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This study evaluated the effects of cannabidiol (CBD) and/or sertraline (STR) on behavioral and gene expression alterations induced by a new chronic animal model of post-traumatic stress disorder (PTSD). C57BL/6J male mice were repeatedly exposed to physical and psychogenic alternate stressful stimuli. Fear-related memory and anxiety-like behaviors were evaluated. The effects of the administration of CBD (20 mg/kg, i.p.) and/or STR (10 mg/kg, p.o.) were analyzed on behavioral and gene expression changes induced by the model of PTSD. Gene expression alterations of targets related with stress regulation, endocannabinoid and serotonergic systems were analyzed by real-time PCR. The results revealed an increased and long-lasting fear-related memory and anxiety-like behaviors in mice exposed to the animal model of PTSD. Treatment with CBD improved these behaviors in PTSD animals, effects that were significantly potentiated when combined with STR. Gene expression analyses revealed a long-term increase of corticotropin releasing factor (Crf) that was significantly normalized with the combination CBD plus STR. Cannabinoid receptors (Cnr1 and Cnr2) were up regulated in PTSD mice whereas the serotonin transporter (Slc6a4) was reduced. Interestingly, CBD and STR alone or combined induced a significant and marked increase of Slc6a4 gene expression. These results point out the cooperative action of the combination CBD plus STR to enhance fear extinction and reduce anxiety-like behaviors, normalizing gene expression alterations in this animal model of PTSD and suggesting that the combination of CBD with STR deserves to be further explored for the treatment of patients with PTSD.
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INTRODUCTION
Post-traumatic stress disorder (PTSD) is a disabling mental condition caused by the exposure to frightening or threatening life events (APA, 2013). Around a 70% of worldwide population experience one or more traumatic events in any moment of their lives, whereas 10–15% develop PTSD. Type, severity and number of traumatic events, associated with individual susceptibility or the stage of life in which the trauma occurs influences the likelihood of developing PTSD (Kessler et al., 2017).
It remains essential to identify new therapeutic targets that may improve PTSD treatment. From a translational point of view, it is crucial to identify animal models to recapitulate PTSD-related clinical traits by the exposure to different kind of stressors, mainly psychogenic (e.g., predator threat), physic (e.g., electric shock), and psychosocial (e.g., disturbances in housing conditions). However, it is unlikely that a single animal model will reproduce the complexity of the human disorder only mimicking core aspects of human PTSD such as fear dysregulation and increased anxiety-like behavior.
There is a broad range of multi-disciplinary experimental approaches to induce a PTSD-like syndrome (Daskalakis et al., 2013; Singewald and Holmes, 2019; Zhang et al., 2019). However, there is a need of chronic animal models of PTSD to induce intense and long-lasting (several weeks) emotional disturbances. These prolonged alterations will simulate more closely the time course of PTSD-related behavioral and neurochemical changes and, therefore, would permit to study the effects of chronic pharmacological treatments (3–5 weeks).
Currently approved medications for the treatment of PTSD are the selective serotonin reuptake inhibitors (SSRIs) paroxetine and sertraline (STR). These drugs present important limitations regarding the response rate that rarely exceeds 60%, and only 30% corresponds to complete remission (Berger et al., 2009). In addition, the available treatments present relevant side effects that may limit tolerance or even decrease therapeutic adherence (Shin et al., 2014). Therefore, there is an increasing need to develop new pharmacological strategies to improve the complex management of PTSD symptomatology. Interestingly, recent research advances revealed the pivotal role of the endocannabinoid system in the regulation of fear memory and emotional behavior in PTSD (Berardi et al., 2016). In this sense, cannabidiol (CBD) has attracted growing attention due to its lack of abuse potential (Viudez-Martinez et al., 2019), its multimodal mechanism of action (Elsaid and Le Foll, 2019) and especially its effects on the regulation of fear-related memories (Song et al., 2016). Indeed, several animal studies showed that CBD facilitates extinction, decreases retrieval or acquisition, and blocks reconsolidation of contextual fear memory evaluated in a fear conditioning (FC) paradigm (Bitencourt and Takahashi, 2018). Furthermore, human studies also suggested the therapeutic potential of CBD for the treatment of PTSD symptoms related with fear extinction, anxiety and sleep disturbances (Das et al., 2013; Shannon and Opila-Lehman, 2016; Elms et al., 2019). However, no previous studies have evaluated the effects of chronic CBD administration, alone or in combination with STR, on the behavioral and neurochemical impairments produced by an animal model of PTSD.
Therefore, the main goals of this study were: 1) to characterize and validate a long-lasting animal model of PTSD by exposing C57BL/6J adolescent mice to alternating and unpredictable psychogenic (fox urine), physic (electric shock, movement restriction) and psychosocial stressors (wet bedding, tilted cage, food deprivation) during a 5-weeks period, including two intermediate resting weeks to add a pivotal re-exposure factor for modeling PTSD, and 2) to evaluate the effects of repeated administration of CBD, STR, and CBD plus STR combination on behavioral and neurochemical alterations induced by this animal model of PTSD. Fear-related memory and anxiety-like behaviors were evaluated by the FC paradigm, and by the novelty suppressed feeding test (NSFT), light-dark box (LDB) and elevated plus maze (EPM) tests, respectively. In addition, real-time quantitative polymerase chain reaction (qPCR) experiments were carried out to evaluate specific changes in the gene expression of targets involved in stress response [hypothalamus-pituitary-adrenal (HPA) axis] and pharmacological actions of CBD [cannabinoid receptors 1 (CB1r) and 2 (CB2r)], and STR [5-hydroxytryptamine transporter (5HTT)].
MATERIALS AND METHODS
Animals
A total of 94 C57BL/6J male 4-weeks old mice were purchased from Charles River laboratories (Lille, France). Mice, weighed 20–25 g, housed in groups of five per cage (40 × 25 × 22 cm) under controlled environmental conditions (temperature, 23 ± 2°C; relative humidity, 60 ± 10%, and 12 h light/dark cycle, lights on from 08:00 to 20:00 h), in an enriched environment with nesting material and ad libitum access to food (Teklad global 18% protein diet, Ref. 2014S, Envigo, Barcelona, Spain), and water except during behavioral evaluation. Experimental procedures were carried out in the animal facilities of Miguel Hernandez University located in San Juan de Alicante (Alicante. Spain). Behavioral evaluation was initiated during the adolescent period of mice (4 weeks old), after one-week acclimatization period to the animal housing room. Experiments were performed during the light cycle (from 16:00 to 18:00 h) placing home cages in the operant-task room 1 h before to start. All experimental procedures complied with the Spanish Royal Decree 53/2013, the Spanish Law 32/2007 and the European Union Directive of the 22nd of September 2010 (2010/63/UE) regulating the care of experimental animals and were approved by the Ethics Committee of Miguel Hernandez University. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015).
Drugs
CBD was obtained from STI Pharmaceuticals (Essex, United Kingdom) and was dissolved in ethanol:cremophor:saline (1:1:18) to obtain the required dose of 20 mg/kg for its intraperitoneal administration (i.p.). STR was purchased from Pfizer laboratories (Madrid, Spain) and was dissolved in water to obtain the required dose of 10 mg/kg for its oral administration (p.o.). CBD and STR were freshly prepared every day immediately before its administration at a final volume of 10 ml/kg. Once-daily administration of CBD, STR, CBD plus STR or the corresponding vehicles (from 15:00 to 17:00 h) was carried out between weeks 11 and 14 of the model. A latency time of 90 (CBD) and/or 60 (STR) minutes was left before any behavioral evaluation according to previously published pharmacokinetics data (Deiana et al., 2012; Melis et al., 2012). Drug doses were selected according to prior literature (Wang et al., 2006; Blessing et al., 2015) and to preliminary results obtained with CBD in our laboratory (data not shown).
