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Cannabidiol (CBD) is a non-intoxicating phytocannabinoid whose purported therapeutic benefits and impression of a high safety profile has promoted its increasing popularity. CBD’s popularity is also increasing among children and adolescents who are being administered CBD, off label, for the treatment of numerous symptoms associated with autism spectrum disorder, attention deficit hyperactivity disorder, anxiety, and depression. The relative recency of its use in the adolescent population has precluded investigation of its impact on the developing brain and the potential consequences that may present in adulthood. Therefore, there’s an urgency to identify whether prolonged adolescent CBD exposure has substantive impacts on the developing brain that impact behavioral and cognitive processes in adulthood. Here, we tested the effect of twice-daily intraperitoneal administrations of CBD (20 mg/kg) in male and female C57BL/6J mice during the adolescent period of 25–45 days on weight gain, and assays for locomotor behavior, anxiety, and spatial memory. Prolonged adolescent CBD exposure had no detrimental effects on locomotor activity in the open field, anxiety behavior on the elevated plus maze, or spatial memory in the Barnes Maze compared to vehicle-treated mice. Interestingly, CBD-treated mice had a faster rate of learning in the Barnes Maze. However, CBD-treated females had reduced weight gain during the exposure period. We conclude that prolonged adolescent CBD exposure in mice does not have substantive negative impacts on a range of behaviors in adulthood, may improve the rate of learning under certain conditions, and impacts weight gain in a sex-specific manner.
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INTRODUCTION

Cannabidiol (CBD) is one of the most abundant cannabinoids naturally produced by the plant, Cannabis sativa, and the dominant phytocannabinoid produced by the hemp variety (Citti et al., 2019). CBD’s increase in popularity over the last decade (Leas et al., 2019) is driven by easier access to CBD-containing products (McGregor et al., 2020) and claims of therapeutic efficacy (New data show Americans are turning to CBD as a cure-all for the modern condition - The Harris Poll; Sholler et al., 2020) coupled with a purported belief that CBD consumption is safe (Larsen and Shahinas, 2020). While adverse effects may occur at therapeutically relevant doses of CBD in adults (Huestis et al., 2019), less is known about its long-term consequences on the developing brain.

Intractable pediatric epilepsies are the only currently approved therapeutic uses of CBD, Epidolex, by the United States Food and Drug Administration. Yet, anxiety, sleep problems, and stress are the most commonly reported reasons for use (Moltke and Hindocha, 2021). The perception of CBD’s therapeutic benefits and high safety profile have led to off-label CBD administration in children for treating symptoms of numerous conditions including anxiety, hyperactivity, and autism spectrum disorder. Early-stage clinical trials highlight the potential benefits of CBD-based therapies on secondary symptoms of autism spectrum disorder such as reducing hyperactivity, the frequency of self-injury rage attacks, sleep-disturbances, and anxiety (Aran et al., 2018; Barchel et al., 2019). Somnolence is often reported as one of the more common acute centrally mediated adverse events of CBD use in children and adults (Devinsky et al., 2017; Szaflarski et al., 2018; Barchel et al., 2019), but the frequency of overall adverse effects seems to increase with dose and additional pharmacotherapies (Devinsky et al., 2017). Few studies have tracked symptoms after more than several months of CBD treatment and all have been conducted too recently to track participants into adulthood. Although one notable study found that cognitive performance was unaltered after one year of CBD treatment (Epidolex) in a cohort of children with treatment-resistant epilepsy (Thompson et al., 2020), little is known about long-term consequences that may persist or present in adulthood.

CBD also has antidepressant (Linge et al., 2016), anti-inflammatory (Mecha et al., 2013), and immunomodulator effects (Kozela et al., 2010) in experimental models of disease through mechanisms different than traditional therapeutics (Silvestro et al., 2020). CBD has over 65 known targets in the brain and body that include a variety of receptors, ion channels, enzymes, and transporters (Ibeas Bih et al., 2015). These targets are found throughout the brain and in high density in the prefrontal cortex, hippocampus, striatum, and cerebellum (Fogaça et al., 2014; Warden et al., 2016; Ashton et al., 2017; Zuardi et al., 2017; Meyer et al., 2018; Barnes et al., 2020) and commonly affect intracellular calcium signaling (Ibeas Bih et al., 2015). Therefore, we tested the hypothesis that CBD exposure during a period of heightened neuroplasticity will affect gross behaviors associated with locomotor activity, spatial learning and memory, and anxiety.

Few studies have investigated the effect of repeated CBD exposure on the developing brain in healthy mice. One study found that 6 weeks of daily i.p. 20 mg/kg CBD injections starting at 3-months in C57BL/6J mice was without adverse impact on behavioral measures of locomotor activity, spatial memory, and anxiety (Schleicher et al., 2019). Notably, this age range is just beyond what’s considered to be the equivalent adolescent developmental stage in mice (Brust et al., 2015). A second study looked earlier in the developmental window starting at 4 weeks and found that a lower dose of 3 mg/kg CBD delivered i.p. daily for 3 weeks, on its own, had no effects on similar behaviors, yet it protected against deficits caused by concurrent THC exposure (Murphy et al., 2017). Given that (1) the half-life of CBD in mice is shorter than in humans (Deiana et al., 2012; Millar et al., 2018), and (2) children exposed to CBD for therapeutic purposes would experience more persistently elevated levels throughout the day, it is important that mouse studies of developmental CBD exposure more closely model the higher levels of CBD humans are achieving.

There are currently no known studies to have investigated the effect of multiple daily CBD exposures during the important developmental period of adolescence in mice. We aimed to identify if CBD use during this developmental stage has harmful impacts on specific behaviors by more closely modeling CBD dosing used clinically, on or off-label, as a first step to identifying potential long-term consequences of CBD consumption in a human population. To achieve this, we tested the effect of twice-daily exposures of a 20 mg/kg CBD dose during the period of mouse adolescence on the behavioral expression of locomotor activity, anxiety, and spatial memory in adulthood.



MATERIALS AND METHODS


Animals

C57BL/6J (Jackson Laboratories, Bar Harbor, ME) litters were bread in-house at Western Washington University. For developmental exposure studies, a total of 26 mice across 3 litters were used [16 males (8 vehicle treated, 8 CBD treated), 10 females (5 vehicle treated, 5 CBD treated)] in a between-subjects experimental design. All procedures conform to the regulations detailed in the National Institutes of Health Guide for the care and use of laboratory animals and were approved by the Institutional Animal Care and Use Committee at Western Washington University. Litters were weaned at postnatal day (PND) 21, separated by sex, and housed in groups of 3–5 mice per cage on a 12 h light/dark cycle (lights on at 0700). Food and water were provided ad libitum. All drug exposures and behavioral testing were conducted during the light cycle. For the acute anxiety study in adult mice, male and female mice aged PND 100–150 and matched for body weights (P = 0.82 by one-way ANOVA) were tested.



Drug Administration

CBD isolate (>98% purity) was purchased from Cayman Chemical Company (Ann Arbor, MI) and dissolved in a vehicle solution of 1:1:18 ethanol:cremophor:0.9% saline at a concentration of 3 mg/ml. Mice were i.p. injected twice daily (0900 and 1700) for 21 days with either 20 mg/kg CBD or an equivalent volume of vehicle solution based on body weight measurements obtained each morning. No further drug exposure occurred after the 3-week exposure period.



