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Abstract 

 

Hypoxically preconditioned-bone marrow stromal cells attenuate post-stroke 

depression 

By: Megan Winter 

 

Ischemic stroke is the leading cause of long-term disability in the U.S., in part because of 

the debilitating post-stroke depression (PSD) that affects approximately one-third of 

stroke survivors. PSD leaves stroke survivors at a greater chance of increased disability, 

delayed functional recovery, decreased cognitive function, morbidity, and mortality. Due 

to the detrimental effects associated with PSD, it is necessary that new and innovative 

treatments for PSD are investigated in order to improve long-term patient outcomes.  

Here we will explore the use of hypoxically preconditioned-bone marrow stromal cells 

(HP-BMSCs) as a novel treatment for PSD.  BMSCs are known to confer a number of 

benefits including enhanced cell migration to the site of injury, improved functional 

outcomes, and enhanced neurotrophic support, and we have previously shown that 

hypoxic-preconditioning increases oxytocin and oxytocin receptor expression in vivo. 

Oxytocin, a hormone secreted by the posterior lobe of the pituitary gland, is known to 

induce and facilitate social behaviors and is believed to be a psychosocial mediator of 

stroke outcome.  Thus, treatment with HP-BMSCs may be especially beneficial for stroke 

survivors who commonly experience social impairment following stroke. The results of 

this investigation confirm our predictions, that treatment with HP-BMSCs, as a result of 

their influence on oxytocin levels, attenuate the depressive-like phenotype found in our 

stroke animals post-stroke, and restore sociability to levels similar to controls. 
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CHAPTER 1: Background: Post-stroke Depression 

Stroke is the third most common cause of death worldwide and a leading cause of long-

term disability1. On average, someone in the U.S. has a stroke every 40 seconds2, and this 

year alone over 795,000 people in the U.S. will experience a stroke1.  Stroke occurs as a 

result of obstructed blood flow to the brain or blood vessel rupture, both of which lead to 

neural oxygen deprivation and cell death. One person dies as a result of stroke every four 

minutes1, and those that are lucky enough to survive are often left with a number of 

neuropsychiatric manifestations including depressive mood, irritability, appetite changes, 

agitation, apathy, anxiety, sleep disturbances, aberrant behavior, delusions, and 

hallucinations3.  The most common of these neuropsychiatric manifestations is 

depression, commonly referred to as post-stroke depression (PSD), which is found to 

occur in approximately one-third of stroke survivors4-6.  According to the Diagnostic and 

Statistical Manual of Mental Disorders-Fifth Edition (DSM-V) PSD is defined as a mood 

disorder due to a general medical condition within the specifiers of depressive features, 

including major depressive-like episodes, manic features, and/or mixed features7.  

 

To date little PSD research has been conducted, especially considering that it affects over 

2 million stroke survivors in the US4-6 and approximately 15 million worldwide8. What 

we do know has largely been extrapolated from current major depressive disorder (MDD) 

findings.  Thus, It is imperative that the etiology of PSD, in addition to prevention and 

treatment strategies, be more thoroughly investigated as PSD has a considerable impact 

on the biological, psychological, and social aspects of stroke survivors and their families’ 

lives.  

 

A. Symptoms: Identifying the symptoms of depression is often difficult, especially in 

stroke patients who may not present the typical symptoms. Further complicating 
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diagnosis is the fact that the symptoms associated with PSD may vary in frequency, 

severity, and duration depending on the patient.  The most common symptoms associated 

with PSD include: persistent sadness or anxiousness; sleep disturbances; increased or 

decreased appetite; feelings of helplessness, hopelessness, and/or worthlessness; social 

withdrawal; loss of interest in activities or hobbies; irritability; fatigue: difficulty 

concentrating and/or remembering details; suicidal thoughts; and/or aches, pains, 

headaches and digestive problems that do not ease with treatment9.  It is important to note 

that individuals with PSD and caretakers may not perceive or report the same symptoms. 

A 2013 review by Klinedinst et al. reported that stroke survivors are more likely to 

recognize symptoms including ‘feeling like everything was an effort’, ‘difficulty 

concentrating’, ‘being bothered by things that don’t usually bother him/her’, and ‘talking 

less than usual’, while caregivers identified those with PSD as ‘feeling like everything 

was an effort’, ‘inability to shake off the blues’, ‘not enjoying life’, and ‘not feeling as 

good as other people’ 10. 

 

B. Prevalence: One of the primary problems with determining PSD prevalence is that 

reported incidence varies largely in the literature, anywhere from 12%11 to 72%12.  

Determining the incidence is especially complicated because of underreporting, 

underdiagnosis, and lack of diagnostic refinement.  The best estimate to date was 

published in a 2005 meta-analysis by Hackett et al., in which the overall incidence of 

PSD was estimated to be 33% (95% confidence interval, 29%-36%)13.   An updated 2014 

meta-analysis by the same group revealed a estimated pooled frequency of 31% (95% 

confidence interval 28%-35%)14 which was decreased, but not significantly decreased 

from their findings in 2005.  Furthermore, the likelihood of PSD is known to fluctuate 

depending on the time-point of assessment post-stroke such that prevalence rates of PSD 

peak at 3-6 months post-stroke, with the greatest increased risk of prevalence during the 
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first month post-stroke15.  Additionally, the likelihood of PSD remains elevated for the 

first 1-3 years following stroke16. 

 

C. Risk Factors: Due to the detrimental influence of PSD on recovery and quality of life, 

identifying risk factors is critical.  To date many studies have examined the risk factors 

that increase the likelihood of a stroke survivor developing PSD; however, inconsistent 

results have prevented the identification of a confirmed set of risk factors to aid in the 

diagnosis and/or prevention of PSD17.  In terms of demographic factors, sex and age are 

often regarded as legitimate PSD risk factors, as associations with a higher incidence of 

PSD have been found in females18-20 and in older individuals18; however, contradictory 

findings have been found in other studies19,21, precluding any definitive conclusions. 

Other risk factors found to positively correlate with PSD incidence include a previous 

history of depression and/or psychiatric illness19,22, living alone,19,22 extent of functional 

impairment13,21-24, and social isolation22.  Biological risk factors have also been theorized 

and studied with controversial results. The affect of the location of a lesion imposed by a 

stroke has long been disputed25.  The current predominate view is that lesions to the left 

hemisphere, particularly those affecting the frontal lobe and basal ganglia, are associated 

with a greater risk of PSD20,25.  However, these results have been difficult to reproduce, 

and thus may be viewed skeptically17.  Additionally, a genetic polymorphism at the 

promoter sequence for a serotonin transporter gene (5-HTTPR) has been found to be 

associated with a higher incidence of PSD26.  Studies also indicate that particular features 

of stroke, such as its severity (assessed according to the Scandinavian Stroke scale, the 

national institutes of health stroke scale, or the European stroke scale)21-24,26, may also put 

individuals at increased risk for PSD.  
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D. Early Predictors: A study by Carola et al., pinpointed three factors that are strong 

early predictors of PSD in first-time stroke survivors including a low Barthel Index 

Score, being older than 68, and crying within the first few days post-stroke21. Carola et al. 

found that those with a severe functional disability, defined as a Barthel Index score of 60 

or less, have significantly increased likelihood of acquiring PSD21. Crying within the first 

few days post-stroke was also found to be an early predictor. In the study crying was 

broken into three different subtypes: pathological crying, emotionalism, and catastrophic 

crying. Pathological crying, in which crying is relatively uncontrollable and occurs 

without an apparent trigger or following a stimulus that would not normally elicit crying, 

was found to have no association with PSD development.  Emotionalism, which is crying 

with little or no warning in response to a meaningful stimulus, was found to be associated 

with a 41% chance of PSD development.  Lastly, catastrophic crying, which is crying 

triggered by a task made difficult or impossible by a neurologic deficit, is associated with 

a 63% chance of PSD21.   

 

E. Assessment and Diagnosis: PSD may be assessed in a variety of ways including: 

clinical interview and history; collateral information from family and caregivers; 

observational standardized screening measures; and self-report standardized screening.  

Currently, the golden standard for PSD diagnostic criteria is the Diagnostic and Statistical 

Manual of Mental Disorders9,27,28.  The DSM-V characterizes PSD as a mood disorder 

due to a general medical condition, but does not have a specific set of diagnostic criteria 

for PSD, so the metrics used to diagnose major depressive disorder (MDD) are frequently 

utilized. According to the DSM-V, MDD is defined as a medical illness that affects how 

you feel, think, and behave, causing persistent feelings of sadness or loss of interest in 

previously enjoyed activities.  MDD is characterized by nine primary symptoms 

including depressed mood or irritability, decreased interest or pleasure in most activities, 
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significant weight change (exceeding 5% when not dieting) and/or a change in appetite, 

fatigue or loss of energy, change in sleep (insomnia or hypersomnia), change in activity 

level, feelings of guilt/worthlessness, diminished ability to think/concentration, and/or 

increased thoughts of death/suicide.  Positive diagnosis requires the consistent presence 

of three or more symptoms for at least 2 weeks, with at least one of these symptoms 

being depressed mood or loss of interest/pleasure29,30.  For a positive diagnosis PSD must 

also cause clinically significant distress or impairment in social, occupational, or other 

important functional areas.  It is important to also highlight that prior to diagnosis, 

clinicians should confirm that the observed symptoms are not due to the effects of a 

substance or medical condition, the symptoms cannot be better explained by another 

psychiatric disorders (e.g. mania, hypomania, bipolar, schizophrenic, etc.), and/or that the 

patient has no medical history of manic or hypomanic episodes9.   

 

Many clinicians have called for diagnostic criteria customized to PSD, but this is difficult 

due to PSD’s inconsistent clinical presentation.  Some studies have claimed that there is a 

sub-set of depression symptoms that are more strongly associated with PSD that could be 

used to specialize the diagnostic criteria of MDD for PSD.  Gainotti et al. highlights 

catastrophic reactions, hypermotility, and diurnal mood variations as depressive 

symptoms frequently found in patients with PSD, while suicidal thoughts and anhedonia 

are more often associated with MDD31. Paradiso et al. has provided evidence suggesting 

that PSD symptoms may also fluctuate with the time since PSD onset, such that early 

onset is more frequently characterized by feelings of anxiety, guilt, and loss of libido 

while late onset is more often associated with diurnal variations in mood and social 

isolation32. The fact that symptom presence is not homogenous amongst MDD and PSD 

suggests that the use of the DSM-V’s MDD diagnostic criteria is an insufficient 

diagnostic tool. Other concerns regarding the use of the DSM-V’s diagnostic criteria 
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include the fact that vegetative symptoms such as psychomotor retardation, fatigue, sleep, 

and appetite disturbances are assessed, all of which can occur as a direct consequence of 

stroke, and may not necessarily indicate the presence of PSD33. 

 

Other means of diagnosing PSD beyond the criteria outlined in the DSM include 

diagnostic scales such as the Beck Depressive Inventory34-37, Barthel Index Score, Zung 

Self-Rating Depression Scale38, Centre for Epidemiologic Studies of Depression 

Scale39,40,  Post-Stroke Depression Scale41, Geriatric Depression Scale42-44, and the 

Hospital Anxiety and Depression Scale45,46. The use of so many diagnostic scales leads to 

poor concordance amongst published studies and often under- or over-diagnosis of PSD 

due in part to the fact that diagnostic scales are intended for those with primary 

depression, not for those with depression as a secondary outcome47. Establishing 

diagnostic consistency is further complicated by the fact that diagnostic cut-off points for 

each scale often vary amongst studies. Below the primary PSD diagnostic scales are 

described and their most common diagnostic cut-offs defined: 

 

1. Beck Hopelessness Scale (BHS): The BHS is an assessment designed by Aaron T. 

Beck to measure three major aspects of hopelessness: feelings about the future, loss of 

motivation, and expectations.  The BHS consists of 20 items in a true-false format, 

reflecting pessimism or negative expectancies concerning oneself and one's future life48.  

Scores from 0 to 3 are considered within the normal range, scores of 4 to 8 identify mild 

hopelessness, scores from 9 to 14 identify moderate hopelessness, and scores greater than 

14 identify severe hopelessness49.  Scores of 10 or more on this scale have been 

associated with a significant suicide risk50. 
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2. Beck Depression Inventory (BDI): The BDI is a 21 multi-choice question self-report 

inventory that is used in individuals 13 years and older to assess the presence of and 

measure the severity of depression.  Since its initial publication in 196151, it has been 

revised twice to create the BDI-1A (published in 1979) and revised once again to 

correspond to the DSM-IV criteria for diagnosing depressive disorders (BDI-II; published 

1996). Most items are scored from 0 (not at all) to 3 (extreme form of each symptom), 

and severity of depression is determined from the summed scores.  Scores of 16 or above 

on the BDI-II indicative that the individual may require treatment51.   

 

3. Barthel Index Score: The Barthel Index Score is an ordinal measure of functional 

outcome used to measure performance in daily living52.  The index assesses 10 activities 

of daily living including bowel control, bladder control, toilet use, grooming, feeding, 

chair transfers, walking, dressing, climbing stairs, and bathing.  Zero to ten points are 

allotted for each activity, and the number of points allotted to each activity is dependent 

on the time/assistance required to complete each activity52.  Scores range from 0-100, 

with lower scores indicating increased disability such that a scores of 0–20, 21–60, 61–

90, and 91–99 indicate total dependence, severe dependence, moderate dependence, and 

slight dependence, respectively53.  

 

4. Center for Epidemiologic Studies Depression Scale (CES-D): The CES-D is a 20-item 

questionnaire originally developed as a screening tool for depression in the general 

population, which assesses four factors: depressed affect, positive affect, somatic 

problems and retarded activity, and interpersonal relationships54. There have been a 

number of CES-D reiterations, including a shortened 10-item questionnaire for older 

adults55,  a 5-item version56, and a variation which reflects the DSM-IV diagnostic 

criteria57.  Each item is scored from 0 (not at all) to 3 (extreme form of each 
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symptom/item), except for items 4, 8, 12, and 16, which are phrased in a positive 

direction and reverse coded to avoid response bias54.  As a result of the scoring 

methodology utilized, a higher summed score is associated with greater symptoms of 

depression.  Traditionally a score of 16 or greater is the cutoff for clinical depression58. 

 

5. Geriatric Depression Scale (GDS): The GDS was developed by Yesavage et al, and 

initially contained 30-items59, but since its origination two reiterations, a 15-item60 and 5-

item61 have been developed to better accommodate elderly patients. The scale asks 

questions in regards to how elderly patients have felt during the last week, and to ease 

comprehension, all questions have a yes/no answer59,62. In the 5-item GDS, a score of 2 or 

more is considered a positive screen for depression63.  

