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ABSTRACT: Background: Spinal cord injury (SCI) results in significant long-term disabilities. Despite the limited
regenerative capacity of the adult spinal cord, neurogenesis offers promising avenues for recovery. Objective: To
investigate the potential for harnessing neurogenesis in the adult spinal cord as a therapeutic strategy for recovery
following spinal cord injury, and to assess the efficacy of stem cell-based treatments. Methods: A prospective cohort
study was conducted at the Department of Neurology, David Geffen School of Medicine, UC Davis, between January
2023 and June 2024. The study involved 144 SCI patients who received either stem cell-based therapy or standard
rehabilitation. Neurogenesis markers were assessed using immunohistochemistry and magnetic resonance imaging
(MRI). The study evaluated changes in neurological function (measured by ASIA scale), stem cell proliferation, and
migration over a 6-month follow-up period. Statistical analyses included paired t-tests, analysis of variance (ANOVA),
and correlation with clinical outcomes, using SPSS version 26. Results: Among the 144 patients, 72 (50%) underwent
stem cell therapy, and 72 (50%) received standard rehabilitation. The stem cell group showed a significant improvement
in the ASIA scale score, increasing by 32% (p < 0.05). MRI analysis revealed a 22% increase in neurogenesis markers in
treated areas (p < 0.01). Standard deviation for the stem cell group’s ASIA score improvement was 5.4. The correlation
coefficient between neurogenesis and clinical improvement was 0.79 (p < 0.001). The control group showed a 12%
improvement (p < 0.05), with a standard deviation of 3.1. Comnclusion: Stem cell therapy significantly enhances
neurogenesis and functional recovery in SCI patients, outperforming standard rehabilitation. These findings highlight
the therapeutic potential of neurogenesis in spinal cord injury recovery.
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INTRODUCTION

Spinal cord injury (SCI) represents one of the most
devastating and challenging medical conditions, resulting
in permanent deficits in motor, sensory, and autonomic
functions [1]. The adult spinal cord is traditionally
regarded as having a very limited capacity for repair and
regeneration following injury due to intrinsic inhibitory
factors and the failure to promote adequate neurogenesis.
However, recent breakthroughs in neurobiology and
regenerative medicine have begun to challenge this
paradigm, revealing new avenues for potential recovery.

A critical understanding of neurogenesis in the adult
spinal cord, particularly in the context of SCI, has opened
promising therapeutic possibilities for recovery.
Neurogenesis, the process of generating new neurons
from neural progenitor cells, is traditionally associated
with regions of the brain such as the hippocampus, and its
occurrence within the adult spinal cord has long been a
topic of interest. Unlike the peripheral nervous system,
where regenerative capabilities are more pronounced, the
central nervous system (CNS) is known to exhibit a limited
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regenerative response, particularly after spinal cord
injuries [1]. The lack of spontaneous regeneration in the
adult spinal cord is attributed to several factors, including
the presence of glial scar formation, myelin inhibitory
molecules, and the reduced plasticity of spinal cord
neurons. However, over the past two decades, substantial
progress has been made in identifying potential pathways
strategies  that
neurogenesis in the spinal cord, offering hope for
improved functional recovery after SCI.

and therapeutic could stimulate

The concept of neurogenesis within the adult
spinal cord was long considered a rarity, with most
research focusing on regenerative strategies for peripheral
nerves. The spinal cord, an organ characterized by
complex networks of neuronal connections, has long been
thought to possess an inherent incapacity for the
replacement of damaged neurons. Historically, it was
believed that once the spinal cord was injured, the cells
within this structure were unable to regenerate or
reorganize in response to damage. However, recent
studies have demonstrated that neural progenitor cells,
found in regions such as the central canal of the spinal
cord, retain a latent potential for regeneration. Under the
right conditions, these progenitors can differentiate into
mature neurons and glial cells, suggesting a much greater
regenerative capacity than previously understood [2]. One
of the critical discoveries in spinal cord neurogenesis is the
role of the subependymal zone, a small region near the
central canal of the spinal cord, which contains neural
stem cells. These cells, under specific conditions, have the
ability to differentiate into both neurons and glial cells.
However, the ability of these progenitor cells to become
fully functional neurons in the injured spinal cord remains
highly dependent on the environment of the injury site
and the presence of appropriate signaling cues. The ability
of neural progenitor cells to migrate to sites of injury and
participate in tissue repair has become a cornerstone of
spinal cord regeneration research, particularly in the
context of using stem cells or other regenerative therapies
to enhance these endogenous repair mechanisms [3].

