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ABSTRACT  

 

Spinal cord injury (SCI) affects between 40 and 80 million people globally. Within the 

United States over 400,000 individuals live with SCI, and annually over 17,000 individu-

als are added to this population. SCI patients are afflicted with a myriad of issues, one of 

which being SCI induced neuropathic pain (SCI-NP). Up to 80% of SCI patients go on to 

develop SCI-NP, which has been shown to last chronically and present itself as evoked 

pain, spontaneous pain, or a combination of both. SCI-NP is a top concern for SCI pa-

tients, often listed before functional recovery. SCI-NP has been shown to greatly dimin-

ish quality of life, as there are poor therapeutic options for this issue. Several issues com-

plicating the development of therapeutics is that the root cause of SCI is accidental trau-

ma and not an underlying disease thus introducing high variability between patients; ad-

ditionally, level and severity of injury are not correlated to SCI-NP development. These 

issues cause complications determining which patients are at high risk for developing this 

pain disorder as well as difficulty in developing treatments for SCI-NP. With these issues 

in mind, the goals of the studies conducted were two-fold. First, to better understand con-

tributors to SCI-NP development, and secondly evaluating a therapeutic for SCI-NP. The 

first goal was investigated by exposing two strains of rodents with differing levels of 

stress responsiveness to a chronic stress paradigm prior to SCI. The second goal was in-

vestigated by administering cannabidiol (CBD) acutely after injury. Both studies utilized 

an incomplete cervical injury model and behavioral assessments testing motor and senso-
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ry function. In the stress study, it was found that pre-injury stress increased incidence of 

response to cold stimuli in rodents hyper-responsive to stress, indicating that chronic 

stress prior to injury exacerbates SCI-NP. In the CBD study, it was determined that CBD 

administration acutely after injury imparted protective effects against SCI-NP in both 

sexes, with trends of greater protection in females; indicating that CBD is a viable thera-

peutic for SCI-NP. Collectively, the body of work presented aimed to provide under-

standing into SCI-NP and provide a platform to provide therapies for this disorder. 
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INTRODUCTION 

 

Clinical Perspective of Spinal Cord Injury 

Epidemiology of Spinal Cord Injury  

Globally, spinal cord injury (SCI) is estimated to affect between 40 to 80 million 

individuals [1]. Within the United States of America, over 400,000 individuals live with 

chronic SCI with approximately 17,000 cases each year [2]. The primary cause of injury 

is largely due to accidental trauma, with the leading cause being vehicular accidents 

comprising 38% followed by falls making up 30.5% of SCI cases. The nature of the 

injury depends on the location and type of injury.  

Type of injury can be broken into two categories, complete and incomplete. Complete 

SCI results in complete loss of motor and sensory function below the site of injury, 

whereas incomplete SCI results in partial loss of motor and sensory function below the 

area of injury. The area affected by injury is dictated by the level of SCI, resulting in 

either paraplegia or tetraplegia (figure 1). The spinal cord can be divided into four 

sections. The most rostral section being cervical (C), followed by thoracic (T), lumbar 

(L), and sacral (S). Paraplegia is classified as the lower extremities affected by SCI, 

indicating that the injury has occurred at or below the second vertebral level of the T 

region (T2). Tetraplegia, where all four extremities are affected by SCI, occurs when an 

injury takes place between C1 and T1 [2, 3]. The C region of the spinal cord is the most 

frequently injured region due to the neck being an area with relatively low protection, 
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rotational ability, and weight of the head [2, 4-6]. Tetraplegia represents the most 

common type of SCI accounting for 58% of injuries with incomplete tetraplegia at a 

frequency of 45% of SCI cases [1, 2].  

 

Figure 1: Epidemiology of spinal cord injury. Location and severity of SCI dictate type of 

and extent of injury. SCI occurring between C1 and T1 result in tetraplegia, where all 

four limbs are affected; and lesions occurring at T2 and below result in paraplegia where 

only the lower extremities are affected. Injuries can be complete or incomplete, complete 

loss of motor and sensory function or incomplete loss below the lesion area. The most 

common type of SCI is incomplete tetraplegia, followed by incomplete paraplegia, 

complete paraplegia, and incomplete tetraplegia. 

 

Individuals who sustain an SCI go on to develop a myriad of issues, some beginning 

acutely post injury within hours to days and others manifesting more chronically, weeks 

to months post injury [7-10]. Injury to the spinal cord results in a range of issues due to 

resultant injury to the central nervous system (CNS). The CNS is comprised of the brain 

and spinal cord, and is involved in integrating internal and external information, 

coordinating central and peripheral responses to stimuli, and regulating central and 

22%
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peripheral functions with the spinal cord serving as relay between the brain and 

peripheral systems.  Damage occurring to this relay system causes issues with both 

central and peripheral function [3]. Acutely post injury, SCI patients exhibit motor and 

sensory loss at and below the site of injury[11]. Beyond these two hallmarks of injury, 

patients go on to develop autonomic dysreflexia, pressure sores, metabolic disorders, pain 

disorders, as well as a multitude of other issues [7, 8, 12-19].  

Sex Differences in SCI 

Within the SCI population, there is a vast male skew, with a 4:1 male to female ratio [2]. 

Both physical and biological factors contribute to this sex ratio difference.  Males, for 

instance, have been shown to make a greater proportion of individuals injured in motor 

vehicle accidents, with a rate of injury approximately three to four times greater than 

women [20]. Considering that motor accidents comprise 38% of SCI cases, the greater 

rate of injury in males would contribute to the sex skew [2].  

Biologically, estrogen (E) and E related compounds such as estradiol have been shown to 

exert protective effects post-SCI. In an animal model of SCI, it has been observed that 

females have decreased area of injury, increased myelin preservation, increased neuronal 

survival, and improved motor function [21-24]. Studies investigating the effects of E 

administration post-SCI in animal models have shown that exogenous E administration in 

males extends the same protective effects observed in females [25-32].  

Though the incidence of injury is lower in females and E exerts protective effects post-

SCI, females that sustain SCI have clinical outcomes similar to males. Females, like 

males, exhibit motor and sensory deficits that occur acutely post injury and persist 
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chronically with little recovery, as well as autonomic dysregulation, metabolic disorders, 

and pain development which highlights the importance of investigating both males and 

females in regards to SCI [8, 12-15]. 

 

SCI Induced Neuropathic Pain: Clinical Significance, Characterization, and Investigation  

Epidemiology and Current Treatment of SCI Induced Neuropathic Pain 

Due to the resultant injury to the spinal cord, damaged nerves abnormally signal which 

can cause neuropathic pain (SCI-NP). Between 60% and 80% of SCI patients go on to 

develop SCI-NP [7, 8, 16]. This pain disorder is frequently listed as a top priority for 

patients, as it has been shown to greatly contribute to diminished quality of life. Patients 

that go on to develop SCI-NP can experience intermittent or constant episodes which 

present as allodynia, pain response to non-painful stimuli, and/or hyperalgesia, 

heightened pain response to painful stimuli. SCI-NP develops around 1 month post-injury 

and is experienced below the lesion level, but development is not correlated with level of 

injury. Due to the accidental nature of SCI, predictability of SCI-NP development is low 

and highly variability between patients. In totality, this creates great difficulty in SCI-NP 

management and therapeutic options [7, 8, 33, 34].  

Therapeutic options for SCI-NP mainly rely on decreasing neuronal excitability, as 

signaling from damaged nerves is a major underlying cause of this pain disorder. Current 

drugs utilized to treat SCI-NP aim to inhibit or increase inhibition of nerve signaling and 

fall into the categories of opioids, anti-epileptics, and anti-depressants. However, the 

estimated rate of efficacy for this pain intervention is only estimated to be 50%, which 
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leaves many patients still living with the consequences of SCI-NP [35]. Patients with 

SCI-NP report decreased quality of life, which manifests itself as increased rates of 

depression, anxiety, sleep loss, and inability to work [7-9, 33, 34].  Thus, the negative 

impacts on patient quality of life coupled the lack of effective therapeutics demonstrates a 

significant and unmet need to further evaluate this topic. 

Pathophysiology of SCI-NP 

Considering the accidental nature of SCI, the SCI patient population is widely diverse in 

regards to medical history as underlying medical disorders are a small facet of the SCI 

population [1, 2]. Therefore, when examining SCI-NP it is important to focus on what is 

common between patients, as this will improve treatment regimens by providing insight 

on areas to target.  

As discussed earlier, abnormal nerve signaling is a major contributor to SCI-NP [36-39]. 

However, considering that nerve damage is unavoidable in the context of SCI, it is 

important to examine aspects that contribute to SCI-NP development post injury. A 

hallmark of SCI and other nerve injuries resulting in pain is central sensitization [37]. 

Central sensitization can develop when changes to the CNS occur and in the case of SCI, 

the change is induced by damage. The resultant damage causes the CNS to change in the 

way it responds to peripheral stimuli and neuronal inputs, as well as changes neurons 

within the CNS [40].  

Studies characterizing central sensitization have found that nerves in the dorsal horn, the 

region where peripheral sensory inputs synapse with the CNS, develop spontaneous and 

heightened activity, exhibit a decrease in threshold to response, increase their receptive 
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field, and react to a variety of stimuli. Ultimately, these changes result in pain no longer 

being confined to area of injury alone and extending below the area of injury, as is often 

the case in SCI. In addition to increased receptive field, pain sensations are no longer 

fixed to stimuli, which can lead to development of allodynia. In addition to allodynia, this 

uncoupling leads to pain responses which are not dependent on stimuli duration, 

intensity, or presence. Hence, potential development of spontaneous pain and 

hyperalgesic pain. In clinical cases, patients can experience one of these pain phenotypes 

or a combination of these pain phenotypes.[3, 7, 8, 40, 41].   

Considering the role of central sensitization in SCI-NP development, the root cause of 

central sensitization must also be investigated.  As mentioned earlier, the cause of central 

sensitization following SCI is the damage induced by the injury. There are two main 

injury phases that occur in SCI – primary (1ᴼ) injury and secondary (2ᴼ) injury. The first 

stage, 1ᴼ injury, is the mechanical to the cord itself and is characterized by shearing, 

tearing, and compression forces that injure not only neurons, but damage the vasculature, 

laminae, and myelin [42-44].  

Damage created by the 1ᴼ injury, sets off a myriad of events which induces and feeds the 

subsequent stages of 2ᴼ injury which begins within minutes. Characterized as a cascade 

effect, 2ᴼ injury can be broken into sub-stages of acute, sub-acute, and chronic 2ᴼ injury. 

The acute stage of 2ᴼ injury begins within minutes of the initial trauma and lasts for 

several days. Vascular disruption to the cord induces changes in blood flow such as 

edema and ischemia; depolarization events cause ionic dysregulation; and immediate cell 

death induces inflammation and the recruitment and activation of immune cells. The sub-

acute stage, which begins several days following the initial mechanical injury and can last 
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weeks after injury, carries similar characteristics of the acute stage, such as edema, ionic 

dysregulation, inflammation, and immune cell recruitment and activation (Figure 2) [11, 

43, 45, 46].  

 

Figure 2:  Spinal cord injury and secondary injury. SCI induces a 2ᴼ injury cascade which 

results in the spread of damage outward, rostral and caudal, from the lesion site thus 

increasing the area of damage. In the acute stages of 2ᴼ injury, injured and dying cells 

release inflammatory compounds and ROS, as well as compounds that contribute to 

excitotoxicity, namely glutamate. In the sub-acute stages of 2ᴼ injury, immune cells are 

activated and recruited to the site of injury where they infiltrate into the tissue and 

contribute to inflammation via secretion of inflammatory compounds. In the chronic 

stages of 2ᴼ injury, apoptosis of damaged neuronal cells occurs in addition to myelin 

degeneration. 

 

The effects of these can further cascade into glutamatergic excitotoxicity, production of 

free radicals, and immune cell infiltration. Excitotoxicity leads to neuronal damage and 

death through influxes of calcium into the cell mediated by glutamate binding to 

receptors that open ion channels. Free radicals, which are generated during normal 

metabolic processes as well as during phagocytosis, can cause cellular damage when the 
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ratio between anti-oxidant species and reactive oxygen species (ROS) are out of sync. In 

the context of SCI, the damage caused by the initial injury induces activation of ROS 

generating enzymes. Due to the increased amount of ROS present, the anti-oxidants 

available to neutralize these compounds are decreased quite rapidly. This imbalance 

allows for ROS to cause damage such as lipid peroxidation. As mentioned, ROS can be 

generated by phagocytotic cells, such as macrophages. Resident macrophages, microglia, 

are activated acutely after injury, with circulating leukocytes being recruited to and 

infiltrating to the site of injury in the beginning of the subacute phase of 2ᴼ injury [47-

52]. 

During the early phases of 2ᴼ injury, macrophages and microglia take on a pro-

inflammatory phenotype, peaking at around seven days post-SCI [37]. Also, reaching 

peak numbers at approximately one week are T cells and neutrophils, both of which have 

a pro-inflammatory expression profile at this stage of injury [53]. Approximately two 

months after SCI, macrophages and microglia begin to diminish in number and reach 

roughly half of their total population [54]. The resulting lipid peroxidation, increased 

inflammation, apoptotic events, and necrosis of neuronal cells, leads to increased damage 

rostrally and caudally outward from the initial site of injury. The chronic stage of 2ᴼ 

injury begins approximately one month after SCI with hallmarks including 

demyelination, apoptotic activity, cavitation, glial scar formation, neural regeneration and 

sprouting, and phenotypic changes in neurons.  

The resultant effects of demyelination on the CNS is poor conductance of action 

potentials, which contributes to motor and sensory dysfunction observed post injury [55, 

56]. Glial scarring, which begins several weeks after injury, is characterized by glial 
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cells, primarily astrocytes and microglia walling off the injury site. Within the scar, 

astrocytes produce compounds that inhibit penetration such as proteoglycans and 

glycoproteins which ultimately disallow the regenerating neurons to pass through the 

lesion area [57, 58]. In addition to neural regeneration, surviving neurons begin to 

undergo phenotypic changes. The definitive characteristics are increased spontaneous 

activity, enlarged receptor fields, and decreased depolarization thresholds. The 

mechanisms for these phenotypic changes are the results of changes in membrane 

potential, the switch of nociceptive neurons to wide-dynamic responding neurons, and 

increased expression of excitatory receptors such as N-methyl-D-Aspartate (NMDA) [37, 

40]. The chronic stage of 2ᴼ injury has been shown to persist for months to a year after 

SCI, which like the sub-acute stage, expands damage outward from the initial injury site 

[11, 37, 42-44, 46].   

The increased damage caused by the 2ᴼ injury cascade lays the foundation for SCI-NP 

development. In animal models of nerve injury and SCI, studies have demonstrated that 

therapeutically targeting aspects of 2ᴼ injury results in a reduction in NP development 

[59-70]. Considering that 2ᴼ injury is common to all SCI patients and that diminishing 

aspects of 2ᴼ injury in animal models of SCI and nerve injury decreases NP, better 

understanding of the mechanisms behind 2ᴼ injury will aid in in the development of 

treatments for SCI-NP. 

Sex Effects on 2ᴼ Injury 

As discussed earlier, sex differences exist in the context of SCI. At chronic endpoints, sex 

differences confer greater protection in females compared to males in the form of greater 
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white matter preservation, neuroprotection, and improved motor function [21-24]. Studies 

seeking to elucidate underlying reasons for these differences have found that differences 

exist within the 2ᴼ injury cascade.  For example, the concentration of glutamate in the 

CNS is affected by the estrous stage of a female rodent. Specifically, glutamate 

concentrations were found to be the lowest in the diestrous phase of the estrous cycle 

when E levels are low [71]. Considering the role of glutamate in excitotoxicity, there 

could be sex differences between males and females in this aspect. Immune cell 

activation and infiltration is present in both sexes post SCI, as previously discussed, but it 

has been shown that E affects both T cells infiltration and microglia activation. A study 

investigating sex differences in regards to the role of immune cells and NP found that E 

increased T cell presence and decreased the migration of macrophages [72]. 

In totality, these sex differences can have effects on outcomes post-SCI, specifically SCI-

NP. As discussed earlier, the root cause of SCI-NP is abnormal signaling from damaged 

nerves. These damages nerves have been shown to have increased excitability, increased 

spontaneous signaling, and changes in receptor and channel expression chronically post 

injury [36-40]. Considering the differences observed in 2ᴼ injury, there could be 

differences in contributors to SCI-NP development between males and females. The 

aforementioned study examining sex differences in regards to the role of immune cells 

and NP found that macrophages contribute to SCI-NP more greatly in males compared to 

females, and that T cells contribute to NP more greatly in females compared to males 

[72]. Though both sexes developed pain, the factors that contributed to pain differed, 

highlighting the need to investigate sex differences in SCI and SCI-NP as well as factors 

that contribute to SCI-NP development. 
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Animal Models of SCI and SCI-NP 

Animal models of traumatic SCI fall into three main categories – compression, 

transection, and contusion. Each model has their advantages and selection of said model 

is dependent on what aspect of SCI is being investigated (table 1). Compression models 

involve physical compression of the spinal cord via use of forceps, balloons, clips, or 

application of weights. Advantages of the compression model are the ability to 

investigate ischemia and reperfusion and effect of compression duration and intensity. In 

addition to these advantages, the compression model is relatively simple and reflects 

compression forces observed clinically as bone fragments, tissue swelling, and blood 

flow disruptions can cause compression and pressure forces [45, 73]. Disadvantages of 

the compression model are difficulty in measuring the compression device interaction 

with the tissue – velocity of interaction, actual force exerted, and extent of damage. 

Transection models of SCI are relatively simple to perform and provide insight into 

regeneration post SCI, making this model advantageous in investigating tissue 

engineering. However, this model is a poor reflection of clinical SCI cases as transection 

is rare, making roughly 1% of SCI cases [74]. Contusion models of SCI can be performed 

using weight drop, impactors, or air gun. Advantages of this model include wide use 

within the SCI field among a range of animals such as mice, rat, dogs, and pigs, 

validation of use, ability to monitor and record contusion impact force and duration, and 

clinical relevance, as the vast majority of SCI cases are caused by transient contusion 

forces [75]. Considering these factors, the contusion model allows the ability to 

investigate many aspects of SCI as it relates to the clinical population. Disadvantages of 
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this model are the ability to control weight bounce in weight drop models and duration of 

impact in non-impactor devices [76-78].  

Critical to SCI models are area and type of injury. As discussed earlier, area of injury can 

be divided into four regions, C, T, L, and S, and type of injury can be divided into two 

categories, complete and incomplete [2]. A study reviewing animal models of SCI 

determined that T level injuries are the most common area of injury at 81%, followed by 

C at 12%, L at 5%, and S at 0.7% of 2,209 literature articles. The study further 

determined that contusion, transection, and compression injuries were found to make up 

41%, 32.5%, and 19.4% of the literature articles surveyed, respectively [77].  