 

6. Hamilton Depression Rating Scale (HDRS): The HDRS is the most widely used 

clinician-administered depression assessment scale. It was first developed in 1960 to 

measure the severity of depression in the outpatient population64, and has since been 

revised four times65-68. The scale consists of 21-items, the first seventeen of which are 

scored, while the remaining four questions serve to provide additional qualifying 

information about depression.  The items are scored on either a 3-point or 5-point scale, 

which when summed are used to determine the presence of and/or the severity of 

depression.  The HDRS assesses somatic symptoms, but few cognitive and/or affective 

symptoms68.  Although once considered the gold standard of clinical depression 

diagnosis, more recently the efficacy of the HDRS has been called into question due to 

the fact that it places more emphasis on depressive symptoms such as insomnia than 

suicidal ideas.   
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7. Hospital Anxiety and Depression Scale (HADS): The HADS is a self-administered 

scale designed by Zigmond and Snaith given to patients between the ages of 16-65 in an 

outpatient setting69. The HADS originally consisted of 16-items, but was later revised to 

include 14-items in total, of which 7 are linked to anxiety and 7 are linked to depression.  

Items are scored from 0 (not at all) to 3 (extreme form of each item), leading to a range of 

scores from 0-21 on each subscale70. Consequently, scores of 0-7, 8-10, 11-14, and 15-21, 

indicate no depression, mild, moderate, and severe depression, respectively69.  

 

8. Mini-Mental State Examination (MMSE): The MMSE was originally developed in 

1975 as a brief screening tool to allow for quantitative evaluation of cognitive 

impairment and to allow cognitive changes to be tracked71.  Since then, the validity of the 

MMSE has been found to be reduced by client retesting, and thus it is no longer used to 

track cognitive changes between short time intervals72. The MMSE measures constructs 

such as time and place, immediate recall, short-term verbal memory, calculation, 

language, and construct ability71.  Scores range from 0 to 30, with score of 24-30, 18-23, 

0-17, being indicative of no, mild, and severe impairment, respesctively73. 

 

9. Montgomery-Asberg Depression Rating Scale (MADRS): The MADRS is a 10-item 

clinician-rate diagnostic questionnaire designed to measure the severity of depression and 

the changes in symptom severity associated with treatment74.  Items are scored on a 0-6 

scale, with an overall score range of 0-60.  Summed totals from all items are indicative of 

depression severity, such that a summed score of 0-6 is considered normal, while scores 

of 7-19, 20-34, and 34< are indicative of mild, moderate, and severe depression, 

respectively.  Lastly, it is important to note that due to a lack of somatic symptom 

assessment in the MADRS, it is especially well-suited for assessing depression in 

individuals with a physical illness, such as stroke.  
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10. Patient-Health Questionnaire (PHQ): Components of the PHQ are commonly used to 

screen for and/or diagnose PSD, one of which is the PHQ-9. The PHQ-9 is based on the 

9-items utilized by the DSM-IV for the diagnosis of depression.  Each item is scored on a 

4-point scale, from 0 (not at all) to 3 (extreme form of each symptom). Diagnosis of 

depression occurs when an individual has 5 or more of the 9 items present at least “more 

than half of the days” in the past two weeks, with at least one of the symptoms being 

depressed mood or anhedonia.  Additionally severity, whether mild, moderate, or severe, 

is determined by the summed score of the 9-items (5-9, 10-14, 20-27, respectively)75,76 

The PHQ-9 has been shown to have 90% sensitivity and 87% specificity in those with 

PSD when assessed one month post-stroke77.  Additionally, the PHQ-2 may be utilized as 

a depression-screening tool.  The PHQ-2 consists of the first 2 items on the PHQ-9 and 

assesses the degree to which individuals have experienced depressed mood and/or 

anhedonia over the past two weeks.  Items are scored on a scale from 0 to 6, and three is 

thought to be the optimal cut-off point for depression screening purposes75.   

 

11. Present State Examination (PSE): The PSE is a semi-structure interview, which 

originated in an attempt to standardize psychiatric case identification and improve 

psychiatric classifications. The PSE tests a patient’s present mental state, and contains a 

total of 140 items, each scored on either a 3- or 4-point scale78.  

 

12. Post-stroke Depression Scale (PSDS): A scale specifically developed to assess 

depressed in depressed stroke patients based on the presence of 10 symptoms: depressed 

mood, feelings of guilt, thoughts of death/suicide, vegetative symptoms, apathy and loss 

of interest, catastrophic reactions, hyperemotionalism, anhedonia, and diurnal mood 

variations. Scores associated with all symptoms except for diurnal mood variations range 

from 0 (normal) to 5 (severe disorder), while the patient’s diurnal mood variations are 
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measured from -2 (unmotivated, clear presence of depression in early morning) to +2 

(motivated, prevalence of depression during situations stressing handicaps and 

disabilities).  No global scores are provided by the PSDS, as it was not designed to 

provide a global assessment of PSD severity41.  

 

13. Zung Self-rating Depression Scale (SDS): The SDS is a 20-item scale first published 

in 196579. The self-administered scale requires the patient to indicate, on a 4-point scale, 

how frequently certain affective, psychomotor, physiological and cognitive symptoms 

manifest themselves79,80. Typically a score of 50< is indicative of mild depression, while 

scores of 60< and 70< indicate moderate and severe depression, respectively79,81. 

 

F. Underdiagnosis: PSD incidence is believed to be largely underdiagnosed, in 

particular because there is low concordance between studies82.  Much of the estimated 

underdiagnosis is due in part to the failure of caregivers and patients to recognize 

symptoms of PSD and report them to healthcare providers, but this may be due in part to 

the fact that approximately 75% of patients do not receive literature regarding PSD in the 

hospital or in a rehabilitation setting10.  It has also been reported that non-psychiatric 

physicians fail to diagnose up to 80% of stroke survivors with PSD12.  Another 

explanation for PSD underdiagnosis is the recent trend of decreased hospital stays.  

Currently the average hospital stay is less than 14 days83, which makes screening for PSD 

increasingly more difficult due to the DSM’s requirement that depression symptoms be 

present for 14 or more days.  In order to identify hospitalized stroke patients at risk for 

PSD, a clinical prediction model called the post-stroke depression prediction scale 

(DePreS) has been developed which has been shown to have acceptable discrimination 

and calibration. DePreS utilizes predictors of PSD available to clinicians during the first 

week post-stroke.  A sampling of predictors utilized include gender, age, type and 
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location of stroke, functional status post-stroke as indicated by the Barthel Index and the 

modified Rankin Scale, patient’s perceived social support prior to stroke as measured by 

the Social Support List-6, and medical history of vascular diseases, depression, or other 

psychiatric disorders84.   Other means of reducing underdiagnosis that have yet to be 

explore and/or implemented include distribution of diagnostic tests to caregivers so that 

they may sporadically assess patients for the presence of PSD and/or more 

comprehensive doctoral education about PSD, its symptoms, and proper treatment. 

 

G. Treatment: Early intervention following stroke to prevent PSD is ideal, particularly 

because approximately 20% of stroke survivors require institutional care for 3 months 

after stroke, which contributes to social isolation, increases healthcare burden, and 

increases the likelihood of PSD85. For those that are diagnosed with PSD, healthcare 

providers do not always choose to provide treatment, despite the fact that a recent study 

by Husseini et al., found that less than 2% of patients who took antidepressants after 

being diagnosed with PSD continued to experience depressive symptoms86.  Doctors 

frequently do not treat PSD because it is often considered an inevitable and reasonable 

emotional reaction to the physical impairment induced by stroke19, that is believed to 

improve as the patient’s physical condition improves87.  Even when healthcare 

professional do advise treatment, they are hesitant to prescribe anti-depressants because 

of the risk of drug-drug interactions, especially in patients with comorbidities82.  Here we 

will briefly review the treatment options most commonly utilized. 

 

1. Psychotherapy: In general, the use of psychotherapy is reserved for patients who do 

not respond to or do not tolerate treatment with anti-depressants. Unfortunately there 

have been few studies completed to assess the efficacy of psychotherapy in the treatment 

of PSD, and in those that have their results have been inconclusive88,89.  One such study 
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conducted by Lincoln et al., examined the effectiveness of cognitive behavioral therapy.  

The study’s results showed that no significant difference in patient’s mood, independence 

in activities of daily living, handicap, or satisfaction of care were noted following 

cognitive behavioral therapy when compared to placebo treatment90.  

 

2. Pharmaceuticals: Despite the fact that antidepressants have existed since the 1950’s, 

the first study assessing the efficacy of antidepressants on PSD was not conducted until 

198491. Currently, selective serotonin reuptake inhibitors (SSRIs) are the recommended 

pharmacotherapy for PSD because of their favorable tolerability. Despite the structural 

heterogeneity of many SSRI’s, each may have different effects due to their unique 

pharmokinetics, half-lives, protein binding, metabolism, selectivity, and receptor 

affinity92,93; thus, a wide variety of antidepressants exist to treat the symptoms associated 

with depression. 

 

2.1 Nortriptyline, a tricyclic antidepressant, was the first antidepressant whose efficacy 

was assessed in PSD.  The results of two randomized, double-blind, placebo-controlled 

studies suggest that treatment with nortriptyline is associated with a decrease in 

depression symptoms94,95. More specifically, in Linsey et al., patients treated with 

Nortriptyline for 6-weeks were found to have a significant decrease in depression 

compared to controls as assessed by the Hamilton Depression Scale, the Zung Depression 

Scale, a present state examination, and the Overall Depression Scale95.  Nortriptyline was 

found to improve patients between 60-79% compared to placebo treated patients who 

improved on average by 30-40%, depending on the study94,95.  Nortriptyline has also been 

found to reduce mortality96 and increase independence on activities of daily living97.  

Unfortunately, despite its seemingly beneficial effect, it has many adverse side effects 
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including fast heart rate, blurred vision, urinary retention, constipation, insomnia, nausea, 

weight changes, decrease sex drive, and impotence.  

 

2.2 Citalopram is an SSRI that is known to have good efficacy and tolerability in 

depressed patients, and has been thoroughly assessed in the literature. In one 6-week 

double-blind placebo controlled study by Andersen et al., patients diagnosed with PSD as 

determined by a HDRS score of 13+, in accordance with the DSM-III-Revised diagnostic 

standards, were given 20 mg/day at bedtime (10mg/day if over 66 years of age). The 

study found citalopram to be both well-tolerate and effective in patients, especially those 

who became depressed within 7 weeks of stroke.  Citalopram administration was also 

found to reduce emotionalism and to be effective regardless of lesion hemisphere98.  In an 

earlier study by the same group, citalopram was found to significantly reduce crying 

episodes in those with PSD99.  Additionally, citalopram has been found to act favorably 

in the elderly, a population that is at an especially high risk of PSD due to the fact that 

stroke is more prevalent in older populations100.  Lastly, it is important to note that to 

date, the functional gain(s) associated with citalopram have yet to be assessed93.  

 

2.3 Fluoxetine, also known by the trade names Prozac and Sarafem, is an SSRI that has 

been shown to be effective in the treatment of PSD. This was demonstrated in a study by 

Wiart et al., in which hemiplegic patients within 3-months of stroke onset, were treated 

with 20mg/day of Fluoxetine or a placebo for 6-weeks.  At the conclusion of the trial, 

patients were assessed using MADRS, and the fluoxetine treated group was found to have 

a greater mean decreased in MADRS compared to placebo  (16.6 vs 8.4, respectively)101.  

In this study it is important to note that no differences in motor, cognitive, and/or 

functional improvement were observed101. The conclusions of Wiart et al. were mimicked 

in a 2011 study by Chollet et al. in which patients 5-10 days post-stroke were treated with 
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a placebo or 20mg/day of fluoxetine102.  Placebo-treated patients were found to have 

increased rates of depression as indicated by scores on MARDS and the FugiMeyer 

Scale. Fruehwald et al. conducted a double-blind randomized place-controlled study that 

produced complimentary results and indicated that fluoxetine may need to be 

administered for longer periods of time for its full benefits to be observed.  During the 

study, fluoxetine (20 mg/day) or a placebo was administered for 3-months to patients 

beginning within two weeks of stroke onset.  Treatment efficacy was assessed using the 

Scandinavian Stroke Scale, Mini-Mental State Exam, and the Barthel Index.  The study 

results indicate that following 4-weeks of treatment, despite the fact that both the 

treatment and placebo groups improved, no significant difference was observed between 

the two groups, indicating a high degree of spontaneous recovery.  Following 12-weeks 

of treatment the fluoxetine group showed further improvement, while the placebo group 

had symptom relapse.  This difference was even more visible at the final 18-month 

assessment in which the placebo group showed a significant depression relapse.  Despite 

the promising anti-depressant effects observed in PSD patients when administered 

fluoxetine, there have been studies that refute its efficacy.  One such study was conducted 

by Robinson et al., in which 12-weeks of active Fluoxetine treatment (10mg/day 

gradually increased to 40mg/day during the study) followed by 12-weeks of placebo 

treatment led to no significant difference between the fluoxetine and placebo treatment 

groups94.  Although the majority of studies in the literature support the efficacy and use 

of fluoxetine to treat PSD, it is important to note that fluoxetine comes with a variety of 

side effects including, trouble sleeping, appetite loss, mania, seizure, and increased risk 

of suicidal behavior, which may make its use less appealing. 

 

2.4 Sertraline, an SSRI also known as Zoloft, was first shown to be effective in treating 

PSD in a 2003 study by Spalletta et al103.  Post-stroke patients with a diagnosis of MDD 
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according to the DSM-IV were given 50-100 mg/day of sertraline or a placebo and their 

improvement assessed by the Hamilton Depression Scale, the Mini Mental State Exam, 

and the Barthel Index. Of those treated with sertraline, 45% were found to not be 

depressed at the conclusion of the trial, while 20% presented with minor depression, and 

35% still suffered from MDD.  All participants treated with sertraline were found to have 

both cognitive and functional performance improvement at the conclusion of the study. 

Despite these promising findings, it is important to note that the significance of these 

findings are inhibited by the fact that the study was not double-blind, and was conducted 

using a small sample size (n=20)103.  Similar efficacy was reported by Zifko et al., in 

which 88% of patients treated with sertraline showed improvement on the Clinical Global 

Impression test.  Additionally, the duration of time between treatment and improvement 

in this study was found to be 13.3 +/- 6 days, which is a much shorter duration that 

associated with most SSRIs104.  The efficacy of sertraline in the prevention of PSD has 

also been examine and shown to significantly decrease the development of PSD such that 

only 10% of individuals treated with sertraline developed PSD while 30% of placebo 

treated patients developed PSD105.  

 

2.5 Venlafaxine is a serotonergic and noradrenergic reuptake inhibitor whose use in 

treating PSD was first explored in 1999 by Dahment et al. The findings of this 

investigation revealed that treating patients for 5-weeks with venlafaxine (75 mg/day 

dose for days 1-2, 150 mg/day for remainder of trial) resulted in a decrease in depression 

as indicated by MADRS (26.7 +/-5 baseline, 7.6 +/_ 2.2 post-treatment).  Additionally, 

treatment with venlafaxine led to decreased neurological deficits as measured by the 

Modified Barthel Rehabilitation Score, the European Stroke Scale, and the Rankin 

Scale106.  Similar results have also been reported in more recent studies107,108.   One 

especially important finding was published by Cravello et al., which showed that 
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treatment with ventlafaxine was able to attenuate alexithymia, a condition which 

commonly accompanies PSD and is defined as the inability to recognize emotions and 

their subtleties and textures108.  

