, resulting in RGC axons with a significantly higher branch number than those in control tadpoles by 24 and 48 h (Figures 4A, B, D). The observation that RGC axons in URB597-treated tadpoles showed a fast response to URB597 treatment (at 24 h) but did not further increase their number of branches by 48 h, again indicate a rapid effect of the drug treatment. Imaging of RGC axons also showed that during the first 24 h of treatment, GFP-synaptobrevin puncta were added at rate to maintain the normal density of presynaptic sites in the more elaborate RGC axon arbors (Figures 4A, B, E). Specifically, as axons in URB597-treated tadpoles branched more rapidly during the first 24 h of treatment (Change in branch number 0–24 h: Control 146.7 ± 16.4%, URB597 242.3 ± 60.2%; p = 0.043, not shown graphically), the number of GFP-synaptobrevin puncta in those axons increased at a rate to maintain a similar density in the more branched arbors when compared with axons from control tadpoles (Change in GFP-syb puncta/length 0–24 h: Control 151.8 ± 60.6%; URB597 163.7 ± 31.1%; p = 0.854; Figure 4E).
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FIGURE 3
Rapid and transient branching response by RGC axons to acute tectal URB597 treatment. (A) Tadpoles with RGC axons co-expressing tdTomato and GFP-synaptobrevin received an acute, localized injection of URB597 into the optic tectum at stage 45 and were imaged by confocal microscopy 6, 12 and 24 h after initial imaging (stg 45, time 0 h). Two sample arbors in a control tadpole (top panel) and in a tadpole with tectal injection of URB597 (bottom panel) illustrate the changes in dynamic branching and in the number and localization of GFP-labeled pre-synaptic sites in the axon arbors. In the control sample, one axon expresses tdTomato only (arrow). Scale bar = 40 μm. (B) Quantitative analysis of total branch number shows that RGC axons had significantly more branches in the URB597-treated tadpoles during first 6 h after treatment than RGC axons in control tadpoles, a significant difference that was maintained for 24 h. (C) The rate of axon branching, expressed as the change in branch number per imaging interval, was significantly higher during the first 6 h after URB597 tectal injection and returned to a similar rate to those in control tadpoles at the 6–12- and 12–24-h imaging intervals. Control n = 12 axons, URB597 n = 7 axons. Analysis by Student’s t-tests. Mean ± SEM. *p ≤ 0.05, ***p ≤ 0.001.
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FIGURE 4
Global URB597 treatment at stage 45 increases the complexity of actively branching RGCs in vivo. (A–C) Sample RGC axons in stage 45 tadpoles transfected with tdTomato and GFP-synaptobrevin plasmids. Tadpoles imaged in vivo at stage 45 before (0 h), and 24, and 48 h after vehicle (A; Control), URB597 (B), or JZL184 (C) bath treatment. RGC axons gradually increased their number of branches over a period of 48 h. Arrowhead in (A), points to a second axon. Arrow in (C) points to an area of the arbor obscured by a pigment cell. Scale bars = 50 μm. (D) Quantitative analysis of branch number in RGC axons in URB597-treated tadpoles shows a faster and significant increase in branch number during the first 24 h of treatment, resulting in a higher number of branches by 24 and 48 h vs. controls (n = 10 axons per condition). No significant difference in the number of branches was observed for axons in JZL184 treated tadpoles at any observation interval when compared to axons in control tadpoles. (E) The density of GFP-synaptobrevin puncta per arbor was calculated as the number of puncta per 20 μm. No significant difference in puncta density before and 24 h after treatment (change in GFP-synaptobrevin puncta/length 0–24 h) was observed in axons from URB597- or JZL184-treated tadpoles when compared to controls. Analysis by ANOVA with Sidak’s multiple comparisons tests and Student’s t-test. Mean ± SEM, *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.001.


To evaluate whether altered endocannabinoid levels and signaling influence RGC axons not only as they branch but also as they travel to the tectum and before they begin to branch, tadpoles co-electroporated with tdTomato plus GFP-synaptobrevin expression plasmids were then treated with URB597 beginning at stage 38 and every 24 h after for 2 days until they reached stage 45. Tadpoles were then transferred to fresh rearing medium without the drug and imaged at that stage (stage 45; 0 h) and 24 and 48 h later. Treatment of young tadpoles with URB597 resulted in RGC axons with similar morphologies to those in aged matched control tadpoles by stage 45 but failed to increase their branch number over the course of 2 days (Figures 5A, B). In contrast to the effects of treatment beginning at stage 45, the number of axon branches was significantly lower in RGCs at the 48-h imaging time point in tadpoles treated with URB597 at stage 38 when compared to RGCs in control tadpoles at the same stage (Figure 5D). Surprisingly, even though chronic treatment with URB597 in tadpoles at stage 38 resulted in RGC axons with more immature axon morphologies at stage 45, those RGC axons had a significantly higher density of GFP-synaptobrevin labeled presynaptic sites than axons in control tadpoles at all imaging intervals (GFP-syb puncta/20 μm: Control 0 h 2.18 ± 0.5, URB597 0 h 4.8 ± 1.1; Control 24 h 3.26 ± 0.9, URB597 24 h 8.02 ± 1.6; Control 48 h 3.36 ± 1.2, URB597 48 h 8.17 ± 1.3, p ≤ 0.05, n = 9 axons for control, n = 7 axons for URB597, Figure 5E). Together these results indicate that endogenous AEA participates in axon branching and synaptic differentiation and that differential effects at distinct stages of axon development may reflect differential activation and/or desensitization of CB1R or of the eCB system during development.
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FIGURE 5
URB597 or JZL184 treatment during early axon pathfinding and targeting results in RGC axons with much simpler morphologies as they branch at their target. Tadpoles were treated with URB597 or JZL184 beginning at stage 38 until stage 45, when tadpoles with RGC axons expressing tdTomato and GFP-synaptobrevin were imaged for three consecutive days in the absence of the drug. (A–C) Sample RGC axons in tadpoles treated with vehicle solution (A; Control), URB597 (B) or JZL184 (C) imaged in vivo by confocal microscopy at stage 45, and 24, and 48 h after first imaging. Arrow in (C) points to the first branching point of the axon. Scale bars = 50 μm. (D) Quantitative analysis of branch number in RGC axons of tadpoles exposed to the drugs from stage 38 to stage 45 showed that RGC axons in both JZL184 and URB597-treated tadpoles failed to increase their branch number over the course of 48 h when compared to controls (n = 11 axons per condition). Axons in control-treated tadpoles significantly increased their branch number over the 48-h imaging period. (E) The density of GFP-synaptobrevin puncta per arbor was calculated as the number of puncta per 20 μm. When compared to controls, axons in URB597-treated tadpoles had a significant higher puncta density at all imaging intervals. Analysis by ANOVA with Sidak’s multiple comparisons tests. Mean ± SEM, *p ≤ 0.05, **p ≤ 0.005.