Table 1: Models of traumatic spinal cord injury 

 

 

Injuries that occur at the C level are typically incomplete injuries, as complete injuries 

can result in increased risk of mortality due to potential injury to areas that regulate 

Injury Model Advantages Disadvantages 

Literature 

Relevance Clinical Relevance

Duration and intensity of 

compression forces 

Vascular changes and 

disruptions

Used in a wide variety of 

animal models

Simple and inexpensive 

method

Neural regeneration

Tissue and scaffold 

engineering

Used in a wide variety of 

animal models

Simple and inexpensive 

method

Monitor and record 

impact force and duration

Weight drop model 

bounce control

Reproducibility
Controlling duration of 

impact in non-impactor 

Used in a wide variety of 

animal models

Validated models

Contusion forces common 

in SCI cases

Surgical differences in 

clamping technique

Compression

Transection

Poor incomplete injury 

consistentcy 

Contusion
19.4% of SCI 

models

Inconsistent 

reproducibility

Compression forces 

common in SCI cases

Low clinical incidence
32.5% of SCI 

models

Vascular changes and 

disruptions common in 

SCI cases

41% of SCI models

Replication and 

reproducibility of forces 

exerted on tissue
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involuntary functions such as breathing. C SCI animal models can be used to investigate 

motor and sensory recovery, as well as pathophysiology post SCI as there is high clinical 

relevance as most SCI clinical cases are C injuries, 58% prevalence. T level injuries can 

be complete or incomplete, as the risk of mortality based on injury type is not as relevant 

in C SCI models. As mentioned earlier, a wide majority of SCI models are T SCI, 81%, 

with clinical prevalence around 41%. Similar to C SCI, T SCI can be used to investigate 

functional recovery and pathophysiology of SCI. Though far less common, L and S level 

SCI are utilized in animal models, making up 5% and less than 1% of studies. 

Lumbrosacral SCI, makes up about 10% of SCI cases within the US. Animal models 

using L SCI have typically use these injuries to investigate spasticity. In regards to S SCI, 

these injuries tend to affect the lower extremities, with S SCI primarily affecting the tail 

in animal models of SCI. S SCI studies are typically not used to assess motor recovery as 

the motor neuronal inputs to the tail differ from motor inputs to the limbs [2, 75-81].  

The model utilized in both studies was an incomplete C SCI. The reasons for selecting 

this model was due to the high clinical relevance, the ability to assess both motor and 

sensory function, NP development, and histological outcomes [82-84]. Though within the 

human population C SCI makes most SCI cases, it only makes up slightly more than a 

tenth of animal studies. This disparity may be due to the elevated risk of mortality in C 

SCI models due to the proximity of the brainstem, as well as the comparatively more 

invasive surgery needed to access the C region to the T region in animals [82, 85]. The 

wide difference between clinical and literature cases indicate that there may be large gaps 

in knowledge, as level of injury has great impact on extent of dysfunction post SCI.  
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Stress States, Physiological Effects, and the Effects of Stress on Pain 

Acute and Chronic Stress 

Physiologically, the role and results of stress are dependent on the duration and amount 

of stress exposure. Stress exposure, acute or chronic changes to physiological 

homeostasis or externally perceived threats, activates the hypothalamic pituitary adrenal 

(HPA) axis (figure 3) [86, 87]. Activation of the HPA axis leads to the hypothalamus 

release of corticotropin releasing hormone (CRH) which activates the pituitary gland to 

secrete adrenocorticotropin releasing hormone (ACTH) into the blood stream. ACTH 

then activates the adrenal glands to release glucocorticoids (GC) such as cortisol (CORT) 

into the blood stream. CORT has a wide range of target tissue types, including the CNS 

where CORT acts as a negative regulator of the HPA axis, stopping the release of CRH 

and ACTH. CORT is able to diffuse directly into the cell, where it can then bind a GC 

receptor. Once bound, the complex is able to translocate to the nucleus where 

transcriptional activity is altered [86-88]. 

Acutely, the effects of stress-mediated translational activity is the increased production of 

anti-inflammatory compounds. However, chronic stress exposure leads to decreased 

production of anti-inflammatory compounds and instead causes increased production of 

pro-inflammatory compounds, which in the context of SCI and 2ᴼ injury could 

exacerbate damage caused by this cascade effect thereby leading to worsened outcomes 

post injury [89]. In addition to the transcription of anti-inflammatory genes, a negative 

feedback regulator of the GC receptor is also transcribed, FK506 binding protein 51 
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Figure 3: Activation and deactivation of the hypothalamic pituitary adrenal axis. An 

internal or external stressor activates the HPA axis, which activates the hypothalamus to 

release CRH. CRH then activates the pituitary gland to release SCTH, which then 

activates the adrenal glands to release of CORT. CORT feeds back into the CNS and 

shuts off the hypothalamus and pituitary gland, thereby turning of the HPA axis. 

 

(FKBP51). FKBP51, a chaperone protein, allosterically binds to the GC receptor, which 

inhibits the binding of CORT, thereby yielding transcriptional activity and halting both 

the transcription of anti-inflammatory genes and FKBP51 until the HPA axis is activated 

again. However, in the context of chronic stress, the presence of CORT is increased and 

persistent, causing transcription of FKBP51 to also be increased and persistent. 

Therefore, the ability for anti-inflammatory compounds to be produced is decreased, 

causing an enhanced pro-inflammatory environment, which is observed in both sexes 

[90-93].  

Though the overall process of stress induced HPA axis activation and transcriptional 

modification by CORT is similar in both males and females, sex differences exist within 

this pathway. It has been observed in animal models of stress, that females exhibit a 
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quicker activation of the HPA axis and greater release of CORT compared to males [94-

97]. Considering the greater CORT released in females compared to males in response to 

the same stimuli and that the pro-inflammatory effects of chronic stress depends on the 

length and amount of CORT presence, it is important to consider the effects of sex and 

mode of stressor when evaluating the effects of chronic stress as there is great potential 

for sex differences.  

Models of Stress: Modes of Stress, Animals, and Strain Differences 

There are many modes for inducing acute or chronic stress in animal models, each with 

their advantages and disadvantages. Considering the variety of stressors and animal 

models, it is important to understand the traits of both. Stressors can be divided into two 

broad categories, physical or psychological, the result of both being activation of the 

HPA axis.  

The decision on which type of stressor to use can be based upon aspects of the stressor 

such as controllability and chronicity which were factors considered in stressor selection 

in the research presented in this dissertation. Stressor controllability is the ability for the 

animal to cope with the stress stimuli. Beyond, controllability, chronicity is a key aspect 

in ensuring the stressor will induce chronic stress. Key aspects of stressors able to induce 

a chronic stress phenotype are unpredictability and sustainability. Unpredictability 

prevents the HPA axis from adapting to the stressor, allowing for repeated activation of 

the stress response pathway.  Sustainability allows for the stressor to be given repeatedly, 

which will allow for the physiological switch from acute to chronic to occur. The exact 

switch from acute to chronic stress is unclear in regards to time, i.e. number of exposures, 

days; however it is known that increased stress duration allows for the switch to occur, 
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therefore unpredictability and sustainability are essential to stressor selection [88, 98-

101]. 

The mode of stressor utilized in the research conducted in the present dissertation was 

inescapable foot shock (FS). This model of stress has been characterized in a wide range 

of studies including acute and chronic stress as well as studies investigating pain in 

rodents. These studies have shown that FS has reliability in inducing chronic stress via its 

unpredictability and sustainability [102-107]. The studies utilizing chronic, unpredictable 

FS found that exposure to stress prior to pain disorder development exacerbated visceral 

pain, and that administration of an antagonist against factors that aid in the release of 

CORT resulted in pain responses similar to unstressed controls [104, 106, 108].  These 

studies support the use of chronic, unpredictable FS as a means of examining the role of 

chronic stress in development of pain disorders. 

Beyond stressor choice, animal characteristics are also important to consider. Sex has 

been shown to affect stress, as described earlier. In addition, animal strain has been 

shown to have effects on stress. It has been demonstrated that the release of CORT varies 

in different strains of rat. For example, Wistar rats are hyper-responsive in CORT 

secretion compared to Sprague Dawley rats and Lewis rats are hypo-responsive in CORT 

secretion compared to Sprague Dawley animals. Considering the importance of CORT in 

the physiological changes caused by stress exposure, animal sex and stain must be 

considered when examining the effects of stress on a given system [109-112].  
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Effects of Chronic Stress on SCI and Pain Disorders 

Considering the focus of the research performed was evaluating and characterizing SCI-

NP, the effects on chronic stress on SCI and pain disorders will be discussed. The subject 

of stress and SCI has primarily been examined in the context of stress after injury; 

specifically, stress caused by SCI and the effect on patient outcomes. To date, few studies 

have examined the effects of stress prior to SCI, meaning much remains unknown. The 

few studies that examined stress prior to injury, have examined post-traumatic stress 

disorder (PTSD) in veterans with SCI. In these studies, it was determined that PTSD 

caused by stress experiences prior to injury resulted in decreased social involvement post 

injury as compared to patients without PTSD. Additionally, it was found that diminished 

social interaction was exacerbated by level of injury, where greater functional impairment 

exacerbated PTSD symptoms, and increased pain outcomes [113, 114].  In models of 

visceral pain, it has been demonstrated that chronic stress exposure prior to pain 

induction exacerbates pain outcomes [104, 106, 108]. Considering that chronic stress has 

been shown to exacerbate pain in animal models of visceral pain and clinically it has 

been shown that stress exposure prior to SCI affects outcomes including pain, 

investigating the effects of chronic stress prior to SCI has great importance to the field of 

SCI and SCI-NP. 
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Cannabidiol: Therapeutic Potential for SCI-NP 

Cannabidiol: Clinical and Experimental Treatment for NP 

Cannabidiol (CBD), a substituent of Cannabis sativa (C. sativa), has been utilized in 

animal models of NP and clinically to treat NP to great effect. The impetus to use and 

characterize CBD as a treatment for SCI-NP is due to several factors such as the ability 

for CBD to penetrate the CNS rapidly after administration, the poor affinity and slight 

antagonistic activity of CBD for cannabinoid receptors which renders CBD unable to 

elicit the euphoric high associated with cannabinoid drugs, and the ability for CBD to 

exert pleiotropic and ameliorative effects on 2ᴼ injury [115-122].  

A clinical study conducted by GW pharmaceuticals using a 1:1 combination of delta9-

tetrahydrocannabinol (THC) and CBD in SCI patients with chronic injury found that 

patients who received the drug reported fewer spastic events and decreased pain although 

bouts of spasticity and pain events did not differ from the control group [123]. These 

results indicate that compounds derived from C. sativa have therapeutic potential in 

treating outcomes after SCI and necessitate further inquiry, especially regarding timing of 

administration post injury as aspects of 2ᴼ injury change temporally [11, 43, 44, 46]. 

Further discussion of CBD treatment in regards to SCI will be further discussed in 

subsequent chapters of this dissertation.   

 

Significance 

Globally, millions are affected by SCI, and within this patient population the vast 

majority go on to develop NP, a chronic pain condition that is debilitating and severely 
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negatively impacts quality of life. Patient demand for therapies and management 

strategies for SCI-NP are great, thereby necessitating the SCI field to investigate this 

disorder. By increasing understanding, the potential for developing a therapeutic for SCI-

NP will also be increased. The goals of these studies were to 1) better understand what 

contributes to SCI-NP development, as SCI-NP development is not correlated to level or 

severity of injury, and the high variability between patients due to the accidental nature of 

SCI; and to 2) investigate the therapeutic potential of CBD in protecting against SCI-NP 

development post injury.  Through these studies, we aimed to increase understanding of 

SCI-NP and aid the field in furthering its endeavor to not only better understand SCI and 

SCI-NP, but to meet the needs of SCI patients.  
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Abstract 

A vast majority of spinal cord injury (SCI) patients go on to develop chronic, neuropathic 

pain. Currently, there are no effective therapeutics for this disorder, stemming from poor 

understanding of underlying mechanisms of chronic pain development and maintenance. 

It has been shown that abnormal signaling from damaged nerves is a root cause of 

neuropathic pain.  Stress has been shown to increase pain nociception in models of 

chronic pain disorders; however, no studies have characterized the effects of chronic, 

mild stress on development of pain after SCI.  The goal of this study was to characterize 

strains of rats with differing stress responses on pain development post SCI. Sprague 

Dawley (SD) and Lewis (LEW) rats were divided into: control + stress or SCI + stress.  

Before SCI, stress groups were exposed to intermittent foot shocks (1mA) for 15 minutes 

for 7 consecutive days.  Control animals received no foot shock.  SCI groups received a 

hemi contusion at the fifth vertebral level. After SCI, assessments of pain and functional 

recovery occurred weekly for 4 weeks. Pain evaluations included thermal hyperalgesia 

(radiant heat paw withdrawal assessment), mechanical (von Frey) and cold allodynia 

(Acetone test).  Motor function was assessed via dominant paw usage (cylinder test).  SCI 
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diminished forepaw usage in SD and LEW rats, with no stress effect observed, however, 

SD rats had greater functional deficit compared to LEW rats. No injury or stress effects 

were observed in Von Frey or radiant heat paw withdrawal in both strains, however 

effects of injury, stress, and strain were observed in the Acetone test. SD SCI rats had 

increased paw withdrawals compared to controls and LEW SCI groups. In addition, stress 

effects were observed between SD SCI groups but not LEW groups.  These findings 

indicate stress prior to SCI increased pain in SD but not LEW rats. In addition, LEW SCI 

rats had increased functional recovery compared to SD rats.  

Key words: spinal cord injury; neuropathic pain; chronic, mild stress 

 

Introduction 

Chronic pain disorders affect almost one in four adults in developed nations [1]. 

Currently, there are few effective strategies to treat and manage chronic pain disorders, 

which greatly affect quality of life for these individuals [1-3]. Neuropathic pain, a chronic 

pain disorder caused by abnormal nerve signaling from damaged nerves, is characterized 

by two pain phenotypes, allodynia and hyperalgesia [3-11]. Allodynia is characterized by 

non-painful stimuli inducing pain, such as cold or touch [4, 10-13]. Hyperalgesia is 

characterized by increased pain sensation to painful stimuli, such as heat [3, 7, 14-16]. 

The underlying mechanisms of neuropathic pain are not well understood, revealing a 

great need to characterize neuropathic pain as well as animal models investigating pain in 

order to develop therapeutics as quality of life is negatively affected by neuropathic pain 

[17-21].  
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Neuropathic pain affects over two thirds of individuals with SCI, and patients frequently 

list neuropathic pain as a priority concern, often listed before functional recovery [17, 18, 

21, 22]. A critical issue investigating SCI induced neuropathic pain is that development 

of pain is highly variable among patients and is not correlated to level or severity of 

injury, thereby causing difficulties in producing animal models that fully recapitulate the 

clinical condition [17, 23]. The underlying mechanisms are not fully elucidated, however 

previous studies investigating mechanisms of neuropathic pain have found that 

inflammation contributes to pain development, and increased inflammation at the site of 

damage increases incidence of pain as well increasing the spread of damage away from 

the site of injury [24, 25].  

Considering the variability seen in neuropathic pain development in the SCI patient 

population, we considered that physiology prior to SCI could be contributing to the 

development of SCI induced neuropathic pain. Stressors, internal and/or external 

changes, have been shown to greatly affect physiology as the activation of the stress 

pathway and subsequent release of stress hormones, glucocorticoids (GC), have been 

shown to have a vast array of targets including the immune system, metabolism, blood 

pressure, organs, and the central nervous system (CNS) [26-34]. In addition to having 

widespread physiological effects, stress has also been shown to increase pain states in 

different pain disorders, such as visceral pain and neuropathic pain [12, 35-40]. Previous 

studies have also shown that nerve damage and cellular responses to stress, specifically 

chronic stress, and lead to similar outcomes. For example, both nerve damage and 

chronic stress have been separately shown to increase inflammation, production of 

reactive species, and activation of immune cells such as microglia, the resident 
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macrophage of the CNS [27, 37, 41, 42]. These components are also increased during the 

secondary injury cascade in SCI, which propagates of nerve damage out from the site of 

injury leading to increased nerve damage [9, 43-49]. Currently, no studies have 

investigated the effects of chronic, mild stress on the development of neuropathic pain 

after SCI. Therefore, the purpose of this study was to investigate the effects of chronic, 

mild stress on pain and functional recovery after SCI in strains of rats with differing 

levels of basal GC release. 

 

Material and Methods 

Subjects 

Male Sprague Dawley (SD) and Lewis (LEW) rats, from Charles River Laboratories, 6 – 

8 weeks of age were handled daily for 5 consecutive days. Animals were held and stroked 

from head to tail for 4 minutes each day. After handling, animals were habituated to 

behavioral equipment for 5 consecutive days. Animals were placed in one apparatus per 

day and allowed 20 minutes for habituation without any application of stimuli. After 

habituation and training procedures, baseline measures were taken. Post baseline 

assessments, animals were then transferred to a facility with the foot shock equipment, 

and post stress animals were transferred to their primary housing facility for surgery and 

subsequent behavioral evaluation. During behavioral assessments, animals were given 5 

minutes prior to the task to habituate to the equipment and cease exploratory behavior. 

Animals were given 5 minutes between applications of stimuli during assessments to 

prevent cross reactivity between stimuli.  Animals were exposed to one behavioral 
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assessment per day during the light cycle. Post-surgery, animals were weighed daily. At 

30 days post-surgery, animals were euthanized and tissue was collected for histological 

analysis.  

Animals were randomly assigned into stress (S) or control. After stress paradigm 

exposure, animals were randomly assigned into injury (SCI) or control (laminectomy; 

LAM) groups and coded under a new identification number. The investigator performing 

surgery and behavioral assessments was blinded group placement of the animal. Four 

groups were assessed: LAM, LAM S, SCI, and SCI S. SD sample sizes were: LAM n = 

11, LAM S n = 11, SCI n = 13 and SCI S n = 11. LEW sample sizes were: LAM n = 12, 

LAM S n = 12, SCI n = 13, and SCI S n = 13. 

Throughout the duration of the study, animals were group housed 2 – 3 animals per cage 

with ad libitum access to food (Harlan Laboratories, 7917 NIH-31 Irradiated Open 

Formula Mouse/Rat Diet) and water in a temperature, humidity, and light controlled 

facility (12:12 light/dark). All procedures performed were approved by the Institutional 

Animal Care and Use Committee at the University of Alabama at Birmingham and in 

conjunction with the National Institutes of Health guidelines on animal research.  

Stress Paradigm: Inescapable foot shock 

All animals were placed individually in operant chambers encased in sound and light 

attenuating housing 15 minutes once per day for 7 consecutive days. Animals receiving 

stress were exposed to 30 foot shocks (1 mA) for a duration of 1 second during the 15 

minute interval. Animals in the non-stress group did not receive any foot shock [50]. 

After operant chamber exposure, the number of fecal matter pellets in the chamber was 
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counted. In addition to counting fecal matter pellets post operant chamber exposure, fecal 

matter pellets were collected during baseline measures, on day 7 of induction of the stress 

paradigm, and weekly for 4 weeks post-surgery. Fecal matter pellets were stored in -20°C 

until use in a corticosterone ELISA assay (Cayman Chemical, Corticosterone EIA kit).  

Corticosterone Assay 

Collected fecal matter pellets were dried for 8 days in a 60°C oven and then ground into a 

fine powder using a mortar and pestle. 50 mg of this powder was placed in a tube and 1 

mL of 80% methanol was added. The mixture was then agitated for 30 minutes using a 

shaker. After, the tubes were placed in a centrifuge and spun for 20 minutes at 2500 x g. 

