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ABSTRACT 

 

The non-euphorigenic phytocannabinoid CBD has been found to be effective in treating 

childhood-onset epilepsies, conditions that are often associated with developmental delays, 

including vocal communication. Zebra finch song is a complex behavior that is learned during a 

sensitive period of vocal development, making it a promising model for understanding the 

mechanisms responsible for potential CBD-related improvements in vocal learning. Like 

language, the quality of adult zebra finch song is maintained through continuous sensorimotor 

maintenance and refinement, involving brain regions that control vocal learning and production. 

One of these brain regions, HVC, is a pre-vocal motor cortical-like region that when partially 

lesioned temporarily disrupts vocal behavior. Recovery from HVC microlesions typically takes 

about seven days without treatment. However, treatment with CBD has been shown to both speed 

recovery and reduce the acute magnitude of disruptions. Given the anti-inflammatory properties 

of CBD in seizure and other models, we suspected involvement of similar mechanisms in vocal 

recovery. To test this, we investigated CBD modulation of post-lesion expression of inflammatory 

cytokines, markers of neuronal stress, microglial migration, and changes in synaptic densities 



 

 

within relevant song control regions. Results indicate that CBD-improved vocal recovery is 

associated with reduced oxidative stress and anti-inflammatory activity. This decrease in 

inflammation and stress marker expression was associated with reduced density of microglia 

staining within song regions afferent to the lesion target, HVC (including learning-essential Area 

X [basal ganglia] and vocal motor RA [motor cortex]). Furthermore, we measured densities of 

excitatory synapses within Area X and RA, finding significant lesion-related decreases that were 

largely reversed by CBD. This synaptic protection was associated with BDNF/Arc/MSK1 

upregulation, implicating mechanisms important to homeostatic synaptic scaling. Overall, this 

work indicates that CBD improves post-CNS damage recovery of learned vocal behavior by 

promoting multiple homeostatic mechanisms. This efficacy may generalize to sensorimotor skills 

learned by other vertebrates and suggests potential application to TBI and related disorders. 
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CHAPTER ONE: Introduction  

 

1.1 Phytocannabinoids and the Endocannabinoid System  

 

Cannabis sativa, a plant indigenous to eastern Asia, has been used for centuries to elicit both 

medicinal, as well as, psychotropic effects[1]. Many of the bioactive molecules it produces have 

been studied for decades eventually leading to the discovery of the endocannabinoid system 

(ECS)[2]. These efforts have resulted in identification of hundreds of constituents called 

phytocannabinoids, with delta-9-tetrahydrocannabinol (THC) and cannabidiol (CBD) being the 

most well-known. Until recently, interest in CBD had been eclipsed by a focus on the more-

dramatically effective and euphorigenic THC. First isolated in 1964, THC is responsible for the 

euphorigenic “high” that has been the leading argument for prohibition of cannabis throughout 

modern culture. This euphoria is well understood showing partial agonism for cannabinoid type 1 

(CB1) and cannabinoid type 2 (CB2) receptors of the ECS[3] and it was THC that ultimately led 

to the identification of ECS and endogenous signaling components, endocannabinoids (eCB).  

After its discovery in 1988, the ECS has emerged as an essential component of the 

development and continued dynamics of the central nervous system (CNS). Through unique 

retrograde signaling, endogenous eCB’s, principally 2-arachidonyl glycerol (2-AG) and 

arachidonoyl ethanolamine (AEA), act as key modulators of synaptic plasticity at both excitatory 

and inhibitory synapses[4]. Major forms of this plasticity, long-term potentiation (LTP), long-term 

depression (LTD), depolarization-dependent suppression of inhibition (DSI), and depolarization-

induced suppression of excitation (DSE) are important cellular processes involved in learning and 

memory[5], [6]. The association with these events has led the ECS to be viewed as a regulator of 

communication in the CNS, while damage and dysfunction of the system are associated with 

pathologies of short- and long-term memory, as well as learning and social behaviors[7], [8].   
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Components of the ECS, like the CB1 receptor, are found throughout the CNS and produce a 

range of effects, including altered perception, mood, and cognition, as well as impairment of motor 

coordination and memory[9]. Partial agonism by THC has also been shown to exert dopaminergic 

signaling in the mesolimbic pathway (ventral tegmental area (VTA) and substantia nigra (SN), 

which primarily projects to the striatal complex[10]) which is the basis for the reinforcing 

properties of cannabis[11]. On the other hand, although structurally similar to THC, CBD does not 

have affinity for cannabinoid receptors and does not produce euphoria, but shows potential 

therapeutic utility through a vast array of cellular targets[3].  

Recently, CBD is receiving increased therapeutic attention as a botanically-derived 

formulation, Epidiolex, has been approved for marketing in the US to treat childhood seizure 

disorders[12]. The FDA approval of Epidiolex in 2018 has helped shift the focus towards the 

therapeutic potential of CBD, leading to current investigations for potential use in various 

psychiatric, neurodegenerative, inflammatory, and neoplastic diseases[13]. Despite this recent 

interest, a potential problem using CBD therapeutically appears to be the lack of selectivity. This 

drug interacts with and modifies activity of multiple cellular targets and appears to have unique 

properties that are often inconsistent in the literature[14], [15]. This inconsistency may be 

attributable to issues with co-isolation of other potentially bioactive molecules. For example, 

purified CBD extracts contain at least traces of other cannabinoids, including CNS-active, 

THC[16]. It is becoming clear that CBD efficacy is influenced by THC content, underscoring the 

importance of consistent, carefully-controlled formulations[17].  

CBD holds great potential as a therapeutic agent for a wide range of conditions despite its 

mechanism of action remaining nonselective and largely unknown. With careful formulation, and 

appropriate models, the specific cellular targets of CBD can be identified, allowing for more 
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effective therapeutic applications. As more research is conducted on the therapeutic applications 

of cannabis, it is becoming evident that phytocannabinoids show immense potential in addressing 

various medical conditions, and CBD could provide further understanding of the therapeutic value 

of cannabis. 

1.2 A Comprehensive Look at CBD's Therapeutic Indications 

With the legalization of cannabis and cannabis products in some countries and states, as well 

as recent FDA approval of cannabis-derived formulations, interest in CBD has been rekindled, 

leading to numerous studies and clinical trials. Despite an elusive mechanism of action for CBD, 

it has been shown to be effective in the treatment of various conditions, including childhood seizure 

disorders, neurodegenerative diseases, brain injuries and multiple sclerosis[12], [18].  

Currently, there are two marketed formulations of therapeutics that contain botanically derived 

CBD, Epidiolex and Sativex. Sativex, is a patented 1:1 ratio of THC and CBD used as a sublingual 

spray approved in several countries for the treatment of cancer-related pain, as well as spasticity 

and pain associated with multiple sclerosis (MS)[18], [19]. Sativex is not currently approved in 

the United States, but with growing rhetoric, cannabis products are moving towards mainstream 

acceptance. CBD has powerful anti-inflammatory and antioxidant activity, and it is thought to be 

this action which contribute to its therapeutic efficacy in MS[15]. In addition to its positive effects 

on MS, Sativex has also been shown to be effective in the treatment of neuropathic pain, cancer 

pain, and rheumatoid arthritis[20]–[22]. Despite these approved uses, the exact mechanism by 

which Sativex works is still unknown, although the combination of THC and CBD is believed to 

exhibit synergistic effects[23], [24]. Needless to say, this action is complex, and further adds to 

the complexity of activity associated with botanical extracts. 
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Conversely, Epidiolex, is a purified CBD extract (containing >99% CBD) that has been 

approved for the treatment of seizures associated with two rare forms of childhood epilepsy, 

Lennox-Gastaut and Dravet syndrome[12]. The efficacy of CBD in reducing seizures has been 

attributed to its ability to modulate gamma-aminobutyric acid (GABA) neurotransmission and 

voltage-gated calcium channels, but this is a proposed mechanism and a more complete 

understanding has yet to be determined[25]. Isolated CBD has also been shown to have 

neuroprotective efficacy through its anti-inflammatory, and anti-oxidative activity in animal 

models of Parkinson's disease (PD), Huntington's disease (HD), and Alzheimer's disease (AD)[26].  

Consistent evidence in the scientific literature has shown that the treatment of these 

neurodegenerative disorders largely depend on the anti-inflammatory and anti-oxidative properties 

of CBD[2], [27], [28]. These properties hold significant promise in specifically treating 

unregulated or sustained inflammation, which can lead to tissue damage and worsen degenerative 

diseases, developmental disorders, and traumatic injuries. Notably, all of these conditions are 

linked to cognitive dysfunction, making the preservation of cognitive function a vital treatment 

goal. Recent evidence suggests that CBD may offer a protective effect on learned behaviors, 

including those acquired during extended periods of sensorimotor development[29], thus 

presenting a promising therapeutic avenue for preventing cognitive decline caused by 

neurodegenerative diseases. 

Aside from potential applications in neurodegenerative disorders, CBD has demonstrated 

effectiveness in treating a broad range of other medical conditions. Chronic use of this compound 

has been found to possess anti-anxiety and anti-depressant properties, making it a promising 

therapy for conditions such as post-traumatic stress disorder (PTSD) and general anxiety 

disorders[26]. Additionally, the anti-inflammatory and anti-oxidative properties suggest that CBD 
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could be a valuable treatment option for traumatic brain injury (TBI), stroke, ischemia, and 

inflammatory bowel disease[30]. 

Although we have seen Sativex marketed for neuropathic pain containing THC, isolated CBD 

has shown analgesic efficacy and may be useful in the treatment of chronic pain. These effects are 

thought to be mediated by its ability to modulate the activity of several receptors and ion channels 

involved in the regulation of pain perception, as well as voltage-gated sodium and potassium 

channels[15]. These targets are involved in more than just inflammation, but also modulate 

nociceptive signaling contributing to the development and maintenance of chronic pain. 

Understanding this specific action could be applied to many other pathologies and replace current 

therapeutics. For example, clinical studies have already investigated the use of isolated CBD in 

the treatment of neuropathic pain, inflammatory pain, and cancer pain, and found that CBD may 

be effective in reducing associated pain scores and improving quality of life in some patients while 

maintaining a low side effect profile compared to its counterpart, THC[31].  

Despite the challenges and limitations associated with using CBD therapeutically, it is 

becoming increasingly clear that phytocannabinoids like CBD hold great promise for the treatment 

of a variety of medical conditions and the utility seems to be growing exponentially. With more 

research into CBD’s mechanism of action, it is evident that different formulations can be 

developed to have a greater therapeutic utility through interacting with a vast array of cellular 

targets. Botanically-derived formulations such as Sativex and Epidiolex have already been 

approved for the treatment of spasticity, pain and epilepsy, but further research is needed to fully 

understand CBD use in other conditions such as neurodegenerative diseases, TBI, PTSD, general 

anxiety, and inflammatory disorders.  



 

CHAPTER TWO: CBD's Multifaceted Mechanisms for Neuroprotection  

2.1 Anti-inflammatory activity of CBD 

The therapeutic potential of CBD has been demonstrated in anxiety, depression, 

neurodegeneration, cancer, and epilepsy, to name a few. Although containing great potential, the 

mechanism of action of CBD is complex and involves interaction with various molecular targets 

in the CNS. Although convoluted, it is defined throughout the literature that CBD has consistent 

anti-inflammatory activity that may help to mitigate the damaging effects of previously mentioned 

neurodegenerative disorders such as AD, PD, and MS[32], [33]. Additionally, CBD may 

effectively help to decrease neuroinflammation that is known to accompany TBI, as well as 

developmental diseases such as Autism Spectrum Disorder (ASD)[34].  

This anti-inflammatory activity in the CNS is achieved through complex nonselective 

interaction with several molecular targets, including receptors, ion channels, and enzymes[35]. 

Interestingly, these molecular targets do not include modulation of the ECS by direct CB1 or CB2 

receptors activity. Although structurally similar to THC, a potent partial agonist of CB1, CBD 

does not have high affinity for these receptors and its mechanism likely does not involve this direct 

activity. However, it is important to note that recent evidence has shown CBD to act as a negative 

allosteric modulator at CB1, binding and promoting conformational changes that bridge transition 

towards an inactive receptor signaling state[36]. This in vitro work employed the use of CBD 

extracts, and trace amounts of other phytocannabinoids, including THC, may be present: All 

cannabis extracts have some trace amounts of other active cannabinoids. The source of CBD is not 

regulated among these studies and these trace constituents may have efficacy through cannabinoid 

agonist binding sites. This is important as we have demonstrated that different CBD:THC ratios 

have differential efficacy to promote recovery from CNS damage[17]. Additionally, in silico 
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models of CBD binding have not been reproduced and are not therapeutically relevant to the anti-

inflammatory activity[37].  

Without clear direct activity in the ECS at CB1 or CB2, CBD likely predominantly alters 

signaling events relating to indirect mechanisms that lead to much of its therapeutic efficacy[2]. 

To date, phytocannabinoids like CBD have been demonstrated to act on a wide range of targets 

including: Inhibition of eCB transporters by binding to fatty acid binding proteins (FABPs); 

decrease eCB hydrolysis mediated by fatty acid amide hydrolase (FAAH) and monoacylglycerol 

lipase (MAGL); blockade of adenosine uptake; and agonism of transient receptor potential cation 

channel subfamily V member 1 (TRPV1), peroxisome proliferator-activated receptor gamma 

(PPARγ) and the serotonergic 5-HT1A receptors[38]. In addition to these interactions 

phytocannabinoids can directly reduce free radical and inflammatory mediator activity. 

2.1.1 CBD activity on FABP 

The eCB’s AEA and 2-AG, are hydrophobic molecules that are shuttled across cell 

membranes to their intracellular targets by binding to specific transporters known as fatty acid 

binding proteins (FABPs)[39]. These small cytosolic protein transporters are responsible for the 

uptake and recycling of eCB’s in the body, and CBD competes with eCBs for the binding of FABPs 

ultimately leading to an increase in eCB’s available for binding to other prospective targets[40]. 

Specifically, CBD has been shown to bind to the FABP5 and FABP7 isomers, and play a key role 

in the transport and metabolism of eCB’s in the epidermis, adipose tissue, brain and retina[41]. By 

inhibiting these transporters, this leads to a number of downstream effects on various physiological 

processes through activation of CB1 or CB2. It is important to note that the interaction between 

CBD and FABPs is complex and not fully understood, and there is some likely affinity differences 

between the isomers. While some studies have suggested that CBD can inhibit eCB transport by 
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directly binding to FABPs, other studies have suggested that CBD may interact indirectly and that 

other mechanisms may also be involved. 

2.1.2 CBD activity on FAAH MAGL 

CBD has been shown to inhibit the activity of both FAAH and MAGL, leading to further 

increased levels of eCB in the body. FAAH is responsible for breaking down AEA, while MAGL 

is responsible for the breakdown of 2-AG[4]. Inhibition of FAAH and MAGL by CBD leads to 

increased levels of AEA and 2-AG, effectively increasing activation of the CB1 and CB2 

receptors[42], [43]. CBD is believed to involve non-competitive inhibition through  binding to a 

site on the enzyme that is distinct from the active site, which prevents the normal breakdown and 

subsequent elevated levels of eCB’s leading to therapeutic effects of anti-inflammatory, analgesic, 

and anxiolytic properties[44]. Increasing levels of AEA and 2-AG have also been shown to have 

neuroprotective effects, which may be beneficial for the treatment of neurological disorders as 

seen in epilepsy[45].  