Early JZL184 treatment interferes with axon branching and induces pathfinding errors in RGC axons as they target in the optic tectum

To evaluate potential differential effects of AEA and 2-AG-mediated endocannabinoid signaling on RGC axons, a similar protocol was used to increase endogenous 2-AG levels by adding JZL184, a MAGL inhibitor, to the rearing solution either at stage 45 or stage 38. In contrast to URB597 treatment, treatment of stage 45 tadpoles with JZL184 over the course of 2 days resulted in RGC axons with similar number of branches at all observation time points when compared to controls (Figures 4C–E). While no significant changes in RGC axon branch number or branch dynamics were observed in tadpoles exposed to JZL184 at stage 45, axons were simpler and less branched than controls when treatment was initiated at stage 38. In JZL184-treated tadpoles, RGC axon branch number was significantly lower than controls at the 48-h imaging time point (Figures 5C, D). Moreover, we observed that treatment of tadpoles with JZL184 at stage 38 resulted in RGC axons with more branching and axon pathfinding errors, including abnormal crossing to the ipsilateral optic tectum (Figures 6A–C). Quantitatively RGC axon arbors in stage 38 JZL184-treated tadpoles did not differ in the overall number branches they possessed from those in URB597 treated tadpoles, however, axon branches made more abnormal turns within the neuropil and/or branched more locally in JZL184 treated tadpoles than in URB597-treated and control tadpoles (Figure 6D). The density of GFP-synaptobrevin labeled presynaptic sites in axons from JZL184-treated tadpoles was not significantly different from control tadpoles at any of the imaging intervals (GFP-syb puncta/20 μm: Control 0 h 2.18 ± 0.5, JZL184 0 h 2.56 ± 0.55; Control 24 h 3.26 ± 0.9, JZL184 24 h 4.02 ± 0.9; Control 48 h 3.36 ± 1.2, JZL184 48 h 4.31 ± 1.8, p ≤ 0.05, n = 9 axons per condition, Figure 5E). Together, these results indicate that differential AEA- and 2-AG-mediated endocannabinoid signaling at distinct times of development impacts RGC axon arbor morphological and synaptic differentiation at the time that active Xenopus retinotectal synaptic connections are made.
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FIGURE 6
Targeting errors in arborizing RGC axons induced by early JZL184 treatment. (A–C) Confocal projections of RGC axons branching in the optic tectum of control (A,B) and JZL184-treated (C) tadpoles imaged at stage 45. (A,B) The examples of control tadpoles with individual axons at stage 45 and +24 h (A), or multiple axons at stage 45 (B) illustrate how RGC axons enter the optic tectum through the optic tract (arrows) with similar directionality before they branch. (C) Confocal images of the optic tectum of a tadpole treated with JZL184 beginning at stage 38 show RGC axons with apparent targeting errors within the contralateral hemisphere at stage 45 (left panel, curved arrow), and reveal abnormal crossing of axons to the ipsilateral hemisphere 24 h after initial imaging (right panel; stitched image). The dashed lines delineate the two midbrain hemispheres. Scale bars = 100 μm. (D) While quantitatively RGC axon arbors in tadpoles treated with URB597 and JZL184 at stage 38 differ in the overall number of branches they possessed at stage 45 (Figure 5), in proportion axon arbors were also observed to make abnormal turns (local turns) within the neuropil and/or to branch more locally (tight branch) when treatment began at stage 38. Moreover, in proportion more RGC axons in tadpoles treated with JZL184 projected aberrantly, showing abnormal ipsilateral crossing (targeting errors). Control n = 14, URB597 at stage 45 n = 16, JZL184 at stage 45 n = 11, URB597 at stage 38 n = 19, JZL184 at stage 38 n = 28. Statistical analysis by chi-square, difference in outcome among groups p ≤ 0.0001.




Cell-autonomous CB1R signaling also contributes to the structural differentiation of postsynaptic tectal neurons

Studies have shown that CB1R expression is high in glutamatergic projection neurons during development and then decreases as glutamatergic circuits mature (Vitalis et al., 2008), consistent with our observation of a CB1R -mediated presynaptic action on RGCs in a differentiating retinotectal circuit. To also examine whether CB1R signaling can directly impact postsynaptic neurons in the visual system, we examined the morphological differentiation of tectal neurons with targeted CB1R knockdown (Figure 7). Single-cell co-electroporation of lissamine-tagged Control or CB1R MO together with Alexa 488 dextran in the brain of stage 43 tadpoles was used to downregulate CB1R expression and visualize individual tectal neurons beginning at stage 45, 24 h after MO transfection. At stage 45, tectal neurons with CB1R knockdown had a similar dendrite branch number as control MO-transfected neurons (Control MO 21.74 ± 2.47 branches, n = 45 neurons, CB1R MO 17.40 ± 2.85 branches, n = 42 neurons; Figure 7B). However, while control tectal neurons continued to branch and significantly increase their number of branches 24 and 48 h after the first imaging, neurons with CB1R MO knockdown failed to increase their branch numbers and length over the course of 2 days (Figures 7C, E), and were significantly simpler than controls by 48 h (Figures 7B, D). Thus, altering CB1R-mediated endocannabinoid signaling can also impact dendritic morphology and connectivity of postsynaptic tectal neurons cell-autonomously, although with a different time scale (significant at the 48-h imaging time point, Figures 7B, D) when compared to the cell-autonomous effects on presynaptic RGCs (significant at the first imaging time point, Figure 2C).
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FIGURE 7
Single-cell CB1R knockdown decreases the branching and growth of tectal neurons in vivo. (A) Tracings of sample neurons in stage 45 tadpoles transfected with Alexa 488 dextran and lissamine-tagged Control MO or CB1R MO and imaged in vivo by two-photon confocal microscopy over the course of 3 days. Dendritic arbors were digitally reconstructed in three-dimensions using the Neuromantic tracing software and rendered for illustration purposes using Adobe Photoshop. (B) Dendritic arbors of neurons with CB1R MO had a similar number of branches as Control MO neurons at stage 45 after but possessed a significantly a lower number of branches than controls by the 48-h imaging time point. (C) Quantifying the rate of branch addition as the change in branch number in every 24 h-imaging intervals showed that neurons transfected with Control MO increased their complexity by adding new branches, neurons transfected CB1R MO failed to increase the complexity of their dendritic arbor. (D,E) Quantification of total dendritic arbor length reveals that tectal neurons with CB1R MO fail to increase their dendritic arbor length (D) and grow at a lower rate (E) than Control MO transfected neurons (n = 29 neurons per condition). Statistical analysis by one-way ANOVA and Student’s t-test. Mean ± SEM. *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.001.