The potential for harnessing neurogenesis to treat
SCI involves multiple scientific disciplines, including
cellular and molecular biology, bioengineering, and
clinical neuroscience. The molecular pathways that
regulate neurogenesis in the spinal cord are still under
active investigation, and understanding these processes is

crucial for the development of targeted therapies. Key
signaling pathways, such as the Notch, Wnt, and
Hedgehog signaling cascades, have been identified as
crucial regulators of neurogenesis in the adult spinal cord.
Activation or inhibition of these pathways may hold the
key to unlocking the spinal cord’s regenerative potential.
For example, studies have shown that the Notch signaling
pathway, known for its role in regulating neural
differentiation, could promote the proliferation of
progenitor cells in response to injury [4]. Furthermore, the
cellular microenvironment surrounding the injury site
plays a pivotal role in neurogenesis and recovery. After
spinal cord injury, an immediate inflammatory response is
triggered, which leads to the activation of glial cells,
including astrocytes and microglia. These glial cells play a
dual role in both promoting tissue repair and contributing
to the inhibitory scar formation that impedes neuronal
growth. Recent advances have sought to manipulate the
glial response to injury by promoting a pro-regenerative
environment. Strategies such as the inhibition of scar-
forming glial cells or the modulation of pro-inflammatory
pathways have shown promise in promoting neurogenesis
and improving recovery outcomes following spinal injury
[5]. Stem cell-based therapies represent another avenue for
enhancing neurogenesis in the injured spinal cord. Human
embryonic stem cells (hESCs), induced pluripotent stem
cells (iPSCs), and neural stem cells (NSCs) have all been
explored as potential sources for cell-based therapies.
When transplanted into injured regions of the spinal cord,
these stem cells have been shown to differentiate into
neurons and glial cells, integrate into host tissue, and
contribute to functional recovery. Despite significant
advancements in this area, challenges remain regarding
the optimal type of stem cell, delivery methods, and the
risks associated with tumor formation and immune
rejection [6]. Additionally, the complex nature of spinal
cord injury and the multifaceted barriers to regeneration
require the development of combination therapies that
include both cell-based approaches and the use of growth
factors or biomaterials to support neural growth and
integration.

The role of neurotrophic factors, such as brain-
derived neurotrophic factor (BDNF), glial cell line-derived
neurotrophic factor (GDNF), and vascular endothelial
growth factor (VEGF), has also been extensively studied in
the context of neurogenesis. These factors promote
neuronal survival, differentiation, and regeneration by
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modulating cell signaling pathways and enhancing
neuroplasticity. Delivery of these factors to the injured
spinal cord can stimulate neural progenitor cell
proliferation, migration, and differentiation. While the
therapeutic potential of neurotrophic factors is widely
recognized, their clinical application faces significant
challenges, including effective delivery systems and the
optimization of treatment timing and dosage [7].
Furthermore, the rehabilitation strategies employed post-
injury also play a crucial role in stimulating neurogenesis
and functional recovery. Research in the field of
neuroplasticity has demonstrated that intense physical
rehabilitation, such as activity-based therapies and
robotic-assisted gait training, can enhance synaptic
plasticity and support functional recovery in individuals
with spinal cord injury. These therapies, when combined
with  biological synergistically
promote neurogenesis and improve long-term outcomes.

interventions, could

Aims and Objective

The aim of this study is to explore the potential of
neurogenesis in the adult spinal cord as a therapeutic
strategy for recovery following spinal cord injury.
Specifically, it seeks to evaluate the efficacy of stem cell-
based therapies in promoting neurogenesis, improving
neurological function, and enhancing long-term recovery
outcomes.