2.1.3 CBD activity on TRPV1 and 5HT-1A receptors  

With the complex nonselective nature of CBD, there appears to be some effects mediated 

through agonism of TRPV1 and 5-HT1A receptors[42], [43]. CBD competes with the full agonist 

capsaicin for TRPV1 binding substantially increasing intracellular calcium levels. This increase in 

Ca2+ was similar to the full agonist thus suggesting CBD acts as an agonist at TRPV1[42]. This 

was confirmed in a pentylenetetrazole (PTZ) model of seizure activity, where CBD increased both 

seizure latency and reduced seizure duration of PTZ-induced EEG activity in the prefrontal cortex 

of mice[46]. These effects were reversed using selective antagonists of the TRPV1, CB1 and CB2 

receptors (SB 366791, AM 251 and AM 630, respectfully) suggesting the involvement of multiple 

components for CBD’s anticonvulsant activity.  
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CBD has also been shown to modulate the activity of the 5-HT1A serotonin receptors, 

which are involved in the regulation of anxiety, depression, and to an extent, allodynia[43]. In cells 

expressing 5-HT1A, CBD was shown to displace the selective 5-HT1A agonist 8-hydroxy-2-(di-

n-propylamino)tetralin (8-OH-DPAT) and induce guanosine 5'-O-(3-thiotriphosphate) (GTPγS) 

binding, as well as reduce the percentage of forskolin-stimulated cyclic AMP levels at similar 

levels of receptor occupancy as 5-hydroxytryptamine (5-HT) suggesting agonism of 5-HT1A 

receptor[47]. Experimental treatment with CBD also increases the time rats spend on the Elevated 

Plus Maze (Test that stimulates conflict between exploration of a novel adverse environment 

increased anxiety) and potentiate the effects of 8-OH-DPAT in motor activity both of which 

indicate the involvement of the 5-HT1A receptor[48]. Furthermore, much of the antidepressant 

effects of CBD and to attenuate mechanical allodynia in rat models of neuropathic pain is blocked 

by the selective 5-HT1A receptor antagonist WAY 100135, but not AM251, a CB1 antagonist[47], 

[48]. 

2.1.4 CBD activity on PPARγ 

In addition to TRPV1 and 5-HT1a activity, CBD displays agonism of peroxisome 

proliferator-activated receptor gamma (PPARγ). This nuclear receptor is one of the most 

extensively studied ligand-inducible transcription factors related to glucose metabolism and 

insulin signaling[49]. CBD decreases reactive gliosis in primary astrocyte cultures, effectively 

decreasing inflammation by reducing leukocyte rolling and adhesion to the endothelium while 

displaying antioxidant activity by reducing hyperoxide toxicity in neurons[50]–[52]. 

2.1.5 CBD activity on inflammatory mediators  

 

The modulation of inflammation is a key function of CBD therapeutic activity and evidence 

shows the ability to specifically modulate the production of cytokines, including tumor necrosis 
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factor alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1 beta (IL-1β), which are key mediators 

of the inflammatory response[2], [53]. Treating human primary monocytes with varying 

concentrations of CBD for 22 hours showed a selective alteration in monocyte-derived IL-1β and 

IL-6 when activated through various toll-like receptors[54]. There has also been addition 

amelioration of TNFα and presence of cleaved caspase 3 after CBD treatment in epithelial tissue 

showing clear translational relevance as an anti-inflammatory compound decreasing pro-

inflammatory immune proliferation[55]. This activity may be explained by CBD’s ability to 

indirectly influence the ECS by increasing levels of endogenous ligands for CB2 although it seems 

the mechanism is much more complex given the anti-inflammatory activity is consistent in the 

presence of CB2 antagonists[28]. 

In conclusion, CBD has shown significant therapeutic potential in a range of conditions, 

including anxiety, depression, neurodegeneration, cancer, epilepsy, and more. Despite its complex 

mechanism of action, it is clear that CBD has consistent anti-inflammatory activity in the CNS, 

which may help mitigate the damaging effects of neurodegenerative disorders, traumatic brain 

injuries, and developmental diseases. CBD's nonselective interaction with various molecular 

targets, including FABPs, FAAH, MAGL, TRPV1, PPARγ, and 5-HT1A receptors, leads to 

downstream effects on various physiological processes, ultimately leading to its therapeutic 

effects. While there is still much to learn about CBD's mechanism of action, it is clear that this 

phytocannabinoid holds great potential as a therapeutic agent for a wide range of conditions. 

Further research is needed to better understand its full potential and to optimize its clinical use. 

2.2 Antioxidant activity of CBD 

 

In addition to its anti-inflammatory activity, the therapeutic efficacy of CBD has been 

found to include antioxidant properties that can be classified as direct or indirect. Direct 
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antioxidant activity of CBD includes the regulation of redox state through individual components 

of the redox system while indirect activity includes the interaction with other molecular targets 

associated with the redox system components.  

Reactive oxygen species (ROS) and free radicals are generated during normal cellular 

metabolism, and they can cause oxidative damage to cellular components such as lipids, proteins, 

and nucleic acids[56]. Oxidative stress occurs when the generation of ROS and free radicals 

exceeds the antioxidant capacity of the cell. The dangers of ROS and free radicals include various 

negative effects such as DNA damage, lipid peroxidation, protein damage, inflammation, and 

aging. Oxidative stress is associated with several chronic diseases, including cancer, 

cardiovascular disease, and neurodegenerative disorders[57]. 

2.2.1 Direct antioxidant activity  

Direct regulation of oxidative stress by CBD includes the interruption of free radical chain 

reactions, capturing free radicals or transforming them into less active forms. The hydroxyl groups 

of the phenol ring are mainly responsible for CBD's antioxidant activity, as free radicals produced 

in these reactions are characterized by many resonance structures in which unpaired electrons are 

mainly found on the phenolic structure[58]. CBD reduces oxidative conditions by preventing the 

formation of superoxide radicals, which are mainly generated by xanthine oxidase (XO) and 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase isoforms NOX1 and NOX4[28], 

[59]. Studies have shown that CBD reduces ROS production by chelating transition metal ions 

involved in the Fenton reaction that form extremely reactive hydroxyl radicals[60]. The Fenton 

reaction is a type of reaction that involves the production of highly reactive and damaging free 

radicals, which can cause damage to cells and tissues[61].  



12 

 

The ability of CBD to decrease β-amyloid formation in neurons by reducing the 

concentration of transition metal ions is also reported[62]. Here, cell survival and various cellular 

responses were evaluated prior to beta-amyloid peptide exposure. They found treatment with CBD 

significantly increased cell survival, while simultaneously reducing the production of ROS, lipid 

peroxidation, caspase 3 levels, DNA fragmentation, and intracellular calcium levels. 

Additional antioxidant activity is achieved by CBD-induced reduction of micro elements important 

in the activity of antioxidant enzymes. CBD prevents the reduction of microelements such as Zn 

or Sn, which are typically lowered in pathological conditions[63]. This helps to maintain the levels 

of antioxidant enzymes, which are essential for protecting the body against oxidative stress.  

The neuroprotective antioxidant activity of CBD is also very interesting and seems to be 

more significant than that of vitamin C or α-tocopherol, two well-known antioxidants[64], [65]. 

These studies have shown that glutamate neurotoxicity can be inhibited with antioxidants, and 

CBD was shown to have significant efficacy. Furthermore, CBD is an inhibitor of tryptophan 

degradation by reducing indoleamine-2,3-dioxygenase (IDO) activity[66]. Tryptophan is an 

essential amino acid that plays a vital role in maintaining proper brain function and IDO is an 

enzyme that breaks down tryptophan, which can result in decreased levels of tryptophan and 

ultimately impact brain function. By inhibiting the activity of this enzyme, CBD may help to 

maintain healthy levels of tryptophan, which could have positive effects on brain function. 

In addition to this direct activity of ROS and free radicals, CBD modifies the redox balance 

by changing the level and activity of antioxidants at the protein transcription level. By activating 

the redox-sensitive transcription factor referred to as the nuclear erythroid 2-related factor (NRF2), 

CBD increases the transcription of cytoprotective genes, including antioxidant genes[67]–[69]. 

NRF2 becomes phosphorylated in the presence of cellular stress and translocate across the nuclear 
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membrane to bind the active site of antioxidant response element (ARE) that is crucial for the 

initiation of healing[67]. Lastly, as regulation is an important aspect of this direct antioxidant 

activity, CBD was found to increase the mRNA level of superoxide dismutase (SOD) and the 

enzymatic activity of Cu-, Zn- and Mn-SOD, which are responsible for the metabolism of 

superoxide radicals[70].  

To conclude the direct antioxidant activity of CBD, studies have shown that repeated doses 

of CBD can increase the activity of glutathione peroxidase and reductase which results in a 

decrease in malonaldehyde (MDA) levels[71]. Additionally, CBD was used to treat human skin 

cells that were exposed to UVB radiation and there was an increase in both glutathione peroxidase 

(GSHPx) activity and glutathione (GSH) levels[72]. Glutathione peroxidase and GSH are 

important antioxidant enzymes that protect us against oxidative stress. MDA is a biomarker of 

oxidative stress and is produced as a result of lipid peroxidation, higher MDA levels indicate 

cellular stress by highly reactive free radicals. By lowering ROS levels, CBD can protect non-

enzymatic antioxidants, such as vitamins A, E, and C, from being oxidized. When the body is 

exposed to stress, the levels of GSH, as well as other antioxidants, can become depleted. By 

increasing the activity of glutathione peroxidase and reductase, CBD helps to maintain the levels 

of GSH and other antioxidants in the body. 

2.2.2 Antioxidant activity through ECS signaling   

CBD has been shown to have indirect antioxidant activity through its interaction with the 

ECS, which is involved in regulating redox balance in cells. As previously mentioned, CBD can 

modulate the activity of the ECS by increasing levels of endogenous ligands, which can affect the 

activity of cannabinoid receptors. The ECS, through its activation of peroxisome proliferator-

activated receptor alpha (PPARα), is known to directly regulate the expression of antioxidant 
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enzymes such as superoxide dismutase (SOD) by interacting with their promoter regions[73]. 

Additionally, CBD can interact with ion channels and nuclear (PPAR) receptors indirectly 

increasing the activity of antioxidant enzymes and enhance the cell's ability to combat oxidative 

stress[74]. This can result in a decrease in ROS levels, protecting non-enzymatic functions.  

2.3 Inflammation in the Brain: A Threat to Learning and Memory 

 

In the absence of disease or injury, the CNS regularly adapts and change in response to 

various stimuli, which is broadly termed neuroplasticity. This widespread and well documented 

phenomenon modifies the effectiveness of communication in both excitatory and inhibitory 

synapses and positively refers to the strengthening of presynaptic input onto a postsynaptic 

neuron[75]. These changes, of synaptic plasticity are essential for learning, memory, and 

behavioral adaptations, but it is well understood that neuroinflammation can hinder this 

function[52], [76]. The ability to alter communication in the CNS occurs through the physiological 

modulation of synapse structure and density, which enables neurotransmission to be directed 

appropriately. 

Mechanisms underlying synaptic plasticity include genomic changes that recruit biological 

machinery for the development, growth, and/or pruning of synaptic communication. One such 

mechanism is the alteration of neurotransmission across a synapse through retrograde activity, 

which can indirectly activate or repress brain-derived neurotrophic factor (BDNF). BDNF is 

involved in synaptogenesis, generating assembly of new synapses and the disassembly of old 

synapses. 

It has been shown that eCB’s directly suppress presynaptic neurotransmitter release in both 

glutamatergic and GABAergic synapses. This can increase or decrease neuronal efficiency, 
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respectively, thus shaping the ability to facilitate neuroplastic events like LTP or LTD. By 

enhancing synaptogenesis and subsequent strengthening adaptations, the neuroprotective efficacy 

of compounds altering the ECS may be characterized. Modifications to synaptic plasticity can be 

altered by exogenic events such as the recruitment of pro-inflammatory cytokines such as TNFα 

and IL-1β. This pro-inflammatory cytokine activity on hippocampal synaptosomes demonstrated 

a significant suppression of chemically induced LTP using glycine[77]. Suppression in the ability 

to produce consistent LTP’s is correlated to a wide array of major brain disorders that display 

dysregulated AMPAR endocytosis[78] that prevent neurons to communicate efficiently, and CBD, 

an anti-inflammatory compound, may help ameliorate these negative consequences[79], [80].  

2.3.1 Learning and Memory  

 

The anti-inflammatory and antioxidative properties of CBD make it a promising 

therapeutic for neuroinflammatory diseases that can drastically affect learning and memory. The 

process of learning is complex and involves the establishment of circuits linking different brain 

regions. These circuits loop through regions of integrative cortex to motor striatum and 

coordinating thalamus. Motor circuits are refined through practice, leading to memory formation 

and programmed motor patterns that are vulnerable to disease-related neurodegeneration[81]. In 

all vertebrates, early learning initially involves circuits reinforced by midbrain dopaminergic input. 

As behavior matures, control shifts to medial dorsal circuits that are less reinforcement-dependent 

and more programmatic, which is necessary for the automaticity underlying motor skill 

mastery[82]. Because this process requires significant practice over time, the resulting motor skills 

are very valuable. Some skills are most easily acquired during sensitive periods of development, 

outside of which additional time and effort required for learning can make them practically 

unobtainable, and irreplaceable in the event of injury or disease. Despite the significance of this 
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issue, there are currently few therapeutic approaches available to protect learned behaviors, likely 

due to the lack of suitable animal models. One such animal model is the songbird, which is well-

suited for laboratory study. 

2.3.2 Zebra Finch: A Valuable Model for Neuroprotection  

 

While some species are capable of learning throughout their life, for many species, 

complex motor skill learning occurs during a relatively brief period early in life. Among these 

species are domesticated and wild zebra finches that learn their song during a sensitive period for 

song acquisition that occurs between 25- and 90-days post-hatch[83], [84]. No song learning 

occurs before fledging (around 20 days post-hatch), and nestlings swapped between the nests of 

various males before reaching 18 days post-hatch learn their song exclusively from their foster 

father. Birds that are exposed to song recordings between 9-17 days post-hatch fail to recognize 

these songs in an operant procedure, indicating a highly specialized motor skill.  

Within the sensitive period for song learning, the sensory memorization phase, during 

which an auditory model is formed, and the sensorimotor learning phase overlap to some degree. 

It has been challenging to determine the boundaries for each phase of song development. Males 

separated from their father at 35 days post-hatch were unable to develop normal song, while males 

isolated at 50 or 65 days post-hatch developed typical song. The proportion of shared elements 

between father and male offspring increased with the time spent together, with males that were 

isolated at day 65 days post-hatch having learned all of their father's song. 

Although zebra finches are commonly regarded as closed-ended learners who sing a single 

stereotyped song in adulthood, increases in song stereotypy have been reported between 4 and 15 

months of age[85]. This indicates that there is some plasticity for adult song, utilizing sensorimotor 

feedback throughout adulthood. Adult zebra finches have a limited ability to acquire an entirely 
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new song from an auditory model, but adjustment of the existing motor patterns for song and 

incorporation of a small number of new song elements have been shown to occur in adulthood 

when birds are reared under conditions that are suboptimal for song learning[86].  

Like human language, song is learned during a sensitive period of development[87]. Also 

like humans, songbird vocal learning depends upon establishment of circuits linking cortical, 

striatal and thalamic brain regions[88]. Gene expression profiles demonstrate distinct similarities 

between songbird and human vocal learning[89], [90] and motor regions[91]. For example, 

evidence supports functional similarities between human laryngeal motor cortex (LMC) layers 2, 

3 and 6 and songbird HVC, that each drive vocal motor output (from LMC layer 5 and songbird 

robust nucleus of the arcopallium[RA], respectively[92]). Vocal output is driven by motor cortical 

RA (Fig. 2.1). Under normal conditions RA integrates input from the learning circuit (lMAN) and 

motor circuit (HVC) to modulate acoustics and syntactic order of song syllables[93], [94]. Early 

in development, the song refinement relies on auditory feedback and utilizes glutamatergic 

connections of the anterior forebrain pathway (AFP; Area X, DLM, lMAN to RA see fig. 2.1)[95]. 

