


Patterns of BDNF Dysregulation Following Cannabinoid Supplementation in Male Wistar Rats

Abstract
Background: Brain-derived neurotrophic factor (BDNF) is a critical biomarker implicated in the pathophysiology of various neurological and psychiatric disorders. This study investigated the dose- and time-dependent effects of delta-9-tetrahydrocannabinol (THC) and cannabidiol (CBD) administration on serum and hippocampal BDNF levels in male Wistar rats.
Methods: A total of 75 male Wistar rats (120-140g) divided into 3 study phases;acute (14 days), sub-chronic (28 days), and chronic (56 days). In each phase, the animals were randomly assigned to five experimental groups (n=5 per group per phase): Group 1 (control, distilled water); Group 2 (THC 5mg/kg); Group 3 (THC 15mg/kg); Group 4 (CBD 30mg/kg); and Group 5 (CBD 60mg/kg). At the end of each phase, serum and hippocampal BDNF levels were quantified and compared across treatment groups and time points.
Results: In serum, both THC and CBD produced significant (p<0.05) BDNF reductions compared to controls across all phases. THC-treated groups exhibited the most pronounced suppression, with levels significantly lower than CBD-treated groups. Notably, hippocampal BDNF displayed divergent, dose-dependent responses: while high-dose THC (15mg/kg) consistently reduced hippocampal BDNF, CBD at 30mg/kg maintained levels comparable to controls during acute and sub-chronic phases, with suppression only emerging after chronic administration. The higher CBD dose (60mg/kg) resulted in significant hippocampal BDNF reduction from the acute phase onward, mirroring THC effects.
Conclusion: Chronic administration of both cannabinoids is associated with significant BDNF downregulation in a dose- and tissue-specific manner, with THC demonstrating consistently greater suppressive effects. These findings suggest that prolonged cannabinoid exposure, particularly at higher doses, may contribute to cognitive impairment and increased vulnerability to neurodegenerative processes. These findings support differential regulation of THC and CBD, acknowledging CBD's potential therapeutic value at controlled doses while recognising that high-dose or chronic use carries risks.
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INTRODUCTION
The human brain stands as one of the most intricate organs in the body, comprising approximately 86 billion neurons that interconnect through hundreds of trillions of synapses to create vast, dynamic neural networks (Herculano-Houzel, 2009, 2012; von Bartheld, 2018). These elaborate circuits serve as the foundation for all higher-order functions, including cognition, emotional processing, decision-making, and complex behaviours. These neurons are supported and modulated by a diverse population of glial cells, which are almost equal in number to the neurons (Koch, 2025; Maldonado & Alsayouri, 2023; von Bartheld et al., 2016). These dynamic biochemical cell-to-cell interactions are mediated by neurotransmitters, which modulate synaptic activity and supply metabolic energy to neurons (Araque et al., 1999; Perea et al., 2009). Understanding how these biochemical processes interact across many brain regions and generate consciousness and cognition presents challenges for researchers, necessitating the use of sophisticated tools and reliable markers to investigate dynamic processes in vivo (Bathina & Das, 2015; Keefe et al., 2017). 
Among molecular used in evaluating brain function, the brain-derived neurotrophic factor (BDNF) stands out as a valuable evaluation marker for detecting significant changes in brain function (Bathina & Das, 2015; Brigadski & Leßmann, 2020). BDNF, a key member of the neurotrophin family, supports neuronal survival, differentiation, growth, and maturation in both the central and peripheral nervous systems. It promotes the proliferation and maintenance of neurons, enhances synaptic plasticity, and modulates neurotransmission, thereby contributing to cognitive processes such as learning, memory, and adaptive neural circuit remodelling (Bathina & Das, 2015; Brigadski & Leßmann, 2020; Krukru et al., 2026). BDNF exerts these effects primarily through binding to its high-affinity Tropomyosin receptor kinase B (TrkB), activating downstream cascades like the Phosphatidylinositol 3-kinase/Protein kinase B (PI3K/Akt), Mitogen-activated protein kinase/ extracellular signal-regulated Kinase (MAPK/ERK), and Phospholipase C gamma (PLCγ) for survival and anti-apoptosis, gene expression and dendritic growth and synaptic transmission, respectively (Bathina & Das, 2015; Brigadski & Leßmann, 2020; Huang & Reichardt, 2003; Tapia-Arancibia et al., 2004). Alterations in BDNF levels or signalling through reduced expression, impaired trafficking or dysregulation in pathological states are linked to cognitive impairments, neurodegenerative decline, psychiatric disorders, and changes in synaptic efficacy (Miranda et al., 2019; Ng et al., 2021; Pisani et al., 2023). 
Cannabinoids are a diverse group of chemical compounds primarily found in the cannabis plant (Cannabis sativa), though they can also be produced naturally in the human body (as endocannabinoids) or synthesised in laboratories (synthetic cannabinoids) (Hanuš & Mechoulam, 2005; Pertwee, 2008). These substances interact with the body's endocannabinoid system, a network consisting mainly of cannabinoid receptor 1 (CB1) in the central nervous system and cannabinoid receptor 1 (CB2) receptors in the immune system and peripheral tissues, where they regulate physiological processes such as pain perception, mood, appetite, immune response, and memory (Șerban et al., 2025; Wallach, 2021). Over 100 phytocannabinoids have been identified in Cannabis sativa, each with varying effects on the brain and body (Gülck & Møller, 2020; Kinghorn et al., 2017). Among these, Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD) are the most prominent and well-studied, typically constituting the majority of the plant's bioactive compounds (Pertwee, 2008; Russo, 2011). THC is the primary psychoactive constituent of cannabis and is responsible for the characteristic "high" associated with its use. As a potent agonist of CB1 receptors in the brain, THC activates this receptor to alter perception, mood, and cognitive function. This mechanism produces characteristic effects such as euphoria, relaxation, and increased appetite. However, THC activation can also lead to adverse effects, including anxiety, paranoia, and impaired motor coordination (Pertwee, 2008; Pisanti et al., 2017). In contrast, cannabidiol (CBD) is non-psychoactive and does not produce intoxication. It interacts weakly with CB1 receptors and may modulate or counteract some of THC's effects, potentially reducing anxiety or paranoia (Grinspoon, 2018; Pertwee, 2008; Pisanti et al., 2017; Tambe et al., 2023). Hence, CBD has attracted significant interest for its potential therapeutic benefits, including anti-inflammatory, anti-anxiety, anticonvulsant, and neuroprotective properties, and it is approved for medical use in conditions like epilepsy (Fiani et al., 2020; Grinspoon, 2018; Tambe et al., 2023). While THC and CBD share the same chemical formula (C₂₁H₃₀O₂), subtle differences in their atomic arrangement result in distinct pharmacological profiles. While THC, known for its psychoactive effects, is commonly used recreationally and medicinally for conditions such as chronic pain and nausea, CBD is non-intoxicating and is primarily explored for wellness applications, including anxiety management and anti-inflammatory therapies (Fiani et al., 2020; Grinspoon, 2018; Stella, 2023; Tambe et al., 2023).
Despite therapeutic applications, long‑term use and misuse of cannabinoids pose significant public health challenges, with emerging evidence suggesting that cannabis exposure alters BDNF signalling, potentially contributing to cognitive decline and increased vulnerability to neurodegenerative conditions (Cservenka et al., 2018; Lovell et al., 2020; Solowij & Pesa, 2010). Globally, cannabis, primarily containing the psychoactive compounds THC and CBD, remains the most widely used illicit drug (United Nations Office On Drugs And Crime, 2025). An estimated 244 million people worldwide, representing approximately 4.6% of the population aged 15 to 64 years, reported using cannabis (Nurdiansyah & Siregar, 2025; United Nations Office On Drugs And Crime, 2025). Prevalence rates vary significantly across regions and are strongly influenced by legalisation status, with higher usage reported in areas where cannabis is legal. Notable high-prevalence regions include North America (~20.2%), Oceania, and parts of Africa (United Nations Office On Drugs And Crime, 2025). Nigeria exhibits one of the highest rates of cannabis consumption globally, despite its illegal status. Approximately 10.6 million Nigerians (10.8% of the population aged 15–64) are estimated to have used cannabis. Lifetime prevalence among adults is approximately 8.28%, with notably higher rates observed among males, urban youth, and populations in the northern and western zones of the country (Dumbili, 2020; Odeigah et al., 2025; United Nations Office On Drugs And Crime, 2025). 
In response to the rising public health challenge posed by recreational cannabis use in Nigeria and worldwide, this study aims to evaluate the time- and dose-dependent effects of THC and CBD on serum and hippocampal BDNF levels using Wistar rat models. Given the limited research on cannabinoid exposure and brain function, this investigation utilises BDNF signalling as a critical biomarker to assess potential long‑term neurological risks.