 

2.6 Mirtazapine, a noradrenergic and specific serotinergic antidepressant, is another drug 

that has been shown to be effective in the treatment of PSD.  In 2004, Niedermaier et al., 

showed that administration of 30mg/day of mirtazapine beginning 1-day post-stroke was 

associated with a significant decreased in PSD, such that patients treated with 

mirtazapine had a 5.7% rate of PSD, while 40% of those untreated were diagnosed with 

PSD109.  It is important to note that this study was not blinded and had no placebo group.  

One year later, another study was published showing that mirtazapine was associated 

with a rapid decrease in depression symptoms, in particular pathological laughing and 

crying, in patients who did not previously respond to or could not tolerate SSRI 

treatment110.  Unfortunately, this study was a case study of 2-patients, thus making its 

results less applicable, and still leaving the efficacy of mirtazapine as a treatment for PSD 

unknown.  

 

H. Influence on Recovery: In recent decades, there has been a decrease in stroke 

mortalities, primarily due to increased accessibility to medical care and medical 

advancements, leading to more survivors with residual impairments and disabilities82,111.  

Thus, the influence of PSD on recovery has become a topic of great interest.  Stroke 

prognosis has been shown to be dependent on a number of baseline characteristics 

including age, gender, stroke severity, and the presence of post-stroke complications such 

as PSD112,113.  Many of the symptoms attributed to PSD, such as sleep disturbances, loss 

of energy, sense of worthlessness, and psychomotor retardation, are also associated with 

reduced quality of life and are known to interfere with stroke recovery114,115; thus, it 
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comes as no surprise that PSD is negatively associated with a number of recovery 

metrics. To date, it has been shown that PSD can have a negative effect on quality of 

life116-120, functional recovery, cognition, and time to stroke reoccurrence as briefly 

described below. 

 

Quality of life is an important healthcare outcome which is of particular interest 

following stroke due to its ability to effect multiple domains of life120.  PSD has been 

shown to be one of the strongest predictors of quality of life in stroke survivors116-120, yet 

the exact aspects of quality of life that are most effected remain unclear. Quality of life is 

commonly assessed using short form-36, a patient-reported self-assessment that evaluates 

eight domains: vitality, physical functioning, bodily pain, general health perceptions, 

physical functioning, emotional functioning, social relations, and mental health. In 

patients with PSD, Zikic et al. found the domains of emotional functioning and social 

relations to be most impaired121, while another study by Unalan et al. showed that the 

general health perception and vitality domains had the lowest scores122.  Undoubtedly a 

more thorough investigation of the decline of quality of life associated with PSD is 

necessary in order for effective therapies and treatments to be developed.    

 

Functional recovery is another means of assessing rehabilitation, but the results to date 

regarding the influence of PSD on functional recovery are inconsistent.  A number of 

studies by Robinson and colleagues have failed to show a significant difference in 

functional outcome123-127, but more recently there have been publications showing that 

PSD is indicative of poorer functional outcomes38,128,129 and stroke reoccurrence130.  

Further support was published by Pohjasvaara et al. in a 2001 study which showed that 

individuals with PSD have poorer functional outcomes as indicated by Rankin Scale and 

Barthel Index scores (RS>11, BI<17)128. Despite the fact that those with PSD have poorer 
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functional outcomes, they do not necessarily have decreased functional improvement as 

shown by Van de Weg et al. In their study individuals suffering from PSD were found to 

have significantly lower functional scores during all study time points, but no functional 

improvement differences were observed between depressed and non-depressed patients39.  

Similar results were seen in Sinyor et al., in which patients with PSD were found to have 

greater functional impairment at both admission and discharge from a rehabilitation 

program, but there were no significant differences observed in functional gains when 

compared to stroke only patients.  Nannetti et al., contradicted these results in a 2005 

study which showed that stroke patients with PSD had similar functional improvement 

during hospitalization as stroke patients without PSD, but the functional improvement 

seen in these patients decreased after discharge129. 

 

PSD is also thought to influence stroke reoccurrence, as indicated by the results of a 

publication by Yuan et al., in 2012 that showed that patients diagnosed with PSD 2-

weeks post-stroke had an increased chance of reoccurrence of stroke at 1 year post-

stroke, and that administration of antidepressants did not reduce this risk131.  In addition, 

time to first ischemic stroke recurrence was found to be significantly shorter in patients 

with PSD, compared to stroke survivors who did not suffer from PSD130.  In particular, 

stroke patients suffering from a subtype of depression called depression-executive 

dysfunction syndrome (DES), a condition in which patients have difficulty organizing, 

planning, and reduced interest in activities, had even shorter reoccurrence times than 

patients with PSD alone130,132.  These findings reinforce the fact that individuals with 

PSD and DES are a high risk post-stroke patient group, and further confirms that doctors 

should actively treat PSD rather than allow self-recovery in order to lessen the chance of 

ischemic stroke reoccurrence.   
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It is well established in the literature that PSD is associated with increased incidence of 

mortality133-135.  The first study to show this was published by Morris et al., in 1993. The 

study showed that at 10 years post-stroke, those who had been diagnosed with PSD at 2 

weeks post-stroke had a 3.4 times greater chance of mortality compared to stroke only 

controls134.  These results were later confirmed by House et al. in which patients 

diagnosed with PSD at one month post-stroke were found to have a 2.4 greater chance of 

mortality at 12 months post-stroke133.  Additionally, Williams et al., the largest study 

examining the association between PSD and mortality to date, showed similar results.  At 

a 3 years post-stroke assessment, veterans with PSD were found to have higher rates of 

mortality.  However it is important to note that the authors of this study only diagnosed 

approximately 5% of post-stroke veterans with PSD, which suggests that PSD was likely 

underdiagnosed135.  

 

I. Hypothesized Mechanisms: There are currently multiple hypotheses as to the cause of 

PSD, but unfortunately they do not all point to a definite conclusion. The majority of 

those that do exist were generated in response to MDD, but are believed to be applicable 

to PSD as well.  Current hypotheses for PSD suggest either a biological or psychosocial 

origin of depression, and are described below:   

 

1. Biological Hypothesis: According to biological hypotheses, PSD is believed to occur 

as a result of brain lesion location, changes in neurotransmitter availability, the 

inflammatory cytokine response, gene polymorphisms, or deregulated neurogenesis.  

 

1.1 Lesion Location Hypothesis: Many publications have reported variance in PSD 

prevalence and/or severity as a direct result of lesion location136,137. The first to report 

such findings was Robinson et al. who observed increased depression severity in 
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association with lesions in the left frontal lobe, and furthermore that left posterior lesions 

were associated with significantly lower depression scores than left anterior 

lesions124,138,139.  However, there have also been multiple individual studies34,140-144 and 

meta-analyses142,145 in which left hemisphere strokes were not found to be associated with 

an increased risk of PSD. In fact, many studies have shown the exact opposite, suggesting 

instead that there is an association between right hemisphere lesions and PSD146-149.  Still 

other studies have shown associations between different brain regions including the 

frontal cortex150, temporal lobe150, internal capsule150,151, and the basal ganglia151, but still 

no hemisphere association. More studies are necessary to elucidate whether or not lesion 

location and PSD incidence are connected, as the current findings are inconclusive.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

 

1.2 Biogenic Amine Hypothesis: This hypothesis was first proposed in 1977 by two 

researchers at Johns Hopkins University, Robinson and Bloom, who hypothesized that 

depletion of serotonin, dopamine, and norepinephrine in the central nervous system is the 

pathophysiologic basis of depression152. Serotonin, dopamine, and norephinephrine 

neuronal bodies are located in the brainstem, while their axons reach the frontal cortex 

through the thalamus and basal ganglia.  Thus, the authors proposed that decreased 

monoamine availability and synthesis was due to interruption of ascending biogenic 

amine containing axons, which further explains why production of monoamines is 

reduced even in uninjured areas of the brain.  Support for this hypothesis has been found 

in a number of studies which have shown that serum and cerebral spinal fluid (CSF) 

levels of dopamine, norepinephrine, and serotonin are decreased in PSD patients153.  This 

hypothesis is further supported by the fact that many antidepressants have been shown to 

be effective in alleviating depression in patients with MDD, however it remains unclear 

whether that is the case in PSD152.  Lastly, if this hypothesis were confirmed true, it 

would provide further support for the influence of lesion location on the development of 
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PSD, such that if a lesion falls in a location that interrupts biogenic amine transport, 

bioamine production may also be reduced leading to depression.   

 

1.3 Cytokine hypothesis: The cytokine hypothesis, which was first proposed by Spalletta 

et al. in 2006, suggests that depression occurs as a result of increased pro-inflammatory 

cytokine production.  Increased pro-inflammatory cytokine availability amplifies the 

inflammatory process and ultimately causes widespread activation of the indoleamine 

2,3-dioxygenate (IDO) enzyme154-157.  Increased activation of the IDO enzyme leads to 

increased tryptophan, a serotonin precursor, metabolism and consequently decreased 

availability for serotonin synthesis.  Decreased production of serotonin is believed to 

ultimately lead to depression157.  Providing support for this hypothesis is the fact that 

patients suffering from MDD have been found to have elevated levels of the pro-

inflammatory cytokines, IL-1, IL-6, IL-8, tumor necrosis factor-alpha, and interferon-

y158,159 and elevated pro-inflammatory cytokines have also been found in patients with 

PSD158. Additionally, Yang et al. showed that at 7 days and 6 months post-stroke levels 

of IL-18 are associated with the occurrence of PSD160.  In animal studies, administration 

of IL-6 or other cytokine inducers, such as lipopolysaccharide, have also been shown to 

induce a depressive-like phenotype161.  Although there are multiple publications that 

support the cytokine hypothesis there are a number of concerns that make validation 

difficult.  To begin, most of the published studies measure cytokine levels in the plasma, 

which may not reflect cytokine activity within the central nervous system157.  

Furthermore, in addition to increased activation of pro-inflammatory cytokines, there are 

other molecular cascades activated following stroke that lead to increased anti-

inflammatory cytokine production.  In theory these anti-inflammatory cytokines should 

counterbalance the effects of inflammatory cytokines.  Thus, it is clear that further studies 

are necessary before the validity of the cytokine hypothesis can be determined.  
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1.4 Gene Polymorphism Hypothesis: It has long been suspected that MDD may be a 

result of gene polymorphisms, as a result of interactions between predisposing genes and 

environment, and it appears that the same may be true for PSD.  The first genetic study 

showing that polymorphisms to the serotonin transporter (SERT) gene may predispose 

stroke survivors to PSD was published in 2006 by Ramasubba et al.  Their study 

examined the Serotonin gene-linked promoter region (5-HTTLPR), an allele variant that 

is subdivided into a short (s) and long (l) allele based on the presence or absence of a 43-

base pair insertion/deletion polymorphism162-164.  The study results showed that the s-

allele was associated with increased odds of PSD165.  These results were replicated in a 

larger study by Kohen et al. two years later, that also showed that stroke patients with the 

5-HTTLPR s/s genotype have a three times greater chance of being diagnosed with PSD 

than l/l and l/xl genotype carriers.  Kohen et al. also examined another SERT 

polymorphism, STin2 VNTR, and showed that those with the Stin2 9/12 and 12/12 

alleles had four times greater odds of PSD than Stin2 10/10 genotype carriers164.  Similar 

results were shown by Kim et al. such that the 5-HTTLPR s/s genotype was found to be 

associated with greater risk of PSD166.  

 

1.5 Neurogenesis Hypothesis: One of the newest hypotheses in the field of depression is 

the neurogenesis hypothesis, which proposes that neurogenesis in the subgranular zone of 

the dentate gyrus is negatively influenced by stressful experiences, such as stroke, and 

positively regulated by antidepressant treatment. Thus, dysregulation of neurogenesis is 

believed to play a key role in the pathology and treatment of PSD.  There exists a wealth 

of knowledge supporting this hypothesis, specifically that stressful events can decrease 

hippocampal neuronal generation167,168 and that the hippocampal volume of MDD 

patients is decreased compared to controls169,170.  Additionally, increased proliferation of 
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hippocampal neuronal progenitor cells have been found in MDD patients treated with 

antidepressants171-175 and/or electroconvulsive shock therapy176. Even more promising is 

the fact that newly generated hippocampal neurons have been found to integrate into the 

preexisting circuitry177-180.  Another reason why researchers have been quick to support 

the neurogenesis hypothesis is that it helps to explain the delayed clinical results 

observed following antidepressant administration in claiming that maturation of 

hippocampal progenitors into mature dentate gyrus granule neurons and circuitry 

integration takes approximately 3-4 weeks.181,182, and thus the delayed clinical efficacy 

following antidepressant administration is reasonable and expected.  Despite the fact that 

a wealth of knowledge has been gathered to validate this hypothesis in regards to MDD, 

little work has been done in the field of PSD to date. One study that has provided proof 

for the legitimacy of the neurogenesis hypothesis in PSD was published by Wang et al. in 

2008.  This study showed that in a rat model of PSD, hippocampal proliferation and 

neurogenic rates were reduced compared to controls, and that this reduction was rescued 

by administration of citalopram183.  

 

2. Psychological Hypothesis: The psychological hypothesis of PSD is based on the fact 

that stroke associated social and psychological stressors cause depression25. It was not 

always clear whether PSD was a physiological reaction to the neurological deficits 

associated with stroke or a biologically mediated change, especially since many results 

that supported a biological hypothesis could not be replicated. The idea of a 

psychologically based hypotheses for PSD first arose in the 1970’s, after stroke patients 

were found to have a higher occurrence of depression compared to orthopedic patients 

with similar functional deficits184.  Another study that has provided support for a 

psychosocial hypothesis was published by Biran and Chatterjee.  In their study a male 

patient experienced a left subcortical stroke and anosognosia, a condition in which a 
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patient lacks awareness of his/her disability.  Anosognosia is incredibly rare in patients 

with PSD, and provides a perfect model in which to examine whether PSD is 

psychological mediated.  The patient with anosognosia for hemiplegia was found to only 

recognize his deficits when engaging in activities that highlight their disability.  Due to 

this particular patient’s lack of constitutional symptoms, he was not aware of his 

disability yet he still experienced symptoms of depression185, thereby suggesting that the 

mechanism of PSD cannot be purely biological.  

 

J. Animal Models: Despite the fact that PSD is one of the most prevalent 

neuropsychiatric manifestations of stroke, development of relevant animal models has 

been difficult primarily due to the multifaceted nature of PSD (psychological, behavioral 

and vegetative)186.  To date few animal models of PSD have been established in the 

literature, and those that do exist may not properly replicate PSD. Most of the current 

animal models focus on the post-acute stage of recovery, which only examines a small 

snap-shot of time.  Additionally, the majority of PSD studies utilize young animals.  

