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ABSTRACT 

 

 
Traumatic Brain Injury (TBI) gives rise to a progressive disease state that results in many 

adverse and long-term neurological consequences, including deficits in learning and memory, 

development of major depressive disorder, and increased likelihood of developing 

neurodegenerative diseases, as well as decreased life expectancy. Mesenchymal stem cells 

(MSC) have emerged as a promising cytotherapy for TBI and have been previously shown to 

improve numerous cellular and behavioral outcomes after brain injury including reduction of 

secondary apoptosis, restriction of immune cell infiltration, and improvements in cognitive 

deficits such as spatial learning and memory. A number of molecules secreted by MSC have 

been implicated in their therapeutic mechanism of action. However, no studies have been 

conducted to examine how the MSC secretome collectively regulates the injury 

microenvironment to support the survival of intact brain tissue that would otherwise be subject to 

secondary injury. The present study, uses high throughput RNA sequencing (RNAseq) of cortical 

tissue from the TBI penumbra to assess the molecular effects of both TBI and subsequent 

treatment with intravenously delivered human mesenchymal stem cells (hMSC). TBI was found 

to disrupt expression of approximately one quarter of the rat protein-encoding genome. 

Remarkably, hMSC treatment was found to normalize 49% of all transcripts regulated by TBI. 

This study also investigates the therapeutic efficacy of hMSC against negative behavioral 

outcomes commonly associated with TBI, including depression, which is the most common 

long-term side effect of TBI in humans. We show for the first time that a stem cell-based therapy 

is capable of preventing trauma-induced depression. Using novel precision X-ray methods to 

selectively eliminate endogenous neural stem cells, this study further probes the cellular 

mechanisms that underlie hMSC efficacy to reveal that some, but not all, therapeutic benefits 
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conferred by hMSC treatment are dependent on active proliferation of endogenous neural 

progenitor cells in the subventricular zone. 
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CHAPTER 1 

 

BACKGROUND AND SIGNIFICANCE 

 

 
1.1 Traumatic Brain Injury 

Traumatic brain injury (TBI) is a leading cause of death and long-term disability 

worldwide. The National Centers for Disease Control and Prevention estimate that, in the U.S. 

alone, there are between 1.7 and 2.5 million TBIs each year that result in emergency department 

visits, hospitalization, or death.
1,2

 This is likely a significant underestimate of the actual 

prevalence of TBI as it does not include individuals who sustained TBI but did not seek medical 

intervention, received only outpatient care, or military personnel who received treatment at 

veterans affairs medical centers. The later represents a significant component of the real 

incidence of TBI, as up to 23% of servicemen and –women deployed to conflicts in Afghanistan 

and Iraq have sustained some form of brain trauma, making TBI by far the most common combat 

injury of these wars.
3
  

Rather than a singular, instantaneous event, traumatic brain injury gives rise to a complex 

and progressive disease state with both spatial and temporal dynamics. Brain damage caused by 

TBI occurs in two major phases. The primary phase of TBI is rapid and results in necrotic cell 

death, which is due predominantly to mechanical forces that occur at the moment of insult. 

However, the secondary, and more destructive, phase of TBI is characterized by a propagating 

wave of apoptotic cell death that becomes evident within several hours to days after trauma and 

can extend for weeks to months after the initial injury.
4
 Many of the functional deficits observed 

after TBI can be attributed to the secondary injury that occurs in the post-acute stages of TBI, 

rather than the primary injury. In fact, a significant proportion of people who survive TBI go on 

to experience clinically significant cognitive decline and functional deterioration many months 
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after recovery.
5,6

 Although the secondary injury is the more destructive component of TBI 

pathophysiology, its prolonged nature provides an accessible window of opportunity for 

therapeutic intervention and the possibility of mitigating adverse neurological outcomes resulting 

from progressive neuronal death. 

Traumatic brain injury leads to numerous long-term and often debilitating cognitive, 

sensorimotor, and other neurological side effects. Of which, the most common long-term side 

effect in humans is major depression and associated anxiety disorders.
7
 Even individuals 

suffering from mild traumatic brain injury may develop symptoms of major depressive disorder.
8
 

In addition to depression, TBI can also cause long-lasting sleep disturbances with 45% of 

patients exhibiting abnormal sleep patterns years after the causative injury and up to 70% of TBI 

outpatients subjectively reporting post-traumatic sleep disturbances, which, like depression, may 

lead to further psychosocial impairment, including the inability to resume normal and essential 

activities like school, work, and home-management.
9,10

 TBI is also a major risk factor for the 

later development of serious neurological conditions, such as epilepsy. In fact, it has been 

estimated that 5% of all epilepsy cases in the general populace may be attributed to brain 

injury.
11

 It has also been well established that TBI can powerfully influence the risk of 

developing a number of neurodegenerative diseases, including Alzheimer’s disease and 

Parkinson’s disease. Clinical and post-mortem analyses have demonstrated that any previous 

history of brain trauma more than doubles the chance of developing Alzheimer’s disease and 

other non-Alzheimer’s dementias later in life.
12

 Although the severity of brain injury does 

correlate positively with increased risk of Alzheimer’s disease onset, even patients with no 

apparent acute cognitive deficits following TBI have both increased risk and accelerated onset of 

neurodegenerative disease.
13

 Similar population studies have demonstrated the link between TBI 
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and Parkinson’s disease. A long-term study of head injury among twins revealed that mild- to 

moderate- closed head injury was correlated with a significantly increased risk of developing 

Parkinson’s disease up to decades later in life.
14

 However, this phenomenon is not restricted only 

to TBI occurring early in life as individuals ≥55yr in age who sustain TBI were found to be 44% 

more likely to develop Parkinson’s disease within the following 5-7yr as compared to non-brain 

injured, age-matched controls.
15

 

Although the precise mechanisms that underlie TBI-induced potentiation of 

neurodegenerative disease have not yet been fully elucidated, it has been observed, in autopsy, 

that people with a history of TBI show abnormal axonal accumulation of several proteins 

implicated in neurodegenerative disease pathogenesis, including amyloid-beta, alpha-synuclein, 

and tau.
16

 Substantial pre-clinical and experimental work has been done to corroborate these 

findings.
17–19

 Within the context of Alzheimer’s disease models, it has been shown that TBI 

causes both acute and chronic oligomerization of amyloid-beta.
20

 Moreover, it has been 

demonstrated that repeated mild concussive closed-head injury can result in similarly aberrant 

amyloid-beta aggregation.
21

 These studies suggest that TBI sets in motion a molecular process 

with long-lasting effects that persist throughout life. 

In addition to the broad range of TBI-associated cognitive, sensorimotor and other 

neurological side effects, TBI is known to greatly increase long-term mortality rates and 

significantly reduce life expectancy.
22

 A longitudinal study of over 2000 patients with moderate 

to severe TBI reported that individuals with TBI were twice as likely to die one year after injury 

as compared to non-brain-injured individuals matched for age, race, and gender. This increase in 

mortality rate was accompanied by an average reduction in life expectancy of 7 years.
23

 

Moreover, even mild traumatic brain injury has been correlated with a significant reduction in 
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long-term survival rates compared to the general population.
24

 A number of subsequent studies 

examining the cause of death among individuals surviving longer than one year after TBI 

revealed that brain-injured individuals were 22-37 times more likely to die of seizures, 12 times 

more likely to die of sepsis, 3-4 times more likely to die of pneumonia and other respiratory 

conditions, 3 times more likely to die from circulatory disorders, and 3 times more likely to die 

by suicide.
25–27

 The latter of which deeply underscores the powerful link between TBI and 

depression.  

Given the litany of cellular and behavioral effects of TBI in addition to the potential for 

devastating long-term consequences including increased mortality rate and neurodegenerative 

disease, there is a clear and present need for an effective therapy that is capable of addressing 

multiple facets of TBI pathology and the progressive disease state that follows. The work 

presented here will compile evidence for the use of human mesenchymal stem cells (hMSC) as a 

successful, multi-mechanistic cytotherapy for traumatic brain injury and will investigate the 

cellular and molecular mechanisms that govern hMSC therapeutic efficacy. 

 

1.2 Mesenchymal Stem Cells 

 Mesenchymal stem cells (MSC) are adult somatic stem cells that were first identified in 

the seminal work of Friedenstein and colleagues in the 1960s and 1970s and were termed 

fibroblast-like colony forming units for their self-renewal and clonogenic properties.
28–31

 MSC 

have since been isolated from virtually all postnatal human tissues, but are most commonly and 

readily isolated from bone marrow and adipose tissue.
32–35

 Since their discovery, MSC have 

demonstrated the capacity to differentiate into osteocytes, chondrocytes, adipocytes, myocytes 

and other connective tissue cell types.
36,37

 Other reports have indicated that MSC also possess the 
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ability to transdifferentiate into other non-mesodermal cell types including neurons.
38

 However, 

much of the clinical interest generated by MSC is not due to their differentiation capacity. 

Instead, MSC have garnered significant attention in biomedical science for other clinically 

relevant characteristics.  