Animal Model of Post-Traumatic Stress Disorder
The animal model of PTSD was induced by exposing mice to the following stressful stimuli at different time point for 5 weeks: 1) Fox urine: a perforated plastic tube (50 ml) containing a gauze impregnated in fox urine (Code blue, Fox Urine Cover Scent, Ref. OA1105, 3 ml) or saline (control mice) was placed in the central zone of each cage for 15 min, 2) Unescapable electric shock: animals were placed inside a 50 × 25 × 25 cm acrylic box with a floor consisting of a grid of parallel stainless steel bars (1 mm in diameter and 1 cm apart). Thirty seconds after animals were introduced in the box, they received a 1 mA scrambling shock or not (control mice) during 10 s, with an additional resting time of 20 s, 3) movement restriction: animals were introduced in perforated plastic falcon tubes (50 ml) for 15 min, or were left undisturbed in the home cage (control mice), 4) tilted cage: during dark cycle, home cages were tilted 30° for 12–14 h or not (control mice), 5) wet bedding: during dark cycle, mice were exposed to a cage with wet sawdust bedding for 12–14 h, or were left undisturbed (control mice); and 6) food restriction: during dark cycle, mice were food deprived for 12–14 h, or were left undisturbed (control mice).
Stressful stimuli were applied alternating 3 weeks of exposure (weeks 1, 3, and 5) with two intermediate weeks of resting (weeks 2 and 4), to avoid habituation and to add elements of unpredictability and re-exposure to the stressor. Importantly, the intensity of stress exposure was increased by adding new stressful stimuli from week to week as displayed in the Figure 1. Overall, these experimental aspects are especially relevant to induce long-lasting behavioral and neurochemical alterations in an animal model of PTSD.
[image: Figure 1]FIGURE 1 | Timeline diagram of the experimental procedure used for the development of the animal model of post-traumatic stress disorder (PTSD) (weeks 1–5) to evaluate PTSD-induced behavioral and neurobiological alterations under basal conditions (weeks 6 and 7), and to analyze the pharmacological actions of cannabidiol (CBD, 20 mg/kg, i.p.) and/or sertraline (STR, 10 mg/kg, p.o.) on long-lasting PTSD disturbances (weeks 11–14). FC: Fear Conditioning, NSFT: Novelty Suppressed Feeding Test, LDB: Light-Dark Box, EPM: Elevated Plus Maze.
Experimental Design
Procedure 1: Evaluation of Basal Behavioral and Neurobiological Alterations Induced by the Animal Model of Post-Traumatic Stress Disorder
This experimental phase was intended to evaluate basal behavioral and neurobiological disturbances induced by the animal model of PTSD (Figure 1). For that purpose, a total of 16 mice were used in this experiment, eight exposed to the animal model of PTSD and eight non-exposed. Fear-related memory and anxiety-like behavior were evaluated at weeks 6 and 7 by the fear conditioning (FC), the acoustic startle response (ASR), and the novelty-suppressed feeding test (NSFT) paradigms. Immediately after the last behavioral evaluation by NSFT mice were killed by cervical dislocation and brain and hair samples were obtained. Brain samples were used for relative gene expression analyses of targets of interest. Hair samples were used for hair accumulated corticosterone quantification as a peripheral biomarker of long-term HPA axis activity. All the behavioral paradigms of this procedure were made under blind conditions.
Procedure 2: Evaluation of the Effects of Cannabidiol and/or Sertraline Administration on Long-Lasting Behavioral and Gene Expression Alterations Induced by the Animal Model of Post-Traumatic Stress Disorder
This experimental phase evaluates the effects of CBD and/or STR administration on long-lasting behavioral and gene expression alterations induced by the animal model of PTSD (Figure 1). A total of 78 mice were used, 39 exposed to the animal model of PTSD and 39 non-exposed. After the model induction period and the subsequent basal behavioral evaluations at weeks 6 (FC) and 7 (NSFT), mice were left undisturbed for 3 weeks. After this period, mice were randomly assigned to different treatment groups where CBD and/or STR effects on fear-related memory (weeks 11 and 14) and anxiety-like behavior (weeks 12 and 13) were analyzed. The first administration of CBD and/or STR was carried out 60 and/or 90 min before the FC at week 11, respectively, to evaluate the acute pharmacological effects. Subsequently, both drugs were administered once daily until week 14, evaluating its sub-chronic and chronic effects on different behavioral tests. CBD and/or STR actions on anxiety-like behavior were analyzed by the light-dark box (LDB; week 12) and the elevated plus maze (EPM; week 13) paradigms. At the end of the behavioral evaluation phase, mice were killed by cervical dislocation immediately after the last behavioral test (FC at week 14) and brain samples were removed. These samples were used to analyze relative gene expression of several targets of interest. All the behavioral paradigms of this procedure (FC, NSFT, LDB, and EPM) were made under blind conditions (for more detail see Supplementary Material).
Behavioral Analyses
Fear Conditioning Paradigm
Fear memory retention was evaluated using Pavlovian contextual fear conditioning protocol as described elsewhere (LeDoux, 2000). Briefly, in this behavioral paradigm mice were re-exposed to the same cage where they received electric shocks during the induction of the model of PTSD (or not in the case of control animals), without applying any shock in this evaluation phase. For a total of 5 min, freezing behavior was evaluated as the time of total absence of movements except those necessary to breathe.
Acoustic Startle Response
A previously described protocol was used to evaluate acoustic startle response of mice exposed to the animal model of PTSD and controls. Briefly, mice were placed in soundproof chambers equipped with loudspeakers controlled by STARTLE software (Panlab, Barcelona, Spain) (Ortega-Alvaro et al., 2011). Mice movement inside a Plexiglas cylinder was measured by a piezoelectric accelerometer and converted into a digital signal. Mice were acclimatized three days prior to test sessions by placing them each day in the apparatus for 5 min without background noise. The day of the evaluation, mice were exposed to 10 trials of 120 dB (40 ms, 8,000 Hz) acoustic startle stimulus applied every 44 s, recording the maximum of startle amplitude during a 100 ms sampling window.
Novelty Suppressed Feeding Test
This behavioral test measures anxiety-induced hyponeophagia as the inhibition of food ingestion or approach to food in an anxiety-provoking environment (Bodnoff et al., 1988; Garcia-Gutierrez et al., 2010). After 24 h of food deprivation, mice were placed in a transparent square cage (40 × 40 × 50 cm) with a single pellet of food left on a white paper platform in the center of the cage. The latency time before the mouse started to eat was recorded up to a threshold period of 5 min. Once the mice started to eat, the total amount of food pellet consumption was measured during an additional 5-minutes time.
Light-Dark Box
Anxiety-like behavior was evaluated by the widely accepted LDB paradigm (Crawley and Goodwin, 1980; Garcia-Gutierrez et al., 2018). LDB was carried out in an apparatus with two methacrylate compartments (20 × 20 × 15 cm), one transparent and the other black and opaque, separated by an opaque tunnel (4 cm). Light compartment is illuminated with a lamp (60 W) that is placed 25 cm above it. At the beginning of the 5-min session, mice were placed in the light box facing the tunnel. The total time spent in the light box and the number of transitions between boxes were recorded. A mouse whose four paws were inside the new box was considered as having changed boxes.
Elevated Plus Maze
Another commonly used method for evaluating anxiety-like behavior in mice is the EPM (Lister, 1987; Garcia-Gutierrez et al., 2018). The apparatus consists of four arms (two open and two enclosed), that form a plus shape at 50 cm above the floor. The junction of the four arms is a central square platform (5 × 5 cm). At the beginning of the test, mice were placed in the central square, facing one of the enclosed arms. During a period of 5 min, the total time spent in the open arms (calculated as a percentage) and the number of transitions between open and enclosed arms were recorded. Animal arm entry was considered as the entry of its four paws into the arm.
Gene Expression Studies by Real Time PCR