Epidemiological studies have shown that ischemic strokes are most common during late 

middle age (50-70 years old)187,188; thus, it is advised that older animals (12-18 month 

rodents) be used in studies to properly model PSD and make findings translatable to a 

clinical population189-192.  Of the models that do exist, the current models most frequently 

utilized are described below:   

 

1. Middle Cerebral Artery Occlusion (MCAO): The MCAO animal model of stroke is 

one of the most widely used animal models of ischemic stroke.  Results regarding 

whether MCAO alone can induce depression have been inconclusive, with some studies 

showing the induction of a depression-like phenotype193,194, while other studies show no 

behaviors which suggest the presence of PSD195-197.  
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2. MCAO + Chronic Mild Stress: The majority of current PSD models rely on MCAO in 

combination with a stressor194,198.  Most commonly stress is induced via a chronic mild 

stress (CMS) paradigm which may include exposure to a variety of stressors including: 

food and water deprivation, a 45° cage tilt, overnight illumination, soiled cage, 

swimming in 4 °C water, and paired caging199.  Following stroke + CMS, rodents have 

been found to have consistent and persistent depression-like behavior as observed during 

open field, sucrose preference, forced swim, and Morris Water Maze testing194,198.  

Additionally, stroke + CMS treated animals show atrophy, neurodegeneration, and 

decreased proliferation and differentiation of neuronal cells in the striatum and 

hippocampus similar to that observed in patients with PSD194,200,201.  Despite its 

widespread use, unfortunately the mechanism(s) through which PSD develops in the 

MCAO + CMS model are still unknown.  

 

3. MCAO+ Social Isolation: Social isolation has been shown to be a predictor of 

increased rates of depression, as well as morbidity and mortality202-204; thus, combining 

MCAO and social isolation is used as a means of modeling PSD.  Following stroke, 

survivors often experience real and/or perceived social isolation due to physical, 

cognitive, and social functional deficits that often accompany stroke205-207. Interestingly, 

pre-stroke isolation has also been linked to poorer functional recover and increased 

incidence of post-stroke anxiety and PSD6,22,203.  In 2014, O’Keefe et al. demonstrated 

this in a mouse model.  Prior to induction of 60-minute MCAO, mice were pair-housed or 

individually housed, and following surgery all animals were individually housed.  Study 

results indicated that a depression-like phenotype was present in all animals as shown by 

behavioral results from the forced swim and open field tests. Additionally, the 

depression-like phenotype was found to be much more prevalent in individually housed 
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animals compared to pair-housed mice. Further proving the detriment of social isolation 

following stoke, in that same year Verma et al. released a study showing that animals 

pair-housed before and after stroke had increased sociability, reduced immobility during 

the tail suspension test, and decreased atrophy compared to isolated littermates208.  

 

4. MCAO + Spatial Restrain Stress: Following stroke, survivors suffering from 

hemiplegia often become reliant on caregivers due to mobility deficits, thereby inducing 

psychological stress and physical restraint. Thus in order to generate a more clinically 

relevant model of PSD, Zhang et al. developed a model of PSD which involves a 60-

minute MCAO coupled with spatial restraint stress for 2 hours/day for 2-4 weeks 

beginning 4 days post-stroke.  This paradigm is believed to be reflective of the 

psychological strain and perceived/real mobility deficits experienced following stroke, 

both of which may play a role in the development of PSD.  This model has shown great 

pathophysiological and etiological similarities with clinical PSD, as indicated by 

increased immobility on the forced swim test and tail suspension test, decreased levels of 

dopamine and serotonin in the brain, and responsiveness to the antidepressant 

imipramine209.    

 

K. Behavioral Tasks Use to Assess PSD in Animal Models: The majority of current 

behavioral tasks used to assess the presence of a depression-like phenotype in rodents 

were originally developed to determine the efficacy of pharmaceutical treatments to treat 

depression. Because there is no consensus on exactly what a depression-like state in mice 

entails, it is common for researchers to conduct a number of behavioral tests, called a test 

battery, in order to assess depression. Test batteries are often completed in order to assess 

different aspects of depression, which is especially useful due to PSD’s multifaceted 

nature195. Unfortunately, behavioral tasks are known to be stressful, and may introduce 
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unintentional confounds into experimentation. Thus, it is recommended that test batteries 

begin with the least and end with the most stressful test to limit the influence of one 

behavioral test on subsequent tests210. Additionally, when possible, the completion of 

each behavioral task in the test battery should be separated by one day210.  

 

Today there exists a number of behavioral tasks commonly used to assess PSD, but 

previously the forced swim test (FST) and tail suspension test (TST) were thought to be 

the gold standards for detecting a depression-like phenotype.  However, since both of 

these tests assess response to an acute inescapable stressor and thus provoke despair–

based behavior rather than depression-like behavior, a number of other behavioral tests 

such as the sucrose preference test, splash test, the novelty-suppressed feeding test, and 

social interaction test, have become commonplace211.  It should be noted that other 

behavioral tasks such as the open field and the elevated plus maze are used in some 

studies to measure depression, but the results from these tests are more indicative of 

anxiety levels than depressive-like behavior.  Below the most commonly used behavioral 

tests to assess a depression-like phenotype are described. 

 

1. Forced Swim Test (Porsolt swim test): A rodent behavioral task initially developed as a 

rodent screening test for potential antidepressant drugs, originally designed for rats and 

modified for use in mice212,213.  During testing, rodents are placed in an inescapable 

transparent tank that is filled with room-temperature/warm water (24-30¹C) to a depth 

sufficient to prohibit the use of the rodent’s tail for balance.  During testing latency to, 

duration, and frequency of immobility (indicated by the absence of swimming/movement 

with the exception of minimal movement required for the animal to keep its head above 

water) are measured. Immobility during testing is interpreted as a failure to produce 

persistent escape-directed behavior and/or the development of a passive response to 
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stress213.  It is important to note that not all strains of mice have the same baseline 

immobility on the FST.  One strain of mice particularly non-responsive to the FST is the 

FVB strain that typically shows no immobility during test214.   

 

2. Tail Suspension Test: A rodent behavioral task developed by Steru et al., used to assess 

a depressive-like phenotype, based on the assumption that animals will actively try to 

escape aversive stimuli215.  During testing animals are suspended above a solid surface 

using adhesive tape applied to the tail in such a way that escape or contact with nearby 

surfaces is not possible216.  Throughout the typically 6-minute trial, duration of 

immobility is measured, as defined as a deficit of swimming, jumping, rearing, sniffing, 

and/or diving.  Longer periods of immobility are thought to indicate a lack of “will to 

live” and thus are indicative of a depressive-like phenotype.  Additionally, it is important 

to know that not all mouse strains are suitable for tail suspension testing, particularly 

those which are known to have vestibular deficits or tail climbing behavior (ex: 

C57BL/6J)217. Both the forced swim and tail suspension tests measure immobility, thus it 

is important to note that use of the tail suspension test has a number of advantages in 

comparison to the forced swim test including that: 1) testing poses no risk of 

hypothermia; 2) upon completion of testing, animals resume spontaneous activity 

immediately; 3) no post-testing care is required; and 4) results are not confounded by 

motor deficits that may be present post-stroke218.  

 

3. Sucrose Preference Test: This task assesses anhedonia, a lack of interest in rewarding 

stimuli, which is commonly observed in depressed individuals. The task specifically 

accesses the rodent’s interest in seeking out a sweet, rewarding drink compared to water.  

On the first day of testing, mice are presented with 2 liquid diet feeding tubes, both 

containing water to allow for habituation to the presence of two water bottles and non-
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lixit water consumption.  After habituation, one of the animal’s liquid feeding tubes is 

replaced with another liquid feeding tube filled with 2% sucrose dissolved in water 

(2g/100ml). Rodents are given free choice to drink from either feeding tube for anywhere 

from one to four days.  In the case of multiple day trials, the location of feeding tubes are 

switched daily to eliminate location bias. During testing, consumption of water and 2% 

sucrose is assessed daily by weight, and the results averaged over the trial duration195. 

Typically, mice are biased towards the sweetened water, and failure to do so is indicative 

of anhedonia/depression. One potential confound to consider when completing the 

sucrose preference test is that preference may be influenced by metabolic, sensory, and 

appetitive influences, which may be present in genetically modified rodents.  

 

4. Splash Test: The splash test is a behavioral test that assesses grooming as an index of 

self-care and motivational behavior.  During testing the mouse’s dorsal coat is sprayed 

with a 10% sucrose solution. Due to the solution’s viscosity, the sucrose dirties the 

mouse’s fur resulting in the initiation of grooming behavior. Latency to first grooming 

and duration of grooming is recorded manually for five minutes. A lack of grooming or 

delayed grooming is indicative of a depressive-like phenotype219-221.  

 

5. Novelty-Suppressed Feeding: Another means of assessing anhedonia beyond using the 

sucrose preference test is by conducting the novelty-suppressed feeding test.  This test is 

based on rodents’ innate fear of new spaces; thus, it assesses anhedonia by examining the 

conflict a mouse has when approaching and consuming food in a novel 

environment195,222.  Twenty-four hours prior to testing, rodents are deprived of food, yet 

still have free access to water. During testing rodents are removed from their home cage 

and placed in a novel environment with a single food pellet in one corner. Latency to 
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approach and consume the food pellet is recorded. Anxious mice are known to be slower 

to approach and consume food than non-anxious mice195,222.  

 

6. Social Interaction Test: Social deficits are common in depressed individuals, thus 

assessing social interaction may be an appropriate means of detecting a depressive-like 

phenotype in rodents. During the social interaction test a rodent is allowed to explore an 

unfamiliar mouse in its home cage. Social interaction is defined by the amount of time 

the rodent spends around the congener in addition to the amount/duration of other social 

interaction behaviors (sniffing, following, grooming, biting, mounting).  The only 

potential drawbacks to administering this test is that automated scoring is difficult, 

thereby making its results highly objective223.   

 

L. Conclusion: PSD is a condition effecting over 2 million people in the United States 

alone, and thus it is critical that research funds are dedicated to better understand its 

etiology and to developing prevention/treatment methods.  Despite the fact that a wealth 

of research has been conducted in regards to stroke and depression, exploration of post-

stroke depression as its own condition is relatively minimal.  Fortunately, in recent years 

much more time and funding has been dedicated to PSD research, but sadly conclusions 

in the field are slowed by the sheer number of potential hypotheses, the fact that few 

animal models exist thereby limiting the generation of clinically translatable research, 

and that the efficacy of common depression treatments have not been assessed for PSD.  

Hopefully better awareness of the symptoms and prevalence of PSD may lead to more 

individuals being properly diagnosed and treated, and as a consequence, the impact PSD 

may be minimized. 
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CHAPTER II: Hypoxically preconditioned-bone marrow stromal cells attenuate 

post-stroke depression 

A. Introduction: Each year over 800,000 strokes occur in the United States alone, 

resulting in a number of neuropsychiatric manifestations3, the most common of which is 

depression, commonly referred to as post-stroke depression (PSD), which is found to 

occur in over one-third of stroke survivors4-6. Currently, over one-third of stroke 

survivors experience PSD5,6,126, thereby leaving them at a greater chance of increased 

disability, delayed functional recovery, decreased cognitive function, morbidity, and 

mortality134,135,224,225.  The detrimental effects associated with PSD are countless, and thus 

it is necessary that new and innovative treatments for PSD are investigated in order to 

improve long-term patient outcomes post-stroke.   

 

Following stroke, survivors often experience significant distress and/or impairment of 

social, occupational, and/or other important functional areas.  Social impairment is 

especially of concern, as social factors have a profound influence on stroke outcome226, 

and have been shown to be associated with decreased quality of life and 

psychopathological states.  Furthermore, social interaction has been shown to decrease 

neuronal damage associated with cerebral ischemia227-229; consequently, reduced social 

interaction is often detrimental. Thus, it comes as no surprise that a strong correlation 

exists between social deficits/isolation and PSD incidence.  One hormone believed to be a 

psychosocial mediator of stroke outcome is oxytocin230, a hormone secreted by the 

posterior lobe of the pituitary gland which is known to induce and facilitate social 

behaviors227-229.  Oxytocin works by helping animals to overcome avoidance of proximity 

to others and by inhibiting defensive behavior, thereby allowing approach behavior231-235; 

therefore, changes in oxytocin level play a role in sociability.  Although there have been 

few investigations into the role of oxytocin in stroke recovery and outcome, a recent 
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study by Karelina et al. provided evidence to suggest that social interaction and oxytocin 

are neuroprotective following stroke.  Specifically, this study showed that socially housed 

stroke mice had reduced infarct volume, neuroinflammation, and oxidative stress.  

Furthermore, administration of an oxytocin receptor agonist eliminated the 

neuroprotective effect associated with social housing, and administration of endogenous 

oxytocin to socially isolated stroke mice reproduced the neuroprotective effect conferred 

by social housing230.  Together, these data provide strong evidence for oxytocin as a 

mediator of stroke outcome.  

 

To date very few resources have been dedicated to exploring PSD therapies.  Rather, 

treatment options have been extrapolated from those utilized to treat major-depressive 

disorder.  In order to fully explore the potential benefits of oxytocin, we decided to utilize 

stem cell transplantation, specifically of bone marrow stromal cells (BMSC).  BMSCs are 

multipotent progenitor cells which are capable of differentiating into many cell types 

including neurons236.   Treatment of neurological conditions with BMSCs has previously 

been shown to confer a number of positive benefits including enhanced cell migration to 

the site of injury237, improved functional outcomes238,239 and enhanced neurotrophic 

support240,241. Additionally, we utilized BMSCs hypoxically-precondition with sublethal 

hypoxia prior to transplantation242, a strategy which we have previously shown to be 

associated  not only increased cell survival, but also with increased oxytocin and oxytocin 

receptor expression when utilized on induced pluripotent/embryonic stem cell-derived 

neural progenitor cells243.  Hypoxic pretreatment is also associated with a number of other 

therapeutic benefits that are believed to occur as a result of the activation of endogenous 

pro-survival trophic signals, such as BCL-2, hypoxic-inducible factor, erythropoietin 

receptor, neurofilament, synaptophysin, and VEGF244,245.  Furthermore, transplantation of 

hypoxically-preconditioned BMSCs (HP-BMSCs) has been shown to down-regulate pro-
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inflammatory cytokines/chemokines (ie. CC3, CC5, CC17, CCL4, CXCR3, CXCL10) 

and suppress microglia activity in the brain246.   

 

Due to the multitude of benefits associated with BMSC transplantation and hypoxic 

preconditioning, we are confident that their therapeutic use will be beneficial to both 

stroke recovery and outcome. Consequently, we hypothesize that treatment of stroke 

animals with HP-BMSCs will attenuate the depression-like phenotype commonly 

observed following stroke and attenuate the social deficits associated with stroke. 

 

B. Methods 

Transient focal ischemia animal model: C57BL/6 (20–26 g, 8-10 weeks old) mice were 

housed at room temperature with a 12 hr light/dark cycle in the pathogen-free Laboratory 

Animal Center for Research at Emory University. Occlusion of the distal branches of the 

middle cerebral artery (MCA) were performed according to previous procedures with 

minor modifications246,247.  In brief, 8–10 week old C57BL6 mice were anesthetized 

using isoflurane (4% induction; 1.5% maintenance). The right MCA branches were 

permanently ligated using a 10-0 suture (Surgical Specialties Co., Reading, PA) 

accompanied by a bilateral 7-14 minute ligation of the common carotid arteries (CCA).  