The supernatant was collected and placed in a separate tube, the pellet was discarded. The 

supernatant was then allowed to evaporate, leaving the extracted residue in the tube. The 

dried sample was then suspended in 200 µL of EIA buffer. EIA buffer was prepared by 

using 1 vial of EIA buffer 10X (supplied by the kit) in 90 mL of ultrapure water.  

Reagents for the kit were prepared as well. 100 µL of CORT EIA standard (bulk 

standard) was placed into a tube and diluted with 900 µL of ultrapure water. Eight serial 

dilutions were made, the first serial dilution with 900 µL of EIA buffer and the 

subsequent dilutions with 750 µL of EIA buffer. 100 µL of the bulk stand was added to 

serial dilution 1 and mixed. 500 µL of this solution was then transferred to serial dilution 

2, and mixed. 500 µL of this solution was then added to serial dilution 3, and mixed. This 

continued until 8 serial dilutions were made. CORT AChE tracer was made by adding 

100 dtn CORT AChe tracer to 6 mL EIA buffer. CORT EIA antiserum was made by 

adding 100 dtn CORT antiserum to 6 mL EIA buffer. Wash buffer was prepared by 
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adding 195 mL of ultrapure water to 5 mL of wash buffer 400x concentrate. After 

sample, EIA buffer, wash buffer, and reagent preparation the assay was then ready to be 

run.  

100 µL of EIA buffer was added to the non-specific binding wells in duplicate and 50 µL 

the maximum binding wells in triplicate. The serial dilutions were added in duplicate to 

their respective wells. 50 µL of the fecal matter samples were then added in triplicate to 

their respective wells. 50 µL of CORT AChE tracer was added to each well except the 

blank and total activity wells. 50 µL of CORT EIA antiserum was then added to each 

well except the blank, total activity, and non-specific binding wells. The plate was then 

covered with plastic film and incubated for 2 hours at room temperature on an orbital 

shaker. After incubation, the assay was ready to be developed.  

Ellman’s reagent was mixed with 20 mL of ultrapure water and shielded from light 

exposure with foil. The wells were emptied and rinsed 5 times with wash buffer. After 

the washes, 200 µL  of Ellman’s reagent was added to each well in a dimly lit room. 5 µL 

of CORT AChE tracer was added to the total activity well. The assay was then covered 

with plastic film and covered in foil to ensure shielding from light, and placed on an 

orbital shaker for 60-90 minutes. Post Ellman’s reagent incubation, the assay was ready 

to be read. 

The plate was removed from the shaker and the coverings were gently removed to 

prevent any spillage of Ellman’s reagent from the wells. The plate was then read using a 

microplate reader (Synergy H1, BioTek)  at a wavelength between 405 and 420 nm (412 

nm specifically recommended by the kit). If absorbance of the maximum binding wells 
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exceeded 2.0 A.U. then the plate was washed and fresh Ellman’s reagent was added and 

incubated again. If the absorbance of the maximum binding wells was between 0.3 A.U. 

and 1.0 A.U. then the plate did not need to be washed and redeveloped.  

The absorbance information was imported into an Excel spreadsheet (Microsoft) and the 

data was prepared by separately averaging the absorbance from the non-specific binding 

wells and the maximum binding wells. These averages were then subtracted from one 

another giving the corrected maximum binding value. The sample amount bound over the 

corrected maximum binding was determined by subtracting the non-specific binding 

average from the sample and divided by the corrected maximum binding value giving the 

sample concentration. This was repeated for all the sample values. These values were 

multiplied by 100 to give the percentage of sample concentration. The data was plotted as 

the sample concentration versus the log concentration using a linear regression fit. 

Surgery 

Animals were anesthetized with a 4% isoflurane in oxygen for 4 minutes, and maintained 

with 2% isoflurane in oxygen. The area of incision, dorsal portion of the neck to shoulder 

blades, was shaved and cleaned with betadine and chlorohexidine. Heating pads were 

used to maintain a body temperature of 37°C±1°C; anal probes were used to assess body 

temperature throughout the entire surgical procedure. After toe pinch to ensure 

anesthesia, an incision was made from the dorsal region of the neck to the shoulder 

blades. Incisions were made through subsequent muscle layers to expose spinal vertebrae 

from cervical level 2 (C2) to thoracic level 2 (T2).  The spinal process of C5 was dorsally 

laminectomized to reveal the spinal cord. Animals assigned into the SCI group received a 
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300 kdyne impact with 0 dwell time (Infinite Horizon SCI Device, Precision Systems and 

Instrumentation; Lexington, Kentucky) on one side of the spinal cord, resulting in an 

incomplete injury. The side of impact was determined via dominant forepaw, meaning 

the dominant forelimb was ipsilateral to injury. Animals in the control group received no 

impact [51]. After all surgical procedures were completed, animals were sutured. Muscle 

layers were sutured with a polydioxanone synthetic absorbable sterile suture (Monosorb 

™), the skin layer was sutured using a polypropylene non-absorbable sterile suture 

(Butler Schein ™). Post suturing, animals were given a subcutaneous injection of 5 

mg/mL carprofen (dosed at 1 mL per kg), 0.2 mL antibiotic (Bayer Healthcare LLC, 

Baytril ®, enrofloxacin), and 3 mL saline. Animals were then placed in an incubation 

cage and observed until ambulation. Sutures were removed 7 days post-surgery. 

Behavioral and Functional Assessments 

Unskilled forelimb function: Paw Placement and Dominant Paw Determination 

Animals were placed in a Plexiglas cylinder (40 cm height, 30 cm diameter) for 5 

minutes. During which time the number of forepaw placements on the wall of the 

cylinder was tallied as either right, left, or both. Paw placements in which there was full 

paw placement with body support were tallied. Right and left placements indicate 

placement of either the right or left forepaw. A tally of both indicates indistinguishable 

and simultaneous placement of both forepaws upon the wall. The percent of right, left, or 

both placements can be determined using this equation: (right or left or both numbers of 

placements)/ (sum of right, left, and both placements)*100. Number of rears were also 

calculated from each paw placement session post-surgery. From the baseline 
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measurements, the dominant paw of the animal was determined. Dominant paw was 

defined as right or left forepaw use 50% or greater, determined by using 25 or more total 

paw placements. Dominant paw was determined prior to surgery.  

Thermal Hyperalgesia: Radiant Heat Paw Withdrawal Assessment 

Animals were placed on a Plexiglas platform in individual Plexiglas chambers (21.5 cm 

length x 12.5 cm width x 12.5 cm height). Under this platform, a maneuverable light 

source (Ugo Basile Plantar Test, Biological Research Apparatus) was able to be 

positioned under the plantar region of the hind paws, a mirror was utilized to ensure full 

visibility of the animal.  After placement of the light source, the light source was 

activated. As time passed, the intensity of the light increased. The latency to paw 

withdrawal was measured in seconds, with a cutoff time set at 30.1 seconds to prevent 

tissue damage. Each hind paw was assessed 3 separate times on each assessment day. The 

average latency to paw withdrawal using these 3 times was calculated.  

Mechanical Allodynia: Von Frey 

Animals were placed in individual Plexiglas chambers (21.5 cm length x 12.5 cm width x 

12.5 cm height) on a platform with a wire mesh bottom. A Von Frey filament (Touch 

Test ®, North Coast Medical and Rehabilitation Products) was applied perpendicularly to 

the plantar region of the hind paw for 3 – 5 seconds with enough force to slightly bend 

the filament five separate times. The starting filament was set at 2 grams for all animals 

and the terminal filament set at 15 grams. The up/down method was employed, if the 

animal had 3 or more withdrawal responses to a filament, the next filament used was one 

with a smaller force unit. If the animal had less than 3 withdrawal responses, a filament 
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of greater force was used. This up/down paradigm continued until the terminal filament 

was used without 3 or more withdrawal responses or the same filament had 3 or more 

positive responses on 2 separate application events. The 50% paw withdrawal threshold, 

Dixon score, was calculated using the following equation: Xf + kd, Xf: final filament 

force, k: constant; average difference of force between filaments, d: tabular value based 

on pattern of paw responses. 

Cold Allodynia: Acetone Test 

Animals were placed on a platform with wire mesh bottom in individual Plexiglas 

enclosures (21.5 cm length x 12.5 cm width x 12.5 cm height). A bubble of acetone was 

applied to the plantar region of the hind paw without mechanical force and allowed to 

evaporate in order to elicit a cooling sensation. The animal was observed for 20 seconds 

post acetone application for a paw withdrawal response. Each hind paw was assessed five 

separate times. The percent of paw withdrawal incidence was calculated from these 

values. 

Histology 

Tissue Collection and Preparation 

On day 30 post-surgery, animals were deeply anesthetized with isoflurane and perfused 

intracardially with cold, 0.1 phosphate buffered saline (PBS) at a pH of 7.4 for 5 minutes. 

Animals were then perfused with fixative (American MasterTech Scientific, Inc. ExCell 

PLUS ™).  The cervical spinal cord area was then removed and post fixed for 5 days at 

4°C. Tissue was then placed in a 10% sucrose PB solution for one hour at 4°C, and then 

placed in a 30% sucrose PB solution for 48 hours at 4°C. The cervical tissue was then 
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sectioned into three pieces three millimeters in size, one section at the lesion epicenter 

(C5), one section caudal to the epicenter, and one section rostral to the epicenter. The 

sections were then placed in an embedding medium and stored in a -80°C freezer until 

slicing and slide mounting. Glass slides were coated with 1% gelatin and chrom alum. 

Traverse, serial 30 µm slices were made using a cryostat machine (Leica Biosystem 

CM1860) and thawed onto gel coated glass slides. Slices were mounted in series of tens 

meaning a 300 µm interval between adjacently mounted slices, with each slide 

representing 2100 µm of tissue centered at the epicenter of the injury site (C5). Slides 

were stored at -20°C until staining. After staining, slides were evaluated using an 

Olympus IX73 microscope with Visiopharm® imaging software. 

Neuronal Numbers: Cresyl Violet    

After tissue had been slide mounted, the slide was subjected to dehydration, defatting, 

rehydration, cresyl violet staining, differentiation, and dehydration. The tissue was 

dehydrated by being placed in ethanol baths of increasing ethanol concentrations, 75%, 

95%, and 100%, for 2 minutes. Defatting occurred by exposing the dehydrated tissue to 

three xylene baths at 5 minutes, 10 minutes, and 1 minute. After defatting, the tissue was 

rehydrated by re-exposing the tissue to ethanol in decreasing order of concentration, 

100%, 95% and 70% for 1 minute and then two deionized water baths for 30 seconds. 

The tissue was stained with cresyl violet acetate for 2 – 10 minutes, depending on the 

thickness of the tissue and the age of the staining medium. After the cresyl violet acetate 

bath, the tissue was rinsed in two deionized water baths for 15 seconds. The tissue was 

then placed in 95% ethanol for 2 – 10 minutes, depending on cresyl violet staining time 

and tissue thickness, with acetic acid to differentiate staining of non-nissl substances 



 

34 

 

from nissl. The tissue was then dehydrated by being exposed to ethanol baths, 95% and 

100% concentrations, for 30 seconds and then two xylene baths for 5 minutes. After the 

second xylene bath, the slide was coverslipped with mounting media.  

Myelin Sheath Integrity  

After slide mounting the tissue, the sample was dehydrated, defatted, rehydrated similar 

to the cresyl violet stain. After defatting, tissue was placed in a 0.2% eriochrome cyanine 

solution for 10 minutes and then placed in two water baths for 30 seconds each. The 

tissue was then differentiated by being placed in a 0.5% ammonium hydroxide bath for 1 

minute and then two water baths for 30 seconds each. Post differentiation, the tissue was 

dehydrated similar to the cresyl violet stain protocol and coverslipped with mounting 

media.  

 

Data Analysis 

Data was analyzed using statistical software GraphPad Prism 6.0. The behavioral data 

shown are means ± standard error. Significance was set at p ≤ 0.05, * indicates 

significance between injured (SCI) and control (LAM) groups, + indicates significance 

between stress (S) and non-stress control groups, and ǂ indicates significance between 

strains (SD and LEW).  

 

 

 



 

35 

 

Results 

Effects of SCI on Neuron Counts and White Matter Volume 

At four weeks post-surgery, animals were euthanized and cervical vertebral spinal cord 

tissue was collected for histological analysis. In both SD and LEW animals, SCI 

decreased the number of neurons present at the epicenter of injury (Figure 1A, SD: 

F(1,30)=28.43, p< 0.0001; LEW: F(1,32)= 32.18, p < 0.0001). In addition, it was observed 

that the area ipsilateral to injury had significantly less neurons present compared to the 

area contralateral to injury (Figure 1A, SD: F(1,16)=34.57, p < 0.0001, LEW: F(1,16)= 

35.45, p < 0.0001). No effect of strain or stress was observed on neuronal numbers 

(Figure 1A). White matter volume was significantly diminished at the epicenter of injury 

in SCI animals regardless of strain or stress exposure (Figure 1B, SD: F(1,30)= 99.7, p< 

0.0001; LEW: F(1,30)=  142.7, p < 0.0001). It was also observed that white matter volume 

was significantly decreased ipsilateral to injury (Figure 1B, SD: F(1,16)= 129.2, p < 

0.0001; LEW: F(1,16)= 191.9, p < 0.0001). Representative images, taken at 4x 

magnification, of each group shows intact histology for surgical control animals and 

containment of injury solely to the ipsilateral side of injury through cresyl violet staining 

for nissl substance (Figure 1C).  

Effects of Injury, Stress, and Strain on Body Mass 

Prior to surgery, all animals were weighed in order to obtain a baseline (BL) mass (g) 

value. After surgery, days 1 through 30 post operation (p.o.), animals were weighed once 

daily. The masses obtained were compared as percent change from BL for all groups. SCI 

significantly affected gains in mass compared to their respective control groups in SD 
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rats but not LEW rats (Figure 2 A and B, F(3,1293)= 122.1, p< 0.0001). SD animals that 

received stress prior to SCI had a longer duration of diminished gains compared to their 

control group, day 2 – 30 p.o., than non-stressed SCI animals, day 2 – 12 and 14 p.o. 

(Figure 2A). There was no significant interaction between SCI S and SCI groups for both 

SD and LEW animals (Figure 2 A and B). At day 30 p.o., SD LAM S animals had a 

greater gain in body mass compared to their LEW non-stressed control counterparts 

(Figure 2 D, p < 0.0001). There was no significant difference between any other SD and 

LEW group upon strain comparison (Figure 2 C and D). 

Effects of Stress Exposure on Fecal Pellet CORT Concentrations and Fecal Pellet Counts 

Baseline measures of fecal pellet CORT show that SD animals had significantly greater 

CORT compared to LEW animals (Figure 3 A, t= 2.697, df = 22, p = 0.0392). On the last 

day of stress induction (day 7), fecal CORT concentrations were assessed in both LEW 

and SD animals that were exposed to stress (S) and non-stress paradigms. There were no 

significant differences observed between SD groups, however, LEW S animals had 

significantly greater CORT measurements compared to both LEW controls (Figure 3B, t 

= 2.573, df = 34, p = 0.0450) indicating lower concentrations of CORT. SD controls 

trended towards greater CORT compared to LEW controls (Figure 3B, t = 1.347, df = 34, 

p = 0.0935). Regardless of strain, exposure to foot shock increased the amount of fecal 

matter pellet defecation compared to non-stressed controls (Figure 3 C, F(3,546)= 1151, p < 

0.0001). This difference was observed on all days of foot shock exposure, days 1 through 

7 (p < 0.0001).  

 



 

37 

 

Effects of Injury and Strain on Unskilled Forelimb Function: Paw Placement 

Prior to surgery, all groups, regardless of strain, had equivalent dominant forelimb usage 

of about 60% of total paw placements. After injury, all SCI groups, regardless of strain 

had a significant decrease in dominant forelimb usage, limb ipsilateral to injury (Figure 

4A and B, SD: F(3,210)= 178.5, p < 0.0001; LEW: F(3,230)= 12.95, p < 0.0001). No effect of 

stress was observed in either strain of rat or in non-injured control groups. This functional 

deficit persisted from week 1 to 4 p.o. in SD rats and week 1 and 2 p.o. for LEW rats. 

LEW rats recovered functional ability similar to their respective LAM groups after week 

2. After comparing SD and LEW SCI groups, a significant effect of strain was observed. 

SD SCI rats had greater functional deficit than LEW SCI rats, which was observed in all 

weeks p.o. for both stressed and non-stressed SD SCI animals (Figure 4C and D, S: 

F(1,110)= p< 0.0001; NS: F(1,120)= 45.24, p < 0.0001). Number of rearing events were not 

affected by injury or stress status, with no effect of strain observed (Figure 4 E and F). 

Effect of Strain on Thermal Hyperalgesia: Radiant Heat Paw Withdrawal Assessment 

BL and p.o. weekly assessments of latency (s) to contralateral hind paw withdrawal was 

measured after exposure to a heat source. No significant effect of injury or stress was 

observed in both SD and LEW rats. However, a strain difference was observed in week 2 

p.o. between SD and LEW LAM S animals. SD rats had a greater time to withdrawal 

compared to LEW rats (Figure 5D, p = 0.0337). This difference was not observed in any 

other time point.  
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No Effect of Injury, Stress, or Strain on Mechanical Allodynia: Von Frey 

Prior to surgery and weekly for 4 weeks p.o., animals were assessed on sensitivity to Von 

Frey filaments. The up/down method was used; if an animal showed no sensitivity to the 

filament used, a stiffer filament with a greater force (g) was used. If the animal did show 

sensitivity, a thinner filament with less force was applied. At BL and throughout the 

duration of the study, there was no significant effect of injury, stress, or strain on filament 

sensitivity. 

Effect of Injury, Stress, and Strain on Cold Allodynia: Acetone Test 

Similar to the other sensory tasks, animals were assessed for cold allodynia prior to 

surgery and for 4 weeks after surgery. The number of contralateral hind paw withdrawals 

after acetone exposure were converted into the percent of withdrawals during the weekly 

Acetone test assessment. From weeks 2 to 4 p.o., there was a significant effect of injury 

of the percent of withdrawals in SD rats, in addition  there was no difference between 

uninjured controls at any time point (F(3,210)= 45.75, p < 0.0001). In addition to the injury 

effect, SD rats that were exposed to stress prior to SCI had a greater percentage of paw 

withdrawal compared to SD SCI animals. This stress effect was observed in week 3 and 4 

after injury (p = 0.0438). No effect of injury or stress was observed between LEW 

groups. Strain differences were observed between stress groups. SD SCI S had a greater 

percentage of paw withdrawal compared to LEW SCI S animals from week 1 through 4 

p.o. (F(3,215)= 30.45, p > 0.0001). In addition to SCI S strain differences, LEW LAM S 

animals had a greater percentage of paw withdrawals compared to SD LAM S animals 

(F(1,105)= 10.32, p = 0.0017). Non-stressed groups also exhibited strain differences 
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(F(3,220)= 12.27, p < 0.0001). Similar to LAM S groups, LEW LAM animals had a greater 

percentage of paw withdrawals compared to SD LAM animals from weeks 2 to 4 p.o (p = 

0.0032, p < 0.0001, p = 0.00018, respectively).   

