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1. ABSTRACT 

 

Cerebral ischemia is a cerebrovascular condition characterized by the lack of blood 

flow to the brain, resulting in multiple and complex pathophysiological processes 

including excitotoxicity, inflammation, oxidative stress and apoptosis. All these 

processes are potential targets for pharmacotherapy. However, the 

pharmacological treatment for cerebral ischemia is very limited, despite the efforts 

in preclinical research. Cannabidiol, a non-psychotomimetic phytocannabinoid 

present in Cannabis sativa, is a pleiotropic compound acting in a variety of molecular 

targets and may affect many pathophysiological processes resulting in improvement 

of cerebral ischemia outcomes. Hence, we wanted to investigate the effects of 

cannabidiol on functional recovery in different animal models of cerebral ischemia 

in mice and rats, focusing on cellular and pharmacological mechanisms that could 

be involved in the cannabidiol neuroprotective effects. 

The effect of repeated cannabidiol treatment was studied after transient global 

cerebral ischemia in rats, with a particular focus on ischemia-caused spatial memory 

impairments and neuroplastic changes in the hippocampus. Cannabidiol treatment 

attenuated ischemia-induced memory deficits and neurodegeneration while 

increasing brain-derived neurotrophic factor levels in the hippocampus. Additionally, 

cannabidiol protected neurons against the deleterious effects of global ischemia on 

dendritic spine number and dendritic arborization. This study indicated that the 

beneficial effects of cannabidiol against ischemia-induced memory impairments 

may involve changes in hippocampal synaptic plasticity. 

Next, the effects of cannabidiol on the cognitive and emotional impairments  induced 

by bilateral common carotid artery occlusion, a model of transient global cerebral 

ischemia in mice, was investigated. Short-term cannabidiol treatment prevented the 

cognitive and emotional impairments, attenuated hippocampal neurodegeneration 

and white matter injury, and reduced glial response that were induced by global 

ischemia. In addition, cannabidiol also stimulated neurogenesis and promoted 

dendritic restructuring in the hippocampus of ischemic animals. This study 

demonstrated that short-term cannabidiol treatment results in global functional 
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recovery in ischemic mice and impacts multiple and distinct targets involved in the 

pathophysiology of brain ischemic injury. 

Additionally, the pharmacological mechanisms of cannabidiol action were explored 

using bilateral common carotid artery occlusion in mice. Here, cannabidiol 

prevented ischemia-induced anxiety-like behavior, memory impairments, and 

despair-like behaviors. The beneficial effects of cannabidiol on anxiety- and 

despairs-like behaviors were prevented by antagonists of the cannabinoid receptor 

type 1-, cannabinoid receptor type 2-, 5-hydroxytryptamine receptor 1A- and 

peroxisome proliferator-activated receptor-ꝩ. These results suggested that 

cannabidiol produces functional recovery through different neurotransmission 

systems following global ischemia. 

Lastly, the anti-inflammatory potential of short-term treatment with cannabidiol was 

investigated in transgenic mice with middle cerebral artery occlusion, a model of 

focal cerebral ischemia. Cannabidiol prevented stroke-induced neurological 

impairments and neuronal loss and reduced ischemia-caused microglial activation 

as observed in fixed tissue as well as in in vivo conditions. This study added 

information indicating that the neuroprotective effects of cannabidiol occur in the 

subacute phase of stroke and may involve microglial modulation. 

Taken together, the results of this work indicate that cannabidiol might be 

considered as a therapeutic strategy for the treatment and management of cerebral 

ischemic conditions. 
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2. ZUSAMMENFASSUNG 

 

Die zerebrale Ischämie ist ein zerebrovaskuläres Geschehen, das durch den 

Mangel an Blutfluss zum Gehirn gekennzeichnet ist und zu multiplen und komplexen 

pathophysiologischen Prozessen führt, einschließlich Excitotoxizität, Entzündung, 

oxidativem Stress und Apoptose. Alle diese Prozesse sind potenzielle Ziele für eine 

Therapie. Allerdings ist die pharmakologische Behandlung der zerebralen Ischämie 

trotz der Bemühungen in der präklinischen Forschung sehr begrenzt. Cannabidiol, 

ein nicht-psychotomimetisches Phytocannabinoid, das in der Pflanze Cannabis 

sativa enthalten ist, ist ein pleiotroper Stoff, der an einer Vielzahl von molekularen 

Zielen wirkt und viele pathophysiologische Prozesse beeinflussen kann, was zu 

einer Verbesserung der Folge einer zerebralen Ischämie führen kann. Daher haben 

wir die Wirkung von Cannabidiol auf die funktionelle Erholung an verschiedenen 

Tiermodellen mit zerebraler Ischämie bei Mäusen und Ratten untersucht, wobei wir 

uns auf zelluläre und pharmakologische Mechanismen konzentriert haben, die an 

den neuroprotektiven Auswirkungen von Cannabidiol beteiligt sein könnten. 