However, later in development we begin to see more robust communication through the number 

of synaptic connections from HVC to RA[96]. These circuits can be manipulated utilizing the 

discrete dense nuclei of zebra finch neuroanatomy, and this unique characteristic offers the ability 

to assess drug effects and targets that other models cannot.  

Previously, using a bilateral HVC microlesion method to disrupt quality of 

vocalizations[97] it was established that daily treatments with 10 mg/kg CBD decreases the 

magnitude of song disruption and improves recovery time[29]. For the present study, to reduce 

animal impact and allow for statistically powerful within-subject controls, we are experimenting 

with a unilateral lesion approach. Our current goal is to understand the mechanisms by which CBD 



18 

 

protects vocal quality and improves learning-dependent recovery of a complex motor behavior 

after a unilateral lesion.  

Accumulating evidence shows that CBD has anti-inflammatory and anti-oxidative stress 

activity involving immune cell activation and migration to areas of CNS injury[98]. Specifically, 

gene expression studies using microarray-based gene profiling indicate CBD attenuates several 

cellular events through modulating the expression of pro-inflammatory transcription factors, 

cytokines and cytokine receptors (that are notably released by microglia and controlled by the 

master anti-oxidant regulator, NRF2[68], [99]). Given this anti-inflammatory CBD activity, we 

suspected involvement of similar mechanisms in vocal recovery. To test this, we investigated CBD 

modulation of post-microlesion expression of inflammatory cytokines, markers of neuronal 

oxidative stress, microglia/macrophage infiltration and related changes in synaptic densities within 

relevant song control regions. 



 

Figure 2.1 Zebra finch song neuroanatomy  

Summary of song brain regions of interest. a, schematic representation of brain regions 

focused upon and their interconnections. Microlesions target HVC and produce vocal deficits with 

recovery dependent on sensorimotor learning (deafened birds do not recover[100]). Red arrows 

represent the anterior forebrain pathway (AFP), a cortico-basal ganglia-thalamic circuit critical for 

vocal learning and inducing vocal variability through adulthood. Green arrows represent vocal 

motor pathways. Dashed regions indicate approximate x,y locations of regions not visible in panel 

b. b, is a representative darkfield image used to identify sections with regions of interest and to 

define their borders for superimposing on images obtained later via confocal microscopy. This 

image was used to produce the camera lucida-type tracing in Panel A. Note the distinct nuclear 

organization of song regions contrasts with laminated mammalian cortex and allows targeting for 

lesioning, dissection, and other manipulation. Rostral is approximately right, dorsal up, and bars = 

1 mm. Abbreviations: HVC (proper name), lMAN (lateral magnocellular nucleus of the anterior 

nidopallium), RA (robust nucleus of the arcopallium), Area X, Area X of striatum. 

  



 

 

 

 

  



 

 

CHAPTER THREE: Inflammatory Response and Vocal Disruption Following Unilateral 

Microlesion 

3.1 Introduction  

Vocal learning and production in songbirds, like human language, depend upon the 

establishment of circuits linking cortical, striatal, and thalamic brain regions. The similarities 

between song and speech learning goes further than circuit development as it has been 

demonstrated this process has lateralization properties similar to humans. Lateralization refers to 

the phenomenon where certain functions, particularly related to speech and language, are 

predominantly controlled by one hemisphere of the brain. In humans, language processing and 

production is primarily controlled by the left hemisphere of the brain, while the right hemisphere 

is involved in processing nonverbal information. This lateralization of language processing is 

thought to have evolved as an efficient way for the brain to handle complex communication 

signals. 

To expand, the left hemisphere is typically more involved in language processing, with 

specific regions such as Broca's and Wernicke's area playing important roles in speech production 

and comprehension, respectively[101]. The left hemisphere is also associated with processing 

aspects of language such as syntax, grammar, and phonology.  In contrast, the right hemisphere is 

associated with processing nonverbal information such as spatial reasoning, visual imagery, and 

facial recognition. Brain damage to different regions greatly affects communication defined as 

either Broca’s aphasia, where output of spontaneous speech is markedly diminished and there is a 

loss of normal grammatical structure, or Wernicke’s aphasia, characterized by impaired language 

comprehension[102], [103].  
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Lateralization of speech and language has been studied in the zebra finch, but the extent of 

vocal disruption through a unilateral injury is currently unknown. There is prominent lateralization 

of song production and perception to the left hemisphere, similar to humans. Specifically, the left 

hemisphere of the zebra finch brain is responsible for producing and processing learned songs, 

while the right hemisphere is responsible for processing non-learned, innate sounds[104], [105]. 

The neural basis for lateralization in the zebra finch has been found to involve several brain 

regions, including the HVC , RA, and Area X (Figure 2.1 for neuroanatomy). Both HVC and RA, 

key regions in the song production pathway, has activity that appears to be lateralized to the left 

hemisphere[104]. Area X has been implicated in the learning and plasticity of song production and 

it has been  shown that lesions to the left Area X can impair song learning, while lesions to the 

right Area X have a lower effect[106]. This suggests that lateralization of song learning may be 

important for the development of complex vocalizations in zebra finches and may play a role in 

recovery after an injury. 

Acute brain injury, similar to that produced by our microlesion surgery, can cause a 

cascade of events that lead to neuroinflammation. Neuroinflammation is an immune response 

within the CNS that can be either beneficial or detrimental. This is a complex process that 

involves multiple cell types, including microglia, astrocytes, and peripheral immune cells[107], 

[108]. Following acute brain injury, quiescent microglia undergo morphological changes, 

become reactive and migrate to the site of injury89. When activated, microglia release pro-

inflammatory cytokines ( i.e., IL-6 and IL-1β) and chemokines (i.e., CCL2 and CXCL1), leading 

to the recruitment of peripheral immune cells and further amplification of the inflammatory 

response. While neuroinflammation can help clear damaged tissue and promote tissue repair, 
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prolonged or excessive inflammation can lead to secondary injury and long-term neurological 

deficits[110].  

The value of studying CBD neuroprotection in songbirds lies in ability to identify 

processes modified within discrete nodes of circuits controlling vocal learning and production. 

Vocal control pathways in both songbirds and humans share convergent functional similarities 

that increase translational relevance relative to non-vocal learning species[90], [91]. A distinct 

difference between avian and human vocal pathways is nuclear rather than laminated 

organization of pallial vocal control regions. This difference imparts advantages in targeting 

regions for manipulation and spatial assessment; a feature we have taken advantage of with our 

experiments. In addition to HVC (the pre-motor cortical-like microlesion target) we have 

focused on its projection targets: RA (motor cortical-like) and Area X (a learning-essential 

striatal region). Because song recovery depends upon auditory perception-dependent 

sensorimotor integration (deafened birds don’t improve[111]) our system uniquely models adult 

loss and learning-dependent recovery of a complex motor skill.  

We have hypothesized that inflammation, particularly in the lesioned hemisphere, will 

accompany the vocal disruption resulting from HVC microlesions in our model, resembling a 

TBI. CBD has been shown to reduce the production of pro-inflammatory cytokines and decrease 

oxidative stress. In vivo models of TBI and stroke have found CBD to reduce brain swelling, 

improve function, reduce infarct size and improved functional outcomes as well as reduce 

apoptosis and promote cell survival[27], [112], [113]. We suspect that CBD-improved vocal 

recovery will be associated with a decrease in lesion-related inflammation. 
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3.2 Materials & Methods 

Materials  

Unless otherwise indicated, all materials and reagents were purchased from Sigma Aldrich 

or Thermo Fisher. Botanically derived CBD (≥98%) was provided by GW Research Ltd, 

Cambridge, UK. Concentrated stocks of CBD were prepared using nitrogen-sparged 100% ETOH 

and stored at -20 ºC. Stocks were then diluted with vehicle (2:1:17, ETOH:Alkamuls:PBS) to 

produce suspensions for injections of 10 mg/kg CBD. Resulting ethanol dosages were 0.33 mg/kg 

– lower than that voluntarily consumed by zebra finches[114].   

Drug treatments 

Stocks of CBD, prepared as described above, were stored in sterile 5 ml septum-capped 

vials at 4 ºC. Fresh stocks were prepared at least weekly. For injections drug preparations were 

loaded into sterile 1 cc insulin syringe with 30 ga needles. In the morning of injections while the 

lights were off, birds were captured by hand and the pectoralis muscle injection site was exposed 

by matting feathers with a small volume of 70% ETOH delivered by squirt bottle. Injections of 50 

µl were made into one of four quadrants of pectoralis, rotating daily to minimize potential damage 

caused by repeated treatments. 

Experimental design  

Recording experiments spanned 20 days. Birds were acclimated to recording chamber for 

3 days prior to recording. On day 4, daily injections were given for 6 days prior to the surgical 

procedures to allow CBD, a lipophilic drug with large volume of distribution and long elimination 

half-life, to approximate steady state levels[115]. On day 10,  birds were given a pre-operative 

injection and unilateral microlesion surgeries were performed according to methods detailed 

below. On day 11-20, post microlesion injections were given while continuously recorded. For the 
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molecular experiments, they spanned 8 days. There were 6 days pre-microlesion injections, a 

microlesion on day 7. On day 8, birds were given a post-operative CBD injection in the morning 

and euthanized in the afternoon for RNA extraction, or perfusion and isolation of 

paraformaldehyde-fixed brain tissue. 

Animals and environment 

Adult male zebra finches (>90 days of age) were raised in our breeding aviary and 

maintained at 78 ºF on a 12/12 light/dark cycle. Males were exclusively used due to their ability 

to produce song. Birds were housed in standard finch cages (9”x11”x17”) with ad libitum food 

and water. Birds were visually but not auditorily isolated, consistent with prior experiments done 

in recording chambers[29]. All animal procedures were approved by the East Carolina University 

Animal Care and Use Committee (see ethics declarations below).  

HVC microlesion surgeries  

To reduce animal impact and improve statistical power we modified our original bilateral 

microlesion model[29] to adopt a unilateral approach that allows individual subjects to serve as 

their own internal control. We targeted left hemispheres as evidence indicates lateralization similar 

to that characteristic of human language[116] further illustrating parallels between speech and 

birdsong (also, initial optimization experiments suggested left hemisphere HVC microlesion 

disrupted vocal quality to a greater degree than those targeting right hemispheres, see 

Supplemental Fig S1). With exception of the bilateral modification, microlesions were done as 

described previously[29]. Briefly, birds were anaesthetized with isoflurane and secured in a 

stereotaxic instrument. The bifurcation at the midsagittal sinus was used as stereotaxic zero. Small 

craniotomies were placed over the left HVC. For approximately 8% destruction of left HVC, two 

locations were targeted: 2.4 and 2.8 mm from the stereotaxic zero to a depth of 0.6 mm. 
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Microlesions were made with 100 µA for 35s. Birds recovered in a warm incubator and were 

returned to recording chambers. Note these methods were adapted from those originally developed 

by Thompson and Johnson, 2007[97]. 

KL distance measures of phonology  

In order to show that unilateral lesions produce vocal deficits similar to the previously used 

bilateral lesions, we used KL distance as a measure of vocal disruption. For KL distance measures, 

birds were recorded continuously for 20 days. Sound Analysis Pro (SAP) 2011 software[117] was 

used to segment song bouts into their separate syllable components and overall segmentation was 

accomplished by thresholding (optimized for each animal) based upon amplitude, entropy, syllable 

and syllable gap durations. SAP characterizes individual syllables by their spectral structure 

through measures of acoustic features. Acoustic feature measures were used to assess phonology 

via calculation of Kullback-Leibler (KL) distances using the previously developed methods[118], 

[119] that compare distances between 2D probability distributions of vocal acoustic features. The 

greater the amplitude of KL distance reflects a greater vocal deficit.  

Quantitative RT-PCR 

Gene expression experiments were performed with three biological replicates from four to 

five adult zebra finches per treatment group. For each animal, a sterile RNAse free 1 mm diameter 

biopsy punch tool was used to excise brain tissue of three regions of interest, from each hemisphere 

(Unlesioned right used as an internal control and lesioned left): HVC; RA; and Area X. Example 

dissection and brain regions shown in figure 3.1. Brain samples were homogenized in TRIzol 

reagent (Invitrogen, 15596026) separated using chloroform and precipitated using isopropanol. 

Precipitated RNA was washed and resuspended in RNase free water. RNA quality was confirmed 

by gel electrophoresis. Total RNA (250 ng) was used to synthesize cDNA using an iScript 
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synthesis kit (Bio-Rad, 1708890). Completed reactions were diluted 5-fold, in triplicate using 

RNAse free water. PCR was done using SYBR green supermix (Bio-Rad, 1725271). Selective 

amplification was confirmed using a melt curve analysis and data were obtained as cycle threshold 

(Ct) values using CFX Manager software (Bio-Rad). Gene expression was normalized to the 

endogenous control (GAPDH) and fold change was determined from the unlesioned hemisphere 

using the ΔΔCt method[120]. Primer sequences and information are located in table 3.1.  

Fixation and cryosectioning 

Adult male zebra finches (n = 3-5) were administered drug treatments for 6 days, 

microlesioned on day 7 and transcardial perfusions were performed 24 h later using 4% 

paraformaldehyde for fixation and 30% sucrose for cryoprotection. Fixed brains were blocked at 

the midline, placed in OCT embedding medium, frozen using a slurry of 2-methyl butane and dry 

ice, then sectioned at 10 µm using a cryostat kept at -20 ºC. Parasagittal sections of both right and 

left hemispheres from each bird were mounted on Superfrost Plus slides and stored at -20 ºC. 

Immunofluorescent staining  

Slides were blocked with 5% normal goat serum for 1 hour at 37 ºC. Primary antibodies 

targeting various proteins were diluted in 2% normal goat serum and used at optimized 

concentrations: anti-IL-6, 10 µg/ml (Biomatik, CAU30440); anti-IL-1β, 10 µg/ml (Mybiosource, 

MBS 2090494); anti-IL-10, 1:100 (BIOSS, AGO7251283); and nuclear counterstain Hoechst, 

1:10000 (Thermo Fisher Scientific, H3570). Primary antibody specificity was validated via 

western blotting, images of which are summarized in Figure 3.2.  All primary antibodies were 

incubated at 4 ºC overnight. The following day, slides were washed with PBS then was incubated 

in corresponding secondary antibody diluted in 2% normal goat serum at 37 ºC for 1 hour. 

Secondary antibodies were Alexa Fluor 488 goat anti-mouse (A32723) Alexa Fluor 647 goat anti-
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mouse (A32728) Alexa Fluor 647 goat anti-rabbit (A32733). After incubation of one hour in 

secondary antibody, slides were washed twice with PBS for five minutes each followed by Hoechst 

nuclear counterstain. After fourth and final wash, cover slips were placed on slides using diamond 

antifade mountant (Invitrogen, P36961). Control reactions were done without primary antibodies 

to demonstrate lack of significant nonspecific binding of secondary antibodies ( Figure 3.3). 

Dihydroethidium (DHE) staining  

Superoxide anions were detected via 5 µM Dihydroethidium (DHE, Invitrogen, D11347) 

following a previously described protocol[121]. DHE freely permeates cell membranes and reacts 

with cytosolic superoxide (O2
-) producing ethidium that fluoresces red upon DNA binding. This 

fluorescence can then be quantified[122]. Briefly, brain tissue was rapidly dissected and flash 

frozen in OCT compound using a dry ice 2-methylbutane slurry. Using a freezing microtome 

(Epredia Microm HM525 NX Cryostat) 10 µm sections were cut and mounted on Fisher Superfrost 

Plus microscope slides and then 1 mL of 5 µM DHE diluted in PBS was gently pipetted onto each 

slide and incubated at 37 ºC for 30 minutes protected from light, rinsed two times with PBS, and 

imaged.  