Behavioral Assessment

Behavioral assessment began at PND 60 with the open field test, followed by the elevated plus maze (PND 65), and lastly the Barnes Maze Test of Spatial Learning (PND 70–74). Behavioral assays were conducted by experimenters blind to the experimental condition. Animal movement was recorded in the presence of overhead fluorescent light using a digital camera (Microsoft LifeCam) mounted above the behavioral apparatus. Behavior was analyzed using ezTrack open source animal tracking software (Pennington et al., 2019). Each video was checked for accurate assessment by visually inspecting output bokeh plots and calculating total ratios to ensure that 100% of their behavior was captured in analysis. At the end of each trial, the behavioral apparatus was cleaned with 70% ethanol and wiped with paper towels.



Open Field

Each mouse was placed near the same wall of the 44 × 44 cm white plexiglass open field arena and left to explore for 10 min. A center quadrant (a 22 × 22 cm square centered 11 cm from each wall) was created using the ezTrack software to measure time spent in the center of the chamber. Total distance traveled and time in the center quadrant were the primary dependent variables. Average moving speed was also assessed by limiting the analysis of locomotor activity to the center quadrant. Experimenters left the behavioral room during the experiment and monitored behavior on a computer monitor through a narrow window. The open field test was conducted with full overhead lighting.



Elevated Plus Maze (EPM)

Subjects were placed in the center of the white plus-shaped maze and allowed to explore for 5 min. Each of the four maze arms is 60 cm × 6 cm connected in the middle at a 6 × 6 cm open center (total 126 cm in length). Two “closed” arms are surrounded by 21 cm opaque plexiglass walls on three sides while the other two “open arms” are open on all sides. The maze is elevated 93 cm above the floor. The total time spent in the open arms and the ratio of time spent in the open arms/closed arms were assessed. Experimenters left the behavioral room during the experiment and monitored behavior on a computer monitor through a narrow window. For the acute CBD assessment, mice were injected i.p. one hour prior to behavioral testing, which represents the brain Tmax for i.p. CBD injections in mice (Deiana et al., 2012). In the developmental study, two mice jumped off the maze within the first couple minutes of the test and were excluded from the analysis (one from each group). The EPM test was conducted with full overhead lighting.



Barnes Maze

The Barnes Maze is a circular planar white plexiglass platform (92 cm diameter) elevated 88 cm off the ground with 20 circular holes (7 cm diameter) spaced evenly near the perimeter. A black escape box (15 × 7 × 7 cm) was placed under one hole; its position did not change throughout the entirety of the training sessions. The entirety of the experiment lasted for five consecutive days comprised of a habituation day (day 1), three training days (days 2–4), and the probe day (day 5). On the habituation day, each mouse explored the Barnes circular maze for 3 min without the escape box present. Each of the subsequent training days were comprised of three trials each (9 total training trials) with an inter-trial interval of 20 min. At the beginning of each training trial, the subject was placed at the center of the maze and allowed to search for the target hole, beneath which was the escape box, for 3 min. If the mouse failed to find the target hole by the end of the trial, the experimenter gently guided the mouse to the hole with their hands. Once the mouse entered the escape box, the experimenter turned off the overhead lights and the mouse remained undisturbed for 1 min. During the training trials, latency, distance traveled to the target hole, and number of errors were the primary dependent measures. Mean latencies were calculated for each subject for each of the three training days. On the probe day, the escape box was removed, and each subject was allowed to look for the target hole for 90 s. For the probe trial, latency and distance traveled to find the target hole were the primary dependent variables. The Barnes Maze procedure was conducted with full overhead lighting.



Statistical Analysis

All data are shown as mean ± s.e.m. and analyzed by either unpaired t-tests or ANOVA using Sigma Plot software (SPSS Inc.) with an alpha set at 0.05. When appropriate, we used two-way between subjects ANOVAs to assess the effect of sex and condition on the dependent variables. For the Barnes Maze, we used a three-way ANOVA to assess the effect of sex, exposure condition, and training day on the dependent variables with Tukey’s HSD post hoc comparisons to analyze main effects and interactions. Descriptive statistics (mean ± SEM) are included in the figure legends.



RESULTS


Acute CBD Administration Reduces Anxiety Within a Narrow Dose Window

We first sought to validate the centrally mediated effects of our CBD compound from i.p. injection since previous investigation of this compound focused on topical application or in vitro effects (Kozela et al., 2015; Thapa et al., 2018). Because anxiety-related symptoms are common reasons for adolescent use of CBD (Masataka, 2019; Cumbo et al., 2021), we tested anxiety-related behavior in adult mice. We chose to use the EPM because of its strong reliability for assessing the behavioral effects of cannabinoids (Onaivi et al., 1990). In support of our CBD compound’s psychoactivity, a one-way between-subjects ANOVA and Tukey’s post hoc comparisons revealed that a 5 mg/kg dose, but not 10 mg/kg, increased the ratio between time spent in the open to closed arms relative to the vehicle, F(2, 15) = 4.95, P < 0.022 (Figures 1A,Bi). There were trending effects of CBD administration on time spent in the open arm, F(2,15) = 2.86, P = 0.09 (Figure 1Bii) and ratio of entries into the open:closed arms, F(2,15) = 2.67, P = 0.10 (Figure 1Biii). There were no differences in time spent in the center quadrant, P = 0.51 (Figure 1Biv). This result confirmed the psychoactive efficacy of our CBD compound and supported the investigation of a suprathreshold dose (20 mg/kg) for reducing anxiety in healthy C57BL/6J mice that is either at or above the effective dose detected in previous studies in rats (Guimarães et al., 1990; Resstel et al., 2009) and mice (Schiavon et al., 2016; Zieba et al., 2019).
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FIGURE 1. CBD dose dependently reduces anxiety-like behavior on the EPM in adult mice. (A) Representative activity traces of subjects administered vehicle, 5 mg/kg CBD, and 10 mg/kg CBD. (Bi) Summary bar chart showing that 5 mg/kg CBD increased the ratio (left) of time spent in the open arm relative to the closed arm (0.82 ± 0.21, n = 6) compared to vehicle (0.26 ± 0.05, n = 6) and 10 mg/kg (0.33 ± 0.10, n = 6) treated mice. (Bii) Summary bar chart showing the trend (P = 0.09) for CBD to affect time spent in the open arms by one-way ANOVA. 5 mg/kg treated mice spent more time in the open arm (92.10 ± 17.31 s) compared to vehicle (48.00 ± 6.78 s) and 10 mg/kg (61.8 ± 13.68 s) treated mice. (Biii) Summary bar chart showing a trend (P = 0.10) for CBD to affect the ratio of entries into the open:closed arms of the EPM by one-way ANOVA. 5 mg/kg treated mice had a higher ratio of entries into the open arms compared to the closed arms (1.16 ± 0.41) compared to vehicle (0.37 ± 0.09) and 10 mg/kg (0.55 ± 0.12) treated mice. (Biv) Summary bar chart showing that there were no differences between treatment groups in time spent in the center square of the EPM. ∗indicates P < 0.05 by Tukey’s HSD post hoc comparisons.