Die Wirkung einer wiederholten Behandlung mit Cannabidiol wurde nach 

transienter, globaler zerebraler Ischämie bei Ratten untersucht, mit besonderem 

Fokus auf durch Ischämie verursachte Beeinträchtigungen des räumlichen 

Gedächtnisses und neuroplastischer Veränderungen. Die Cannabidiol- Behandlung 

schwächte die Ischämie induzierten Gedächtnisdefizite und Neurodegeneration ab, 

während die Spiegel zerebraler, neurotrophischer Wachstumsfaktoren im 

Hippocampus angestiegen sind. Zusätzlich schützte Cannabidiol die Neuronen vor 

den schädlichen Auswirkungen einer globalen Ischämie, die Anzahl der 

dendritischen Dornen und die dendritische Verzweigung betreffend. Diese Studie 

weist darauf hin, dass die vorteilhaften Auswirkungen von Cannabidiol auf durch 

Ischämie induzierte Gedächtnisstörungen mit Veränderungen der synaptischen 

Plastizität des Hippocampus einhergehen können. 

Als nächstes wurden die Wirkungen von Cannabidiol nach bilateralen Okklusion der 

Arteria carotis communis (Halsschlagader) bei Mäusen untersucht, was einem 

Modell der transienten, globalen zerebralen Ischämie entspricht, mit besonderem 

Fokus auf Ischämie-induzierte kognitive und emotionale Beeinträchtigungen. Die 
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Behandlung mit Cannabidiol verhinderte die Beeinträchtigungen, schwächte die 

Hippocampus-Neurodegeneration und die Verletzung der weißen Substanz ab und 

reduzierte die Gliareaktion, die durch die globale Ischämie induziert wurden. 

Darüber hinaus stimulierte Cannabidiol auch die Neurogenese und förderte die 

dendritische Umstrukturierung im Hippocampus von ischämischen mäusern. Diese 

Studie zeigte, dass eine kurzzeitige Behandlung mit Cannabidiol zu einer globalen 

funktionelle Erholung bei ischämischen Mäusen führt und unterschiedliche Ziele 

beeinflusst, die an der Pathophysiologie der ischämischen Gehirnverletzung 

beteiligt sind. 

Desweiteren wurden die pharmakologischen Mechanismen der Wirkung von 

Cannabidiol unter Verwendung einer bilateralen Okklusion der Arteria carotis 

communis (Halsschlagader) bei Mäusen untersucht. Hier verhinderte Cannabidiol 

durch Ischämie verursachtes ängstliches und depressives Verhalten und 

Gedächtnisstörungen. Die positiven Auswirkungen von Cannabidiol auf ängstliches 

und depressives Verhalten wurden durch Antagonisten des Cannabinoid Rezeptor 

Typ 1-, Cannabinoid Rezeptor Typ 2-, Serotonin Rezeptor 1A- und Peroxisom-

Proliferator-aktivierten Rezeptors-ꝩ verhindert. Diese Studie legt nahe, dass 

Cannabidiol eine funktionelle Erholung nach einer globalen Ischämie durch 

verschiedene Neurotransmissionssysteme bewirkt. 

Schließlich wurde das entzündungshemmende Potenzial einer Kurzzeitbehandlung 

mit Cannabidiol an transgenen Mäusen nach Okklusion der Arteria cerebri media 

(mittlere Gehirnschlagader) das eine fokale zerebrale Ischämie nachahmt, 

untersucht. Cannabidiol verhinderte durch Schlaganfall induzierte neurologische 

Beeinträchtigungen, sowie neuronalen Schaden und reduzierte die durch Ischämie 

verursachte Aktivierung von Mikroglia, welches in fixiertem Gewebe, sowie unter in 

vivo Bedingungen nachgewiesen wurde. Diese Studie liefert Informationen, die 

darauf hinweisen, dass die neuroprotektiven Wirkungen von Cannabidiol in der 

subakuten Phase des Schlaganfalls auftreten und eine Anpassung von Mikroglia 

beinhalten können. 

Zusammenfassend zeigen die Ergebnisse dieser Arbeit, dass Cannabidiol als 

therapeutische Strategie für die Behandlung und Regie von zerebralen 

ischämischen Zuständen in Betracht gezogen werden sollte. 
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3. GENERAL INTRODUCTION 

 

Cerebral ischemia (CI) is a common neurological condition that results from 

impaired blood flow to the brain. It results to local cerebral infarctions or global 

hypoxic-ischemic (HI) encephalopathy which can lead to death or permanent 

disabilities (Sommer, 2017; DeSai and Shapshak, 2021). Broadly, CI is classified 

into two types: global or focal. Focal cerebral ischemia (FCI) or stroke can be 

described as the neurological deficits that arise after the rapid onset of a local lesion 

in the brain with vascular origin (Campbell and Khatri, 2020). Transient global 

cerebral ischemia (TGCI) is a result of systemic processes including cardiac arrest, 

gas poisoning, perinatal asphyxia, surgical procedures, and shock (Anderson and 

Arciniegas, 2010). 