MATERIALS AND METHODS
Chemicals and Assay Kits
The cannabinoids employed in this study were delta-9-tetrahydrocannabinol (Δ9-THC) sourced from Cannabiscare (Canada) and cannabidiol (CBD) obtained from British Cannabis™ (CBD Health Foods Limited, England). Brain-derived neurotrophic factor (BDNF) concentrations were measured using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (BT LAB, China). All procurement, handling, administration, and disposal of these controlled substances were conducted in strict accordance with Nigerian regulations. Formal ethical and regulatory approval for their acquisition and use in research was duly obtained from the National Drug Law Enforcement Agency (NDLEA) of Nigeria.
Laboratory Animals
A total of seventy-five (75) healthy male Wistar rats, weighing 120–140g (5–7 weeks), were obtained from the established animal breeding facility within the Department of Pharmacology, College of Health Sciences, University of Port Harcourt, Nigeria. The animals were allowed a two-week acclimatisation period to allow physiological and behavioural stabilisation to the experimental environment, reduce stress-related variability, and ensure reliable baseline conditions before the commencement of any procedures. The animals were housed in standard cages in groups of five per cage and received standard commercial rat chow and tap water ad libitum. Environmental conditions were maintained under controlled settings: relative humidity of 30–50%, a 12-hour light/12-hour dark cycle and an ambient room temperature of 25 ± 2°C. 
Study Design
A total of seventy-five (75) male Wistar rats were randomly assigned into three (3) phases, comprising twenty-five (25) male Wistar rats: acute, sub-chronic and chronic studies lasting 14, 28 and 56 days, respectively. In each phase, twenty-five (25) male Wistar rats were divided into five (5) groups of five (5) animals. Group 1 served as the control and received distilled water, groups 2 and 3 were treated with THC at 5 and 15 mg/kg, respectively, while groups 4 and 5 were supplemented with CBD at 20 and 60 mg/kg, respectively. Treatment by oral gavage lasted for 14, 28 and 56 days for the acute, sub-chronic and chronic studies, respectively.