Dark-field and confocal imaging  

Dark-field images for regional identification were obtained using Image-Pro Plus software 

(version 6.3) and an Olympus BX51 microscope equipped with a darkfield condenser at 12.5X 

(Fig. 3.1 ). Borders of regions of interest were traced from darkfield images for later 

superimposition over fluorescent confocal images. Regions of interest included HVC outside of 

infarcts, RA, and Area X. Sections that contained portions of all three regions of interest were 

identified to ensure equal representation across treatment conditions. Fluorescent images were 

obtained using a Zeiss laser scanning microscope (LSM, 700 Axio Observer) with 40X (Plan-
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Apochromat/1.4 Oil DIC M27) and 10X objectives (EC Plan-Neofluar/0.30 M27). Using Zeiss 

ZEN Black imaging software, Z-stack images were compiled using 5 slices and analyzed after 

superimposing at maximum intensity using Image J.  

Image analysis  

Image J software was used to analyze superimposed z-stack images converted to 8-bit with 

a threshold applied consistently across all images within each region. All CZI-format image files 

were exported from ZEN Black software as greyscale tiff files and consolidated into a maximum 

intensity z projection. For IL-6, IL-1β, and IL-10, mean grey value of individual stain relative to 

Hoechst nuclear stain by song region was quantified as a percentage of the control hemisphere. 

Note that raw, untransformed relative fluorescence measures of cytokine expression for both 

lesioned and unlesioned hemispheres hemisphere are summarized next to representative images 

(Fig. 3.7-3.9). For DHE, mean grey values were determined and corrected for background 

fluorescence using the average intensity outside of each song region studied (Fig. 3.6b). Groups 

were compared using a percentage of the control hemisphere (Fig. 3.6c). Mean corrected total cell 

fluorescence (CTCF) was used to eliminate background using a consistent circular area (circular 

diameter of 0.5 mm): CTCF = Integrated Density – (mean song region intensity * mean 

background intensity  

Ethics declarations 

Animals were used following protocols approved by the Institutional Animal Care and Use 

Committee at East Carolina University (ECU-IACUC). ECU-IACUC oversees a registered 

research facility under the Animal Welfare Act (#55-R-0010) and has an approved Animal Welfare 

Assurance Statement with the Office of Laboratory Animal Welfare D16-00294. In addition, ECU 
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has continued full accreditation by the Association for Assessment and Accreditation of 

Laboratory Animal Care (AAALAC). 

Statistical analysis  

Statistical analyses were performed with GraphPad Prism 9.2.0 for all histological, 

behavioral, and gene expression data. Data are expressed as mean ± SEM. Statistical analysis was 

performed using a mixed-models ANOVA followed by Sidak’s post hoc analysis to identify 

differences between groups. A p value ≤ 0.05 was considered statistically significant. Statistical 

results are indicated in the text and figure legends.  

  



 

 

Figure 3.1 Illustration of micro punch technique used to isolate regions of interest 

a-d, Gross dissection of fresh zebra finch brain tissue and biopsy punch locations based on 

fiber tracts in a sagittal section. e, Dark-field image used to identify tissue sections with all regions 

of interest. Dense regions are circled, and arrows indicate circuits that connect them. f, Outline of 

sagittal section with areas of interest highlighted. Rostral is right, dorsal up, and bar = 1 mm.  

  



 

 

  

 



 

 

 

Figure 3.2 Validation of primary antibody selectivity in zebra finch brain tissue via western 

blot  

Western blotting supports antibody selectivity with zebra finch protein.  

  



 

 

  

 

 

  



 

 

  

Figure 3.3 Validation of secondary antibody specificity visualized via Immunofluorescence 

of no-primary control staining  

No primary controls for immunofluorescent staining. The samples followed the same 

immunofluorescence staining protocol but were incubated with only the diluent (no primary 

antibody) and then with the respective secondary antibody. Images were taken using the same 

LSM700 settings as images taken with primary antibodies.  

  



 

 

  

 

  



 

 

  

Table 3.1 qRT-PCR primer information  

Table listing gene symbol, accession number, and forward and reverse primers used for 

quantitative RT-PCR.  

  



 

 

  

 

 

 

 

 

Gene Symbol Accession Number Forward Primer (5’-3’) Reverse Primer 

GAPDH NM_OO1198610.1 TGCTGCTCAGAACATTAT

CCC 

TTTCCCACAGCCTAGCAG

CT 

IL-1β XM_002195564.2 TTCCGGTGCATCAGAGGC

AGTTAT 

GCACGAAGCACTTGTGGT

CAATGT 

IL-6 XM_002191284.2 CGTCTGCCAGAACAGCAT

GGAAAT 

TATCCTCATTAAAGCCGG

CGAGCA 

IL-10 XM_002194605.4 CAAGCTCAAAGAGCTGAG

GC 

GCCCTTGATTTCCTCCAG

CA 

TNFα XM_002197321.2 TGTCCCATCTGCACCACC

TTCTTA 

ATTCCCTTCCATCTGGCTT

CTGT 

SOD2 NM_001245469.2 ACAGGGGCGCCTACAGAT

AG 

CATGTTCCCATACGTCAA

TGCC 

BDNF XM_012573739.4 TCCAGCATCTGTTGGAGA

GAC 

CGAAGACCTGGGTAAGCC

AA 

RPS6KA5 (MSK1) XM_030274847.3 CGGAGTGCCCCTGGAAAA

TA 

GGCCGCTTACTTTCCTCA

CT 

Arc/Arg3.1 XM_002186825.6 TGGAAGAAGTCCATCAAG

GC 

TTGCGCCAGAGGAACTGG

TC 
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3.3 Zebra Finch vocal variability demonstrates shows left hemispheric lateralization 

Lateralization of speech and language has been studied in the zebra finch, but the extent of 

vocal disruption through a unilateral injury is currently unknown. To determine the ability of a 

unilateral microlesion to produce vocal deficit, we quantified the phonology of song as KL distance 

for both the right and the left hemisphere after their respective unilateral microlesion. A 2-way 

ANOVA revealed both a unilateral microlesion to the right and left hemisphere produced 

significant vocal disruption 24-hours after microlesions compared to baseline levels as seen in 

Figure 3.4 (Right by mean 1.675 [0.83 to 2.52], p < 0.0001; Left by mean 2.850 [2.01 to 3.70], p 

< 0.0001).  

It is also important to note that left microlesions had a lasting impact on KL distance (vocal 

disruption) 4 days post-microlesion (Post-day 2 by mean 1.33 [0.48 to 2.2], p = 0.0001; Post-day 

3 by mean 0.9225 [0.08 to 1.76], p = 0.0209; Post-day 4 by mean 0.91 [ 0.07 to 1.756], p = 0.0229) 

while right microlesions only had statistically significant differences 2 days after the surgery (Post-

day 2 by mean 1.14 [0.30 to 1.98], p = 0.0016).  

3.4 CBD differentially alters lesion-induced pro- and anti-inflammatory mediator protein 

and gene expression  

In other systems CBD exhibits anti-inflammatory and antioxidative efficacy that is in part 

responsible for its neuroprotective activity[27], [123]. To evaluate whether CBD-improved vocal 

recovery involves similar anti-inflammatory efficacy, we quantified expression of several pro- and 

anti-inflammatory mediators (Fig. 3.5a-d). Using the micro punch dissection technique described 

above 24 hours after microlesions we isolated tissue for RNA extraction, cDNA synthesis and 

amplification from song regions within nodes of motor (HVC & RA) and learning essential circuits 

(Area X, note the micro punch approach used is illustrated in Fig 3.1). Mixed models ANOVA 
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revealed CBD treatments significantly reduced expression  (relative to vehicle controls) of the pro-

inflammatory mediators IL-1β (within HVC by mean = 1.33 [0.427 to 2.222], p = 0.0015; and RA 

by mean = 1.44 [0.542 to 2.337], p = 0.0005 and IL-6 (within HVC by mean = 0.615 [0.243 to 

0.987], p = 0.0002; RA by mean = 0.563 [0.192 to 0.935], p = 0.0008; and Area X by mean = 

0.435 [0.063 to 0.807], p = 0.0141, see Fig. 3.5a-c). The lesioned area, HVC and RA showed 

additional reduction of TNFα expression (HVC by mean 0.275 [0.087 to 0.462], p = 0.0016) (RA 

by mean = 0.292 [0.105 to 0.48], p = 0.0008), that was not statistically significant in Area X (by 

mean = 0.035 [-0.222 to 0.153], p = 0.960). In addition to decreasing expression of pro-

inflammatory mediators, CBD has also been shown to upregulate the anti-inflammatory cytokine 

IL-10[124]. We quantified differences in IL-10 expression and found them to be significantly 

increased in HVC of CBD-treated birds (by mean = 0.512 [0.152 to 0.872, p = 0.0023) and RA 

(by mean = 0.487 [0.127 to 0.846], p = 0.004) but not in Area X (by mean = 0.008 [-0.368 to 

0.352], p > 0.99, see Fig. 3.5d).  

To confirm that CBD-induced anti-inflammatory patterns of gene expression result in 

functional protein level changes we used immunofluorescence approaches. We measured relative 

immunofluorescence using antibodies targeting IL-6, IL-1β and IL-10 (Representative images 

with individual fluorescence values in figure 3.6-3.8) and expressed results as a percentage of 

unlesioned hemispheres (Fig. 3.10, note that selectivity of antibodies used is supported by staining 

of single predominant bands of expected size: see Fig. 3.2). CBD significantly reduced lesion-

related IL-6 protein expression in HVC (by mean percent = 128.9% [62.32 to 195.4], p = 0.0001), 

and RA (by 89.37% [22.84 to 155.9], p = 0.0063 Fig. 3.10a). For IL-1β, CBD treatment 

significantly decreased expression in HVC (by mean = 131.2% [53.55 to 208.8], p = 0.0007), and 

RA (by mean = 115.0% [37.36 to 192.6], p = 0.0026, Fig. 3.10b).  Expression of IL-6, but not IL-
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1β, was differentially regulated in Area X (IL-6 by 72.21% [5.679 to 138.7], p = 0.031; and IL-1β 

by 1.44% [-76.17 to 79.04], p > 0.9999, visualized in Fig. 3.6-3.7e). CBD significantly increased 

anti-inflammatory IL-10 in RA (by mean = 54.9% [9.388 to 100.4], p = 0.0147) and Area X (by 

mean = 66.5% [20.96 to 111.9], p = 0.0030) while there was no statistical difference in the lesioned 

site (HVC by mean = 21.4% [-66.85 to 24.14], p = 0.5612 Fig. 3.9c).  

3.5 CBD decreases lesion-induced oxidative stress  

Consistent with anti-inflammatory efficacy, CBD has been shown to affect redox balance 

through both direct and indirect antioxidant activity[28]. Expression of superoxide dismutase 2 

(SOD2), a gene that encodes the mitochondrial protein SOD2 responsible for binding of 

superoxide byproducts, showed a significant CBD-related decrease within HVC (by mean fold = 

0.8768 [0.269 to 1.49], p = 0.002), and RA (mean fold = 0.701 [0.093 to 1.31], p = 0.018), but not 

in Area X (mean fold = 0.4841 [-0.124 to 1.092], p = 0.162, see Fig. 3.5e).  

To confirm that decreased SOD2 expression was accompanied by a general decrease in 

oxidative stress, we used the superoxide indicator dihydroethidium (DHE, see Fig. 3.10). When 

oxidized, DHE intercalates double-stranded genomic DNA marking nuclei with red fluorescence. 

In the vehicle group we found microlesions significantly increased CTCF of DHE staining within 

HVC (by mean = 52,215 [26,635 to 77,796], p < 0.0001), RA (by 49,460 [23,880 to 75,041], p < 

0.0001), and Area X (by 29,817 [4,237 to 55,397], p = 0.0152 see Fig. 3.10a). In contrast, there 

were no significant differences in DHE staining between the unlesioned hemispheres of vehicle- 

and CBD-treated animals (Fig. 3.10b VEH Unlesioned vs CBD Unlesioned 3aa-b, e-f, i-j).  (HVC, 

by mean = 1,777 [23,803 to 27,358], p > 0.9999; RA, by mean = 2,194 [-27,775 to 23,386], p > 

0.9999; and Area X, by mean = 4,280 [-21,300 to 29,861], p = 0.9980). Comparing DHE staining 

within lesioned hemispheres of vehicle- and CBD-treated animals, CBD reduced intensities within 
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HVC (by mean = 33,153 [7,573 to 58,734], p = 0.0056), RA (by mean = 30,998 [5,417 to 56,578], 

p = 0.0107), and Area X (by mean = 28,089 [2,508 to 53,669], p = 0.0250 see Fig. 3.10b). 

Additionally, when comparing treatment groups to their respective unlesioned controls, CBD 

treatments significantly reduced lesion related changes in DHE expression in all regions (HVC by 

mean = 181.5% [53.91 to 309.1], p = 0.0045; RA by mean = 143.6% [16.04 to 271.2], p = 0.0248; 

and Area X by mean = 152.0% [24.40 to 279.6], p = 0.0171 see Fig. 3.10c).   

3.6 Discussion 

The lateralization of speech and language has been studied in the zebra finch, but the extent 

of vocal disruption caused by a unilateral injury is currently unknown. This gap in knowledge 

limits our understanding of the potential effects of drug treatments, particularly those targeting 

inflammation, on vocal behavior. To address this, we aimed to develop a reproducible unilateral 

microlesion technique in zebra finches to assess the efficacy of this approach in inducing vocal 

disruption and to investigate the potential utility of this model in evaluating the effects of drug 

treatment on vocal behavior. 

To evaluate the potential utility of this model, we first assessed the efficacy of the unilateral 

microlesion technique by examining the extent of vocal disruption produced by unilateral HVC 

microlesions. Additionally, we investigated the lateralization of vocal deficit in our model to 

determine the hemisphere that would help identify potential molecular mechanisms for CBD-

improved vocal recovery. It is important to note, previous work has employed, “no surgery” groups 

to control for possible effects independent of the microlesion procedure and experimental drug 

treatments (e.g., craniotomy manipulation per se and/or anesthesia)[29]. It was found that no 

significant differences were found across treatment groups within this control. Given the 

significant number of animals and impact, it is not a feasible group. 
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Our initial results indicate that left hemisphere microlesions had a greater impact on vocal 

deficit than right hemisphere microlesions, and the disruption was significant for four days 

compared to the two days seen in the right hemisphere (Fig. 3.4). This finding is consistent with 

previous studies suggesting that the left hemisphere is more specialized for vocal learning and 

production in songbirds[104]. The longer-lasting disruption seen in the left hemisphere suggests 

that this region may have a greater response to injury than right hemisphere. 

We also investigated the potential use of cannabidiol (CBD) in protecting and promoting 

the recovery of lesion-disrupted vocal behavior. Results indicate that CBD neuroprotection 

followed powerful anti-neuroinflammatory effects, which is consistent with previous findings in 

mammalian systems[99] (reviewed by Kozela et al., 2017, see Figs. 2 and 4). This is important as 

neuroinflammation is an etiological factor in development of a spectrum of CNS disorders[32] 

(see chapter 1 section 1.2) such as chronic neuroinflammation triggered by post- TBI, which 

increases the likelihood of mood disorders and early-onset dementias[126]. Unfortunately, current 

therapies for chronic neuroinflammation often have significant side effects and/or diminishing 

efficacy, making CBD's profound anti-neuroinflammatory effects an attractive therapeutic option. 