The lack of blood flow during cerebral ischemic conditions results in multiple and 

intricate pathophysiological mechanisms including excitotoxicity, oxidative stress, 

neuroinflammation, white matter injury, and blood-brain barrier impairment. These 

events are often interconnected and overlapped and may lead to neurodegeneration 

and neuronal death (Dirnagl et al., 1999; Leker and Shoham, 2002; Mehta et al., 

2007). In consequence, patients who survive a cerebral ischemic episode may 

present long-term dysfunctions, the most prominent of which are cognitive deficits, 

spatial/temporal disorientation, impaired decision making, anxiety, and depression 

(Donkor et al., 2018). 

Despite numerous experimental studies that have been conducted in preclinical 

settings, current pharmacological therapies for CI are limited. For acute ischemic 

stroke the standard of care is the tissue plasminogen activator (tPA) (Cronin, 2010). 

However, due to various contraindications and the short therapeutic window, only 

1-10 % of acute stroke patients can be treated with tPA (Demaerschalk et al., 2016). 

Besides, no safe and effective pharmacological therapy has yet been discovered 

that can treat the long-term cognitive and emotional impairments that are caused by 

global cerebral ischemic insults (Lapchak and Zhang, 2017). 

Several animal models of CI have been implemented to explore cellular 

mechanisms of ischemic injury and evaluate the potential of novel therapeutic 

strategies and putative neuroprotective compounds. Besides allowing precise 
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analysis of stroke pathophysiology and drug effects, animal models of CI also 

reproduce neurological deficits observed in humans after an ischemic episode, 

including sensorimotor and cognitive deficits (Hermann and Kleinschnitz, 2019). 

The most common type of animal model of CI is the FCI, which is evoked of transient 

or permanent middle cerebral artery occlusion (MCAO) in both mice and rats 

(Traystman, 2003; Macrae, 2011). Not less important but applied less extensively in 

experimental research are the models of global cerebral ischemia (GCI). These 

models consist of different variations of vessel occlusion (VO; Povroznik et al., 

2018), including the bilateral common carotid artery occlusion (BCCAO) in mice and 

the 4-VO in rats (León-Moreno et al., 2020).  

Several drugs have demonstrated neuroprotective efficacy in preclinical studies of 

CI with no translational value for clinical practice so far (O’Collins et al., 2006). 

Indeed, CI is a highly heterogeneous condition, and treatment targeted at a single 

mechanism in the ischemic cascade is unlikely to be universally effective. 

Combination therapy or single drugs with multiple targets and actions (pleiotropic 

drugs) are more likely to confer adequate and successful neuroprotection in cerebral 

ischemic processes. 

Cannabidiol (CBD) is the second most prevalent bioactive compound of Cannabis 

sativa and may represent up to 40% of Cannabis content (Mechoulam et al., 2002). 

This compound is devoid of euphoric actions which makes it an attractive compound 

for the treatment of several medical conditions. Preclinical studies point out 

anxiolytic, antidepressant, antipsychotic, and neuroprotective actions for CBD 

(Campos et al., 2016; White, 2019; Garcia-Gutierrez et al., 2020). Neuroprotective 

effects of CBD in animal models of CI have also been demonstrated (Braida et al., 

2003; Mishima et al., 2005; Hayakawa et al., 2008). The pleiotropic action of CBD 

indicates that it can affect many pathophysiological processes resulting in 

improvement of CI outcomes. However, even though promising results have been 

already obtained in different animal models, further molecular, cellular, and animal 

studies are needed to elucidate CBD pharmacological profile to allow a successful 

translation of preclinical research to clinical settings.  

Therefore, our objective was to investigate the effect of CBD on functional recovery 

in different animal models of CI in mice and rats and explore the molecular and 
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pharmacological mechanisms involved in its action, thus contributing to increase the 

translational potential this compound. 

 

Of note: A more comprehensive introduction you will find as published review in the 

chapter 9.1.  
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4. AIMS OF THESIS AND AUTHOR CONTRIBUTION 

 

4.1. Aims 

Previous studies have highlighted the beneficial effects of cannabidiol (CBD) in 

animal models of cerebral ischemia (CI). However, the mechanisms by which CBD 

promotes its effects after CI are still not fully explored.  

The central research question of this study was unveiling the impact of CBD on 

functional recovery after CI and exploring the mechanisms involved in its action. 

To address this question, the following aims were defined: 

 

Aim 1 (Part I): To investigate CBD effect on functional impairments and 

neuronal plasticity after global cerebral ischemia (GCI) in rats 

The effect of CBD on memory performance was evaluated in rats submitted to 

transient global cerebral ischemia using different behavioral paradigms (open-field, 

eight-arm aversive radial maze, and object location test). The effects of CBD were 

investigated using immunohistochemistry to access neurodegeneration, Western 

blot to detect changes in the levels of synaptic proteins, and Golgi-Cox method to 

study dendritic remodeling.  