Developmental CBD Exposure Reduces Weight Gain in Female Mice Only

We next tested the effect of 3 weeks of twice daily 20 mg/kg CBD administrations, delivered i.p., during the period of mouse adolescence (PND 25–45) based on body weight measurements taken at the start and the end of the exposure period. A two-way ANOVA revealed an interaction between mouse sex and treatment group, F(1,22) = 6.78, P < 0.016, driven by reduced weight gain in the CBD-treated female mice (Supplementary Figure 1). These findings suggest that CBD may differentially impact weight gain during the adolescent period between males and females.



Developmental CBD Exposure Does Not Impact Locomotor Activity or Anxiety

We began our behavioral assays in adult mice starting at PND 60. There was no main effect of sex in any of our measures on the open field and EPM, all (P > 0.05). CBD treatment had no impact on total distance traveled (Figures 2A,Bi and Supplementary Figure 2Ai), time spent in the center quadrant of the open field (Figure 2Bii and Supplementary Figure 2Aii), nor mean moving speed through the center quadrant of the open field (Figure 2Biii and Supplementary Figure 2Aiii), all (P < 0.05). CBD treatment also had no effect on the ratio of time spent exploring the open arms relative to the closed arms in the EPM (Figures 2C,Di and Supplementary Figure 2Bi), time spent in the open arms (Figure 2Dii and Supplementary Figure 2Bii), the ratio of entries into the open:closed arms (Figure 2Diii and Supplementary Figure 2Biii), or the time in the center square of the EPM (Figure 2Div), all (P > 0.05). We conclude that prolonged adolescent CBD exposure does not negatively impact locomotor activity or anxiety-related behaviors in adulthood.
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FIGURE 2. Adolescent CBD exposure does not impact locomotor or anxiety-related behaviors. (A) Representative activity traces in the open field of subjects administered vehicle (top) and CBD (bottom). Summary bar charts indicating that there were no difference in distance traveled between vehicle (white; 44.40 ± 2.04 m) and CBD (gray; 40.84 ± 1.53 m) treated groups (Bi). There was also no difference in time spent in the center quadrant of the open field chamber between the vehicle (45.91 ± 5.10 s) and CBD (40.81 ± 5.10 s) treated groups (Bii). There was no difference in the mean moving speed between vehicle (10.05 ± 0.82 cm/s) and CBD (8.51 ± 0.86) treated groups (Biii). (C) Representative activity traces in the EPM of subjects administered vehicle (top) and CBD (bottom). Summary bar charts indicating that there was no difference in the ratio of time spent in the open arms relative to the closed arms between treatment groups (Di; vehicle: 0.16 ± 0.04; CBD: 0.17 ± 0.03). There was no difference in the time spent in the open arms of the EPM (Dii; vehicle: 32.10 ± 6.09 s; CBD: 33.9 ± 4.86 s). There was no difference in the ratio of entries into the open arms relative to the closed arms (Diii; vehicle: 0.29 ± 0.04; CBD: 0.32 ± 0.05), nor was there a difference in the time spent in the center square of the EPM (Div; vehicle: 47.63 ± 2.95 s; CBD: 47.86 ± 4.27 s).




Developmental CBD Exposure Hastens Learning of a Spatial Memory Task

For our last behavioral assessment, we tested spatial learning and memory on the Barnes Maze. We compared the mean latency, the distance traveled to the target hole, and the number of errors across each of the three training days to assess acquisition rate (see Table 1 for descriptive statistics). Three-way ANOVA revealed that there was a significant interaction between the exposure condition and the acquisition day for the latency to the escape box, F(2,66) = 5.14, P < 0.01 (Figure 3Ai and Supplementary Figure 3Ai), and the distance to the escape box, F(2,66) = 3.60, P = 0.04 (Figure 3Aii and Supplementary Figure 3Aii). Tukey’s post hoc comparisons revealed that CBD-treated mice had a shorter mean latency and mean distance to the escape box on the second training day, suggesting a faster acquisition rate of the spatial learning task, all P < 0.05. Further, there was a significant main effect of exposure condition on mean latency to the escape box, F(1,66) = 6.01, P = 0.02 (Figure 3Ai and Supplementary Figure 3Aii), and number of errors, F(1,66) = 4.04, P < 0.05 (Figure 3Aiii and Supplementary Figure 3Aiii). Tukey’s post hoc comparisons found that CBD exposed mice had a shorter mean latency to the escape box and made fewer errors. For all dependent measures, there was no main effect of sex (all P > 0.05; Supplementary Figure 3), but there was a significant interaction between sex and exposure condition on number of errors, F(1,66) = 4.04, P = 0.04 (Supplementary Figure 3Aiii). In this case, CBD-treated female mice made fewer errors than vehicle-treated female mice, P = 0.01, and there was a trend that female CBD-treated mice made fewer errors than male CBD-treated mice, P = 0.06. On the probe day, there was no main effect of sex, exposure condition, or an interaction between these two variables on the latency to the target hole, distance to the target hole, or the number of nose pokes into the target hole, all P > 0.05 (Figures 3B,C and Supplementary Figure 3B). These findings suggest that adolescent CBD exposure does not negatively impact spatial memory and may actually improve learning rates under certain conditions.


TABLE 1. Descriptive statistics for the Barnes Maze acquisition period.
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FIGURE 3. Adolescent CBD exposure improves the rate of learning of a spatial memory task. Summary bar charts showing the mean latency (Ai) and mean distance traveled (Aii) to the escape box as well as the mean number of errors (Aiii) on each day of acquisition. CBD-treated mice had shorter latency to target (14.29 ± 4.85 s) and distance to target (2.61 ± 0.38 m) on day 2 compared to vehicle treated mice (38.09 ± 5.05 s; 3.78 ± 0.39 m). CBD treated mice made fewer errors across all acquisition days (6.37 ± 0.59 errors) than vehicle-treated mice (7.88 ± 0.77 errors). (B) Representative heat maps in the Barnes maze on the probe day of subjects administered vehicle (left) and CBD (right). The white “T” indicates target hole. Summary bar charts showing that there was no difference in the latency to the target hole (Ci), distance to the target hole (Cii), or number of nose pokes into the target hole (Ciii) on the probe day between the vehicle (18.04 ± 4.12 s; 2.69 ± 0.28 m; 8.23 ± 1.16 nose pokes) and CBD (21.93 ± 0.93 s; 2.90 ± 0.64 m; 9.69 ± 1.52 nose pokes) treated groups. ∗indicates P < 0.05 by Tukey’s HSD post hoc comparisons.




DISCUSSION

The popularity of CBD is rapidly escalating (Leas et al., 2019). Epidolex, a CBD-rich cannabis extract, has been approved by the United States for the treatment of a narrow classification of pediatric epilepsies (Franco et al., 2021). However, its unapproved uses for the treatment of pain, anti-emesis, anxiety, sleep, and stress reduction has led to an increase in CBD exposure during infancy, childhood, and adolescence (Aran et al., 2018; Bertrand et al., 2018; Sarrafpour et al., 2020; Moss et al., 2021). Although many early studies point to benefits in children and adolescents across numerous indications such as epilepsy, anxiety, hyperactivity, and autism spectrum disorder (Shannon and Opila-Lehman, 2016; Aran et al., 2018; Bar-Lev Schleider et al., 2019; Barchel et al., 2019; Masataka, 2019; Poleg et al., 2019; Franco et al., 2021), CBD’s therapeutic potential could be thwarted if adverse developmental consequences are observed.