Blood and Tissue Sample Collection and BDNF Assay
After the completion of each experimental phase, rats were anaesthetised via intraperitoneal injection of sodium pentobarbital at 50 mg/kg. About 3 ml blood was collected via terminal cardiac puncture. Blood samples were transferred into plain sample tubes and allowed to clot at room temperature before being centrifuged at 3000 rpm for 10–15 minutes at 4°C to separate the serum. The resulting supernatant (serum) was carefully aspirated and stored at 4°C pending laboratory analysis. 
The brain was rapidly removed following decapitation, and the hippocampus was bilaterally dissected on a cold dissection board. Each hippocampus was precisely isolated from both hemispheres, blotted to remove excess moisture, and weighed to determine fresh tissue mass. For biochemical analysis, a pooled sample of approximately 50 mg of hippocampal tissue (combined from both hemispheres) was prepared. The tissue was placed in ice-cold normal saline (0.9% NaCl; 3 mL). Homogenization was performed mechanically using a tissue grinder in an ice-water bath. The resulting homogenate was centrifuged at 3000 rpm for 10 minutes at 4°C, and the clear supernatant was collected and used directly for BDNF quantification (Chinko & Precious-Abraham, 2024; Daubry et al., 2024; Krukru et al., 2026).
BDNF levels in serum and hippocampus were quantified via ELISA (BT LAB, China) as previously described (Krukru et al., 2026). Samples, standards, and reagents were incubated in microwells, facilitating antigen-antibody binding with HRP detection. Following substrate addition and reaction termination, optical density was measured at 450 nm to determine BDNF concentrations.
Statistical Analysis
All data obtained from this study were analysed using IBM SPSS Statistics version 25.0 (IBM Corp., Armonk, NY, USA). Quantitative results are presented as mean ± standard error of the mean (SEM). Intergroup comparisons were performed using one-way analysis of variance (one-way ANOVA) followed by a pairwise post hoc comparisons the Least Significant Difference (LSD) test. All analyses were conducted at a 95% confidence level, and results were considered statistically significant at p-value <0.05.

Ethical consideration
All animal handling, housing, and experimental procedures adhered to institutional ethical standards and national guidelines for the care and use of laboratory animals in Nigeria. The study protocol was reviewed and approved by the University of Port Harcourt Research Ethics Committee (UPH/CEREMAD/REC/MM99/029).

RESULTS

[bookmark: _Hlk203304556]Table 1: Changes in serum levels of Brain Derived Neurotrophic Factor (BDNF) following administration of some cannabinoids in rats.
	