Altering AEA levels enhanced visually guided responses

To determine the functional consequence of altered cannabinoid signaling during active RGC axon branching and synapse formation, and to correlate structural changes with functional changes at the same developmental stage, we used a visually-guided behavioral assay to measure responses to visual stimulation. Tadpoles at stage 45 were treated with vehicle (0.1% DMSO in rearing solution), URB597 (2.5 μM) or JZL184 (2.5 μM) for 24 h prior to behavioral testing. The tadpoles’ response to advancing stimuli (video loop of moving black dots) was measured and quantified as percent positive responses per total interactions with potential stimuli (see section “Materials and methods”). The avoidance response to stimulus in tadpoles treated with URB597, which would increase AEA levels, was significantly higher than that of tadpoles exposed to vehicle control or JZL184 for 24 h (Figure 8). Thus, structural changes in RGC axon arbors as caused by the URB597 treatment (Figures 3, 4) correlate with functional behavioral changes in visual responses to stimulus.
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FIGURE 8
URB597 treatment enhances visually guided responses. (A) Schematic of the visual avoidance task. Tadpoles at stage 45, treated with vehicle (0.1% DMSO in rearing solution), URB597 or JZL184, were tested for their ability to alter their swimming behavior upon encountering moving dots (arrow depicts downward movement of dots). (B) The tadpole’s swimming path and responses to advancing stimuli (black and red circles) were tracked and analyzed. A tadpole freezing response upon coinciding with the stimulus (red circles) or changing its swimming direction and speed was considered active avoidance. (C) Tadpoles treated with URB597 had increased avoidance responses to the presentation of the stimulus 24 h post-treatment when compared to vehicle treated controls. Control n = 24 tadpoles, URB597 n = 20 tadpoles, JZL184 n = 20 tadpoles. Mean ± SEM. ****p ≤ 0.0001.





Discussion

Our studies characterized the differential effects of eCBs on differentiating RGC axons at distinct times of development in vivo, demonstrating not only cell-autonomous effects of CB1R signaling on RGCs, but also that global and rapid changes in AEA and 2-AG levels and signaling in developing tadpoles can differentially influence RGC axon growth and connectivity in the intact developing organism.

Developmental studies have shown that CB1R is high evolutionary conserved among species and is highly expressed in the developing brain of multiple vertebrate species, from zebrafish to mammals (Lam et al., 2006; Martella et al., 2016; da Silva Sampaio et al., 2018). Xenopus laevis CB1R has 74% nucleotide sequence identity and 83% amino acid sequence identity with human CB1R (Cottone et al., 2003). In Xenopus, cnr1 expression is relatively low from gastrula to neurula stages and increases five-fold by stage 34–35, during the early tailbud stage (Zheng et al., 2015). CB1R knockdown in early Xenopus embryos, at the four-cell stage, induces developmental eye defects by stage 41, supporting a role for CB1R signaling in retinal development and differentiation (Zheng et al., 2015). Moreover, recent studies have shown that exposure of whole brain preparations of young tadpoles to CB1R agonists alter the growth cone structure of RGCs as they travel through the optic tract (Elul et al., 2022), while pharmacological activation of the CB1R in Xenopus tadpoles at later stages increases RGC firing response to visual stimulation (Miraucourt et al., 2016). Functional analyses in zebrafish also support a role for eCBs in normal vision (Martella et al., 2016). Using Xenopus, we provide further evidence that endocannabinoids can differentially impact the structure and connectivity of RGCs at distinct times of development and that RGCs are capable to respond to changes in cannabinoid signaling cell-autonomously.

While CB1R has been detected in embryonic and postnatal neuronal progenitors in rodents, expression levels in differentiating and migrating progenitors in all species is very low compared to expression levels in newly differentiated neurons (Harkany et al., 2008a; Vitalis et al., 2008; Gaffuri et al., 2012). In agreement with observation of CB1R enrichment in differentiating neurons, our immunohistochemical studies showed that the eCB receptor CB1R is expressed in Xenopus tadpoles at higher levels in differentiated postmitotic neurons in the visual system (Figure 1 and see Miraucourt et al., 2016). In stage 45 tadpoles, a time when functional visual circuit connections form, CB1R immunoreactivity is absent in precursor cells near the ventricle and in the dorso-caudal midbrain but is highly expressed in newly differentiated cells in the midbrain and in the tectal neuropil. In retina, CB1R immunoreactivity is observed from time when RGCs extend axons to the brain (stage 42) to when they make functional synaptic connections with tectal cells (stage 45 to 47). Thus, the expression patterns of CB1R in the Xenopus visual system indicate that postmitotic RGCs can directly respond to CB1R signaling similar to those in mammals and other vertebrate species.

Similar to effects on proliferation, the effects of CB1R activation and eCB signaling on neurite outgrowth have mostly been analyzed using neuroblastoma-derived cell lines and primary neuronal cultures, with somewhat conflicting results (Gaffuri et al., 2012). For example, some studies have shown that CB1R activation has a positive effect on FGF2 and N-cadherin mediated neurite outgrowth of neurons in culture, an effect that may be mediated by 2-AG activity (Williams et al., 2003). In contrast, other groups have shown negative effects of CB1R activation on BDNF-induced neurite outgrowth in inhibitory neurons in culture as well as in axon and dendrite growth in CB1R-transfected neurons in vitro (Berghuis et al., 2005; Vitalis et al., 2008). Evidence from pyramidal neurons in culture treated with eCB agonists (AEA, ACEA) and inverse agonists (AM251) indicates that neurons require an eCB tone to initiate axonal polarization and that eCB signaling interferes with axon branching (Mulder et al., 2008). Other studies have shown that THC can affect cytoskeletal dynamics by modulating the expression of microtubule binding proteins that are necessary for axon growth (Tortoriello et al., 2014), while evidence also indicates that acute CB1R activation results in rapid contraction of the neuronal actomyosin cytoskeleton in hippocampal cells in culture (Roland et al., 2014). Pharmacologic studies also show that CB1R agonists attenuated activity-dependent remodeling of dendritic spines in mature cortical neurons in culture (Njoo et al., 2015). Thus, while most studies implicate the eCB system in establishing and maintaining a polarized morphology in developing neurons and in axon growth through cytoskeletal modifications, it remains unclear how developing neural circuits are dynamically shaped in the intact developing embryo, again highlighting the need to examine effects in more natural physiological settings.