Relative gene expression of corticotropin releasing factor (Crf) in the paraventricular nucleus (PVN), proopiomelanocortin (Pomc) in the arcuate nucleus (ARC), glucocorticoid receptor (GCr) in the hippocampus (HIPP), Cnr1, and Cnr2 in the amygdala (AMY), and Slc6a4 in the dorsal raphe nucleus (DR) were analyzed on brain samples obtained in Procedure 1 (week 7) and Procedure 2 (week 14). Briefly, mice were killed at the end of the experimental procedures by cervical dislocation and brains were removed from the skull and frozen at −80°C. Brain sections were cut (500 μm) in a cryostat (−10°C) containing the regions of interest according to Paxinos and Franklin atlas (Paxinos and Franklin, 2001), mounted in the slides and stored at −80°C. Sections were microdissected following the method described by Palkovits and previously performed by our group (Palkovits, 1983; Navarrete et al., 2012). Total RNA was extracted from brain micropunches with TRI Reagent extraction reagent (Applied Biosystem, Madrid, Spain) and reverse transcription was carried out (Applied Biosystem, Madrid, Spain). Quantitative analyses of the relative expression of Crf (Mm01293920_s1), Pomc (Mm00435874_m1), GCr (Mm00433832_m1), Cnr1 (Mm00432621_s1), Cnr2 (Mm00438286_m1), and Slc6a4 (Mm0043939_m1) genes was performed on the StepOne Sequence Detector System (Applied Biosystems, Madrid, Spain). All the reagents used in the study were obtained from Life Technologies, and the manufacturer’s protocols were followed. The reference gene used was 18S rRNA (Mm03928990_g1). Data for each target gene were normalized to the endogenous reference gene, and the fold change in target gene expression was determined using the 2-ΔΔCt method (Livak and Schmittgen, 2001).
Hair Corticosterone Analysis
After cervical dislocation at week 7 (Procedure 1), mice hair of the dorsal zone was shaved using an electric razor. Hair samples were stored in 1.5 ml polypropylene tubes at -20°C. Extraction and analysis of corticosterone concentration were performed according to a previously described protocol (Erickson et al., 2017). Briefly, hair samples were washed with methanol (5 ml) twice rotating for 3 min. After methanol decantation, samples were placed on aluminum foil and dried in a protected hood for 3 days. Dried samples were weighed and transferred to 2 ml polypropylene tubes containing stainless steel grinding beads (2.8 mm Stainless Steel Grinding Balls Pre-Filled Tubes, OPS Diagnostics, Lebanon, NJ) that were placed in a bead beater (Mixermill MM300, Miguel Hernandez University, Alicante, Spain) to produce a powder. Powdered hair samples were incubated with 1.5 ml of methanol for 24 h on slow rotation to extract steroids. Tubes were centrifuged and steroid-containing supernatants were dried in a protected hood for 2–3 days to evaporate methanol. Dry extracts were analysed by a commercial competitive enzyme-linked immunosorbent assay (ELISA) kit (EIACOR, Invitrogen, Spain) following manufacturer instructions.
Statistical Analyses
Statistical analyses were performed using Student’s t-test for comparing two groups, and two-way analysis of variance (ANOVA) followed by the Student–Newman–Keuls post-hoc test for comparing four groups affected by two variables (treatment with CBD or STR). Differences were considered significant if the probability of error was less than 5%. SigmaPlot 11 software (Systat software Inc., Chicago, IL, United States) was used for all statistical analyses.
RESULTS
Procedure 1: Evaluation of Basal Behavioral and Neurobiological Alterations Induced by the Animal Model of Post-Traumatic Stress Disorder
Behavioral evaluation. Mice exposed to the new animal model of PTSD showed a significant increased freezing time in the FC (Figure 2A, Student’s t-test, t = −13.738, p < 0.001, 14 d.f.), enhanced startle response in the ASR (Figure 2B, Student’s t-test, t = −3.002, p < 0.01, 14 d.f.), and increased latency time (Figure 2B, Student’s t-test, t = −6.824, p < 0.001, 14 d.f.) with decreased food consumption (Figure 2C, Student’s t-test, t = 2.202, p < 0.05, 14 d.f.) in the NSFT, in comparison with control mice. According to these basal behavioral results, mice were randomly assigned to four experimental groups to be treated with CBD and/or STR or its corresponding vehicle in Procedure 2 (for more detail about mice assignment see Supplementary Figure S1).
[image: Figure 2]FIGURE 2 | Evaluation of the basal behavioral disturbances induced by the animal model of PTSD at weeks 6 and 7. Analysis of the freezing time (s) by the fear conditioning (FC) paradigm (A), the startle amplitude (B) by the acoustic startle response (ASR), and of the latency time (C) and food pellets consumption (D) by the novelty suppressed feeding test (NSFT). Columns represent the mean and vertical lines ± SEM. *, Values from PTSD-like mice that are significantly different from control mice (Student’s t-test, p < 0.001). Mice exposed to the PTSD-like model: N = 8; control mice: N = 8.
Gene expression analyses. Statistical analyses indicated increased Crf (Figure 3A, Student’s t-test, t = −9.349, p < 0.001, 14 d.f.) and Pomc (Figure 3B, Student’s t-test, t = −5.565, p < 0.001, 14 d.f.) relative gene expression levels in the PVN and ARC, respectively, and decreased gene expression of GCr (Figure 3C, Student’s t-test, t = 5.734, p < 0.001, 14 d.f.) in the HIPP of PTSD-like mice compared with control mice. These changes were accompanied by an increased corticosterone concentration in mice hair compared with controls (Figure 3D, Student’s t-test, t = −3.943, p < 0.01, 14 d.f.).
[image: Figure 3]FIGURE 3 | Relative gene expression analyses of corticotropin releasing factor (Crf) in the paraventricular nucleus (PVN) (A), proopiomelanocortin (Pomc) in the arcuate nucleus (ARC) (B), and glucocorticoid receptor (GCr) in the hippocampus (HIPP) (C) by real time PCR. Quantification of hair corticosterone (pg/mg) (D) by Enzyme-Linked ImmunoSorbent Assay (ELISA). Columns represent the mean and vertical lines ± SEM of 2-∆∆C. *, Values from PTSD-like mice that are significantly different from control mice (Student’s t-test, p < 0.001). Mice exposed to the PTSD-like model: N = 8; control mice: N = 8. (E,F) Representative images from Paxinos and Franklin’s mouse brain atlas including the selected coronal sections to microdissect the regions of interest.
In addition, mice exposed to the animal model of PTSD showed reduced Cnr1 (Figure 4A, Student’s t-test, t = 5.647, p < 0.001, 14 d.f.) and increased Cnr2 (Figure 4B, Student’s t-test, t = −3.604, p = 0.003, 14 d.f.) gene expression in the AMY, as well as enhanced gene expression of Slc6a4 (Figure 4C, Student’s t-test, t = −3.337, p = 0.005, 14 d.f.) in the DR compared with non-exposed mice.
[image: Figure 4]FIGURE 4 | Relative gene expression analyses of cannabinoid receptors 1 (Cnr1) (A) and 2 (Cnr2) (B) in the amygdala (AMY), and serotonin transporter (Slc6a4) in the dorsal raphe nucleus (DR) (C) by real time PCR. Columns represent the mean and vertical lines ± SEM of 2−∆∆C. *, Values from PTSD-like mice that are significantly different from control mice (Student’s t-test, p < 0.001). Mice exposed to the PTSD-like model: N = 8; control mice: N = 8. (D,E) Representative images from Paxinos and Franklin’s mouse brain atlas including the selected coronal sections to microdissect the regions of interest.
Procedure 2: Evaluation of the Effects of Cannabidiol and/or Sertraline on Long-Lasting Behavioral and Gene Expression Alterations Induced by the Animal Model of Post-Traumatic Stress Disorder
Effects of Cannabidiol and/or Sertraline on Fear-Related Memory and Anxiety-Like Behavior Disturbances Induced by the Animal Model of Post-Traumatic Stress Disorder
Fear conditioning paradigm. Statistical analyses revealed a higher mean freezing time in PTSD-like mice compared with control mice at week 11 (Figure 5A, Student’s t-test, t = −14.178, p < 0.001, 18 d.f.) and week 14 (Figure 5D, Student’s t-test, t = −21.269, p < 0.001, 18 d.f.). Within control group, no significant differences were observed between CBD plus STR-treated animals compared to CBD and STR-treated mice at week 11 (Figure 5B, Two-way ANOVA, CBD: F(1,37) = 4.794, p < 0.05; STR: F(1,37) = 4.712, p < 0.05; CBD x STR: F(1,37) = 1.140, p = 0.293), and at week 14 (Figure 5E, Two-way ANOVA, CBD: F(1,37) = 0.006, p = 0.940; STR: F(1,37) = 0.201, p = 0.657; CBD x STR: F(1,37) = 0.456, p = 0.504). In PTSD-like mice, CBD and STR treatments significantly reduced the freezing time at week 11 (acute treatment), reaching a more pronounced reduction at week 14 (repeated treatment). Interestingly, pharmacological combination of CBD plus STR, compared with CBD or STR alone, achieved a superior effect in the reduction of the freezing time in mice exposed to the PTSD model (without reaching statistical significance) at week 11 (Figure 5C, Two-way ANOVA, CBD: F(1,38) = 24.661, p < 0.001; STR: F(1,38) = 19.226, p < 0.001; CBD x STR: F(1,38) = 1.488, p = 0.231) and at week 14 (Figure 5F, Two-way ANOVA, CBD: F(1,38) = 76.676, p < 0.001; STR: F(1,38) = 86.029, p < 0.001; CBD x STR: F(1,38) = 0.0823, p = 0.776).