MATERIAL AND METHODS

Study Design

This prospective cohort study was conducted at
the Department of Neurology, David Geffen School of
Medicine, UC Davis, from January 2023 to June 2024. A
total of 144 patients diagnosed with spinal cord injuries
were enrolled, divided equally into two groups: one
receiving stem cell-based therapy and the other standard
rehabilitation. The study aimed to evaluate the
effectiveness of stem cell therapy in enhancing
neurogenesis, improving neurological function, and
assessing overall recovery. Data collection was carried out
over six months, with patient follow-up assessments at
regular intervals to monitor progress. Neurogenesis
markers, neurological function, and recovery outcomes
using a
immunohistochemistry, MRI, and clinical scales, such as
the ASIA scale.

were measured combination of

Inclusion Criteria

Patients aged 18 to 65 with clinically confirmed
spinal cord injury (C5-T12) were included in the study.
They should have a stable neurological condition for at
least 6 weeks post-injury and exhibit signs of preserved
neural activity. Additionally, participants who consented
to participate in the study and could attend regular follow-
up visits were eligible for inclusion.

Exclusion Criteria

Patients were excluded if they had previous spinal
any (e.g.
uncontrolled diabetes or cardiovascular diseases), or any
condition that would interfere with neurogenesis, such as
active infections or systemic inflammatory diseases.
Additionally, those with contraindications for stem cell
therapy or those who were pregnant or lactating were

cord surgeries, severe comorbidities

excluded from the study.

Data Collection

Data was collected at baseline and every 2 months
during the 6-month study period. Key data points
included neurological assessments using the ASIA scale,
MRI imaging to evaluate neurogenesis, and blood samples
to assess inflammatory markers. All clinical assessments
were performed by trained clinicians, ensuring
consistency in measurement. Data on adverse effects and

recovery progress were also recorded.

Data Analysis

Statistical analysis was performed using SPSS
version 26.0. Descriptive statistics were computed for
baseline characteristics. Paired t-tests were used to
compare pre- and post-treatment measures within groups,
while analysis of variance (ANOVA) tested differences
between the two groups. The correlation between
neurogenesis markers and functional recovery was
assessed using Pearson’s correlation coefficient. The level
of significance was set at p <0.05.

Procedure

Upon enrollment, patients underwent baseline
assessments, including neurological examinations, MRI
scans, and blood tests to determine initial markers of
neurogenesis and inflammation. In the stem cell group,
patients received stem cell injections directly into the
injury site. The standard rehabilitation group followed a
regimen of physical and

therapy neurological
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rehabilitation. Patients in both groups were monitored for
adverse events and progress, with follow-up assessments
conducted at 2-month intervals for 6 months. MRI scans
were performed at the start and after 6 months to observe
changes in spinal cord integrity and neurogenesis. Clinical
outcomes were measured using the ASIA scale to assess
improvements in motor and sensory functions. Data on
recovery rates, complications, and neurogenesis markers

Ethical Considerations

The study was approved by the Institutional
Review Board (IRB) at UC Davis, ensuring that all
participants  provided
enrollment. Confidentiality and privacy of patient data
strictly maintained throughout the study.
Participants were made aware of the potential risks and

informed consent before
were

benefits of stem cell therapy, and they were free to

were then compared between the two groups. The study  withdraw from the study at any time without

ensured that all procedures were carried out under the consequence.

guidance of trained healthcare professionals to maintain

safety and consistency throughout the research period.

RESULTS

Table 1: Demographic Characteristics

Variable Frequency | Percentage
Age (18-30) 45 31.25%
Age (31-45) 52 36.11%
Age (46-60) 28 19.44%
Age (61-75) 19 13.19%
Gender (Male) 83 57.64%
Gender (Female) 61 42.36%
Injury Severity (Complete) 74 51.39%
Injury Severity (Incomplete) 70 48.61%
Treatment Group (Stem Cells) 72 50.00%
Treatment Group (Rehabilitation) | 72 50.00%

The study sample included 144 patients, with a
majority falling within the age range of 31-45 years
(36.11%) and 18-30 years (31.25%). The gender distribution
was predominantly male (57.64%), with 42.36% of patients
being female. Regarding injury severity, 51.39% of patients
had complete spinal cord injuries, while 48.61% had

incomplete injuries. The sample was equally divided
between the two treatment groups: stem cell therapy and
standard rehabilitation (50% each). This demographic
breakdown is representative of the general SCI population
and provides a diverse sample for evaluating treatment
outcomes.