However, it has been noted that a potential problem with using CBD therapeutically is its 

lack of selectivity. CBD interacts with and modifies the activity of multiple cellular targets[14], 

[15], and purified CBD extracts may contain at least traces of other cannabinoids, including CNS-

active THC[16]. We found that CBD efficacy is influenced by THC content, emphasizing the 

importance of consistent, carefully-controlled formulations[17]. Identifying distinct mechanisms 

responsible for CBD neuroprotection may lead to the development of more selective drugs, 

reducing potential off-target effects. Alternatively, an entourage of CBD's diverse cellular 

interactions may be critical to its efficacy and necessary for neuroprotection. The microlesion 
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model shows promise for identifying anti-neuroinflammatory mechanisms and screening potential 

new drugs. 

CBD anti-inflammatory effects appeared greatest in the microlesioned region, HVC, and 

to progressively lesser extents within RA and Area X (e.g., Fig. 3.5a-c and 3.10a-c). These effects 

were demonstrated in the gene expression of several inflammatory mediators and confirmed using 

primary antibodies with high specificity to their respective protein targets (see Fig. 3.2 for 

confirmation of selectivity). This coincides with proximity to HVC, consistent with expected 

impact on shorter degenerating projections preceding longer ones. Because RA integrates output 

from both the Area X-associated AFP, and the posterior motor pathway (via HVC, see Fig. 2.1) 

we expected disrupted motor input prior to that of the AFP learning circuit[127]. The AFP has an 

error-generating function that introduces vocal variability critical for sensorimotor learning and 

modulates activity in both RA[128] and HVC (indirectly via midbrain dopaminergic nuclei[129]). 

Persistence of AFP error generation, under conditions of reduced HVC motor control, is consistent 

with microlesion-induced vocal disruption. This may explain why minimal microlesion effects are 

observed in AFP-deficient birds[97]. 

A second neuroprotection-related mechanism identified included CBD mitigation of 

oxidative stress, as indicated by effects on SOD2 expression within HVC and RA (Fig. 2). 

Oxidative stress effects were further confirmed by reduced superoxide-activated DHE 

staining[130] (Fig 3.11). Like cytokines, the magnitude of superoxide production varied with 

lesion proximity, but was significantly decreased by CBD in HVC and RA (Fig. 3.11b). Note that 

regional measures of DHE fluorescence are expressed relative to surrounding regions, and 

therefore demonstrate selective, within song circuit effects. 



 

45 

 

Given chronic administration necessary to treat chronic neuroinflammation, significant 

side effects and/or diminishing efficacy are common with current therapies[131]. Profound anti-

neuroinflammatory effects that we and others have observed using CBD, combined with evidence 

of a favorable side-effect profile[65] suggests it may improve ability to manage this difficult 

condition. 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 3.4 Zebra Finch vocal variability demonstrates left hemispheric lateralization.  

Unilateral HVC microlesions temporarily disrupt zebra finch song. Y-axis shows days 

relative to microlesions given on day 7. Using a measure of vocal variability, K-L distance[29], 

[132], a unilateral HVC microlesion to either the right or left hemisphere, disrupts vocalization 

peaking 24 hours after surgery. Left hemisphere lesions produced a greater change from baseline, 

although both were statistically significant. These results confirm left hemisphere lateralization 

similar to previous literature. n = 3.  

  



 

 

 

 

 

 

  



 

 

 

Figure 3.5 CBD promotes a pattern of anti-inflammatory and anti-oxidative stress-related 

gene expression via qRT-PCR  

CBD promotes a pattern of anti-inflammatory and anti-oxidative stress-related gene 

expression. Brain regions from both vocal-motor (HVC and RA) and -learning circuits (Area X) 

were micropunch dissected, total RNA extracted, cDNA synthesized, and PCR amplified. Gene 

expression of IL-1β, IL-6, IL-10, TNFα, and SOD2 were normalized to the endogenous control 

(GAPDH) and fold change from the unlesioned hemisphere was expressed as 2-∆∆CT. To 

quantify, cDNA from n = 5 per group was amplified in triplicate and the average cycle threshold 

(Ct) value was calculated. The mean Ct value was then used for further analysis. a, CBD 

significantly decreased mean fold expression of pro-inflammatory IL-6 in HVC, RA, and Area X. 

b, CBD decreased mean fold expression of IL-1β in HVC and RA but not Area X. c, TNFα was 

decreased in HVC and RA but not Area X. d, mean fold expression of the anti-inflammatory 

mediator IL-10 was increased in HVC and RA but not significantly in Area X. e, Expression of 

the marker of oxidative stress, superoxide dismutase 2 (SOD2) was decreased within HVC and 

RA. Note that tissue was obtained 24 h post-lesion and thus represents a “snap-shot” of 

inflammatory cytokine expression that is known to vary with time post-injury63. Group 

differences were assessed by mixed-models ANOVA with Sidak’s multiple comparison 

correction. 

  



 

 

 

 

  



 

 

 

Figure 3.6 CBD decreases pro-inflammatory IL-6 staining within HVC, RA and Area X 

CBD alters inflammation-related IL-6 densities. Daily treatments with 10 mg/kg were 

associated with modulation of IL-6 protein expression 24 h after unilateral HVC lesions. Shown 

are representative immunofluorescent confocal images of antibody staining targeting IL-6 within 

motor (HVC & RA) and learning-essential (Area X) regions. aa-ah, unlesioned and lesioned 

hemisphere images showing representative regional distribution of IL-6 in HVC of vehicle- vs. 

CBD-treated birds. ba-bh, images demonstrating regional distribution of IL-6 in RA. ca-cl, 

confocal images demonstrating regional distribution of IL-6 in Area X.  Raw values are not relative 

to control hemisphere but are displayed in Figure 3.9. Quantification was done as a percentage of 

the unlesioned hemisphere shown in Figure 3.10. Image J software was used to analyze z-stack 

images projected at maximum intensity and threshold was applied consistently across all images 

for n = 5 per group. 

  



 

 

 

  



 

 

 

Figure 3.7 CBD decreases pro-inflammatory IL-1β staining within HVC, RA and Area X 

CBD alters inflammation-related IL-1β densities. Daily treatments with 10 mg/kg were 

associated with modulation of IL-1β protein expression 24 h after unilateral HVC lesions. Shown 

are representative immunofluorescent confocal images of antibody staining targeting IL-1β within 

motor (HVC & RA) and learning-essential (Area X) regions. aa-ah, unlesioned and lesioned 

hemisphere images showing representative regional distribution of IL-1β in HVC of vehicle- vs. 

CBD-treated birds. ba-bh, images demonstrating regional distribution of IL-1β in RA. ca-cl, 

confocal images demonstrating regional distribution of IL-1β  in Area X.  Raw values are not 

relative to control hemisphere but are displayed in Figure 3.9. Quantification was done as a 

percentage of the unlesioned hemisphere shown in Figure 3.10. Image J software was used to 

analyze z-stack images projected at maximum intensity and threshold was applied consistently 

across all images for n = 5 per group. 



 

 

 

  



 

 

 

Figure 3.8 CBD increases anti-inflammatory IL-10 staining within HVC, RA and Area X 

CBD alters inflammation-related IL-10 densities. Daily treatments with 10 mg/kg were 

associated with modulation of IL-10 protein expression 24 h after unilateral HVC lesions. Shown 

are representative immunofluorescent confocal images of antibody staining targeting IL-10 within 

motor (HVC & RA) and learning-essential (Area X) regions. aa-ah, unlesioned and lesioned 

hemisphere images showing representative regional distribution of IL-10 in HVC of vehicle- vs. 

CBD-treated birds. ba-bh, images demonstrating regional distribution of IL-1β in RA. ca-cl, 

confocal images demonstrating regional distribution of IL-10  in Area X.  Raw values are not 

relative to control hemisphere but are displayed in Figure 3.9. Quantification was done as a 

percentage of the unlesioned hemisphere shown in Figure 3.10. Image J software was used to 

analyze z-stack images projected at maximum intensity and threshold was applied consistently 

across all images for n = 5 per group. 

 

 

  



 

 

 

 

  



 

 

 

Figure 3.9  Unchanged values of relative fluorescence of individual cytokines  

 

Quantification of relative mean grey value of pro- and anti-inflammatory cytokine protein 

expression. A-C, Relative fluorescence of IL-6 by song region and drug treatment. D-F, Relative 

fluorescence of IL-1β by song region and drug treatment. G-I, Relative fluorescence of IL-10 by 

song region and drug treatment. 

  



 

 

 

 

  



 

 

 

Figure 3.10  CBD alters inflammation-related cytokine densities relative to unlesioned 

hemisphere 

Quantification of relative fluorescence as a percentage of unlesioned control. a, IL-6 

change by song region and drug treatment. CBD significantly reduced IL-6 expression in HVC, 

RA, and Area X. b, IL-1β relative fluorescence change from unlesioned control hemisphere by 

song region and drug treatment. CBD significantly decreased IL-1β intensity in HVC, and RA. c, 

anti-inflammatory IL-10 fluorescence as percent change from unlesioned control hemisphere by 

song region and drug treatment. CBD significantly increased IL-10 intensity in RA and Area X. 

Differences were determined by mixed-models ANOVA followed by Sidak-corrected post-hoc 

comparisons. Image J software was used to analyze z-stack images projected at maximum intensity 

and threshold was applied consistently across all images for n = 5 per group. 

  



 

 

 

  



 

 

 

Figure 3.11 CBD decreased reactive oxygen species in lesioned hemispheres as indicated by 

intensity of dihydroethidium staining 

CBD decreased reactive oxygen species in lesioned hemispheres as indicated by intensity 

of dihydroethidium staining (DHE, in red). a, representative confocal images displaying regional 

DHE staining indicative of reactive oxygen species (ROS) as a function of lesion condition and 

treatment. b, summary of mean Corrected Total Cell Fluorescence (CTCF) of DHE staining within 

each area using a circular area with a diameter of 0.5 mm (see methods for CTCF calculation 

details). In the vehicle group microlesions significantly increased total fluorescence of DHE 

staining within HVC, RA and Area. Increased lesion induced DHE staining was also observed in 

CBD treated groups although to a less significant degree. Comparing DHE staining within lesioned 

hemispheres of vehicle- and CBD-treated animals, CBD reduced intensities within HVC, RA, and 

Area X. c, CBD treatment significantly reduced lesion related changes in DHE expression in all 

regions as a percentage of their respective control hemisphere. The mean grey values were 

determined and corrected for background fluorescence using the average intensity outside of each 

song region studied. from n = 4 per group. Comparisons were made and significance determined 

using Sidak’s correction for multiple comparisons following mixed-models ANOVA (n = 4 per 

group). 

  



 

 

 

  



 

 

CHAPTER FOUR: Investigating the Impact of CBD on Regulators of Inflammation 

4.1 Introduction  

Inflammation is a complex biological response that plays a critical role in the body's 

defense against injury or infection. In the CNS, this response includes the activation of immune 

cells, including microglia and astrocytes, and a concomitant release of pro-inflammatory cytokines 

(i.e. IL-6 and IL-1β) that help to eliminate the source of injury or infection[133], [134]. Pro-

inflammatory cytokines can recruit additional immune cells to the site of injury or infection, 

activate phagocytic cells to remove cellular debris and pathogens, and stimulate tissue repair 

mechanisms[135]. However, chronic or excessive production of pro-inflammatory cytokines can 

lead to pathological conditions, such as chronic inflammation and further exacerbate tissue 

damage[109], [136]. Therefore, proper regulation of pro-inflammatory cytokine production is 

essential to maintain homeostasis and promote recovery. 

The activation of the NRF2 pathway has been shown to play a crucial role in the regulation 

of inflammation and oxidative stress. NRF2 is a transcription factor that regulates a number of 

genes involved in antioxidant, autophagic, and other cellular responses to inflammation and 

oxidative stress[67]. Under basal conditions, NRF2 is a cytoplasmic protein ubiquitylated by 

Kelch- like ECH-associated protein 1 (KEAP1) for proteasomal degradation[69]. In the presence 

of cellular stress, NRF2 becomes activated by phosphorylation leading to its translocation to the 

nucleus. After translocation, phosphorylated-NRF2 (pNRF2) bind promoter region of small 

musculoaponeurotic fibrosarcoma oncogene homologue (sMAF) proteins and induce antioxidant 

response element (ARE). ARE is then shown to upregulate antioxidant enzymes, detoxifying 

enzymes, and other anti-inflammatory mediators (IL-10)[68]. 
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NRF2 activation is accompanied by activated microglia to regulate inflammation and tissue 

damage[137]. Activation and recruitment of microglia to the site of injury play a critical role in 

the regulation of inflammation and oxidative stress, as microglia use pro-inflammatory mediators 

that contribute to the inflammatory response[138]. Additionally, microglia play a key role in 

phagocytosis and clearance of cellular debris, which is important for promoting recovery following 

injury or infection[136], [139]. The relationship between microglial dynamics, inflammation, and 

oxidative stress is complex, and the regulation of microglial activity by NRF2 and other signaling 

pathways is an active area of research. 

Here we investigate the role of NRF2 and microglia in regulating inflammation and 

oxidative stress following injury. Our goal is to better understand the mechanisms by which anti-

inflammatory agents, such as CBD, regulate inflammation and oxidative stress and the role of 

NRF2 and microglia in these processes. Previous results show significant lesion-induced increases 

in pro-inflammatory mediators and oxidative markers, followed by subsequent amelioration of 

inflammation with CBD. Changes in pNRF2 and microglia expression may provide insight into 

the regulation of this response.  

4.2 Materials & Methods  

 

Drug Treatments:  

Stocks of CBD, prepared according to materials (section 3.2), were stored in sterile 5 ml 

septum-capped vials at 4 ºC. Fresh stocks were prepared at least weekly. For injections drug 

preparations were loaded into sterile 1 cc insulin syringe with 30 ga needles. In the morning of 

injections while the lights were off, birds were captured by hand and the pectoralis muscle injection 

site was exposed by matting feathers with a small volume of 70% ETOH delivered by squirt bottle. 
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Injections of 50 µl were made into one of four quadrants of pectoralis, rotating daily to minimize 

potential damage caused by repeated treatments. 

Experimental Design: See chapter 3 for details, summarized below.  

Experiments spanned 8 days. Six daily injections were given prior to the surgical 

procedures to allow CBD, a lipophilic drug with large volume of distribution and long elimination 

half-life, to approximate steady state levels[115]. On day 7, birds were given a pre-operative 

injection and unilateral microlesion surgeries were performed according to methods detailed 

below. Note that unilateral HVC microlesions significantly, but temporarily disrupt vocalizations 

in a manner consistent with the bilateral approach used previously, except that the magnitude of 

disruptions was predictably reduced (see Fig. 3.4). On day 8, birds were given a post-operative 

injection in the morning and euthanized in the afternoon for perfusion and isolation of 

paraformaldehyde-fixed brain tissue. 

Animals and Environment: Chapter 3 

Microlesion Surgeries: Chapter 3  

Fixation and Cryosection: Chapter 3 

Immunofluorescent staining: 

Slides were blocked with 5% normal goat serum for 1 hour at 37 ºC. Primary antibodies 

targeting various proteins were diluted in 2% normal goat serum and used at optimized 

concentrations: anti-TMEM119, 1:100 (Abcam, AB185337); anti-phosphorylated NRF2 

(pNRF2), 1:200 (Abcam, AB76026); and nuclear counterstain Hoechst, 1:10000 (Thermo Fisher 

Scientific, H3570). Primary Antibody specificity were validated via western blotting images of 

which are summarized in Fig. 3.2.  All primary antibodies were incubated at 4 ºC overnight. The 

following day, slides were washed with PBS then corresponding secondary antibody diluted in 2% 
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normal goat serum was incubated with the tissue at 37 ºC for 1 hour. Secondary antibodies were 

Alexa Fluor 488 goat anti-mouse (A32723) Alexa Fluor 647 goat anti-mouse (A32728) Alexa 

Fluor 647 goat anti-rabbit (A32733). After incubation of one hour in secondary antibody, slides 

were washed twice with PBS for five minutes each followed by Hoechst nuclear counterstain. 