During CCA occlusion, barrel cortex blood flow was reduced to less than 20% as 

measured by laser doppler scanning.  Body temperature was monitored during surgery 

and maintained at 37.0°C using a temperature control unit and heating pads.  The 

mortality rate due to ischemic surgery and/or anesthesia failure was approximately 7%.  

Animals were euthanized and decapitated 21 days after ischemic stroke.  Brains were 

immediately removed, sectioned, and stored at −80°C for further processing.  All 

experimental and surgical procedures were approved by the Institutional Animal Care 

and Use Committee (IACUC) at Emory University. 
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Isolation and Culture of BMSCs From Rats 

BMSCs were isolated and harvested as previously described248.  In brief, BMSCs were 

flushed from the fibias of postnatal day 21 Wistar rats (Charles River, Wilmington, MA, 

USA) using a 25-gauge needle.  Mononuclear cells were suspended in Dulbecco's 

modified Eagle's medium (Cellgro, Manassas, VA, USA) supplemented with 15% fetal 

bovine serum (Sigma, St. Louis, MO, USA) and plated into dishes. Cultures were 

maintained at 37°C in a humidified atmosphere containing 5% carbon dioxide. After 24 

hours, non-adherent cells were discarded, and adherent cells were washed four times with 

phosphate-buffered saline solution (PBS; Sigma). Fresh complete medium was added and 

replaced every 2 days.  Each primary culture was subcultured 1:3 when BMSCs were 

approximately 80% confluent.  Fluorescence-activated cell sorting was performed to 

characterize the BMSC population using CD105, CD73, CD34, and CD45 markers 

(eBioscience, San Diego, CA, USA).  All cells used in this study were freshly isolated 

within five passages and harvested for analysis when they were approximately 80–90% 

confluent. 

 

Hypoxic preconditioning and administration of iPS-BMSCs 

Hypoxic preconditioning of stem cells prior to transplantation was performed to enhance 

their survival and regenerative properties241,248,249.  Cells were incubated under normoxic 

conditions or in a finely controlled ProOx C-chamber system (Biospherix, Redfield, NY, 

USA).  For hypoxic preconditioning, the oxygen concentration in the chamber was 

maintained at 0.1–0.3% with a residual gas mixture composed of 5% carbon dioxide 

balanced with nitrogen for 24 hours followed by 1 hour of reoxygenation time prior to 

analysis and/or transplantation. BMSCs were rinsed with phosphate buffered saline (PBS; 

Sigma-Aldrich) and harvested by trypsinization using Trypsin-EDTA (Life Technologies, 
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Carlsbad, CA, USA).  To increase the barrier permeability of nasopharyngeal mucosa and 

facilitate cell entry into the brain, all animals received 100 µL hyaluronidase (Sigma-

Aldrich) dissolved in sterile PBS, 30 minutes prior to administration of cells.  Five-

microliter drops per nostril were given with 1-minute intervals until a total volume of 50 

µl of cell suspension (containing 1 × 106 cells) was administered. BMSC were 

transplanted 1, 3, 7, and 10 days post-stroke as previously described250,251.    

 

Depression-like Behavior Tasks 

Tail Suspension: A rodent behavioral task developed by Steru et al., used to assess 

depression, based on the assumption that animals will actively try to escape aversive 

stimuli215.  One hour prior to testing, animals were brought into the testing room to allow 

for acclimation. Animals were suspended within a wire cage.   A 17 cm length of general-

purpose laboratory labeling tape (VWR, Radnor, PA) was used to suspend each mouse, 

approximately 2 cm was used to securely attach the animal about 3-4 mm from the end of 

the tail, while the remaining 15 cm were used for suspending each mouse.  Each mouse 

was suspended such that their head was approximately 20-25 cm above the wire cage’s 

base, and they were incapable of escaping or holding onto nearby surfaces.   The use of 

climbstoppers was unnecessary as no tail climbing occurred during testing.   Mice were 

observed and their behavior manually scored for 6 minutes.  The duration of mobility was 

recorded.   Mobility was deemed as any escape-oriented behavior (e.g. trying to reach 

apparatus walls, body shaking, movement of limbs similar to running), but did not 

include smaller movements that were confined to the front legs only.  At the end of 

testing, the tape was gently removed from the mouse’s tail and they were returned to their 

home-cage.  Between sessions, the wire cage was thoroughly cleaned using a sterilizing 

solution.  Tail suspension testing was completed on days 7 and 14 post-stroke.   
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Forced Swim Test: A rodent behavioral task that measures escape-related mobility 

behavior as a means of assessing depression.  For this task, the rodent is placed in a 

transparent glass cylinder filled with room temperature-warm water (23-25 °C) with a 

minimum depth of 10 cm, so as not to allow the animal’s tail or legs to be used for 

balance. Water levels must also be a minimum of 15 cm below the upper surface of the 

cylinder to prevent the animal from climbing out.  Animals were brought into the testing 

room a minimum of 15 minutes prior to experimentation to allow for acclimation. When 

testing began, animals were held by their tails and slowly placed into the water, and their 

tails were only released once their body had completely entered the water, to minimize 

the chance of the animal’s head becoming submerged.  The rodent’s behavior was 

recorded for a total of 6 minutes, but only the last 4 minutes were analyzed. Immobility 

duration, defined as an absence of activity and escape-oriented behaviors (swimming, 

jumping, rearing, sniffing, diving) was recorded.  Once testing was completed, rodents 

were removed from the water and completely dried with paper towels to prevent 

hypothermia prior to being returned to their home cage.  The forced swim test was 

completed on days 7 and 14 post-stroke.   

 

Splash Test: The splash test is a behavioral test that assesses grooming as an index of 

self-care and motivational behavior.  A lack of grooming or delayed grooming is 

indicative of a depressive-like phenotype.  The splash test was adapted from Yalcin et al., 

and consists of spraying the mouse’s dorsal coat with a 10% sucrose solution252.   Due to 

the solution’s viscosity, the sucrose dirties the mouse’s fur resulting in the initiation of 

grooming behavior.    Following the application of the sucrose solution, grooming 

duration was recorded over 5 minute.  The splash test was completed on days 7 and 14 

post-stroke.   
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Sucrose Preference Test: This task assesses anhedonia (lack of interest in rewarding 

stimuli), which is commonly observed in depressed individuals.  The task specifically 

accesses the rodent’s interest in seeking out a sweet, rewarding drink compared to 

unsweetened water. Bias towards the sweetened water is typical, and failure to do so is 

indicative of anhedonia/depression.  For this task animals were individually housed. On 

the first day of testing, mice were presented with 2 liquid diet feeding tubes (Bio-Serv), 

both containing water to allow for habituation to the presence of two water bottles and 

non-lixit water consumption.  On the second day of testing, one liquid feeding tube was 

filled with water, and the other with 2% (w/v) sucrose.  Mice were given free choice to 

drink from either liquid feeding tube. Consumption of water and 2% sucrose water was 

assessed 24 hours later by weight.  

 

Social Behavior Tasks 

Social interaction test: Animals were placed into a test cage and social interaction, as 

defined as social sniffing, social grooming, and following/chasing behaviors, was 

recorded during a 10-minute testing period on days 21 and 28 post-stroke.  Social sniffing 

was defined as the experimental animal sniffing any body part of its test partner.  Social 

grooming was defined as the experimental animal licking and/or chewing the fur of its 

test partner while placing its forepaws on its partner’s back or neck.  Following/chasing 

behaviors were also recorded, and defined as any time when the experimental rat walked 

or ran in the direction of its test partner, who either stayed in place or moved away in 

response.  Total social interaction was the total time spent completing social sniffing, 

grooming, and following/chasing. 

 

Social novelty test: This task assesses general sociability and response to social novelty.  

Rodents are more innately inclined to be social and investigate a novel intruder rather 
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than a known individual; thus a lack of these symptoms indicates deficits in sociability 

and/or social novelty.  During testing, a mouse was placed into a three-chamber box and 

allowed to explore all of the chambers for 10 minutes, after which the mouse completed 

two 10-minute tests. During the first testing period, a non-littermate mouse (former 

stranger) locked in a wire cage was placed into the left chamber, and the experimental 

mouse was allowed to explore all three chambers. Exploration during this period was 

used to quantify sociability.  During the second testing period, a different locked non-

littermate mouse (new stranger) was placed into the right chamber.  The time spent with 

the former stranger mouse and the new stranger mouse was recorded, and results were 

used to access the animal’s response to social novelty. 

  

Western Blot Analysis: Western blotting was used to detect the expression of depression-

related genes after stroke in mice.  After sacrifice, mice were subjected to transcardial 

perfusion using PBS. P enumbra and prefrontal cortex tissues were lysed in a buffer 

containing 0.02 M Na4P2O7, 10 mM Tris-HCl (pH 7.4), 100 mM NaCl, 1 mM EDTA 

(pH 8.0), 1 % Triton, 1 mM EGTA, 2 mM Na3VO4, and a protease inhibitor cocktail 

(Sigma, St. Louis, MO).  The supernatant was collected after centrifugation at 15000g for 

10 min at 4 °C. Protein concentration was determined with a bicinchoninic acid assay 

(Pierce Biotechnology, Rockford, IL, USA).  Equivalent amounts of total protein were 

separated by molecular weight on an SDS-polyacrylamide gradient gel and then 

transferred to a PVDF membrane.  The blot was incubated in 10% nonfat dry milk for 1 h 

and then reacted with primary antibodies at 4 °C for overnight.  The primary antibodies 

and their dilutions are as follows: rabbit anti-synapsin1 antibody (Cell Signaling, 

Danvers, MA, USA) 1:2000, rabbit anti-SNAP25 antibody (Cell Signaling) 1:1000, 

rabbit anti-PSD-95 antibody (Cell Signaling) 1:2000, mouse anti-actin (Sigma) 1:5000, 

rabbit anti-serotonin receptor (Millipore, Billerica, MA) 1:2500, goat anti-oxytocin 
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(Abcam, Cambridge, MA) 1:1000, and rabbit anti-oxytocin receptor (Santa Cruz 

Biotechnology, Dallas, TX) 1:500.  After washing with Tris-buffered saline with Tween-

20 (TBST), membranes were incubated with AP-conjugated or HRP-conjugated 

secondary antibodies (GE Healthcare, Piscataway, NJ, USA) for 2 h at room temperature.  

After final washing with TBST, the signals were detected with 

bromochloroidolylphosphate/nitroblue tetrazolium (BCIP/NBP) solution (Sigma) or film. 

Signal intensity was measured by ImageJ (NIH) and normalized to the actin signal 

intensity. 

 

Statistical analysis: For comparison between 2 groups, a student 2-tailed t-test was used. 

Graph Prism version 5.0 was used to make graphs and to perform statistical analysis.  

One-way ANOVA analysis of variance was used for data analysis and multiple 

comparisons (4 groups) were corrected for with Bonferroni’s test for pair-wise 

comparisons.  Significance was assumed at a p-value of 0.05 in all statistical analyses. 

Randomization was performed, and the sample size was further determined using power 

analysis (Power and Precision 4; Biostat, Inc, Englewood, NJ, USA). 

 

C. Results 

Oxytocin/Oxytocin receptor in vitro upreglation following hypoxic-preconditioning 

Following hypoxic-preconditioning, oxytocin and its receptor’s in vitro expression in HP-

BMSCs were assessed.  HP-BMSCs were found to have significantly increased oxytocin 

and oxytocin receptor protein expression in vitro in comparison to normoxically treated 

BMSCs (N-BMSCs) (Fig. 2.2) .  To ensure that increased expression was maintained, 

oxytocin and oxytocin receptor expression were examined at 0, 1, 3, and 24 hours after 

hypoxic preconditioning.  Our results indicate that upregulation of expression of oxytocin 
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and the oxytocin receptor in HP-BMSCs remains present for at least 24 hours post-

hypoxic treatment (Fig. 2.1a). 

 

Depression-like behavior is present post-stroke, and attenuated by HP-BMSCs.   

A series of behavioral tests capable of detecting a depression-like phenotype were 

utilized to detect PSD in our right barrel cortex transient ischemia mouse model. 

 

Tail Suspension Test: The percent of total time during the test trial spent immobile was 

recorded at 7-days (ncontrol=16; nstroke=34; nHP-BMSC=21) and 14-days (ncontrol=16; nstroke=34; 

nHP-BMSC=21) post-stroke. The results revealed no difference between control and stroke 

mice at 7-days post-stroke, but a significant difference between both control and 

stroke+HP-BMSC treated mice and stroke and stroke+HP-BMSC treated mice.  At 14-

days post-stroke, significant differences were observed between control and stroke 

animals, and stroke+HP-BMSC treated animals (Fig. 2.2a-b).  

 

Forced Swim Test: The percent of total time during the testing trial spent immobile was 

recorded at 7-days (ncontrol=23; nstroke=30; nHP-BMSC=16) and 14-days (ncontrol=23; 

nstroke=23; nHP-BMSC=23) post-stroke. Our results revealed a significant difference 

between control and stroke animals at 7-days post-stroke, but no difference between 

stroke+HP-BMSC animals despite the presence of a positive trend.  By 14-days post-

stroke, a significant difference in immobility duration was detected between controls 

and stroke mice and stroke+HP-BMSC treated mice (Fig. 2.2c-d).  

 

Splash Test: After wetting the animal’s dorsal coat with a 10% sucrose solution, 

grooming duration was measured at 7 (ncontrol=9; nstroke=12; nHP-BMSC=8) and 14 (ncontrol=9; 

nstroke=13; nHP-BMSC=10) days post-stroke.  At 7-days post-stroke, a significant difference 
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in grooming duration was only found between control and stroke animals.  At 14-days 

post-stroke a significant difference between the grooming durations of control and 

stroke mice remained, and a significant difference between control and stroke+HP-

BMSC grooming duration was also found. Although no significant difference was found 

between stroke and stroke+HP-BMSC mice at any of the time-points measured, a trend 

of increased grooming duration was associated with HP-BMSC treatment (Fig. 2.2e). 

 

Sucrose Preference: Due to the time intensive nature of testing, sucrose preference 

testing was only conducted at 21-days post-stroke(ncontrol=10; nstroke=7; nHP-BMSC=6).  A 

significant decrease in preference for consumption of the sucrose water was observed 

between controls and stroke animals, indicating anhedonia and a depressive-like 

phenotype.  Additionally, stroke=HP-BMSC animals had a significantly increased 

preference for sucrose water, similar to controls, indicating attenuation of the 

depressive-like phenotype (Fig. 2.2f).  

 

Social behavior is reduced post-stroke, but attenuated by HP-BMSC administration 

Social behavior was assessed using the social interaction test and social novelty test (Fig. 