	Serum BDNF (ng/L) Levels

	Groups 
	Acute phase
(14 days)
	Sub-chronic phase
(28 days)
	Chronic phase
(56 days)

	Group 1 control (distilled water)
	54.84±2.40
	50.66±1.95
	39.93±2.49

	Group 2 (THC 5mg/kg)
	42.87±4.57a
	37.55±3.34a
	29.75±0.73a

	Group 3 (THC 15mg/kg)
	34.31±2.87a
	29.64±2.90a
	26.64±3.47a

	Group 4 (CBD 30mg/kg)
	52.54±1.24b,c
	48.72±3.46bb,c.d
	30.62±0.66a

	Group 5 (CBD 60mg/kg)
	48.33±2.86d,e,g
	42.31±0.43a,d,e,g
	27.97±2.84a


Values are presented as Mean ± SEM, n= 5. 
a Significant at p<0.05 when compared to the mean value of group 1 
b Significant at p<0.05 when compared to the mean value of group 2
c Significant at p<0.05 when compared to the mean value of group 3 
d Significant at p<0.05 when compared to the mean value of group 4.

Table 1 displays the result on the changes in serum levels of brain-derived neurotrophic factor (BDNF) following administration of some cannabinoids in male Wistar rats. THC-Treated Groups (Groups 2 & 3) showed a progressive, dose-dependent suppression of serum BDNF at all time points. The higher dose (15 mg/kg) produced greater reductions than the lower dose (5 mg/kg). Both groups remained significantly lower than controls throughout the study duration. However, CBD-Treated Groups (Groups 4 & 5) exhibited time-dependent suppression patterns. In the acute phase (14 days), both CBD doses (30 and 60mg/kg) maintained BDNF levels comparable to controls, with the 30 mg/kg dose showing significantly higher levels than both THC groups (p<0.05). In the sub-chronic phase (28 days), CBD 30mg/kg was found to be significantly higher than both the THC groups and the 60 mg/kg CBD group, while the CBD at 60 mg/kg showed a significant reduction. At the chronic phase (56 days), both CBD doses demonstrated significant BDNF suppression compared to controls, similar to the pattern observed with THC treatment.









Table 2: Changes in Hippocampus Levels of Brain-Derived Neurotrophic Factor (BDNF) following administration of some Cannabinoids in rats
	
	Hippocampal BDNF (ng/L) Levels

	Groups 
	Acute phase
(14 days)
	Sub-chronic phase
(28 days)
	Chronic phase
(56 days)

	Group 1 control (distilled water)
	114.00±3.20
	101.66±2.75
	81.93±2.29

	Group 2 (THC 5mg/kg)
	116.87±3.27
	102.5±5.34
	77.75±1.23

	Group 3 (THC 15mg/kg)
	102.31±2.87a
	83.64±2.90 a
	64.64±2.09a

	Group 4 (CBD 30mg/kg)
	118.54±3.01
	102.72±2.34c
	80.62±0.72c

	Group 5 (CBD 60mg/kg)
	103.33±1.86a
	89.31±0.43b
	62.97±2.82a,b.d


Values are presented as Mean ± SEM, n= 5. 
a Significant at p<0.05 when compared to the mean value of group 1 
b Significant at p<0.05 when compared to the mean value of group 2 
c Significant at p<0.05 when compared to the mean value of group 3
d Significant at p<0.05 when compared to the mean value of group 4.