[image: Figure 5]FIGURE 5 | Evaluation of fear-related memory at weeks 11 and 14. Analysis of the freezing time (s) by the fear conditioning paradigm between control and PTSD-like VEH-treated mice at week 11 (A) and week 14 (D). Effects of acute (week 11) and chronic (week 14) administration of CBD (20 mg/kg, i.p.) and/or STR (10 mg/kg, p.o.), or its corresponding VEH, on the freezing time (s) of control mice (B, E) and PTSD-like mice (C,F). Columns represent the means and vertical lines ± SEM. *, Values from PTSD-like VEH-treated mice that are significantly different from control VEH-treated mice (Student’s t-test, p < 0.001). #, Values from CBD- or STR-treated groups that are significantly different from VEH-treated mice (Two-way ANOVA, p < 0.05). and, Values from CBD plus STR-treated mice that significantly different from CBD- and STR-treated control (Two-way ANOVA, p < 0.05) and PTSD-like mice (Two-way ANOVA, p < 0.001). Mice exposed to the PTSD-like model: N(VEH) = 10, N(CBD) = 10, N(STR) = 9, N(CBD plus STR) = 10; control mice: N(VEH) = 10, N(CBD) = 9, N(STR) = 9, N(CBD plus STR) = 10.
Light-dark box. PTSD-like mice spent less time in the lighted box (Figure 6A, Student’s t-test, t = 4.190, p < 0.001, 18 d.f.) than control mice. Additionally, the number of transitions was reduced in PTSD-like mice compared with control mice (Figure 6D, Student’s t-test, t = 2.535, p < 0.05, 18 d.f.). Within control mice group, only CBD treatment significantly increased the time spent in the lighted box (Figure 6B, Two-way ANOVA, CBD: F(1,37) = 16.739, p < 0.001; STR: F(1,37) = 1.400, p = 0.245; CBD x STR: F(1,37) = 0.508, p = 0.481). Within PTSD-like mice, both CBD and STR treatment increased the time spent in the lighted box. Interestingly, CBD plus STR combination increased the time of permanence in the lighted box compared with CBD or STR alone, without reaching statistical significance (Figure 6C, Two-way ANOVA, CBD: F(1,38) = 16.271, p < 0.001; STR: F(1,38) = 22.939, p < 0.001; CBD x STR: F(1,38) = 1.394, p = 0.246). STR treatment increased the number of transitions in both control and PTSD-like mice (Figure 6E, Two-way ANOVA, CBD: F(1,37) = 0.593, p = 0.446; STR: F(1,37) = 9.272, p < 0.01; CBD x STR: F(1,37) = 0.212, p = 0.648; and Figure 6F, Two-way ANOVA, CBD: F(1,38) = 0.774, p = 0.385; STR: F(1,38) = 30.088, p < 0.001; CBD x STR: F(1,38) = 0.00452, p = 0.947).
[image: Figure 6]FIGURE 6 | Evaluation of anxiety-like behavior by the light-dark box (LDB) paradigm at week 12. Comparative analysis between control and PTSD-like VEH-treated mice of the time spent in the lighted box (s) (A) and the number of transitions (D). Effects of CBD (20 mg/kg, i.p.) and/or STR (10 mg/kg, p.o.) administration, or its corresponding VEH, on the time spent in the lighted box (s) (B,C) and the number of transitions (E,F) of control and PTSD-like mice. Columns represent the mean and vertical lines ± SEM. *, Values from PTSD-like VEH-treated mice that are significantly different from control VEH-treated mice (Student’s t-test, p < 0.001). #, Values from CBD- or STR-treated groups that are significantly different from VEH-treated mice (Two-way ANOVA, p < 0.001). and, Values from CBD plus STR-treated mice that are significantly different from CBD- and STR-treated mice (Two-way ANOVA, p < 0.001). Mice exposed to the PTSD-like model: N(VEH) = 10, N(CBD) = 10, N(STR) = 9, N(CBD plus STR) = 10; control mice: N(VEH) = 10, N(CBD) = 9, N(STR) = 9, N(CBD plus STR) = 10.
Elevated plus maze. PTSD-like mice spent less time in the open arms than control mice (Figure 7A, Student’s t-test, t = 2.962, p < 0.01, 18 d.f.), and no differences were observed in the number of transitions between opened and closed arms (Figure 7D, Student’s t-test, t = 0.750, p = 0.463, 18 d.f.). Within control mice no differences were observed in the time spent in open arms (Figure 6B, Two-way ANOVA, CBD: F(1,37) = 1.564, p = 0.220; STR: F(1,37) = 0.584, p = 0.450; CBD x STR: F(1,37) = 1.202, p = 0.281). However, within PTSD-like mice, CBD or STR treatment significantly increased the time spent in the open arms, effect that was more pronounced with the CBD plus STR combination without reaching statistical significance (Figure 7C, Two-way ANOVA, CBD: F(1,38) = 41.191, p < 0.001; STR: F(1,38) = 18.328, p < 0.001; CBD x STR: F(1,38) = 0.008, p = 0.927). STR treatment increased the number of transitions in control mice (Figure 7E, Two-way ANOVA, CBD: F(1,37) = 0.923, p = 0.343; STR: F(1,37) = 10.553, p < 0.01; CBD x STR: F(1,37) = 0.0317, p = 0.860) and in PTSD-like mice (Figure 7F, Two-way ANOVA, CBD: F(1,38) = 0.000317, p = 0.986; STR: F(1,38) = 4.869, p < 0.05; CBD x STR: F(1,38) = 0.0203, p = 0.888).
[image: Figure 7]FIGURE 7 | Evaluation of anxiety-like behavior by the elevated plus maze (EPM) paradigm at week 13. Comparative analysis between control and PTSD-like VEH-treated mice of the time spent in the open arms (s) (A) and the number of transitions (D). Effects of CBD (20 mg/kg, i.p.) and/or STR (10 mg/kg, p.o.) administration, or its corresponding VEH, on the time spent in the open arms (s) (B,C) and the number of transitions (E,F) of control and PTSD-like mice. Columns represent the mean and vertical lines ± SEM. *, Values from PTSD-like VEH-treated mice that are significantly different from control VEH-treated mice (Student’s t-test, p < 0.001). #, Values from CBD- or STR-treated groups that are significantly different from VEH-treated mice (Two-way ANOVA, p < 0.001). and, Values from CBD plus STR-treated mice that are significantly different from CBD- and STR-treated mice (Two-way ANOVA, p < 0.001). Mice exposed to the PTSD-like model: N(VEH) = 10, N(CBD) = 10, N(STR) = 9, N(CBD plus STR) = 10; control mice: N(VEH) = 10, N(CBD) = 9, N(STR) = 9, N(CBD plus STR) = 10.
Effects of Cannabidiol and/or Sertraline on Relative Gene Expression Alterations Induced by the Animal Model of Post-Traumatic Stress Disorder
HPA axis. Crf gene expression increased in the PVN of PTSD-like mice compared with control mice (Figure 8A, Student’s t-test, t = −3.459, p < 0.01, 18 d.f.). Within the control group, STR treatment induced an upregulation in Crf gene expression (Figure 8B, Two-way ANOVA; CBD: F(1,37) = 0.861, p = 0.360; STR: F(1,37) = 6.702, p < 0.05; CBD x STR: F(1,37) = 0.0597, p = 0.808). In the PTSD-like mice group, Two-way ANOVA revealed that STR reduced the gene expression of Crf, achieving a more pronounced reduction when combined with CBD (Figure 8C, Two-way ANOVA, CBD: F(1,38) = 0.733, p = 0.398; STR: F(1,38) = 8.885, p < 0.01; CBD x STR: F(1,38) = 4.246, p < 0.05). In addition, PTSD-exposed mice also showed decreased gene expression of Pomc in the ARC compared with control mice (Figure 8D, Student’s t-test, t = 3.416, p < 0.01, 18 d.f.), but no differences were observed in both control (Figure 8E, Two-way ANOVA, CBD: F(1,38) = 0.561, p = 0.459; STR: F(1,38) = 0.158, p = 0.693; CBD x STR: F(1,38) = 2.859, p = 0.100) and PTSD-like mice (Figure 8F, Two-way ANOVA; CBD: F(1,37) = 0.0340, p = 0.855; STR: F(1,37) = 0.233, p = 0.632; CBD x STR: F(1,37) = 0.0370, p = 0.849) after CBD and/or STR administration. Finally, GCr gene expression in the HIPP increased in PTSD-like mice compared with controls (Figure 8G, Student’s t-test, t = −2.359, p < 0.05, 18 d.f.) and no differences were observed among the four groups of control treated mice (Figure 8H, Two-way ANOVA, CBD: F(1,37) = 1.621, p = 0.212; STR: F(1,37) = 0.00139, p = 0.970; CBD x STR: F(1,37) = 0.0626, p = 0.804). Within PTSD-like group, CBD decreased the GCr gene expression and STR increased it (Figure 8I, Two-way ANOVA, CBD: F(1,38) = 6.94, p < 0.05; STR: F(1,38) = 6.022, p < 0.05; CBD x STR: F(1,38) = 0.414, p = 0.524).
[image: Figure 8]FIGURE 8 | Relative gene expression analyses of Hypothalamus-Pituitary-Adrenal (HPA) axis markers by real time PCR at week 14. Comparative analysis between control and PTSD-like VEH-treated mice of the relative gene expression of corticotropin releasing factor (Crf) in the paraventricular nucleus (PVN) (A), proopiomelanocortin (Pomc) in the arcuate nucleus (ARC) (D), and glucocorticoid receptor (GCr) in the hippocampus (G). Effects of CBD (20 mg/kg, i.p.) and/or STR (10 mg/kg, p.o.) administration, or its corresponding VEH, on the relative gene expression of Crf in the PVN (B,C), Pomc in the ARC (E,F), and GCr in the HIPP (H,I) of control and PTSD-like mice. Columns represent the means and vertical lines ± SEM of 2-∆∆Ct. *, Values from PTSD-like mice that are significantly different from control mice (Student’s t-test, p < 0.05). #, Values from CBD- or STR-treated mice that are significantly different from VEH-treated mice (Two-way ANOVA, p < 0.05). and, Values from CBD plus STR-treated mice that are significantly different from CBD- and STR-treated mice (Two-way ANOVA, p < 0.05). Mice exposed to the PTSD-like model: N(VEH) = 10, N(CBD) = 9, N(STR) = 9, N(CBD plus STR) = 10; control mice: N(VEH) = 10, N(CBD) = 9, N(STR) = 9, N(CBD plus STR) = 10.