The impact of CBD on the developing brain is not well-characterized, and our understanding of its consequences has been limited, in part, by the relative recency of its popularity and the lack of data collection at long-term longitudinal time points. Here, we used a well-characterized normally developing healthy mouse model and exposed them to repeated suprathreshold anxiolytic doses of CBD for a prolonged 3-week time course during the mouse adolescent period (Brust et al., 2015). This is the first study to assess the impact of multiple daily CBD doses in mice during this important developmental stage. Although we detected less weight gain during the duration of our study in CBD-treated female mice, we failed to detect any detrimental effects on general locomotor activity, anxiety, or learning and spatial memory. Surprisingly, we revealed an improvement in the learning rate of a spatial memory task in CBD-treated mice compared to those administered the vehicle.

CBD is currently being used off-label or under investigation for treating numerous conditions in children and adolescents including autism-spectrum disorder (Poleg et al., 2019), anxiety (Masataka, 2019), insomnia (Shannon and Opila-Lehman, 2016), depression, and substance abuse (Laczkovics et al., 2021). Weight management is also a common reason for cannabinoid consumption (Bersani et al., 2016; Davis, 2016; Rossi et al., 2018). We observed a sex-specific effect on weight gain; female mice treated with CBD gained less weight over the 3-week exposure period than vehicle-treated females or male mice. Since food intake was not assessed, we cannot resolve whether these effects resulted from reduced food intake, changes in metabolic function, or a combination. However, CBD has been shown to reduce food intake in numerous rodent and human studies (Ignatowska-Jankowska et al., 2011; Farrimond et al., 2012; Devinsky et al., 2016; Linge et al., 2016). Notably, those effects were not shown to be sex specific, but stronger effects of CBD and other cannabinoids have been observed in females compared to males in both rodents and humans (Cooper and Craft, 2018; Spindle et al., 2020). Therefore, sex differences need to be accounted for in further research involving CBD and the translation to the clinic.

Our exposure period starting at PND 25 and ending at PND 45 represents the mouse brain development period similar to human adolescence (Brust et al., 2015). It’s possible that adverse effects on the developing brain and behavior could result from repeated CBD exposure earlier in development. 20 mg/kg CBD administration to pregnant dams once daily (i.e., same dose but half the exposure frequency as the current study) during gestation and lactation in rats led to heightened anxiety assessed in the marble burying task in female offspring (Wanner et al., 2021). Interestingly, the female offspring also showed improved spatial memory in the Y-maze, which is consistent with our finding of a faster spatial learning rate in the CBD-exposed cohort. Notably, we did not assess measures of cognitive flexibility or working memory that rely heavily on prefrontal cortical circuitry (Hamilton and Brigman, 2015) and undergo maturation during this adolescent time period (Klune et al., 2021), which makes them vulnerable to pharmacological perturbation.

We assessed spatial learning and memory using the Barnes Maze procedure. The hippocampus plays a critical role in spatial memory formation (Bird and Burgess, 2008) and is functionally coupled to the prefrontal cortex during navigational search strategies in the Barnes Maze (Negrón-Oyarzo et al., 2018). Hippocampal neurogenesis is important for the acquisition of spatial memory across a variety of behavioral paradigms (Lieberwirth et al., 2016), and reducing neurogenesis impairs Barnes Maze performance (Raber et al., 2004). C57BL/6J mice raised in standard laboratory housing experience sub-maximum hippocampal neurogenesis, and CBD can increase adult neurogenesis through modulating activity of cannabinoid type I receptors (CB1) (Wolf et al., 2010). This modulation may occur through inhibition of FAAH-mediated degradation of hippocampal anandamide signaling by CBD (Bisogno et al., 2001; Ibeas Bih et al., 2015). Further, this increase in neurogenesis protects against an impairment to neurogenesis and resulting anxiety resulting from a chronic stress paradigm (Campos et al., 2013). Since multiple daily i.p. injections can be stress-inducing, one potential explanation for the faster acquisition rate in the Barnes Maze by CBD-treated mice is that CBD either enhanced neurogenesis or protected against the stress-induced reduction from repeated i.p. injections. Further studies are needed to elucidate this mechanism.

CBD has over 65 known targets in the brain and body that are activated at varying doses (Ibeas Bih et al., 2015). It’s still not clear which of these targets promote CBD’s many proposed therapeutic actions, although some have been better characterized. Of particular relevance in adolescent use, some involve, though not limited to, GPR55 in epilepsies resulting from heterozygous mutation to the Scn1a gene (Kaplan et al., 2017), 5-HT1a receptors in anxiety (Gomes et al., 2011), depression (Linge et al., 2016), and protection against acute stressors (Resstel et al., 2009), and PPARs and TRPV receptors on digestive and gut health (Couch et al., 2019). Further, CBD inhibition of fatty acid amino hydrolase (FAAH), the primary degradation enzyme for the endocannabinoid, anandamide, is implicated or proposed to reduce compulsive behavior (Casarotto et al., 2010), anxiety (Moreira et al., 2008), borderline personality disorder (Kolla et al., 2020), and autism spectrum disorder (Aran et al., 2019). It’s reasonable to hypothesize that modulating these systems during critical stages of development could impact the brain in ways that go undetected in our broad mouse behavioral assays but may present in humans through more subtle investigative techniques or in more complex assessments. These human studies are largely lacking, but in one study of epileptic patients, subtle changes in regional white matter density were detected following 12 weeks of CBD use (Thompson et al., 2020). However, alterations were not associated with changes in cognitive function or adaptive behavioral skills. Follow-up safety studies in a human clinical population will need to be conducted in several years when currently using children and adolescents become adults.

Effective CBD dosing differs as a function of therapeutic indication. In pre-clinical acute-exposure studies, CBD reduced anxiety in the elevated plus maze at doses between 2.5 and 10 mg/kg, but this effect was lost at a higher 20 mg/kg dose in rats (Guimarães et al., 1990). We confirmed that an acute CBD dose of 5 mg/kg, but not 10 mg/kg, reduced anxiety in the elevated plus maze in mice. Our decision to test the effect of a higher, 20 mg/kg dose, was based on the presumption that a suprathreshold dose for anxiety-related behaviors, which is one of the most common reasons for off-label CBD use (Moltke and Hindocha, 2021), would impact more neural mechanisms and have more pronounced effects, should they occur. We also chose to use a suprathreshold dose for anxiety-related behavior, albeit in healthy mice, to account for dose escalation that may occur with tolerance (Long et al., 2012). This 20 mg/kg dose has been shown to improve social deficits in a mouse model expressing autism spectrum disorder behaviors (Kaplan et al., 2017). Further, clinical and pre-clinical mouse studies demonstrate CBD’s efficacy in reducing epileptic seizures at doses up to around 20 mg/kg (Devinsky et al., 2017) and 100 mg/kg (Kaplan et al., 2017), respectively. It remains possible that a higher dose than the one tested here would have more lasting effects on brain function and behavior. It is similarly possible that a lower CBD dose may contribute to more lasting effects on brain development if a high dose, by impacting different targets or modulating them at different levels, counteracted the impairing effect of a lower dose. While the evidence seems to suggest that high doses lead to more acute adverse effects than lower doses (Devinsky et al., 2018), there has been no long-term investigation of CBD’s long-term dose-response effects on brain development, thereby highlighting the need for a dose-response assessment at different developmental stages.