Previous studies from our laboratory on the analysis of RGC axon growth and targeting demonstrate differential in vivo versus in vitro responses of RGC axon growth cones to axon guidance molecules. Specifically, by imaging RGC axon growth cones in Stage 40 Xenopus tadpoles right before they begin to arborize, we showed that netrin-1 impacts early axon arbor differentiation by altering branching responses at their optic tectal target and inhibiting growth cone advancement within the target (Shirkey et al., 2012). These effects on RGC axons were not recapitulated in culture on growth cones exposed to netrin-1 (Shirkey et al., 2012). Thus, the differential in vivo versus in vitro effects indicates that neurons need to integrate multiple cues in their local in vivo environment to modulate axon elongation, targeting and branching. Here, we demonstrate that both single-cell downregulation of CB1R expression as well as acute and chronic alterations in eCB levels in intact Xenopus tadpoles during RGC axon targeting and branching significantly impact RGC axons. Cell-autonomous downregulation of CB1R in postmitotic RGCs at the time they terminate in the optic tectum interfered with normal axon branching and resulted in RGC axons that abnormally retained terminal growth cones. Thus, negative regulation of CB1R function resulted in similar but less penetrant phenotypes to those observed on RGC axons after cell-autonomous alterations in BDNF-mediated TrkB signaling (Marshak et al., 2007), a molecular pathway that has been linked to eCB signaling (Maison et al., 2009; Yeh et al., 2017), but more penetrant phenotypes than after downregulation of DCC-mediated netrin signaling (Manitt et al., 2009; Shirkey et al., 2012), a mechanism that has been linked to CB1R -mediated growth cone steering (Argaw et al., 2011).

A role for eCB signaling in axon fasciculation and pathfinding has been suggested based on observations of diffuse thalamocortical and corticothalamic tracts in adult CB1R knockout mice and fasciculation deficits in callosal and corticofugal projections in neonatal CB1R knockout mice using fiber bundle analyses (Mulder et al., 2008; Wu et al., 2010). These analyses of mutant mice, while demonstrating that eCB signaling is important for axon growth, were not able to unequivocally demonstrate whether effects on axon fasciculation are independent of neural differentiation and did not distinguish from other potential global or time-dependent effects on growing axons. In the current studies, brain microinjection of URB597 resulted in a rapid increase in RGC axon branch number at the target within the first 6 h after treatment when compared to vehicle-injected controls (Figure 2). The effect on axon branch number was rapid, with axons then continuing to remodel at a normal rate and increasing their number of branches by 12 and 24 h. Thus, the effects of acute increase in eCB signaling, as would result from blocking hydrolysis of AEA and related eCBs by the FAAH inhibitor, are rapid and seem to involve a significant remodeling of axon arbors. These rapid effects are supported by the effects of prolonged, global treatment in tadpoles exposed to URB597 for 48 h. URB597 treatment at stage 45 resulted in a significant increase in the rate of axon branching 24 h after initial treatment, similar to the effect we observed after acute treatment but with a longer onset. In contrast, axon branch number was significantly lower over time in tadpoles that were treated with URB597 beginning at stage 38 and imaged at stage 45 when compared to controls as axons failed to branch. However, even though axons remained simpler than controls when tadpoles were treated with URB597 early as they path-find, the density of GFP-synaptobrevin labeled presynaptic sites was significantly higher than that in control axons. Thus, while the early increase in AEA levels and signaling interfered with subsequent axon branching at the target, it also positively impacted synapse number.

Neuronal responses to altered eCB levels and signaling may depend on the expression levels of key enzymes responsible for their synthesis and degradation and on the local environment where the neuron grows (Aguirre et al., 2019). FAAH is expressed in the retina of multiple vertebrate species (Yazulla et al., 1999; Glaser et al., 2005), and the enzymes responsible for the synthesis (DAGLα) and the degradation (MAGL) of 2-AG are expressed in multiple rodent retinal cell types during development, including RGCs (Cecyre et al., 2014). Developmental expression of both FAAH and MAGL has been characterized in zebrafish larva at stages when retinotectal connections are made, paralleling CB1R expression and function in vision in this same species (Martella et al., 2016). Even though tissue-specific expression of AEA or 2-AG biosynthetic and catabolic enzymes has not been directly demonstrated in Xenopus laevis, FAAH and DAGLα transcripts can be detected in developing embryos and tadpoles (Session et al., 2016). In Xenopus, AEA activation of the CB1R has been demonstrated to occur as early as stage 41 (Migliarini et al., 2006), while bath application of CB1R agonists has been found to directly enhance RGC excitability within the retina of stage 45 tadpoles without the need for retinotectal feedback (Miraucourt et al., 2016). Here, we used similar protocols to increase endogenous AEA levels with URB597 or 2-AG levels by adding JZL184, a MAGL inhibitor, in tadpoles at stage 38 or stage 45. While no significant changes in axon branch number or branch dynamics were observed in tadpoles exposed to JZL184 at stage 45, axons were simpler and less branched than controls when treatment was initiated at stage 38. Moreover, early JZL184 treatment induced significant pathfinding errors in a subset of RGC axons at the target, abnormally crossing to the opposite side of the optic tectum. These effects coincide with the timing at which JZL184 treatment significantly increases endogenous 2-AG levels in tadpoles, thus supporting the idea that presynaptic RGC axons that express CB1Rs are capable to respond to acute alterations in eCB signaling but that effects of AEA and 2-AG are distinct and depend on the developmental stage. That AEA and 2-AG differentially impact Xenopus RGC axon navigation and branching through direct CB1R signaling on RGCs, however, remains to be established.