Cannabinoid receptors. Cnr1 gene expression was significantly increased in PTSD-like mice compared with controls (Figure 9A, Student’s t-test, t = −2.223, p < 0.05, 18 d.f.). Within control group, no differences were observed in the Cnr1 gene expression with drug administration (Figure 9B, Two-way ANOVA, CBD: F(1,37) = 1.421, p = 0.241; STR: F(1,37) = 0.319, p = 0.576; CBD x STR: F(1,37) = 0.105, p = 0.747). Nevertheless, CBD and its combination with STR increased the Cnr1 gene expression in PTSD-like mice (Figure 9C, Two-way ANOVA, CBD: F(1,39) = 18.716, p < 0.001; STR: F(1,39) = 0.583, p = 0.450; CBD x STR: F(1,39) = 9.955, p < 0.01). In addition, Cnr2 gene expression was significantly increased in PTSD-like mice (Figure 9D, Student’s t-test, t = −4.763, p < 0.001, 18 d.f.). In the control group, CBD or STR increased Cnr2 gene expression (Figure 9E, Two-way ANOVA, CBD: F(1,39) = 20.301, p < 0.001; STR: F(1,39) = 27.577, p < 0.001; CBD x STR: F(1,39) = 1.052, p = 0.312). In addition, in the PTSD-like group CBD treatment decreased while STR increased Cnr2 gene expression (Figure 9F, Two-way ANOVA, CBD: F(1,39) = 4.281, p < 0.05; STR: F(1,39) = 17.287, p < 0.001; CBD x STR: F(1,39) = 0.179, p = 0.675).
[image: Figure 9]FIGURE 9 | Relative gene expression analyses of cannabinoid receptor 1 (Cnr1) and 2 (Cnr2) in the amygdala (AMY) by real time PCR at week 14. Comparative analysis between control and PTSD-like vehicle (VEH)-treated mice of the relative gene expression of Cnr1(A) and Cnr2(D). Effects of CBD (20 mg/kg) and/or STR (10 mg/kg) administration, or its corresponding VEH, on the relative gene expression of Cnr1(B,C) and Cnr2(E,F) of control and PTSD-like mice. Columns represent the means and vertical lines ± SEM of 2-∆∆Ct. *, Values from PTSD-like mice that are significantly different from control mice (Student’s t-test, Cnr1: p < 0.05, Cnr2: p < 0.001). #, Values from CBD- or STR-treated mice that are significantly different from VEH-treated mice (Two-way ANOVA, p < 0.05). and, Values from CBD plus STR-treated mice that are significantly different from CBD- and STR-treated mice (Two-way ANOVA, p < 0.05). Mice exposed to the PTSD-like model: N(VEH) = 10, N(CBD) = 9, N(STR) = 9, N(CBD plus STR) = 10; control mice: N(VEH) = 10, N(CBD) = 9, N(STR) = 9, N(CBD plus STR) = 10.
Serotonin transporter. Slc6a4 gene expression was significantly decreased in PTSD-like mice (Figure 10A, Student’s t-test, t = 3.550, p < 0.01, 18 d.f.). Within control group, only CBD enhanced Slc6a4 gene expression (Figure 10B, Two-way ANOVA, CBD: F(1,39) = 25.440, p < 0.001; STR: F(1,39) = 0.0931, p = 0.762; CBD x STR: F(1,39) = 0.113, p = 0.739). Within PTSD-like mice, CBD or STR significantly increased Slc6a4 gene expression in comparison with VEH-treated group, and a similar effect was reached with CBD plus STR combination but without achieving statistical significance (Figure 10C, Two-way ANOVA, CBD: F(1,38) = 9.050, p < 0.01; STR: F(1,38) = 10.984, p < 0.01; CBD x STR: F(1,38) = 2.726, p = 0.108).
[image: Figure 10]FIGURE 10 | Relative gene expression analyses of serotonin transporter (Slc6a4) in the dorsal raphe nucleus (DR) by real time PCR at week 14. Comparative analysis between control and PTSD-like vehicle (VEH)-treated mice of the relative gene expression of Slc6a4(A) in the DR. Effects of CBD (20 mg/kg) and/or STR (10 mg/kg) administration, or its corresponding VEH, on the relative gene expression of Slc6a4 in the DR of control (B) and PTSD-like (C) mice. Columns represent the means and vertical lines ± SEM of 2-∆∆Ct. *, Values from PTSD-like mice that are significantly different from control mice (Student’s t-test, Slc6a4: p < 0.001). #, Values from CBD- or STR-treated mice that are significantly different from VEH-treated mice (Two-way ANOVA, p < 0.05). Mice exposed to the PTSD-like model: N(VEH) = 10, N(CBD) = 9, N(STR) = 9, N(CBD plus STR) = 10; control mice: N(VEH) = 10, N(CBD) = 9, N(STR) = 9, N(CBD plus STR) = 10.
DISCUSSION
The results of the present study reveal that the administration of CBD alone or in combination with STR significantly regulated the long-lasting behavioral and neurochemical disturbances in this animal model of PTSD. This statement is supported by the following observations: 1) Mice exposed to the animal model of PTSD showed a pronounced increase of fear-related memories, hyperarousal and anxiety-like behaviors together with gene expression alterations in the HPA-axis, Cnr1, Cnr2 and Slc6a4 genes, including higher hair accumulated corticosterone concentrations, 2) Exposure of mice to the animal model of PTSD produced a long-lasting enhancement of fear-related memories and anxiety-like behaviors, as well as gene expression changes in HPA-axis, Cnr1, Cnr2 and Slc6a4 genes, and 3) The administration of CBD (20 mg/kg, i.p.), STR (10 mg/kg, p.o.) and its combination significantly reduced fear-related memories, anxiety-like behaviors and long-term gene expression alterations of PTSD-like mice.
For improving the understanding of the pathophysiological hallmarks of PTSD, it is crucial the development of animal models to reproduce, at least in part, the intensity and the duration of PTSD symptoms. These are critical to identify therapeutic targets leading to safer and more effective pharmacological strategies. In the present study, a chronic animal model of PTSD was developed to induce intense and long-lasting emotional and brain gene expression disturbances. The development of the animal model of PTSD was carried out during mice adolescent period, being this fact critical to induce pronounced and long-lasting alterations related with the exposure to early traumatic experiences. Indeed, mice exposed to this model showed remarkable and enduring disturbances in fear extinction and anxiety-like behavior, that were notorious even 9 weeks after the end of the induction. In the FC, the small reduction of the freezing time observed at weeks 11 (1.38%) and 14 (20.18%) compared to the week 6 (baseline) highlights the fear extinction deficits in mice exposed to the animal model of PTSD. Therefore, it is worth to mention that the long-term PTSD-related impairments triggered by this model facilitate the simulation, at least in part, of chronic emotional disturbances in PTSD patients, and results ideal to evaluate the effects of chronic drug treatments (that usually require 3–5 weeks to result effective).
In the present study, 2-weeks after the end of the induction of the PTSD model, gene expression analyses revealed that Crf and Pomc were significantly increased in the PVN and ARC of PTSD animals, respectively. In addition, hair accumulated corticosterone was also elevated, confirming the maintained hyperactivity of the HPA axis during the PTSD model. Furthermore, GCr gene expression was downregulated in the HIPP. This effect may be related, at least in part, with the increase of corticosterone concentrations and the negative feed-back regulation. On week 14, we found a moderate increase of Crf gene expression in the PVN whereas Pomc gene expression was reduced in the ARC and GCr gene expression increased in the HIPP. It is tempting to hypothesize that a long-term reduction of HPA axis activity may underlie these alterations, in accordance with the clinical evidence pointing out that PTSD at advanced stages may be associated with hypocortisolism (Miller et al., 2007). However, future studies are needed to further characterize long-term disturbances in the regulation of the HPA axis.
The endogenous cannabinoid and serotonergic systems are strongly involved in the regulation of the emotional response. Mice exposed to the animal model showed reduced gene expression of Cnr1 in the AMY and enhanced gene expression of Cnr2 in the AMY and Slc6a4 in the DR, suggesting the involvement of these targets in the behavioral changes observed in PTSD-like mice under basal conditions (weeks 6 and 7). Interestingly, up-regulation of Cnr2 gene expression was maintained at week 14, whereas for Cnr1 and Slc6a4 an opposite effect was observed in the long-term.