 

Aim 2 (Part II): To examine CBD effect on long-term functional impairments 

after GCI in mice  

The effects of CBD on behavioral performance were evaluated in mice submitted to 

bilateral common carotid artery occlusion (BCCAO), using a multi-tiered behavioral 

testing battery, that included the open field (locomotor activity), elevated zero maze 

(anxiety-like behaviors), Y-maze and object location test (memory), and forced swim 

test (despair-like behaviors). The effects of CBD at cellular levels were investigated 

using histology, immunohistochemistry, and Western blot to access 

neurodegeneration, white matter injury, neuroinflammation and neuroplasticity.  
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Aim 3 (Part III): To explore the pharmacological mechanisms of CBD action 

and its effect on functional recovery after GCI in mice 

The effects of CBD on behavioral performance were evaluated in mice submitted to 

BCCAO using a multi-task testing battery, that included the open field (locomotor 

activity), elevated zero maze (anxiety-like behaviors), Y-maze (memory), and forced 

swim test (despair-like behaviors). The involvement of different receptors in CBD 

action in ischemic mice was evaluated using cannabinoid receptors type 1 and type 

2, 5-hydroxytryptamine 1A receptor, and peroxisome proliferator-activated receptor-

ꝩ specific antagonists.  

 

Aim 4 (Part IV): To examine the CBD impact on glial cells reaction in the 

subacute phase of focal cerebral ischemia (FCI) in mice 

The impact of CBD on neuroinflammation was investigated in mice submitted to 

middle cerebral artery occlusion and evaluated via in vivo two-photon imaging in the 

subacute phase of the injury. Transgenic mice with enhanced green fluorescent 

protein (EGFP) knocked into the fractalkine receptor (CX3CR1) gene locus were 

used to study the CBD effect on microglial behavior. In addition, the CBD effect on 

astrocytic calcium signaling was examined using transgenic mice with Cre-

recombinase dependent cell-specific expression of the genetically encoded calcium 

sensor GCaMP3 in astrocytes. The effects of CBD on stroke-induced neurological 

impairments and neuronal death were also assessed. 

 

4.2. Declaration of author contribution 

Part I:  

Meyer E, Bonato JM, Mori MA, Mattos BA, Guimarães FS, Milani H, de Campos AC, 

de Oliveira RMW. (2021). Cannabidiol Confers Neuroprotection in Rats in a Model 

of Transient Global Cerebral Ischemia: Impact of Hippocampal Synaptic 

Neuroplasticity. Mol Neurobiol 58, 5338-5355. 

Author contribution: EM and RMWO conceived and designed the experiments 

with inputs from ACC. EM performed behavioral tests, western blot, and Golgi 

analysis. She wrote the first draft of the manuscript. EM and JMB conducted the 
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animals’ surgeries. BAM performed the immunohistochemistry. MAM performed 

data analysis. FSG and HM helped with statistical analysis and data interpretation. 

All authors read and approved the final manuscript. 

 

Part II:  

Mori MA, Meyer E, Mori MA, Soares LM, Milani H, Guimarães FS, de Oliveira RMW. 

(2017). Cannabidiol reduces neuroinflammation and promotes neuroplasticity and 

functional recovery after brain ischemia. Prog Neuropsychopharmacol Biol 

Psychiatry 75, 94-105. 

Author contribution: MA and RMWO conceived and designed the experiments 

with inputs from FSG. MA performed behavioral tests and immunohistochemistry. 

EM performed the western blot. MA and EM conducted the animals’ surgeries. MA 

performed data analysis. HM and LMS helped with statistical analysis and data 

interpretation. MA wrote the first draft of the manuscript. All authors read and 

approved the final manuscript. 

 

Part III:  

Mori MA*, Meyer E*, da Silva FF, Milani H, Guimarães FS, Oliveira RMW. (2021). 

Differential contribution of CB1, CB2, 5-HT1A, and PPAR-γ receptors to cannabidiol 

effects on ischemia-induced emotional and cognitive impairments. Eur J Neurosci 

53, 1738-1751. *Contributed equally 

Author contribution: MAM and EM conducted the animals’ surgeries and 

behavioral tests. They wrote the first draft of the manuscript. FFS took care of the 

animals and performed drugs’ treatment. HM analyzed the data and helped with 

statistical analysis. FSG and RMWO conceived the experimental design, planned 

the experiments, and performed the data work-up. They also contributed to writing 

the manuscript. All authors read and approved the final manuscript. 

 

Part IV:  

Meyer E, Rieder P, Gobbo D, Candido G, Scheller A, Oliveira RMW, Kirchhoff F. 