After fourth and final wash, cover slips were placed on slides using diamond antifade mountant 

(Invitrogen, P36961). 

Confocal and dark-field imaging: Chapter 3 

Image analysis:  

Image J software was used to analyze superimposed z-stack images converted to 8-bit with 

a threshold applied consistently across all images within each region. All CZI-format image files 

were exported from ZEN Black software as a greyscale tiff file and consolidated into a max 

intensity z projection. For analysis of nuclear translocation of pNRF2, color thresholding was used 

to determine: (1) the area of pNRF2 colocalized with Hoechst nuclear staining and (2) the total 

area of Hoechst nuclear staining. pNRF2 nuclear area was then expressed as a percentage of total 

nuclear area and compared across groups (Fig. 4.1). For analysis of microglia within each region, 

mean grey value of TMEM119 staining was normalized to Hoechst-stained nuclei and calculated 

as percent change from unlesioned control hemisphere (Fig. 4.5).  

Statistical analysis:  

Statistical analyses were performed with GraphPad Prism 9.2.0 for all histological, 

behavioral, and gene expression data. Data are expressed as mean ± SEM. Statistical analysis was 

performed using a mixed-models ANOVA followed by Sidak’s post hoc analysis to identify 

differences between groups. A p value ≤ 0.05 was considered statistically significant. Specific 

statistical tests performed are indicated in the text of the results and figure legends.  
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4.3 Regulation of inflammation pNrf2 

The anti-inflammatory and anti-oxidative activity of CBD suggests involvement of NRF2-

mediated regulation of redox, mitochondrial and inflammatory processes to maintain homeostasis. 

Results indicate CBD treatment significantly increased nuclear levels of pNRF2 within all regions 

of interest: in HVC (by mean percent = 19.6 [3.7 to 35.4], p = 0.0259), RA (by mean = 11.65 [2.39 

to 20.9], p = 0.0262) and Area X (by mean = 7.1 [1.8 to 12.43], p = 0.0218, Fig. 4.1). Note the 

difference in punctate staining of (Fig 4.1aa-af) and aggregation of pNRF2 in CBD treatment that 

has been associated with activated microglia and subsequent decrease in pro-inflammatory 

signaling[140], [141] 

4.4 CBD effectively reduces microglial marker TMEM119 

Microglia activation, recruitment, and phagocytosis are primary inflammatory responses 

after injury, known to be mediated by the release of cytokines and superoxide production with 

downstream effects on the complement cascade[109], [135]. Previous evidence links microglial 

activation with transient elevation of pro-inflammatory genes (i.e. IL-1β & IL-6) that have been 

observed at peak neuronal death during tissue damage[135]. Given our results showing increased 

expression of pro-inflammatory cytokines 24 hours after the microlesion surgery, we explored the 

possibility of microglial involvement in CBD-improved vocal recovery. Using TMEM119 as a 

microglia marker, we studied lesion-induced TMEM119 staining within song regions (HVC, RA, 

and Area X) and CBD effects on this expression (Fig. 4.2-4.4). Results indicate within HVC, RA 

and Area X, TMEM119 levels were significantly lower in CBD-treated animals relative to controls 

(by mean 97.61% [27.59 to 167.6], p = 0.0053; 103.8% [33.77 to 173.8], p = 0.0031 and; by 

87.39% [17.37 to 157.4], p = 0.0123, respectively (Fig. 4.5). Note that our present focus on 
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microglia represents a first step, and does not preclude likely involvement of other cell types in 

microlesion-induced inflammatory responses (e.g. reactive astrocytes)[142].  

4.5 Discussion  

The combination of anti-inflammatory and anti-oxidative CBD activity suggested 

involvement of a higher order, organized stress response. Consistent with this is signaling 

controlled by NRF2, an established central regulator of redox, mitochondrial and inflammatory 

mediators. Under basal conditions NRF2 is a cytoplasmic protein that upon oxidative stress is 

activated by phosphorylation[68]. Activated phospho-NRF2 translocates to the nucleus where it 

acts as a transcription factor regulating a host of genes involved in antioxidant, autophagic, 

misfolded protein and other cellular responses[69]. The significant CBD-related increases in 

nuclear phospho-NRF2 observed in our system implicates this homeostatic pathway in vocal 

protection. Note other activators of NRF2 signaling are clinically-relevant anti-

inflammatories[143]. NRF2 is also potently activated by the botanically-derived antioxidant 

sulforaphane, a derivative of which is currently being evaluated in CNS hemorrhage[144]. These 

more selective drugs are candidates for anti-neuroinflammatory evaluation in the HVC microlesion 

system. 

The type of pro-inflammatory cytokine expression we observe following microlesions 

(described above) are, in other systems, associated with microglial activation, infiltration, and 

phagocytosis of cellular debris. These activities may be of key importance to neuronal recovery 

vs. apoptosis[109]. This led us to investigate potential microglia-related activity following HVC 

microlesions and CBD-improved vocal recovery. Note that this investigation of microglia 

involvement represents an initial first step. It is highly likely that other cell types are involved in 

both lesion-induced inflammation and CBD’s anti-inflammatory activity (e.g. reactive 
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astrocytes)[142]. Experiments using additional markers are currently planned and will result in a 

more complete characterization of cell types active in, and relevant to, our system. 

Presently, using TMEM119 as a microglia marker[145] we found CBD significantly 

reduced staining densities consistent with reduced myeloid cell infiltration (Fig. 6A-B). This is 

interesting as it suggests that damage-induced myeloid cell activity, at the single early 24 hour 

timepoint we investigated, is associated with disruptive effects of the microlesions, and not 

neuroprotection. The rounded cellular appearance of TMEM119-stained cells 24 hours post-

lesioning suggests, but does not prove, that microlesions increase densities of microglia in an 

activated phagocytic state, and that CBD treatments reduce this (as shown in Fig. 4.2aa-b). Going 

forward it will be important to investigate a more complete time course of lesion effects. Another 

caveat follows recent evidence suggesting TMEM119 may not distinguish microglia from 

migrating peripheral macrophages as reliably as previously thought, and that it does not distinguish 

activated from inactive states[146]. Because microglia can adopt a continuum of activation states: 

from pro-inflammatory “M1-like” to anti-inflammatory “M2-like” subtypes[147] it will be 

important in future studies to measure multiple markers to distinguish the types and activity of 

myeloid cell responses[110], [146]. Unlike other CBD-related measures, effects on lesion-

increased TMEM119 densities were not reversed to unlesioned control levels. A hypothesis we 

are currently testing is ability of CBD to shift the relative populations of pro- to anti-inflammatory 

microglial species. 

  



 

 

Figure 4.1 CBD increases nuclear localization of the antioxidant response-regulating 

transcription factor pNRF2 

CBD increases nuclear localization of the antioxidant response-regulating transcription 

factor pNRF2. a, Images within song regions were taken from tissue collected 24 h after unilateral 

HVC lesions. b, pNRF2 nuclear staining in song regions of interest expressed as a percentage of 

total nuclear staining. Results indicate CBD treatment significantly increased nuclear pNRF2 

within HVC, RA and Area X consistent with antioxidant responses. Image J software was used to 

analyze z-stack images projected at maximum intensity and threshold was applied consistently 

across all images. Group differences were determined using mixed-models ANOVA followed by 

Sidak-corrected post-hoc comparisons for n = 4 per group.  

 

  



 

 

 

  



 

 

 

Figure 4.2 TMEM119 staining within song regions of lesioned and unlesioned hemispheres  

CBD treatments decrease density of the microglia specific marker TMEM119 within song 

regions of lesioned and unlesioned hemispheres. aa – h, TMEM119 immunofluorescence marks 

microglia, in which a high density of fluorescence is present in vehicle-treated HVC. Lower 

TMEM119 staining is evident in the CBD treated group. ae-h, Merge images of TMEM119 and 

Hoechst-stained nuclei. ba – h, TMEM119 immunofluorescence marks microglia, in which a high 

density of fluorescence is present in vehicle-treated RA. Lower TMEM119 staining is evident in 

the CBD treated group. be-h, Merge images of TMEM119 and Hoechst-stained nuclei. ca – h, 

TMEM119 immunofluorescence marks microglia, in which a high density of fluorescence is 

present in vehicle-treated Area X. Lower TMEM119 staining is evident in the CBD treated group. 

ce-h, Merge images of TMEM119 and Hoechst-stained nuclei. 

  



 

 

 

  



 

 

 

Figure 4.3 CBD treatments decrease relative staining density of TMEM119 within HVC, 

RA and Area X 

TMEM119 density expressed as TMEM119 mean grey value relative Hoechst staining as 

percentage of the unlesioned hemisphere. Within HVC, RA and Area X, microglia densities were 

significantly lower in CBD-treated animals relative to vehicle controls. Group differences were 

determined using mixed-models ANOVA followed by Sidak corrected post-hoc comparisons for 

n = 4 per group.  

  



 

 

 

 

  



 

 

CHAPTER FIVE: Neuroplastic Changes in the Song System Contribute to CBD-Improved 

Vocal Recovery. 

5.1 Introduction  

The CNS relies on proper regulation of synaptic communication to maintain normal 

function and promote recovery following injury or damage. Microglia have been recognized to 

play a crucial role in the regulation of these connections, both during development (for example 

critical periods of learning, see section 2.3) and in response to injury or disease[148], [149]. One 

of their primary functions is to modulate these connections, especially excitatory synapses, through 

their ability to target degrading synapses and promote recovery. However, the same microglia can 

also release cytotoxic components that can damage healthy synapses and neurons, making their 

role in synaptic regulation dynamic and complex[139].  

During development, microglia play a crucial role in the formation and elimination of 

synapses, especially in the context of synaptic pruning. Microglia are involved in the elimination 

of excess synapses, leading to a refinement of the neural circuitry. This process is critical for the 

proper functioning of the CNS, as it allows for the establishment of functional neural networks as 

seen in the zebra finch. Over the course of song crystallization, there is a shift in the circuitry used 

for song production that is modeled using the number of degenerating synapses[150]. Early in 

development, the song refinement relies on auditory feedback and utilizes glutamatergic 

connections of the anterior forebrain pathway (AFP; Area X, DLM, lMAN to RA see fig. 2.1)[95]. 

However, later in development we begin to see more robust communication through the number 

of synaptic connections from HVC to RA[96].  
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In response to injury or disease, microglia are activated and migrate towards the site of 

injury and release a range of factors that can modulate synaptic connections, including cytokines, 

chemokines, and growth factors[109]. These factors can either promote or inhibit synapse 

formation, depending on the type of injury or disease and the stage of recovery. Regulation of this 

process is critical as microglia can also damage healthy synapses and nearby neurons. With the 

dysregulated or chronic release of factors such as reactive oxygen species (ROS) and nitric oxide 

(NO), microglia can cause oxidative damage to healthy neurons and synapses leading to a loss of 

communication and a reduction in synaptic density[56], [139].  

In this study, we aim to investigate the potential protective effects of cannabidiol (CBD) 

on synaptic density and plasticity following injury. We will use a combination of imaging 

techniques to measure the colocalization of postsynaptic density protein 95 (PSD95) and the 

presynaptic glutamatergic marker VGLUT2, as a measure of synaptic density. Additionally, 

because zebra finch vocal recovery requires sensorimotor feedback[100] we will investigate 

factors linking experience with neuroplasticity and homeostatic synaptic scaling[151].  
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5.2 Materials & Methods 

Materials: Chapter 3 

Drug Treatments: Chapter 3 

Experimental Design: Chapter 3 

Animals and Environment: Chapter 3 

Microlesion Surgeries: Chapter 3 

Quantitative RT-PCR: See chapter 3 for full methods 

Gene expression of ARC/ARG3.1 MSK1 and BDNF were normalized to the endogenous 

control (GAPDH) and fold change was determined from the unlesioned hemisphere using the 

ΔΔCt method[120]. Primer sequences and information are located in table 3.1. 

Fixation and Cryosection: Chapter 3 

Immunofluorescent staining: see chapter 3 for full methods 

Slides were blocked with 5% normal goat serum for 1 hour at 37 ºC. Primary antibodies 

targeting various proteins were diluted in 2% normal goat serum and used at optimized 

concentrations: anti-PSD95, 1:50 (Santa Cruz, SC-32291); anti-vesicular GLUT2 (VGLUT2) 

1:500 (Cell Signaling, 715555); anti-GLUA1, 1:200 (Cell Signaling, 13185) and nuclear 

counterstain Hoechst, 1:10000 (Thermo Fisher Scientific, H3570).  

Confocal and dark-field imaging: Chapter 3 

Image analysis  

Image J software was used to analyze superimposed z-stack images converted to 8-bit with 

a threshold applied consistently across all images within each region. All CZI-format image files 

were exported from ZEN Black software as a greyscale tiff file and consolidated into a max 
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intensity z projection. Glutamatergic density was analyzed using the colocalization of VGLUT2 

and PSD95 per area of measurement (circular diameter of 100µm).  

Statistical analysis  

Statistical analyses were performed with GraphPad Prism 9.2.0 for all histological, 

behavioral, and gene expression data. Data are expressed as mean ± SEM. Statistical analysis was 

performed using a mixed-models ANOVA followed by Sidak’s post hoc analysis to identify 

differences between groups. A p value ≤ 0.05 was considered statistically significant. Specific 

statistical tests performed are indicated in the text of the results and figure legends.  

5.3 Synaptic Density  

A critical microglial function includes phagocytotic clearing of axonal and synaptic debris 

following neuronal degeneration[139]. Evidence of CBD-related decreased microglial TMEM119 

expression led us to question whether treatments also protected synaptic densities. To measure 

this, we compared colocalization of the pre- and post-synaptic markers, VGLUT2 and PSD-95 

across treatment groups (Fig. 5.1-5.3). We saw significant lesion-related decreases in synaptic 

densities. In the vehicle group, unilateral microlesions decreased the synaptic density within HVC 

(Fig. 5.4a Veh Unlesioned vs Veh Lesioned) by mean = 0.20/µm2 [0.025 to 0.38], p = 0.272), RA 

by mean = 0.24/µm2 [0.11 to 0.37, p = 0.0014) and Area X by mean = 0.16/µm2 [0.007 to 0.31], p 

= 0.0410). Interestingly, within RA of CBD groups there was significant decrease in synaptic 

densities after the lesion (CBD Unlesioned vs CBD Lesioned by mean = 0.16/µm2 [0.022 to 0.30], 

p = 0.0234) while HVC and Area X changes were insignificant. However, CBD treatment had a 

profound effect on post lesion synaptic density compared to vehicle in HVC (Veh Lesioned vs 

CBD Lesioned, by mean = 0.19/µm2 [0.002 to 0.38], p = 0.0476) in RA (by mean = 0.18/µm2 [0.05 

to 0.32], p= 0.0088, and Area X (by mean = 0.15/µm2 [0.04 to 0.26], p = 0.0122). CBD treatment 
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also appeared to reverse lesion related decreases within HVC (CBD Unlesioned vs CBD Lesioned, 

mean = 0.076/µm2 [-0.1126 to 0.2654], p = 0.7154 and Area X (by mean = 0.094/µm2 [-0.019 to 

0.21], p = 0.1094) but decreases remained significant in RA (mean = 0.16/µm2 [0.022 to 0.30], p 

= 0.0234). We then quantified the difference in synaptic density from the unlesioned to lesioned 

hemisphere as the number of colocalized puncta as a percentage of the unlesioned control 

hemisphere (Fig. 5.4b). Within HVC and RA, CBD groups had a significant increase in post-lesion 

synaptic density (HVC by mean = 24.4% [0.4095 to 48.41], p = 0.0.0464; RA by mean = 16.5% 

[3.019 to 29.90], p = 0.0186) while Area X did not differ significantly (by mean = 13.77% [12.02 

to 39.56], p = 0.3336). Although not found to be significant, it may be important that CBD 

treatment tended to increase the synaptic densities in unlesioned hemispheres relative to vehicle, 

suggesting the promotion of synaptogenesis in addition to lesion protection.   