2.3).  The social interaction test, examines social sniffing, following, grooming, and total 

social interaction, as a means of assessing sociability. Social sniffing was significantly 

decreased in stroke mice compared to controls, and levels of social sniffing increased 

significantly in stroke animals treated with HP-BMSCs compared to stroke only animals 

(Fig. 2.3b).  Similarly, social following and social grooming were found to be reduced in 

stroke animals compared to controls, but time spend socially following or grooming did 

not increase in stroke+HP-BMSC animals (Fig. 2.3 a,c).  Lastly, total social interaction 

time was significantly decreased in stroke animals compared to both controls and 

stroke+HP-BMSC treated animals (Fig. 2.3d).  The social novelty test revealed that 



43 

 

stroke animals have significantly less sociability and social novelty in comparison to 

controls, and levels of both increase significantly following administration of HP-BMSCs 

(Fig. 2.3d-e).   

 

Assessment of depression-related proteins 

Analysis of depression related proteins in the penumbra, the prefrontal cortex, and the 

thalamus were assessed via western blot.  In accordance with the biogenic monoamine 

hypothesis, protein levels of dopamine, D2 (dopamine receptor), and S2 (serotonin 

receptor) were assessed.  To examine in vivo upregulation of oxytocin and its receptor, 

these proteins were assessed as well.  Lastly, protein implicated in connectivity including 

Synapsin-1, Synaptophysin, SNAP-25, and PSD-95 were examined.  The results of these 

analyses are summarized below:  

 

Prefrontal Cortex: No differences were detected in any of the protein examined (Figure 

2.4). 

 

Thalamus: No differences in any of the proteins examined except for SNAP-25 and PSD-

95.  For SNAP-25, a significant difference was detected between control and stroke mice, 

in addition to stroke and stroke+HP-BMSC mice.  In the case of PSD-95, a significant 

difference was detected between control and stroke animals (Fig. 2.5).   

 

Penumbra: A significant decrease in oxytocin levels was detected following stroke.  

Increased oxytocin levels were also observed following HP-BMSC administration, but 

these results were not significant.  No differences were detected for the other proteins 

assessed (Fig. 2.6). 
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D. Discussion:  

Stroke induces a depression-like phenotype that is attenuated by treatment with HP-

BMSCs 

Our study results indicate that our model of right barrel cortex transient focal ischemia 

induces a PSD-like state as indicated by behavioral analysis (Fig. 2.2).  We utilized a 

series of tests to assess for a PSD-like phenotype, because PSD is a multi-faceted 

condition, the likes of which may not be easily detected by all behavioral analyses 

depending on the test sensitivity and the sub-set of symptoms present in mice.  

Specifically we conducted the forced swim, tail suspension, splash, and sucrose 

preference behavioral tasks.  Results from both the forced swim test and the splash test 

indicated the presence of a depressive-like phenotype by 7-days post-stroke                 

(Fig. 2.2 c, e), such that in the forced swim test stroke animals were immobile for a 

significantly greater period of time and stroke animals spent significantly less time 

grooming than controls. By 14-days post-stroke, these tests in addition to the tail 

suspension test, continued to indicate the presence of a depressive-like phenotype (Fig. 

2.2 a, d, e).  Additionally, sucrose preference was assessed at 21-days post-stroke, at 

which point our results indicated the continual presence of a depressive-like phenotype 

(Fig. 2.2f).  Together, these results suggest that PSD onset is not immediate post-stroke, 

but rather appears to occur gradually with overt symptoms being easily detected 2 weeks 

post-stroke.  

 

Our behavioral analyses also provided evidence that administration of HP-BMSCs at 1, 3, 

7, and 10 days post-stroke is able to attenuate the depressive-like phenotype observed 

post-stroke (Fig. 2.2).  Seven days post-stroke, HP-BMSC treated stroke mice had 

decrease immobility duration in the forced swim and tail suspension tests and increased 

grooming times in the splash test compared to stroke only animals; although, it is 
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important to note that these changes were only significant in the tail suspension test.  

Similar results were observed 14-days post-stroke, except that behavioral differences 

between stroke and stroke+HP-BMSC animals during the forced swim and tail 

suspension tests reached significance(Fig. 2.2 a, c, e);.  Lastly, sucrose preference testing 

at 21 days post-stroke, showed that stroke animals administered HP-BMSCs had 

increased preference for the sweetened water, similar to levels observed in controls; thus 

indicating attenuation of anhedonia (Fig. 2.2f).   

 

Reduced sociability post-stroke is rescued by administration of HP-BMSCs 

In addition to conducting behavioral testing to assess for the presence of a depression-like 

phenotype post-stroke, we also utilized behavioral analysis to assess sociability, 

specifically via the social interaction test and social novelty test (Fig. 2.3).  Sociability is 

an important parameter to assess because stroke survivors frequently experience social 

deficits post-stroke, and social deficits and social isolation strongly influence stroke 

outcome.  In the social interaction test, social sniffing, grooming, and following, in 

addition to total interaction time between the test animal and a test partner were assessed 

(Fig. 2.3 a-d).  Our analyses indicated that mice treated with HP-BMSCs were found to 

spend significantly more time sniffing their congener (Fig. 2.3b).  Additionally 

stroke+HP-BMSC animals spent more time socially grooming and following their test 

partner, although the time spent completing these tasks was not significantly different 

(Fig. 2.3 a,c).  Furthermore, we assessed the total time spent completing social activities, 

and found a significant difference between control and stroke animals, and a positive 

uptrend associated with HP-BMSC treatment (Fig.  2.3d).   

 

The social novelty test, which assesses cognition in regards to general sociability and 

interest in social novelty, had complimentary results. The results from our testing 
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indicated that stroke animals are less sociable than controls, as indicated by less time 

exploring the former stranger mouse, and that treatment of stroke animals with HP-

BMSCs restores sociability levels to those similar to controls (Fig. 2.3e). Similar results 

were shown for social novelty.  Social novelty was defined as the amount of time spend 

exploring a ‘new stranger’ compared to a ‘former stranger.’  Consequently, stroke 

animals had reduced preference for social novelty compared to controls, such that they 

explored the ‘new stranger’ for a shorter period of time than controls, while treatment of 

stroke animals with HP-BMSCs had an increased preference for social novelty (Fig. 

2.3f).   

 

Together the results from the social interaction and social novelty tests suggest that 

sociability decreases following stroke, similarly to that observed in humans post-stroke.  

Furthermore, treatment of stroke animals with HP-BMSCs leads to increased sociability, 

which may contribute to stroke outcome. Additionally, it is important to note that our 

findings are particularly profound because all tested animals were group housed, which 

facilitates social behavior and is known to upregulate oxytocin. Thus, if animals were 

housed alone, as is often the case in humans following stroke, it is likely that the 

behavioral differences that occurred post-stroke would have been even more prominent.  

Additionally, it is important to note that we did not utilize cutoffs to exclude animals 

from our stroke group that did not show a depressive-like symptoms, thus potentially 

decreasing the significance of our results.  It is advised that in future studies cut-off 

points be utilized, so that the effectiveness of treatment can be examined only in 

depressive-like phenotypes.  

 

Biogenic amine availability is not altered in our model of PSD 



47 

 

In order to understand why the observed behavioral changes occurred post-stroke and 

following HP-BMSC administration, investigation of potential underlying mechanisms 

was necessary.  We began by testing one of the most widespread depression hypothesis, 

the biogenic amine hypothesis, which claims that depletion of serotonin, dopamine, and 

norepinephrine in the central nervous system is the pathophysiologic basis of 

depression152. Normally this hypothesis is associated with changes in monoamine 

availability in the prefrontal cortex.  Despite the fact that our stroke model injures the 

barrel cortex, not the prefrontal cortex, the biogenic amine hypothesis can still be used to 

explain the presence of PSD.  This is because decreased monoamine availability and 

synthesis may be due to interruption of ascending biogenic amine containing axons.  In 

order to explore whether monoamine availability was altered in our model of PSD, we 

examined monoamine associated protein expression (dopamine, dopamine receptor, 

and/or serotonin receptor) in the prefrontal cortex, the penumbra, and the thalamus (Fig. 

2.4, 2.5, 2.6).  We failed to detect any significant differences regardless of parameter 

examined or brain region. This suggests that alterations to monoamine availability, at 

least in regards to dopamine, the dopamine receptor, and/or the serotonin receptor, do not 

underlie the PSD-like phenoptype found in our animal model of stroke.   

 

Connectivity is altered in the thalamus of our model of PSD 

Next, we examined changes in connectivity within the prefrontal cortex, thalamus, and 

penumbra.  Previously, researchers have shown that patients with MDD experience 

neural hyperconnectivity253, which led us to examine expression levels of Synapsin-1, 

Synaptophysin, SNAP-25, and PSD-95, all of which are implicated in neuronal 

connectivity. No differences were detected in any of the proteins examined in the 

prefrontal cortex or the penumbra (Fig. 2.4, 2.6), but differences were detected in the 

thalamus (Fig. 2.5). Specifically, there were significant changes in SNAP-25 expression 
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between control and stroke mice, in addition to stroke and stroke+HP-BMSC mice.  

Furthermore, a significant difference in PSD-95 protein expression was found between 

control and stroke animals.  How to interpret these results is unclear.  One recent study 

has reported that patients with thalamic hyperactivity are more likely to have treatment 

resistant depression254, but this does not appear to be the case in our animals, as their 

depression was attenuated by HP-BMSC administration.  Another study showed 

increased resting-state neural networks in the prefrontal cortex and thalamus of patients 

with MDD255, which partially aligns with our findings.  To date, changes in thalamus 

connectivity have yet to be reported in patients with PSD, so further exploration and 

analysis is necessary.   

 

Oxytocin is downregulated by stroke, and upregulated by HP-BMSC administation 

We have previously shown that hypoxic pretreatment of induced pluripotent/embryonic 

stem cell-derived neural progenitor cells leads to oxytocin and oxytocin receptor 

upregulation243, and we have presented in this paper that  hypoxic pretreatment of 

BMSCs leads to oxytocin and oxytocin receptor upregulation in vitro.  To confirm that 

this upregulation is present in vivo, we conducted western blot analysis.  Although no 

differences in oxytocin and/or oxytocin receptor were detected in the prefrontal cortex or 

the thalamus (Fig. 2.4, 2.5), our analysis revealed that oxytocin protein expression 

significantly decreased in the penumbra following stroke, and did increase following HP-

BMSC administration to levels close to control, but these results were not significant. 

(Fig. 2.6).  We also examined the oxytocin receptor expression, and although trends 

similar to those of oxytocin were detected, these changes were not significant.  This 

evidence coupled with our behavioral data suggesting that changes in oxytocin play a key 

role in the development of PSD, and that  HP-BMSC treatment appears to positively 

influence oxytocin levels and attenuate post-stroke depression.  
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E. Summary and Future Directions: Our results provide strong support for intranasal 

delivery of HP-BMSCs as a viable treatment for PSD.  According to our investigation, it 

appears that oxytocin serves as a PSD mediator, and HP-BMSCs confer favorable 

benefits due to their ability to upregulate oxytocin and its receptor. To better explore and 

confirm our conclusions, future studies will examine the effect of exogenous application 

of oxytocin to rescue the depressive-like phenotype found in mice post-stroke and to 

confirm oxytocin’s role as a PSD mediator.  Additionally, although we have not explored 

it in this investigation, recently published data indicates that oxytocin may be anti-

inflammatory, as administration of exogenous oxytocin has been shown to alleviate tissue 

damage associated with ischemia256-258.  Thus in future studies, we may want to examine 

inflammation in association with administration of HP-BMSCs and elevated oxytocin 

levels.   

 

Through experimentation we somewhat ruled out monoamine availability as a potential 

mechanisms at work in our model, however a more thorough investigation is necessary to 

completely rule out monoamine availability changes. In future investigations, serotonin, 

dopamine, and norepinephrine transporters as well as their metabolites should be 

examined.  Additional studies may include a thorough proteomic analysis to assess gene 

polymorphisms and/or gene up- or down-regulation following stroke.  It is advisable that 

proteomic analysis be completed at multiple time-points to further explore the onset of 

PSD.  Lastly, in the future our lab will complete a more in-depth analysis of 

inflammation post-stroke, as inflammation is believed to be a primary factor in 

depression.  Hopefully with awareness of PSD etiology, and its developmental time-

course, we will be able to the number of individuals struggling with PSD and reduce the 

negative outcomes associated with untreated PSD. 
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F. Figures 
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Figure 2.1: In vitro hypoxic treatment of BMSCs leads to increased 
expression of oxytocin and the oxytocin receptor. (a) BMSC cells were either 
normoxically (N-BMSC) or hypoxically (HP-BMSC) treated in vitro, after which 
the expression of oxytocin and the oxytocin receptor were measured, as shown at 
the 0 hour time-point. HP-BMSC treatment was found to increase protein 
expression of both oxytocin and its receptor. Maintenance of protein upregulation 
was monitored at 1, 3, and 24 hours post-treatment, and found to remain 
upregulated during all measured time-points. (b) Quantified results from the 0 
hour time-point, confirm significant protein expression upregulation. *P < 0.05 vs. 
N-BMSC; n = 6-8 per group.   
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Figure 2.2: Our model of right barrel cortex transient ischemic stroke induces a depression-like phenotype 
that is attenuated by intranasal delivery of HP-BMSCs. (a) Tail suspension results indicate a depression-like 
phenotype at 14-days post-stroke, that is attenuated by treatment with HP-BMSCs. (b) Graph comparing tail 
suspension test results of the stroke and stroke + HP-BMSC animals compared to controls.  Data indicates 
development of PSD-like symptoms is gradual.  (c) Behavioral results from forced swim testing show the presence 
of a depression-like phenotype as early as 7-days post-stroke, which is attenuated by administration of HP-BMSCs. 
(d) Graph comparing forced swim test results of the stroke and stroke + HP-BMSC animals compared to controls.  
Data indicates development of PSD-like symptoms is gradual. (e) Splash test results indicate the presence of a 
depression-like phenotype, as indicated by decreased grooming, at both 7- and 14-days post-stroke. Again HP-
BMSC intranasal delivery was found to attenuate the depression-like phenotype. (f) Results from sucrose preference 
task show that at 21-days post-stroke mice maintain a depressive-like phenotype, as indicated by a reduced 
consumption of sucrose water compared to controls, and this phenotype was rescued by treatment with HP-BMSCs.  
*P < 0.05 vs. control, **P < 0.01 vs. control, ***P < 0.001 vs. control; n = 15-25 per group (tail suspension, forced 
swim, splash test), n = 7-10 (sucrose preference).   
 