 

Discussion 

These results show that the C5 hemi contusion model used in this study diminishes 

neuronal cell numbers and decreases white matter volume ipsilateral to the epicenter of 

injury in both SD and LEW animals. In addition, it was observed that this injury model 

diminished motor function of the forepaw ipsilateral to injury in both SD and LEW 

animals. However, this deficit was shown to persist chronically for SD animals and not 

LEW animals. It was also observed that SCI diminished body mass gains in SD animals 

and not LEW animals. Beyond this, in SD animals, this injury model caused increased 

incidence of paw withdrawal to non-noxious stimuli at chronic time points, as evidenced 

by the Acetone test. It was also found that exposure to chronic, mild stress prior to SCI 

exacerbated the incidence of paw withdrawal to cold stimuli in SD rats and not LEW rats.  

In regard to stress, we observed that SD and LEW animals have differing basal fecal 

CORT concentrations, with LEW animals having higher levels of CORT in their feces. In 

response to stress, both SD and LEW animals had significantly increased amounts of 

defecation compared to non-stress controls indicating HPA axis activity. Feces analyzed 

on the last day of the stress paradigm showed no stress effect in SD animals as both 

stressed and control animals had similar CORT concentrations and a stress effect in LEW 

animals, with stressed groups having greater CORT levels compared to control animals. 
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Stress effects were observed in body mass gains in SD animals, with SCI S animals have 

a longer duration of diminished gains compared to SCI non-stressed controls. Beyond 

this, it was observed that SD SCI S animals had greater incidence of paw withdrawal in 

response to the Acetone test compared to non-stressed SD controls and their respective 

LEW SCI S group. 

Overall, these data indicate that SD animals are a better strain to assess chronic outcomes 

post C5 hemi contusion SCI, specifically motor function, and sensitivity to cold stimuli 

compared to LEW animals though both showed equivalent neuronal cell loss and 

diminished white matter volume. In addition, this study showed modest effects of 

chronic, mild stress on diminished gains in body mass and sensitivity to cold stimuli in 

SD SCI animals. Taken together, the C5 hemi contusion SCI model in SD rats reflects 

outcomes observed clinically such as chronic motor dysfunction and sensitivity to non-

noxious stimuli; and with exposure to chronic, mild stress having modest increase 

sensitivity of paw withdrawal in SD SCI animals.  

Previous studies looking at outcomes post SCI comparing both SD and LEW animals 

have also shown strain differences in functional recovery, development of pain, and 

genes expressed after injury [52-54]. A previous study characterizing histological 

outcomes post complete thoracic SCI in female LEW, SD, and Fischer 344 (F344) rats 

found that LEW animals had greater lipid peroxidation compared to both SD and F344 

animals in both control and SCI groups. In addition, it was found that LEW SCI animals 

had lower labelling of rubrospinal tract neurons and greater motor impairment compared 

to both SD and F344 animals [52]. Our study found that both SD and LEW animals had 

decreased neuronal numbers and diminished white matter volume post SCI with no 
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observed strain difference, and that SD SCI animals had greater functional deficit than 

LEW SCI animals. It is important to note that the aforementioned study utilized a 

different SCI model as well as female animals, indicating important effects of model and 

sex on outcomes post SCI. Previous studies investigating the effects of female sex 

hormones on outcomes post SCI have found estrogen and estradiol to be protective post 

injury [55-59].  

Additionally, a study investigating sex effects on motor function post SCI in both SD and 

LEW animals found that male animals had worsened motor function post injury in both 

SD and LEW animals [60]. The purpose of employing the C5 hemi contusion SCI model 

in male animals for this study is based upon emulating the clinical SCI population. The 

location and impact of the SCI mirrors the most common type of SCI, incomplete 

tetraplegia which is estimated to make up 45% of SCI cases in the United States [61]. 

Beyond this, males constitute the vast majority of SCI patients, roughly 80% [62]. These 

results highlight the need to characterize different models of SCI and sexual dimorphism 

on SCI outcomes. 

In addition to strain differences, we also found that exposure to chronic, mild stress prior 

to SCI moderately increased paw withdrawal in response to non-noxious cold stimuli in 

SD SCI animals, but had no effect on LEW animals. Previous studies have shown that 

SD rats have greater secretion of CORT compared to LEW animals, which was observed 

in the baseline fecal pellet CORT analysis. After stress exposure (days one through 

seven), it was found that both SD and LEW animals exposed to stress had increased 

defecation events. Stress induced defecation is a marker of the autonomic nervous system 

being activated [63]. The autonomic nervous system is activated by the HPA axis 
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therefore increased defecation post stress exposure allows for non-invasive determination 

of HPA axis activation. On the last day of stress exposure, day seven, fecal pellet CORT 

analysis showed stress exposure increased CORT secretion in LEW animals but not SD 

animals. In addition the baseline CORT differences observed were no longer significant, 

though a trend was present. Interestingly, SD animals exposed to stress were still 

defecating at increased amounts compared to non-stressed controls and quantities similar 

to their respective LEW counterparts.  

Previous studies investigating the effects of stress on CORT release have found that 

chronic stress has the potential to attenuate and diminish CORT secretion through 

decreased CRH mRNA levels and receptor binding capacity in the brain, which could 

potentially explain why stress effects were observed in SD animals such as increased 

defecation post stress exposure and worsened behavioral outcomes post SCI with no fecal 

pellet CORT differences at the last day of the stress paradigm [26, 28, 64-66]. These 

results highlight the need to further explore the mechanisms behind the switch from acute 

to chronic stress, chronic stress effects in animal models of pain. 

Looking at the literature, it is important to note that the chronic stress paradigm utilized 

can have varying effects. In addition to type of stressor, sex can affect response to stress 

[67-71]. The stressor used in this study was inescapable foot shock. Past studies have 

shown that this paradigm has been effective at inducing a chronic stress state, as well as 

exacerbating visceral pain nociception in female rats [36, 50, 72]. These studies exhibit 

robust effects of chronic foot shock on pain, whereas in the study presented here, only 

moderate effects were observed. This study utilized male animals, as males make up 80% 

of the SCI patient population, which have lower basal CORT concentrations and slower 
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CORT release in response to stress compared to females [68-71]. All together this 

indicates that females are more susceptible to stress, and that use of the chronic foot 

shock paradigm elicits robust effects on pain measures in females whereas in males using 

the same paradigm parameters only produced modest effects. A potential future study 

could be to extend the duration of the inescapable foot shock paradigm used and 

determine if more robust effects of stress on outcomes post SCI, specifically neuropathic 

pain, are observed. 

Keeping SCI induced neuropathic pain in mind, a limitation of this study is that no 

supraspinal mechanism was utilized; meaning the responses to acetone may be reflexive 

rather than development of cold allodynia. A previous study investigating complete 

thoracic SCI and the outcomes of supraspinal versus spinal mediated responses found that 

hind limb paw withdrawals to stimuli post SCI were spastic, hyper reflexive responses 

[73]. Therefore, considering this, the paw withdrawals in response to acetone observed in 

SD animals have been described as a sensitization to cold stimuli rather than 

development of SCI induced neuropathic pain.  

In conclusion, this study presents evidence of modest effects of chronic, mild stress on 

SD SCI animals, specifically diminished gains in body mass and paw withdrawal after 

acetone exposure which was not observed in LEW rats. Additionally, LEW rats had 

increased functional recovery post SCI though both SD and LEW animals had similar 

neuronal counts and white matter volume at the epicenter of injury. Through this 

characterization, we have found that inescapable, chronic foot shock had moderate effects 

on SD animals, but not on LEW animals regarding outcomes post SCI. These findings 
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further highlight the need to understand the model and strain of rodent being utilized, 

chronic stress paradigm, and SCI clinical modelling in the stress response.  
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Figure 1: Spinal cord injury significantly decreases neuronal numbers and white matter at 

the epicenter of injury and is not affected by stress. Neuron counts were significantly 

decreased ipsilateral to injury in SCI groups regardless of strain or stress condition. No 

effects of injury were observed contralateral to injury, nor were strain and stress effects 

(A). White matter volume was significantly decreased ipsilateral to injury in SCI animals 

compared to their respective control groups (B). Representative images (4x 

magnification) from each group stained with cresyl violet (C).  Data shown are means ± 

s.e. analyzed via two-way ANOVA with significance set at p ≤ 0.05. *: significance 

between SCI and LAM groups, #: significance between ipsilateral and contralateral. SD 

sample sizes: LAM n = 11, LAM S n = 11, SCI n = 13 and SCI S n = 11. LEW sample 

sizes: LAM n = 12, LAM S n = 12, SCI n = 13, and SCI S n = 13. 
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Figure 2: Injury and rodent strain, but not stress exposure, affect motor function. SCI 

significantly decreased dominant forepaw use (paw ipsilateral to SCI) which persisted the 

duration of the study (A). No effect of stress was observed on functional outcomes in 

both SD and LEW rats (A, B). SCI significantly decreased dominant forepaw use in 

weeks 2 and 3, but were able to functionally recover similar to LAM controls at weeks 3 

and 4 post SCI (B). Strain differences were observed in both SCI S and SCI animals. SD 

SCI rats had greater functional deficit than LEW SCI rats which lasted from week 1 until 

week 4 (C, D). Number of rearing events at each paw placement session showed no 

change in animal activity, with no effect of injury, stress, or strain observed (E, F). Data 

shown are means ± s.e. analyzed via two-way ANOVA with significance set at p ≤ 0.05. 
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*: significance between SCI and LAM groups. ǂ: significance between SD and LEW 

groups. SD sample sizes: LAM n = 11, LAM S n = 11, SCI n = 13 and SCI S n = 11. 

LEW sample sizes: LAM n = 12, LAM S n = 12, SCI n = 13, and SCI S n = 13. 
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Figure 3: Stress differences between strains and the effects of stress exposure. Prior to 

induction of stress, LEW animals had significantly lower amounts of basal CORT present 

in fecal matter pellets compared to SD animals (A). On the last day of stress induction, 

LEW control animals had significantly less fecal CORT compared to LEW S (B). No 

significant differences were observed between SD S and control groups (B). Exposure to 

stress increased the amount of defection in SD and LEW rats from day 1 to day 7 of 

operant chamber exposure.  No effect of strain was observed on amount of defecation 

(C). ELISA data shown are means ± s.e. analyzed via t-test with significance set at p ≤ 

0.05. *: significance between SD and LEW groups. Baseline SD and LEW n = 12, 

assayed in triplicate. ELISA day 7 SD and LEW n = 6 per group, assayed in triplicate. 

Fecal pellet count data shown are means ± s.e. analyzed via two-way ANOVA with 
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significance set at p ≤ 0.05. *: significance between S and NS groups. SD S n = 12, SD 

NS n = 19, LEW S n = 25, LEW NS n = 26.   

 

 

Figure 4: Body mass gains are affected by injury and strain. Percent changes in body 

mass (g) gains were diminished in SD rats that received a SCI (A), but not in LEW SCI 

rats (B). SD SCI S rats had a longer duration of diminished gains, day 2 to 30 p.o., 

compared to SD SCI rats, day 2 to 12 and 14 p.o. (A). In addition, at day 30 p.o., SD 

LAM S rats had greater gains in body mass than LEW LAM S indicating strain 

differences (C). No differences were observed in strain comparison between non-stressed 

groups (D). Data shown are means ± s.e. analyzed via two-way ANOVA with 

significance set at p ≤ 0.05. *: significance between SCI and LAM groups. SD sample 

sizes: LAM n = 11, LAM S n = 11, SCI n = 13 and SCI S n = 11. LEW sample sizes: 

LAM n = 12, LAM S n = 12, SCI n = 13, and SCI S n = 13. 
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Figure 5: Thermal hyperalgesia is not affected by injury or stress exposure, with 

intermittent effects of strain. There was no significant effect of SCI or stress exposure in 

either SD or LEW animals (A, B). At week 2 p.o.. There was no strain difference 

observed in non-stressed SD and LEW animals (C). SD SCI S animals had a higher 

latency to paw withdrawal compared to LEW SCI S animals (D) Data shown are means ± 

s.e. analyzed via two-way ANOVA with significance set at p ≤ 0.05. ǂ: significance 

between SD and LEW groups. SD sample sizes: LAM n = 11, LAM S n = 11, SCI n = 13 

and SCI S n = 11. LEW sample sizes: LAM n = 12, LAM S n = 12, SCI n = 13, and SCI 

S n = 13. 
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Figure 6: Mechanical sensitivity is not affected by strain, stress exposure, or injury. There 

was no significant effect of SCI, stress, or strain on sensitivity to Von Frey filaments (A, 

B, C, D). Data shown are means ± s.e. analyzed via two-way ANOVA with significance 

set at p ≤ 0.05. SD sample sizes: LAM n = 11, LAM S n = 11, SCI n = 13 and SCI S n = 

11. LEW sample sizes: LAM n = 12, LAM S n = 12, SCI n = 13, and SCI S n = 13. 
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Figure 7: Injury increases cold sensitivity and is affected by strain and stress exposure. 

SD SCI rats had a greater incidence of paw withdrawal from weeks 1 to 4 compared to 

their respective LAM groups. SCI animals exposed to stress prior to injury had higher 

incidence of paw withdrawal compared to non-stressed SCI rats which began at week 3 

p..o. and persisted until the end of the study (A). There was significant effect of SCI or 

stress in LEW rats (B). SD SCI S rats had significantly higher rates of paw withdrawal 

from weeks 1 to 4 p.o. compared to LEW SCI S rats indicating a strain effect. A strain 

effect was also observed between SD and LEW LAM S animals. LEW LAM S animals 

had a higher incidence of paw withdrawal compared to SD rats from weeks 3 to 4 p.o. 

(C). At week 2 p.o. a strain effect was observed, LEW LAM rats had a greater incidence 

of paw withdrawal compared to SD LAM animals from weeks 2 to 4 p.o. (D). Data 

shown are means ± s.e. analyzed via two-way ANOVA with significance set at p ≤ 0.05. 

*: significance between SCI and LAM groups. +: significance between S and control 
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groups. ǂ: significance between SD and LEW groups. SD sample sizes: LAM n = 11, 

LAM S n = 11, SCI n = 13 and SCI S n = 11. LEW sample sizes: LAM n = 12, LAM S n 

= 12, SCI n = 13, and SCI S n = 13. 
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Abstract 

The following review is a discussion on the potential therapeutic benefit of cannabidiol 

(CBD) for spinal cord injury (SCI), specifically in regards to secondary injury and SCI 

induced neuropathic pain (SCI-NP). Within the SCI population, SCI-NP development 

affects up to 80% of patients with secondary injury being a major contributor to 

development and maintenance of SCI-NP. There are few therapeutic options for SCI-NP 

patients, which negatively impacts quality of life. The literature has shown targeting 

aspects of this cascade improves outcomes post SCI including ameliorating SCI-NP 

development. CBD has been shown to target many aspects of secondary injury and 

penetrate the central nervous system (CNS) within minutes of administration with little to 

no negative effects. Though CBD has had clinical efficacy in treating NP, it has not been 

examined in SCI-NP leaving a gap in knowledge of the therapeutic benefits of CBD. This 

review will discuss how CBD interacts within the CNS, potential mechanisms of action 

regarding secondary injury, and the therapeutic potential of CBD for imparting protection 

against SCI-NP development. 
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Overview 

Over 300,000 individuals in the United States are living with chronic spinal cord injury 

(SCI) and within this year over 17,000 individuals will be added to this staggering 

number [1]. Nearly 80% of these individuals will go on to develop neuropathic pain 

induced by SCI (SCI-NP) [2, 3]. SCI-NP greatly diminishes quality of life, and has been 

shown to increase incidence of depression and anxiety within this patient population due 

to the lack of effective therapeutic options to treat and manage pain events [4-6]. This 

devastating issue is frequently listed as a top priority for SCI patients, often being listed 

above functional recovery [7, 8].  

A promising therapeutic that has been evaluated clinically to manage pain stemming from 

multiple sclerosis and chemotherapy is cannabidiol (CBD) [9, 10]. CBD is a non-

psychoactive component of Cannabis sativa (C. sativa) that has been shown to have anti-

oxidant and anti-inflammatory properties, and also has the ability to cross into the central 

nervous system (CNS) [11-22]. Previous studies have shown that CBD is pleiotropic and 

can target many different pathways [23-26]. The importance of pursuing a compound that 

targets many aspects of inflammation and oxidation is that acutely, post mechanical 

injury to the spinal cord, multiple adverse events occur. These include a rapid and large 

increase in inflammation, generation of reactive oxygen species (ROS), dysregulation of 

glutamate and calcium, and immune cell activation.  These events termed secondary 

injury, further increases neuronal damage (Figure 1) [27-31]. Secondary injury can 

persist for months post SCI and further increases damage to the spinal cord [29]. Studies 

have shown that targeting secondary injury decrease incidence of SCI-NP [32-35].  
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CBD has been shown to decrease generation of inflammatory products, ROS, and 

immune cell activation, leading to enhanced neuroprotection in animal models of 

inflammation, nerve injury, and autoimmune disorders. CBD however has not been 

evaluated in treating SCI-NP, leaving a large gap in knowledge. Since CBD has been 

shown to target many pathways and components that play a role in secondary injury, it is 

an ideal candidate for investigation in SCI-NP [16, 19, 36, 37].  The ability for CBD to 

target multiple aspects of secondary injury in addition to its ability to penetrate the CNS 

with low adverse effects or toxicity makes CBD a promising therapeutic. The purpose of 

this review is to discuss the therapeutic potential of CBD in the context of secondary 

injury post SCI.  

 

CBD: Pharmacodynamics, Pharmacokinetics, and the Endocannabinoid System 

Unlike other components of C. sativa, CBD does not bind efficiently to cannabinoid 

receptors and has been shown to have some antagonistic activity on these receptors [24, 

26, 38]. CBD is pleiotropic, exerting its effects on a multitude of pathways [15, 17-19, 

24, 36, 38-41]. Studies investigating the effects of CBD have shown a wide array of 

outcomes ranging from anti-epileptic, analgesic, anti-inflammatory, anti-oxidant, and 

anti-anxiety [14-17, 19-21, 23]. In addition to this, CBD has been shown to have low 

toxicity and few adverse effects in animal models of pain and inflammatory disorders, as 

well as humans [10, 14, 25].  

CBD has the ability to be administered in a variety of ways including oral, subcutaneous, 

intravenous (I.V.), and inhalation [9, 15, 19, 23, 42, 43]. Depending on route of 
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administration, CBD presence in the plasma ranges from 5 – 30 minutes with I.V. 

administration being the quickest route and oral being the slowest [11, 26, 43].  

Bioavailability of CBD in humans has shown variability between individuals, ranging 

from 11% – 45 with an average half-life of 24 hours (ranging from 18 – 33 hours 

between patients) after inhalation or I.V. administration of drug [26, 44] [45-48]. CBD is 

subject to first pass effects after oral administration, meaning it undergoes hepatic 

metabolism prior to reaching systemic circulation [49-51]. Studies investigating the 

pharmacokinetics of CBD and additional cannabinoids in mice and rats demonstrate 

penetrance and rapid distribution to the brain [11, 52, 53].  

Many C. sativa derived compounds produce their effects through cannabinoid (CB) 

receptors, CB1 and CB2, which are a component of the endocannabinoid system [54, 55]. 