We report that multiple daily doses of a moderate CBD dose throughout the adolescent developmental period does not negatively impact locomotor behavior, anxiety, and spatial learning in healthy C57BL/6J mice. Further, the faster acquisition rate of a spatial learning task may highlight CBD’s potential protective benefits against stressors. While sex-specific impacts of CBD on weight gain during this period need to be considered and monitored, these findings do not detract from the progression of clinical studies investigating CBD’s therapeutic potential in an adolescent population.



DATA AVAILABILITY STATEMENT

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



ETHICS STATEMENT

The animal study was reviewed and approved by Institutional Animal Care and Use Committee at Western Washington University.



AUTHOR CONTRIBUTIONS

JK and BP designed the experiments. JW, KR, FM, SA, MB, HS, JJ, BR, RB, TM, and EG were involved in conducting the experiments and analyzing the data. JK wrote the manuscript. All authors were involved in revising the manuscript.



FUNDING

This study received funding from Prelabs, LLC. The funder was not involved in data collection, analysis, interpretation of data, the writing of this manuscript, or the decision to submit it for publication.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnbeh.2021.711639/full#supplementary-material



REFERENCES

Aran, A., Cassuto, H., Lubotzky, A., Wattad, N., and Hazan, E. (2018). Brief Report: Cannabidiol-rich cannabis in children with autism spectrum disorder and severe behavioral problems—a retrospective feasibility study. J. Autism Dev. Disord. 49, 1284–1288. doi: 10.1007/s10803-018-3808-2

Aran, A., Eylon, M., Harel, M., Polianski, L., Nemirovski, A., Tepper, S., et al. (2019). Lower circulating endocannabinoid levels in children with autism spectrum disorder. Mol. Autism 10:2. doi: 10.1186/s13229-019-0256-6

Ashton, J. C., Dowie, M. J., and Glass, M. (2017). “The Endocannabinoid System and Human Brain Functions: Insight From Memory, Motor, and Mood Pathologies,” in The Endocannabinoid System: Genetics, Biochemistry, Brain Disorders, and Therapy, ed. E. Murillo-Rodríguez (Amsterdam: Elsevier Inc.), 115–186.

Barchel, D., Stolar, O., De-Haan, T., Ziv-Baran, T., Saban, N., Fuchs, D. O., et al. (2019). Oral cannabidiol use in children with Autism spectrum disorder to treat related symptoms and co-morbidities. Front. Pharmacol. 9:1521. doi: 10.3389/fphar.2018.01521

Bar-Lev Schleider, L., Mechoulam, R., Saban, N., Meiri, G., and Novack, V. (2019). Real life experience of medical cannabis treatment in autism: analysis of safety and efficacy. Sci. Rep. 9:200. doi: 10.1038/s41598-018-37570-y

Barnes, J. L., Mohr, C., Ritchey, C. R., Erikson, C. M., Shiina, H., and Rossi, D. J. (2020). Developmentally transient cb1rs on cerebellar afferents suppress afferent input, downstream synaptic excitation, and signaling to migrating neurons. J. Neurosci. 40, 6133–6145. doi: 10.1523/JNEUROSCI.1931-19.2020

Bersani, F. S., Santacroce, R., Coviello, M., Imperatori, C., Francesconi, M., Vicinanza, R., et al. (2016). Cannabis: a self-medication drug for weight management? The never ending story. Drug Test. Anal. 8, 177–179. doi: 10.1002/dta.1891

Bertrand, K. A., Hanan, N. J., Honerkamp-Smith, G., Best, B. M., and Chambers, C. D. (2018). Marijuana use by breastfeeding mothers and cannabinoid concentrations in breast milk. Pediatrics 142:e20181076. doi: 10.1542/peds.2018-1076

Bird, C. M., and Burgess, N. (2008). The hippocampus and memory: insights from spatial processing. Nat. Rev. Neurosci. 9, 182–194. doi: 10.1038/nrn2335

Bisogno, T., Hanuš, L., De Petrocellis, L., Tchilibon, S., Ponde, D. E., Brandi, I., et al. (2001). Molecular targets for cannabidiol and its synthetic analogues: Effect on vanilloid VR1 receptors and on the cellular uptake and enzymatic hydrolysis of anandamide. Br. J. Pharmacol. 134, 845–852. doi: 10.1038/sj.bjp.0704327

Brust, V., Schindler, P. M., and Lewejohann, L. (2015). Lifetime development of behavioural phenotype in the house mouse (Mus musculus). Front. Zool. 12:S17. doi: 10.1186/1742-9994-12-S1-S17

Campos, A. C., Ortega, Z., Palazuelos, J., Fogaça, M. V., Aguiar, D. C., Díaz-Alonso, J., et al. (2013). The anxiolytic effect of cannabidiol on chronically stressed mice depends on hippocampal neurogenesis: involvement of the endocannabinoid system. Int. J. Neuropsychopharmacol. 16, 1407–1419. doi: 10.1017/S1461145712001502

Casarotto, P. C., Gomes, F. V., Resstel, L. B. M., and Guimarães, F. S. (2010). Cannabidiol inhibitory effect on marble-burying behaviour: involvement of CB1 receptors. Behav. Pharmacol. 21, 353–358. doi: 10.1097/FBP.0b013e32833b33c5

Citti, C., Linciano, P., Panseri, S., Vezzalini, F., Forni, F., Vandelli, M. A., et al. (2019). Cannabinoid profiling of hemp seed oil by liquid chromatography coupled to high-resolution mass spectrometry. Front. Plant Sci. 10:120. doi: 10.3389/fpls.2019.00120

Cooper, Z. D., and Craft, R. M. (2018). Sex-dependent effects of cannabis and cannabinoids: a translational perspective. Neuropsychopharmacology 43, 34–51. doi: 10.1038/npp.2017.140

Couch, D. G., Cook, H., Ortori, C., Barrett, D., Lund, J. N., and O’Sullivan, S. E. (2019). Palmitoylethanolamide and cannabidiol prevent inflammation-induced hyperpermeability of the human gut in vitro and in vivo-a randomised, placebo controlled, double-blind controlled trial. Inflamm. Bowel Dis. 25, 1006–1018.

Cumbo, N., Boehmer, S., Olympia, R. P., Lessner, K., Marshall, C., and Bozorghadad, S. (2021). Adverse Effects Associated with the Use of Cannabidiol (CBD) Oil Products on Adolescents and Young Adults. Pediatrics doi: 10.1542/peds.147.3_meetingabstract.211

Davis, M. P. (2016). Cannabinoids for symptom management and cancer therapy: the evidence. JNCCN J. Natl. Compr. Cancer Netw. 14, 915–922. doi: 10.6004/jnccn.2016.0094

Deiana, S., Watanabe, A., Yamasaki, Y., Amada, N., Arthur, M., Fleming, S., et al. (2012). Plasma and brain pharmacokinetic profile of cannabidiol (CBD), cannabidivarine (CBDV), Δ 9-tetrahydrocannabivarin (THCV) and cannabigerol (CBG) in rats and mice following oral and intraperitoneal administration and CBD action on obsessive-compulsive behaviour. Psychopharmacology 219, 859–873. doi: 10.1007/s00213-011-2415-0