 

Contro
l

Stro
ke

HP-BMSC
Contro

l
Stro

ke

HP-BMSC
0

20

40

60

80

100

Tail Suspension Test

% 
Im

mo
bil

e 
(tim

e i
mm

ob
ile

/to
tal

 tim
e)

 ***
 **  *** **

Day 7 Day 14

Contro
l

Stro
ke

HP-BMSC
Contro

l
Stro

ke

HP-BMSC
0

50

100

150

200

250

Gr
oo

mi
ng

 D
ura

tio
n (

se
c)

Splash Test

 ***
 *

 ***

Day 7 Day 14

Contro
l

Stro
ke

HP-BMSC
Contro

l
Stro

ke

HP-BMSC
0

20

40

60

80

100

% 
Im

mo
bil

e 
(tim

e i
mm

ob
ile

/to
tal

 tim
e)

Forced Swim Test

 ****  * ****

Day 7 Day 14

Contro
l

Stro
ke

HP-BMSC
0

20

40

60

80

100

% 
Su

cro
se

Sucrose Preference Test

 ** *

 ****

A B

C D

E F

7 14 21
0

50

100

150

Stroke
Sham

Stroke+BMSC

Days post-stroke

Im
mo

bil
ity

 (s
ec

)

7 14 21
0

50

100

150

Stroke
Sham

Stroke+BMSC 

Days post-stroke

Im
mo

bil
ity

 (s
ec

)



52 

 

 

 

 

 

 

 

 

 

Figure 2.3: Sociability, as measured by the social novelty and social interaction test, is reduced following 
stroke, and is attenuated by HP-BMSC treatment. The social novelty test (a-d) assesses social following, 
sniffing, and grooming, in addition to total social interaction.  Test results show significant decreases in social 
sniffing and grooming.  These decreases were minimized by HP-BMSC treatment. Additionally total social 
interaction significantly decreased following stroke, but increased following HP-BMSC administration. (e) 
The social novelty test showed complimentary results such that sociability significantly decreased following 
stroke, and this change was attenuated by HP-BMSC administration. (f) Social novelty also significantly 
decreased post-stroke. *P < 0.05; n = 3-12 per group.   
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Figure 2.4: Intranasal delivery of HP-BMSCs does not alter the expression of 
depression-related genes in the prefrontal cortex. (a) Following stroke, mice 
were administered HP-BMSCs intranasally 1, 3, 7, and 10 days post-stroke. 21 
days post-stroke mice were sacrificed and synapsin-1, SNAP-25, PSD95, 
serotonin receptor, oxytocin, and the oxytocin receptor protein levels were 
measured via western blot. (b) Quantified results from a show that no significance 
difference was detect for any of the parameters assessed. n = 2-6 per group.   
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Figure 2.5: Stroke alters the expression of depression-related genes in the 
thalamus. (a) Following stroke, mice were administered HP-BMSCs intranasally 
1, 3, 7, and 10 days post-stroke. 21 days post-stroke mice were sacrificed and 
synapsin-1, SNAP-25, PSD95, serotonin receptor, oxytocin, and the oxytocin 
receptor protein levels were measured via western blot. (b) Quantified results from 
the western blot analysis. The expression of SNAP-25 and PSD95 protein levels 
significantly decreased post-stroke.  No significance difference in expression 
levels of synapsin-1, the serotonin receptor, the oxytocin receptor, and/or oxytocin 
were detected.  . *P < 0.05; n = 2-6 per group.   
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Figure 2.6: Intranasal delivery of HP-BMSCs alters oxytocin expression in the 
penumbra. (a) Following stroke, mice were administered HP-BMSCs intranasally 1, 3, 7, and 
10 days post-stroke. 21 days post-stroke mice were sacrificed and synapsin-1, SNAP-25, 
PSD95, serotonin receptor, oxytocin, and the oxytocin receptor protein levels were measured 
via western blot. A significant increase was observed in stroke animals administered HP-
BMSCs. (b) Quantified results from the western analysis.	*P	<	0.05;	n = 2-6 per group.   
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Appendix: Diffuse Axonal Injury in Traumatic Brain Injury and the Potential for 

Remyelination Through Stem Cell Therapy 

 

A. Introduction: Traumatic Brain Injury (TBI) is a devastating “silent epidemic,” 

affecting approximately 1.7 million people annually in the United States1,2, 

approximately 43% of which result in mortality3. For those that survive, the effects of 

TBI last long beyond the initial insult. Consequently, there are 5.3 million Americans 

with a TBI-attributed disability4, and less than 50% of TBI survivors are capable of 

leading independent lives3.  

 

TBI is a heterogeneous condition due to the multitude of mechanisms that produce injury 

and the array of associated symptoms and pathologies5. At the time of initial injury, 

damage to neurons, glia, and axons occurs (primary axonomy)6,7, but the most 

detrimental damage transpires as a result of a complex secondary cascade (secondary 

axonomy), one result of which is white matter degeneration8,9. This degeneration, 

clinically deemed diffuse axonal injury (DAI), is the most common TBI pathology, 

regardless of injury severity10,  and is the leading cause of post-traumatic neurological 

disability11. DAI interferes with signal transduction, axon integrity, and network 

processing8,12, leading to neurological impairments, including long-term memory loss, 

emotional disturbances, unconsciousness, and mortality 13-15. 

 

Due to the diffuse nature of DAI, development and implementation of treatments has 

been difficult. To date, the exploration of clinically effective neuroprotective treatments 

has been largely unsuccessful; thus, the development of neurorestorative therapies is 

necessary in order to decrease TBI associated mortalities and improve post-injury quality 

of life. It was long thought that repair within the mature adult brain was not possible, but 
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recent findings indicate that multipotent neural stem/progenitor cells (NSPCs) persist in 

the adult brain4,16. Stem cell mediated oligodendrogenesis holds potential as a 

neurorestorative therapy mandating further investigation. 

   

B. Injury Biomechanics and Pathophysiology of DAI: DAI is the result of inertial 

forces, caused by rapid angular, rotational, and/or translational acceleration/deceleration 

and the continued propagation of force throughout the brain15,17. Tissue-to-tissue friction 

causes an irreversible shearing of axons and widespread brain injury18,19, resulting in 

damage to both the cell’s membrane and cytoskeleton10,20. This damage manifests as a 

variety of identifiable cellular and structural changes. The extent of shearing injury is 

highly correlated with the size of the human brain, such that the greater the mass of the 

brain, the higher the shearing strain present between tissues10,21. Shearing injury causes 

lesions to form at common loci throughout the brain’s white matter, most frequently in 

the corpus callosum, cerebral hemispheres, and brainstem 8,15,22,23.  

 

Beyond direct tissue damage, TBI is also associated with subcellular changes including 

increased membrane permeability and altered cellular metabolism24,25.  Due to axonal 

stretching and the disruption of neuronal cell membranes as a direct result of TBI, an 

indiscriminate influx of ions occurs26, leading to the release of excitatory amino acids 

(EAAs), one of which is glutamate 27,28. Once released, glutamate binds to and activates 

kainate, N-methyl-D-aspartate (NMDA), and d-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors28, while membrane depolarization activates 

voltage dependent Ca2+ and Na+ channels29. Coupled together, these chemical and 

physical insults act synergistically, resulting in further depolarization and Ca2+-dependent 

injury 24.  Excess Ca2+ accumulates in the mitochondria, resulting in mitochondrial injury, 

adenosine triphosphate (ATP) depletion30,31, and impaired membrane 
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pumps/transporters/exchanges, leading to further disruption of ionic homeostases 

involving Na+, K+, and Ca2+ 8.  Increased intracellular Ca2+ leads to aberrant activation of 

proteases, phosphatases32,33, and lipid peroxidases29. Following the activation of these 

enzymes, excitotoxicity ensues, resulting in damage to the cell’s cytoskeleton and the 

production of reactive free fatty acids and free radicals, both of which have further 

deleterious effects within the cell 29. 

 

Beyond the known intracellular changes, there are other associated structural changes that 

occur selectively within the white matter of the brain. Due to its structural organization 

and highly anisotropic arrangement15, white matter is naturally prone to damage34,35. 

Under normal circumstances, the viscoelastic nature of the brain is beneficial, but during 

injury this property makes the brain more susceptible to impairment10,36. Normally axons 

are complaint when stretched, but in the case of rapid acceleration/deceleration, axons 

become brittle10,37.  Rapid axonal stretching causes axonal misalignment and axons ripple 

due to cytoskeletal damage, loss of resilience, and axonal microtubule damage20,38.  

Misalignment prohibits the restoration and relaxation of microtubules to their original 

state.  To rectify this problem, microtubules depolymerize in a process known as axonal 

relaxation.  Unfortunately, this interrupts axonal transport and induces swelling via 

accumulation of organelles and vesicles10.  This prolonged axonal swelling can result in 

white matter degeneration20.  

 

C. Pathology of DAI: DAI typically presents in deep and subcortical white matter 

structures, and is characterized by a number of notable neuroanatomical changes.  Two of 

the primary indicators of DAI pathology are axonal varicosities and axonal bulbs.  

Axonal varicosities are defined as swellings along otherwise intact axons20.  Varicosities 

are thought to result from the accumulation of transported materials38,39, and thus indicate 
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a partial disruption of axonal transport11,20.  Axonal bulbs, also known as reactive axonal 

swellings or retraction bulbs, are apparent at the end of disconnected axons, and are 

indicative of complete axonal disconnection40.  In addition to these indicators of DAI, 

during the posttraumatic period of injury (1-2 days) other pathological features including 

microscopic tears and microvascular ruptures appear41.  Long-term pathological features 

include the presence of microglial stars and Wallerian degeneration, both of which are 

indicative of axonal disintegration and a loss of membrane integrity8.  Additionally, 

demyelination normally manifests within two years of injury8.  

 

D. Diagnosis of Axonal Damage after DAI:  

1. Clinical Diagnosis: Due to its microscopic nature, diagnosing axonal damage in 

patients can be challenging, leading to widespread under-diagnosis by the medical 

community42.  Clinicians rely primarily on observable manifestations and radiological 

examinations to diagnose DAI.  

 

A primary indication that an individual may have suffered a DAI is coma.  DAI is one of 

the primary causes of post-traumatic unconsciousness, whether it persists for minutes or 

days, although it is not present in all cases43.  The duration of coma has been shown to 

positively correlate with the severity of DAI44.   

 

Radiological examinations, including computed tomography (CT) and magnetic 

resonance imaging (MRI), are another means of diagnosis. Unfortunately, these 

techniques are only sensitive enough to detect white matter tears and parenchymal 

hemorrhages, which are more common in focal injuries, and may only be present in more 

severe cases of DAI42.  It is not unusual for CT and MRI scans to underestimate white 

matter damage, or yield normal results despite widespread microscopic pathology45,46.  
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More recently, some laboratories have begun to integrate MRI with diffusion tensor 

imaging (DTI) which, by examining functional anisotropy and diffusivity, allows for 

quantification of white matter damage46. Utilization of DTI is particularly well-tuned for 

DAI diagnosis and treatment.  Studies indicate that irregularities detected via DTI 

directly correlate with the cognitive impairments observed post-TBI47-49.  Another 

imaging technique currently being utilized is susceptibility-weighed imaging (SWI), 

which is able to identify micro-bleeds, a marker of DAI50-52.  SWI examines the magnetic 

susceptibility differences of tissues, thereby creating a new type of MRI contrast and 

consequently improving the sensitivity of MRI imaging53,54.  

 

Another method of diagnosing DAI is through analysis of S-100B and neuron-specific 

enolase (NSE), both of which are elevated in the serum and cerebrospinal fluid of DAI 

patients55-57.  S-100B is an acidic calcium binding protein which is localized to glial and 

Schwann cells, and NSE is a glycolytic enzyme found in the cytoplasm of neurons58. 

Although elevation of either is indicative of DAI, S-100B is more highly correlated with 

injury severity59.     

 

2. Post-mortem Diagnosis: Positive diagnosis of DAI is only possible post-mortem.  The 

gold standard for identifying DAI is immunostaining for beta-amyloid precursor protein 

(β-APP), which identifies axons with impaired fast axonal transport60.  β-APP is a 

particularly sensitive marker that can be used to identify DAI before other more 

noticeable pathologies, such as axonal swelling or Wallerian degeneration, become 

apparent61-63.  Positive β-APP staining can be observed 1-3 hours after trauma, although a 

more recent study by Hortobagyi et al. suggests that axonal damage may be detected as 

early as 35 minutes following severe TBI64.  
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In addition to β-APP, there are a number of other markers that can be used to identify 

DAI with lower fidelity including synaptic protein-25 (SNAP-25), chromagranin A, 

cathepsin D, and neurofilament-68 (NF-68). SNAP-25, a protein involved in synaptic 

exocytosis65,66, labels swollen axons, but has also been shown to label uninjured neurons, 

perhaps due to normal axonal transport67.  Thus, this marker is insufficient to confirm 

injury without the visible presence of swelling67.  Chromagranin A is a glycoprotein that 

labels dense-core synaptic vesicles and is transported via anterograde axonal flow62,68.  

Cathespin D is an endopeptidase that plays a role in apoptosis. Both chromagranin A and 

cathepsin D are present in injured axons, but their staining is less intense than that 

associated with β-APP62.  Certain neurofilaments, most commonly NF-68, are also used 

to detect DAI because they have minimally concomitant immunoreactivity with the cell 

nucleus, soma, and dendritic processes69.  Decreased levels of NF-68 have been found in 

the lateral controlled cortical impact70 and lateral rotational animal models of TBI71,72, but 

the decreased presence of NF-68 has not been consistently observed in human studies 67. 

 

E. Myelin Degeneration after DAI: Due to oligodendrocyte damage, widespread 

demyelination occurs following DAI15,73,74.  Myelin, a fatty substance which sheaths 

axons throughout the brain75, acts to both electrically insulate and increase the speed of 

signaling transmission.  Myelin debris is a known trigger of inflammation, and the fact 

that there is currently no effective and/or efficient way to clear debris from the central 

nervous system (CNS), may explain why chronic white matter inflammation can persist 

for years following TBI73,76.  Microglia and macrophages do remove myelin debris, but 

this process is slow and may take weeks or longer77.  Recently, Wen et al. showed that in 

a closed-head weight drop model of TBI, peak quantities of myelin debris are present on 

day 7 and day 14 following injury in the brainstem and the cerebral cortex/hippocampus, 

respectively, and debris remains present in the brainstem, cerebral cortex, and 
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hippocampus on day 28.  This data supports the conclusion that myelin debris persists in 

the CNS following DAI78. 

 

There is also evidence to support the idea that myelin debris plays an inhibitive role in 

remyelination.  The adult CNS naturally has a population of precursor cells that are 

capable of proliferation, migration, and differentiation into oligodendrocytes following 

injury79,80.  However, for unknown reasons, differentiation and maturation of 

oligodendrocyte progenitor cells (OPCs) becomes arrested in the presence of myelin 

debris81,82, despite the fact that recruitment of OPCs and macrophages is not affected 83. 

One possible explanation for the observed arrest is that new myelin sheets cannot be 

formed in the presence of myelin debris, and therefore debris must be removed before 

remyelination can occur81,84.    