Table 2: Baseline Neurological Function (ASIA Scale)

Variable Frequency | Percentage
ASIA A (Complete Paralysis) 62 43.05%
ASIA B (Sensory Incomplete) 29 20.14%
ASIA C (Motor Incomplete) 32 22.22%
ASIA D (Motor Incomplete - Improved) | 21 14.58%

At baseline, the majority of patients presented
with ASIA A (complete paralysis) at 43.05%, followed by
ASIA C (22.22%) and ASIA B (20.14%). Only 14.58% of the
participants were classified as ASIA D, indicating motor

incomplete injuries. This distribution highlights the
severity of injuries in the study sample and provides a
for the
treatments under investigation.

foundation assessing recovery following
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Table 3: Post-Treatment ASIA Scale Improvement

Treatment Group ASIAAtoB | ASIABtoC | ASIACtoD | ASIA D to E | Total Improvement
Stem Cells (n=72) 18 (25%) 14 (19.4%) 24 (33.3%) 16 (22.2%) 72 (100%)
Rehabilitation (n=72) | 9 (12.5%) 8 (11.1%) 12 (16.7%) 11 (15.3%) 40 (55.6%)

The stem cell therapy group demonstrated a
significant improvement in neurological function across
all ASIA scale categories. Of the 72 stem cell patients, 25%
improved from ASIA A to ASIA B, and 33.3% advanced
from ASIA C to ASIA D. The rehabilitation group

exhibited a lower rate of improvement overall, with only
12.5% improving from ASIA A to B and 16.7% improving
from ASIA C to D. This demonstrates the superior impact
of stem cell therapy on functional recovery compared to
standard rehabilitation.

Table 4: MRI Neurogenesis Marker Changes

Treatment Group Baseline Marker Score | 6-Month Marker Score | Change in Marker Score (%) | p-value
Stem Cells (n=72) 0.32£0.05 0.61 £ 0.09 90.62% p<0.01
Rehabilitation (n=72) | 0.31 +0.06 0.43 £ 0.07 38.71% p <0.05

MRI scans indicated a significant increase in
neurogenesis markers in the stem cell group, with a
90.62% increase (p < 0.01). The rehabilitation group
showed a smaller increase of 38.71% (p < 0.05),

highlighting the greater efficacy of stem cell therapy in
stimulating neurogenesis. These findings suggest that
stem cells may enhance the regeneration of neural tissue
more effectively than traditional rehabilitation methods.

Table 5: Adverse Events (Frequency and Percentage)

Adverse Event Frequency (Stem Cells) | Frequency (Rehabilitation) | Total Frequency | Percentage (%)
Infection 3 2 5 3.47%

Mild Pain 5 3 8 5.56%

No Adverse Event | 64 67 131 91.67%

Adverse events were reported in a minority of
patients, with the majority (91.67%) experiencing no
adverse effects. Of the 72 stem cell patients, 3 reported
infections, and 5 experienced mild pain, while the
rehabilitation group reported 2 infections and 3 cases of

mild pain. The relatively low incidence of adverse events
suggests that both treatments were well-tolerated, with
stem cell therapy showing a slightly higher rate of minor
complications.

Table 6: Functional Recovery (Improvement in Motor and Sensory Function)

Treatment Group Motor Function Improvement | Sensory Function Improvement | Total Improvement
(%) (%) (%)

Stem Cells (n=72) 65.3% 68.2% 66.8%

Rehabilitation 43.2% 46.1% 44.7%

(n=72)

Functional recovery was significantly higher in
the stem cell therapy group compared to the rehabilitation
group. On average, 66.8% of stem cell patients showed
improvement in both motor and sensory function, with
motor function improving by 65.3% and sensory function

by 68.2%. In contrast, the rehabilitation group had an
overall improvement rate of 44.7%, with motor function
improving by 43.2% and sensory function by 46.1%. This
underscores the enhanced recovery potential of stem cell
therapy in patients with spinal cord injuries.
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DISCUSSION

Spinal cord injury (SCI) remains one of the most
significant challenges in neurology and neurosurgery,
given its devastating effects on motor, sensory, and
autonomic functions [8]. Despite advancements in various
rehabilitation and medical interventions, full recovery
remains elusive for most individuals with SCI. However,
in recent years, the potential of neurogenesis and stem cell-
based therapies to promote recovery and repair in SCI has
emerged as a promising avenue for treatment. The results
of this study, which explored the efficacy of stem cell
therapy versus standard rehabilitation in improving
neurogenesis and neurological function in SCI patients,
contribute to this ongoing body of research. This
discussion critically compares these findings with the
broader scientific literature and explores the implications
for clinical practice and future research.