CB1 and CB2 are G protein-coupled receptors (GPCR) present in the CNS as well as in 

the peripheral nervous system (PNS), with CB1 being more highly expressed in the CNS 

compared to CB2 which is more greatly expressed on microglia and other immune cells 

[56, 57]. The endocannabinoid system consists of CB receptors and endogenous ligands, 

termed endocannabinoids, which are synthesized, removed, and degraded through 

specific pathways [58].  This system is involved in many processes including memory, 

immune function, appetite, sleep, and pain. Endocannabinoids are lipophilic and are 

derived from arachidonic acid [33, 55, 59]. Ligand binding to CB1 and CB2 leads to 

inhibition of neurotransmitter release, thereby causing decreasing neuronal activity. The 

binding of Δ9-THC to these receptors cause the psychotropic effects associated C. sativa 

use. Activation of the CB receptors leads to modulation of neuronal and immune cell 

activity through GPCR activation of specific G-proteins. CB1 has been shown to act upon 
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both Go and Gi G-proteins depending on which ligand binds to CB1 [54]. Go is highly 

expressed in the CNS and has been shown to inhibit calcium channels, whereas Gi has 

been shown to inhibit adenylate cyclase activity, and activate potassium channel activity 

[60-62]. These inhibitory and stimulatory effects of CB1 lead to decreased release of 

neurotransmitters such as glutamate and gamma-Aminobutyric acid (GABA), again 

depending on which ligand binds to the receptor [63, 64]. CB2 has been shown to act 

upon Go, and activation of this G-protein has been shown to decrease microglia activity 

[65]. CBD does not activate the CB receptors, and has shown slight antagonistic activity 

on these receptors [66]. CBD also structurally acts as an antioxidant, specifically by 

interacting with and neutralizing oxidative products and by donating electrons [13]. 

In addition to the CB receptors, transient receptor potential vanilloid receptor (TRPV1) 

has been shown to be a target receptor for cannabinoids and endocannabinoids, and has 

been termed the endovanilloid system [67]. TRPV1 is cation channel that is activated 

upon ligand binding, is expressed on neurons, and activation of has been shown to 

increase influx of calcium into the cell, thereby increasing neuronal activity [68]. In 

regards to neuropathic pain, TRPV1 activity has been shown to enhance pain and that 

blocking TRPV1 diminishes pain [69-71]. A study investigating the therapeutic efficacy 

of CBD in ameliorating a hyperalgesic pain phenotype and the receptor selectivity of 

CBD on the endocannabinoid and endovanilloid system found that administration of 

CBD decreased incidence of thermal hypersensitivity in an animal model of 

inflammation, and that CBD exerted these effects by acting as a TRPV1 antagonist [72]. 

Beyond this, a study investigating liver inflammation, found that CBD decreased 

inflammation, however, reduced effects where observed in TRPV1 knockout animals 
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[73]. These studies show that CBD in part exerts effects through antagonism of TRPV1. 

It is important to note that CBD is pleiotropic and exerts a multitude of effects through 

different biological pathways, which will be discussed in this review. 

 

CBD: Modulation of Secondary Injury Pathways   

Glutamate Mediated Excitotoxicity 

Acutely post SCI, glutamate is released extracellularly which causes increased excitatory 

events, in addition to excessive depolarization and neuronal activity, exposure to high 

levels of glutamate can induce cell death; which is mediated by several sources post 

injury such as necrotic and lysed neuronal cells, release from presynaptic neurons, and 

dysfunction in glutamate receptors [74-76]. CBD has been shown to antagonize N-

methyl-D-aspartate (NMDA) and 2-amino-3-(4-butyl-3-hydroxylsoxazol-5-yl) propionic 

acid (AMPA)/kainite receptors, which contribute to glutamate excitotoxicity [8, 77-83]. 

The ability of CBD to antagonize NMDA and AMPA is linked to efficacy in reducing 

seizures and epileptic events in rodents. CBD has also recently garnered much attention 

for its potential therapeutic use in children and young adults with treatment-resistant 

epilepsy [84-86]. A study investigating the effects of Δ9-THC and CBD on NMDA 

induced toxicity in the retina found that both Δ9-THC and CBD diminished neurotoxicity 

mediated by NMDA. Specifically, it was determined that high activity of NMDA 

increased production of oxidative products and that CBD treatment reduced the 

concentration of these oxidative species as well as apoptosis induced by NMDA [78].  

The importance of examining the effects of glutamate mediated toxicity and the receptors 
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involved is that when glutamate binds to these receptors, calcium is able to enter the cell. 

The influx of calcium can induce cell damage and death, thereby increasing cellular 

damage post SCI.  

A study looking at concentrations of glutamate found that sex affects glutamate 

concentrations in the rat brain, and that the stage of estrous affects glutamate 

concentration [87]. In addition to this, a study investigating the effects of female sex 

hormones on the modulation of behavioral conditions in rodents determined that estrogen 

affects synaptic plasticity in the brain by increasing dendritic spine length and decreased 

glutamate receptor expression [88]. In addition to differences in glutamate concentration, 

receptor expression, and synaptic plasticity differences between male and female animals, 

a study examining behavioral effects of an NMDA antagonist in male and female rodents 

found that female rats had greater susceptibility to NMDA receptor antagonists compared 

to male rodents [89].  Currently, no study has examined the action of CBD on glutamate 

mediated excitotoxicity post SCI in male and female rodents; therefore, no clear insight 

can be made on how efficacious CBD will be at targeting this aspect of secondary injury.  

Intracellular Calcium Release 

After SCI, glutamate is released which causes NMDA channels to open, which then 

allows calcium to enter the cell [74-76, 90, 91]. A study investigating the role of calcium-

activated neutral proteinase (calpain) in secondary injury post SCI found that calpain 

expression and activity was increased post SCI within the primary injury site, as well as 

regions rostral and caudal to injury acutely after SCI [92]. Calpain, an enzyme activated 

by calcium, has been shown to have a role in inducing apoptosis in the CNS and that 
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blocking calpain activity post SCI reduced apoptosis, COX-2 activity, and improved 

motor function [93-95]. In addition to increasing enzymatic activity, intracellular calcium 

influx has been shown to damage mitochondria, which have been shown to act as an 

intracellular calcium buffer by taking up calcium.  The damage to mitochondria has led to 

reduced cellular respiration, increased generation of ROS, and cell death [96-98]. 

Cannabinoids have been shown to modulate the activity mitochondria, specifically; in the 

brain, heart, and pulmonary cells, Δ9-THC has been shown to interact with the 

mitochondrial electron transport chain leading to a decrease oxidase activity [99, 100]. In 

regards to calcium uptake, a study investigating calcium uptake by synaptosomes in the 

brain and the modulatory effects of cannabinoids on uptake found that Δ9-THC blocked 

the ability of synaptosomes to take up calcium post depolarization, whereas CBD had no 

ability to block calcium depolarization-dependent uptake but was able to block calcium 

transport [101]. Several studies have found that CBD administration in non-excitotoxic 

states has led to an increase in intracellular calcium in a variety of cell types including 

hippocampal cells [102-104]. A study examining calcium regulation by CBD found that 

under hyper-excitability, high potassium conditions, CBD reduced intracellular calcium 

concentrations in hippocampal cells [103]. In addition to these findings, it was 

determined that CBD was exerting these effects through the mitochondria, specifically 

the sodium calcium exchanger [103]. These studies indicate that during secondary injury, 

CBD can reduce intracellular calcium levels and have neuroprotective effects. 

Immune Cell Activity and Inflammatory Product Generation 

The resident immune cell of the CNS, microglia, are activated acutely after SCI, with 

pro-inflammatory phenotype peaking approximately seven days post injury and reaching 
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fifty percent peak concentration around 55 days post SCI.  This indicates microglia and 

macrophages are chronically present at the site of injury, and additionally have been 

shown to contribute to pain post SCI [105-108]. Beyond microglia, other immune cells, 

such as neutrophils and T cells are recruited to the site of injury, with infiltration 

occurring within one week of injury [29, 108]. CBD has been shown to diminish the 

concentration of pro-inflammatory cytokines, TNF-α, IL-1β, and IL-6, which are 

produced by immune cells, primarily macrophages which are chronically present in the 

tissue post SCI [15, 18, 19, 21, 109]. A study investigating the effects of CBD on diabetic 

cardiomyopathy found that CBD decreased caspase 3/7 activity, an indicator of 

mitochondrial induced apoptosis, as well as 1,3-nitrotyrosine (3-NT) which is a marker of 

oxidative stress mediated by mitochondrial damage; overall indicating that CBD may be 

reducing mitochondrial damage during events of cellular stress, thereby diminishing 

generation of inflammatory and oxidative products [20].  

Serotonergic Pathway 

SCI results in loss and damage to several neuronal pathways, one being the serotonergic 

pathway. A study investigating serotonin concentrations in the spinal cord post injury 

found that the larger the loss of serotonergic neurons after SCI, the greater the severity of 

injury and loss of motor function [110]. Other studies have found that serotonergic 

neurons contribute to preservation and recovery of motor function post SCI, and that the 

type of serotonin receptor being expressed can cause different effects of locomotion [111-

113]. Beyond motor function, the serotonergic system has been shown to modulate pain 

in the spinal cord. A study examining the effects of administration of serotonin directly to 

the spinal cord on thermal nociception found that administration of serotonin reduced 
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nociception to thermal stimuli in three animal models (rat, rabbit, and cat) [114]. A study 

investigating the effects of serotonin on morphine mediated analgesia found that blocking 

serotonergic receptors decreased analgesic effects and that administration of serotonin 

with morphine enhanced analgesic effects, indicating that activation of serotonergic 

pathways can relieve pain [115].  CBD has been shown to have agonistic activity at the 

serotonin receptor 5-hydroxytryptamine, 5-HT subtype 1A (5-HT1A) [116]. A study 

investigating the efficacy of CBD on treating chemotherapy-induced neuropathy in mice 

found that CBD reduced mechanical allodynia in a dose dependent manner and that CBD 

treatment did not result in addiction-like behaviors [117]. In addition to this, it was found 

that blocking 5-HT receptors diminished the effectiveness of CBD treatment whereas 

blocking CB receptors did not affect CBD effectiveness. These results indicate that CBD 

has the ability to ameliorate neuropathic pain, and exerts these effects in part by acting 

upon serotonergic receptors.  The 5-HT1A receptor is coupled to a GPCR Gi complex, 

which leads to inhibition of adenylate cyclase activity and causes increased activity of 

potassium channels which causes hyperpolarization of the cell [61]. A study investigating 

SCI hemisection at the thoracic vertebral level 13 found that injury induced changes to 

serotonin, 5-HT transporter, and pain in a rodent model found that post injury there was a 

decrease in serotonergic neurons within the dorsal laminae of the lumbar region of the 

spinal cord but not the cervical region as well as an increase in 5-HT transporter 

expression below lesion, indicating below lesion loss of the serotonergic pathway and 

perhaps a compensatory mechanism by surviving serotonergic neurons. In addition to 

this, it was found that below lesion there were decreased concentrations of serotonin 

ipsilateral to injury.  
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Beyond this,  it was determined that there was no development of allodynic or 

hyperalgesic pain above lesion, but there was development of both allodynic and 

hyperalgesic pain below level of the lesion, in addition , it was determined that 

exogenous administration of serotonin diminished allodynic pain in a dose dependent 

manner, and attenuated hyperalgesic pain at the highest dose, and that administration of 

serotonin receptor blocker negated these effects and that blocking serotonin reuptake had 

little to no effect on ameliorating pain [118]. It should be noted that previous studies 

show an increase in plasma concentrations of serotonin post SCI, however these studies 

were conducted acutely post injury whereas the study discussed looked at a chronic time 

point post SCI (28 days) [119, 120]. Considering this, it is possible that CBD could 

activate serotonergic receptors during a time where serotonin is reduced at the site of 

injury, contributing to diminished mitochondrial damage, thereby inducing 

neuroprotective effects and ameliorating pain development post SCI.  

Peroxisome proliferator-activated receptors (PPAR)  

PPAR regulate transcriptional activity via blocking nuclear translocation or blocking 

DNA binding sites [121-123]. There are three isoforms of PPAR, PPARα, PPARβ, and 

PPARγ, with PPARγ being highly expressed in the CNS compared to PPARα and 

PPARβ [122, 124, 125]. Beyond expression in the CNS, PPARγ is also expressed in a 

wide variety of cell types such as adipose, liver, immune and gastrointestinal [40, 126-

132]. There is a large amount of evidence indicating PPAR downregulates activity of 

nuclear factor-kappa b (NF-κB) [122, 123, 133-137]. NF-κB, similar to PPAR, modulates 

transcriptional activity [138]. In the context of SCI, NF-κB activation leads to increased 

transcription of pro-inflammatory compounds [27, 31, 139, 140]. Previous studies have 
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shown that increasing PPAR activity decreases NF-κB activity, indicating a potential way 

to target secondary injury post SCI and therefore stop the spread of neuronal damage out 

from the site of injury [133, 137]. CBD has been shown to increase activation of PPARγ 

[16, 17, 141, 142]. A study investigating CBD modulation of intestinal inflammation via 

the neuroimmune axis found that blocking PPARγ receptors diminished the ability of 

CBD to reduce inflammation in the intestine and that blocking CBD action on PPARγ 

increased the concentration of glial cells compared [16].  

 

Conclusion 

Secondary injury resulting from SCI has been shown to increase and spread damage 

rostral and caudal from the primary injury site [29, 30]. In addition to this, it has been 

shown to last chronically in SCI patients which further increases damage to the spinal 

cord [29]. Currently, there is no standardized treatment for secondary injury and the main 

focus of acute care post SCI is stabilizing the patient, assessing their neurological and 

functional state, and potentially decompressing the spinal cord through surgical 

intervention [143-146]. Major issues facing treatment for SCI and secondary injury is 

ability for the treatment to penetrate the CNS, target secondary injury with few adverse 

effects, and patient variability as the major cause of SCI is due to vehicular accident and 

falls and not disease state [1, 7, 8]. These issues have created an inability to treat 

secondary injury in the human SCI population and have led to a variety of chronic 

disorders that severely diminish the quality of life for these patients. A chronic disorder 

that a vast majority of SCI patients, nearly 80%, go on to develop is neuropathic pain. 
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SCI-NP is frequently listed as a top concern for SCI patients as there are few effective 

treatments to prevent onset of pain or manage pain events when they occur. SCI-NP has 

been shown to decrease quality of life greatly through increased incidence of anxiety, 

depression, sleep loss, and decreased work productivity. Another compounding factor is 

that there is a large male skew in the SCI population and majority of chronic pain 

disorders affect females [1, 4-6]. The skew is not due to epidemiological factors, as SCI 

is commonly caused by accidents and falls, but primarily due to sex differences as 

estrogen and estrogen-related hormones have been shown to be protective in animal 

models of SCI [1, 147-152]. Estrogen has been shown to be protective in secondary 

injury post SCI, and as discussed in this review, has been shown to be protective in a 

majority of secondary injury factors such as regulating intracellular calcium 

concentrations and PPARγ concentrations in the CNS [87-89, 126, 128, 132, 149-158]. 

Studies have shown that reducing aspects of secondary injury, i.e. inflammation, immune 

cell activation, glutamate, reduces incidence of neuropathic pain in a variety of injury 

models, including SCI [32, 33, 35, 69, 70, 159, 160]. These studies, though having 

advanced knowledge of secondary injury’s contribution to neuropathic pain development 

and maintenance, have approached these investigations by addressing secondary injury 

via one characteristic. As previous studies have shown, secondary injury is multifactorial 

and many of the factors feed into one another [27-30, 161, 162]. For example, primary 

injury induces release of glutamate which leads to excitotoxicity and the activation of ion 

channels that lead to high concentrations of intracellular calcium that in turn increase 

production of ROS and mitochondrial damage [74-76, 90, 96-98]. Therefore, addressing 

one aspect of secondary injury may not be enough to diminish SCI-NP development. 
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CBD can penetrate the CNS with few adverse effects and low toxicity, and has been 

shown to beneficially target multiple aspects of secondary injury in a variety of disease 

models [11, 14, 23-25, 38, 39, 49, 52, 163]. Beyond animal models, CBD has shown 

clinical efficacy in ameliorating neuropathic pain in a variety of disorders [9, 10, 79]. A 

clinical trial using a cannabinoid formulation of 1:1 Δ9-THC to CBD (Sativex) in patients 

with chronic SCI to manage spasticity and neuropathic pain, found that patients who were 

given the drug reported increased quality of life and decreased pain scores, but that the 

drug treatment did not decrease the number of spastic events nor pain episodes [164]. It 

should be noted that using Δ9-THC for treatment still has the potential to elicit unwanted 

psychotropic effects, whereas CBD has been shown to be non-psychotropic and reduce 

pain. Therefore, examining the efficacy of CBD treatment alone in this patient population 

is of great interest.  

Current clinical studies with cannabinoids aim to manage neuropathic pain that has 

already developed. This is an important aspect to consider for SCI patients living with 

chronic SCI, estimated to be over 300,000 individuals in the United States and over 2.5 

million worldwide [1, 4]. However, it is also import to consider using CBD as a 

therapeutic to prevent development of SCI-NP in order to treat the over 17,000 annual 

cases of SCI in the United States and over 500,000 worldwide [1, 4]. Since SCI can not 

be prevented due to the accidental nature of its onset, targeting secondary injury is the 

key to treating SCI. As previous studies have shown, CBD is a highly suitable drug 

candidate for treating secondary injury post SCI by modulating multiple aspects of this 

injury cascade such as immune cell activation, generation of inflammatory and oxidative 

species, and glutamate mediated excitotoxicity. Considering this, it must also be noted 
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that there is no one factor of secondary injury solely responsible for the spread of damage 

post SCI or development of SCI-NP. As this review has discussed, multiple studies have 

shown many different components contribute to these events. Taken together, the 

inevitable induction and multifactorial nature of secondary injury, the drug candidate of 

choice must be able to be easily administered, reach the CNS quickly, and target 

secondary injury with little to no adverse effects. As this review has discussed, and the 

literature has shown, CBD may be a promising therapeutic for the treatment of secondary 

injury post SCI.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Secondary injury spreads damage. Primary injury, 

mechanical damage to the spinal cord, induces a secondary injury 

cascade. Secondary injury is characterized by glutamate induced 

excitotoxicity, calcium dysregulation, generation of reactive species 

and inflammatory products, and necrosis. These factors damage 

surrounding neurons, and spread neuronal damage. In addition to 

increased cellular damage, the secondary injury cascade increases 

inflammation which perpetuates the secondary injury cascade. 

Secondary injury has been shown to last chronically, up to a year 

after SCI in humans. 
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Abstract  

Chronic, neuropathic pain development post-spinal cord injury (SCI-NP) affects a vast 

majority of patients and lowers quality of life as there are few effective therapies for this 

condition. Clinically, cannabidiol (CBD) has had success in treating NP disorders and has 

been shown to have pleiotropic effects on many aspects that contribute to SCI-NP. The 

effects of CBD treatment on SCI-NP remain unknown, therefore the purpose of this study 

was to examine the therapeutic potential of acute administration of CBD on chronic 

outcomes post-SCI in male and female rats. Prior to surgery, baseline measures of motor 

and sensory function were taken. Animals were divided into surgical control (LAM) or 

injury (fifth vertebral level cervical unilateral injury). Thirty minutes post-surgery, 

animals received an intraperitoneal injection of either vehicle (Veh) or CBD, continuing 

once per day for 7 consecutive days. CBD treatment prevented diminished gains in 

weight post-SCI in males and exhibited short-lived gains in motor function in females. 