It is likely that pharmacologic and genetic manipulations which alter eCB levels and signaling impact not only RGCs but most neurons and glia throughout the CNS. The effects of pharmacologic manipulation in young tadpoles may also depend on the global ability of the drug treatment to affect multiple/different circuits at distinct times of development, as suggested by the differential effects of the drug treatments on the levels of AEA, 2-AG and other fatty acid metabolites on the whole tadpole organism. However, our studies show that downregulation of CB1R in single, developing pre- and postsynaptic neurons in the otherwise intact brain of living animals is sufficient to alter their connectivity at the time that synaptic connections are made. That altered connectivity is induced by time-dependent changes in eCB levels and signaling is also supported by our observations that a short exposure to drugs that interfere with FAAH function, and thus increase eCB levels, results in functional changes in the visual circuit as measured by our visual avoidance task; results that are similar to those of more chronic manipulations in Xenopus tadpoles (Miraucourt et al., 2016). Moreover, effects of JZL184 treatment on misrouting of targeting Xenopus RGC axons support a role for eCB signaling in axon navigation effects, as shown for CB1R knockout mice where axon fasciculation of corticothalamic and thalamocortical axons is altered possibly through altered 2-AG signaling (Wu et al., 2010). Similarly, pathfinding errors that include increased contralateral crossing of spinal axons in zebrafish larvae with CB1R MO knockdown (Watson et al., 2008), support a role for eCB-mediated CB1R signaling in guiding developing axons. Understanding how cannabinoid signaling can induced cell-autonomous changes in connectivity in the developing brain is of significance, especially as negative regulation of cannabinoid receptor expression and function has been correlated with THC/cannabis consumption (Tortoriello et al., 2014; Silva et al., 2015). Our single-cell analysis of CB1R function in Xenopus expands our understanding of how cell-autonomous CB1R-mediated eCB signaling in single neurons, and how global alterations in eCB levels in a developing embryo, can impact pre- and postsynaptic neuronal connectivity in the intact brain.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

This animal study was reviewed and approved by the Institutional Animal Care and Use Committee of the University of California, Irvine (Animal Welfare Assurance Number: A3416–01).



Author contributions

SC-C, RDR, and RAS conceived the project. RDR and RGS conducted knockdown and imaging experiments. RDR, EG, and JM conducted pharmacologic experiments. ME conducted behavioral experiments. RAS conducted imaging and immunohistochemical experiments. RDR, EG, JM, ME, KD, and SC-C analyzed data and the Impact of Cannabinoids Across Lifespan (ICAL) Center for the Study of Cannabis at UCI ran the LC/MS analysis. SC-C wrote the manuscript with input from all authors. All authors contributed to the article and approved the submitted version.



Funding

This work was funded in part a National Eye Institute grant EY011912 to SC-C and a National Institute on Drug Abuse, ICAL: Impact of Cannabinoids Across Lifespan Center grant P50DA044118-01 to Daniele Piomelli, and an NSF GRFP DGE-1321846 award to RAS.



Acknowledgments

We thank Alexa Torrens for assisting with fatty acid analysis, and Eduardo Munoz, Kevin Donohue, and Ginger Short for help with initial aspects of this project. We are also grateful to Dr. Daniele Piomelli for his support and for helpful comments on the project. This study was made possible in part through access to the Optical Biology Core Facility of the Developmental Biology Center, a shared resource supported by the Cancer Center Support Grant (CA-62203) and Center for Complex Biological Systems Support Grant (GM-076516).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Aguirre, E. C., Gaveglio, V. L., and Pasquare, S. J. (2019). The endocannabinoid system is present in rod outer segments from retina and is modulated by light. Mol. Neurobiol. 56, 7284–7295. doi: 10.1007/s12035-019-1603-5

Alsina, B., Vu, T., and Cohen-Cory, S. (2001). Visualizing synapse formation in arborizing optic axons in vivo: dynamics and modulation by BDNF. Nat. Neurosci. 4, 1093–1101. doi: 10.1038/nn735

Anderson, G. R., Aoto, J., Tabuchi, K., Foldy, C., Covy, J., Yee, A. X., et al. (2015). Beta-neurexins control neural circuits by regulating synaptic endocannabinoid signaling. Cell 162, 593–606.

Argaw, A., Duff, G., Zabouri, N., Cecyre, B., Chaine, N., Cherif, H., et al. (2011). Concerted action of CB1 cannabinoid receptor and deleted in colorectal cancer in axon guidance. J. Neurosci. 31, 1489–1499. doi: 10.1523/JNEUROSCI.4134-09.2011

Berghuis, P., Dobszay, M. B., Wang, X., Spano, S., Ledda, F., Sousa, K. M., et al. (2005). Endocannabinoids regulate interneuron migration and morphogenesis by transactivating the TrkB receptor. Proc. Natl. Acad. Sci. U. S. A. 102, 19115–19120. doi: 10.1073/pnas.0509494102

Berghuis, P., Rajnicek, A. M., Morozov, Y. M., Ross, R. A., Mulder, J., Urban, G. M., et al. (2007). Hardwiring the brain: endocannabinoids shape neuronal connectivity. Science 316, 1212–1216. doi: 10.1126/science.1137406

Calvigioni, D., Hurd, Y. L., Harkany, T., and Keimpema, E. (2014). Neuronal substrates and functional consequences of prenatal cannabis exposure. Eur. Child Adolesc. Psychiatry 23, 931–941. doi: 10.1007/s00787-014-0550-y

Castillo, P. E., Younts, T. J., Chavez, A. E., and Hashimotodani, Y. (2012). Endocannabinoid signaling and synaptic function. Neuron 76, 70–81. doi: 10.1016/j.neuron.2012.09.020

Cecyre, B., Monette, M., Beudjekian, L., Casanova, C., and Bouchard, J. F. (2014). Localization of diacylglycerol lipase alpha and monoacylglycerol lipase during postnatal development of the rat retina. Front. Neuroanat. 8:150. doi: 10.3389/fnana.2014.00150

Cottone, E., Salio, C., Conrath, M., and Franzoni, M. F. (2003). Xenopus laevis CB1 cannabinoid receptor: molecular cloning and mRNA distribution in the central nervous system. J. Comp. Neurol. 464, 487–496. doi: 10.1002/cne.10808

da Silva Sampaio, L., Kubrusly, R. C. C., Colli, Y. P., Trindade, P. P., Ribeiro-Resende, V. T., Einicker-Lamas, M., et al. (2018). Cannabinoid receptor type 1 expression in the developing avian retina: morphological and functional correlation with the dopaminergic system. Front. Cell Neurosci. 12:58. doi: 10.3389/fncel.2018.00058

Dong, W., Lee, R. H., Xu, H., Yang, S., Pratt, K. G., Cao, V., et al. (2009). Visual avoidance in Xenopus tadpoles is correlated with the maturation of visual responses in the optic tectum. J. Neurophysiol. 101, 803–815. doi: 10.1152/jn.90848.2008