5.4 Homeostatic Scaling  

Zebra finch vocal recovery is dependent on auditory feedback that led us to investigate the 

connection between experience with neuroplasticity and regulation of synaptic strength via 

synaptic scaling. By quantifying expression of key plasticity-related genes via qRT-PCR we found 

significant treatment group differences in expression of BDNF (F[3, 36] = 28.79, p < 0.0001), 

MSK1 (F[3, 36] = 57.63, p < 0.0001) and ARC/ARG3.1 (F[3, 36] = 46.53, p < 0.0001, Fig 5.6).  

Post-hoc comparisons revealed that in VEH controls lesions significantly increased BDNF 

expression in HVC (by 1.29 fold, 95% CI = 0.66 - 1.92, p < 0.0001) but not RA or Area X (Fig. 

5.6a). This appears related to stimulation of BDNF expression in the lesioned region, HVC, that 

did not extend to its projection targets, RA and Area X. This wasn’t true in CBD-treated finches 

where significant differences between unlesioned and lesioned-group birds were observed in each 
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brain region (in HVC by 1.15, 95% CI = 0.52 - 1.78, p < 0.0001; in RA by 1.01, 95% CI = 0.38 - 

1.64, p = 0.0007; in Area X by 1.02, 95% CI = 0.39 - 1.36, p = 0.0006). 

Because evidence suggests BDNF increases MSK1 expression in experience-related 

synaptic plasticity[152] we investigated potential CBD regulation of this kinase’s expression. 

Although lesions tended to increase MSK1 expression in VEH controls, this was only significantly 

different in Area X (VEH Unlesioned vs. VEH Lesioned by 0.68, 95% CI = 0.24 - 1.11, p = 0.0010, 

Fig 11B). In contrast, CBD-treated birds had significantly increased MSK1 expression in each 

brain region of interest (in HVC by 1.25, 95% CI = 0.81 - 1.66, p < 0.0001; in RA by 1.08, 95% 

CI = 0.64 - 1.52, p < 0.0001; in Area X by 1.01, 95% CI = 0.38 - 1.64, p < 0.0001). 

In models of homeostatic synaptic scaling, high levels of synaptic activity increase 

signaling of the BDNF/MSK1 pathway[153] promoting ARC/ARG3.1 expression. ARC/ARG3.1 

activity promotes internalization of excitatory AMPA receptors, decreasing excitatory synaptic 

strength. To test whether this ARC/ARG3.1 signaling pathway is involved in our vocal recovery 

system we measured treatment effects on ARC/ARG3.1 expression. Interestingly, in each brain 

region of interest of vehicle-treated controls, lesions significantly increased ARC/ARG3.1 

expression (in HVC by 0.08, 95% CI = -.40 – 0.56, p = 0.970; in RA by 0.56, 95% CI = 0.079 - 

1.04, p = 0.017; in Area X by 0.62, 95% CI = 0.14 - 1.11, p = 0.0068, Fig 11C). Comparing vehicle- 

and CBD-treated lesioned birds, expression of ARC/ARG3.1 was significantly lower in RA and 

Area X, but not HVC, of CBD-treated finches (in RA by 0.56, 95% CI = 0.08 - 1.04, p = 0.017 

and; Area X by 0.62, 95% CI = 0.14 – 1.11, p = 0.007). If, as in other systems, ARC/ARG3.1 acts 

to internalize AMPA receptors, we would expect higher densities following CBD treatments. We 

are currently investigating this possibility. 



 

81 

 

5.5 AMPA receptor regulation  

AMPA receptors play a critical role in the excitatory neurotransmission in the brain. The 

regulation of AMPA receptors is essential for synaptic plasticity, learning, and memory 

formation[151]. Changes or regulation in the number of AMPA receptor subunits, such as the 

GLUA1 subunit, can modulate the strength of synaptic connections, which is critical for learning 

and memory[154]. There are several ways that AMPA receptor regulation occurs, including 

changes in receptor subunit composition, post-translational modifications, and changes in receptor 

trafficking[155], [156]. Due to changes in synaptic modifying gene expression, we looked at the 

post-synaptic expression of GLUA1 (Fig. 5.7-5.9) which has been shown to be internalized by 

ARC/ARG3.1 activity[157], [158]. Similar to an overall increase in synaptic density (Fig. 5.1-5.4), 

CBD treatment appeared to increase post-synaptic GLUA1 expression of the unlesioned 

hemisphere within RA (by mean 0.20 [0.11 to 0.29], p < 0.0001) but not Area X (Fig. 5.10a). 

Consistent with a modulation of synaptic scaling gene expression, we saw a significant decrease 

in post-synaptic GLUA1 expression of the vehicle group within RA (by mean 0.13 [0.04 to 0.22], 

p = 0.003) and Area X (by mean 0.099 [0.011 to 0.18], p = 0.025). This deficit was not significant 

with CBD treatment. Furthermore, the difference between lesioned groups was very large, but it 

is important to note these are not relative to their respective unlesioned hemisphere (RA by mean 

0.33 [0.24 to 0.42] p < 0.0001; and Area X by mean 0.15 [0.06 to 0.24], p = 0.001; Fig 5.10a). 

When quantifying as a percentage of the unlesioned hemisphere, in both RA  and Area X, CBD 

treatment appears to offer protection from lesion-related decreases in post-synaptic GLUA1 

receptor expression (RA by mean 38.03% [57.91 to 18.14], p = 0.0016; and Area X by mean 

40.44% [60.32 to 20.55], p = 0.0010; Fig 5.10b). It is important to note, expression within HVC 

was met with high variability likely due to microlesion surgery.  
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5.6 Discussion  

A key function of anti-inflammatory microglial subtypes and other myeloid cells[142] in 

recovery from CNS damage includes preservation of synaptic densities[159]. Potential CBD 

protection/promotion of synaptic density was tested by measuring colocalization of PSD95 and 

the presynaptic glutamatergic marker VGLUT2 (note HVC projections to Area X and RA are 

glutamatergic[160]). As expected, HVC microlesions decreased densities within the region itself, 

and also within its projection targets (Fig. 5.1, see also cupric-silver evidence of degeneration[Fig. 

5.5]). Less expectedly, CBD increased synaptic marker colocalization within unlesioned 

hemispheres, suggesting promotion of de novo synaptogenesis. Whether synaptogenic activity is 

accompanied by additional synaptoprotection remains an open question (Fig. 5.1-5.9). The 

decreased magnitude of vocal disruption seen following CBD treatments suggests potential 

protection of circuits established during song learning. Facilitating establishment of new synapses 

may underly CBD promotion of sensorimotor learning-dependent vocal recovery. 

A mechanism by which CBD may protect excitatory synapses is through modulating 

synaptic scaling. This homeostatic process governs synapse sensitivity under various excitation 

states[161]. Synaptic scaling is regulated by a complex network of proteins and signaling 

pathways, including BDNF, MSK1 and Arc/Arg3.1[162], [163]. BDNF activates MSK1 that in 

turn acts to alter expression of Arc/Arg3.1[152]. Arc/Arg3.1 directly regulates synaptic 

localization of excitatory AMPA receptor subtypes in a manner critical for homeostatic protection 

of learning-related plasticity and memory consolidation[164]. Arc/Arg3.1 activity increases 

internalization of excitatory AMPA receptors, decreasing and scaling-down excitatory synaptic 

strength. This regulation may protect against excitotoxicity but, to the extent patterns of AMPA 

receptor expression are important for maintenance of song circuits established during vocal 
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learning, increased Arc/Arg3.1 may result in the vocal disruption observed in vehicle-treated birds. 

Decreased magnitudes of vocal disruption observed in CBD-treated birds may be due to reduced 

synaptic scaling following lesion-related excitotoxity (evident from CuAg staining, Fig 5.5). 

To assess whether the gene expression results of synaptic modifying components lead to a 

change in GLUA1 expression, we measured the density of PSD95:GLUA1 colocalized puncta. 

Our findings indicate that CBD modulates the expression of post-synaptic GLUA1, which is 

essential for synaptic plasticity and learning[156]. Specifically, we found that CBD treatment 

appeared to increase post-synaptic GLUA1 expression in the unlesioned hemisphere within RA 

but not in Area X. This may suggest that CBD has region-specific effects on AMPA receptor 

regulation or that the effects of CBD may depend on the specific neural circuitry involved. We 

also observed a significant decrease in post-synaptic GLUA1 expression of the vehicle group 

within RA and Area X, suggesting lesion-related deficits in AMPA receptor regulation. This deficit 

was not significant with CBD treatment, indicating that CBD may protect against lesion-related 

decreases in post-synaptic GLUA1 receptor expression. Interestingly, when we quantified post-

synaptic GLUA1 expression as a percentage of the unlesioned hemisphere, we found that CBD 

treatment appeared to offer protection from lesion-related decreases in both RA and Area X. These 

findings may have important implications for the maintenance of learning-related plasticity and 

memory consolidation in the brain. 

This work suggests that CBD promotes post-CNS damage recovery of learned vocal 

behavior by promoting homeostatic mechanisms, including the preservation of synaptic density 

and regulation of AMPA receptor subunit expression. These findings have important implications 

for the potential therapeutic applications of CBD in the treatment of neurological disorders 

associated with synaptic dysfunction, such as TBI and related conditions. Lastly, our study 
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provides valuable insights into the elusive mechanisms underlying the neuroprotective effects of 

CBD-improved vocal recovery and highlights its potential as a therapeutic agent for the treatment 

of many disorders. 

  



 

 

Figure 5.1 Identification of glutamatergic synapses within HVC of lesioned and unlesioned 

hemispheres 

CBD treatments protect glutamatergic synaptic densities from lesion-related losses within 

HVC. A-T, Representative confocal images of immunofluorescence illustrating synaptic density 

in four groups: VEH Unleisoned (a-e), CBD Unlesioned (f-j), VEH Lesioned (k-o), and CBD 

lesioned (p-t). Stains are divided into columns with Hoechst, PSD95 (postsynaptic marker), and 

VGLUT2 (presynaptic marker) respectfully. Column four is a merge of PSD95 and VGLUT2 and 

column 5 shows a mask of the colocalized puncta. The synapse mask shows CBD has a significant 

increase in post lesion glutamatergic synapse s 24 hours after the lesions. 

  



 

 

 

  



 

 

 

Figure 5.2 Identification of glutamatergic synapses within RA of lesioned and unlesioned 

hemispheres 

CBD treatments protect glutamatergic synaptic densities from lesion-related losses within 

RA. A-T, Representative confocal images of immunofluorescence illustrating synaptic density in 

four groups: VEH Unleisoned (a-e), CBD Unlesioned (f-j), VEH Lesioned (k-o), and CBD 

Lesioned (p-t). Stain is divided into columns with Hoechst, PSD95 (postsynaptic marker), and 

VGLUT2 (presynaptic marker) respectfully. Column four is a merge of the two stains and column 

5 shows a mask of the colocalized puncta of PSD95 and VGLUT2. The synapse mask shows CBD 

has a significant increase in post lesion glutamatergic synapses 24 hours after the lesions. 

  



 

 

 

 

 

 

 

 



 

 

 

Figure 5.3 Identification of glutamatergic synapses within Area X of lesioned and 

unlesioned hemispheres 

CBD treatments protect glutamatergic synaptic densities from lesion-related losses within 

Area X. A-T, Representative confocal images of immunofluorescence illustrating synaptic density 

in four groups: VEH Unleisoned (a-e), CBD Unlesioned (f-j), VEH Lesioned (k-o), and CBD 

Lesioned (p-t). Stain is divided into columns with Hoechst, PSD95 (postsynaptic marker), and 

VGLUT2 (presynaptic marker) respectfully. Column 4 is a merge of the two stains and column 5 

shows a mask of the colocalized puncta of PSD95 and VGLUT2. The synapse mask shows CBD 

has a significant increase in post lesion glutamatergic synapses 24 hours after the lesions. 

  



 

 

 

 

 

 

 

 



 

 

 

Figure 5.4 CBD treatments protect glutamatergic synaptic densities from lesion-related 

losses. 

CBD treatments protect glutamatergic synaptic densities from lesion-related losses. a, 

Quantification of song region synaptic densities within unlesioned and lesioned hemispheres of 

vehicle- and CBD-treated songbirds. In the vehicle group, unilateral microlesions decreased the 

synaptic density in all three regions examined (HVC, RA, and Area X). Conversely, in the CBD 

group there was no significant lesion effects in HVC or Area X. This protection was not as robust 

in RA, although the deficit was decreased. CBD treatment had a profound effect on the post lesion 

synaptic density compared to post lesion densities of vehicle treated birds in all three regions of 

interest. b, Lesion related change in synaptic density expressed as colocalized puncta transformed 

to percentage of the unlesioned control hemisphere. Within HVC and RA, CBD groups had a 

significant increase in post-lesion synaptic density while Area X did not differ significantly. This 

indicates a significant protection of synapses in key areas of vocal production. For analysis, each 

z-stack image set was post-processed and projected at maximum intensity. Puncta of colocalized 

VGLUT-2 and PSD-95 within each region were defined for particle analysis with threshold applied 

from n = 5 animals per group. Glutamatergic synapse densities were then quantified as percent 

change from the unlesioned control hemisphere. Significance was assessed and appropriate 

comparisons made using mixed-models ANOVA with Sidak’s correction for multiple 

comparisons.  

  



 

 

 

 

 

 

 

  



 

 

 

Figure 5.5 Lesion related neuronal degeneration within song regions  

Amino-cupric-silver (A-Cu-Ag) staining to detect neuronal degeneration in zebra finch 

brain tissue 24 hours after unilateral microlesion (left is anterior, top is dorsal). a, representative 

image showing microlesion ablation of HVC, significant darkening of projected region RA and 

slight darkening of Area X. Note, there is axonal degradation from HVC to RA. b, outline of tissue 

with regions of interest labeled (HVC, RA, and Area X).  

  



 

 

 

 

  



 

 

 

Figure 5.6 CBD influences expression of synaptic scaling regulators 

CBD influences expression of synaptic scaling regulators. Y-axes = mRNA expression of 

BDNF, ARC/ARG3.1, and MSK1 normalized to the housekeeping control (GAPDH) and 

expressed as fold change from unlesioned hemispheres (2-∆∆CT). The cDNA samples synthesized 

from groups of n = 4 subjects were amplified in triplicate and means plotted. a, In RA and Area X 

of lesioned hemispheres, CBD significantly increased mean fold expression of BDNF relative to 

VEH controls. b, in HVC, RA and Area X of lesioned hemispheres CBD treatment increased mean 

fold expression of MSK1 over VEH. c, In RA and Area X of lesioned hemispheres, CBD 

suppressed ARC/ARG3.1 expression vs. VEH. Group differences were assessed by mixed-models 

ANOVA with Sidak’s multiple comparison correction. 



 

 

 

 

  



 

 

 

Figure 5.7 Identification of post-synaptic AMPA receptor expression within HVC of lesioned 

and unlesioned hemispheres 

Identification of post synaptic AMPA receptor expression within HVC of lesioned and 

unlesioned hemispheres. A-t, Representative confocal images of immunofluorescence illustrating 

density of post-synaptic AMPA receptor subunit (GLUA1) in four groups: VEH Unleisoned (a-e), 

CBD Unlesioned (f-j), VEH Lesioned (k-o), and CBD lesioned (p-t). Stains are divided into 

columns with Hoechst, PSD95 (postsynaptic marker), and GLUA1 (AMPA subunit) respectfully. 