Recently, some preclinical and clinical reports suggested the usefulness of CBD as a new alternative for the treatment of PTSD (Schier et al., 2012; Jurkus et al., 2016; Shannon and Opila-Lehman, 2016; Bitencourt and Takahashi, 2018; Crippa et al., 2018; Bonaccorso et al., 2019; Elms et al., 2019; Lisboa et al., 2019). Despite the available, although scarce, reports in rodents regarding the effects of CBD on fear extinction or anxiety-like behavior in animal models of PTSD (Campos et al., 2012; Shallcross et al., 2019), no previous studies evaluated the effects of the repeated administration of CBD, alone or in combination with STR, on long-term behavioral and neurochemical alterations produced by a chronic animal model of PTSD. The results demonstrate that CBD significantly attenuated freezing time under acute and chronic administration and produced an anxiolytic action on the LDB and EPM paradigms, effects that were similar to those produced by STR. Interestingly, the combination of CBD plus STR induced more pronounced effects, reducing the freezing time approximately by half, and producing a higher increase of the latency time in the lighted box or open arms. Therefore, these results provide novel and relevant information regarding the therapeutic potential of CBD but especially of CBD plus STR combination for attenuating trauma-related memories and anxiety-like behaviors in PTSD.
Real time PCR analyses revealed that the long-lasting increase of Crf in the PVN of PTSD-like animals was significantly normalized by CBD plus STR combination whereas no changes were observed in control mice. Furthermore, upregulation of GCr in the HIPP of PTSD-like mice was only normalized by CBD while no changes were observed in control animals. These results are related with previous reports by our group showing that low to moderate doses of CBD did not change Crf, Pomc and GCr gene expressions in non-stressed mice whereas an intermediate CBD dose (15 mg/kg) induced a normalization effect in mice exposed to acute restraint stress (Viudez-Martinez et al., 2018).
Furthermore, gene expression analyses of Cnr1 and Cnr2 in the AMY, and Slc6a4 in the DR were also performed as these targets are closely involved with the mechanisms of action of CBD and STR, respectively, and in PTSD-induced emotional alterations. Cnr1 relative gene expression was increased in the AMY of PTSD-like mice, and CBD, STR or its combination produced an up-regulation. It has been accepted that CBD act as an indirect agonist of CB1r by increasing anandamide (AEA) levels through the blockade of its degradation and its reuptake (Bisogno et al., 2001). In addition, in the last years some authors suggested that CBD could act also as a negative allosteric modulator of CB1r (Tham et al., 2019). On the other hand, CBD reduced the increased gene expression of Cnr2 in the AMY of PTSD animals presenting the opposite effect in control mice, especially in combination with STR. According to the idea that CBD is an inverse agonist or an antagonist at the CB2r (Thomas et al., 2007), it is plausible that the up regulation found in control animals may be related with this mechanism. Thus, significant differences in CBD-mediated regulation of Cnr2 between control and PTSD-like animals may depend on a differential modulation of the endocannabinoid system tone depending on the exposure or not to the animal model of PTSD.
Interestingly, CBD, STR or the combination of both drugs significantly upregulated Slc6a4 gene expression. In control mice, only CBD or CBD plus STR treatments significantly increased Slc6a4. The 1A serotonin receptor (5HT1A) is one of the main targets of the actions mediated by CBD (Campos et al., 2012), mainly due to 5HT1A receptor activation (Russo et al., 2005) or allosteric modulation. Interestingly, it has been recently reported that 5HT1A receptors are involved in the induction of cortical serotonin release by CBD treatment (Linge et al., 2016). Therefore, it is possible to hypothesize that CBD reduces serotonin concentrations in the DR by upregulation of Slc6a4 gene expression (Norris et al., 2016). Importantly, considering that CBD can interact with more than 65 different targets (Elsaid and Le Foll, 2019), additional studies are needed to further assess the underlying mechanisms involved in the effects of CBD on PTSD-related behavioral disturbances.
In conclusion, these results provide unequivocal evidence for the efficacy of CBD alone, and particularly in combination with STR, to significantly promote fear extinction and reduce anxiety-like behavior in animals exposed to an intense and long-lasting animal model of PTSD. Moreover, gene expression analyses also provide important clues regarding the short- and long-term neurobiological basis of this model of PTSD, and the mechanisms that could be underlying the pharmacological effects of CBD and STR. Some of the limitations that should be highlighted are the lack of female mice to evaluate gender-dependent effects, or the performance of a dose-response curve to have a more complete pharmacological profile of CBD and/or STR in this long-lasting animal model of PTSD. Future studies are warranted to explore the therapeutic potential of CBD for the treatment of PTSD, especially considering the increased effect when combined with STR.
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 Ethics Commettee of Miguel Hernandez University.
AUTHOR CONTRIBUTIONS
All named authors made an active contribution to the conception, design, performance and statistical analysis of the results. AG carried out the behavioral and real time-PCR analyses. AG and FN carried out ELISA immunohistochemical analyses and wrote the first draft of the manuscript. FN and JM critically reviewed the content, validated the accuracy of the data and approved the final version for publication.
FUNDING
This work was supported by “Instituto de Salud Carlos III” (RETICS, RD12/0028/0019 and RD16/0017/0014), “Plan Nacional Sobre Drogas” (PNSD, 2016I016 and 2019I012) and “Ministerio de Economía y Competitividad” (FIS, PI14/00438 and PI18/00576) to JM. We also acknowledge financial support from the Spanish Ministerio de Economía y Competitividad from the “Severo Ochoa” Programme for Centres of Excellence in R&D (SEV-2017-0723).
ACKNOWLEDGMENTS
The authors would like to thank the technical support provided by José Mulet in this study. The present work was partially presented in the following conference papers: Gasparyan et al. (2019a) and Gasparyan et al. (2019b).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.694510/full#supplementary-material
REFERENCES
 APA (2013). Diagnostic and Statistical Manual of Mental Disorders. 5th edn. Washington, D.C.: DSM-VAmerican Psychiatric Association.
 Berardi, A., Schelling, G., and Campolongo, P. (2016). The Endocannabinoid System and Post Traumatic Stress Disorder (PTSD): From Preclinical Findings to Innovative Therapeutic Approaches in Clinical Settings. Pharmacol. Res. 111, 668–678. doi:10.1016/j.phrs.2016.07.024 
 Berger, W., Mendlowicz, M. V., Marques-Portella, C., Kinrys, G., Fontenelle, L. F., Marmar, C. R., et al. (2009). Pharmacologic Alternatives to Antidepressants in Posttraumatic Stress Disorder: a Systematic Review. Prog. Neuro-Psychopharmacology Biol. Psychiatry 33, 169–180. doi:10.1016/j.pnpbp.2008.12.004
 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 
 Bitencourt, R. M., and Takahashi, R. N. (2018). Cannabidiol as a Therapeutic Alternative for Post-traumatic Stress Disorder: From Bench Research to Confirmation in Human Trials. Front. Neurosci. 12, 502. doi:10.3389/fnins.2018.00502 
 Blessing, E. M., Steenkamp, M. M., Manzanares, J., and Marmar, C. R. (2015). Cannabidiol as a Potential Treatment for Anxiety Disorders. Neurotherapeutics 12, 825–836. doi:10.1007/s13311-015-0387-1 
 Bodnoff, S. R., Suranyi-Cadotte, B., Aitken, D. H., Quirion, R., and Meaney, M. J. (1988). The Effects of Chronic Antidepressant Treatment in an Animal Model of Anxiety. Psychopharmacology (Berl) 95, 298–302. doi:10.1007/bf00181937 
 Bonaccorso, S., Ricciardi, A., Zangani, C., Chiappini, S., and Schifano, F. (2019). Cannabidiol (CBD) Use in Psychiatric Disorders: A Systematic Review. Neurotoxicology 74, 282–298. doi:10.1016/j.neuro.2019.08.002 
 Campos, A. C., Ferreira, F. R., and Guimarães, F. S. (2012). Cannabidiol Blocks Long-Lasting Behavioral Consequences of Predator Threat Stress: Possible Involvement of 5HT1A Receptors. J. Psychiatr. Res. 46, 1501–1510. doi:10.1016/j.jpsychires.2012.08.012 
 Crawley, J., and Goodwin, F. K. (1980). Preliminary Report of a Simple Animal Behavior Model for the Anxiolytic Effects of Benzodiazepines. Pharmacol. Biochem. Behav. 13, 167–170. doi:10.1016/0091-3057(80)90067-2 