Mesenchymal stem cells have become well known for their anti-oxidant, anti-

inflammatory and immunomodulatory effects, which are conveyed by secreting a myriad of 

bioactive molecules that regulate the body’s inflammatory response to injury and induce both 

local and systemic immunosuppression.
39,40

 In addition to the direct expression of anti-

inflammatory molecules like transforming growth factor beta (TGF-β) and prostaglandin E2, 

hMSC also restrain inflammation indirectly by inhibiting various immune cells that are notorious 

for producing harmful inflammatory and oxidative species, including T-cells, neutrophils, and 

natural killer cells.
41–44

 The local and systemic immunosuppression provided by hMSC is also 

clinically relevant during transplantation, as their ability to evade the host’s immune system 

allows for the possibility of transplantation from unmatched donors without initiating 

immunological rejection.
45

 Adding to their arsenal of secreted bioactive factors, hMSC are also 

known to contribute to positive outcomes through trophic support by expressing a full 

compliment of trophic factors including brain-derived neurotropic factor (BDNF), nerve growth 

factor (NGF), vascular endothelial growth factor (VEGF), and others.
46

 

Perhaps the most important feature of mesenchymal stem cells is their intrinsic homing 

capability; that is, MSC exhibit a remarkable ability to migrate with high specificity to sites of 

injury and inflammation.
47

 This kind of targeted chemotaxis coupled with the many 

immunomodulatory, anti-inflammatory and neurotrophic molecules contained in their secretome, 

makes MSC ideal candidates for targeted therapy of central nervous system injury. A 
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considerable amount of pre-clinical work has been done to validate this claim, with several 

experimental studies demonstrating that MSC can improve a diverse range of cellular and 

behavioral outcomes following TBI, including reduction of secondary apoptosis and 

improvements in cognitive deficits such as spatial learning and memory.
48,49

  

 

1.3 Scope of Study 

The literature of the field is quite clear that hMSC secrete a number of demonstrably 

therapeutic molecules. Each of which has been studied individually and implicated in the hMSC 

mechanism of action. However, what is lacking is our understanding of how the hMSC 

secretome collectively changes the injury environment in such a way that it becomes conducive 

to the survival of intact neurons that would otherwise be subject to secondary injury. To address 

this gap in knowledge, chapter two will provide a genome-wide analysis detailing the transcript-

level genetic regulation offered by hMSC treatment after TBI. The genomic analysis will also 

highlight multiple molecular pathways through which hMSC treatment affects the tissue 

microenvironment after brain injury, ultimately illustrating the multi-mechanistic nature of 

hMSC therapeutic action. Furthermore, despite the wealth of evidence demonstrating the 

relevance of hMSC to TBI and their ability to curtail negative outcomes following brain injury, 

there is still one glaring omission in the field. That is, the efficacy of hMSC in treating 

depression, the most common long-term side effect of TBI, has not yet been studied. To resolve 

this omission, chapter three investigates the effect of intravenous hMSC treatment on behavioral 

outcomes commonly affected by TBI, including depression; and using novel precision X-ray 

technologies, identifies a potential role played by endogenous neural stem cells in the therapeutic 

efficacy of hMSC treatment.  
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CHAPTER 2 

 

HUMAN MESENCHYMAL STEM CELL TREATMENT NORMALIZES 

CORTICAL GENE EXPRESSION AFTER TRAUMATIC BRAIN INJURY 

 

 
2.1 Introduction 

Mesenchymal stem cells (MSC) have become an attractive platform for cell-based 

therapies for a wide variety of diseases, including central and peripheral nervous system diseases 

and damage. MSC exhibit an intrinsic ability to accumulate at sites of injury and 

immunovascular compromise,
50,51

 making them exceptionally relevant to disease states with 

prominent inflammatory components such as traumatic brain injury (TBI). MSC treatment of 

TBI is capable of normalizing aberrant metabolic activity,
49

 reducing deficits in measures of 

sensorimotor and neurological dysfunction,
51,52

 as well as improving more complex behavioral 

outcomes like spatial learning and memory.
49

 MSC are also known to reduce oxidative stress,
53

 

prevent secondary apoptosis
54,55

 and restrict immune cell infiltration;
56,44

 all of which are 

principle components in the secondary injury that evolves in the days and weeks following initial 

brain trauma.
57

  

Many hypotheses have been identified to explain the MSC therapeutic mechanism of 

action. These include the secretion of neuroprotective agents like brain-derived neurotrophic 

factor,
58

 anti-inflammatory cytokines like transforming growth factor beta
59–61

 and pro-

angiogenic molecules such as vascular endothelial growth factor.
62–64

 Given the myriad of 

bioactive molecules that are secreted by MSC and the numerous therapeutic benefits of MSC 

treatment, the impact of the MSC secretome at the site of brain injury must be multi-mechanistic. 

In this study, we used high throughput RNA-sequencing (RNAseq) of cortical tissue in the injury 

penumbra to ascertain what effect hMSC and their secreted effectors have on transcript-level 
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genetic regulation after TBI. The effect of TBI on gene expression in the brain has previously 

been studied using microarray technology, which demonstrated that gene modules and functional 

pathways belonging to inflammation, cell adhesion, and receptor-mediated cell signaling 

categories were significantly over represented among genes differentially regulated by TBI.
65–67

 

This is, however, the first attempt to use high throughput deep sequencing technology to evaluate 

TBI regulation of gene expression, and, although the effect of select pharmacological treatments 

on gene expression after TBI has been examined,
68,69

 this is, to our knowledge, the first 

examination of a stem cell-based therapy’s effect on cortical gene expression after TBI. 

 

2.2 Materials and Methods 

2.2.1 Human Mesenchymal Stem Cell Culture 

 hMSC were provided by the Texas A&M Health Science Center College of Medicine 

Institute for Regenerative Medicine (NIH NCRR grant #P40RR017447). All hMSC were derived 

from bone marrow obtained from adult human donors. A frozen vial of 1.0x10
6
 passage zero 

hMSC was thawed then seeded and expanded in Dulbecco’s Modified Eagle Medium (DMEM, 

Invitrogen, Grand Island, NY) containing 10 % FBS (Hyclone, Irvine, CA) and 1 % 

penicillin/streptomycin (Sigma, St. Louis, MO). hMSC cultures were maintained at <70 % 

confluence and underwent no more than three passages. hMSC were expanded and harvested 

with a solution of 0.25 % Trypsin and 2 mM EDTA (Invitrogen). 

2.2.2 Traumatic Brain Injury Model and Delivery of hMSC 

A controlled cortical impact (CCI) model of TBI was used in this study. All procedures 

were carried out using aseptic techniques and in accordance with institutional animal care and 

use guidelines. Eight-week old Sprague-Dawley rats were anesthetized with 2 % isoflurane in 

oxygen. Body temperature was maintained using a heat pad and warm water-circulating system. 
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Anesthetized rats were fixed into a stereotaxic frame and following a 15 mm midline incision 

over the cranium, a 6 mm diameter midline craniotomy was performed immediately rostral to 

bregma. The underlying dura was verified intact before proceeding. A CCI device (Leica 

Biosystems, Buffalo Grove, IL) was used to deliver a 5 mm diameter bilateral cortical injury. 

The cortex was impacted at an electronically controlled velocity of 2.25 m/s, to a depth of 3.0 

mm, with a dwell time of 500 ms. Sham operated control rats were anesthetized for a comparable 

duration and received only a midline incision over the cranium. 6 h following TBI, rats were 

anesthetized again with isoflurane and received an intravenous injection into the lateral tail vein 

of 1x10
6
 passage 3 hMSC suspended in 400 µl sterile saline. Control rats were injected with an 

equal volume of saline vehicle only.  

2.2.3 hMSC Labeling and Detection 

For tracking and observation using fluorescence microscopy, human mesenchymal stem 

cells were programmed to express the fluorescent protein, tdTomato, using a cell penetrating 

peptide-, gold nanoparticle-based transfection platform previously described by Muroski et. al.
70

  

6h post-TBI, tdTomato-expressing hMSC were administered, as described above, to a subset of 

rats not used for RNA sequencing (n=3). Rats were transcardially perfused 48h post-TBI with 

0.01M phosphate buffered saline (PBS) followed by 4% paraformaldehyde (PFA). Brains were 

excised and post-fixed in 4% PFA for 24h followed by 30% sucrose in 0.01M PBS for 48h. 

Coronal sections (40µm) throughout the site of injury were prepared using a freezing microtome 

(Thermo Scientific).  hMSC were visualized by wide field fluorescence microscopy using a 

Nikon Eclipse TE2000-E2 inverted microscope. 
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2.2.4 RNA Isolation and RNASeq Library Preparation 

Brains were excised 7d after TBI or sham surgery (n=5 per group) and the rostral most 

6mm of brain tissue, which encompassed the TBI lesion or equivalent uninjured tissue, was 

blocked in a chilled brain tissue matrix. Cortical tissue was dissected on chilled glass and total 

cellular RNA was extracted using the Trizol method (Life Technologies). 

RNA-Seq libraries were prepared using the protocols of Mortazavi et al.
71

 and Chang et 

al.,
72

 with the exception that mRNA enrichment was performed with the NEBNext Poly(A) 

mRNA Magnetic Isolation Module (New England Biolabs, Catalog E7490S). Five libraries were 

generated for each condition and 12 pM of each multiplexed library (ten per flow cell lane) were 

sequenced on an Illumina HiSeq 2500 located in the Translational Science Laboratory at the 

College of Medicine, Florida State University. Due to a barcode error, only three samples were 

used for further analysis of the TBI/hMSC group. 

2.2.5 RNA-Seq Data Analysis 

QC analysis of each sequenced library was performed using fastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adapter trimming was performed 

with Trimmomatic (http://www.usadellab.org/cms/?page=trimmomatic)
73

 using the TruSeq3-

SE.fa adapter sequence file provided with the program. A minimum length of 50 bases 

(MINLEN:50) was chosen as a cutoff for trimming. All reads below 50 bases were removed 

from further analysis. The trimmed sequencing reads were aligned and mapped using Tophat 

2.0.13 (https://ccb.jhu.edu/software/tophat/index.shtml)
74

 to the rat genome (genome release 

RGSC Rnor_5.0: GCA_000001895.3). A General Transfer Format (GTF) file was provided to 

Tophat (--GTF option) for the purpose of gene annotation (Rattus_norvegicus.Rnor_5.0.73.gtf) 

Six mismatches were allowed (--read-mismatches 6; --read-edit-dist 6) due to the variation 
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between the reference genome based on the inbred brown Norway rat and the outbred Sprague-

Dawley rat. Following mapping with Tophat, reads were filtered with Samtools 

(samtools.sourceforge.net/)
75

 and only unique reads that mapped to a single gene were used for 

further analysis. The unique reads were used to generate counts for each annotated gene using 

EasyRNASeq
76

, a Bioconductor software package (http://bioconductor.org/packages/release/ 

bioc/html/easyRNASeq.html). The Rattus_norvegicus.Rnor_5.0.73.gtf file was used for 

annotation (annotationMethod=”gtf”) and “geneModels” was used as the summarization option. 