Table 2 highlights the effects of THC and CBD supplementation in Male Wistar rats on hippocampal BDNF levels. THC-Treated Groups (Groups 2 & 3) showed time-dependent effects. Although THC at 5mg/kg did not show any alterations throughout the study, THC at 15mg/kg showed a progressive, significant reduction of BDNF at the sub-chronic phase (83.64±2.90 ng/L) and continuing through the chronic phase (64.64±2.09 ng/L). The CBD-treated groups demonstrated dose-dependent effects. Hippocampal BDNF CBD at 30mg/kg remained comparable to controls at all time points, with significantly higher levels than the high-dose THC group at sub-chronic and chronic phases (p<0.05). However, CBD at 60mg/kg showed early and sustained suppression, with significant reductions evident from the acute phase (103.33±1.86 ng/L) and persisting through the chronic phase (62.97±2.82 ng/L), comparable to the effects of high-dose THC. 
DISCUSSION
Delta-9-tetrahydrocannabinol (THC) and cannabidiol (CBD) are the two primary cannabinoids found in the cannabis plant. Both are used in the treatment of various medical conditions. However, long-term use and misuse of cannabis raise public health concerns, as growing evidence links cannabis exposure to cognitive decline and increased risk of neurodegenerative diseases. This study examined how THC and CBD, given at different doses and for different lengths of time, affect brain health. To do this, we measured levels of Brain-Derived Neurotrophic Factor (BDNF), a key protein that supports brain cell health and function in both the blood (serum) and the hippocampus, a brain region critical for memory and learning.
This study demonstrates that Δ9‑tetrahydrocannabinol (THC) and cannabidiol (CBD) significantly reduce brain-derived neurotrophic factor (BDNF) levels in both serum and hippocampal tissues of male Wistar rats, with effects varying in a dose- and time-dependent manner. THC induced the most pronounced suppression, particularly at higher doses and during chronic exposure. These findings underscore the neurodegenerative potential of cannabinoids and offer mechanistic insight into their impact on cognition and behaviour. 
Cannabinoids exert their primary effects through activation of the CB1 receptor, which inhibits adenylate cyclase and reduces cyclic AMP (cAMP) levels. This downregulates the cAMP‑response element‑binding protein (CREB), a transcription factor essential for BDNF gene expression (Keefe et al., 2017; Koshimizu et al., 2009). The progressive decline in BDNF observed across acute, sub‑chronic, and chronic phases suggests persistent suppression of the cAMP/CREB pathway. Beyond receptor-mediated signalling, THC disrupts mitochondrial bioenergetics by increasing reactive oxygen species (ROS) while reducing ATP synthesis (Chen et al., 2017). This creates a vicious cycle: the reduction in BDNF, which normally supports mitochondrial function and antioxidant pathways, exacerbates oxidative stress and amplifies neuronal vulnerability (Chen et al., 2017; Coluk et al., 2025; Krukru et al., 2026). The hippocampus is especially susceptible to injury due to its high metabolic demand, correlating with the pronounced BDNF reduction observed following chronic THC exposure. Concurrent neuroinflammatory processes compound this effect, as chronic cannabis use activates microglia and astrocytes to release pro‑inflamm(atory cytokines like tumour necrosis factor-alpha (TNFα) and interleukin-1 beta (IL‑1β) which further suppress BDNF synthesis and disrupt synaptic plasticity (Cservenka et al., 2018; Steiner & Wotjak, 2008).
The observed reductions in hippocampal BDNF align closely with the cognitive and behavioural deficits commonly associated with cannabinoid exposure. Chronic cannabis use is clinically linked to impairments in memory, attention, and executive function, with hippocampal dysfunction identified as a central mediator (Lovell et al., 2020; Pisanti et al., 2017; Solowij & Pesa, 2010). Adolescent exposure has been shown to disrupt hippocampal development, resulting in long‑term learning deficits and emotional dysregulation (Micalizzi et al., 2020; Mooney-Leber & Gould, 2018; Watt & Karl, 2025). These clinical observations are corroborated by animal studies. It has been shown that early exposure to psychoactive substances reduced hippocampal BDNF and impaired spatial memory (Atallah et al., 2026; Heldt et al., 2007; Quinn et al., 2008) as the BDNF impairs TrkB‑mediated signalling pathways essential for synaptic connectivity, thereby weakening the neural substrates of learning, memory, and mood regulation. This provides a direct biological explanation for the cognitive impairments, mood disturbances, and learning deficits frequently observed in chronic cannabis users.
While THC consistently suppressed BDNF, CBD exhibited transient protective effects, characterised by marginal increases in hippocampal BDNF during acute exposure. This observation aligns with the documented neuroprotective and anxiolytic properties of CBD (Devinsky et al., 2017; Tambe et al., 2023). However, our data revealed that chronic CBD administration ultimately led to reductions in BDNF, suggesting that its protective potential is limited under prolonged exposure. This contrast highlights the distinct neurobiological profiles of THC and CBD. 
In summary, both THC and CBD appear to have suppressed serum BDNF overtime with THC showing consistent dose-dependence and CBD exhibiting a progressive, time dependent decline, where initial preservation gave way to chronic suppression. Hippocampal BDNF revealed tissue-specific resilience, with low-dose THC causing no effect and low-dose CBD maintaining neuroprotective levels, while high doses of both THC and CBD produced significant neurotoxic-like suppression.
CONCLUSION
This study demonstrates that cannabinoids exert profound and complex modulation of BDNF in a dose-dependent, time-dependent, and tissue-specific manner. This pattern raises concerns regarding chronic high-dose THC use, as sustained BDNF downregulation may impair neuroplasticity and contribute to cognitive deficits or mood disturbances. Also, CBD exhibits a narrow therapeutic window preserving hippocampal BDNF at moderate dose (30 mg/kg), which suggests potential neuroprotective properties; however, at a higher dose (60 mg/kg) or with chronic administration, it induces BDNF suppression comparable to THC. These findings support differential regulation of THC and CBD, acknowledging CBD's potential therapeutic value at controlled doses while recognising that high-dose or chronic use carries risks.
[bookmark: _GoBack]