 Crippa, J. A., Guimaraes, F. S., Campos, A. C., and Zuardi, A. W. (2018). Translational Investigation of the Therapeutic Potential of Cannabidiol (CBD): Toward a New Age. Front. Immunol. 9. doi:10.3389/fimmu.2018.020092009 
 Das, R. K., Kamboj, S. K., Ramadas, M., Yogan, K., Gupta, V., Redman, E., et al. (2013). Cannabidiol Enhances Consolidation of Explicit Fear Extinction in Humans. Psychopharmacology 226, 781–792. doi:10.1007/s00213-012-2955-y 
 Daskalakis, N. P., Yehuda, R., and Diamond, D. M. (2013). Animal Models in Translational Studies of PTSD. Psychoneuroendocrinology 38, 1895–1911. doi:10.1016/j.psyneuen.2013.06.006 
 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), Δ9-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 
 Elms, L., Shannon, S., Hughes, S., and Lewis, N. (2019). Cannabidiol in the Treatment of Post-Traumatic Stress Disorder: A Case Series. J. Altern. Complement. Med. 25, 392–397. doi:10.1089/acm.2018.0437 
 Elsaid, S., and Le Foll, B. (2019). The Complexity of Pharmacology of Cannabidiol (CBD) and its Implications in the Treatment of Brain Disorders. Neuropsychopharmacology . 45 (1), 229–230. doi:10.1038/s41386-019-0518-1 
 Erickson, R. L., Browne, C. A., and Lucki, I. (2017). Hair Corticosterone Measurement in Mouse Models of Type 1 and Type 2 Diabetes Mellitus. Physiol. Behav. 178, 166–171. doi:10.1016/j.physbeh.2017.01.018 
 García-Gutiérrez, M., Pérez-Ortiz, J., Gutiérrez-Adán, A., and Manzanares, J. (2010). Depression-resistant Endophenotype in Mice Overexpressing Cannabinoid CB2 Receptors. Br. J. Pharmacol. 160, 1773–1784. doi:10.1111/j.1476-5381.2010.00819.x 
 García-Gutiérrez, M. S., Navarrete, F., Laborda, J., and Manzanares, J. (2018). Deletion of Dlk1 Increases the Vulnerability to Developing Anxiety-like Behaviors and Ethanol Consumption in Mice. Biochem. Pharmacol. 158, 37–44. doi:10.1016/j.bcp.2018.09.029 
 Gasparyan, A., Manzanares, J., and Navarrete, F. (2019a). “Cannabidiol and Sertraline-Mediated Regulation of Behavioral and Neurochemical Disturbances Induced by a New Long-Lasting Animal Model of Post-Traumatic Stress Disorder,” in Abstract of the Neuroscience 2019 Congress,  (Chicago IL, USA, October 19–23, 2019). 
 Gasparyan, A., Navarrete, F., and Manzanares, J. (2019b). “Effects of Cannabidiol and Sertraline on Behavioral and Neurochemical Alterations Induced by a New Long-Lasting Animal Model of PTSD,” in European Neuropsychopharmacology, 2019, 29(6):S296. Special Issue: Abstracts of the 32nd ECNP Congress,  (Copenhagen, Denmark, September 7–10, 2019). 
 Jurkus, R., Day, H. L., Guimaraes, F. S., Lee, J. L., Bertoglio, L. J., and Stevenson, C. W. (2016). Cannabidiol Regulation of Learned Fear: Implications for Treating Anxiety-Related Disorders. Front. Pharmacol. 7, 454. doi:10.3389/fphar.2016.00454 
 Kessler, R. C., Aguilar-Gaxiola, S., Alonso, J., Benjet, C., Bromet, E. J., Cardoso, G., et al. (2017). Trauma and PTSD in the WHO World Mental Health Surveys. Eur. J. Psychotraumatology 8, 1353383. doi:10.1080/20008198.2017.1353383 
 Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M., and Altman, D. G. (2010). Improving Bioscience Research Reporting: the ARRIVE Guidelines for Reporting Animal Research. Plos Biol. 8, e1000412. doi:10.1371/journal.pbio.1000412 
 LeDoux, J. E. (2000). Emotion Circuits in the Brain. Annu. Rev. Neurosci. 23, 155–184. doi:10.1146/annurev.neuro.23.1.155 
 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 
 Lisboa, S. F., Vila-Verde, C., Rosa, J., Uliana, D. L., Stern, C. A. J., Bertoglio, L. J., et al. (2019). Tempering Aversive/traumatic Memories with Cannabinoids: a Review of Evidence from Animal and Human Studies. Psychopharmacology 236, 201–226. doi:10.1007/s00213-018-5127-x 
 Lister, R. G. (1987). The Use of a Plus-Maze to Measure Anxiety in the Mouse. Psychopharmacology (Berl) 92, 180–185. doi:10.1007/bf00177912 
 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods 25, 402–408. doi:10.1006/meth.2001.1262 
 McGrath, J. C., and Lilley, E. (2015). Implementing Guidelines on Reporting Research Using Animals (ARRIVE etc.): New Requirements for Publication in BJP. Br. J. Pharmacol. 172, 3189–3193. doi:10.1111/bph.12955 
 Melis, V., Usach, I., and Peris, J.-E. (2012). Determination of Sertraline in Rat Plasma by HPLC and Fluorescence Detection and its Application Toin Vivopharmacokinetic Studies. J. Sep. Sci. 35, 3302–3307. doi:10.1002/jssc.201200586 
 Miller, G. E., Chen, E., and Zhou, E. S. (2007). If it Goes up, Must it Come Down? Chronic Stress and the Hypothalamic-Pituitary-Adrenocortical axis in Humans. Psychol. Bull. 133, 25–45. doi:10.1037/0033-2909.133.1.25 
 Navarrete, F., Pérez-Ortiz, J. M., and Manzanares, J. (2012). Cannabinoid CB2 Receptor-Mediated Regulation of Impulsive-like Behaviour in DBA/2 Mice. Br. J. Pharmacol. 165, 260–273. doi:10.1111/j.1476-5381.2011.01542.x 
 Norris, C., Loureiro, M., Kramar, C., Zunder, J., Renard, J., Rushlow, W., et al. (2016). Cannabidiol Modulates Fear Memory Formation through Interactions with Serotonergic Transmission in the Mesolimbic System. Neuropsychopharmacol 41, 2839–2850. doi:10.1038/npp.2016.93 
 Ortega-Alvaro, A., Aracil-Fernández, A., García-Gutiérrez, M. S., Navarrete, F., and Manzanares, J. (2011). Deletion of CB2 Cannabinoid Receptor Induces Schizophrenia-Related Behaviors in Mice. Neuropsychopharmacol 36, 1489–1504. doi:10.1038/npp.2011.34
 Palkovits, M. (1983). [23] Punch Sampling Biopsy Technique. Methods Enzymol. 103, 368–376. doi:10.1016/s0076-6879(83)03025-6 
 Paxinos, G., and Franklin, K. B. J. (2001). The Mouse Brain in Stereotaxic Coordinates. New York: Academic Press. Harcourt Science and Technology Company.
 Russo, E. B., Burnett, A., Hall, B., and Parker, K. K. (2005). Agonistic Properties of Cannabidiol at 5-HT1a Receptors. Neurochem. Res. 30, 1037–1043. doi:10.1007/s11064-005-6978-1 
 Schier, A. R. d. M., Ribeiro, N. P. d. O., e Silva, A. C. d. O., Hallak, J. E. C., Crippa, J. A. S., Nardi, A. E., et al. (2012). Cannabidiol, a Cannabis Sativa Constituent, as an Anxiolytic Drug. Revista Brasileira de Psiquiatria 34 (Suppl. 1), S104–S117. doi:10.1016/s1516-4446(12)70057-0 
 Shallcross, J., Hamor, P., Bechard, A. R., Romano, M., Knackstedt, L., and Schwendt, M. (2019). The Divergent Effects of CDPPB and Cannabidiol on Fear Extinction and Anxiety in a Predator Scent Stress Model of PTSD in Rats. Front. Behav. Neurosci. 13, 91. doi:10.3389/fnbeh.2019.00091 
 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 
 Shin, H. J., Greenbaum, M. A., Jain, S., and Rosen, C. S. (2014). Associations of Psychotherapy Dose and SSRI or SNRI Refills with Mental Health Outcomes Among Veterans with PTSD. Ps 65, 1244–1248. doi:10.1176/appi.ps.201300234 
 Singewald, N., and Holmes, A. (2019). Rodent Models of Impaired Fear Extinction. Psychopharmacology 236, 21–32. doi:10.1007/s00213-018-5054-x 
 Song, C., Stevenson, C. W., Guimaraes, F. S., and Lee, J. L. (2016). Bidirectional Effects of Cannabidiol on Contextual Fear Memory Extinction. Front. Pharmacol. 7, 493. doi:10.3389/fphar.2016.00493 
 Tham, M., Yilmaz, O., Alaverdashvili, M., Kelly, M. E. M., Denovan-Wright, E. M., and Laprairie, R. B. (2019). Allosteric and Orthosteric Pharmacology of Cannabidiol and Cannabidiol-Dimethylheptyl at the Type 1 and Type 2 Cannabinoid Receptors. Br. J. Pharmacol. 176, 1455–1469. doi:10.1111/bph.14440 
 Thomas, A., Baillie, G. L., Phillips, A. M., Razdan, R. K., Ross, R. A., and Pertwee, R. G. (2007). Cannabidiol Displays Unexpectedly High Potency as an Antagonist of CB1 and CB2 Receptor Agonists In Vitro. Br. J. Pharmacol. 150, 613–623. doi:10.1038/sj.bjp.0707133 
 Viudez-Martínez, A., García-Gutiérrez, M. S., and Manzanares, J. (2018). Cannabidiol Regulates the Expression of Hypothalamus-Pituitary-Adrenal axis-related Genes in Response to Acute Restraint Stress. J. Psychopharmacol. 32, 1379–1384. doi:10.1177/0269881118805495 
 Viudez-Martínez, A., García-Gutiérrez, M. S., Medrano-Relinque, J., Navarrón, C. M., Navarrete, F., and Manzanares, J. (2019). Cannabidiol Does Not Display Drug Abuse Potential in Mice Behavior. Acta Pharmacol. Sin 40, 358–364. doi:10.1038/s41401-018-0032-8 
 Wang, J.-S., DeVane, C. L., Gibson, B. B., Donovan, J. L., Markowitz, J. S., and Zhu, H.-J. (2006). Population Pharmacokinetic Analysis of Drug-Drug Interactions Among Risperidone, Bupropion, and Sertraline in CF1 Mice. Psychopharmacology 183, 490–499. doi:10.1007/s00213-005-0209-y 
 Zhang, L., Xian-Zhang, H., Li, H., Li, X., Yu, T., Dohl, J., et al. (2019). Updates in PTSD Animal Models Characterization.
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.
Copyright © 2021 Gasparyan, Navarrete and Manzanares. 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/fphar-12-694510-g005.gif
H
i