Statistical analysis on count tables for male versus female comparisons of each strain was 

performed using both DESeq2 (http://bioconductor.org/packages/release/bioc/html/ 

DESeq2.html)
77

 and EdgeR (http://bioconductor.org/packages/release/bioc/html/edgeR.html)
78

 to 

determine statistically significant differentially expressed genes (a False Discovery Rate, FDR, 

of <0.05, using the Benjamini-Hochberg adjustment,
79

 is considered significant in our study). 

Cufflinks (http://cole-trapnell-lab.github.io/cufflinks/)
80

 was used to generate FPKM (fragments 

per kilobase per million reads) values. An FPKM cutoff value of ≥ 0.5 was used to remove genes 

with low abundance. Genes that were considered significantly different with both DESeq2 and 

EdgeR (FDR value <0.05) and that had an FPKM value ≥ 0.5 were used for further enrichment 

analysis. 

2.2.6 Gene Enrichment and Network Analysis 

WebGestalt (http://bioinfo.vanderbilt.edu/webgestalt/),
81,82

 a web-based enrichment 

analysis platform was used to determine KEGG pathway and gene ontology (GO) enrichment. 

For enrichment analysis, the Rattus norvegicus genome was used as the reference set to obtain 

significantly enriched (FDR adjusted p-value <0.05) pathways. The statistical test was 

hypergeometric and the Benjamini-Hochberg FDR method was used for multiple testing 
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adjustment and at least 5 genes were required to be in each enriched category in order to be 

considered significant. 

 

2.3 Results 

2.3.1 Molecular Effects of TBI 

Sequencing of RNA isolated from cortical tissue taken from the injury penumbra 7d post-

TBI revealed a large number of genes that were differentially regulated by traumatic brain injury. 

DESeq2 and EdgeR differential expression analyses were used to identify TBI-regulated genes. 

Both differential expression analyses were very consistent, having approximately 96% 

agreement. Thus, only genes identified by both DESeq2 and EdgeR methods were considered for 

further analysis. 3667 genes were up-regulated and 3214 genes were down-regulated (FDR 

adjusted p-value <0.05). Of these 6881 highly regulated genes, categorization by GO molecular 

function, KEGG pathway, and Wiki pathway analyses indicated a significant number of genes 

that code for proteins involved in metabolic pathways, neurotrophin signaling, immune cell 

infiltration and signaling, neurodegenerative disease, and neuronal plasticity and remodeling.  

2.3.1 Molecular Normalization Effect of hMSC Treatment 

Consistent with previous work, hMSC administered intravenously 6h after TBI were 

found to accumulate at the lesion boundary zone known as the penumbra. (Fig. 2.1) Treatment of 

TBI with human bone marrow-derived mesenchymal stem cells reduced the number of 

differentially regulated genes in the transcriptome of the injury penumbra by approximately 50% 

(6881 to 3588). As shown in figure 2.2, of these 3588 differentially regulated genes in the 

TBI/hMSC condition, 3524 coincided with genes that were regulated in the TBI only condition, 

and only 64 were new reads not found to be regulated by TBI. Therefore, hMSC treatment 

effectively normalized the expression of 49% (3357 of 6881) of the genes regulated by TBI. 
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Figure 2.1: Accumulation of intravenously delivered human mesenchymal stem cells within the 

injury penumbra following traumatic brain injury. Schematic of coronal brain section illustrating 

the region imaged within the injury penumbra. Shaded region bordered by dashed line represents 

necrotic injury core. Atlas inset: fluorescence photomicrograph showing accumulation of hMSC 

at the injury penumbra 48h post-TBI. Scale bar, 50µm. 1x10^6 td-Tomato-labeled hMSC were 

administered intravenously via the lateral tail vein 6h after TBI. 

 

 

2.3.1.1 Energy Metabolism 

Among the 3357 genes that were normalized by hMSC treatment, KEGG pathway 

analysis was performed to evaluate which biochemical pathways were most significantly 

corrected by hMSC intervention. Compared to sham operated controls, TBI disrupted the 

expression of 375 genes encoding proteins involved in metabolism. Of these 375 metabolism-

related transcripts, 50% were no longer differentially regulated in rats receiving intravenous 

hMSC treatment after TBI. The distribution of normalized metabolic genes was further refined 

into specific metabolic pathways and are compiled in Table 2.1. Specific metabolic pathway 

classification showed pronounced normalization of transcript expression pertaining to the 

pentose phosphate pathway (92%), oxidative phosphorylation (86%) and glycolysis and 

gluconeogenesis (81%).  
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Figure 2.2: Normalization of cortical gene expression in the injury penumbra after intravenous 

human mesenchymal stem cell treatment. Venn diagram illustrating the number of genes 

regulated by TBI (light grey) and the number of genes regulated by TBI when treated with 

hMSC (dark grey) as compared to sham-operated controls. In cortical tissue taken from the 

injury penumbra, 6881 RNA transcripts were differentially expressed 7d after TBI. Treatment of 

TBI reduced the number of differentially expressed genes by 3357 (49%). Overlap indicates the 

number of genes regulated by TBI regardless of treatment. hMSC treatment produced 64 new 

reads that were not found to be regulated by TBI only. 

 

 

2.3.1.2 Receptor-mediated Cell Signaling 

TBI was also found to disrupt a number of receptor-mediated cell signaling pathways, 

including transcripts pertaining to several neurotransmitter and neurotrophin signaling pathways. 

Table 2.2 details the KEGG pathway analysis, which shows 57% normalization of genes 

pertaining to neuroactive ligand-receptor interactions. These include numerous genes encoding 

for several glutamate receptors (Grk1,2,3,5; Grm1,3,5), GABAA receptor beta 2 subunit 

(Gabrb2), glycine receptor alpha 2 subunit (Glra2), histamine H3 receptor (Hrh3), and multiple 

cholinergic receptor subunits (Chrm2,4; Chna3,b2). Within this pathway, 60 transcripts were 

disrupted by TBI. Interestingly, all 60 transcripts were downregulated in TBI relative to sham-
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operated animals. TBI also caused differential expression of some 58 genes within the canonical 

neurotrophin signaling pathway; of which, hMSC treatment was found to normalize 45%. 

Certain neurotrophin-related signal transduction systems were also disrupted by TBI; of which, 

Wnt, MAPK and phosphatidylinositol signaling pathways were significantly normalized by 

hMSC treatment (44%, 41% and 35%, respectively). 

 

Table 2.1 Number of genes within metabolic pathways regulated by TBI and normalized by 

hMSC treatment. 

Pathway 
Upregulated 

by TBI 

Downregulated 

by TBI 

Normalized by 

hMSC Tx 

Percent 

Normalized 

All Metabolic Pathways 189 186 189 50 

Metabolic Subpathways 

Pentose Phosphate Pathway 6 6 11 92 

Pyrimidine Metabolism 17 0 15 88 

Oxidative Phosphorylation 0 35 30 86 

Biosynthesis of Unsaturated 

Fatty Acids 
0 7 6 86 

Glycolysis/ 

Gluconeogenesis 
0 16 13 81 

Folate Metabolism 8 0 6 75 

Citrate Cycle (TCA cycle) 0 11 8 73 

Nitrogen Metabolism 0 7 5 71 

Galactose Metabolism 7 0 5 71 

Fructose and Mannose 

Metabolism 
6 10 11 69 

Sphingolipid Metabolism 9 0 6 67 

Cysteine and Methionine 

Metabolism 
6 7 8 62 

Valine, Leucine and 

Isoleucine Degradation 
16 0 9 56 

Glycero-phospholipid 

Metabolism 
16 20 19 53 

Purine Metabolism 25 23 24 50 

Alanine, Aspartate and 

Glutamate Metabolism 
5 7 5 42 
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Table 2.2 Number of genes from selected receptor-mediated cell signaling pathways regulated 

by TBI and normalized by hMSC treatment. 