REFERENCES
Araque, A., Parpura, V., Sanzgiri, R. P., & Haydon, P. G. (1999). Tripartite synapses: glia, the unacknowledged partner. Trends Neurosci, 22(5), 208-215. https://doi.org/10.1016/s0166-2236(98)01349-6 
Atallah, E., Obeid, S., El Khoury-Malhame, M., & Sfeir, M. (2026). Cannabis and Neurodegenerative Disorders (Ist ed.). Imprint CRC Press. https://doi.org/10.1201/9781003478485 
Bathina, S., & Das, U. N. (2015). Brain-derived neurotrophic factor and its clinical implications. Arch Med Sci, 11(6), 1164-1178. https://doi.org/10.5114/aoms.2015.56342 
Brigadski, T., & Leßmann, V. (2020). The physiology of regulated BDNF release. Cell and Tissue Research, 382(1), 15-45. https://doi.org/10.5114/aoms.2015.56342 
Chen, S. D., Wu, C. L., Hwang, W. C., & Yang, D. I. (2017). More Insight into BDNF against Neurodegeneration: Anti-Apoptosis, Anti-Oxidation, and Suppression of Autophagy. Int J Mol Sci, 18(3). https://doi.org/10.3390/ijms18030545 
Chinko, B. C., & Precious-Abraham, A. D. (2024). Wound healing activity of hydromethanolic Dioscorea bulbifera extract on male wistar rat excision wound models. Pharmacological Research-Modern Chinese Medicine, 11, 100425. https://doi.org/10.1016/j.prmcm.2024.100425 
Coluk, Y., Yildirim, G., Yildirmak, S., & Peker, E. G. G. (2025). Altered brain-derived neurotrophic factor levels and oxidative stress in REM sleep deprivation: a rat model study. BMC neurology, 25(1), 122. https://doi.org/10.1186/s12883-025-04127-2 
Cservenka, A., Lahanas, S., & Dotson-Bossert, J. (2018). Marijuana Use and Hypothalamic-Pituitary-Adrenal Axis Functioning in Humans. Front Psychiatry, 9, 472. https://doi.org/10.3389/fpsyt.2018.00472 
Daubry, T. M. E., Adienbo, O. M., Ovili-Odili, B. Z., & Chinko, B. C. (2024). N-Acetyl Cysteine and Zinc Sulfate Attenuates Acute Crude Oil-Induced Oxidative Stress and Testicular Structural Damage in Male Wistar Rats. Asian Journal of Biology, 20(11), 98-108. https://doi.org/10.9734/ajob/2024/v20i11453 
Devinsky, O., Cross, J. H., Laux, L., Marsh, E., Miller, I., Nabbout, R., Scheffer, I. E., Thiele, E. A., & Wright, S. (2017). Trial of Cannabidiol for Drug-Resistant Seizures in the Dravet Syndrome. N Engl J Med, 376(21), 2011-2020. https://doi.org/10.1056/NEJMoa1611618 
Dumbili, E. W. (2020). Cannabis normalization among young adults in a Nigerian city. Journal of Drug Issues, 50(3), 286-302. https://doi.org/10.1177/0022042620912 
Fiani, B., Sarhadi, K. J., Soula, M., Zafar, A., & Quadri, S. A. (2020). Current application of cannabidiol (CBD) in the management and treatment of neurological disorders. Neurological Sciences, 41(11), 3085-3098. https://doi.org/10.1007/s10072-020-04514-2 
Grinspoon, P. (2018). Cannabidiol (CBD)—what we know and what we don’t. Harvard Health Blog, 24. 
Gülck, T., & Møller, B. L. (2020). Phytocannabinoids: origins and biosynthesis. Trends in plant science, 25(10), 985-1004. https://doi.org/10.1016/j.tplants.2020.05.005 
Hanuš, L. O., & Mechoulam, R. (2005). Cannabinoid chemistry: an overview. Cannabinoids as therapeutics, 23-46. https://doi.org/10.1007/3-7643-7358-X_2 
Heldt, S. A., Stanek, L., Chhatwal, J. P., & Ressler, K. J. (2007). Hippocampus-specific deletion of BDNF in adult mice impairs spatial memory and extinction of aversive memories. Mol Psychiatry, 12(7), 656-670. https://doi.org/10.1038/sj.mp.4001957 
Herculano-Houzel, S. (2009). The human brain in numbers: a linearly scaled-up primate brain. Front Hum Neurosci, 3, 31. https://doi.org/10.3389/neuro.09.031.2009 
Herculano-Houzel, S. (2012). The remarkable, yet not extraordinary, human brain as a scaled-up primate brain and its associated cost. Proc Natl Acad Sci U S A, 109 Suppl 1(Suppl 1), 10661-10668. https://doi.org/10.1073/pnas.1201895109 