Beyond this, CBD administration reduced autophagic behavior in both sexes and 

significantly reduced cold-induced sensitivity sub-acutely in males and chronically in 
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females. Utilizing the Grimace Assessment, it was observed that facial grimace scores 

increased after acetone application in SCI animals. Histologically, SCI significantly 

reduced neuronal numbers and white matter area at the site of injury, with CBD 

administration having no effect on neuronal numbers. In regards to white matter, SCI 

Veh females exhibited greater white matter sparing compared to males, additionally, 

females who received CBD treatment had significantly less white matter compared to 

non-treated SCI females. These results indicate that CBD has some therapeutic efficacy 

in both sexes, but confers greater protection in females.  

 

Introduction 

Over 300,000 individuals are living with chronic spinal cord injury (SCI) in the United 

States with an annual incidence of over 17,000 cases with the most common type being 

incomplete cervical injury [1]. Within the SCI patient population, between 60-80% go on 

to develop neuropathic pain (SCI-NP), a persistent issue that develops chronically post-

SCI [2-4]. SCI-NP development has been shown to significantly diminish quality of life 

via increased incidence of depression, anxiety, and decreased work capacity [2, 5, 6]. 

Exacerbating the issue of diminished quality of life is few treatment options and 

management of pain episodes [2, 4, 5, 7, 8].  

Within the context of pain disorders, a majority of pain patients are female, with female 

SCI patients reporting greater incidence and quality of pain compared to male SCI 

patients [3, 7]. Unique to SCI, a majority of patients are male, roughly 80%  [1]. 

Considering these factors, it is highly important to study both sexes when evaluating SCI-
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NP, as sex has been shown to affect therapeutic efficacy and mechanisms contributing to 

pain development [9-12]. 

SCI-NP manifests itself in two phenotypes, allodynia and hyperalgesia, which can 

present themselves either separately or in conjunction in SCI patients through a variety of 

stimuli including touch, cold, or heat [6, 13-16]. Abnormal nerve signaling from the site 

of injury is the root cause of NP [17, 18]. In the context of SCI, primary injury is the 

initial source of injury however secondary injury (2ᴼ injury) has shown to greatly 

contribute to SCI-NP development and maintenance [19-23]. Past studies have shown 

that 2ᴼ injury begins acutely after SCI and that acute targeting can affect chronic 

outcomes post injury [11, 24-26]. Though therapeutics have had success in animals 

models of SCI-NP, few therapeutics have had clinical efficacy in treating SCI-NP [6, 15, 

27]. 

Clinically, cannabidiol (CBD) has been used successfully to treat NP stemming from a 

variety of disorders including multiple sclerosis and fibromyalgia in both males and 

females [28-31]. CBD, a component of Cannabis sativa (C. sativa), elicits little to no 

psychotropic effects and few to no adverse effects while being able to penetrate into the 

central nervous system (CNS) [32-35]. Mechanistically, CBD exhibits anti-inflammatory, 

anti-oxidant, and neuroprotective effects which have been shown to begin acutely after 

SCI and contribute to SCI-NP development at chronic time points post injury [19, 20, 22-

24, 36-52]. However, the potential therapeutic efficacy of CBD within the SCI-NP 

patient population remains unelucidated. The purpose of this study was to determine the 

effect of acute CBD treatment on chronic outcomes post-SCI in both male and female 

rats.  
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Material and Methods 

Animals 

Male and female Sprague Dawley rats (Charles River) aged 2 – 3 months were used. 

Animals were group housed 2-3 to a cage in a temperature, humidity, and light (12 hr: 12 

hr light dark cycle) controlled facility and provided food and water ad libitum. Prior to 

behavioral testing, all animals were handled once daily for 5 consecutive days for 5 

minutes, during which time they were stroked from head to tail. After handling, animals 

were acclimated to behavioral equipment by placing the animal in the apparatus sans 

testing for 10 minutes for a duration of once per day for 5 consecutive days. Post 

habituation, baseline (BL) measures were taken and animals were randomly and blindly 

divided into surgical control (laminectomy, LAM) or SCI. SCI groups given either 

vehicle (VEH) or drug (CBD). Within males and females, there were three groups: LAM, 

SCI VEH, and SCI CBD with n’s ranging from 10-13 per group. 

On weeks 1, 3, and 5 post-surgery, animals were assessed on motor function and on 

weeks 2, 4, and 6, animals were assessed on pain. Additionally, all animals were 

observed twice daily with body mass, animal welfare, and autophagic phenotype noted. 

Animals exhibiting hindpaw nail chewing and/or digit/paw swelling for three consecutive 

days or longer with no abatement in phenotype were deemed as exhibiting autophagic 

behavior. At termination of the study, all animals were euthanized and tissue was 

collected for histological analysis. All protocols done were approved by the Institutional 

Animal Care and Use Committee at the University of Alabama at Birmingham and in 

concurrence with the National Institutes of Health guidelines on animal research.  
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Surgery 

All animals were placed under anesthesia using a 4% isoflurane and 2% oxygen gas 

mixture for 4 minutes, and then placed under a 2% isoflurane and 2% oxygen gas mixture 

for maintenance of anesthesia during the surgical procedure. Heating pads in conjunction 

with rectal probe were used to maintain body temperature 37⁰C ± 1⁰C throughout the 

duration of the procedure. The dorsal region of the back was shaved from the top of the 

shoulder blades to mid-back. Exposed skin was then cleaned using chlorhexidine and 

benzadine and eye lubricant was placed up the eyes. The cervical region of the back and 

muscle layers were incised to expose the dorsal region of the cervical vertebrae. Using 

morphological features, the 5th cervical vertebral level (C5) was identified, and verified 

by another surgeon. Post verification, the C5 was dorsally laminectomized and verified. 

The animal was then placed on a stereotaxic platform with clamping occurring at C1 and 

thoracic vertebrae level 2 (T2). The animal was then placed in the impactor device 

(Infinite Horizon SCI Device, Precision Systems and Instrumentation; Lexington, 

Kentucky) and the impactor tip was positioned above either the left or right side of the 

exposed C5 spinal cord, determined by dominant paw. Placement was verified and body 

temperature was recorded. Animals randomly designated as surgical laminectomy 

controls (LAM), were halted at this point and received no impact. Animals in the SCI 

group received a unilateral 300 kdyne impact at the C5 region of the spinal cord. Animals 

were then removed from the stereotaxic platform, sutured, and placed in a recovery cage 

and observed for ambulation before being returned to the group housed cage. Post-

surgery, animals received a subcutaneous injection of saline, rimadyl, and antibiotic 

(Bayer Healthcare LLC, Baytril ®, enrofloxacin) for three days.  
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Drug Treatment 

Animals were randomly assigned into their respective treatment groups, with the 

individual performing behavioral assessments and those delivering treatment blinded to 

the animal treatment status. At 30 minutes post-surgery then once per day for seven 

consecutive days, an intraperitoneal (i.p.) injection of either VEH or drug (CBD) was 

given at a dose of 100 mg/kg/mL. CBD was dissolved in a mixture of saline, tween-80, 

and ethanol at a 1:1:4 ratio, VEH contained no CBD.  

CBD Plasma Concentration 

Animals were weighed and given an i.p. injection of CBD, formulated as described 

above, at a 0, 1, 10, and 100 mg/kg/mL dose (n=2 per dose). One hour post-injection, 

animals were euthanized and had blood drawn. The blood was centrifuged for 15 minutes 

at 2000 rpm and the serum was extracted. Serum then underwent protein precipitation 

where 40 uL sample plus twice the volume of ice cold Internal Standard Solution 

(acetonitrile containing 200 ng/mL cannibidiol-D3). Samples were then centrifuged at 

6100g for 30 minutes and an aliquot of each supernatant was transferred to an 

autosampler plate with glass inserts and diluted with one volume of 0.2% formic acid in 

water. Samples were then injected into a Higgins analytical column (injection volume of 

20 uL) at room temperature with mobile phase A being 0.2% formic acid in water and 

mobile phase B being 0.2% formic acid in acetonitrile. The high-performance liquid 

chromatographer (HPLC; Shimadzu VP series 10 system) utilized an electrospray 

ionization method with transitions (m/z) of CBD (315.3/193.3) and CBD-D3 

(318.3/196.3) specified.  
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Behavior 

Measures of motor and sensory function occurred prior to surgery and post-surgery once 

weekly for 6 weeks. Motor function tests were taken on weeks 1, 3, and 5 post-surgery, 

and sensory function measures were taken on weeks 2, 4, and 6. After placement in the 

sensory function testing device, all animals were given 5 minutes to acclimate to the 

apparatus. Males and females were assessed on separate days.  

Motor Function: Paw Placement 

Animals were put in a Plexiglas cylinder (40 cm height, 30 cm diameter) for 5 minutes, 

during which time the number of forepaw placements with body weight support were 

counted as either right, left, or both. Determination of dominant paw was performed 

using baseline assessments, with a minimum number of 25 total paw placements set. 

Percent of right and left placements were determined using the following equation: % 

Right = (Right placements)/ (Summed total of placements) * 100.  

Mechanical Allodynia: Von Frey 

Animals were placed on a platform with a wire mesh bottom and enclosed using a 

Plexiglas box (21.5 cm length x 12.5 cm width x 12.5 cm height) and given five minutes 

to acclimate. Von Frey filaments (Touch Test ®, North Coast Medical and Rehabilitation 

Products), beginning at 2 grams (g) with a terminal filament of 15 g, were applied to the 

plantar region of the hindpaw for five seconds, five separate times using the up/down 

method. The Dixon score was then calculated using the final filament using the following 

equation: Xf + kd; Xf final filament force, k: constant; average difference of force 

between filaments, d: tabular value based on pattern of paw responses.  
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Cold Allodynia: Acetone Test 

Animals were set on an elevated platform with a wire mesh bottom and enclosed in a 

Plexiglas box (21.5 cm length x 12.5 cm width x 12.5 cm height), then allowed five 

minutes to acclimate. Using a blunt ended syringe, a bubble of acetone was touched to 

the plantar region of the hindpaw without mechanical force. The animal was then 

observed for 20 seconds (s) for a paw withdrawal to the stimuli. Each paw was assessed 

three separate times with an interval of 5 minutes between assessments. The percent of 

paw withdrawal was then calculated for each hindpaw. 

Supraspinal Aspect of Pain: Grimace Assessment 

During the Acetone Test, animals were video recorded (Casio Exilim, high definition, 60 

frames per second) for 30 s prior to and 30 s after acetone application, with a mirror 

placed behind the animal to ensure recording during animal movement or turning. Still 

frames were collected, one still frame per second, beginning at 20 s prior to acetone 

application and ending at 20 seconds after application for a total sum of 40 still frames 

per acetone trial. Still frames consisted of a clear picture of the rodent face, containing 

facial action units (AU) by which the picture would be assessed on. Four AU were 

utilized, orbital tightening, nose/cheek flattening, ear changes, and whisker changes.  

After still collection at BL (n=10) and Week 6 (n= 10-11), stills were randomly sorted 

into a slide show and recoded. Individuals performing still scoring assessed each AU and 

scored them as either 0, 1, or 2. A score of 0 indicated no observable action, 1 indicated 

slight/moderate observable action, and a 2 indicated robust/pronounced observable 

action. The AU average was then calculated using the scores of two individual scorers. 
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Total facial grimace score was determined by averaging the four AU’s. Total facial score 

was determined before and after acetone application.     

To ensure proper blinding during filming, still collection, still randomization, still 

scoring, and analysis, animal sex, surgery assignment, treatment status, and stage of study 

was not revealed to the individuals collecting still frames nor the individuals randomizing 

the stills. In addition, the individuals performing these tasks did not participate in animal 

filming or behavioral assessment. Beyond this, the individual filming and the individual 

performing the assessment were also blinded to the surgery assignment and treatment 

status of the animal. The individuals randomizing the stills recoded the file name to 

ensure those scoring the stills remained blinded to the identity of the animal. The two 

individuals scoring the stills had an inter-rater reliability (IRR) an overall score of 96%, 

with a range of 91% - 99% on individual AU IRR with 123 still frames scored.  

Tissue Analysis 

At Week 6, animals were euthanized via exsanguination with intracardial perfusion using 

cold, 0.1 molar (M) phosphate buffered saline (PBS; 7.4 pH) for 5 minutes and 

subsequent perfusion with fixative (American MasterTech Scientific, Inc. ExCell PLUS 

™) for 10 minutes. Post-fixative perfusion, the cervical region of the spinal cord was 

removed and place in fixative for seven days at 4⁰ C. After fixation, the cervical tissue 

was subjected to water removal via sucrose gradient exposure, 10% sucrose PB solution 

for one hour at 4°C, then 30% sucrose PB solution for 48 hours at 4°C. Cervical tissue 

was then cut into three sections, caudal to epicenter, epicenter, and rostral to epicenter, 
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each three millimeters (mm) in length. Tissue was then placed in embedding medium and 

stored at -80°C until sliced.  

Tissue was sliced transversely into 30 µm serial sections containing the areas rostral to, 

at, and caudal to epicenter using a cryostat machine (Leica Biosystems CM 1860) and 

placed on a glass slide coated with 1% gelatin and chrom alum. Serial sections were 

mounted in sets of ten; therefore an interval of 300 µm existed between adjacently 

mounted slices meaning each slide represented 2100 µm of tissue. Slides were stored at -

20°C until ready for staining. Post-staining, tissue was quantified using an Olympus IX73 

microscope with Visiopharm® imaging software. 

Neuronal Numbers: Cresyl Violet 

Post-mounting, tissue was dehydrated, defatted, and rehydrated. Dehydration occurred by 

tissue placement in series of ethanol solutions of increasing gradient, 50%, 70%, 95%, 

and 100% for 2 minutes at each concentration. After dehydration, tissue was defatted via 

xylene exposure at 5 minutes, 10 minutes, and 1 minute. Tissue was then rehydrated via 

re-exposure to ethanol solutions at decreasing gradient, 100%, 95%, and 70%, for 1 

minute in each concentration, then two water baths for 30 seconds each. Post-rehydration, 

tissue was stained with cresyl violet acetate for 4 minutes, rinsed in a water bath, then 

placed in 95% ethanol with acetic acid for 2.5 minutes to differentiate staining nissl from 

non-nissl substances. Stained tissue underwent another dehydration process at 95% and 

100% ethanol solutions for 30 s each and xylene baths at 5 minutes each. Following 

xylene bath exposure, slides were cover-slipped with mounting media and allowed to dry. 

Stained tissue was stored at room temperature until quantification. 
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Spinal cord sections were divided into two sections, ipsilateral to injury and contralateral 

to injury. The ventral area of the gray matter on these areas was traced. Utilizing the 

Visiopharm® imaging software, the regions of interest were quantified, with 40% of the 

region randomly counted for motor neurons.   

White Matter Sparing: Eriochrome Cyanine R 

After slide mounting, tissue was subjected to dehydration, defatting, and rehydration. 

Tissue was dehydrated via submersion in ethanol solutions of increasing concentration, 

50%, 70%, 95%, and 100% for 3 minutes each. Following dehydration, tissue was 

defatted via xylene baths for 5 minutes, 10 minutes, and 1 minute. Post-defatting, tissue 

was rehydrated via baths in ethanol solutions of decreasing concentration, 100%, 95%, 

70%, and 50% for 1 minute each followed by two water baths for 30 s each. After 

rehydration, tissue was placed in a 0.2% eriochrome cyanine R solution for 10 minutes, 

then rinsed in a water bath and placed in a 0.5% ammonia hydroxide solution for 1 

minute in order to differentiate oligodendrocytes complexed with the eriochrome cyanine 

R stain, then rinsed in a water bath. The stained tissue was then dehydrated using ethanol 

solutions of increasing concentration, 95% and 100% for 30 s followed by two xylene 

baths for 5 minutes each. The slides were then cover-slipped using mounting media and 

allowed to dry and stored at room temperature. 

The stained slices were divided medially into the area ipsilateral to injury and 

contralateral to injury. Using the Visiopharm® imaging software, the unilateral area was 

traced and the area calculated. Within the same unilateral area, the gray matter was traced 

and the area calculated. The gray matter area was then subtracted from the total area to 
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reveal the area of the white matter. The area of the white matter was then divided by the 

total area to calculate the percent area of the white matter. This was performed for the 

area ipsilateral and contralateral to injury. 

Data Analysis 

Data was analyzed using GraphPad Prism software 7.03. Data shown represents the mean 

± the standard error of the mean, with significance set at p ≤ 0.05. All data was analyzed 

using 2-way ANOVA. The symbols * represents significance between SCI and LAM 

groups, ^ represents significance between CBD and VEH groups, # represents 

significance between male and female groups, and & representing significance between 

ipsilateral and contralateral regions of the spinal cord. 

 

Results 

CBD Plasma Concentration  

One hour post i.p. injection, blood was drawn and plasma extracted then processed 

through an HPLC system to calculate the concentration (ng/mL) of CBD present. A 

logarithmic dose injection scheme was used. It was found that concentrations of plasma 

CBD reflected values observed in previous literature (figure 1; Fig. 1). 
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Body Mass 

Animals had a BL weight obtained prior to surgery, and were weighed once daily after 

surgery until the end of the study. At weeks 3, 4, and 6 post-surgery, it was observed that 

male SCI Veh treated animals had significantly lower gains in body mass (g) compared to 

LAM animals (Fig 2A). Animals treated with CBD were not significantly different from 

non-treated SCI animals or LAM animals. At Weeks 2 and 5 post injury, male SCI Veh 

animals trended on diminished gains in mass (p = 0.0644 and 0.0537 respectively) There 

was no observed effect of injury or drug treatment in female animals (Fig. 2B). 

Motor Function: Paw Placement 

Prior to surgery, the dominant paw (side ipsilateral to injury) was determined utilizing 

paw placement with a minimum of 25 total touches. It was observed that both sexes 

utilized their dominant paw approximately 60% of the time at BL, with LAM animals 

remaining statistically similar to their respective BL value throughout the duration of the 

study (Fig. 3 A and B). After SCI, there was a marked decrease in dominant paw use in 

both males and females which persisted until the end of the study. At week 3, female SCI 

animals treated with CBD had significantly greater dominant paw use compared to 

untreated SCI animals and at week 5 this effect was no longer present (Fig. 3B). There 

was no significant effect of CBD treatment observed in males, nor a sex effect. 
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Mechanical Sensory Function: Von Frey 

Before surgery, BL measures of mechanical sensory function were assessed using von 

Frey. The mechanical threshold (g) was calculated using the Dixon Score.  All animals 

were statistically similar at BL, with LAM male and female animals remaining similar to 

BL throughout the duration of the study. Both SCI groups, regardless of sex and drug 

treatment, remained statistically similar to their respective control groups (Fig 4. A and 

B).  

Cold Sensory Function: Acetone Test 

At BL, all animals were statistically similar to one another, with an incidence of paw 

withdrawal (hind paw contralateral to injury) at approximately 6%, with all LAM animals 

remaining similar to BL and each other at all time points after surgery. Both male and 

female SCI Veh treated animals, beginning at Week 2 and persisting until the end of the 

study, had significantly greater incidence of paw withdrawal compared to surgical 

controls (Fig. 5 A and B). It was also observed that male SCI CBD treated animals had 

significantly greater incidence of paw withdrawal compared to surgical controls at Weeks 

2 and 6, during these time points male SCI CBD animals were statistically similar to SCI 

Veh treated animals (Fig. 5 A). At Week 4, CBD treated males had significantly less 

incidence of paw withdrawal compared to non-treated SCI animals and were statistically 

similar to LAM animals, however at Week 6, this effect was no longer present (Fig. 5 A).  