(2022). Time-lapse imaging of microglial activity and astrocytic calcium activity 
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reveals a neuroprotective effect of cannabidiol in the subacute phase of stroke in 

mice. bioRxiv doi: 10.1101/2022.05.31.494189. 

Author contribution: EM and FK conceived and designed the experiments with 

inputs from RMWO. EM conducted the animals’ surgeries and treatment, performed 

behavioral tests and immunohistochemistry. She wrote the first draft of the 

manuscript. PR and DG helped with 2P-LSM experiments and data analyses. GC 

performed the morphological analysis of microglia. AS performed AxioScan imaging 

and data interpretation. All authors read and approved the draft of the manuscript.  

 

Additional work contributed to the following publications: 

Meyer E, Mori MA, Campos AC, Andreatini R, Guimarães FS, Milani H, de Oliveira 

RM (2017). Myricitrin induces antidepressant-like effects and facilitates adult 

neurogenesis in mice. Behav Brain Res 316, 59-65. 

Bonato JM, Meyer E, de Mendonça PSB, Milani H, Prickaerts J, Weffort de Oliveira 

RM. (2021). Roflumilast protects against spatial memory impairments and exerts 

anti-inflammatory effects after transient global cerebral ischemia. Eur J Neurosci 

53, 1171-1188. 

Raupp-Barcaro IFM, da Silva Dias IC, Meyer E, Vieira JCF, da Silva Pereira G, 

Petkowicz AR, de Oliveira RMW, Andreatini R. (2021). Involvement of dopamine 

D2 and glutamate NMDA receptors in the antidepressant-like effect of 

amantadine in mice. Behav Brain Res 413, 113443. 

Huang W, Bai X, Meyer E, Scheller A. (2020). Acute brain injuries trigger microglia 

as an additional source of the proteoglycan NG2. Acta Neuropathol Commun 8, 

146. 

Aguiar RP, Soares LM, Meyer E, da Silveira FC, Milani H, Newman-Tancredi A, 

Varney M, Prickaerts J, Oliveira RMW. (2019). Activation of 5-HT(1A) 

postsynaptic receptors by NLX-101 results in functional recovery and an increase 

in neuroplasticity in mice with brain ischemia. Prog Neuropsychopharmacol Biol 

Psychiatry 99, 109832. 

Soares LM, Meyer E, Milani H, Steinbusch HW, Prickaerts J, de Oliveira RM (2017). 

The phosphodiesterase type 2 inhibitor BAY 60-7550 reverses functional 

impairments induced by brain ischemia by decreasing hippocampal 

neurodegeneration and enhancing hippocampal neuronal plasticity. Eur J 

Neurosci 45, 510-520. 
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5. SUMMARIES OF THE RESEARCH RESULTS 

 

5.1. Part I: Cannabidiol confers neuroprotection in rats in a model of transient 

global cerebral ischemia: impact of hippocampal synaptic neuroplasticity 

 

5.1.1 Abstract 

Evidence for the clinical use of neuroprotective drugs for the treatment of cerebral 

ischemia is still greatly limited. Spatial/temporal disorientation and cognitive 

dysfunction are among the most prominent long-term sequelae of cerebral ischemia. 

Cannabidiol, a major phytocannabinoid constituent of cannabis, exerts 

neuroprotective effects against experimental cerebral ischemia. The present study 

investigated possible neuroprotective mechanisms of action of cannabidiol on 

spatial memory impairments that are caused by transient global cerebral ischemia 

in rats. Hippocampal synaptic plasticity is a fundamental mechanism of learning and 

memory. Thus, we also evaluated the impact of cannabidiol on neuroplastic 

changes in the hippocampus after transient global cerebral ischemia. Wistar rats 

were trained to learn an eight-arm aversive radial maze task and underwent either 

sham or transient global cerebral ischemia surgery. The animals received 

intraperitoneal injections of vehicle or 10 mg/kg cannabidiol 30 min before surgery, 

3 h after surgery, and then once daily for 14 days. On days 7 and 14, we performed 

a retention memory test. Another group of rats that received the same 

pharmacological treatment was tested in the object location test. Brains were 

removed and processed to assess neuronal degeneration, synaptic protein levels, 

and dendritic remodeling in the hippocampus. Cannabidiol treatment attenuated 

ischemia-induced memory deficits. In rats that were subjected to transient global 

cerebral ischemia, cannabidiol attenuated hippocampal Cornu Ammonis 1 

neurodegeneration and increased brain-derived neurotrophic factor levels. 