Pathway 
Upregulated 

by TBI 

Downregulated 

by TBI 

Normalized 

by hMSC Tx 

Percent 

Normalized 

Neuroactive ligand-receptor 

interactions 
0 60 34 57 

ErbB signaling pathway 17 29 24 52 

Neurotrophin Signaling 

Pathway 
28 30 26 45 

Wnt signaling pathway 26 36 27 44 

MAPK signaling pathway 59 70 53 41 

Phosphatidylinositol 

signaling system 
11 32 15 35 

 

 

2.3.1.3 Neuronal Plasticity and Remodeling 

 Cortical expression of both long-term depression (LTD) and long-term potentiation 

(LTP) genes were dysregulated by TBI. Respectively, hMSC treatment normalized 47% and 

35% of TBI-regulated LTD and LTP genes (Table 2.3). Within the LTD and LTP pathways, 

there was a common core of transcripts that were both regulated by TBI and normalized by 

hMSC treatment. These include metabotropic glutamate receptors 1 and 5 (Grm1,5), mitogen 

activated protein kinase 1 (Mapk1) and it’s upstream kinase, Map2k1, as well as the guanine 

nucleotide binding protein subunit, Gqα (Gnaq), and the GTPase, HRas, encoded by the Harvey 

rat sarcoma virus oncogene. Specific to the LTD pathway, hMSC treatment also normalized 

transcript expression of Giα (Gnai1) and G12α (Gna12) G protein subunits. Also shown in table 3, 

hMSC treatment corrected a significant proportion of TBI-regulated transcripts encoding 

proteins involved in axon guidance (44%), cytoskeletal regulation (44%), and extracellular 

matrix-receptor binding (33%) 
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2.3.1.4 Immune Cell Signaling and Infiltration 

 The largest grouping of molecular pathways disrupted by TBI and normalized by hMSC 

treatment were those pertaining to immune cell infiltration and signaling. (Table 2.4) Consistent 

with previous work showing blood-brain barrier dysfunction following brain trauma, TBI 

affected the expression of numerous gap junction-, adherens junction- and tight junction-related 

genes; with hMSC treatment normalizing 52%, 51% and 33% of these TBI-regulated transcripts, 

respectively. KEGG pathway analysis outlined in table 2.4 also highlighted the effect of TBI on 

the expression of cell adhesion molecules and genes concerning leukocyte chemotaxis, as well as 

the ability of hMSC to normalize the TBI-induced regulation of these genes. hMSC treatment 

normalized 29% of TBI-regulated cell adhesion molecule transcripts and 26% of TBI-regulated 

transcripts pertaining to leukocyte transendothelial migration. Additionally, hMSC treatment 

provided significant normalization of genes involved in T-cell (46%) and B-cell (40%) signaling 

pathways as well as NK cell-mediated cytotoxicity (32%). hMSC treatment also provided 

significant normalization of TBI-regulated transcripts belonging to immune- and inflammation-

related signal transduction systems, including TGF-beta signaling pathway (53%), Jak-STAT 

signaling pathway (50%), and NOD-like receptor signaling pathway (38%). 

 

Table 2.3 Number of genes regulated by TBI and normalized by hMSC treatment within 

pathways pertaining to neuronal plasticity and tissue remodeling. 

Pathway 
Upregulated 

by TBI 

Downregulated 

by TBI 

Normalized 

by hMSC Tx 

Percent 

Normalized 

Long-term depression 14 29 20 47 

Axon guidance 26 44 31 44 

Regulation of actin 

cytoskeleton 
59 41 44 44 

Long-term potentiation 9 34 15 35 

ECM-receptor interactions 33 0 11 33 
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Table 2.4 Number of genes regulated by TBI and normalized by hMSC treatment within 

pathways relevant to immune cell recruitment, infiltration and signaling. 

Pathway 
Upregulated 

by TBI 

Downregulated 

by TBI 

Normalized 

by hMSC Tx 

Percent 

Normalized 

TGF-β signaling pathway 16 10 14 54 

Gap junction 20 32 27 52 

Adherens junction 27 10 19 51 

Jak-STAT signaling 

pathway 
36 0 18 50 

T-cell receptor signaling 

pathway 
29 21 23 46 

B-cell receptor signaling 

pathway 
26 12 15 39 

NOD-like receptor 

signaling pathway 
21 0 8 38 

Focal adhesion 69 31 38 38 

Fc epsilon RI signaling 

pathway 
18 16 12 35 

Chemokine signaling 

pathway 
52 38 31 34 

Adipocytokine signaling 

pathway 
19 11 10 33 

Tight junction 27 28 18 33 

Fc gamma R-mediated 

phagocytosis 
32 20 17 33 

Cytokine-cytokine receptor 

interaction 
59 0 19 32 

Natural killer cell mediated 

cytotoxicity 
30 20 16 32 

Cell adhesion molecules 53 17 20 29 

Leukocyte trans-endothelial 

migration 
44 17 16 26 

 

 

2.3.1.5 Neurodegenerative Disease 

 TBI regulated transcription of numerous genes implicated in several neurodegenerative 

disease pathways, including Parkinson’s disease, Huntington’s disease and Alzheimer’s disease 

(Table 2.5). 33 transcripts pertaining to Parkinson’s disease and 47 transcripts pertaining to 

Huntington’s disease were found to be differentially regulated by TBI; all of which were down-
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regulated. hMSC treatment normalized 100% of Parkinson’s related transcripts and 89% of 

Huntington’s related transcripts that were disrupted by TBI. Also shown in table 2.5, hMSC 

treatment corrected 57% of TBI-regulated genes categorized in the KEGG Alzheimer’s pathway. 

Comparison of the normalized transcripts identified in the Parkinson’s, Huntington’s and 

Alzheimer’s pathways revealed a large group of overlapping transcripts common to all three 

groups. This common core of TBI-regulated, hMSC-normalized genes is comprised of 26 

nuclear- and mitochondrial-encoded metabolic respiratory chain genes, including numerous 

NADH dehydrogenase (Complex I) subunits, succinate dehydrogenase (Complex II) subunit A, 

multiple cytochrome bc1 (Complex III) subunits, Cytochrome C, multiple cytochrome C oxidase 

(Complex IV) subunits, as well as the mitochondrial ATP-synthase (Complex V) alpha subunit. 

 

Table 2.5 Number of genes regulated by TBI and normalized by hMSC treatment that are 

implicated in neurodegenerative disease etiology. 

Pathway 
Upregulated 

by TBI 

Downregulated 

by TBI 

Normalized 

by hMSC Tx 

Percent 

Normalized 

Parkinson's disease 0 33 33 100 

Huntington's disease 0 47 42 89 

Alzheimer's disease 23 54 44 57 

Prion diseases 12 8 10 50 

Amyotrophic lateral 

sclerosis 
10 17 9 33 

 

 

2.4 Discussion 

TBI is a widely prevalent medical condition for which current pharmacological and 

surgical interventions provide only limited benefit for both the treatment of the immediate 

trauma as well as the long term and debilitating side effects associated with secondary injury 

progression. To date, no single treatment approach has been proven to sufficiently address the 

numerous neurological consequences occurring after TBI. RNAseq data presented here revealed 

the astonishing molecular effect of TBI, with approximately one quarter of the rat protein-
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encoding genome being disrupted in cortical areas proximal to the initial contusion. The wide 

array of molecular pathways affected by TBI provides explanatory context for the abundance of 

cellular and behavioral effects of brain injury and is suggestive of why single-mechanism 

therapeutic approaches have proven to be inadequate. These data highlight the clear need for a 

multi-mechanistic approach to simultaneously manage multiple aspects of the TBI disease state. 

By secreting a myriad of bioactive molecules, hMSC possess the power to influence both the 

short and long term cellular and molecular ramifications of TBI. This is clearly demonstrated 

here by the robust molecular normalization observed after treatment of TBI with intravenously 

delivered hMSC.  

2.4.1 Immune Cell Signaling and Infiltration  

In CNS trauma, secondary injury begins to develop just minutes after the initial insult and 

can progress for months thereafter. This is due largely to a complex and protracted 

immunological and inflammatory response that can last years following brain injury.
57

 The 

innate immune response instigated by brain injury begins rapidly in response to tissue and 

vascular damage that stimulates resident microglia to transform into macrophages, which secrete 

inflammatory and chemotactic cytokines. This is coupled with up-regulation of a number of 

endothelial adhesion molecules to direct leukocyte infiltration at the site of injury. Neutrophil 

accumulation becomes evident within a few hours of the initial trauma and is followed by 

accumulation of circulating monocytes, which subsequently differentiate into non-resident 

macrophages that express major histocompatibility complex (MHC) antigens that precipitate 

adaptive immunity mediated by B- and T-lymphocytes.
4,83,84

 In addition to the coordinated effect 

of diffusible chemokines and cellular adhesion molecules, immune cell infiltration is further 

facilitated by blood-brain barrier breakdown and dysfunction resulting from trauma.
85,86
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Although it is part of the brain’s innate response to injury, unrestricted recruitment of leukocytes 

expressing pro-inflammatory cytokines and other mediators of oxidative stress is correlated with 

increased neuronal death, cytotoxic edema, and propagation of lipid peroxidation.
87–90

 Indeed, it 

has been shown that manipulation of cell adhesion and chemokine pathways to restrict immune 

cell infiltration is correlated with improved pathology following CNS trauma.
90–93

 An extensive 

body of literature now exists demonstrating the potent immunosuppressive effects of hMSC and 

how they are capable of mitigating secondary harm done by the immunological cascade that 

follows TBI.
44,59,40,94,39

 The RNAseq analysis performed here provides supportive evidence of 

this therapeutic mechanism by showing that hMSC possess the ability to normalize gene 

expression pertaining to multiple aspects of immune cell signaling and recruitment following 

TBI. For example, hMSC treatment normalized TBI-induced up-regulation of the interleukin-7 

receptor alpha gene (Il7r), which binds interleukin 7 (IL-7) and is important in T-cell maturation 

and proliferation.
95

 hMSC treatment was also found to normalize TBI-induced up-regulation of 

Janus kinase 1 (Jak1), which is both a key element in transducing IL-7 signals that ultimately 

contribute to T-cell mediated adaptive immunity after TBI as well as transducing inflammatory 

interferon-gamma signals via type II cytokine receptors.
96

 hMSC influence over the TBI-induced 

immunological response also encompassed normalization of other cytokine-receptor interactions, 

including normalizing TBI-induced up-regulation of C-C motif receptor 1 (Ccr1) expression, 

whose binding partners include macrophage inflammatory protein 1 (MIP1) and monocyte 

chemoattractant protein 3 (MCP3). hMSC treatment exhibited similar control over other areas of 

leukocyte recruitment and transendothelial migration, including normalization of several 

integrins and cell adhesion molecules that were up-regulated by TBI as well as normalization of 
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several genes involved in maintaining blood-brain barrier integrity at gap-, adherens-, and tight 

junctions. 