Huang, E. J., & Reichardt, L. F. (2003). Trk receptors: roles in neuronal signal transduction. Annu Rev Biochem, 72, 609-642. https://doi.org/10.1146/annurev.biochem.72.121801.161629 
Keefe, K. M., Sheikh, I. S., & Smith, G. M. (2017). Targeting Neurotrophins to Specific Populations of Neurons: NGF, BDNF, and NT-3 and Their Relevance for Treatment of Spinal Cord Injury. Int J Mol Sci, 18(3). https://doi.org/10.3390/ijms18030548 
Kinghorn, A. D., Falk, H., Gibbons, S., & Kobayashi, J. (2017). Phytocannabinoids. Springer. https://doi.org/10.1007/978-3-319-45541-9 
Koch, C. (2025). The Brain: Neurons, Synapses, and Neural Networks. In Encyclopedia of Religious Psychology and Behavior (pp. 1-4). Springer. https://doi.org/10.1007/978-3-031-38971-9_734-1 
Koshimizu, H., Kiyosue, K., Hara, T., Hazama, S., Suzuki, S., Uegaki, K., Nagappan, G., Zaitsev, E., Hirokawa, T., Tatsu, Y., Ogura, A., Lu, B., & Kojima, M. (2009). Multiple functions of precursor BDNF to CNS neurons: negative regulation of neurite growth, spine formation and cell survival. Mol Brain, 2, 27. https://doi.org/10.1186/1756-6606-2-27 
Krukru, E. E., Chinko, B. C., & Dapper, V. D. (2026). Opioid-Induced Dysregulation of BDNF Signalling: A Study of Acute, Sub-Chronic, and Chronic Exposure in a Rodent Model. Biomedical Sciences, 12(1), 9-18. 
Lovell, M. E., Akhurst, J., Padgett, C., Garry, M. I., & Matthews, A. (2020). Cognitive outcomes associated with long-term, regular, recreational cannabis use in adults: A meta-analysis. Exp Clin Psychopharmacol, 28(4), 471-494. https://doi.org/10.1037/pha0000326 
Maldonado, K. A., & Alsayouri, K. (2023). Physiology, brain. In StatPearls [Internet]. StatPearls Publishing. 
Micalizzi, L., Brick, L. A., Thomas, S. A., Wolff, J., Esposito-Smythers, C., & Spirito, A. (2020). Cannabis Use and Emotional Awareness Difficulties in Adolescents with Co-Occurring Substance Use and Psychiatric Disorders. Subst Use Misuse, 55(7), 1146-1154. https://doi.org/10.1080/10826084.2020.1729202 
Miranda, M., Morici, J. F., Zanoni, M. B., & Bekinschtein, P. (2019). Brain-Derived Neurotrophic Factor: A Key Molecule for Memory in the Healthy and the Pathological Brain. Front Cell Neurosci, 13, 363. https://doi.org/10.3389/fncel.2019.00363 
Mooney-Leber, S. M., & Gould, T. J. (2018). The long-term cognitive consequences of adolescent exposure to recreational drugs of abuse. Learn Mem, 25(9), 481-491. https://doi.org/10.1101/lm.046672.117 
Ng, T. K. S., Coughlan, C., Heyn, P. C., Tagawa, A., Carollo, J. J., Kua, E. H., & Mahendran, R. (2021). Increased plasma brain-derived neurotrophic factor (BDNF) as a potential biomarker for and compensatory mechanism in mild cognitive impairment: a case-control study. Aging (Albany NY), 13(19), 22666-22689. https://doi.org/10.18632/aging.203598 
Nurdiansyah, M. R. D., & Siregar, W. Z. B. (2025). United Nations Office on Drugs and Crime's Efforts to Prevent the Distribution of Synthetic Drugs in Southeast Asia: through the Regional Frameworks Programme 2022-2026. SIYAR Journal, 5(2), 218-244. https://doi.org/10.15642/siyar.2025.5.2.218-244 
Odeigah, O. W., Dumbili, E. W., & Nelson, E.-U. (2025). Cannabis use patterns, prevalence, and risk factors in Nigeria: a systematic review and meta-analysis. Journal of Cannabis Research, 7(1), 1-13. https://doi.org/10.1186/s42238-025-00337-0 
Perea, G., Navarrete, M., & Araque, A. (2009). Tripartite synapses: astrocytes process and control synaptic information. Trends Neurosci, 32(8), 421-431. https://doi.org/10.1016/j.tins.2009.05.001 
Pertwee, R. G. (2008). The diverse CB1 and CB2 receptor pharmacology of three plant cannabinoids: delta9-tetrahydrocannabinol, cannabidiol and delta9-tetrahydrocannabivarin. Br J Pharmacol, 153(2), 199-215. https://doi.org/10.1038/sj.bjp.0707442 