Additionally, cannabidiol protected neurons against the deleterious effects of 

ischemia on dendritic spine number and the length of dendritic arborization. These 

results suggest that the neuroprotective effects of cannabidiol against ischemia-

induced memory impairments involve changes in synaptic plasticity in the 

hippocampus. 
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5.1.2. Highlighted results 

In this study, repeated CBD treatment (10 mg/kg, i.p. 30 min before surgery, 3 h 

after reperfusion, and daily for 14 days) prevented spatial memory impairments in a 

rat model of GCI. CBD also decreased hippocampal neurodegeneration in the 

Cornu Ammonis 1 hippocampal area that were caused by TGCI. Additionally, CBD 

increased hippocampal brain-derived neurotrophic factor (BDNF) levels, attenuated 

the TGCI-induced decreases in synaptophysin (SYN) and postsynaptic density 

protein-95 (PSD-95) levels, and elevated dendritic spine number and arborization in 

the hippocampus in ischemic animals.  

 

Of note: A detailed information to this part can be found in the chapter 9.2. 
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5.2. Part II: Cannabidiol reduces neuroinflammation and promotes 

neuroplasticity and functional recovery after brain ischemia 

 

5.2.1. Abstract 

This study investigated the effects of cannabidiol on the cognitive and emotional 

impairments induced by bilateral common carotid artery occlusion in mice. Using a 

multi-tiered behavioral testing battery during 21 days, we found that ischemic mice 

exhibited long-lasting functional deficits reflected by increase in anxiety-like 

behavior (day 9), memory impairments (days 12-18) and despair-like behavior (day 

21). Short-term cannabidiol 10 mg/kg treatment prevented the cognitive and 

emotional impairments, attenuated hippocampal neurodegeneration and white 

matter injury, and reduced glial response that were induced by bilateral common 

carotid artery occlusion. In addition, ischemic mice treated with cannabidiol 

exhibited an increase in the hippocampal brain derived neurotrophic factor protein 

levels. Cannabidiol also stimulated neurogenesis and promoted dendritic 

restructuring in the hippocampus of ischemic animals. Collectively, the present 

results demonstrate that short-term cannabidiol treatment results in global functional 

recovery in ischemic mice and impacts multiple and distinct targets involved in the 

pathophysiology of brain ischemic injury.  

 

5.2.2. Highlighted results 

In this study, short-term CBD treatment (10 mg/kg, i.p. 30 min before, 3, 24, and 

48h after surgery) prevented cognitive and emotional impairments induced by a 

mice model of GCI. The neuroprotective effects of CBD were apparent 21 days after 

BCCAO and may be related to the prevention of hippocampal neuronal loss, white 

matter protection, a decrease in neuroinflammation, and an increase in hippocampal 

plasticity. 

 

Of note: Detailed information on this experiment can be found in the chapter 9.3. 
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5.3. Part III: Differential contribution of CB1, CB2, 5-HT1A, and PPAR-ꝩ receptors 

to cannabidiol effects on ischemia-induced emotional and cognitive 

impairments 

 

5.3.1. Abstract 

An ever-increasing body of preclinical studies has shown the multifaceted 

neuroprotective profile of cannabidiol against impairments caused by cerebral 

ischemia. In this study, we have explored the neuropharmacological mechanisms 

of cannabidiol action and its impact on functional recovery using a model of transient 

global cerebral ischemia in mice. C57BL/6J mice were subjected to bilateral 

common carotid artery occlusion and received vehicle or cannabidiol (10 mg/kg) 30 

min before and 3, 24 and 48 h after reperfusion. To investigate the 

neuropharmacological mechanisms of cannabidiol, the animals were injected with 

cannabinoid receptor type 1 (AM251, 1 mg/kg), cannabinoid receptors type 2 

(AM630, 1 mg/kg), 5-hydroxytryptamine receptor 1A (WAY-100635, 10 mg/kg) or 

peroxisome proliferator-activated receptor-ꝩ (GW9662, 3 mg/kg) antagonists 30 min 

before each injection of cannabidiol. The animals were evaluated using a multi-task 

testing battery that included the open field, elevated zero maze, Y-maze and forced 

swim test. Cannabidiol prevented the anxiety-like behavior, memory impairments 

and despair-like behaviors induced by bilateral common carotid artery occlusion in 

mice. The anxiolytic-like effects of cannabidiol in ischemic mice were attenuated by 

AM251, AM630, WAY-100635 and GW9662. In the Y-maze, both cannabidiol and 

the cannabinoid receptor type 1 antagonist AM251 increased the exploration of the 

novel arm in ischemic animals, indicating the beneficial effects of these treatments 

in spatial memory performance. Together, these findings indicate the involvement 

of cannabinoid receptor type 1 and 2, 5-hydroxytryptamine receptor 1A and 

peroxisome proliferator-activated receptor-ꝩ in the functional recovery induced by 

cannabidiol in ischemic mice.  