2.4.2 Energy Metabolism 

The RNAseq analysis provided here indicates that TBI causes a major shift in energy 

metabolism and homeostasis in the brain. Indeed, others have demonstrated post-traumatic 

metabolic variation including hyperglycolysis and increased glucose catabolism by the pentose 

phosphate pathway (PPP).
97,98

 The observed increase in pentose phosphate pathway activity after 

TBI is likely in response to oxidative stress that is a key driver in secondary brain injury, as 

glucose oxidation via PPP produces NADPH reducing equivalents that act as proton donors 

during H2O2 scavenging and is inhibitory of lipid peroxidation reactions.
99–101

 Our RNAseq data 

are in agreement with this TBI-induced disruption of glucose metabolism. More importantly, 

these data show that hMSC treatment after TBI provided robust normalization of transcript 

expression pertaining to glucose metabolism, including the pentose phosphate pathway, and 

glycolysis and gluconeogenesis. While the ability of hMSC to normalize aberrant glucose 

metabolism after TBI has also been demonstrated in vivo,
49

 our data suggest that the power of 

hMSC to correct energy homeostasis and ATP production after brain injury is not limited to just 

glycolytic pathways, as similarly robust molecular normalization of TCA cycle and oxidative 

phosphorylation pathways was also observed.  

Also highly relevant to energy homeostasis, several amino acid synthesis and degradation 

pathways were found to be regulated by TBI and subsequently normalized by hMSC treatment. 

These included alanine and cysteine metabolism; both of which can be converted to serve as 

alternative sources of pyruvate, representing yet another aspect of hMSC control over energy 

balance. Amino acid metabolism is also central to maintenance of glutamate, aspartate, glycine 
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and GABA neurotransmission, as well as others. It is well known that brain trauma results in 

disruption of neurotransmitter release, including the unrestrained release of glutamate, which 

leads to excitotoxic cell death and is a key contributor in the evolution of secondary brain 

injury.
57,102–104

 RNA sequencing showed that hMSC treatment normalized gene expression of 

multiple enzymes responsible for the synthesis, degradation and transport of amino acid 

neurotransmitters which serves as promising evidence that hMSC are also well-equipped to 

mange this facet of traumatic brain injury. 

2.4.3 Receptor-mediated Cell Signaling 

In addition to neurotransmission, hMSC seem to play an even broader role in correcting 

TBI-induced abnormal receptor-mediated cell signaling. TBI was found to dysregulate a number 

of such signaling systems including Wnt, MAPK and ErbB pathways; all of which experienced 

significant normalization after hMSC treatment. Although signal transduction systems such as 

these tend to participate in many cellular processes, all of them have been mechanistically 

implicated in outcomes following central nervous system injury. For example, the Wnt signaling 

pathway, which is known for its involvement in central nervous system development
105

 has also 

been suggested to be important in the regenerative response to brain injury by coordinating 

cellular events including adult neurogenesis, axon guidance and synaptogenesis.
106–109

  

Perhaps the best example of the multi-mechanistic effect exerted by hMSC on cell-cell 

and environment-cell signaling in the brain is given by the neuroactive ligand-receptor 

interaction KEGG pathway, which is comprised of a comprehensive list of genes encoding 

neuroactive receptors. RNAseq of the injury penumbra revealed that transcription of a substantial 

number of these receptor genes was interrupted by TBI. All of the TBI-regulated transcripts 

identified in this category were down-regulated. This general deficit in neuroactive receptors 
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illustrates the inability of vulnerable neurons in the penumbra to maintain normal communication 

with both the extracellular environment and neighboring cells. Remarkably, hMSC treatment 

was shown to normalize expression of greater than half of these transcripts. The neuroactive 

receptor genes down-regulated by TBI and normalized by hMSC treatment varied widely and 

pertained to various neurological functions ranging from excitatory and inhibitory 

neurotransmission to auto-/paracrine and endocrine signaling. Included, for example, was the 

histamine H3 receptor, which is relevant in the context of TBI because it’s ligand, histamine, is 

known to promote the development of brain edema by increasing vascular permeability.
110,111

 

The H3 receptor, which is the dominant histamine receptor in the brain, is an inhibitory 

autoreceptor positioned on presynaptic terminals of histaminergic neurons and, when bound, 

inhibits further release of histamine; thereby, protecting against histamine neurotoxicity.
112,113

  

2.4.4 Neuronal Plasticity and Remodeling 

TBI also had the effect of compromising neuronal plasticity and tissue remodeling 

systems including a large number of genes regulating actin cytoskeletal elements and axon 

guidance. It has previously been shown in a stroke model that the expression profile of axon 

guidance signaling genes is modified in intact neurons remote from the infarct zone.
114

 Our data 

demonstrate a similar TBI-induced regulation of axon guidance genes within the injury 

penumbra. hMSC treatment provided significant normalization of this expression pattern 

including normalization of two membrane-anchored ephrin proteins and two of their cognate 

receptors. Ephrins and their receptors are important molecules in plasticity and remodeling 

following brain injury as they control axon guidance through repulsive contact, regulate the 

dynamic assembly of actin cytoskeleton and contribute to glial scar formation.
115

 Ephrins and 

ephrin receptors are known to be dysregulated by various modes of brain injury and have been 
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identified as attractive potential therapeutic targets for CNS injury repair.
116–118

 RNAseq analysis 

showed that hMSC treatment normalized irregular Ephrin expression induced by TBI, suggesting 

that hMSC are innately well suited to target Ephrin dysfunction and other plasticity-related 

aspects of TBI disease progression. 

2.4.5 Neurodegenerative Disease 

Unfortunately, the long-term effects of TBI and its sequelae may extend well beyond the 

outcomes described above. Although the causal mechanisms have not yet been elucidated, it is 

well established that TBI is a known risk factor for the later development of neurodegenerative 

diseases, including Alzheimer’s disease, Parkinson’s disease and other dementias.
20,12,13,15,14

 

While, no therapeutic intervention for TBI to date has been studied with a view to reduce the risk 

of subsequent onset of neurodegenerative disease, data presented here provide promising 

evidence that hMSC may play a powerful role in preventing onset of neurodegenerative disease 

potentiated by brain injury. TBI was found to disrupt transcript expression of many genes 

implicated in the pathogenesis of Parkinson’s disease, Huntington’s disease, Alzheimer’s 

disease, and others. In the case of Parkinson’s disease, 100% molecular normalization was 

observed after hMSC treatment. Similarly powerful normalization of gene expression was 

observed for Huntington’s and Alzheimer’s disease as well, indicating that hMSC have the 

ability to correct molecular imbalances that may lead to the later onset of these diseases. 

Interestingly, further examination of these TBI-regulated, hMSC-normalized genes revealed a 

common core of 26 nuclear- and mitochondrial-encoded respiratory chain genes shared by all 

three neurodegenerative disease pathways. This finding underscores a growing body of evidence 

that supports the metabolic nature of neurodegenerative disease and the integral role that 
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mitochondria may play in age-related neurodegeneration,
119–122

 while also pointing to a potential 

mechanism by which TBI increases the risk for the development of neurodegenerative disease. 

2.4.6 Conclusion 

In summary, this work clearly demonstrates that, on a molecular level, hMSC treatment is 

capable of managing multiple aspects of TBI pathology that, if left untreated, ultimately lead to 

the progressive and detrimental secondary injury that occurs in the days, weeks, and months 

following brain trauma. These data also identify a number of specific molecular pathways 

through which hMSC exert their therapeutic action. The ability of hMSC to provide robust 

normalization of TBI-regulated cortical gene expression across a wide variety of molecular 

pathways underscores the multi-mechanistic nature of mesenchymal stem cell therapy and 

further confirms the potential for hMSC to become part of an effective treatment plan for 

moderate to severe traumatic brain injury. 
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CHAPTER 3 

 

HUMAN MESENCHYMAL STEM CELL TREATMENT AFTER 

TRAUMATIC BRAIN INJURY PREVENTS TRAUMA-INDUCED 

DEPRESSION AND IS DEPENDENT ON SUBVENTRICULAR ZONE 

PROLIFERATION 

 
3.1 Introduction 

 

Major depression, co-morbid anxiety, and related mood disorders are the most common 

long-term cognitive sequelae of traumatic brain injury (TBI) in humans, with as many as 40% of 

TBI patients developing depressive behavior;
7
 many of whom are refractory to prescription 

antidepressants.
123,124

 Even mild traumatic brain injury is known to be a prominent risk factor for 

the development of major depressive symptoms.
8
 Given the potentially debilitating long-term 

consequences of injury-induced depression and the poor performance of standard 

pharmacological treatments in TBI patients, new therapies are clearly needed. 

Stem cells have become a viable platform for cell-based therapeutics in a diverse range of 

pathologies. Human mesenchymal stem cells (hMSC) in particular possess many qualities that 

make them well suited for use in a clinical setting. For example, hMSC are readily available 

from adult bone marrow and other tissues;
125

 therefore, there are no ethical implications in 

applying them to treat disease and disability. Additionally, compared to embryonic stem cells 

and induced pluripotent stem cells, hMSC exhibit extremely low tumorigenicity, making them 

more ideal candidates for delivery and implantation into patients.
126

 hMSC also lack expression 

of Class II Major Histocompatibility Complex molecules,
127

 permitting them to evade host 

immune systems, which allows for the possibility of allogenic transplantation without inciting 

deleterious immunological reactions.
45

 In fact, the safety and efficacy of allogenic human bone 
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marrow-derived mesenchymal stem cells has already been established in phase II and III clinical 

trials.
128,129

  

hMSC are known to have both local and systemic immunomodulatory effects, making 

them relevant to a multitude of inflammatory disease conditions, including TBI.
94,130

 hMSC work 

to establish a restorative microenvironment by secreting cytokines to suppress the local immune 

system and by expressing a profile of trophic factors that inhibit apoptosis and gliosis while 

augmenting mitosis, angiogenesis and endogenous repair mechanisms.
40,50,130–132

 Thus, given 

their intrinsic ability to accumulate at sites of injury and inflammation, hMSC can be used to 

directly target TBI.  