 

F. Oligodendrocytes in DAI: Due to their naturally high metabolic rate and 

consequently high oxygen and ATP demands, oligodendrocytes, the myelin forming cells 

of the CNS, are especially susceptible to molecular homeostasis disruptions caused by 

injury85.  Following DAI, oligodendrocytes frequently die due to hypoxia, excitotoxicity, 

oxidative stress, exposure to inflammatory cytokines, and/or a lack of metabolic 

activities86,87.  Loss of oligodendrocytes results in demyelination, impaired axonal 

function, and ultimately, cognitive impairment83,88,89.  The negative consequences of 

oligodendrocyte loss and the associated demyelination are further compounded by the 

fact that unmyelinated axons are more susceptible to damage34,90.  Following injury, 

many axons are left unmyelinated, leaving axons near the site of injury at a greater risk of 

future impairment.  Independent of myelination, oligodendrocytes also play a supportive 

role in axonal function and survival, which further compounds the detriment associated 

with their loss91-93. 
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G. Endogenous Oligodendrogenesis after Brain Injury: A straightforward potential 

treatment for DAI and demyelination is remyelination.   Unfortunately injured and 

mature oligodendrocytes are incapable of forming new myelin sheets94,95.  However, as 

part of the brain’s inherent repair mechanisms, levels of activated NSPCs and NG2-

positive oligodendrocyte precursor cells have been shown to increase following a variety 

of insults including traumatic, seizure-inducing, ischemic, and demyelinating brain 

injuries74,96-98.  Furthermore, increased cell proliferation in the adult subventricular zone 

(SVZ) has been demonstrated in a number of rodent models of TBI including the lateral 

fluid percussion injury99-101, closed-head weight drop injury102, acceleration-impact 

injury103, and controlled cortical impact model99,104.  A proportion of these activated 

NSPCs are OPCs, which under normal conditions, serve to myelinate previously 

unmyelinated axons in both the white and grey matter of the brain105-107, but in the case of 

neuronal injury, they attempt to remyelinate injured axons.  Consequently, following 

injury a limited number of OPCs proliferate, are recruited to the site of injury, and 

differentiate into myelinating oligodendrocytes89.  Unfortunately, endogenous myelin 

repair yields minimal results due to the relatively small number of OPCs produced and 

the fact that increased rates of proliferation rapidly decline following injury108. 

 

H. Regulation of outgrowth and neuritogenesis: Neurite outgrowth or neuritogenesis 

and its inhibition are under balanced control during neurodevelopment109. Disruption of 

this control occurs in pathological states of the adult CNS.  After injury, axonal 

regeneration is inhibited in the adult mammalian CNS.  CNS myelin inhibits outgrowth 

because it contains several growth-inhibitory factors, including myelin-associated 
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glycoprotein (MAG), oligodendrocyte myelin glycoprotein, Nogo, and chondroitin 

sulfate proteoglycans110-112.   

 

Among inhibitory genes, the RhoA-ROCK pathway is critical to the control of neurite 

outgrowth. RhoA activation leads to growth cone collapse and neurite inhibition in many 

cells and primary neurons113.  Inhibiting RhoA, using C3 transferase, miR-133b 

overexpression, or a dominant-negative approach, promotes neurite outgrowth, and this 

has been observed even in the presence of inhibitory factors114-117.  Previous reports have 

shown that ROCK inhibitors C3 transferase and Y-27632 can promote axonal 

regeneration in spinal cord injury and cortico-spinal tract lesion111,115.  Inhibiting ROCK 

with Y-27632 promotes neurite outgrowth and protects neurons from excitotoxicity-

induced death118.   Inhibition of RhoA/ROCK pathway has also shown potential to induce 

neural differentiation119,120.   Additionally, a recent transcriptomic profiling study 

suggests that RhoA inhibition might serve as a neuroprotective treatment via the 

inhibition of glial scar formation.  Their investigation revealed that application of a Rho 

kinase inhibitor, fasudil, to astrocytes results in extensive changes to gene expression in 

biological processes regulating cellular shape and motility, and increased excitatory 

amino acid transporter 2 expression121.   

 

In recent years, stem cells and stem cell-derived neural progenitor cells have emerged as 

a regenerative medicine for TBI, stroke, Parkinson's disease and other neurological 

disorders. Consequently, strategies that promote axonal outgrowth and neuronal 

differentiation appear to have promising benefits in cell-based therapy.  Based on the 

above information, we recently explored whether RhoA inhibition can affect 

neuritogenesis and differentiation of neural stem cells122.  In neural stem cells (NSCs) 
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isolated from the subventricular zone (SVZ) of the mouse, the Rho inhibitor C3 

transferase was tested.  Western blot analysis showed that C3 treatment had no effect on 

mitogen-activated protein kinase (MAPK) or protein kinase B (Akt) expression levels, 

but significantly increased phospho-Akt and phospho-MAPK in NSCs. MAP-2 and NF-

L, mature neuron markers, significantly increased in C3-treated NSC cultures compared 

to untreated controls that underwent the same neuronal differentiation protocol.  Markers 

of astrocytes (GFAP) and oligodendrocytes (myelin basic protein and proteolipid protein) 

were not significantly changed following C3 treatment.  Interestingly, pretreatment of 

NSCs with C3 transferase dramatically increased neurite outgrowth during the 

consequent period of neuronal differentiation.  Neurite outgrowth of NSCs is normally 

reduced when NSCs are cultured on myelin substrate, however we demonstrate that 

myelin-induced inhibition was diminished by C3 transferase.  Six days post plating the 

neurite length of C3-pretreated cells was 3 times longer than those of control cells on 

myelin substrate.  Consistently, the ROCK inhibitor Y-27632 increased neurite outgrowth 

of NSCs122.  Similarly, Lim et al. has also explored the role of Rho/ROCK inhibition on 

neuronal induction.  Their results indicate that inhibition via Y-27632 can block the 

inhibitory effect of chrondroiten sulfate proteoglycan on neuronal induction of 

mesenchymal stromal/stem cells, more specifically on the necessary morphological 

changes that occur during neuronal induction.  Additionally, pretreatment with Y-27632 

resulted in increased, although not significant, levels of neurite-like structures120.  

Together, these results support that the Rho signaling pathway plays an important role in 

neurite development, neuronal differentiation, and migration. 

 

I. Cellular Therapy and Preconditioning Strategy of Transplanted Cells: Widespread 

cell loss in the CNS represents a challenging clinical problem, primarily due to damage to 

irreplaceable circuitry and the permanent loss of neuronal substrates. Recent 



 

 

A11 

advancements in cellular therapies have proven stem cell therapy to be an effective 

means of treating CNS related injuries123.  Cell replacement using exogenous cells has 

been shown to bolster trophic support to host tissues and promote functional recovery 

following CNS injury124.  Furthermore, transplantation of stem cells aids in fortification 

of endogenous neurogenesis and angiogenesis, both of which are critical for sub-acute 

and chronic recovery from stroke which similarly results in massive cell loss in the 

CNS125,126.  More recently, challenged by many failures of neuroprotective treatments in 

clinical trials, research attention has been directed toward tailoring cellular therapies for 

neurorestoration.  Compelling evidence now demonstrates that cell transplantation can 

provide much needed trophic support to the post-injury brain and specific cell types 

needed for brain tissue repair.  

 

A major and serious problem in cell transplantation therapy is the low survival rate of 

transplanted cells in the hazardous post-injury environment127-129.  About 70-90% of 

implanted neurons in the striatum die after transplantation into the brain127,130, and the 

majority of mouse embryonic stem (ES) cells die after transplantation into the injured 

spinal cord131.  Endogenous and environmental factors, such as hypoxia/ischemia and 

reactive oxygen species induction, may be contributing factors. Apoptosis has been 

identified as an important mechanism resulting in loss of these cells128.  The poor survival 

of implanted cells has severely hampered the efficiency and application of stem cell 

therapy.  To resolve this issue and promote the therapeutic potential of cell 

transplantation, we and others have developed a number of approaches to enhance the 

tolerance and regenerative properties of transplanted cells.  It was found that exposure to 

sub-lethal hypoxia or ischemia alters gene expression and activates intracellular signaling 

pathways favorable for cell survival and regenerative processes132.  These protective 

effects have been demonstrated in vitro and in vivo133.  For example, following hypoxic 
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preconditioning (HP), expression of hypoxia-inducible factor-1α (HIF-1α) is 

upregulated, conferring cytoprotective and angiogenic effects.  Hypoxia has also been 

found to prolong the half-life of several mRNAs, such as HIF-1α, vascular endothelial 

growth factor (VEGF) and erythropoietin (EPO)134,135.  Chronic hypoxia has also been 

shown to stimulate and maintain angiogenesis in the postnatal developing brain136.   We 

and others have shown that hypoxic preconditioning of mouse or human bone marrow 

mesenchymal stem cells (BMSCs), ES cell, and iPS cell-derived NPCs prior to 

transplantation allows for greater survival and engraftment of these cells into the 

ischemic heart and brain of adult rats137-141.  HP-primed mouse and/or human ES cells 

show up-regulated HIF-1α and EPO signaling and increased expression/secretion of 

growth and survival factors137,139,142.  A multitude of preconditioning strategies including 

anoxia, carbon monoxide, and hydrogen sulfide along with non-hypoxic preconditioning 

using stromal-derived factor-1 (SDF-1) and insulin-like growth factor-1 (IGF-1) have 

also been explored with promising results143-145.  Thus, the preconditioning strategy for 

graft cells is likely an effective and feasible means of promoting cell survival and 

regeneration including axonal outgrowth after transplantation into the ischemic and TBI 

brain.  

 

J. Stem Cell Derived Oligodendrogenesis: The brain’s natural response is insufficient 

to repair the demyelination caused by DAI despite endogenous upregulation of OPCs 

following injury. No drugs in clinical trials have demonstrated effective neuroprotection 

against DAI15,40.  The difficulty in developing effective treatments is widely attributed to 

the heterogeneity of TBI pathology and variability in patient ancillary treatments146-149.  

Exploration of alternative therapeutic options remains imperative15,40.  One such 
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promising approach to ameliorate the loss of white matter following injury is through 

enhancing regeneration via stem cell therapy.  

 

Using self-renewable pluripotent stem cells is one promising method of generating new 

oligodendrocytes.  A breadth of research has already illustrated that stem cells are able to 

survive and differentiate into neurons following implantation into rodent models of 

TBI150-152 and that stem cell implantation is associated with improved motor function151 

and cognition152.  More recently, successful intravenous and intracerebral administration 

of marrow stromal cells, multipotent cells from bone marrow and adipose tissue, have 

been shown to improve functional outcomes150,153,154 and to promote endogenous cellular 

proliferation following TBI155.  Thus, it is believed that NSPCs may serve as a 

therapeutic means of repairing DAI associated demyelination.    

 

Few investigators have examined the potential for oligodendrocyte generation in the CNS 

following TBI via stem cell therapy.  In contrast, cell based approaches have been 

thoroughly explored in the field of spinal cord injury (SCI).  Research has demonstrated 

that implanted human embryonic stem cell (hESC) derived oligodendrocytes can survive, 

remyelinate injured axons156-159, and improve functional recovery following SCI160,161.  

Liu et al. demonstrated this in an in vitro study in which retinoic acid-induced embryonic 

stem cells generated oligodendrocytes capable of myelinating an adult rat chemically 

demyelinated spinal cord and a myelin-deficient shirerer (shi/shi) mutant mouse156.  

Similarly, Yasuda et al. provided evidence that oligodendrocytes derived from grafted 

NSPCs are able to myelinate, and that this remyelination is associated with locomotor 

and electrophysiological recovery159.  Other studies have focused on the most appropriate 

time-point to implant OPCs. Karimi-Abdolrezaee et al. transplanted OPCs at either two 

(subacute) or eight (chronic) weeks post-injury with a number of growth factors including 
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minocycline, an anti-inflammatory, and cyclosporine A, an immunosuppressant, 

following an aneurysm clip compression model of SCI.  Investigators were able to 

differentiate oligodendrocytes with more success at 2-weeks than at 8-weeks post-SCI. 

Differential success was attributed to the presence of inhibitory obstacles in the spinal 

cord environment which may have influenced OPC survival and migration162.  This data, 

and that gathered by other investigators, may help determine the most beneficial time 

point for stem cell implantation. 

  

Despite its relative novelty, there have been a few studies in which stem cell therapy was 

utilized to repair DAI associated white matter damage.  Xu et al. has provided promising 

support for the future use of stem cell generated oligodendrocytes in the treatment of 

DAI.  The authors demonstrated that transplanted human OPCs are capable of replacing 

and/or remodeling myelin, and contribute to axonal regeneration following DAI163.  Thus, 

this study provides support that stem cell derived oligodendrocytes may also be utilized 

in the treatment of DAI.  Recently, Yang et al., showed that OPCs can be induced from 

mouse/rat fibroblasts via direct lineage conversion as a result of reprogramming 

following exposure to transcription factors including Sox2, Oligo2, and Zfp536164.  

Additionally, Braun et al. showed that hippocampal NSCs can be differentiated via 

Ascl1-mediated conversion into mature oligodendrocytes, which were shown to enhanced 

remyelination in a diphtheria-toxin induced genetic model of demyelination165.  

 

K. Neurotrophic Factors Provide Trophic Support to Endogenous Neural Stem 

Cells: When using stem cell derived oligodendrocytes as a neurorestorative treatment for 

TBI, it is crucial to consider the influence of neurotrophic factors on oligodendrocyte 

biogenesis, survival, and proliferation.  There is evidence to support the idea that the 

improved functional outcomes observed following stem cell therapy in TBI models may 
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be partially attributed to endogenous release of neurotrophic factors166,167.  One such 

study by Mahmood et al. showed that following marrow stromal cell (MSC) 

administration, only 4-7% of grafted stem cells expressed a neuronal phenotype, yet 

functional outcomes were significantly improved155.  It was also observed that following 

MSC application, significant increases in both brain-derived neurotrophic factor (BDNF) 

and nerve growth factor (NGF) were detected. This led investigators to draw the 

conclusion that MSC are unlikely to be solely responsible for the neurological 

improvements associated with MSC administration, and that instead, the functional 

improvements observed might be partially due to endogenous release of BDNF and 

NGF166.  

 

Since the recognition of endogenous release of BDNF and NGF in conjunction with stem 

cell transplantation100,102,104, the release of other endogenous neurotrophic factors by 

OPCs and oligodendrocytes including NGF glial-cell-line-derived neurotrophic factor, 

neurotrophin-3, midkine, hepatocyte growth factor, activin A, and transforming growth 

factor-β2 have been noted152,168.  Release of these trophic factors differentially promotes 

survival, differentiation, maturation, and proliferation of hESC derived neurons and/or 

oligodendrocytes, and are associated with improved functional outcomes following 

TBI169-171.  Therefore, application of neurotrophic factors may prove to be a critical 

component for success in the generation of oligodendrocytes and myelin via stem cell 

therapy.  

 

L. Conclusion: TBI is an epidemic that affects millions worldwide. One of the most 

detrimental aspects of TBI is its associated DAI, which leads to extensive axonal 

abnormalities and demyelination, and accordingly signal transmission deficits and 

network processing disturbances. Despite our increasing knowledge of TBI’s 
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pathobiology, there are currently no clinically relevant treatments available.  It is likely 

that advancements in the use of stem cell derived oligodendrocytes in the treatment of 

spinal cord injury, and the known beneficial effects of neurotrophic factors on 

oligodendrocyte biogenesis, may provide the basis for the development of future 

neurorestorative TBI treatments. 
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