Column four is a merge of PSD95 and GLUA1. Column 5 shows a mask of the colocalized puncta.  

  



 

 

 

 

  



 

 

 

Figure 5.8 Identification of post-synaptic AMPA receptor expression within RA of lesioned 

and unlesioned hemispheres 

Identification of post synaptic AMPA receptor expression within RA of lesioned and 

unlesioned hemispheres. A-t, Representative confocal images of immunofluorescence illustrating 

density of post-synaptic AMPA receptor subunit (GLUA1) in four groups: VEH Unleisoned (a-e), 

CBD Unlesioned (f-j), VEH Lesioned (k-o), and CBD lesioned (p-t). Stains are divided into 

columns with Hoechst, PSD95 (postsynaptic marker), and GLUA1 (AMPA subunit) respectfully. 

Column four is a merge of PSD95 and GLUA1. Column 5 shows a mask of the colocalized puncta. 

The synapse mask shows CBD has a significant increase in post-lesion AMPA receptor 

localization to the synapse 24 hours after  the lesions.  



 

 

 

  



 

 

 

Figure 5.9 Identification of post-synaptic AMPA receptor expression within Area X of 

lesioned and unlesioned hemispheres 

Identification of post synaptic AMPA receptor expression within Area X of lesioned and 

unlesioned hemispheres. A-t, Representative confocal images of immunofluorescence illustrating 

density of post-synaptic AMPA receptor subunit (GLUA1) in four groups: VEH Unleisoned (a-e), 

CBD Unlesioned (f-j), VEH Lesioned (k-o), and CBD lesioned (p-t). Stains are divided into 

columns with Hoechst, PSD95 (postsynaptic marker), and GLUA1 (AMPA subunit) respectfully. 

Column four is a merge of PSD95 and GLUA1. Column 5 shows a mask of the colocalized puncta. 

The synapse mask shows CBD has a significant increase in post-lesion AMPA receptor 

localization to the synapse 24 hours after  the lesions. 

  



 

 

 

  



 

 

 

Figure 5.10 CBD treatments increase post-synaptic AMPA receptor expression 

 

CBD treatments increase post-synaptic GLUA1 receptor expression after lesioning. a, 

Quantification of song region post-synaptic GLUA1 densities within unlesioned and lesioned 

hemispheres of vehicle- and CBD-treated songbirds. In the vehicle group, unilateral microlesions 

decreased the post-synaptic GLUA1 densities in two of the regions examined (RA, and Area X). 

Conversely, in the CBD group there were no significant lesion related changes in GLUA1 

expression indicating a protection of receptor. CBD treatment had a profound effect on the post 

lesion receptor expression compared to post lesion densities of vehicle treated birds in RA and 

Area X. Note the variability in HVC, the lesioned area. b, Lesion related change in GLUA1 density 

expressed as colocalized puncta transformed to percentage of the unlesioned control hemisphere. 

Within RA and Area X, CBD groups had a significant increase in post-lesion synaptic density 

while HVC did not differ significantly. This indicates a significant preservation of GLUA1 in key 

areas of vocal learning. c-d, relative fluorescent quantification of either PSD95 or GLUA1 relative 

to nuclei. For analysis, each z-stack image set was post-processed and projected at maximum 

intensity. Puncta of colocalized GLUA1 and PSD-95 within each region were defined for particle 

analysis with threshold applied from n = 3 animals per group. Post-synaptic GLUA1 densities were 

then quantified as percent change from the unlesioned control hemisphere. Significance was 

assessed and appropriate comparisons made using mixed-models ANOVA with Sidak’s correction 

for multiple comparisons.  

  



 

 

 

 

 

 

  



 

 

CHAPTER SIX: Summary and Concluding Statements 

6.1 Summary of Findings 

Vocal learning and production in songbirds have long been considered an important model 

system for studying the neural basis of language and speech learning. It has been demonstrated 

that the development of circuits linking cortical, striatal, and thalamic brain regions is critical for 

vocal learning and production, similar to human language. The similarities between song and 

speech learning also extend to lateralization properties, as has been demonstrated in humans. In 

this study, we investigated the lateralization properties of vocal disruption in zebra finches 

following a lesion to either the left or right hemisphere. Additionally, we explored the potential 

neuroprotective effects of cannabidiol (CBD) on lesion-disrupted vocal behavior, focusing on its 

anti-inflammatory and antioxidative properties. We also examined the potential involvement of 

microglia in CBD-induced vocal recovery and synaptic density. 

6.1.1 Lateralization Properties of Vocal Disruption 

Our study demonstrated that lateralization does exist in zebra finches, as a lesion to the left 

hemisphere showed a greater impact of vocal disruption peaking at 24hr post-lesion that lasted 

longer than that of a lesion to the right hemisphere. This finding is consistent with previous studies 

on lateralization in songbirds and adds to the growing body of evidence that the lateralization 

properties of song and speech learning and production are similar. 

6.1.2 CBD Neuroprotection and Anti-Inflammatory Effects 

Results from our study indicate that CBD neuroprotection, as seen previously using a 

bilateral lesion, followed powerful anti-neuroinflammatory effects, which is consistent with 

previous understanding of the positive efficacy of CBD in mammalian systems. The anti-
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inflammatory effects appeared greatest in the microlesioned region, HVC, and to progressively 

lesser extents within RA and Area X. The efferent damage also seemed to coincide with proximity 

to the lesion, with RA having a greater modulation of inflammation, while Area X was 

anatomically more distal compared to RA.  

6.1.3 CBD Mitigation of Oxidative Stress 

We also identified a second neuroprotection-related mechanism for CBD, which included 

CBD mitigation of oxidative stress. This was indicated by effects on SOD2 expression within HVC 

and RA, as well as reduced superoxide activated DHE staining. Like cytokines, the magnitude of 

superoxide production varied with lesion proximity, but was significantly decreased by CBD in 

HVC and RA. CBD can alter oxidation through a number of mechanisms including direct and 

indirect pathways, so our evidence modeled a general decrease in ROS production.  

6.1.4 CBD-Induced Stress Response 

The combination of anti-inflammatory and anti-oxidative CBD activity suggested 

involvement of a higher order, organized stress response. Consistent with this is signaling 

controlled by NRF2, an established central regulator of redox, mitochondrial, and inflammatory 

mediators. The significant CBD-related increases in nuclear phospho-NRF2 observed in our 

system implicate this homeostatic pathway in vocal protection. The pro-inflammatory cytokine 

expression and increase in NRF2 translocation and activation we observe following microlesions 

are, in other systems, associated with microglial activation, infiltration, and phagocytosis of 

cellular debris. These activities may be of key importance to neuronal recovery versus apoptosis. 

6.1.5 CBD and Microglia-Related Activity 

Our study also investigated potential microglia-related activity following HVC 

microlesions and CBD-improved vocal recovery. Note that our lab did not examine astrocytes, 
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which are important for damage control in other models, but microglia were found to be the first 

step for identifying responses in this model. Our results indicate a decrease in microglia 

recruitment and a rounded cellular appearance of TMEM119-stained cells 24 hours post-lesioning. 

This structural change in appearance suggests that microlesions increase densities of microglia in 

an activated phagocytic state and CBD treatments reduce this. Additionally, it is important to note 

that microglia did not return to unlesioned or control numbers, which may indicate a persistent 

anti-inflammatory “M2” microglia phenotype. 

6.1.6 CBD and Synaptic Density 

Microglia are involved in the elimination of excess synapses leading to a refinement of the 

neural circuitry, which is critical for the proper functioning of the CNS. We investigated the 

potential protection/promotion of synaptic density by CBD, which was tested by measuring 

colocalization of PSD95 and VGLUT2. As expected, HVC microlesions decreased densities 

within the region itself and also within its projection targets. The decreased magnitude of vocal 

disruption seen following CBD treatments suggests potential protection of circuits established 

during song learning. Facilitating the establishment of new synapses may underlie CBD promotion 

of sensorimotor learning-dependent vocal recovery. 

 

6.1.7 CBD and Synaptic Scaling 

A mechanism by which CBD may protect excitatory synapses is through modulating 

synaptic scaling, which is regulated by a complex network of proteins and signaling pathways, 

including BDNF, MSK1, and Arc/Arg3.1. Arc/Arg3.1 activity increases internalization of 

excitatory AMPA receptors, decreasing and scaling-down excitatory synaptic strength. We found 

that 24 hours after lesioning, CBD treatment significantly regulated the expression of Arc/Arg3.1, 
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potentially protecting against excitotoxicity. However, patterns of AMPA receptor expression are 

important for maintenance of song circuits established during vocal learning, and increased 

Arc/Arg3.1 may result in the vocal disruption observed in vehicle-treated birds. The decreased 

magnitudes of vocal disruption observed in CBD-treated birds may be due to reduced synaptic 

scaling following lesion-related excitotoxicity. 

 

6.1.8 CBD and GLUA1 Subunit Expression 

To assess whether the gene expression results of synaptic modifying components lead to a 

change in GLUA1 subunit expression, we measured the density of PSD95 and GLUA1 colocalized 

puncta. We found that CBD treatment appeared to increase post-synaptic GLUA1 expression in 

the unlesioned hemisphere within RA but not in Area X. This may suggest two things: (1) CBD 

has region-specific effects on AMPA receptor regulation; (2) The effects of CBD may depend on 

the timing and proximity of neural circuitry involved. We also observed a significant decrease in 

post-synaptic GLUA1 expression of the vehicle group within RA and Area X, suggesting lesion-

related deficits in AMPA receptor potentiation. This deficit was not significant with CBD 

treatment, indicating that CBD may protect against lesion-related decreases in post-synaptic 

GLUA1 receptor internalization. Furthermore, lesion related GLUA1 deficits were blunted with 

CBD treatment and in some cases expression increased. Taken together these results confirm 

lesion-related decrease in GLUA1 expression in vehicle treated groups that was maintained with 

CBD treatment, and a decrease in GLUA1 internalization consistent with our synaptic scaling gene 

expression.  
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6.1.9 Concluding statements  

In conclusion, our study adds to the growing body of evidence that the lateralization 

properties of song and speech learning are similar. We demonstrated that a lesion to the left 

hemisphere had a greater impact on vocal disruption in zebra finches than a lesion to the right 

hemisphere. We also identified potential neuroprotective effects of CBD, including its anti-

inflammatory and antioxidative properties, and its ability to modulate microglia-related activity. 

CBD may also promote the preservation of synaptic densities and protect against excitotoxicity 

through the modulation of synaptic scaling. Our findings suggest that CBD has potential as a 

therapeutic agent for the treatment of neural damage-related disorders, but caution is advised with 

the growing industry and unregulated over the counter products containing trace compounds that 

may differentially affect the efficacy of CBD. Further studies are needed to explore this mechanism 

of CBD-induced vocal recovery as this research serves as a foundation for the neuroplasticity 

related neuroprotection that CBD displays. 

6.2 Future research  

As research into the therapeutic properties of CBD continues to expand, there is growing 

interest in its potential for protecting against neurodegeneration following TBI, as current 

treatments are associated with adverse reactions. While previous studies have demonstrated CBD's 

ability to promote the homeostatic cellular process of autophagy[165], which is key for removing 

cellular debris and promoting repair, it remains unclear whether CBD can protect circuits 

underlying learned behavior. Therefore, future research should investigate the role of autophagy 

in CBD-mediated neuroprotection following TBI-induced neuroinflammation by examining the 

expression and distribution of LC3, a key marker of autophagy, in immunofluorescence assays. 
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Autophagy processes may help define the synaptic protection illustrated above, as main 

components of neuronal remodeling are degraded through autophagy[166]. 

In addition to investigating the role of autophagy in CBD-mediated neuroprotection 

following TBI-induced neuroinflammation, future research should also aim to determine whether 

CBD can drive populations of microglial subtypes towards anti-inflammatory (M2) activation. Our 

results indicate that treatment does not completely ameliorate TMEM119 levels which might 

identify an anti-inflammatory component to the glial population. We also have demonstrated that 

CBD treatment is associated with an upregulation of IL-10 expression, which is known to promote 

activation of anti-inflammatory (M2 subtype) microglia. This confirms previous work showing 

CBD mitigates experimental autoimmune encephalomyelitis (EAE)[167]. Although this was a 

combination THC:CBD drug effect, isolated CBD compounds show similar activity[168], [169]. 

Relative populations of M1 and M2 microglial subtypes following CBD treatment should be 

assessed and will identify the role of M2 anti-inflammatory microglia in neuroprotection, rather 

than the idea of M1 subtype inhibition, which has until recently been a therapeutic focus. However, 

it is important to note literature on microglia and their phenotypic changes are growing and 

changing exponentially. M1 and M2 are classical designations of their polarization states, but it is 

becoming clear that there is a spectrum of phenotypic changes. The M1 and M2 criteria are mainly 

indicative of structure and have been used as an oversimplification of the functional characteristics 

of these glia cells[170], [171]. It appears functional characteristics are a more reliable was to 

identify the population of microglia, and some markers may not be as reliable as previously 

thought. For example, Ionized calcium binding adaptor molecule 1 (IBA1), first described in 1998 

and ubiquitously used throughout the scientific community, does not discern differences in 
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functional capabilities of microglia such as surveillance, synaptic pruning, phagocytosis, of 

antigen presentation[170].  

Future research may also look more closely at subtypes of AMPA receptors such as 

GLUA2 and identify dimerization of GLUA1 and A2. Due to this work showing CBD alters 

expression of BDNF, MSK1, and Arc/Arg3.1, there may be regulation of AMPA receptor 

distribution that goes further than the subtype we have addressed. To identify differences in the 

subtypes and to confirm a post synaptic presence, super-resolution STORM immunofluorescence 

imaging techniques should be used. This will offer greater insight into the relative synaptic 

membrane and internalized receptor densities. It would be expected to demonstrate that CBD will 

have effects on reducing AMPA receptor internalization (similar to these findings) within motor 

cortical RA and may increase synaptic densities within Area X.  

While our previous discussions have focused primarily on the role of microglia in TBI-

induced neuroinflammation and the potential neuroprotective effects of CBD, it is important to 

note that astrocytes also play a critical role in the inflammatory response following TBI and 

stroke[125], [142]. Astrocytes are key regulators of the blood-brain barrier and are involved in a 

wide range of neuroprotective functions, including the modulation of inflammation and regulation 

of synaptic plasticity[172]. Therefore, in future research, the effects of CBD on astrocyte activation 

and function following TBI-induced neuroinflammation should be evaluated. Specifically, it is 

important to examine changes in astrocyte morphology, gene expression, and signaling pathways 

following CBD treatment, and determine the extent to which CBD-mediated neuroprotection 

involves modulation of astrocyte function. By elucidating the role of astrocytes in TBI-induced 

neuroinflammation and the potential neuroprotective effects of CBD on these cells, this could lead 
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to the development of novel therapeutic strategies that target multiple cell types involved in the 

inflammatory response following TBI. 

Lastly, it is important for future research to determine the minimally effective CBD 

treatment regimen for neuroprotection following TBI-induced neuroinflammation (HVC 

microlesions). While our microlesion model was established using a six-day pre-treatment regimen 

intended to produce steady-state CBD (lipophilic drug with large volume of distribution and long 

elimination half-life) levels prior to microlesions, we have yet to determine if neuroprotection 

depends upon pre-lesion CBD loading. Given that treatments are typically given post-injury in 

translational settings, it is crucial to determine the shortest effective CBD treatment regimen, with 

a focus on post-lesion dosing. To this end, it is important to conduct a series of experiments varying 

the duration and timing of CBD treatment to determine the optimal treatment regimen for 

neuroprotection. This could have important implications for the clinical use of CBD in the 

treatment of TBI-induced neurodegeneration, and could help to guide the development of novel 

therapeutic strategies for this devastating condition. 
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