Although the mechanisms are not clear, it is known that treatment of TBI models with 

hMSC leads to improved behavioral outcomes, including measures of sensorimotor deficits and 

neurological function.
51,52

 However, to our knowledge, no one has published on the efficacy of 

stem cells in treating injury-related depression. In addition to the established therapeutic benefits 

of hMSC, data also suggest that the trophic effects exerted by hMSC may have a collateral effect 

on the rate of mitosis in endogenous neural progenitor cells (NPC).
131

 Those residing in the 

subventricular zone (SVZ) of the lateral ventricle are now known to play role in brain’s innate 

response to injury.
133

 With this in mind we sought to evaluate both the efficacy of hMSC in 

preventing TBI-induced depression and the potential role played by endogenous NPC in this 

context. We hypothesize that intravenous hMSC treatment can mitigate depression resulting 

from TBI and, using precision X-ray technologies to selective inhibit subventricular zone 

mitosis, we test the secondary hypothesis that augmentation of SVZ proliferation is an essential 

mechanism underlying the observed improvements following hMSC treatment of TBI. 
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3.2 Materials and Methods 

3.2.1 Human MSC Culture 

hMSC were provided by the Texas A&M Health Science Center College of Medicine 

Institute for Regenerative Medicine (NIH NCRR grant #P40RR017447). All hMSC were derived 

from bone marrow obtained from adult human donors. A frozen vial of 1.0x10
6
 passage zero 

hMSC was thawed then seeded and expanded in Dulbecco’s Modified Eagle Medium (DMEM, 

Invitrogen, Grand Island, NY) containing 10 % FBS (Hyclone, Irvine, CA) and 1 % 

penicillin/streptomycin (Sigma, St. Louis, MO). hMSC cultures were maintained at <70 % 

confluence and underwent no more than three passages. hMSC were expanded and harvested 

with a solution of 0.25 % Trypsin and 1 mM EDTA (Invitrogen).  

3.2.2 Brain Injury Model and Delivery of Human MSC  

A controlled cortical impact (CCI) model of TBI was used in this study. All procedures 

were carried out using aseptic techniques and in accordance with institutional animal care and 

use guidelines. Eight-week old Sprague-Dawley rats were anesthetized with 2 % isoflurane in 

oxygen. Body temperature was maintained using a heat pad and warm water-circulating system. 

Anesthetized rats were fixed into a stereotaxic frame and following a 15 mm midline incision 

over the cranium, a 6 mm diameter midline craniotomy was performed immediately rostral to 

bregma. The underlying dura was verified intact before proceeding. A CCI device (Leica 

Biosystems, Buffalo Grove, IL) was used to deliver a 5 mm diameter bilateral cortical injury. 

The cortex was impacted at an electronically controlled velocity of 2.25 m/s, to a depth of 3.0 

mm, with a dwell time of 500 ms. Sham operated control rats were anesthetized for a comparable 

duration and received only a midline incision over the cranium. 



 30 

6 h following TBI, rats were anesthetized again with isoflurane and received an 

intravenous injection into the lateral tail vein of 1x10
6
 passage 3 hMSC suspended in 400 µl 

sterile saline. Control rats were injected with an equal volume of saline vehicle only.  

3.2.3 EdU Labeling and Detection  

Proliferating cells in the subventricular zone were labeled by intraperitoneal injection of 

5-ethynyl-2’-deoxyuridine (EdU). All rats received two EdU injections (50 mg/kg each); the first 

of which was administered 6 h post injury, immediately following intravenous hMSC treatment. 

The second EdU injection was given 24 h post injury. EdU incorporation into proliferative nuclei 

was detected by fluorescence microscopy in 40 µm frozen coronal tissue sections using the 

Click-iT EdU Alexafluor 488 Imaging kit (Life Technologies, Grand Island, NY). Stereological 

methods were used to quantify the number of EdU-labeled cells in every sixth brain section. A 

minimum of 12 brain slices per rat were evaluated using Stereo Investigator stereology software 

(mbf Biosciences, Williston, VT). Cell counts in the subventricular zone as well as the 

subgranular zone (SGZ) of the hippocampus were obtained at 48 h and 7 days post-TBI. The 

number of EdU-labeled SVZ cells migrating to the injury penumbra was evaluated at 7 days 

post-TBI.  

3.2.4 Subventricular Zone Irradiation  

Cellular proliferation in the subventricular zone was eliminated by targeted irradiation 

using an X-Rad 320 self-contained precision X-ray system (Precision X-Ray, North Branford, 

CT). Directly after TBI, rats were anesthetized with isoflurane as described above and placed 

into a stereotaxic frame within the X-ray cabinet. Using stereotaxic coordinates and a 4 mm 

exposure window, a custom built adjustable lead shield was positioned 7.0 mm rostral of the 

interaural line, exposing the subventricular zone to irradiation while shielding the rest of the 
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brain, and particularly the hippocampus. Additional lead shielding was used to protect the rat’s 

body from collateral radiation. Based on previous reports
134,135

 and preliminary experiments to 

determine the optimal dose to eliminate SVZ proliferation, irradiated rats received a dose of 8 Gy 

(800 rad) over a period of 300 s. Control rats were anesthetized for an equal duration in the 

irradiation apparatus without irradiation. 

3.2.5 Behavioral Analyses 

A combination of TBI, intravenous hMSC treatment and SVZ irradiation was used to test 

the hypothesis that the efficacy of hMSC treatment is dependent on SVZ cell proliferation. 

Immediately following either TBI or sham surgery, rats received an 8 Gy dose of irradiation or 

sham irradiation as described above. Then, 6 hr post-TBI, hMSC treatment was administered via 

the lateral tail vein. Behavioral testing began one week after TBI (n=8 per group). Open field 

behavior was video recorded for 5 min in an acrylic open field arena measuring 36”x36” with 

12” opaque walls. The arena floor was marked with a non-tactile 6”x6” grid. Video recordings 

were evaluated for total number of gridlines crossed, time spent and number of gridlines crossed 

in the arena perimeter, time spent and number of gridlines crossed in central quadrant, number of 

rearings and time spent grooming. 

Depression-like behavior was assessed using the standard two-bottle preference paradigm 

for anhedonia.
136,137

 Beginning one week post-TBI, rats were given the choice between DIH2O 

and 0.025% Saccharin; consumption of each was recorded daily over a period of four days. To 

eliminate novelty-seeking behavior, rats were exposed to two bottles of saccharin for two days 

prior to data acquisition. To avoid positional bottle preference, water and saccharin bottle 

placement was alternated daily.  
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Learning and memory was examined using the novel object recognition test. Rats were 

habituated to an empty arena containing no objects for 5min. After a 60min intermission, rats 

were returned to the arena and allowed to investigate two identical objects for 5min. Following 

another 60min interval, rats were returned to the arena and allowed to investigate one familiar 

object and one novel object. Time spent investigating the novel object was recorded.  

3.2.6 Magnetic Resonance Imaging and Lesion Volumetrics 

Five rats from each group undergoing behavioral analysis were randomly selected for ex 

vivo magnetic resonance imaging (MRI) and volumetric analysis of the TBI lesion. Three weeks 

post-TBI, rats were transcardially perfused with 0.01M phosphate buffered saline (PBS) 

followed by 4% paraformaldehyde (PFA). Prior to MRI, the excised whole-head samples were 

removed from fixative, washed in PBS and immersed in Flourinert (3M, St Paul, MN, USA). 

Images were acquired using a wide bore 11.75-T, 500-MHz vertical magnet.  The magnet is 

equipped with a Bruker Avance console (Bruker-Biospin, Billerica, MA). All samples were 

imaged with a 25-mm radio frequency (RF) coil resonating at 500 MHz. Imaging was performed 

to evaluate lesion volume using a high-resolution 3D gradient recalled echo (GRE) imaging 

sequence. Acquisition was made with a repetition time (TR) of 150 ms and echo time (TE) of 7.5 

ms. The field-of-view was 2.8x2.5x2.5 cm for all samples with the matrix set to acquire a 100-

mm isotropic resolution, resulting in a 5 hr scan. Lesion volumetric analysis was performed 

using AMIRA 4.0.2 (FEI, Hillsborough, OR). The TBI was segmented by manually tracing the 

edge of injury as visualized in the 3D GRE scan. The lesion was analyzed as both absolute lesion 

volume and lesion size as a percentage of total brain volume. 
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3.2.7 Statistical Analyses  

All datasets were analyzed using Prism 6 (GraphPad Software La Jolla, CA). 

Stereological data pertaining to the number of EdU-positive cells found in the subventricular 

zone or dentate gyrus were analyzed by two-way ANOVA with Tukey’s post-hoc analysis for 

multiple comparisons. Stereological data obtained from EdU-positive cells migrating to the 

injury penumbra following TBI were evaluated by unpaired t-test. Analysis of variance was 

performed on datasets for saccharin preference, novel object recognition, open field behavior and 

TBI lesion volume with Holm-Sidak correction for multiple comparisons. 