 

5.3.2. Highlighted results 

In this study, we investigated the effects of CBD on the behavioral changes in a 

mice model of GCI and whether these effects were sensitive to selective 

cannabinoid receptor type 1 (CB1), cannabinoid receptor type 2 (CB2), 5-
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hydroxytryptamine receptor 1A (5-HT1A) or peroxisome proliferator-activated 

receptor-ꝩ (PPAR-ꝩ) antagonism. CBD (10 mg/kg, i.p.) prevented the anxiogenic-

like effect, memory impairment, and despair-like behavior induced by BCCAO. The 

anxiolytic-like effects of CBD were prevented by CB1, CB2, 5-HT1A, and PPAR-ꝩ 

receptor antagonists. CBD did not significantly change the number of crossings of 

BCCAO mice in the elevated zero maze, pre-treatment with WAY-100635 or 

GW9662 decreased this parameter, suggesting interference of 5-HT1A and PPAR-ꝩ 

receptors with general locomotor activity in CI conditions. In the Y-maze, both CBD 

and the CB1 receptor antagonist AM251 increased the exploration of the novel arm 

of the Y-maze in ischemic animals. Finally, CBD and GW9662 when administered 

alone attenuated despairs-like behaviors in ischemic mice evaluated in the forced 

swim test, while no effect was detected when CBD target receptors were blocked 

by antagonists.  

 

Of note: A detailed information to this part can be found in the chapter 9.4. 
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5.4. Part IV: Time-lapse imaging of microglial activity and astrocytic calcium 

signaling reveals a neuroprotective effect of cannabidiol in the subacute 

phase of stroke 

 

5.4.1. Abstract 

Neuroprotective agents that limit secondary tissue loss and/or improve functional 

outcomes after stroke are still limited. Cannabidiol, the major non-psychoactive 

component of Cannabis sativa, has been proposed as a neuroprotective agent 

against experimental focal cerebral ischemia. The effects of cannabidiol have 

generally been related to the modulation of neuroinflammation, including the control 

of glial activation and the toxicity exerted by pro-inflammatory mediators. However, 

so far, most information concerning cannabidiol neuroprotective effects was 

obtained from immunohistochemical and biochemical post-mortem assays. To test 

whether the effects of cannabidiol on glial cells could be also detected in vivo, we 

performed time-lapse imaging of microglial activity and astrocytic calcium signaling 

in the subacute phase of stroke using two-photon laser-scanning microscopy. 

C57BL/6N mice underwent either sham or transient middle cerebral artery occlusion 

surgery. The animals received intraperitoneal injection of vehicle or cannabidiol (10 

mg/kg) 30 min, 24 h, and 48 h after surgery. One day later the neurological score 

test was performed. Brain tissue was processed to evaluate the neuronal loss and 

microglial activation. Transgenic mice with microglial expression of the enhanced 

green fluorescent protein and astrocyte-specific expression of the calcium sensor 

GCaMP3 were used to access in vivo microglial activity and astrocytic calcium 

signaling, respectively. The animals were submitted to the same experimental 

design described above and to imaging sessions before, 30 min, 24 h and, 48 h 

after surgery. Astrocytic calcium signaling was also assessed in acutely isolated 

slices 5 h after transient middle cerebral artery occlusion surgery in the presence of 

perfusion or cannabidiol (100 µM) solution. Cannabidiol prevented ischemia-

induced neurological impairments as well as protected against neuronal loss in 

ischemic wild-type mice. Cannabidiol also reduced ischemia-induced microglial 

activation in transgenic mice as demonstrated in fixed tissue as well in in vivo 

conditions. No difference in the amplitude and duration of astrocytic calcium signals 

was detected neither before nor after the middle cerebral artery occlusion in vivo. 
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Similarly, no significant difference was found in the astrocytic calcium signals 

between contra or ipsilateral sides of acutely isolated brain slices. The present 

results suggest that the neuroprotective effects of cannabidiol after stroke may occur 

in the subacute phase of ischemia and reinforces the strong anti-inflammatory 

property of this compound.  

 

5.3.2. Highlighted results 

The effect of CBD treatment given after the onset of ischemia in a mouse model of FCI 

was investigated. CBD (10 mg/kg, i.p. 30 min, 24, and 48 h after ischemia) reverted 

neurodegeneration and improved functional recovery that were induced by MCAO. 

Short-term treatment with CBD reduced neuroinflammation, reflected by a decrease in 

microglial activation, evidentiated in in situ and in vivo conditions. No difference in the 

astrocytic calcium signals was observed before and after MCAO in vivo. 

 

Of note: A detailed information to this part can be found in the chapter 9.5. 
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6. GENERAL DISCUSSION 

 

The effects of CBD treatment in ischemic conditions were addressed using different 

animal models of CI, that lead to motor, cognitive and emotional impairments. In 

both, mice and rats, we focused on the contribution of CBD to improve functional 

outcomes after CI. We also investigated the involvement of molecular and 

pharmacological processes underlying the CBD neuroprotective effects following 

CI. The GCI models applied in this study led to long-term sequelae, including 

cognitive and emotional impairments in mice and rats. The FCI model induced 

neurological deficits and microglial activation, as demonstrated in the subacute 

phase of the injury. Treatment with CBD given before and/or shortly after the onset 

of ischemia was revealed to be neuroprotective in the tested animal models, thereby 

attenuating the ischemia-induced behavioral impairments and neuroinflammation, 

and impacting neuronal plasticity. 