Elul, T., Lim, J., Hanton, K., Lui, A., Jones, K., Chen, G., et al. (2022). Cannabinoid Receptor Type 1 regulates growth cone filopodia and axon dispersion in the optic tract of Xenopus laevis tadpoles. Eur. J. Neurosci. 55, 989–1001. doi: 10.1111/ejn.15603

Freitas, H. R., Isaac, A. R., Malcher-Lopes, R., Diaz, B. L., Trevenzoli, I. H., and De Melo Reis, R. A. (2018). Polyunsaturated fatty acids and endocannabinoids in health and disease. Nutr. Neurosci. 21, 695–714. doi: 10.1080/1028415X.2017.1347373

Freund, T. F., Katona, I., and Piomelli, D. (2003). Role of endogenous cannabinoids in synaptic signaling. Physiol. Rev. 83, 1017–1066. doi: 10.1152/physrev.00004.2003

Gaffuri, A. L., Ladarre, D., and Lenkei, Z. (2012). Type-1 cannabinoid receptor signaling in neuronal development. Pharmacology 90, 19–39. doi: 10.1159/000339075

Glaser, S. T., Deutsch, D. G., Studholme, K. M., Zimov, S., and Yazulla, S. (2005). Endocannabinoids in the intact retina: 3 H-anandamide uptake, fatty acid amide hydrolase immunoreactivity and hydrolysis of anandamide. Vis. Neurosci. 22, 693–705. doi: 10.1017/S0952523805226020

Harkany, T., Guzman, M., Galve-Roperh, I., Berghuis, P., Devi, L. A., and Mackie, K. (2007). The emerging functions of endocannabinoid signaling during CNS development. Trends Pharmacol. Sci. 28, 83–92. doi: 10.1016/j.tips.2006.12.004

Harkany, T., Keimpema, E., Barabas, K., and Mulder, J. (2008a). Endocannabinoid functions controlling neuronal specification during brain development. Mol. Cell Endocrinol. 286(1–2 Suppl. 1), S84–S90. doi: 10.1016/j.mce.2008.02.011

Harkany, T., Mackie, K., and Doherty, P. (2008b). Wiring and firing neuronal networks: endocannabinoids take center stage. Curr. Opin. Neurobiol. 18, 338–345. doi: 10.1016/j.conb.2008.08.007

Henschke, P. (2019). Cannabis: an ancient friend or foe? What works and doesn’t work. Semin. Fetal Neonatal. Med. 24, 149–154. doi: 10.1016/j.siny.2019.02.001

Holt, C. E., and Harris, W. A. (1983). Order in the initial retinotectal map in Xenopus: a new technique for labelling growing nerve fibres. Nature 301, 150–152. doi: 10.1038/301150a0

Igarashi, M., Santos, R. A., and Cohen-Cory, S. (2015). Impact of maternal n-3 polyunsaturated fatty acid deficiency on dendritic arbor morphology and connectivity of developing Xenopus laevis central neurons in vivo. J. Neurosci. 35, 6079–6092. doi: 10.1523/JNEUROSCI.4102-14.2015

Khakhalin, A. S., Koren, D., Gu, J., Xu, H., and Aizenman, C. D. (2014). Excitation and inhibition in recurrent networks mediate collision avoidance in Xenopus tadpoles. Eur. J. Neurosci. 40, 2948–2962. doi: 10.1111/ejn.12664

Khara, L. S., Amin, M. R., and Ali, D. W. (2022). Inhibiting the endocannabinoid degrading enzymes FAAH and MAGL during zebrafish embryogenesis alters sensorimotor function. J. Exp. Biol. 225, jeb244146. doi: 10.1242/jeb.244146

Lam, C. S., Rastegar, S., and Strahle, U. (2006). Distribution of cannabinoid receptor 1 in the CNS of zebrafish. Neuroscience 138, 83–95. doi: 10.1016/j.neuroscience.2005.10.069

Liu, X. F., and Haas, K. (2011). Single-cell electroporation in Xenopus. Cold Spring Harb. Protoc. 2011:db.to065607. doi: 10.1101/pdb.top065607

Maccarrone, M., Guzman, M., Mackie, K., Doherty, P., and Harkany, T. (2014). Programming of neural cells by (endo)cannabinoids: from physiological rules to emerging therapies. Nat. Rev. Neurosci. 15, 786–801. doi: 10.1038/nrn3846.nrn3846

Maison, P., Walker, D. J., Walsh, F. S., Williams, G., and Doherty, P. (2009). BDNF regulates neuronal sensitivity to endocannabinoids. Neurosci. Lett. 467, 90–94. doi: 10.1016/j.neulet.2009.10.011

Manitt, C., Nikolakopoulou, A. M., Almario, D. R., Nguyen, S. A., and Cohen-Cory, S. (2009). Netrin participates in the development of retinotectal synaptic connectivity by modulating axon arborization and synapse formation in the developing brain. J. Neurosci. 29, 11065–11077. doi: 10.1523/JNEUROSCI.0947-09.2009

Marinelli, S., Marrone, M. C., Di Domenico, M., and Marinelli, S. (2023). Endocannabinoid signaling in microglia. Glia 71, 71–90. doi: 10.1002/glia.24281

Marshak, S., Nikolakopoulou, A. M., Dirks, R., Martens, G. J., and Cohen-Cory, S. (2007). Cell-autonomous TrkB signaling in presynaptic retinal ganglion cells mediates axon arbor growth and synapse maturation during the establishment of retinotectal synaptic connectivity. J. Neurosci. 27, 2444–2456. doi: 10.1523/JNEUROSCI.4434-06.2007

Martella, A., Sepe, R. M., Silvestri, C., Zang, J., Fasano, G., Carnevali, O., et al. (2016). Important role of endocannabinoid signaling in the development of functional vision and locomotion in zebrafish. FASEB J. 30, 4275–4288. doi: 10.1096/fj.201600602R

Martinez, L. R., Black, K. C., Webb, B. T., Bell, A., Baygani, S. K., Mier, T. J., et al. (2020). Components of endocannabinoid signaling system are expressed in the perinatal mouse cerebellum and required for its normal development. eNeuro 7:ENEURO.0471-19.2020. doi: 10.1523/ENEURO.0471-19.2020

Middleton, T. P., Huang, J. Y., and Protti, D. A. (2019). Cannabinoids modulate light signaling in ON-sustained retinal ganglion cells of the mouse. Front. Neural Circ. 13:37. doi: 10.3389/fncir.2019.00037

Migliarini, B., Marucci, G., Ghelfi, F., and Carnevali, O. (2006). Endocannabinoid system in Xenopus laevis development: CB1 receptor dynamics. FEBS Lett. 580, 1941–1945. doi: 10.1016/j.febslet.2006.02.057