 

3.3 Results 

3.3.1 Endogenous Stem Cell Proliferation  

As shown in Fig 3.1, TBI significantly increased SVZ proliferation compared to sham-

operated controls at 48 h (52%, p≤0.05) and 7 days (57 %, p≤0.05) post injury. Compared to 

control saline treatment, treating TBI with hMSC resulted in a further 74 % (p<0.001) increase in 

the number of EdU-positive cells in the SVZ as measured at 48h after injury. However, the 

observed increase in SVZ proliferation induced by hMSC treatment did not persist until day 7; at 

which point, the number of EdU labeled cells in the SVZ returned to a level indistinguishable 

from the saline-treated TBI condition. In the absence of TBI, intravenous infusion of hMSC was 

not found to alter the baseline level of SVZ proliferation at either 48 h or 7 days after sham 

surgery (Fig. 3.1).  In contrast to our findings in the subventricular zone, stereological analysis 

revealed no significant change in hippocampal proliferation due to TBI or hMSC treatment at 

both 48 h and 7days post surgery (data not shown). 

 

 



 34 

 
Figure 3.1: Effect of traumatic brain injury and intravenous human mesenchymal stem cell 

treatment on subventricular zone neural progenitor cell proliferation. (A) Coronal sections of the 

lateral ventricle and subventricular zone showing proliferative EdU-positive cells (green) and 

nuclei (blue) in TBI rats treated intravenously with saline (left) and hMSC (right). Original 

magnification 100X; bar = 100 µm. (B) Bar graph showing the number of EdU-positive cells in 

the subventricular zone of sham and TBI rats treated with saline or hMSC at 48 h and 7 days post 

injury. Data represented as mean±SEM. Bars with different letters above are statistically 

different. a-b, p<0.05; b-c, p<0.001. LV: Lateral ventricle. 

 

 

3.3.2 Endogenous Stem Cell Migration  

From rats euthanized 7 days post-TBI, coronal sections of the injured brain region were 

taken to evaluate the number of EdU labeled cells that migrated from the subventricular zone to 
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the site of injury. As illustrated in Figure 3.2, TBI alone resulted in significant accumulation of 

EdU labeled cells in the injury penumbra (2689 cells/mm
3
). Although not statistically significant, 

the mean number of EdU labeled cells migrating to the lesion site after hMSC delivery (3199 

cells/mm
3
) was approximately 20 % greater (19±18 %) than in saline-treated controls. 

Regardless of saline or hMSC treatment, no EdU labeled cells were detected in penumbra-

equivalent regions of cortex in sham-operated controls (Fig. 3.2).  

 
Figure 3.2: Stereological analysis of endogenous neural progenitor cell migration from 

subventricular zone to the injury penumbra. (A) Coronal section of TBI penumbra with necrotic 

core (right) and penumbra-equivalent region of sham operated control (left) showing EdU-

labeled cells (green) migrating to the injury boundary zone and nuclei (blue). Original 

magnification 100X; bar = 100 µm. (B) Bar graph showing the number of EdU-positive cells in 

the penumbral region of sham and TBI rats treated intravenously with saline or hMSC. Data 

represented as mean±SEM. 
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Figure 3.3: Selective inhibition of endogenous stem cell proliferation using targeted X-ray 

irradiation. Representative coronal sections of the subventricular zone and dentate gyrus stained 

for proliferative EdU-positive cells (green, emphasized by white arrows) and nuclei (blue) after 

targeted irradiation of the subventricular zone. Rats received a single 8 Gy dose of X-rays over a 

period of 300 s immediately following TBI. Targeted irradiation fully eliminated subventricular 

zone proliferation while stereotaxic lead shielding was sufficient to preserve normal 

neurogenesis throughout the hippocampus. Original magnification 100X; bar = 100 µm. LV: 

Lateral ventricle. 
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3.3.3 Inhibition of Endogenous Stem Cell Proliferation  

Demonstrated in figure 3.3, targeted X-ray irradiation was used to inhibit subventricular 

zone mitosis. As indicated by lack of EdU-labeled nuclei, a single 8 Gy dose of focused X-rays 

was sufficient to completely eliminate proliferation of subventricular zone neural progenitor 

cells. Implementation of a custom-built adjustable lead shield provided precise stereotaxic 

control over the size and position of the X-ray exposure window, enabling targeted irradiation to 

eliminate SVZ proliferation while thoroughly protecting other radiation-susceptible cells residing 

in the subgranular zone of the dentate gyrus. The control irradiation procedure (no X-rays) was 

not found to alter mitosis in either neurogenic zone.  

3.3.4 Open Field Behavior  

As measured by total lines crossed in the open field arena, TBI did not result in any 

differences in locomotor activity compared to sham operated controls (TBI: 163±49, Sham: 

125±31). hMSC treatment with (140±46) or without (183±57) irradiation also did not produce 

significant differences in activity. Likewise, other measures of open field behavior including 

rearing, grooming, line crosses in the arena perimeter and lines crossed in the central quadrant 

were not altered by TBI, hMSC or irradiation. 

3.3.5 Anhedonia  

As illustrated in figure 3.4, depression-like behavior was evaluated by measuring 

saccharin preference in a two-bottle preference test. Consistent with TBI-induced depression, 

injury resulted in a 54 % (p≤0.05) decrease in saccharin preference score. hMSC treatment 

following TBI completely prevented injury-induced depression and returned saccharin 

preference to normal levels indistinguishable from the sham-operated control group. However 

the efficacy of hMSC treatment was precluded when proliferation in the SVZ was eliminated by 
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precision irradiation (Fig. 3.4). Control rats receiving TBI, saline treatment and irradiation of the 

subventricular zone exhibited saccharin preference that was statistically equal to the group 

receiving TBI and saline treatment with no irradiation, suggesting that selective irradiation of the 

subventricular zone does not increase the severity of injury-induced depression-like behavior. 

 

 
Figure 3.4: Effect of hMSC treatment and targeted subventricular zone irradiation on the 

depression-like behavior, anhedonia, following traumatic brain injury. Rats were presented with 

a two-bottle choice between 0.025 % saccharin or DIH2O. Intake ratios were recorded for a 

period of 4 days beginning 1 week post injury. Data represented as mean±SEM. * indicates 

difference (p≤0.05) from control sham/saline group. 

 

 

3.3.6 Novel Object Recognition  

Shown in figure 3.5, rats were assessed for functional memory deficits using the novel 

object recognition test. Compared to sham-operated controls, TBI resulted in a 73% (p≤0.05) 

reduction in time spent interacting with the novel object, indicating the TBI model induces 

impaired recall of recognized objects. hMSC treatment after TBI was found to prevent functional 

memory decline as hMSC-treated rats spent more time investigating the novel object than their 

saline-treated counterparts and were statistically indistinguishable from uninjured sham-operated 

controls.(Fig. 3.5) Despite the marked improvement following treatment, hMSC failed to 

mitigate injury-induced memory impairment if endogenous neural stem cells had been 
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eliminated by targeted irradiation of the subventricular zone. Control rats receiving TBI, saline 

treatment and irradiation of the subventricular zone did not perform more poorly than the group 

receiving TBI and saline treatment with no irradiation (Fig 3.5), suggesting that subventricular 

zone irradiation does not worsen injury-induced memory impairments. 

 

 

Figure 3.5: Effect of hMSC treatment and targeted subventricular zone irradiation on working 

memory after traumatic brain injury. Rats were tested for working memory impairments using 

the novel object recognition test one week after TBI and hMSC treatment. Data represented as 

mean±SEM. * indicates difference (p≤0.05) from control sham/saline group. 

 

 

3.3.7 Lesion Volumetrics 

3D segmentation and volumetric analysis (Fig. 3.6) revealed that CCI as described above 

resulted in an average lesion volume of 73.2±13.0 mm
3
 three weeks post injury. Treatment of 

TBI with hMSC resulted in an average decrease of 29.5 % in lesion volume (51.6±13.7 mm
3
). 

Lesions in hMSC-treated rats having undergone selective subventricular zone irradiation were 

not statistically different from hMSC-treated rats that did not receive radiation (56.2±11.4 mm
3
). 

SVZ irradiation alone was not determined to be a significant factor in altering TBI lesion size as 

saline-treated rats receiving irradiation (64.4±14.4 mm
3
) did not differ from their counterparts 

receiving no irradiation (Fig. 3.6). 
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Figure 3.6: Effect of hMSC treatment on total lesion volume after traumatic brain injury and 

targeted subventricular zone irradiation. (A) Example 3D rendering of rat brain (blue) with 

frontal cortex lesion (green) resulting from TBI; visualized and rendered from ex vivo MRI data 

acquired 3 weeks post injury. (B) Volumetric analysis of TBI lesion volume among rats treated 

intravenously with hMSC or saline, with or without targeted irradiation of the subventricular 

zone. Data represented as mean±SEM. 

 

 

3.4 Discussion 

Previous work has shown that treatment of TBI with mesenchymal stem cells can 

normalize metabolic variation in the brain, reduce edema, apoptosis and inflammatory cell 

infiltration, while improving spatial learning and memory as well as sensorimotor and other 
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neurological impairments.
44,49,51,52,138

 To this compelling register of improved outcomes after 

TBI, we now add a clear demonstration that intravenous hMSC treatment improves both working 

memory and effectively prevents injury-induced anhedonia and improves working memory TBI. 

This result is important because depression is the most prevalent long-term side effect resulting 

from brain trauma
7
 and epidemiological studies

139–141
 reveal a strikingly increased rate of suicide 

among individuals with TBI. Given the drug-refractory nature of depression that is secondary to 

brain injury, hMSC represent a potentially viable means to alleviate a major public health 

problem. 