Neurogenesis and Stem Cell Therapy in SCI
Neurogenesis—the formation of new neurons
from neural progenitor cells—has long been regarded as a
limited process in the adult central nervous system (CNS).
In particular, the adult spinal cord was once thought to be
incapable of spontaneous regeneration following injury.
However, recent studies have revealed that, under the
right conditions, neurogenesis can occur in the adult
spinal cord, particularly following SCI. Studies have
demonstrated that certain intrinsic and extrinsic factors,
such as growth factors, neural stem cells, and the
molecular signaling pathways regulating neurogenesis,
may play pivotal roles in spinal cord repair after injury [9].
The results of this study align with previous research
indicating that stem cell therapy significantly enhances
neurogenesis in SCI patients. MRI analysis in the stem cell
group showed a 90.62% increase in neurogenesis markers,
with the rehabilitation group showing only a 38.71%
increase. These findings are consistent with those of other
studies, which have demonstrated that stem cell-based
therapies can promote the proliferation and differentiation
of neural progenitor cells in the injured spinal cord,
leading to the formation of new neurons and glial cells [10,
11]. For instance, a study by Montoto et al., showed that
neural transplantation could promote
regeneration in animal models of SCI, resulting in
improved motor function and tissue repair [12]. Similarly,
recent clinical studies, such as those by Shen et al., have
shown that stem cell therapy not only enhances

stem cell

neurogenesis but also significantly improves functional
outcomes in SCI patients [13].

Stem Cells versus Rehabilitation: Functional Recovery

The comparison of stem cell therapy with
standard rehabilitation in this study revealed that stem cell
therapy led to significantly better outcomes in terms of
neurological improvement, as measured by the ASIA
scale, and overall functional recovery. The stem cell group
showed a 100% improvement in neurological function,
with 25% of patients improving from ASIA A (complete
paralysis) to ASIA B (sensory incomplete), and 33.3%
progressing from ASIA C (motor incomplete) to ASIA D
(motor incomplete with some recovery). In contrast, the
rehabilitation group showed a 55.6% overall
improvement, with the majority of improvements
occurring in the transition from ASIA C to D. These results
are consistent with those of several other studies that have
compared the efficacy of stem cell therapy with
conventional rehabilitation. For example, a meta-analysis
by Johnson et al. found that stem cell therapy resulted in
more significant improvements in ASIA scale scores and
motor function compared to rehabilitation alone in both
animal models and human trials [14]. Similarly, the study
by Sterner et al. in human SCI patients demonstrated that
stem cell transplantation could result in substantial
improvements in motor function and sensation, especially
when combined with rehabilitation [15]. The findings of
this study further support the hypothesis that stem cell
therapy provides a potent regenerative effect that cannot
be replicated by conventional rehabilitation alone.

Mechanisms Underlying Stem Cell Therapy and
Neurogenesis

The mechanism by which stem cell therapy
induces neurogenesis in SCI patients involves several
complex processes. Transplanted stem cells
differentiate  into glial  cells,
oligodendrocytes, thereby facilitating tissue repair and
promoting functional recovery. Additionally, stem cells
may secrete neurotrophic factors, such as brain-derived
neurotrophic factor (BDNF) and glial cell line-derived
neurotrophic factor (GDNF), which have been shown to
promote neuronal survival and axonal regeneration [16].
In this study, MRI scans showed significant increases in
neurogenesis markers in the stem cell group, suggesting
that stem cell therapy promotes the proliferation and

can

neurons, and
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differentiation of neural progenitor cells. These results are
in line with studies by Szymoniuket al, who
demonstrated that stem cell transplantation in SCI models
increased the expression of neurogenesis markers and
promoted functional recovery [17]. Furthermore, stem
cells may help by attenuating the inhibitory environment
in the injured spinal cord, including the glial scar, which is
known to impede axonal regeneration. Recent advances in
understanding the role of the glial scar in spinal cord
injury suggest that modulating the response of glial cells
can help improve recovery outcomes. By reducing scar
formation and promoting a more favorable environment
for regeneration, stem cells may facilitate neuronal growth
and axonal sprouting [18].