Miraucourt, L. S., Tsui, J., Gobert, D., Desjardins, J. F., Schohl, A., Sild, M., et al. (2016). Endocannabinoid signaling enhances visual responses through modulation of intracellular chloride levels in retinal ganglion cells. Elife 5:e15932. doi: 10.7554/eLife.15932

Mulder, J., Aguado, T., Keimpema, E., Barabas, K., Ballester Rosado, C. J., Nguyen, L., et al. (2008). Endocannabinoid signaling controls pyramidal cell specification and long-range axon patterning. Proc. Natl. Acad. Sci. U. S. A. 105, 8760–8765. doi: 10.1073/pnas.0803545105

Myatt, D. R., Hadlington, T., Ascoli, G. A., and Nasuto, S. J. (2012). Neuromantic - from semi-manual to semi-automatic reconstruction of neuron morphology. Front. Neuroinform. 6:4. doi: 10.3389/fninf.2012.00004

Nagel, A. N., Marshak, S., Manitt, C., Santos, R. A., Piercy, M. A., Mortero, S. D., et al. (2015). Netrin-1 directs dendritic growth and connectivity of vertebrate central neurons in vivo. Neural Dev. 10:14. doi: 10.1186/s13064-015-0041-y

Nieuwkoop, P. D., and Faber, J. (1956). Normal Table of Xenopus laevis. The Netherlands: Elsevier North Holland.

Njoo, C., Agarwal, N., Lutz, B., and Kuner, R. (2015). The cannabinoid receptor CB1 interacts with the WAVE1 complex and plays a role in actin dynamics and structural plasticity in neurons. PLoS Biol. 13:e1002286. doi: 10.1371/journal.pbio.1002286

Piprek, R. P., Kloc, M., Tassan, J. P., and Kubiak, J. Z. (2017). Development of Xenopus laevis bipotential gonads into testis or ovary is driven by sex-specific cell-cell interactions, proliferation rate, cell migration and deposition of extracellular matrix. Dev. Biol. 432, 298–310. doi: 10.1016/j.ydbio.2017.10.020

Roland, A. B., Ricobaraza, A., Carrel, D., Jordan, B. M., Rico, F., Simon, A., et al. (2014). Cannabinoid-induced actomyosin contractility shapes neuronal morphology and growth. Elife 3:e03159. doi: 10.7554/eLife.03159

Santos, R. A., Fuertes, A. J. C., Short, G., Donohue, K. C., Shao, H., Quintanilla, J., et al. (2018). DSCAM differentially modulates pre- and postsynaptic structural and functional central connectivity during visual system wiring. Neural Dev. 13:22. doi: 10.1186/s13064-018-0118-5

Session, A. M., Uno, Y., Kwon, T., Chapman, J. A., Toyoda, A., Takahashi, S., et al. (2016). Genome evolution in the allotetraploid frog Xenopus laevis. Nature 538, 336–343. doi: 10.1038/nature19840

Shirkey, N. J., Manitt, C., Zuniga, L., and Cohen-Cory, S. (2012). Dynamic responses of Xenopus retinal ganglion cell axon growth cones to netrin-1 as they innervate their in vivo target. Dev. Neurobiol. 72, 628–648. doi: 10.1002/dneu.20967

Silva, L., Harte-Hargrove, L., Izenwasser, S., Frank, A., Wade, D., and Dow-Edwards, D. (2015). Sex-specific alterations in hippocampal cannabinoid 1 receptor expression following adolescent delta-9-tetrahydrocannabinol treatment in the rat. Neurosci. Lett. 602, 89–94. doi: 10.1016/j.neulet.2015.06.033

Torrens, A., Ruiz, C. M., Martinez, M. X., Tagne, A. M., Roy, P., Grimes, D., et al. (2023). Nasal accumulation and metabolism of Delta(9)-tetrahydrocannabinol following aerosol (‘vaping’) administration in an adolescent rat model. Pharmacol. Res. 187:106600. doi: 10.1016/j.phrs.2022.106600

Tortoriello, G., Morris, C. V., Alpar, A., Fuzik, J., Shirran, S. L., Calvigioni, D., et al. (2014). Miswiring the brain: delta9-tetrahydrocannabinol disrupts cortical development by inducing an SCG10/stathmin-2 degradation pathway. EMBO J. 33, 668–685. doi: 10.1002/embj.201386035

Vitalis, T., Laine, J., Simon, A., Roland, A., Leterrier, C., and Lenkei, Z. (2008). The type 1 cannabinoid receptor is highly expressed in embryonic cortical projection neurons and negatively regulates neurite growth in vitro. Eur. J. Neurosci. 28, 1705–1718. doi: 10.1111/j.1460-9568.2008.06484.x

Watson, S., Chambers, D., Hobbs, C., Doherty, P., and Graham, A. (2008). The endocannabinoid receptor, CB1, is required for normal axonal growth and fasciculation. Mol. Cell Neurosci. 38, 89–97. doi: 10.1016/j.mcn.2008.02.001

Williams, E. J., Walsh, F. S., and Doherty, P. (2003). The FGF receptor uses the endocannabinoid signaling system to couple to an axonal growth response. J. Cell Biol. 160, 481–486. doi: 10.1083/jcb.200210164

Wu, C. S., Zhu, J., Wager-Miller, J., Wang, S., O’Leary, D., Monory, K., et al. (2010). Requirement of cannabinoid CB(1) receptors in cortical pyramidal neurons for appropriate development of corticothalamic and thalamocortical projections. Eur. J. Neurosci. 32, 693–706. doi: 10.1111/j.1460-9568.2010.07337.x

Yazulla, S., Studholme, K. M., McIntosh, H. H., and Deutsch, D. G. (1999). Immunocytochemical localization of cannabinoid CB1 receptor and fatty acid amide hydrolase in rat retina. J. Comp. Neurol 415, 80–90. doi: 10.1002/(sici)1096-9861(19991206)415:1<80::aid-cne6>3.0.co;2-h

Yeh, M. L., Selvam, R., and Levine, E. S. (2017). BDNF-induced endocannabinoid release modulates neocortical glutamatergic neurotransmission. Synapse 71:10.1002/syn.21962. doi: 10.1002/syn.21962

Zheng, X., Suzuki, T., Takahashi, C., Nishida, E., and Kusakabe, M. (2015). cnrip1 is a regulator of eye and neural development in Xenopus laevis. Genes Cells 20, 324–339. doi: 10.1111/gtc.12225