Similar to male SCI Veh treated animals, beginning at Week 2 and continuing through 

the end of the study, had greater incidence of paw withdrawal compared to LAM animals. 

Female SCI CBD treated animals were not statistically different from LAM animals at 



 

99 

 

Weeks 2 and 4, additionally at Week 4, SCI CBD animals had significantly less incidence 

of paw withdrawal compared to SCI Veh animals (Fig. 5 B). At Week 6, SCI CBD 

treated animals exhibited greater incidence of paw withdrawal compared to LAM animals 

(Fig. 5 B). Upon comparison, there was no significant effect of sex observed throughout 

the entire study. 

Grimace Assessment 

During the Acetone test animals were recorded in order to assess supraspinal responses to 

cold stimuli. At Week 6 post surgery, uninjured animals had a facial score similar to BL 

indicating no change in supraspinal response to cold stimuli (Fig. 6). Additionally, it was 

observed that facial scores before application of acetone was similar between all groups 

and to BL. After acetone application, both female SCI groups exhibited an increase in 

grimace facial score compared to scores before application and their respective LAM 

group in regards to grimace facial score after acetone exposure. Regarding males, an 

increase in grimace facial score was seen in male SCI CBD animals compared to their 

facial scores before acetone application. Male SCI Veh animals trended towards an 

increased facial grimace score compared to scores before acetone application (p = 

0.1106). No differences were observed between SCI groups nor sex. 

 

Autophagic Behavior  

All animals were observed twice daily during which time any observations of nail 

chewing, nail and bleeding, skin irritation, digit swelling, and digit penetrance. 

Observations persisting for 3 consecutive days with no resolution or improvement 
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resulted in animals being deemed as exhibiting autophagic behavior. All SCI groups 

exhibited autophagic behavior, LAM animals exhibited no autophagic behavior (data not 

shown). Approximately 55% of male SCI Veh treated animals (6 out of 11 animals) and 

46% of female SCI Veh treated animals (6 out of 13 animals) exhibited autophagic 

behavior (Fig. 7 A and B). Male and female SCI CBD treated groups exhibited lower 

incidences of autophagia (30%, 3 out of 10 male animals; 18%, 2 out of 11 female 

animals; Fig. 7 C and D).  

Cresyl Violet: Neuronal Counts 

Utilizing a cresyl violet stain to stain Nissl substance, the neurons in the ventral horn 

ipsilateral and contralateral to injury were quantified. Surgical controls exhibited no SCI 

pathology, while all SCI animals exhibited pathology unilateral to injury regardless of 

sex or treatment (Fig. 8 A). Neuron counts quantified in surgical controls, with no sex 

differences or region differences observed. The ventral horn contralateral to injury on all 

SCI groups, regardless of sex, were statistically similar to the surgical control groups 

(Fig. 8 C). The ventral horn ipsilateral to injury had significantly less neuronal numbers 

compared to the region contralateral to injury (Fig. 8 B). There was no observed effect of 

CBD treatment on neuronal counts.  

Eriochrome Cyanine R: White Matter Sparing 

Eriochrome cyanine R staining was used to stain oligodendrocytes, allowing for 

quantification of the white matter area ipsilateral and contralateral to injury. Both male 

and female SCI groups including groups treated with CBD exhibited SCI pathology 

unilaterally, with the side of injury exhibiting damage; additionally, LAM animals 
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exhibited no evidence of injury (Fig. 9 A). Upon quantification of white matter area, it 

was observed that the area contralateral to SCI remained statistically similar to surgical 

controls in both sexes (Fig. 9 C). It was further seen that SCI significantly decreased 

white matter ipsilateral to injury (Fig. 9 B). In addition, sex differences were observed 

between male and female SCI Veh animals, where female SCI Veh animals had 

significantly greater white matter area ipsilateral compared to their male counterparts 

(Fig. 9 C). Drug effects were also observed in females, CBD treated females had 

significantly less white matter compared to non-treated SCI females. There was no drug 

effect observed in male SCI animals.  

 

Discussion 

The purpose of this study was to evaluate the effects of acute CBD administration on 

outcomes post-SCI chronically in both males and females. It was found that SCI 

significantly diminished paw function and decreased neuronal numbers and white matter 

area ipsilateral to injury in both sexes. Behaviorally, it was shown that SCI induced 

increased incidence of contralateral hind paw withdrawal to cold stimuli but not 

mechanical force in males and females. Utilizing the grimace assessment, it was seen that 

all female SCI groups exhibited increased facial grimace scores after acetone application 

and compared to control groups, and male SCI CBD also exhibited increased facial 

scores post acetone application and male SCI Veh animals trended on this. In regards to 

sex effects, it was shown that female animals had greater white matter area preservation 

post-SCI compared to their male counterparts. Additionally, it was observed that CBD 
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treatment in males prevented diminished gains in body mass post-SCI, as observed in the 

SCI non-treated animals. CBD treatment had intermittent effects in males, but no lasting 

chronic effects, whereas trends of potential chronic protection was observed in females 

treated with CBD.  

As observed in past studies, the model utilized in this study induced chronic issues in 

both sexes such as diminished functional capacity, allodynia, neuronal and white matter 

damage which are observed clinically [5-7, 53, 54]. The dose of CBD used in this study 

resulted in plasma levels similar to what has been observed in past studies [55-57]. Both 

untreated and treated SCI groups exhibited behavioral changes post injury, however 

males and females did not significantly differ from each other indicating that SCI 

affected both sexes. Histologically, all SCI groups exhibited neuronal loss and white 

matter damage. Though no behavioral differences existed between males and females, 

untreated SCI females had greater white matter area compared to their male counterparts. 

Previous studies have shown that females have greater protection post SCI compared to 

males. Specifically, estrogen (E) and E related compounds aid in imparting protection 

post injury through reducing inflammation, production of oxidative compounds, glial cell 

activation, calpain and caspase activity [10, 11, 58-61].  

Interestingly, CBD administration in females decreased white matter. SCI CBD females 

had white matter area similar to their male counterparts, and had no effect on male white 

matter area. A study investigating the effects of C. sativa constituents on E receptor 

binding found that C. sativa constituents, including CBD, decreased E2 binding [62]. As 

mentioned earlier, E imparts protection post SCI therefore inhibiting the ability for E 

binding acutely post injury may diminish the ability for E to exert protection, leading to 
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decreased white matter as observed in this study. Despite decreased white matter area in 

SCI CBD females, administration of drug inferred protection acutely post SCI from cold 

allodynia and maintained a trend of continued protection chronically. Neuronally, all SCI 

groups were statistically similar indicating that neuroprotective measures did not confer 

SCI-NP protection. Behaviorally, the neuronal and white matter damage resulted in 

diminished forepaw use which began acutely post injury and lasted chronically with no 

effect of CBD administration on motor function in both sexes. In future studies, the 

mechanism of this protective effect needs to be further elucidated by investigating the 

effects of CBD administration acutely post SCI on secondary injury as chronic 

observations did fully expound on this protective effect.  

In the field of pain research, there has been great pressure and need to ensure that 

responses from animals are indeed pain responses [63-67]. In the field of SCI, this has 

great importance as spasticity is an outcome that can muddle whether or not withdrawal 

responses to stimuli are hyper-reflexive or pain [68-70]. To delineate between these 

responses in this study, a modified rat grimace scale was used [71, 72]. Using this 

assessment during the acetone test, it was shown that both female SCI groups and male 

SCI CBD had increased facial grimace scores compared to scores prior to acetone 

exposure, with male SCI Veh animals trending on increased facial grimace at Week 6 

post injury, with no LAM animals exhibiting any increased facial grimace. Considering 

this, there is evidence to support the claim that the SCI model used results in the 

development of cold allodynic pain as observed in other SCI models and clinically [6, 7, 

15, 16, 69, 73-75]. No drug effects nor sex differences were observed, indicating that 

CBD treatment did not affect quality of pain response and that both males and females 
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are susceptible to pain development post injury. Notably, during the behavioral 

assessment, SCI groups had greater paw withdrawal compared to their respective control 

groups indicating that parallel use of grimace during the acetone test yields results that 

support each other.  

In addition to development of cold allodynia, animals that received SCI exhibited 

autophagic behavior in both sexes. This behavior was not displayed by any surgical 

control animal. In all animals that developed autophagia, the behavior was relegated to 

the hind paw contralateral to injury. In the field of SCI and pain, there are two sections of 

interest, at-level, and below-level pain development. Clinically, at-level pain can develop 

in patients and is commonly observed acutely post injury and tends to resolve within a 

month after SCI though some patients experience chronic at-level pain. Below-level pain 

can develop as well, usually several weeks to months after injury and typically does not 

resolve, resulting in chronic, neuropathic pain [76-80]. In models of neuropathic pain, 

autophagic behavior has been shown to be a phenotypic marker for neuropathic pain in 

rodent models of neuropathic pain including SCI models [18, 81-86]. SCI Veh animals 

had an incidence of 55% and 46% for males and females respectively. Administration of 

CBD reduced incidence of autophagic behavior in both sexes, 30% and 18% in males and 

females, lending further support that CBD confers protection against pain development.  

Beyond the effects of CBD on histological and pain outcomes post SCI, CBD exhibited 

effects on body mass gains. It was shown that administration of CBD prevented 

diminished body mass gains post SCI in males compared to uninjured controls, which 

was seen in untreated SCI males. Beginning at Week 2 and lasting until the end of the 

study, SCI Veh males had significantly less body mass gains compared to LAM animals, 
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showing that SCI affects metabolism and hat CBD administration conferred protection 

against this. This effect was not observed in females. Clinically, acute weight loss has 

been observed post SCI as well [87]. Investigations into metabolic disturbances post SCI 

have determined that there is widespread, systemic inflammation that influence organ 

function, including those that affect metabolic function such as the pancreas and 

intestinal system [87-92]. The pancreas has been shown to undergo inflammasome 

production as well as increased caspase cleavage leading to organ damage and metabolic 

disorders chronically post injury [92]. Within the intestinal system, SCI was shown to 

decrease blood flow to the superior mesenteric artery (SMA), which supports blood flow 

to the entire intestinal system. Additionally, it was shown that introduction of nutrients to 

the intestinal system did not result in immediate increase in blood flow to the intestinal 

system, as blood flow through the SMA was halted or greatly delayed post SCI with these 

issues resolving 3 weeks after injury in rats [90].  

Regarding the effects of CBD on the intestinal system, several studies have shown that 

CBD has protective effects on the gastrointestinal system [38, 93-96]. A study 

investigating the effects of the neuroimmune axis on gut inflammation found that CBD 

administration decreased inflammation via activation of peroxisome proliferator-

activated receptor gamma (PPARγ), a complex of proteins that affect transcription [38]. 

Beyond this, a study examining the effects of CBD on an animal model of colitis found 

that CBD treatment decreased intestinal damage and neutrophil related inflammation 

[97]. Though this study did not further investigate the protective effect of CBD on body 

mass post injury, it is something that merits further examination as metabolic dysfunction 

post SCI is a chronic issue post injury.   
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In conclusion, acute administration of CBD post SCI conferred some chronic protection 

in both male and female animals. In regards to males, SCI animals treated with CBD did 

not experience diminished gains in mass. In regards to females, CBD treatment protected 

SCI animals acutely from cold allodynia and trended on chronic protection. Both sexes 

had decreased incidence of autophagic behavior in CBD treated animals. When tissue 

was analyzed for possible mechanism based on white matter sparing or neuroprotective 

effects, it was shown that CBD protection did not exert neuroprotective effects and 

decreased white matter volume in females. Future studies investigating possible 

mechanism of action should consider looking at acute and sub-acute timeframes as well 

as intermediate components of 2ᴼ injury and the effect of CBD on these factors. In 

addition to mechanism determination, it would behoove future studies investigating 

therapeutic potential of CBD on SCI-NP to examine prolonged treatment schedule. 
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Figure 1: Cannabidiol plasma concentrations. One hour post i.p. injection cannabidiol 

(CBD) was detectable within rodent plasma. CBD was given in a logarithmic fashion (0, 

1, 10, and 100 mg/kg/mL), with plasma CBD concentration increasing with each dose. 

Data shown are means +/- s.e.m., n = 2 per group. 
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Figure 2: Body mass gains are affected by injury and drug treatment in males. Animals 

were weighed daily prior to and after surgery. Male spinal cord injured (SCI) untreated 

(vehicle; Veh) animals had diminished gains in mass (grams; g) at Weeks 3, 4, and 6 post 

injury compared to surgical controls (laminectomy; LAM). Male SCI animals treated 

with cannabidiol (CBD) had no diminished gains. Female SCI animals had no difference 

in mass gains post injury. Data shown are means +/- s.e.m., n = 10-13 per group, and 

analyzed via 2-way ANOVA, *: p ≤ 0.05. 
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Figure 3: Motor function is affected by injury with intermittent effects of drug treatment 

and not affected by sex. Animals were assessed prior to, then biweekly post-surgery on 

motor function via paw placement. Both groups of spinal cord injured (SCI) animals 

displayed significantly less motor function in the affected limb throughout the duration of 

the study compared to surgical controls (laminectomy; LAM) in males and females. 

There was no effect of cannabidiol (CBD) or sex. Data shown are means +/- s.e.m., n = 

10-13 per group, and analyzed via 2-way ANOVA, *, ^: p ≤ 0.05. 
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Figure 4: Mechanical sensitivity is not affected by injury, drug treatment, or sex. Before 

and after surgery, animals were assessed on mechanical sensitivity via Von Frey using 

the up-down method. There was no effect of sex, injury (spinal cord injury; SCI), or drug 

treatment (cannabidiol, CBD). Data shown are means +/- s.e.m., n = 10-13 per group, and 

analyzed via 2-way ANOVA. 
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Figure 5: Cold sensitivity if affected by injury and drug treatment in both sexes. Using 

the acetone test, animals were assessed on cold sensitivity prior to and after surgery. Male 

and female untreated (vehicle, Veh) spinal cord injured (SCI) animals exhibited increased 

incidence of paw withdrawal compared to uninjured controls (laminectomy; LAM). At 

Week 2, female SCI CBD animals trended on diminished incidence of withdrawal (p = 

0.1123) compared to female SCI Veh animals. At Week 4 cannabidiol (CBD) treatment 

decreased incidence of withdrawal in both sexes. In males, the effect was no longer 

present at Week 6, in females the effect was no longer presented though trended on 
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significance (p = 0.1953). Data shown are means +/- s.e.m., n = 10-13 per group, and 

analyzed via 2-way ANOVA, *,+,^: p ≤ 0.05. 

 

 

 

Figure 6: Facial grimace scores are affected by injury and application of cold stimuli in 

both sexes. During the acetone test, animals were video recorded and the resultant stills 

were used to assess facial score using the grimace assessment. Uninjured controls 

(laminectomy; LAM) had facial scores similar to baseline (BL) values. Facial scores 

prior to acetone application at Week 6 in spinal cord injured (SCI) animals did not differ 

from LAM animals nor their respective control groups in regards to sex (male; M and 

female; F) or drug treatment (control; vehicle; Veh and cannabidiol; CBD). Post acetone 

application, F SCI Veh, F SCI CBD, and M SCI CBD animal exhibited increased 

grimace facial scores with M SCI Veh trending on significance (p = 0.1106). Data shown 

are means +/- s.e.m., n = 10-11 per group, and analyzed via 2-way ANOVA, *, #: p ≤ 

0.05. 
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Figure 7: Injury induces autophagic behavior in both sexes and is affected by drug 

treatment. Animals were observed daily post surgery and observed for autophagic 

behavior. No surgical controls exhibited autophagia. All spinal cord injured (SCI) groups 

exhibited incidence of autophagia, 55% and 46% respectively  for male and female SCI 

vehicle (Veh) treated animals and 30% and 18% for male and female SCI cannabidiol 

(CBD) treated animals. Data shown is percent incidence of autophagia, n = 10-13 per 

group.  
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Figure 8: Injury diminishes neuronal numbers with no effect of sex or drug treatment. At 

Week 6, animals were euthanized and cervical tissue (vertebral level 5, C5) was 

collected, sliced, and stained with cresyl violet with spinal cord injury (SCI) pathology 

presenting unilaterally in both male (M) and female (F) SCI groups. No pathology was 

present in surgical controls (laminectomy, LAM). When quantified, the epicenter of 

injury exhibited decreased neuronal numbers compared to both LAM and the area 

contralateral to SCI. Data shown are means +/- s.e.m., n = 10-13 per group, and analyzed 

via 2-way ANOVA, *, #: p ≤ 0.05. 
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Figure 9: White matter area is negatively impacts by injury, with sex differences and drug 

treatment effects observed. At the end of the study, cervical tissue (vertebral level 5, C5) 

was collected, sliced, and stained with eriochrome cyanine R with spinal cord injury 

(SCI) pathology presenting unilaterally in both male (M) and female (F) SCI groups. No 

pathology was present in surgical controls (laminectomy, LAM). White matter area was 

quantified at the SCI epicenter. The area contralateral to injury (dashed line) was similar 

amongst all groups, with the area ipsilateral to injury to exhibiting decreased myelin area. 

F SCI vehicle (Veh) animals had greater white matter area compared to M SCI Veh and F 

SCI cannabidiol (CBD) treated animals. Data shown are means +/- s.e.m., n = 10-13 per 

group, and analyzed via 2-way ANOVA, *, #: p ≤ 0.05. 
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DISCUSSION 

Overarching Goals 

The goals of this dissertation work was to 1) better understand what contributes to SCI-

NP development and 2) investigate the therapeutic potential of CBD in protecting 

against SCI-NP development. The stress study presented here aided in characterizing the 

effects of chronic stress on SCI-NP post injury, which were previously unknown. It was 

shown that chronic stress exposure increased cold allodynic responses in animals with 

greater basal CORT release. The second study examined the effects of acute CBD 

treatment on the chronic outcome of SCI-NP. Through this study, it was shown that 

acute CBD treatment imparted protective effects against SCI-NP development in both 

males and females, with trends of chronic protection in females. These studies both 

filled gaps in knowledge within the SCI field, and provide a platform for further 

investigation. 

 

Major Findings 

SCI Model 

The studies conducted in this dissertation utilized an animal model of SCI, incomplete 

tetraplegia, which exhibits a high degree of clinical relevance [1]. Similar to what has 
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been observed in the literature and clinically, this model results in motor function loss, 

sensory dysfunction, and development of NP [2-4]. In both studies, motor dysfunction, 

measured by paw placement, was observed acutely after injury, day 1, and persisted 

chronically up to the end of both studies, days 30 and 42 in the stress and CBD study 

respectively. Beyond motor dysfunction, sensory changes were also observed. SD 

animals that received a SCI developed cold allodynia, with symptoms being observed 

several weeks post injury and plateauing at xx week. Histologically, the model utilized 

also exhibited neuronal loss and myelin damage both of which are hallmarks of SCI [2, 

5-8].  