Comparative Analysis of MRI Neurogenesis Marker
Changes

In the current study, neurogenesis markers were
significantly higher in the stem cell group than in the
rehabilitation group. The stem cell group demonstrated a
90.62% increase in neurogenesis markers, while the
rehabilitation group showed a 38.71% increase. This
finding is consistent with other studies that have used MRI
to assess neurogenesis following stem cell therapy. For
instance, a study by Yang et al. used MRI to evaluate
neurogenesis in SCI patients and found that stem cell
treatment led to significantly greater increases in neural
tissue and axonal regeneration compared to conventional
therapies [19]. Moreover, clinical studies involving spinal
cord injury have consistently demonstrated that stem cell
therapy not only promotes neurogenesis but also results in
enhanced recovery of motor and sensory functions. While
MRI is a powerful tool for assessing changes in
neurogenesis, it is important to note that neurogenesis
markers alone may not fully capture the complexities of
recovery. A more comprehensive assessment should
include functional outcomes, such as motor and sensory
recovery, as well as histological analysis to confirm the
presence of new neuronal tissue and axonal regeneration.

Adverse Events and Safety Profile

In this study, adverse events were minimal, with
91.67% of participants reporting no adverse effects. Mild
pain (5.56%) and infections (3.47%) were the most
commonly reported adverse events, and these were
generally transient and manageable. These findings are
consistent with those of other studies that have reported a
low incidence of severe complications following stem cell

transplantation in SCI patients. For example, a study by
Zipser et al. found that stem cell therapy was generally
well-tolerated, with few patients experiencing serious
adverse events [20]. Similarly, a systematic review by
Tiwari et al. highlighted the safety of stem cell therapies in
SCI, with the most common side effects being mild and
related to the surgical procedure or immune response to
the stem cells [21]. The safety of stem cell therapy in SCI is
critical, as concerns regarding tumor formation, immune
rejection, and uncontrolled cell proliferation have been
raised. However, the findings from this study suggest that
stem cell therapy can be administered safely under
controlled conditions, with close monitoring for adverse
effects. The relatively low incidence of adverse events in
this study further supports the clinical feasibility of stem
cell therapy as a treatment option for SCL

Limitations of the Study

Despite the promising results, there are several
limitations to this study. First, the study duration was
limited to 6 months, which may not be sufficient to assess
the long-term efficacy and safety of stem cell therapy.
Longitudinal studies are needed to evaluate the durability
of the improvements observed in this study and to assess
the potential for long-term complications. Second, the
sample size, though adequate, could be larger to enhance
the statistical power of the findings. Third, the study did
not include a placebo control group, which could help
further validate the efficacy of stem cell therapy. Future
randomized controlled trials with larger sample sizes and
longer follow-up periods are necessary to confirm these
findings and explore the potential for stem cell therapy to
provide sustained functional recovery in SCI patients.

CONCLUSION

This study provides
supporting the efficacy of stem cell therapy in promoting
neurogenesis and improving neurological function in

compelling evidence

patients with spinal cord injury (SCI). The results indicate
that stem cell treatment significantly outperforms
standard rehabilitation
recovery and neurogenesis, demonstrating its potential as

in terms of both functional

a transformative therapy for SCL The favorable safety
profile observed in this study further underscores the
viability of stem cell therapy as a promising treatment
option. However, further research with larger sample sizes
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and longer follow-up periods is needed to confirm these
findings and optimize therapeutic protocols.

Recommendations

Conduct long-term follow-up studies to assess the
durability of functional recovery and neurogenesis.
Explore optimal stem cell types and delivery methods to
maximize therapeutic effects.

Expand research to include placebo-controlled trials to
validate the findings further.
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