Devinsky, O., Cross, J. H., Laux, L., Marsh, E., Miller, I., Nabbout, R., et al. (2017). Trial of cannabidiol for drug-resistant seizures in the dravet syndrome. N. Engl. J. Med. 376, 2011–2020. doi: 10.1056/NEJMoa1611618

Devinsky, O., Marsh, E., Friedman, D., Thiele, E., Laux, L., Sullivan, J., et al. (2016). Cannabidiol in patients with treatment-resistant epilepsy: an open-label interventional trial. Lancet Neurol. 15, 270–278. doi: 10.1016/S1474-4422(15)00379-8

Devinsky, O., Patel, A. D., Cross, J. H., Villanueva, V., Wirrell, E. C., Privitera, M., et al. (2018). Effect of cannabidiol on drop seizures in the lennox–gastaut syndrome. N. Engl. J. Med. 378, 1888–1897. doi: 10.1056/nejmoa1714631

Farrimond, J. A., Whalley, B. J., and Williams, C. M. (2012). Cannabinol and cannabidiol exert opposing effects on rat feeding patterns. Psychopharmacology 223, 117–129. doi: 10.1007/s00213-012-2697-x

Fogaça, M. V., Reis, F. M. C. V., Campos, A. C., and Guimarães, F. S. (2014). Effects of intra-prelimbic prefrontal cortex injection of cannabidiol on anxiety-like behavior: Involvement of 5HT1A receptors and previous stressful experience. Eur. Neuropsychopharmacol. 24, 410–419. doi: 10.1016/j.euroneuro.2013.10.012

Franco, V., Bialer, M., and Perucca, E. (2021). Cannabidiol in the treatment of epilepsy: current evidence and perspectives for further research. Neuropharmacology 185:108442. doi: 10.1016/j.neuropharm.2020.108442

Gomes, F. V., Resstel, L. B. M., and Guimarães, F. S. (2011). The anxiolytic-like effects of cannabidiol injected into the bed nucleus of the stria terminalis are mediated by 5-HT1A receptors. Psychopharmacology 213, 465–473. doi: 10.1007/s00213-010-2036-z

Guimarães, F. S., Chiaretti, T. M., Graeff, F. G., and Zuardi, A. W. (1990). Antianxiety effect of cannabidiol in the elevated plus-maze. Psychopharmacology 100, 558–559. doi: 10.1007/BF02244012

Hamilton, D. A., and Brigman, J. L. (2015). Behavioral flexibility in rats and mice: contributions of distinct frontocortical regions. Genes Brain Behav. 14, 4–21. doi: 10.1111/GBB.12191

Huestis, M. A., Solimini, R., Pichini, S., Pacifici, R., Carlier, J., and Busardò, F. P. (2019). Cannabidiol adverse effects and toxicity. Curr. Neuropharmacol. 17, 974–989.

Ibeas Bih, C., Chen, T., Nunn, A. V. W., Bazelot, M., Dallas, M., and Whalley, B. J. (2015). Molecular targets of cannabidiol in neurological disorders. Neurotherapeutics 12, 699–730. doi: 10.1007/s13311-015-0377-3

Ignatowska-Jankowska, B., Jankowski, M. M., and Swiergiel, A. H. (2011). Cannabidiol decreases body weight gain in rats: Involvement of CB2 receptors. Neurosci. Lett. 490, 82–84. doi: 10.1016/j.neulet.2010.12.031

Kaplan, J. S., Stella, N., Catterall, W. A., and Westenbroek, R. E. (2017). Cannabidiol attenuates seizures and social deficits in a mouse model of Dravet syndrome. Proc. Natl. Acad. Sci. 114, 11229–11234. doi: 10.1073/pnas.1711351114

Klune, C. B., Jin, B., and Denardo, L. A. (2021). Linking mpfc circuit maturation to the developmental regulation of emotional memory and cognitive flexibility. Elife 10:e64567. doi: 10.7554/ELIFE.64567

Kolla, N. J., Mizrahi, R., Karas, K., Wang, C., Bagby, R. M., McMain, S., et al. (2020). Elevated fatty acid amide hydrolase in the prefrontal cortex of borderline personality disorder: a [11C]CURB positron emission tomography study. Neuropsychopharmacology 45, 1834–1841. doi: 10.1038/s41386-020-0731-y

Kozela, E., Juknat, A., Kaushansky, N., Ben-Nun, A., Coppola, G., and Vogel, Z. (2015). J. Neuroinflammation 2015 12:52. doi: 10.1186/S12974-015-0273-0

Kozela, E., Pietr, M., Juknat, A., Rimmerman, N., Levy, R., and Vogel, Z. (2010). Cannabinoids Δ9-tetrahydrocannabinol and cannabidiol differentially inhibit the lipopolysaccharide-activated NF-κB and interferon-β/STAT proinflammatory pathways in BV-2 microglial cells. J. Biol. Chem. 285, 1616–1626. doi: 10.1074/jbc.M109.069294

Laczkovics, C., Kothgassner, O. D., Felnhofer, A., and Klier, C. M. (2021). Cannabidiol treatment in an adolescent with multiple substance abuse, social anxiety and depression. Neuropsychiatrie 35, 31–34. doi: 10.1007/s40211-020-00334-0

Larsen, C., and Shahinas, J. (2020). Dosage, Efficacy and Safety of Cannabidiol Administration in Adults: A Systematic Review of Human Trials. J. Clin. Med. Res. 12, 129–141. doi: 10.14740/jocmr4090

Leas, E. C., Nobles, A. L., Caputi, T. L., Dredze, M., Smith, D. M., and Ayers, J. W. (2019). Trends in internet searches for cannabidiol (CBD) in the United States. JAMA Netw. open 2:e1913853. doi: 10.1001/jamanetworkopen.2019.13853

Lieberwirth, C., Pan, Y., Liu, Y., Zhang, Z., and Wang, Z. (2016). Hippocampal adult neurogenesis: Its regulation and potential role in spatial learning and memory. Brain Res. 1644, 127–140. doi: 10.1016/j.brainres.2016.05.015

Linge, R., Jiménez-Sánchez, L., Campa, L., Pilar-Cuéllar, F., Vidal, R., Pazos, A., et al. (2016). Cannabidiol induces rapid-acting antidepressant-like effects and enhances cortical 5-HT/glutamate neurotransmission: role of 5-HT1A receptors. Neuropharmacology 103, 16–26. doi: 10.1016/j.neuropharm.2015.12.017

Long, L. E., Chesworth, R., Huang, X.-F., Wong, A., Spiro, A., McGregor, I. S., et al. (2012). Distinct neurobehavioural effects of cannabidiol in transmembrane domain neuregulin 1 mutant mice. PLoS One 7:e34129. doi: 10.1371/JOURNAL.PONE.0034129

Masataka, N. (2019). Anxiolytic effects of repeated cannabidiol treatment in teenagers with social anxiety disorders. Front. Psychol. 10:2466. doi: 10.3389/fpsyg.2019.02466

McGregor, I. S., Cairns, E. A., Abelev, S., Cohen, R., Henderson, M., Couch, D., et al. (2020). Access to cannabidiol without a prescription: a cross-country comparison and analysis. Int. J. Drug Policy 85:102935. doi: 10.1016/j.drugpo.2020.102935