Pisani, A., Paciello, F., Del Vecchio, V., Malesci, R., De Corso, E., Cantone, E., & Fetoni, A. R. (2023). The Role of BDNF as a Biomarker in Cognitive and Sensory Neurodegeneration. J Pers Med, 13(4). https://doi.org/10.3390/jpm13040652 
Pisanti, S., Malfitano, A. M., Ciaglia, E., Lamberti, A., Ranieri, R., Cuomo, G., Abate, M., Faggiana, G., Proto, M. C., Fiore, D., Laezza, C., & Bifulco, M. (2017). Cannabidiol: State of the art and new challenges for therapeutic applications. Pharmacol Ther, 175, 133-150. https://doi.org/10.1016/j.pharmthera.2017.02.041 
Quinn, H. R., Matsumoto, I., Callaghan, P. D., Long, L. E., Arnold, J. C., Gunasekaran, N., Thompson, M. R., Dawson, B., Mallet, P. E., & Kashem, M. A. (2008). Adolescent rats find repeated Δ9-THC less aversive than adult rats but display greater residual cognitive deficits and changes in hippocampal protein expression following exposure. Neuropsychopharmacology, 33(5), 1113-1126. https://doi.org/10.1038/sj.npp.1301475 
Russo, E. B. (2011). Taming THC: potential cannabis synergy and phytocannabinoid-terpenoid entourage effects. Br J Pharmacol, 163(7), 1344-1364. https://doi.org/10.1111/j.1476-5381.2011.01238.x 
Șerban, M., Toader, C., & Covache-Busuioc, R.-A. (2025). The Endocannabinoid System in Human Disease: Molecular Signaling, Receptor Pharmacology, and Therapeutic Innovation. International journal of molecular sciences, 26(22), 11132. https://doi.org/10.3390/ijms262211132 
Solowij, N., & Pesa, N. (2010). Cognitive abnormalities and cannabis use. Braz J Psychiatry, 32 Suppl 1, S31-40. https://doi.org/10.3390/ijms262211132 (Anormalidades cognitivas no uso da cannabis.) 
Steiner, M. A., & Wotjak, C. T. (2008). Role of the endocannabinoid system in regulation of the hypothalamic-pituitary-adrenocortical axis. In I. D. Neumann & R. Landgraf (Eds.), Progress in Brain Research (Vol. 170, pp. 397-432). Elsevier. https://doi.org/https://doi.org/10.1016/S0079-6123(08)00433-0 
Stella, N. (2023). THC and CBD: Similarities and differences between siblings. Neuron, 111(3), 302-327. https://doi.org/https://doi.org/10.1016/j.neuron.2022.12.022 
Tambe, S. M., Mali, S., Amin, P. D., & Oliveira, M. (2023). Neuroprotective potential of cannabidiol: Molecular mechanisms and clinical implications. Journal of integrative medicine, 21(3), 236-244. https://doi.org/10.1016/j.joim.2023.03.004 
Tapia-Arancibia, L., Rage, F., Givalois, L., & Arancibia, S. (2004). Physiology of BDNF: focus on hypothalamic function. Frontiers in neuroendocrinology, 25(2), 77-107. https://doi.org/10.1016/j.yfrne.2004.04.001 
United Nations Office On Drugs And Crime. (2025). World Drug Report 2025 https://www.unodc.org/unodc/data-and-analysis/world-drug-report-2025.html 
von Bartheld, C. S. (2018). Myths and truths about the cellular composition of the human brain: A review of influential concepts. J Chem Neuroanat, 93, 2-15. https://doi.org/10.1016/j.jchemneu.2017.08.004 
von Bartheld, C. S., Bahney, J., & Herculano-Houzel, S. (2016). The search for true numbers of neurons and glial cells in the human brain: A review of 150 years of cell counting. J Comp Neurol, 524(18), 3865-3895. https://doi.org/10.1002/cne.24040 
Wallach, J. (2021). Chapter 5 - Medicinal Cannabis: an overview for health-care providers. In A. Adejare (Ed.), Remington (Twenty-third Edition) (pp. 75-101). Academic Press. https://doi.org/https://doi.org/10.1016/B978-0-12-820007-0.00005-2 
Watt, G., & Karl, T. (2025). Early Cannabis Use in the Context of Developmental Brain Disorders: A Particular Focus on Schizophrenia and Autism Spectrum Disorder. In Cannabis and the Developing Brain (pp. 329-350). Springer. https://doi.org/10.1007/978-3-031-87990-6_14 



2