&3 Ptk B0

H

-

Loon |

pe—






OPS/images/fphar-12-694510-g006.gif
L ]
—1  S— L

(xoqponBnuous  suomsuenjo equn
< o






OPS/images/fphar-12-694510-g003.gif
A e

3 e
r.s 1 oe
o 7





OPS/images/fphar-12-694510-g004.gif





OPS/images/fphar-12-694510-g009.gif





OPS/images/fphar-12-694510-g007.gif





OPS/images/fphar-12-694510-g008.gif
NN,






OPS/xhtml/nav.xhtml
Contents

		Cover

		Cannabidiol and Sertraline Regulate Behavioral and Brain Gene Expression Alterations in an Animal Model of PTSD		Introduction

		Materials and Methods		Animals

		Drugs

		Animal Model of Post-Traumatic Stress Disorder

		Experimental Design

		Behavioral Analyses

		Gene Expression Studies by Real Time PCR

		Hair Corticosterone Analysis

		Statistical Analyses





		Results		Procedure 1: Evaluation of Basal Behavioral and Neurobiological Alterations Induced by the Animal Model of Post-Traumatic Stress Disorder

		Procedure 2: Evaluation of the Effects of Cannabidiol and/or Sertraline on Long-Lasting Behavioral and Gene Expression Alterations Induced by the Animal Model of Post-Traumatic Stress Disorder





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Cannabidiol and Sertraline
Regulate Behavioral and Brain
Gene Expression Alterations in an
Animal Model of PTSD





OPS/images/fphar-12-694510-g001.gif





OPS/images/fphar-12-694510-g002.gif
R

@ 0 opruus oneis






OPS/images/fphar-12-694510-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