The neuroprotective effects of CBD on neurobehavioral scores have been well 

documented following FCI (Hayakawa et al., 2008; Ceprián et al., 2017). However, in 

GCI conditions only a few studies have investigated the effects of CBD on cognitive 

and emotional impairments (Pazos et al., 2012. Schiavon et al., 2014). In this study, 

we confirmed the beneficial effects of CBD in mice after focal and global CI and 

provided evidence for CBD’s neuroprotective effects after GCI/reperfusion in rats. 

Despite decades of intense clinical and preclinical efforts, few advances have been 

made in the development of effective pharmacotherapies to prevent or minimize 

sequelae of CI (Ao et al., 2018; Madhok et al., 2018; Hadley et al., 2019). Despite 

some pharmacological strategies have provided neuroprotection in experimental 

animals, several clinical trials have produced negative results when testing many 

different compounds. Several reasons have been suggested for the current gap 

between preclinical and clinical results. Most of the brain damage arising after CI 

occurs within a very short period. The time from symptom onset to treatment in 

which a substantial reduction of damage is feasible might be as short as 1 h 

(Chamorro et al., 2016). In this study, short-term CBD treatment, given shortly 

before and immediately after the onset of GCI, led to sustained functional recovery 

in mice. Furthermore, when CBD treatment was initiated 30 min after stroke, a 
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protective effect was also observed. However, MCAO mice treated with CBD from 

day 5 after the injury did not show any improvement of neurological score or motor 

performance (Hayakawa et al., 2009). These findings indicate that the 

neuroprotective actions of CBD might occur in the complex acute/subacute phase 

of injury.  

Another limitation for the success in the development of pharmacotherapy for CI 

consists of the fact that the neuroprotective agents must present multiple effects at 

different stages of the complex signaling cascade involved in the pathophysiology 

of CI (Dirnagl and Endres, 2014; George and Steinberg, 2015). The possible targets 

of CBD action have been extensively examined in neurodegenerative and 

neuropsychiatric experimental models (Esposito et al., 2011; Fagherazzi et al., 

2012; Campos et al., 2013). Particularly in CI conditions, converging evidence 

suggests that CBD induces neuroprotective effects through multiple molecular and 

pharmacological targets, such as decreasing oxidative stress and 

neuroinflammation and, impacting neuronal plasticity. Such experimental evidence 

reinforces the broad-spectrum pharmacological profile of CBD (Mishima et al., 2005; 

Hayakawa et al., 2008; Hayakawa et al., 2009).  

An important aspect after CI consists of the functional recovery mediated by 

neuroplasticity. Indeed, experimental pieces of evidence suggest that a time window 

of intense synaptic plasticity opens after CI, during which the greatest gains in 

recovery occur. In this sense, a treatment that provides neuroprotection while 

stimulating synaptic remodeling may provide more effective avenues for treating CI-

related impairments. Our study demonstrated the ability of CBD to promote 

functional improvement and neuroplastic processes, which can be beneficial in CI 

conditions.  

Given the very substantial large unmet clinical needs, the characterization of CBD 

as a possible therapeutic agent in CI is of significant interest. Due to its ability to 

reduce ischemia-related harmful pathophysiological processes, ameliorate 

functional outcomes, and promote neuroplastic changes, this molecule represents 

a promising new pharmacological approach to treat CI sequelae. 



 

21 

7. CONCLUSION AND OUTLOOK 

 

Neuroprotective effects of CBD were detected in different animal models of CI, 

reflected by an improved functional performance in different behavioral paradigms. 

The beneficial effect of CBD was accompanied by modulation of plastic events and 

a decrease in neuroinflammation. In addition, the involvement of different 

neurotransmission systems in CBD’s action was also reported.  

Although animal models of CI are predictive of human pathophysiology, emphasis 

should also be placed on factors present when human CI occurs. Key experiments 

will be to determine whether the neuroprotective effects of CBD can also be 

demonstrated in aged rodents with comorbidities (such as hypertension, 

hyperlipidemia, or diabetes) that are often observed in those patients that suffer a 

cerebral ischemic episode.  

Taken together, our results provided evidence for a neuroprotective action of CBD 

in diverse CI models, highlighting its profile to act on several molecular and 

pharmacological targets, making this compound a potential neuroprotective 

pharmacological strategy in CI conditions. 
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9. APPENDIX 

 

9.1 Review: Meyer et al. Rev Bras Farmacogn. 2021 
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9.2 Part I: Meyer et al. Mol Neurobiol. 2021 
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9.3 Part II: Mori et al. Prog Neuropsychopharmacol Biol Psychiatry. 2017 
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9.5 Part IV: Meyer et al. bioRxiv [preprint]. 2022 
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