Additionally, the injury model of SCI produced NP with detectable symptoms beginning 

sub-acutely at approximately 2 weeks and persisting chronically, until the end of both 

studies weeks 4 and 6 for the stress and CBD study respectively. Within the clinical SCI 

population, NP typically develops weeks to months post injury and persists chronically 

demonstrating the translational relevance of this model [9-13]. In the field of SCI 

research, there has been a growing need to distinguish between hyper-reflexive spastic 

withdrawal and evoked pain withdrawal from stimuli, as spasticity is a common issue 

post injury in both humans and animal models of SCI [14-20]. Considering the 

communication gap between humans and rodents, the ability to distinguish pain from 

non-pain responses must rely heavily on non-verbal mechanisms.  

Research investigating supraspinal mechanisms of pain determined that rodents produce 

facial grimaces when in pain, additionally these facial grimaces have been evaluated in 

an animal model of SCI and further characterized by our laboratory [3, 21-23]. The 

studies conducted mirrored clinical efforts to determine pain responses in non-verbal 
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patients such as comatose and intubated individuals and children [24-26]. Through these 

clinical studies, it was demonstrated that pain was associated with specific facial 

grimaces including orbital, nose, and mouth changes. These facial actions were also 

recapitulated in the animal studies leading to the development of the SCI grimace scale 

[3].  

The CBD study utilized the modified grimace scale. It was found that surgical controls 

had no change in facial score compared to baseline and after acetone application. 

Additionally, both female SCI groups, and SCI males who received CBD had increased 

facial grimace scores and untreated SCI males trending on greater scores post acetone 

application. Overall, these findings support the use of grimace to assess supraspinal 

mechanisms of SCI-NP in assessing evoked pain as increased grimace scores, and trends 

of increased score, were observed post acetone application.   

Beyond facial score, in the CBD study, it was observed that a portion of animals within 

the SCI groups developed autophagic behavior. Autophagic behavior was classified as 

chewing or licking of the hind paw for three consecutive days or longer without 

cessation. This behavior was only observed in animals that received an SCI, and solely 

occurred in the hind paw contralateral to injury. The importance of this two-fold. First, 

in the clinical population, SCI-NP is experienced below lesion where the source of pain 

is due to abnormal nerve signaling in the CNS and not damage to the peripheral nervous 

system – the defining characteristic of NP [27-29]. Second, the area of chewing/ licking 

solely occurred contralateral to injury. This is highly important, as pain processing 

pathways decussate at the spinal level, meaning that below level sensory dysfunction 

will occur contralateral to CNS injury, whereas motor function will be ipsilateral to 
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injury as this tract crosses at the brain level [30, 31]. Other studies examining NP have 

used autophagic behavior as an indicator of pain development, supporting using this 

behavioral phenotype to distinguish animals that have developed NP from animals that 

have not [32-34].  

Approximately half of untreated SCI groups, males and females exhibited this behavior. 

This variability mimics what is observed in the human population, as it has reported that 

anywhere from 60 – 80% of SCI patients go on to develop NP [10, 12, 35, 36]. The 

stress study performed helps to provide some answers as to why this variability exists, as 

this study displayed that pre-injury experiences can influence SCI-NP outcomes. Other 

studies examining the role of stress and pain have found similar results, where exposure 

to stress prior to injury resulted in greater pain incidence [37-41]. This has also been 

observed in the clinical SCI population, where veterans who were exposed to stress prior 

to SCI, and subsequently developed PTSD, had greater quality of pain compared to SCI 

patients without PTSD [42].  

In totality, both studies provide strong evidence for the C5 incomplete SCI model for 

producing outcomes observed in the human population, namely motor deficits that begin 

acutely and last chronically, development of NP that begins sub-acutely and persists 

chronically, as well as histological changes like neuronal loss, and white matter damage. 

The uses of this model extend far beyond these studies, as it provides a strong model for 

investigating SCI.  
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CBD  

One of the major findings from the studies conducted in this dissertation were the 

beneficial effects of CBD treatment post SCI. CBD was shown to impart protective 

effects against cold allodynia in both sexes with trends of continued protection in 

females. In males, CBD was shown to protect against diminished gains in mass. In both 

sexes, CBD decreased the incidence of autophagic behavior from approximately half to 

30% and 18% in males and females, respectively. The data presented here demonstrate 

that administration of CBD post-injury diminished incidence of paw withdrawal, and 

therefore SCI-NP. A short coming of this study was that the mechanisms of CBD 

interaction on the acute stages of 2ᴼ injury, when the drug was administered, were not 

investigated. However, looking at the literature potential mechanisms for this protective 

effect can be hypothesized and used as fodder for future studies as managing chronic 

SCI-NP in the acute stages of SCI will allow the field to focus on a major patient need 

[12, 15, 35, 36, 43].  

Potential targets can be determined by evaluating contributors to cold allodynia 

development after nerve injury. In a model of chemotherapy induced NP, it was found 

that animals that developed sensitivity to cold had increased expression of transient 

receptor potential ankyrin 1 (TRPA1), a channel that is permeable to calcium, sodium, 

and potassium ions, in the dorsal root ganglia where peripheral sensory information 

synapses with the CNS. Additionally, it was shown that overexpression of TRPA1 

increased incidence of cold hyperalgesia [44, 45]. TRP expression has been shown to be 

affected by calcium presence, where greater calcium concentrations increases expression 

of this receptor [46, 47]. Furthermore, it has been shown that TRP receptor, including 
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TRPA1, overexpression contributes to central sensitization, a major component of SCI-

NP [31, 48-51]. Considering this, a similar mechanism could be occurring with SCI 

induced NP as there is ionic dysregulation and an influx of calcium following injury. 

CBD has been shown to exert effects on calcium in the CNS. Specifically, it has been 

shown that in non-excitable states CBD increased intracellular calcium, while in hyper-

excitable environments with high potassium concentrations present, CBD decreased 

intracellular calcium uptake via interactions with the sodium exchanger [52, 53]. 

Considering this, it is plausible that in the acute stages of the 2ᴼ injury cascade that 

administration of CBD diminished intracellular calcium uptake, as these cells were in a 

hyper-excitable environment, which may have contributed to the trends of chronically 

diminished SCI-NP outcome in females as well as the decreased autophagia in both 

sexes. Not only is it important to study potential mechanisms of CBD and 2ᴼ injury, but 

it is also important to examine sex differences as sexually dimorphic effects were 

observed in the CBD study. 

 

Sex Differences 

Sex differences are important to study because within the chronic pain field, women 

make the vast majority of pain patients. The literature has shown that a mix of factors, 

sociocultural, mental, and biological factors, affect this skew [54-58]. Focusing on the 

biological contributions, E has been shown to influence pain. Specifically, it has been 

observed that stage of estrous cycle affects pain threshold, where low progesterone 

levels increase pain threshold, which has been found to continue until menopause thus 
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strengthening the claim that sex hormones play a large role in pain [56]. It has been 

shown that E affects synaptic plasticity, where exposure to E increases neuronal activity 

in the brain, and that women had greater brain activity in response to pain compared to 

males [55]. Beyond this, it was found that sex affects efficacy of pain therapeutics. A 

study investigating NP and the role of the immune system in male and female mice 

found that treatments targeting macrophages had greater analgesic effects in males 

compared to females, and that targeting T cells had greater therapeutic effect in females 

compared to males [59]. These studies highlight the importance of not only 

characterizing sex differences in pain disorders, but using both sexes to evaluate 

therapeutic efficacy, especially in the field of SCI-NP. 

Though women make a large majority of pain patients, men make a greater proportion 

of SCI patients, nearly 80%. Interestingly, women who develop SCI-NP report greater 

quality of pain compared to their male counterparts, further emphasizing the need to 

evaluate both sexes [1, 35, 60]. In the CBD study conducted, it was observed that 

untreated SCI females had greater myelin preservation post injury compared to their 

male counterparts and had no incidence of diminished gains in mass post SCI as 

observed in males. In the literature and studies conducted in our laboratory, E has been 

shown to confer protection post SCI in females, supporting the findings of this study 

[61-63]. It has been shown that E reduces inflammation and apoptosis by reducing 

production of inflammatory cytokines via activation of the extracellular signal related 

kinases (ERK) which can induce transcription of anti-inflammatory compounds, 

additionally, E has been shown to prevent apoptosis by blocking caspase activation in 

the CNS [64, 65]. Further strengthening the assertion of E conferring protection post 
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SCI, E administration to males post SCI, provided protective effects through decreased 

inflammation, proteolytic activity, and apoptosis [65-70].  

Interestingly, both males and females that received SCI developed NP and had similar 

incidence of hind paw withdrawal in response to acetone application, as well as 

development of autophagic behavior. Administration of CBD post-injury resulted in 

protection against NP development in the sub-acute time period in males and females 

while there were trends of chronic protection in females and not males; overall 

indicating CBD has potential for therapeutic quality at chronic time points in females. 

Additionally, CBD treatment significantly reduced autophagic behavior in both sexes.  

Males and females underwent the same dosing protocol, an intraperitoneal injection of 

CBD 30 minutes after impact with one dose per day for seven consecutive days at a dose 

of 100 mg/kg/mL. This dosing regimen was shown to result in plasma CBD 

concentrations similar to literature values [71-73]. The purpose of this regimen was to 

target the acute phase of 2ᴼ injury, as 2ᴼ injury has been shown to begin within minutes 

after SCI [43, 74-76]. Though both sexes undergo 2ᴼ injury post injury, sex differences 

have been observed in regards to the acute phase of 2ᴼ injury. It has been shown that E 

protects against calcium loading, thereby protecting against the effects of calcium 

mediated apoptosis and glutamate mediated excitotoxicity [62].  These effects, coupled 

with the ability of CBD to protect against calcium mediated cell death and damage may 

be a potential explanation why CBD had greater protective effects in females.  

As discussed earlier, these protective effects against NP and autophagic behavior may 

have been through interacting with components in the acute phase of 2ᴼ injury, such as 
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calcium dysregulation, which affect chronic outcomes such as receptor expression in the 

CNS. While not examined in the present dissertation, these changes have also been 

shown to exist in animals exposed to chronic stress, indicating that the pro-

inflammatory, pro-oxidative environment induced by chronic stress prior to SCI could 

exacerbate acute components of 2ᴼ injury, leading to enhanced central sensitization 

which is a major contributor to NP development [28]. 

Chronic Stress 

Exposure to chronic stress has been shown to contribute to central sensitization via 

alterations in neural circuitry [77-79]. Looking at the stress characterization study, SD 

animals exposed to chronic stress prior to SCI had increased incidence of withdrawal to 

cold stimuli compared to unstressed SCI groups, indicating that pre-injury stress events 

contributed to SCI-NP development. A shortcoming of this study was that the 

underlying mechanism for this effect was not determined. Looking at the literature, 

studies investigating chronic pain and the role of the HPA axis have found that HPA 

dysregulation aids in maintaining chronic pain conditions. Specifically, it has been 

found that changes in HPA responsiveness contribute to pain [80-83]. This phenomenon 

has specifically been demonstrated in animal models of chronic stress, where repeated 

stress exposure decreases CORT release and reduces HPA axis response to stress via 

CORT feeding back into the CNS system [84]. These changes have been shown to 

contribute to chronic pain clinically, where patients with HPA axis dysfunction 

exhibited increased incidence and severity of pain [85]. Considering the findings of the 

stress study and the literature support showing that chronic stress induces HPA axis 
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dysfunction, this is a possible explanation for how pre-injury stress events can affect 

chronic outcomes post SCI like SCI-NP. 

As mentioned earlier, in the stress study conducted, SD animals had greater incidence of 

cold allodynic responses compared to LEW animals and non-stressed SD animals. In 

addition to this, it was found that SD animals had greater basal CORT release compared 

to LEW animals, which has also been reflected in the literature [86, 87]. Previous 

studies have also shown that greater exposure to CORT leads to the induction of a pro-

inflammatory state. The mechanism of which is due to the increased production of pro-

inflammatory cytokines caused by the inability of CORT to bind to the GC receptor. 

This is mediated by allosteric inhibition by FKBP 51, thereby disallowing for 

transcriptional changes that would normally induce transcription of anti-inflammatory 

cytokines [88-90].  Based on this, it can be postulated that the greater basal CORT 

observed in SD animals combined with chronic stress exposure induced a pro-

inflammatory state, thereby exacerbating the inflammation observed during 2ᴼ injury 

thereby leading to increased severity of SCI-NP.  

The results from this study shed light on how pre-injury events contribute to injury 

outcomes, specifically NP development. The contributions of 2ᴼ injury on SCI-NP 

development have been discussed in regards to CBD and stress study, with a possible 

mechanism discussed in regarding the CBD study.  Looking at a potential mechanism in 

the stress study, based on the literature, it has been shown that exposure to chronic stress 

increases N-Methyl-D-Aspartate (NMDA) receptors thereby contributing to calcium 

dysregulation [91, 92]. NMDA receptors are activated by glutamate and upon activation 

an ion channel is opened allowing calcium to flow through [93]. Calcium ion 
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dysregulation is major hallmark of 2ᴼ injury. The ionic dysregulation begins acutely 

after SCI, as neurons undergo depolarization waves which allow calcium to enter the 

cell, contributing to cellular apoptosis, spreading the lesion area, and increasing TRP 

expression which has been shown to contribute to central sensitization and thus SCI-NP 

[28, 43, 46, 47, 51, 75, 94]. As mentioned earlier, a shortcoming of the stress study is 

that no mechanism for why chronic stress exposure increased SCI-NP development, 

however, looking at NMDA receptor expression, calcium dysregulation, and TRP 

expression could provide insight on this knowledge gap. 

The results of the stress study conducted provide insight as to how pre-injury events can 

affect post injury outcomes. SCI is unique as the underlying cause is not primarily due to 

a disease or genetic cause, but due to accidental trauma [1]. As such, there is high 

variability between patients, which creates difficultly in predicting which patient will go 

on to develop SCI-NP, further confounded by SCI-NP development not being correlated 

to level or severity of injury [13, 36]. However, with this study in mind, it would be 

possible to determine patients at greater risk for SCI-NP development based on pre-

injury stress load. Using this, caregivers could provide therapeutic interventions aimed 

at reducing 2ᴼ injury, which could prevent SCI-NP development. 

Conclusion 

Through these studies, it has been demonstrated that the SCI model utilized, C5 

incomplete injury, exhibited high clinical relevance as evidenced by motor dysfunction, 

development of NP, neuronal loss, and myelin damage. Additionally, it was observed 

that events prior to SCI, specifically chronic stress, enhanced SCI-NP outcomes 



 

133 

 

chronically. Moreover, it was found that treatment with CBD acutely after SCI 

positively affected outcomes with sexually dimorphic effects as evidenced by cold 

allodynia protection sub-acutely in males and females and potentially chronically in 

females, and diminished autophagic behavior in both sexes. Together, these studies help 

shed insight on and offer an explanation for the high variability in patient outcomes, 

providing evidence that pre-injury factors and sex differences play a role in outcomes 

after SCI. The research conducted in this dissertation also demonstrate the potential of 

CBD as a promising therapeutic which should further be evaluated given the benefits 

observed at both acute and chronic time points in both sexes. In totality, these studies 

provide insight into contributors to and treatments for SCI-NP, while providing 

platforms for further investigation. 

 

Future Studies 

Both studies conducted were characterization studies, where the basic question whether 

an experimental variable would have an effect on outcomes post SCI. As such, the 

mechanism for how these experimental variables induced these outcomes remain largely 

unknown. Therefore, the obvious next steps with both studies is to determine the 

mechanism of action. Considering both studies had effects on SCI-NP, future studies 

should investigate how these variables affect factors known to contribute to SCI-NP 

development. 

As discussed, 2ᴼ injury is a major contributor to SCI-NP and factors present during this 

cascade have been shown to be affected by both stress and CBD, namely calcium 
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dysregulation, glutamate mediated excitotoxicity, and TRP overexpression. Therefore, 

examining the effects of stress and CBD on 2ᴼ injury could elucidate how these 

variables affect SCI-NP development. The effects of 2ᴼ injury has potential to be 

examined at various stages post SCI, as 2ᴼ injury begins acutely and persists chronically. 

In the CBD study conducted, targeting the acute stage of 2ᴼ injury exerted protective 

effects, though with greater effects in females compared to males. This brings up the 

questions, what if CBD were given for a longer duration? Would the trends of chronic 

protection in females result in significant results and would longer CBD treatment 

impart continued protection in males chronically? Therefore, it would be of great 

importance to alter the timing, length of treatment, and dose of CBD in both sexes. 

Through this, it could be determined what, if any, therapeutic windows exist and if there 

are sex differences. Delving even deeper, it could be determined if sex differences exist 

in regards to what aspects of 2ᴼ injury are being affected by CBD.  

As discussed earlier, the 2ᴼ injury is a multifaceted cascade that changes temporally. 

Future investigations into factors affected by pre-injury stress and CBD, though 

unstudied, can be based on looking at previous studies which have been discussed 

earlier. Broken down temporally, in the acute stages of 2ᴼ injury calcium dysregulation 

and glutamate mediated excitotoxity, in the sub-acute stages, immune cell recruitment 

and infiltration, and receptor expression in the chronic stages, particularly NMDA and 

TRP expression would be candidates of interest. The factors listed have also been 

implicated contributing to central sensitization and the development of SCI-NP as 

discussed earlier. 
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From these experiments, one could perform a series of mimic/block experiments on one 

facet of 2ᴼ injury and determine the subsequent effect on central sensitization as well as 

SCI-NP. For example, to examine the role of glutamate mediated excitotoxity and its 

role in central sensitization, an NMDA antagonist could be used to block the receptor 

and an agonist could be used to activate the receptor after injury. Using this set of 

experiments, the incidence of SCI-NP could be determined using behavioral assessments 

such as the ones used in the studies in this dissertation. In addition to behaviors, CNS 

tissue could be examined for receptor changes, such as TRP, to determine any chronic 

changes. Taken together, these experiments would provide a mechanism for how pre-

injury events contribute to SCI-NP, how CBD interacts with 2ᴼ injury, how much these 

factors contribute to SCI-NP, and if sexually dimorphic effects exist thereby leading to 

determination of therapeutic windows for each sex. 

Further research into these topics would ultimately benefit the human SCI population. 

The first benefit would be greater insight into 2ᴼ injury, which as discussed, is a large 

contributor to the spread of damage post injury and to central sensitization. Advanced 

knowledge of these aspects would benefit the field of SCI and provide knowledge for 

supporting investigations into other key patient needs. Secondly, the process of how pre-

injury events contribute to factors post injury would be elucidated.  

Using these results, the ability to incorporate this knowledge into treatments acutely 

after SCI could aid in the prevention of SCI-NP development. More specifically, pre-

injury events could aid in determining patients at increased risk for SCI-NP 

development, hence indicating the need for therapeutic intervention against 2ᴼ injury. 

Thirdly, the specific interaction of CBD with 2ᴼ injury and temporal window can be 
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determined by additional research, information which would help to determine timing 

and length of treatment in the patient population, which may differ based on sex.  

Ultimately, further examination of the studies performed would contribute valuable 

knowledge to the SCI field, leading to improved acute care for SCI patients. Enhanced 

acute care would result in improved chronic outcomes, specifically regarding SCI-NP, 

which is a top patient concern. Most importantly, improving SCI-NP treatment and 

management will lead to a better patient quality of life.  
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