Mecha, M., Feliú, A., Iñigo, P. M., Mestre, L., Carrillo-Salinas, F. J., and Guaza, C. (2013). Cannabidiol provides long-lasting protection against the deleterious effects of inflammation in a viral model of multiple sclerosis: a role for A2A receptors. Neurobiol. Dis. 59, 141–150. doi: 10.1016/j.nbd.2013.06.016

Meyer, H. C., Lee, F. S., and Gee, D. G. (2018). The role of the endocannabinoid system and genetic variation in adolescent brain development. Neuropsychopharmacology 43, 21–33. doi: 10.1038/npp.2017.143

Millar, S. A., Stone, N. L., Yates, A. S., and O’Sullivan, S. E. (2018). A systematic review on the pharmacokinetics of cannabidiol in humans. Front. Pharmacol. 9:1365. doi: 10.3389/fphar.2018.01365

Moltke, J., and Hindocha, C. (2021). Reasons for cannabidiol use: a cross-sectional study of CBD users, focusing on self-perceived stress, anxiety, and sleep problems. J. Cannabis Res. 3:5. doi: 10.1186/s42238-021-00061-5

Moreira, F. A., Kaiser, N., Monory, K., and Lutz, B. (2008). Reduced anxiety-like behaviour induced by genetic and pharmacological inhibition of the endocannabinoid-degrading enzyme fatty acid amide hydrolase (FAAH) is mediated by CB1 receptors. Neuropharmacology 54, 141–150. doi: 10.1016/j.neuropharm.2007.07.005

Moss, M. J., Bushlin, I., Kazmierczak, S., Koop, D., Hendrickson, R. G., Zuckerman, K. E., et al. (2021). Cannabis use and measurement of cannabinoids in plasma and breast milk of breastfeeding mothers. Pediatr. Res. 1–8. doi: 10.1038/s41390-020-01332-2 [Epub ahead of print].

Murphy, M., Mills, S., Winstone, J., Leishman, E., Wager-Miller, J., Bradshaw, H., et al. (2017). Chronic Adolescent Δ 9 -Tetrahydrocannabinol Treatment of Male Mice Leads to Long-Term Cognitive and Behavioral Dysfunction, Which Are Prevented by Concurrent Cannabidiol Treatment. Cannabis Cannabinoid Res. 2, 235–246. doi: 10.1089/can.2017.0034

Negrón-Oyarzo, I., Espinosa, N., Aguilar, M., Fuenzalida, M., Aboitiz, F., and Fuentealba, P. (2018). Coordinated prefrontal–hippocampal activity and navigation strategy-related prefrontal firing during spatial memory formation. Proc. Natl. Acad. Sci. U. S. A. 115, 7123–7128. doi: 10.1073/pnas.1720117115

Onaivi, E. S., Green, M. R., and Martin, B. R. (1990). Pharmacological characterization of cannabinoids in the elevated plus maze. J. Pharmacol. Exp. Ther. 253, 1002–1009.

Pennington, Z. T., Dong, Z., Feng, Y., Vetere, L. M., Page-Harley, L., Shuman, T., et al. (2019). ezTrack: An open-source video analysis pipeline for the investigation of animal behavior. Sci. Rep. 9:19979. doi: 10.1038/s41598-019-56408-9

Poleg, S., Golubchik, P., Offen, D., and Weizman, A. (2019). Cannabidiol as a suggested candidate for treatment of autism spectrum disorder. Prog. Neuro-Psychopharmacology Biol. Psychiatry 89, 90–96. doi: 10.1016/J.PNPBP.2018.08.030

Raber, J., Rola, R., LeFevour, A., Morhardt, D., Curley, J., Mizumatsu, S., et al. (2004). Radiation-induced cognitive impairments are associated with changes in indicators of hippocampal neurogenesis. Radiat. Res. 162, 39–47. doi: 10.1667/RR3206

Resstel, L. B. M., Tavares, R. F., Lisboa, S. F. S., Joca, S. R. L., Corrêa, F. M. A., and Guimarães, F. S. (2009). 5-HT 1A receptors are involved in the cannabidiol-induced attenuation of behavioural and cardiovascular responses to acute restraint stress in rats. Br. J. Pharmacol. 156, 181–188. doi: 10.1111/j.1476-5381.2008.00046.x

Rossi, F., Punzo, F., Umano, G., Argenziano, M., and Miraglia Del Giudice, E. (2018). Role of Cannabinoids in Obesity. Int. J. Mol. Sci. 19:2690. doi: 10.3390/ijms19092690

Sarrafpour, S., Urits, I., Powell, J., Nguyen, D., Callan, J., Orhurhu, V., et al. (2020). Considerations and Implications of Cannabidiol Use During Pregnancy. Curr. Pain Headache Rep. 24:38. doi: 10.1007/s11916-020-00872-w

Schiavon, A. P., Bonato, J. M., Milani, H., Guimarães, F. S., and Weffort de Oliveira, R. M. (2016). Influence of single and repeated cannabidiol administration on emotional behavior and markers of cell proliferation and neurogenesis in non-stressed mice. Prog. Neuro-Psychopharmacology Biol. Psychiatry 64, 27–34. doi: 10.1016/j.pnpbp.2015.06.017

Schleicher, E. M., Ott, F. W., Müller, M., Silcher, B., Sichler, M. E., Löw, M. J., et al. (2019). Prolonged cannabidiol treatment lacks on detrimental effects on memory, motor performance and anxiety in C57BL/6J mice. Front. Behav. Neurosci. 13:94. doi: 10.3389/fnbeh.2019.00094

Shannon, S., and Opila-Lehman, J. (2016). Effectiveness of cannabidiol oil for pediatric anxiety and insomnia as part of posttraumatic stress disorder: a case report. Perm. J. 20:16-005. doi: 10.7812/TPP/16-005

Sholler, D. J., Schoene, L., and Spindle, T. R. (2020). Therapeutic efficacy of cannabidiol (CBD): a review of the evidence from clinical trials and human laboratory studies. Curr. Addict. Reports 7, 405–412. doi: 10.1007/s40429-020-00326-8

Silvestro, S., Schepici, G., Bramanti, P., and Mazzon, E. (2020). Molecular targets of cannabidiol in experimental models of neurological disease. Molecules 25:5186. doi: 10.3390/molecules25215186

Spindle, T. R., Cone, E. J., Goffi, E., Weerts, E. M., Mitchell, J. M., Winecker, R. E., et al. (2020). Pharmacodynamic effects of vaporized and oral cannabidiol (CBD) and vaporized CBD-dominant cannabis in infrequent cannabis users. Drug Alcohol Depend. 211:107937. doi: 10.1016/j.drugalcdep.2020.107937

Szaflarski, J. P., Bebin, E. M., Comi, A. M., Patel, A. D., Joshi, C., Checketts, D., et al. (2018). Long-term safety and treatment effects of cannabidiol in children and adults with treatment-resistant epilepsies: expanded access program results. Epilepsia 59, 1540–1548. doi: 10.1111/epi.14477

Thapa, D., Cairns, E. A., Szczesniak, A. M., Toguri, J. T., Caldwell, M. D., and Kelly, M. E. M. (2018). The cannabinoids Δ8THC, CBD, and HU-308 Act via distinct receptors to reduce corneal pain and inflammation. Cannabis Cannabinoid Res. 3, 11–20. doi: 10.1089/can.2017.0041