Consistent with established literature,
142–144

 the TBI model used in this study was found 

to induce a significant increase in the number of newly generated cells in the subventricular 

zone. This phenomenon underscores the known, yet not fully understood, part played by 

endogenous neural progenitor cells in brain repair.
133

 We established that in the absence of 

injury, intravenous hMSC treatment does not alter the baseline level of endogenous cellular 

proliferation in either the subventricular zone or dentate gyrus. This finding is consistent with 

published data suggesting that hMSC are only activated upon, and mobilized in response to, 

injury.
145

  

Corroborating a previous report by the Chopp research group, we found that i.v. 

administration of hMSC in the presence of brain trauma results in notable augmentation of 

injury-induced SVZ proliferation as early as 48 h post injury.
131

 This robust increase in the 

number of EdU-positive cells found in the SVZ subsequently fell back to vehicle-treated levels 

by 7 days post-TBI. Conversely, Chopp and colleagues reported an increase in SVZ proliferation 

as far out as 15 days post-injury.   It is likely that the decline we observed between 48 h and 7 

days post injury is due to the pulse-like nature of the EdU label coupled with the high turnover 
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and migration rate of neural progenitors in the SVZ. In the present study, EdU injections were 

administered at 6 h and 24 h after TBI. However, in the Chopp study, BrdU was administered 

twice daily for 14 days. The advantage of the current labeling protocol is that it allowed us to 

look specifically at endogenous NPC survival.  

Regardless of the longevity of SVZ cells, it is clear from these data that therapeutic 

hMSC have an effect on the proliferative behavior of endogenous neural progenitor cells. 

However, the question remains whether this interaction is simply a side effect or part of a 

mechanism underlying the ability of hMSC to prevent TBI-induced depression. In either case, 

the interaction between NPC and hMSC appears to be restricted to the subventricular zone, as we 

found no difference in hippocampal neurogenesis regardless of treatment.  

Neural progenitor cells residing in the SVZ are normally destined for the olfactory bulb 

but upon injury, they are known to deviate from their normal migration pattern and track to a 

wide variety of brain lesions.
146,147

 We hypothesized that the observed increase in SVZ 

proliferation after hMSC treatment would result in greater migration of SVZ cells to the injury 

penumbra. Stereological analysis of EdU-positive cells in the lesion boundary zone did not 

reveal a statistically significant difference between the hMSC- and saline-treated groups. The 

mean difference did however fall in favor of the hypothesis, indicating a trend toward increased 

numbers of proliferative cells migrating from the SVZ to the penumbra. In contrast, the Chopp 

group reported that MSC-induced augmentation of SVZ proliferation does result in significantly 

enhanced migration to the site of injury.
131

 It is possible that this discrepancy can be attributed to 

the 14-day labeling paradigm but it may also be attributed to an MSC dose effect, as 2x10
6
 rat-

derived MSC were administered in Mahmood et al 2004; whereas, only 1x10
6
 hMSC were 



 43 

delivered in the present study. Despite the difference in MSC dose, it is interesting to note that 

the current protocol was sufficient to prevent TBI-induced depression. 

 To determine the degree to which hMSC are dependent on endogenous NPC to prevent 

TBI-induced depression-like behavior and working memory impairment, we developed a method 

using targeted X-ray irradiation to selectively and precisely eliminate SVZ mitosis. Previous 

studies have shown that whole-head irradiation provides long-lasting selective ablation of mitotic 

cells in vivo by inducing apoptosis.
148,149

 Our work demonstrated the ability of this X-ray system 

to selectively inhibit proliferation in the SVZ while leaving other radiation-susceptible cells in 

the subgranular zone of the dentate gyrus intact. Using this tool, we found that in the absence of 

proliferating subventricular zone NPC the robust anti-depressant effect of hMSC treatment was 

completely negated, which strongly suggests that the ability of hMSC to prevent TBI-induced 

depression is dependent on the presence of endogenous neural progenitor cells. It is unlikely that 

unrelated side effects of irradiation exposure were responsible for the lack of improvement in 

saccharin preference score after hMSC treatment, as irradiation was not found to worsen 

anhedonic behavior in control rats. When subventricular zone NPC were eradicated by 

irradiation, hMSC treatment also failed to ameliorate NOR performance. Similar to the saccharin 

preference test, X-ray exposure was not found to exacerbate memory impairments with the 

control group receiving saline instead of hMSC. It is also unlikely that irradiation had a direct 

effect on transplanted hMSC, as hMSC were administered hours after SVZ irradiation.  

 Together, these data serve as compelling evidence in support of the hypothesis that neural 

progenitor cells in the SVZ play a critical role in the mechanism underlying hMSC therapeutic 

efficacy. Because previous work has clearly shown that the hMSC secretome can confer 

therapeutic benefits,
54

 more research will be needed to elucidate the exact mechanisms by which 
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endogenous NPC facilitate the therapeutic power of hMSC in the brain. Regardless of 

mechanism, the prevailing data clearly show an indispensible relationship between endogenous 

neural progenitor cells and the ability of hMSC to prevent TBI-induce depression and other 

behavioral deficits. 
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CHAPTER 4 

 

CONCLUDING REMARKS AND FUTURE RESEARCH 

 
4.1 Conclusions 

 The work described in this dissertation supports a number of previous studies that show 

human mesenchymal stem cell treatment can alleviate or prevent many of the adverse 

neurological consequences of TBI, and provides a molecular- and cellular-level perspective of 

the mechanisms through which hMSC accomplish this. Demonstrated through RNA sequencing, 

TBI results in massive disruption of normal cortical gene expression. The RNAseq analysis also 

highlighted the equally astounding ability of hMSC to robustly normalize this TBI-induced 

regulation of gene expression. Treatment with hMSC showed particularly strong normalization 

of gene expression within pathways involved in energy metabolism, receptor-mediated cell 

signaling, immune cell signaling, and neuronal plasticity. The RNAseq analysis also provided 

promising evidence that hMSC treatment may be capable of undermining the powerful link 

between brain trauma and later onset of neurodegenerative diseases including Parkinson’s, 

Alzheimer’s and Huntington’s disease, which is a well established but critically understudied 

long-term consequence of TBI. 

 Another important but understudied aspect of brain injury that was investigated in this 

work is the extremely high incidence of depression among individuals surviving TBI. It was 

demonstrated here for the first time that a stem cell-based therapy is capable of preventing 

injury-induced depression-like behavior. Given the prominence and drug refractory nature of 

TBI-associated depression, hMSC represent an attractive treatment option for the most common 

long-term side effect of TBI in humans. In studying the cellular mechanisms that underlie hMSC 

therapeutic efficacy against TBI-induced depression, we developed a noninvasive method of 
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selectively inhibiting endogenous neural stem cell proliferation using precision X-ray 

technology. This method, which has obvious utility in neural stem cell research, allowed us to 

test the hypothesis that hMSC therapeutic efficacy is dependent on the presence of proliferating 

endogenous neural progenitor cells. Our data suggest that active proliferation of subventricular 

zone NPC is indeed necessary to obtain the anti-depressant effect offered by hMSC treatment. 

This phenomenon extended to other behavioral outcomes tested here as well, including working 

memory. However, NPC may not play such an important role in all TBI outcomes, as selectively 

inhibiting SVZ proliferation was found to have no effect on reducing overall TBI lesion volume 

as determined by 3D magnetic resonance imaging and volumetric analysis. Regardless, this work 

has illuminated a previously unrecognized mechanism that contributes to the manifold 

therapeutic advantages of human mesenchymal stem cell treatment of traumatic brain injury. 

4.2 Future Research 

There now exists a compelling body of scientific literature affirming the relevance and 

efficacy of human mesenchymal stem cells in treating central nervous system trauma. To this 

body of knowledge, the present work has made significant additions. However, there is still 

considerable work to be done in translating hMSC therapy from the laboratory bench to the 

hospital bedside before it can become a ubiquitous component of the TBI standard of care. 

Among the many questions left to be answered is the question of optimal dose and therapeutic 

window. As mentioned previously, the prolonged nature of the inflammatory reaction and 

progressive secondary injury that follows brain trauma provides a breadth of accessible time 

points at which therapeutic cells can be administered. In the present study, all cell infusions were 

administered six hours following TBI. However, several preclinical studies have used delivery 

protocols beginning days or even weeks after TBI and still showed significant improvements in 
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TBI outcomes. Given the temporally dynamic cascade of cellular and molecular events induced 

by TBI, it stands to reason that optimal stem cell recruitment or engraftment may be time-

dependent. As of yet, no direct comparison of transplantation time points has been conducted. A 

related question that warrants investigation is whether there is benefit in multiple stem cell 

infusions as opposed to a single transplantation, as was used in this and most other studies. It’s 

possible that multiple infusions may confer additional therapeutic benefit due to the fact that 

most reports indicate hMSC engraftment is relatively short-lived with respect to secondary brain 

injury which can progresses over a period of months or longer. 

Lastly, in terms of neurological disease, cytotherapy is still an immature yet burgeoning 

field with immense potential for growth. Due to their intrinsic homing capability and the 

compliment of bioactive molecules expressed in their secretome, mesenchymal stem cells are 

uniquely well equipped to treat TBI. However, cell engineering and transfection technologies 

exist that may allow us to further improve hMSC therapeutic efficacy. It is currently possible to 

program hMSC to express and secrete specific therapeutic proteins not normally found in their 

secretome. By taking advantage of the mesenchymal stem cell’s innate tendency to migrate to 

sites of injury and inflammation and their ability to easily traverse the blood-brain barrier, we 

can effectively transform hMSC into an inflammation-targeted delivery vector that produces 

peptide-based pharmacological agents de novo at their intended site of action. Potentially 

relevant examples might include expression of antioxidant molecules like catalase or superoxide 

dismutase. It would also be possible to program hypersecretion of neuroprotective molecules 

already known to be secreted by hMSC such as nerve growth factor or brain-derived 

neurotrophic factor. A rather substantial amount of work would be required to validate the value 

and safety of genetically engineered therapeutic cells. However, given the aforementioned long 
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list of existing properties that make them attractive candidates for transplantation, hMSC seem to 

be a platform that is amenable to the concept.  
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