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cell-autonomous and differential endocannabinoid signaling impacts the development of presynaptic retinal ganglion cell axon connectivity in vivo



		Introduction



		Materials and methods



		Animals



		Immunohistochemistry



		Transfection of morpholinos or plasmids



		Transfection of RGCs with plasmids by electroporation to visualize axon arbors and presynaptic sites



		Pharmacologic manipulations of endocannabinoid levels



		Fatty acid analysis of tadpole samples



		In vivo real-time confocal microscopy imaging



		Neuronal arbor analysis



		Visual avoidance task







		Results



		CB1R expression in the retina and midbrain of Xenopus tadpoles



		Cell-autonomous CB1R signaling impacts RGC axon morphology



		Endocannabinoid levels and pharmacologic manipulation in Xenopus embryos and tadpoles



		Rate of axon branching is selectively increased after URB597 treatment in actively branching RGCs



		Early JZL184 treatment interferes with axon branching and induces pathfinding errors in RGC axons as they target in the optic tectum



		Cell-autonomous CB1R signaling also contributes to the structural differentiation of postsynaptic tectal neurons



		Altering AEA levels enhanced visually guided responses







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Synaptic Neuroscience

Cell-autonomous and differential
endocannabinoid signaling
impacts the development
of presynaptic retinal ganglion
cell axon connectivity in vivo












OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Synaptic Neuroscience







OPS/images/fnsyn-15-1176864-g003.jpg
Control

40 ym

: Iy .
e | al ‘. .‘ . ..
‘ o .- F ‘
. ) X £
% o~ i) e
. 2 a4 e
NG - ) -;.’tfv y
T k ,‘-‘,' :
: . ~‘: V7 pe 2
L I3 L *J
X AT v ¥ g ;".3"%-‘.-.
. ‘k- k2 >~ <o w\ ’ -, ;~ - "‘. u.
' \- ' . P (\ i ::
v b ‘ Py ™ k)
M -
‘ i y .
b W ¥ AN ‘_g,.J Y
3 ; 7 o p . i <%
e‘ “.:.'/-' '. 1 ".:‘:""f " ‘a.,‘e‘"'{:/ .- %' . »”-' -'.
| o \ by’ € S 1 ? » .- ,.
> ‘ \ i ' ‘,!"’,;.q,\ :‘ ,.; :
> Y > e L &
. X :
’ oy
-
AU 00
¢ L
- ]
\J
»
»
L
" ' 0
®
- ®
= -
| | | I | |
: [}
N\ N\ 0 N 8 ‘ ;
o /) < 0y X %, A ; % N
" Y \J /) " a
© R A R






OPS/images/fnsyn-15-1176864-g004.jpg
A Control
EE— Oh 24h 48h
B URB597 @St45
RIS Oh 24h 48h
C JZL-184 @St45

>
T e i Oh 24h 48h
L






OPS/images/fnsyn-15-1176864-g001.jpg
W " CB1R






OPS/images/fnsyn-15-1176864-g002.jpg
Control MO

. 4
*

CB1R MO CB1R MO - tracing

30 ! |

Total Axon Branch Number

Total Axon Branch Number

Treatment c°

Treatment/Time





OPS/images/fnsyn-15-1176864-g007.jpg
St 45

®)
=
14
-
m
O

+48h

+24h

St 45

A Control MO

=) T} o T} o Ty 00
N - - .
(sanoy pz/sanjeA ajnjosqe)
Jaquinu ysueuq ajupuap ul abuey)

o
©
>
o
=
@
>
)
= B
(O} O}
c T
S
H”_” H | Yo,
X Xo
— } = Q é
& Y
x @0
» o)
= Tﬂ. % 2,
e o,
xo .\QO
¥ Tm -y %, 9
A5 7
.
x O
B % Y
%% %
$ %
- Tm - O O\Q O
g3
% %
| | | | | | | | | | 6 @
(To) < ™ N -— é
(sanjeA ajnjosqe) \oé
sayoueag ajlipua( |ejoL ooo

* 00
—|—|— - O,
@\
(o]
r T T T J.\\Q
o o (=) o o (o)
8 £ 2 ° ¥

(sunoy pz/abueys 9,)
Y3bua| Joque ajupuap ul abueyn

w
)
3
5
S
= B
e 2
S K
HH ;I N
X X
. o
HH Yo 2,
x @0
z _.m -0 Y
knvx \O.A\
2
o, %
! )
: g I A
XO 0
- H_ _ta %
% %
i _._m Lo 0 ©
% 9
] | | Q\ &
o o o = %0 5
m m Z \N\\o
(wrl) yybua yosueuag [e3o | éooo

()





OPS/images/fnsyn-15-1176864-g008.jpg
%k %k %k k

o o o o o
< ™ N -
(paiajunooua sjop |ejo) Jad)

() 92UBPIOAY Juadiad






OPS/images/fnsyn-15-1176864-g005.jpg
Control

St45 + 24h + 48h

URB-597 @St38

St45 + 24h + 48h

JZL-184 @St38

St45 + 24h + 48h






OPS/images/fnsyn-15-1176864-g006.jpg
St45 - Left Tectum + 24h - Left Tectum B St45 - Left Tectum
&
&
St45 - Left Tectum + 24h ; Left + Right Tectum
~~7
~y






OPS/images/fnsyn-15-1176864-t001.jpg
Fatty | Concentration (pg/mg) Concentration
acid (ng/mg)

AEA PEA (0] 7. 2-AG
Stage 38 treatment

DMSO 19:5 4='7:5 986.0 & 139 102.4 £13.1 466.2 £ 39.1
URB597| 248 £4.8 1,231+ 114 193.6 £ 33.9 3253 +£45.2
JZ1184 | 48.16 +54 1,282 £ 243 2169+ 19.3 886.5 & 133*

Stage 45 treatment

DMSO | 90.3 £23.2 2,012 220 501 £13.6 1,263 £+ 107

URB597|224.5 £ 53.5** 4,124 £ 1633 931+225.2* 1,553 £ 363

JZ1184 | 76.0 £21.5 3,074 £ 407 412.8 £83.5 940 £ 226

One-way and two-way ANOVA with Tukey’s multiple comparison tests show significant
differences between JZL184 versus DMSO and URB597 treated tadpoles at stage 38
(*p < 0.05), and URB597 versus DMSO and JZL184 treated tadpoles at stage 45
(**p <0.005). OEA levels are also significantly increased by the URB597 treatment at stage 45
(*p < 0.05). No other significant difference among groups either at stage 38 or stage 45 was
found. Mean & SEM.
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