Thompson, M. D., Martin, R. C., Grayson, L. P., Ampah, S. B., Cutter, G., Szaflarski, J. P., et al. (2020). Cognitive function and adaptive skills after a one-year trial of cannabidiol (CBD) in a pediatric sample with treatment-resistant epilepsy. Epilepsy Behav. 111:107299. doi: 10.1016/j.yebeh.2020.107299

Wanner, N. M., Colwell, M., Drown, C., and Faulk, C. (2021). Developmental cannabidiol exposure increases anxiety and modifies genome-wide brain DNA methylation in adult female mice. Clin. Epigenetics 13:4. doi: 10.1186/s13148-020-00993-4

Warden, A., Truitt, J., Merriman, M., Ponomareva, O., Jameson, K., Ferguson, L. B., et al. (2016). Localization of PPAR isotypes in the adult mouse and human brain. Sci. Rep. 6:27618. doi: 10.1038/srep27618

Wolf, S. A., Bick-Sander, A., Fabel, K., Leal-Galicia, P., Tauber, S., Ramirez-Rodriguez, G., et al. (2010). Cannabinoid receptor CB1 mediates baseline and activity-induced survival of new neurons in adult hippocampal neurogenesis. Cell Commun. Signal. 8:12. doi: 10.1186/1478-811X-8-12

Zieba, J., Sinclair, D., Sebree, T., Bonn-Miller, M., Gutterman, D., Siegel, S., et al. (2019). Cannabidiol (CBD) reduces anxiety-related behavior in mice via an FMRP-independent mechanism. Pharmacol. Biochem. Behav. 181, 93–100. doi: 10.1016/j.pbb.2019.05.002

Zuardi, A. W., Rodrigues, N. P., Silva, A. L., Bernardo, S. A., Hallak, J. E. C., Guimarães, F. S., et al. (2017). Inverted U-shaped dose-response curve of the anxiolytic effect of cannabidiol during public speaking in real life. Front. Pharmacol. 8:259. doi: 10.3389/fphar.2017.00259


Conflict of Interest: BP is employed by Prelabs, LLC.

The remaining 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.

Copyright © 2021 Kaplan, Wagner, Reid, McGuinness, Arvila, Brooks, Stevenson, Jones, Risch, McGillis, Budinich, Gambell and Predovich. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnbeh-15-711639-t001.jpg
Condition Sex Acquisition day Mean latency to SEM
escape box (s)

Vehicle M 1 25.48 7.95
Vehicle M 2 27.47 9.17
Vehicle M 3 18.36 4.23
CBD M 1 42.61 7.41

CBD M 2 17.60 2.85
CBD M 3 16.77 2.49
Vehicle F 1 45.48 8.562
Vehicle F 2 48.46 12.37
Vehicle F 3 27.93 5.42
CBD F 1 26.42 4.53
CBD F 2 8.61 1.15
CBD F 3 8.56 1.86
Condition Sex Acquisition day Mean distance to SEM

escape box

Vehicle M 1 4.67 0.46
Vehicle M 2 3.74 0.31

Vehicle M 3 2.66 0.22
CBD M 1 5.24 0.80
CBD M 2 2.59 0.28
CBD M 3 2.28 0.27
Vehicle F 1 4.48 0.46
Vehicle F 2 3.85 QT
Vehicle F 3 2.63 0.29
CBD F 1 5:15 1.34
CBD F 2 2.65 0.51

CBD F 3 3.04 0.63
Condition Sex Acquisition day Mean number of SEM

errors

Vehicle M 1 7.79 2.28
Vehicle M 2 7.58 1.18
Vehicle M 3 6.67 1.98
CBD M 1 9.00 1.31

CBD M 2 6.88 1.36
CBD M 3 6.29 1.04
Vehicle F 1 10.00 1.33
Vehicle F 2 8.40 2.80
Vehicle F 3 7.80 1.80
CBD F 1 8.00 1.56
CBD F 2 3.20 0.87
CBD F 3 3.00 0.78





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cannabidiol Exposure During the Mouse Adolescent Period Is Without Harmful Behavioral Effects on Locomotor Activity, Anxiety, and Spatial Memory



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Drug Administration



		Behavioral Assessment



		Open Field



		Elevated Plus Maze (EPM)



		Barnes Maze



		Statistical Analysis







		RESULTS



		Acute CBD Administration Reduces Anxiety Within a Narrow Dose Window



		Developmental CBD Exposure Reduces Weight Gain in Female Mice Only



		Developmental CBD Exposure Does Not Impact Locomotor Activity or Anxiety



		Developmental CBD Exposure Hastens Learning of a Spatial Memory Task







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
, frontiers

in Behavioral Neuroscience

Cannabidiol Exposure During the
Mouse Adolescent Period Is Without
Harmful Behavioral Effects on
Locomotor Activity, Anxiety, and
Spatial Memory









OPS/images/logo.jpg
, frontiers )
in Behavioral Neuroscience





OPS/images/fnbeh-15-711639-g001.jpg
10 mg/kg CBD

5 mg/kg CBD

Closed arm

Vehicle

Open arm

10

1
Veh

P=.09

O © o o
d © ®

(s) ewny wue uadp

120,

Bii

10

CBD dose (mg/kg)

*
I
Veh

N O ®OYANOo
- «— O O O O O

swue paso|o:uado
ul Juads aw Jo oney

=

CBD dose (mg/kg)

O 9 © o o
0 O© <
azeuw Jo Jsjusd

= 8y} uljuads awi]

100 ,

Bi

10

10
CBD dose (mg/kg)

Veh

10
CBD dose (mg/kg)

Veh

0w o ©v o

=
Q) ~ ~ o
swJe pasojo:uado
Ojul saljus JO oljey

Biii





OPS/images/fnbeh-15-711639-g003.jpg
2 3

1

Veh CBD

=

o
Mm186420

1ob.4e)} ul sayod asoN
S novao

+ ® N «~ O
(w) 1964€) 01 ®OUE]SIq

o O

"nw
(w) 106.€) 0) BOUE)SI oS |
< ® N « ©O

.l (s) 106ue) 0} AousjeT
=

H

Training day

I

Ciii

Aiii

-
I hn

Veh CBD

3

<~

T

Veh CBD

Aii

I

2
Training day
CBD

e
-
e —

Vehicle

O O O O O
LT MmN - O

= (5) 19618} 0} fouBlET





OPS/images/fnbeh-15-711639-g002.jpg
Veh CBD

[

o 0 o u o
o < ™ -

._(s) awn wie uadp
&

" Veh CBD

0.30
0.25
0.20
0.15
0.10
0.05

0

swJe pasojo:uado
ul Juads awn Jo oney

&)

|
w
|
|
Closed arm _

/|
{
3

Vehicle

Open arm

O 0O 000 OO o
O O T O AN «— ©

===

I=
Q
n O
© £
©
g § o
T
o ©vw o W»
(o] < o™ ~— o
(s) @zew o Jayusd ul swij
2
(&)
c
@]
n O
© £
©
i)
T
B ¥ ™ N = o
o o o o o
swie pasoo:uado
01Ul SaLIUD JO oney
2
a
[aa]
|
.
a
[an]
&)
e
()
>

Qf g o IV LoworNoO

(w) psjanesy aouelsiq  (S) Jeuso ayj ut swi]  (s/wo) paads Buinoly






